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Bats are sources of high viral diversity and high-profile 
zoonotic viruses worldwide. Although apparently not patho-
genic in their reservoir hosts, some viruses from bats se-
verely affect other mammals, including humans. Examples 
include severe acute respiratory syndrome coronaviruses, 
Ebola and Marburg viruses, and Nipah and Hendra viruses. 
Factors underlying high viral diversity in bats are the subject 
of speculation. We hypothesize that flight, a factor common 
to all bats but to no other mammals, provides an intensive 
selective force for coexistence with viral parasites through a 
daily cycle that elevates metabolism and body temperature 
analogous to the febrile response in other mammals. On 
an evolutionary scale, this host–virus interaction might have 
resulted in the large diversity of zoonotic viruses in bats, 
possibly through bat viruses adapting to be more tolerant of 
the fever response and less virulent to their natural hosts.

Bats are a major source of zoonotic viruses worldwide 
(1–3). Molecular studies have demonstrated that bats 

are natural host reservoirs for several recently emerged 
high-profile zoonotic viruses, including sudden acute re-
spiratory syndrome–like coronaviruses (4); Ebola and 
Marburg hemorrhagic fever filoviruses (5,6); rabies and 
rabies-related lyssaviruses; and many paramyxoviruses, in-
cluding rubulaviruses and Nipah and Hendra viruses (7–9). 
Identification of a diverse range of bat paramyxoviruses, 
including those conspecific with human mumps virus, and 

phylogenetic reconstruction of host associations suggests 
numerous host switches of paramyxoviruses from bats to 
other mammals and birds (9). Bats infected with these vi-
ruses seem to show no overt signs of disease (10,11) and, 
in some cases, appear to be persistently infected (12). In 
the aggregate, zoonotic viruses in >15 virus families have 
been identified in at least 200 species in 12 bat families 
around the world (3,9,11). In a recent comparative analysis, 
Luis et al. (3) showed bats to be more likely to be infected 
with more zoonotic viruses per host species than were ro-
dents, thus adding weight to the suggestion that bats might 
in some way be unique as sources of emerging zoonoses. 
In areas where these viruses have been studied, some viral 
groups (e.g., coronaviruses, astroviruses, paramyxoviruses)  
have much higher viral diversity and prevalence in bats 
than in sympatric species of rodents (9,11).

Although bats serve as reservoir hosts with great viral 
diversity, little evidence exists for corresponding death or 
illness of bats from viruses (other than lyssaviruses) that 
have spread into humans and domesticated mammals with 
high virulence (9,10). This statement also can be true for 
some viruses from other groups of mammals that serve as 
reservoirs of viruses, particularly rodents. However, low 
virulence coupled with high diversity has led to the sugges-
tion that bats might have evolved mechanisms to control vi-
ral replication more effectively than have most other mam-
mals (10,13) and that some attribute common to all bats 
(a very widely distributed and diverse group) also might 
explain the apparent low virulence of viral infections in 
these animals (1,2). We hypothesize that the increased me-
tabolism and higher body temperatures of bats during flight 
might serve as an evolutionary adjuvant to their immune 
systems, providing a powerful selective force against viru-
lence and promoting the diversity of viruses that infect bat 
populations. Perhaps counter-intuitively, this would enable 
bats to tolerate a greater diversity of viruses that have a high 
potential for virulence when transmitted to other mammals. 
The hypothesis also might help explain why co-evolved bat 
viruses cause high pathogenicity when they spill over into 
other mammals because the bat-derived viruses might sur-
vive well under both febrile and cooler conditions.

Bat Flight and Zoonotic Viruses
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Angela D. Luis, Alison J. Peel, Raina K. Plowright, and James L.N. Wood

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 5, May 2014 741

Author affiliations: US Geological Survey, Fort Collins, Colorado, 
USA (T.J. O’Shea, P.M. Cryan); Zoological Society of London, 
London, UK (A.A. Cunningham); Animal Health and Veterinary 
Laboratories Agency—Weybridge, Weybridge, UK (A.R. Fooks); 
National Consortium for Zoonosis Research, South Wirral, UK 
(A.R. Fooks); Colorado State University, Fort Collins, Colorado, 
USA (D.T.S. Hayman, A.D. Luis); University of Florida, Gainesville, 
Florida, USA (D.T.S. Hayman); Fogarty International Center of the 
National Institutes of Health, Bethesda, Maryland, USA (A.D. Luis); 
University of Cambridge, Cambridge, UK (A.J. Peel, J.L.N. Wood); 
Griffith University, Brisbane, Queensland, Australia (A.J. Peel); and 
Pennsylvania State University, University Park, Pennsylvania, USA 
(R.K. Plowright)

DOI: http://dx.doi.org/10.3201/eid2005.130539



PERSPECTIVE

Are Bats Special As Viral Hosts?
Three recent reports provide especially noteworthy 

background for this perspective. Luis et al. (3) performed 
a comparative analysis of viruses in bats and rodents (the 
most speciose group of mammals) and associated ecologic 
factors. The analysis indicated that bats are indeed special 
in hosting more viruses per species than rodents, despite 
twice as many rodent species in the world, and that certain 
ecologic factors are associated with the hosting of more vi-
ruses by bats (3). Through an extensive genomic analysis 
of 2 divergent species of bats, Zhang et al. (13) found that 
flight evolved in tandem with concomitant genetic changes 
to their innate immune systems. These changes were con-
sistent with the need for DNA damage repair because of 
high metabolic rates during flight (13). Baker et al. (10) 
reviewed antiviral immune responses in bats and suggested 
the possibility that bats might be able to control viral rep-
lication through innate immunity. They summarized re-
search indicating that bats have immune elements found in 
most other mammals, including pattern recognition recep-
tors and multiple interferons, and show complement activ-
ity (10). Many standard elements of the adaptive immune 
system also have been described in bats, including multiple 
immunoglobulins, antibody responses, interleukins and 
other cytokines, and cell-mediated T-cell responses (al-
though investigations of the latter have been limited [10]). 
However, genes that code for some immune elements are 
notably lacking in bats and indicate permanent change to 
the bat immune system (13).

Fever, Flight, and Metabolic Rate
Fever in mammals is accompanied by an initially high 

metabolic rate associated with beneficial immune responses 
(14,15). During flight, bats exhibit a high increase in meta-
bolic rate over the resting metabolic rate of normeothermic, 
otherwise active bats. This increase is estimated to be 15–16-
fold (16), in comparison with the 7-fold increase in meta-
bolic rates of rodents running to exhaustion (17) or the 2-fold 
increase in metabolic rates of most flying birds (18). Strains 
of laboratory mice that are inbred for higher metabolic rates 
show stronger immune responses to immune challenge (key-
hole limpet hemocyanin antigen) with stronger antigen-spe-
cific IgM production than strains bred for lower metabolic 
rates; leukocyte counts and mass of lymphatic organs that 
are the sources of immune cells involved in antigen recog-
nition and elimination also are elevated in the strains with 
higher metabolic rates (19). The metabolic cost of raising 
an immune response to experimental stimulation typically 
results in a general increase of ≈10%–30% of resting meta-
bolic rates in a variety of nonvolant small mammals (20,21). 
When a bat is confronted by a viral antigen, the proportion-
al increase in metabolism for raising an immune response 
may be trivial compared with the very large increase in the  

metabolic costs of flight (the proportional increase for flight 
may even be greater, given the wider metabolic scope of 
many species of bats that undergo shallow daily torpor). 
Thus, we hypothesize that the higher metabolic rates during 
flight in bats may enhance, facilitate, or perhaps subsidize 
any inherent cost of raising metabolism to activate an im-
mune response. The daily cyclical nature of raised metabo-
lism during flight also might enable some viruses to persist 
within the bats and perhaps become resistant to this part of 
the innate immune response.

Bat Flight and Elevated Body Temperatures
Canale and Henry (22) stated, “The heat of fever fore-

stalls pathogen replication and increases the efficiency of the 
immune responses. Such body warming is associated with 
shortened disease duration and improved survival in most 
animals.” Although fever has been associated with improved 
recovery, very little is known about mechanisms, including 
whether the impact involves thresholds or average rates of 
immune response. During fever, mammalian core body tem-
peratures can vary but typically are 38°C–41°C (14). The 
high metabolic demands of bat flight result in core body tem-
peratures that commonly reach the ranges of core tempera-
tures typical of fever. High body temperatures during flight 
have been demonstrated in multiple species of bats within 
several families (Table 1), and such high body temperature 
ranges increase the rate of multiple immune responses in 
mammals, including components of the innate and adap-
tive immune systems (Table 2). Daily high body tempera-
tures thus might arm bats against some pathogens during 
the early stages of infection. An exception to the daily high 
body temperatures during flight occurs during hibernation in 
temperate zones: although bats rouse from hibernation mul-
tiple times each winter (35), replication of most mammalian 
adapted pathogens is expected to be markedly reduced by the 
lower core body temperatures of hibernation.

A Speculative Hypothesis
If the elevated metabolic rates and body temperatures 

accompanying flight facilitate activation of the immune 
system of bats on a daily cycle, then flight could be the 
ultimate explanatory variable for the evolution of viral in-
fections without overt signs of illness in bats. Zhang et al. 
(13) showed that the evolution of flight in bats has been 
accompanied by genetic changes to their immune systems 
to accommodate high metabolic rates. Theoretical models 
of the evolution of parasite virulence show that intermedi-
ate levels of virulence are a typical result of the trade-off 
between the opposing selective forces of host death and 
parasite transmission (36). However, heightened host adap-
tive immune responses that might be facilitated in bats 
during flight also can result in harmful immunopathologic 
changes and disease. (A nonviral example of such harmful  
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immunopathology in bats seems to occur during infec-
tion by the fungal pathogen causing white-nose syndrome 
(Pseudogymnoascus destructans) when hibernating bats 
resume flight [37]). In systems in which disease organ-
isms cause major immunopathologic changes, theoretical 
analyses suggest that natural selection can favor decreased 
virulence and incomplete clearance of parasites (36,38). 
Through heightened immunopathologic responses, flight 
might have been a potent selective factor for the reduced 
virulence to the natural hosts seen in the pool of emerging 
viruses recently discovered in bats. It also is notable that 
there are few reports of mass deaths from diseases in bats 
(except for the novel white-nose syndrome fungus), despite 
reports of bat die-offs due largely to other causes that have 
appeared in the literature over the years (e.g., review in 39). 
The evolution of flight in conjunction with the bat’s specu-
lated heightened potential for immune vigilance might have 
predisposed bats to be reservoir hosts to a preponderance 
of viruses that now lack major effects on bats as the natu-
ral host populations but that can emerge into populations of 
humans and domesticated mammals with greater virulence.

Consideration of the role of torpor is also germane to 
our hypothesis. As noted by Luis et al. (3), “more research 
is needed to determine the relationship between torpor, host 
competence as related to within-host viral persistence and 
population viral perpetuation processes.” Viral replica-
tion is dampened under the cooler host body temperatures 
that prevail during prolonged torpor, and hypothermia has 
been considered to be a host strategy that is adaptive against 
pathogens (40). Luis et al. (3) hypothesized that the negative 

correlation identified between the use of torpor and zoonotic 
viral richness may be due to lower contact rates, yet in bats it 
is also consistent with longer periods with no or lower flight 
activity and, consequently, lower frequency of the hypoth-
esized heightened vigilance against invading viruses during 
the course of host–parasite co-evolution. On the other hand, 
reduced immune system activity during torpor may enable 
cold-adapted pathogens to persist (40), as in the case of the 
novel fungal pathogen causing white-nose syndrome. As 
a group, bats show a wide range of adaptations involving 
torpor that varies with latitude and phylogeny, ranging from 
prolonged deep winter hibernation through shallow daily 
torpor to year-round homeothermy. Viruses that have co-
evolved with bats under these conditions might have proper-
ties that can favor survival under a wider scope of tempera-
tures, possibly facilitating spillover to novel hosts.

Testing the Hypothesis
In their review of bat immunology and viral diversity, 

Wang et al. (11) posed the question “Flight capability, lon-
gevity and innate immunity—are they linked?” and noted 
that “data in this field are so limited that it is … important  
to provoke original, speculative or even controversial 
ideas or theories in this important field of research.” Our 
“flight-as-fever” hypothesis suggests 1 mechanism unique 
to bats that might be key in the flight capability–innate 
immunity linkage question raised by Wang et al. (11). Re-
searchers interested in testing this hypothesis will find it 
challenging and demanding of creativity. Unfortunately, 
no prior studies have investigated the effect of the high 
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Table 1. Examples of elevated core body temperature in flying bats* 
Bat species (family) Core temperature during flight, °C Source 
Eidolon helvum (Pteropidae) 36.9–40.8 (23) 
Hypsignathus monstrosus (Pteropidae) 37.2–40.0 (23) 
Rousettus aegyptiacus (Pteropidae) 38.2–41.2 (23) 
Rhinolophus ferrumequinum (Rhinolophidae) 41† (24) 
Miniopterus sp. (Miniopteridae) 41.1  0.45 (25) 
Phyllostomus hastatus (Phyllostomidae) 41.2–42.1 (17) 
Carollia perspicillata (Phyllostomidae) 40.2  0.8 (26) 
Artibeus lituratus (Phyllostomidae) c. 41.2  1 (27) 
Sturnira lilium (Phyllostomidae) c. 40.5  0.3 (27) 
Noctilio albiventris (Noctilionidae) 35.5–40.6 (28) 
Myotis yumanensis (Vespertilionidae) 40.0–40.8 (29) 
Eptesicus fuscus (Vespertilionidae) 41.3  2.1†, 37–39.5‡ (30) 
Mops condylurus (Molossidae) 40.5  1.1 (31) 
Tadarida brasiliensis (Molossidae) 35–42 (32) 
Eumops perotis (Molossidae) 37.8–39.3 (33) 
Myotis volans (Vespertilionidae) 37.4 (34) 
Myotis evotis (Vespertilionidae) 38.3 (34) 
Myotis californicus (Vespertilionidae) 38.4 (34) 
Parastrellus hesperus (Vespertilionidae) 38.8 (34) 
Eptesicus fuscus (Vespertilionidae) 41.0 (34) 
Lasiurus cinereus (Vespertilionidae) 40.2 (34) 
Antrozous pallidus (Vespertilionidae) 40.6 (34) 
Tadarida brasiliensis (Molossidae) 38.0 (34) 
*Data available from original sources are given as ranges or means 1 SD. 
†Skin temperature. 
‡Body temperature. 
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body temperatures and metabolic rates associated with 
flight on host–virus interactions in bats.

However, we suggest that a variety of in vivo, in 
vitro, and in silico approaches be considered. For exam-
ple, in vivo approaches could rely on the experimental 
techniques that were used decades ago in the pioneering 
studies of bat flight physiology (16,17). As in these prior 
physiologic studies, captive bats can be trained to fly in 
wind tunnels. Experiments could be designed to deter-
mine whether trained bats allowed to fly show heightened 
immune responses compared with when they were not 
flying. These experiments could begin with determining 
immune responses after exposure to harmless antigens 
and then progress to experiments involving exposure to 
viruses. In vitro studies could determine the comparative 
susceptibility of bat viruses and nonbat viruses grown in 
culture to altered and variable thermal regimes typical of 
the body temperatures of bats during flight, as well as bats 
in torpor. (In this regard, we note that most bat viruses 
that have been identified by using genetic techniques have 
not been isolated, described morphologically, or grown in 
culture; additional research using techniques of classical 
virology are certainly needed to improve the understand-
ing of bat virology). Finally, in silico techniques of mod-
eling and simulation would be helpful in understanding 
the likely co-evolution of bat viruses and their hosts when 
subject to daily fever-like thermal and metabolic regimes. 
Regimes of such frequency might accelerate the pace of 
co-evolution in the otherwise slowly evolving hosts, and 
favor the development of low pathogenicity in their much 
more rapidly evolving viruses.
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During the past decade, transmission of the bacterium 
Kingella kingae has caused clusters of serious infections, 
including osteomyelitis, septic arthritis, bacteremia, endo-
carditis, and meningitis, among children in daycare cen-
ters in the United States, France, and Israel. These events 
have been characterized by high attack rates of disease 
and prevalence of the invasive strain among asymptomatic 

classmates of the respective index patients, suggesting that 
the causative organisms benefitted from enhanced coloni-
zation fitness, high transmissibility, and high virulence. After 
prophylactic antibacterial drugs were administered to close 
contacts of infected children, no further cases of disease 
were detected in the facilities, although test results showed 
that some children still carried the bacterium. Increased 
awareness of this public health problem and use of im-
proved culture methods and sensitive nucleic acid amplifi-
cation assays for detecting infected children and respiratory 
carriers are needed to identify and adequately investigate 
outbreaks of K. kingae disease.

Outbreaks of Kingella kingae  
Infections in Daycare Facilities

Pablo Yagupsky

SYNOPSIS

746 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 5, May 2014

Medscape, LLC is pleased to provide online continuing medical education (CME) for this journal article, allowing 
clinicians the opportunity to earn CME credit.  

This activity has been planned and implemented in accordance with the Essential Areas and policies of the 
Accreditation Council for Continuing Medical Education through the joint sponsorship of Medscape, LLC and 
Emerging Infectious Diseases. Medscape, LLC is accredited by the ACCME to provide continuing medical education 
for physicians. 

Medscape, LLC designates this Journal-based CME activity for a maximum of 1 AMA PRA Category 1 
Credit(s)TM. Physicians should claim only the credit commensurate with the extent of their participation in the activity. 

All other clinicians completing this activity will be issued a certificate of participation. To participate in this journal 
CME activity: (1) review the learning objectives and author disclosures; (2) study the education content; (3) take the 
post-test with a 70% minimum passing score and complete the evaluation at www.medscape.org/journal/eid; (4) 
view/print certificate. 

Release date: April 9, 2014; Expiration date: April 9, 2015 

Learning Objectives 
Upon completion of this activity, participants will be able to: 

•   Distinguish anatomic sites of invasive Kingella kingae infections 
•   Analyze the clinical presentation of invasive K. kingae infections 
•   Evaluate the diagnostic process for invasive K. kingae infections 
•   Assess the treatment of contacts of children with invasive K. kingae infections. 

CME Editor 
Jean Michaels Jones, Technical Writer/Editor, Emerging Infectious Diseases. Disclosure: Jean Michaels Jones has 
disclosed no relevant financial relationships. 

CME Author 
Charles P. Vega, MD, Associate Professor and Residency Director, Department of Family Medicine, University of 
California, Irvine. Disclosure: Charles P. Vega, MD, has disclosed no relevant financial relationships. 

Author 
Disclosure: Pablo Yagupsky, MD, has disclosed no relevant financial relationships.  

Author affiliation: Soroka University Medical Center, Ben-Gurion 
University of the Negev, Beer-Sheva, Israel

DOI: http://dx.doi.org/10.3201/eid2005.131633



K. kingae in Daycare Facilities

During the past 3 decades, Western countries have re-
ported a rising number of mothers entering the work-

force and, consequently, a growing number of children 
receiving care outside the home (1). This trend has sub-
stantial public health consequences because the incidence 
of infectious diseases in general, and of those caused by 
respiratory pathogens in particular, has substantially in-
creased among daycare center attendees (1,2). These or-
ganisms are usually spread within daycare centers by 
child-to-child transmission; they colonize the upper respi-
ratory tract surfaces, from which they can disseminate to 
other attendees. From the upper airways, pathogens may 
invade adjacent structures such as the lungs, middle ear, 
or nasal sinuses, and may penetrate into the bloodstream, 
causing invasive diseases (1). Most bacterial pathogens 
responsible for such infections are enclosed by polysac-
charide capsules that protect them from phagocytosis 
and complement-mediated killing, ensuring their per-
sistence on the respiratory mucosae and survival in the 
bloodstream and deep body tissues (3). Maturation of the  
T-cell independent arm of the immune system in  
humans is delayed until the age of 2–4 years; thus, young 
children are prone to colonization and infection by encap-
sulated bacteria (3).

Besides the microorganisms’ virulence and the hosts’ 
age-related immunologic immaturity, many other factors 
contribute to the enhanced colonization, transmission, 
and illness rates observed among children in daycare 
centers, including the number of children present, the 
degree of crowding, efficacy of ventilation, time spent in 
day care, length of time from enrollment, frequency of 
enrollment, age group mixing, and occurrence of season-
al viral infections (1,4–6). Because of age stratification, 
child-care groups comprise attendees of approximately 
the same age who have similar degrees of immunologic 
immaturity and susceptibility to infectious agents. This 
epidemiologic setting substantially differs from that of 
large families in that the latter include children of dif-
ferent ages and therefore, at any given time, only a frac-
tion of siblings belong to the age group at enhanced risk 
for bacterial colonization and invasion, which limits 
the chances to acquire and transmit the organism (7). 
In daycare centers, respiratory organisms spread easily 
through large droplet transmission among young chil-
dren with poor hygienic habits who share toys contami-
nated with respiratory secretions or saliva. Under these 
circumstances, introduction of a virulent bacterium in a 
crowded daycare facility attended by immunologically 
naïve children may result in prompt dissemination of the 
organism and initiate outbreaks of disease such as those 
caused by pneumococci, Haemophilus influenzae type b, 
or Neisseria meningitidis (1,2,6).

Kingella kingae: An Emerging Pathogen in  
Young Children

Because of the improved culture methods (8,9) and sen-
sitive nucleic acid amplification assays (NAAAs) (10–14) 
developed in recent years, Kingella kingae, a gram-negative 
coccobacillus of the Neisseriaceae family, is increasingly 
recognized as an invasive pathogen of early childhood. The 
organism is a frequent source of childhood bacteremia and 
the most common agent of skeletal system infections in chil-
dren 6 months–3 years of age; it is also a cause of bacterial 
endocarditis in children and adults (8–16). Because of the 
fastidious nature of K. kingae, many illnesses caused by this 
bacterium are, probably, overlooked. Although most cases 
of invasive K. kingae infections are sporadic, clusters of in-
vasive disease have been detected among attendees of day-
care centers in Israel, Europe, and the United States. 

Misdiagnosis
The bacteriologic identification of K. kingae relies on 

the following: typical Gram stain results, showing pairs or 
short chains of plump, gram-negative bacilli with tapered 
ends; β-hemolysis; pitting of the agar surface; failure to 
grow on MacConkey medium; weak oxidase activity and a 
negative catalase reaction; and, with rare exceptions, pro-
duction of acid from glucose and maltose (8,9). However, 
K. kingae tends to retain crystal violet dye and, therefore, 
it may appear to be gram-positive, and laboratories unfa-
miliar with its cultural and staining features may misiden-
tify the bacterium altogether or dismiss invasive isolates as 
culture contaminants. Identification of K. kingae, however, 
is not difficult, and many commercial instruments and tech-
nologies such as VITEK 2 (bioMérieux, Marcy-l’Etoile, 
France), matrix-assisted laser desorption ionization-time 
of flight mass spectrometry (MALDI-TOF), or 16S rDNA 
gene sequencing, correctly identify the organism.

Characteristics and Manifestations
Recent studies have demonstrated the presence of a poly-

saccharide capsule on the surface of K. kingae that exhibits 
between-strains chemicals and, most probably, antigenic 
variation (17,18). These characteristics may assist K. kingae 
in evading the immune response by facilitating the successive 
colonization of the host by strains harboring different capsular 
types. The polysaccharide capsule probably enables mucosal 
colonization, the survival of the organism in the bloodstream, 
and invasion of deep body sites (17,18). In addition, all K. 
kingae strains produce and secrete a potent repeats-in-toxin 
(RTX) that exhibits a wide range of cytotoxic activity and is 
particularly deleterious to macrophage-like cells, leukocytes, 
and synovial cells and, to a lesser degree, to respiratory epithe-
lial cells that improve the organism’s chances of surviving in 
the host and of invading skeletal tissues (12,19).
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Similar to meningococci, K. kingae is carried on the 
oropharyngeal epithelium (20,21), and the colonized mucosa 
is the portal of entry of the organism to the bloodstream from 
which it may disseminate to 3 areas for which the bacterium 
shows particular tropism: joints, bones, or the endocardium 
(22,23). Damage to the upper respiratory surfaces by pre-
vious or concurrent viral infections or stomatitis appears to 
facilitate bloodstream invasion by K. kingae (16).

K. kingae isolates show remarkable genomic diversity 
and, to date, 37 multilocus sequence typing (MLST) and 74 
pulsed field gel electrophoresis (PFGE) clones have been 
identified (24–26). Carried K. kingae organisms differ in 
their invasive capabilities (27), and simultaneous carriage 
of ≥1 genotype is unusual (28). Whereas some strains, 
which are frequently isolated from healthy carriers, are sel-
dom if ever detected in patients with clinical disease, others 
are rarely carried asymptomatically, but are responsible for 
a high proportion of invasive disease (24,27,28). However, 
a few strains appear to possess an optimal balance between 
transmissibility and invasiveness and are common among 
healthy carriers and among infected patients (24,27,28). 
A recent study has found that certain virulent K. kingae 
clones, characterized by a distinct combination of PFGE 
and MLST profiles, are substantially associated with bacte-
remia with no focal infection, skeletal system invasion, or 
endocarditis, which suggests biological specialization for 
invading tissues of specific hosts (25).

Most young children in whom an invasive K. kingae 
disease developed have been otherwise healthy. In contrast, 
children >4 years of age and adults who become infected 
frequently have underlying conditions such as congenital 
heart diseases, chronic renal failure, or a variety of primary 
immunodeficiencies (16).

The prevalence rate in healthy children during the 
second year of life ranges between 10% and 12% (7,28), 
which coincides with the peak attack rate of invasive infec-
tions (16). The colonization rate drops substantially in old-
er children and adults (7,28,29). Pharyngeal carriage of K. 
kingae and occurrence of disease before a child is 6 months 
of age are exceptions, indicating that maternal immunity 
and limited social contact provide protection (7,16,30).

Diagnosis of K. kingae Infections
The clinical features of invasive K. kingae infections 

(other than endocarditis) are usually mild, and diagnosis re-
quires a high level of suspicion by clinicians. Many patients 
with K. kingae–associated joint or bone disease are afe-
brile and blood leukocyte counts, C-reactive protein levels, 
and erythrocyte sedimentation rates are frequently normal 
(16,31,32). Although bacteremia with no focus is the sec-
ond most frequent manifestation of invasive K. kingae infec-
tions, the condition is probably unsuspected and the diagno-
sis is likely missed in a large number of cases. The current 

guidelines for managing illness in young, febrile children 
with no apparent source of infection, which use body tem-
perature and leukocyte count as criteria for obtaining blood 
cultures (33), are not sensitive enough for detecting occult 
K. kingae bacteremia because many infected children have 
a low-grade fever and may or may not have leukocytosis.

Detection of K. kingae infections by culture is highly 
dependent on the use of adequate laboratory techniques. The 
recovery of K. kingae from synovial fluid and bone exudates 
seeded onto routine solid culture media is suboptimal (8). 
The yield of cultures can be substantially improved by in-
oculating clinical specimens into aerobic blood culture vials 
(BCVs) from a variety of commercial systems (8). Attempts 
to isolate the organism from synovial fluid or bone exudates 
on routine solid media succeeded in 2 of 25 patients, whereas 
inoculation of these specimens into aerobic BACTEC (Bec-
ton Dickinson, Cockeysville, MD, USA) BCVs yielded the 
organism in all cases after a median incubation of 4 days 
(8). When specimens from BCVs determined to be positive 
by the automated blood culture instrument were subcultured 
onto a blood–agar plate of trypticase soy agar with 5% sheep 
blood hemoglobin or chocolate agar, K. kingae grew readily, 
indicating that routine solid media are able to support the nu-
tritional requirements of the organism. This observation sug-
gests that skeletal system exudates exert a detrimental effect 
on this fastidious bacterium, and dilution of purulent mate-
rial in a large volume of broth decreases the concentration of 
inhibitory factors, improving its recovery (8). In studies con-
ducted in Israel and France in which BCVs were routinely 
inoculated with synovial fluid aspirates from young children 
who had arthritis, K. kingae was isolated in 48% of the pa-
tients with culture-proven disease (8,9). Conversely, when 
BCVs are not used, many K. kingae infections will be over-
looked and labeled as culture-negative septic arthritis (34).

In recent years, development of NAAAs has further 
improved the diagnosis of K. kingae from skeletal system 
exudates. Use of this novel technique facilitates detection 
of difficult-to-culture organisms, enables bacteriologic di-
agnosis in patients already treated with antibacterial drugs, 
reduces time to detection, and facilitates precise identifica-
tion of unusual species (10–14). The procedure consists of 
extraction of bacterial DNA from the synovial fluid sample, 
a PCR amplification step in which primers target the 16S 
rDNA, the 23S rDNA, or the rpo genes that are ubiqui-
tous to all bacteria, then sequencing of the amplicon, and 
comparison of results with those kept in a broad database 
curator (such as GenBank) to enable precise species identi-
fication. Alternately, the specimen may be subjected to am-
plification by PCR by using species-specific primers that 
recognize the most plausible pathogens. Use of NAAAs 
has confirmed that in countries where this topic has been 
studied, K. kingae is the most common etiologic agent 
of septic arthritis in children <3 years of age. NAAA use  
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detected the presence of K. kingae–specific DNA sequenc-
es, including in cases in which seeding of synovial fluid 
specimens into BCVs failed to recover the organism and 
shortened the time required to detect and identify the bac-
terium from 3–4 days to <24 hours (10–14). It was, then, 
natural that this sensitive approach was consequently ad-
opted to study respiratory colonization by K. kingae and its 
connection to invasive disease. 

In an outbreak investigated by Bidet et al., the cause of 
the skeletal infections was determined by sequential use of 
real-time PCR targeting the K. kingae–specific toxin rtxA 
and the cpn60 genes (35). The same method was used to 
investigate the prevalence of K. kingae among attendees 
of the index daycare facility. The organism was recovered 
by culture in 6 asymptomatic carriers, whereas the NAAs 
detected 5 additional carriers (35). MLST and sequencing 
of the rtxA amplicon were performed directly on the joint 
fluid sample from the child who had arthritis and on the 
recovered pharyngeal isolates. All carriage isolates and 
the arthritis strain belonged to MLST 25 and shared rtxA 
allele 1, which is among the most common genotypes in-
volved in joint and bone infections in France (26,35). It 
should be pointed out that, despite the increased sensitivity 
of NAAAs, when evaluating the efficacy of prophylactic 
antibacterial drug administration for eradicating K. kingae 
from colonized children, cultures have the obvious advan-
tage of detecting living bacteria, whereas the viability of K. 
kingae organisms in PCR-positive/culture-negative speci-
mens is questionable.

In addition detecting invasive K. kingae disease in pa-
tients, searching for asymptomatic but colonized children is 
crucial in the investigation of an outbreak in a daycare facil-
ity to assess the full extent of the contagion, identify attend-
ees at risk for clinical disease, and evaluate the effects of 
prophylactic antibacterial drugs. Because of the high density 
of the resident bacterial flora and the relatively slow growth 
of K. kingae, detecting the organism in pharyngeal cultures 
is difficult. A differential and selective medium consisting 
of blood agar with 2 mg/mL of vancomycin (BAV medium) 
added has been developed to improve recovery of K. kingae 
from respiratory cultures (36). This formulation facilitates 
recognition of β-hemolytic K. kingae colonies by inhibiting 
growth of competitive gram-positive bacteria. In a blinded 
evaluation, the BAV medium detected 43 (97.7%) of 44 
pharyngeal cultures positive for the organism; 10 (22.7%) 
positive cultures were identified on routine blood-agar plates 
(p<0.001) (36).  If the original BAV formulation (36) or a 
similar medium (23) had not been used, and  a chocolate-
based agar substituted (in which the faint ring of hemolysis 
surrounding K. kingae colonies could not be recognized), 
carriers of the organism might not have been detected among 
27 asymptomatic attendees of a daycare facility where a 
cluster of invasive disease occurred (37).

Daycare Centers as Reservoirs of  
Invasive K. kingae Disease

The K. kingae colonization rate is substantially en-
hanced among children in daycare centers. In an 11–month 
longitudinal study, 35 (72.9%) of 48 daycare center at-
tendees carried the organism at least once and an average 
of 27.5% of the children were colonized at any given time 
(20). Molecular typing of isolates from asymptomatic colo-
nized attendees showed genotypic similarities, indicating 
person-to-person transmission of the organism in the fa-
cility (21). Two K. kingae strains represented 28.0% and 
46.0% of all isolates, demonstrating that some strains are 
particularly successful in colonizing mucosa. Children 
harbored the same strain continuously or intermittently for 
weeks or months, and then it was replaced by a new strain, 
showing that carriage is a dynamic process in which there 
is frequent turnover of colonizing organisms, as observed 
for other respiratory pathogens (21,28). Despite the high 
prevalence of the organism in the daycare center, an in-
vasive K. kingae infection did not develop in any of the 
attendees in the course of the follow-up period.

The link between out-of-home child care and K. 
kingae carriage was recently confirmed in a study con-
ducted among 1,277 children <5 years of age who were 
referred to a pediatric emergency department (7). Daycare 
attendance was strongly associated with K. kingae car-
riage after controlling for other variables (odds ratio 9.66 
[95% CI 2.99–31.15], p<0.001) (7). Surveillance studies 
not only have showed that K. kingae organisms coloniz-
ing attendees of a given daycare center are frequently 
identical, but have also demonstrated that carried strains 
differ between facilities located close together, indicating 
that each daycare center is like an independent epidemio-
logic unit (35,37–39).

Considering these findings, it is not surprising that clus-
ters of proven and presumptive cases of invasive K. kingae 
disease have been detected in daycare centers in France 
(35), the United States (37,38), and Israel (39), including 2 
recent and still unreported outbreaks (P.Yagupsky, unpub. 
data) (Table 1). A presumptive case was defined as bacte-
riologically unconfirmed invasive disease, consistent with 
the clinical features of K. kingae infections, among daycare 
center attendees 6 months–3 years of age, within 1 month  
of an infection confirmed by culture and/or NAAAs. These 
events have been characterized by the simultaneous or con-
secutive occurrence of multiple cases of disease that in-
cluded the entire clinical spectrum of K. kingae infections 
(septic arthritis, osteomyelitis, bacteremia, spondylodisci-
tis, cellulitis, and fatal meningitis complicating endocardi-
tis). The 3 patients in the 2005 cluster in Israel (39) and 4 of 
the 5 patients reported in France (35) had bone infections, 
supporting the concept that certain K. kingae clones exhibit 
specific tissue tropism (25).
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Three of the 6 K. kingae illness outbreaks in daycare 
centers reported during 2003–2013 were detected in Is-
rael, a small country with a population of 8,000,000 in-
habitants(35,37–39; P.Yagupsky, unpub. data). Although 
Israel’s relatively high annual birthrate compared with 
Western countries (18.7 per 1,000 population, Israel  
Central Bureau of Statistics, vs. 10.9 per 1,000 in the  
European Union, Demography Report 2010, Eurostat), 
and the widespread and early daycare center attendance 
could partially account for this observation, it seems 
plausible that similar events occur worldwide but are fre-
quently overlooked.

The epidemiologic investigation of these outbreaks 
revealed that the K. kingae colonization rate among as-
ymptomatic attendees to the daycare centers where clinical 
cases were detected was unusually high (up to 52.9% in a 
United States cluster, as determined by culture [38], and 
68.8% in France, as demonstrated by a sensitive NAAA 
[35]) (Table 2), and all pharyngeal isolates detected in the 
classrooms where disease occurred were genotypically 
identical and indistinguishable from the patients’ clinical 

isolates. The age of the colonized or infected daycare cen-
ter attendees coincided with the age of increased suscep-
tibility to K. kingae carriage and disease (7,15,16,28); the 
organism was detected in the pharyngeal culture of only1 
of the caregivers, supporting the hypothesis that healthy 
adultsrarely carry K. kingae (29).

Despite a background carriage rate as high as 5%–
12%, the incidence of invasive K. kingae infections report-
ed in Israel was 9.4 per 100,000 children <5 years of age 
per year only (16), and the calculated annual risk of devel-
oping K. kingae osteomyelitis or septic arthritis for young 
carriers in Switzerland was <1% (40). When data from the 
6 clusters of invasive disease detected in daycare centers 
are pooled, a documented or presumptive K. kingae infec-
tion developed in 1 in 7 classmates within a 1-month period 
(35,37–39), indicating that the outbreak strains combined 
enhanced colonization fitness, high transmissibility, and 
remarkable virulence.

The strain responsible for the cluster of osteomyelitis 
detected in Israel in 2005 (39) belonged to PFGE clone K 
and MLST-6 that ranked second among strains carried in 
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Table 1. Demographic and clinical features of 6 clusters of invasive Kingella kingae infections in daycare centers in the United States, 
Israel, and France* 

Reference Year Country 

Attack 
rate 
(%) 

No. cases 
confirmed by 

No. 
presump. 

cases 

Patient 
age range, 

mo 

Outbreak 
duration, 

d  
Clinical syndromes 

Culture NAAA SA OM SD CE OB EN MN 
(38) 2003 United 

States 
3/21 

(14.3) 
2 ND 1 17–21 <14 2† 2† – – – – – 

(39) 2005 Israel 3/14 
(21.4) 

1 ND 2 8–12 15 – 3 – – – – – 

(37) 2007 United 
States 

3/14 
(21.4) 

2 ND 1 11–25 11 – – 1 1 – 1‡ 1‡ 

(35) 2011 France 5/24 
(20.8) 

0 1 4 10–16 30 1 4 – – – – – 

P. Yagupsky, 
unpub. data 

2012 Israel 2/36 
(5.6) 

1 ND 1 10–16 7 1 – – – 1 – – 

P. Yagupsky, 
unpub. data 

2013 Israel 2/13 
(15.4) 

2 ND 0 12 7 2 – – – – – – 

Total  18/122 
(14.8) 

8 1 9 8–25 7–30 6 9 1 1 1 1 1 

*NAAA, nucleic acid amplification assay; presump., presumptive; SA, septic arthritis; OM, osteomyelitis; SD, spondylodiscitis; CE, cellulitis; OB, occult 
bacteremia; EN, endocarditis; MN, meningitis.; ND, not done; – indicates that no patients manifested this syndrome. 
†One child had osteomyelitis of the femur and septic arthritis of the contiguous hip joint.  
‡Meningitis developed in 1 child who had endocarditis. 

 

Table 2. Antibacterial drug prophylaxis administered and its effect on colonization rates and secondary invasive disease after Kingella 
kingae infections in daycare centers, United States, Israel, and France* 

Reference 

Initial carriage rate 
among healthy 
attendees (%) 

Antibacterial drug prophylaxis 
Interval 
between 

cultures, d 
Post-prophylaxis 
carriage rate (%) 

Post-
prophylaxis 
new cases 

Rifampin 

 

Amoxicillin 
Dosage, 10 
mg/kg 2/d 

Duration, 
d 

Dosage, 40 
mg/kg 2/d 

Duration, 
d 

(38) 9/17 (52.9) Yes 2  No NA 10–14 4/17 (23.5) 0/17 
(39) 4/11 (36.4) Yes 2  Yes 4  2 0/10 0/11 
(37) 0/27 Yes 2  Yes 2  NA ND 0/27 
(35) 11/16 (68.8)† Yes 2  No NA 15 11/16† (68.8) 0/19 
P. Yagupsky, 
unpub. data 

4/36 (11.1) Yes 2  Yes 4  10 2/36 (5.6) 0/36 

P. Yagupsky, 
unpub. data 

5/11 (45.4) Yes 2  Yes 4  12 0/11 0/11 

Total 33/118 (28.0) NA 17/90 (18.9) 0/121 
*ND, not done; NA, not applicable. 
†As determined by a nucleic acid amplification assay. In all other cases carriage was established by culture on selective media.  
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southern Israel by healthy Jewish children (20), and was 
responsible for the excess of K. kingae illness observed 
in the Jewish population of the region over the previous 2 
decades, causing 41.7% of all invasive strains isolated in 
this ethnic group (27). The clone that caused an outbreak 
in daycare centers in North Carolina, USA (37), repre-
sented 11.3% of all organisms carried by healthy children 
in southern Israel (24) and 11.6% of all isolates from pa-
tients in Israel who had invasive infections (27). The in-
ternational distribution of these clones indicates that the 
clusters of disease are frequently caused by highly suc-
cessful strains that exhibit enhanced capability for local 
and long-range dissemination (26).

Management of K. kingae Outbreaks
To prevent further cases of disease and eradicate the in-

vasive strain, prophylactic antibacterial drugs have been ad-
ministered to children attending the facilities where clusters 
of K. kingae were detected. Rifampin was chosen because 
K. kingae is especially susceptible to that antibacterial drug 
(35). Rifampin is secreted in saliva and reaches high con-
centrations in the upper respiratory mucosa and has shown 
efficacy in the eradication of colonization by N. meningitidis 
and H. influenzae type b, and in disease prevention in day-
care centers (2). However, because only partial success was 
achieved with this drug in the Minnesota cluster (38), high-
dose amoxicillin was added to the regimen after 2 more re-
cent outbreaks (37,39). Following administration of antibac-
terial drugs, a respiratory carriage of the organism decreased, 

but complete eradication occurred only in the Durham, 
North Carolina daycare center (37), and new colonization of 
several attendees by the original strain was later observed 
(35,38,39). Persistence of the organism in the facility was 
not caused by bacterial resistance to the administered anti-
bacterial drugs, however (35,37,39). Similar observations 
have been made in outbreaks in daycare centers caused by 
H. influenzae type b and pneumococci (2). Poor compliance 
or failure to administer prophylactic antibacterial drugs to 
family contacts could have resulted in incomplete suppres-
sion of the reservoir and recurrent dissemination of the strain 
in the facility (2).

Because antibacterial drugs have been relatively inef-
fective in eradicating K. kingae carriage, the need for an-
tibacterial drug prophylaxis in the setting of a cluster of 
invasive disease is being disputed (40). Notably, however, 
after administration of antibacterial drugs to the asymptom-
atic children, no further cases of disease were detected in 
the affected daycare centers (35,37–39), even when a few 
children continue to carry the invasive strain. Reducing the 
bacterial density among colonized children by antibacte-
rial drug administration or an effective immune response 
induced by prolonged mucosal carriage may have been suf-
ficient to prevent new cases of infection. Improved hygiene 
and institution of other infection control measures could 
also have limited further transmission of the organism. The 
Figure depicts an algorithm aimed to guide the investiga-
tion and management of clusters of invasive K. kingae in 
daycare facilities, including areas of controversy.
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Figure. Suggested algorithm for the 
investigation and management of 
clusters of invasive Kingella kingae 
infections in daycare centers. Bold 
boxes indicate case type; dashed lines 
indicate controversial areas. NAAAs, 
nucleic acid amplification assays; 
BCVs, blood culture vials; BAV, blood-
agar-vancomycin medium. 
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Conclusions
In recent years, clusters of invasive K. kingae infec-

tions among attendees of daycare centers have been re-
ported, although because of the low rate of testing for this 
pathogen, many events are probably overlooked. Detection 
of these events requires a high level of clinical suspicion, 
use of sensitive culture techniques and NAAAs, and fa-
miliarity of the clinical microbiology laboratory with the 
identification of this elusive pathogen. The same improved 
detection methods should be employed for the thorough 
investigation of these clusters, and recovered K. kingae 
isolates should be genotyped and compared. Many issues 
remain unsettled, including whether antibacterial drugs 
should be administered prophylactically to daycare center 
contacts of an index case-patient, to young siblings of clini-
cal case-patients, and to carriers, or whether antibacterial 
drugs should be offered to confirmed carriers only, or lim-
ited to children with disease. If administration of antibac-
terial drug prophylaxis is decided on, the preferred drug 
regimen will have to be determined. Whether an epidemio-
logic investigation should be carried out in daycare centers 
after detection of a single case of disease also remains to 
be determined.

Dr Yagupsky is a pediatrician and clinical microbiologist, 
and the head of the Clinical Microbiology Laboratory of the So-
roka University Medical Center, Beer-Sheva, Israel. His main re-
search interests include Kingella kingae infections, human brucel-
losis, and pediatric skeletal system infections.
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Tularemia outbreaks occurred in northwestern Spain in 
1997–1998 and 2007–2008 and affected >1,000 persons. 
We assessed isolates involved in these outbreaks by using 
pulsed-field gel electrophoresis with 2 restriction enzymes 
and multilocus variable number tandem repeat analysis of 16 
genomic loci of Francisella tularensis, the cause of this dis-
ease. Isolates were divided into 3 pulsotypes by pulsed-field 
gel electrophoresis and 8 allelic profiles by multilocus vari-
able number tandem repeat analysis. Isolates obtained from 
the second tularemia outbreak had the same genotypes as 
isolates obtained from the first outbreak. Both outbreaks were 
caused by genotypes of genetic subclade B.Br:FTNF002–00, 
which is widely distributed in countries in central and western 
Europe. Thus, reemergence of tularemia in Spain was not 
caused by the reintroduction of exotic strains, but probably 
by persistence of local reservoirs of infection.

Tularemia is a zoonosis caused by the gram-negative 
bacterium Francisella tularensis. F. tularensis is a 

highly contagious facultative intracellular pathogen and 
has infectious doses as low as 10–50 bacteria; it is trans-
mitted by inhalation, direct contact with infected animals, 
or ingestion of contaminated water or food. The number 
of species susceptible to infection by this agent is higher 
than for any other known zoonotic pathogen (1). Because 
of its potential to cause adverse public health effects and 
mass casualties by bioterrorist attack, the pathogen is 1 of 
6 agents listed as a Tier 1 agent by the US Department of 
Health and Human Services (2).

F. tularensis includes 4 subspecies (F. tularensis sub-
sp. tularensis, F. tularensis subsp. holarctica, F. tularensis 
subsp. novicida, and F. tularensis subsp. mediasiatica), 
which show marked differences in many epidemiologic 
features, including geographic distribution, virulence, and 
genetic diversity (3). F. tularensis subsp. tularensis (Jel-
lison type A) and F. tularensis subsp. holarctica (Jel-
lison type B) are major clinical pathogens. F. tularensis 
subsp. tularensis is the most virulent subspecies and can 
cause life-threatening disease; its distribution seems to be 
restricted to North America, although a single report in-
dicated its presence in Europe (4–7). F. tularensis subsp. 
holarctica causes a less severe disease, and although wide-
spread throughout the Northern Hemisphere, it has restrict-
ed genetic diversity, which suggests recent emergence and 
successful geographic spread (5,7–9).

Tularemia was first reported in Spain in 1997, when 
it caused one of the largest outbreaks in humans ever de-
scribed (10). Overall, 559 cases were confirmed during 
June 1997–April 1998 in 10 provinces. The outbreak was 
associated with hunting and handling of hares (Lepus eu-
ropaeus) in northwestern Spain. The most common clini-
cal form was ulceroglandular tularemia (55.4%); glandu-
lar (15.3%) and typhoid forms (6.6%) of the disease also 
occurred frequently. A second major human outbreak in 
humans, which affected 507 persons, occurred in the same 
area in 2007 and 2008, but in a different epidemiologic 
context. Its timing coincided with a population peak of the 
common vole (Microtus arvalis), and the most frequent 
clinical forms of the disease were typhoidal and pneumon-
ic (65% of the cases), which is consistent with infection 
being acquired through inhalation of F. tularensis (11–13). 
Sporadic tularemia cases and small outbreaks were report-
ed during 2000–2006 in the interval between the 2 major 
outbreaks in northwestern Spain (13,14).

We report comparative genetic analyses of F. tularen-
sis cultured from humans and animals during the 2 main 
tularemia outbreaks (1997–1998 and 2007–2008). We also 
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studied F. tularensis isolates circulating in Spain during 
outbreaks with different epidemiologic patterns and inves-
tigated whether reemergence of the pathogen after 10 years 
of no epidemiologic activity was caused by introduction of 
exotic strains or by establishment of the pathogen in local 
reservoirs of infection.

Methods

F. tularensis Isolates, Culture Conditions,  
and Biochemical Characterization

We studied 109 F. tularensis isolates: 37 animal and 
human F. tularensis subsp. holarctica isolates from the first 
outbreak in northwestern Spain (1997–1998); 61 animal 
and human isolates from the second tularemia epidemic in 
the same area (2007–2008); 10 10 isolates obtained in the 
Czech Republic; and reference strain F. tularensis subsp. 
tularensis Schu (CAPM 5600). Source of isolates, sub-
species, host, geographic origin, and year of isolation are 
shown in the online Technical Appendix (wwwnc.cdc.gov/
EID/article/20/5/13-0654-Techapp1.xlsx).

All isolates were grown on modified Thayer-Martin 
agar plates containing 36 g/L GC agar base, 10 g/L solu-
ble hemoglobin powder, and 2 vials/L Vitox supplement 
(Oxoid, Basingstoke, UK) at 37°C for 2–3 days in aerobic 
conditions. Biochemical characterization included tests for 
oxidase and catalase activities, glucose and glycerol fer-
mentation, and urea hydrolysis.

Genetic Characterization
Species and subspecies were identified by real-time and 

conventional PCRs specific for the fopA gene and the re-
gion of difference 1 (RD1) as described (15,16). RD23 was 
analyzed by PCR for identification of a genetic group of 
isolates that had been found on the Iberian Peninsula (17).

Pulsed-field gel electrophoresis (PFGE) and multilo-
cus variable number tandem repeat analysis (MLVA) were 
used to classify isolates into genetic subpopulations. The 
PFGE protocol described (18), which used restriction en-
zymes XhoI and BamHI, was optimized to provide major 
improvements in quality of fingerprint patterns.

Bacterial cells were suspended in SE buffer (25 
mmol/L EDTA, 75 mmol/L NaCl, pH 7.5) to an absor-
bance of 0.5–0.6 at 600 nm. Cells were lysed in agarose 
plugs and plugs were washed 5 times with Tris-EDTA buf-
fer (10 mmol/L Tris-HCl, 1 mmol/L EDTA, pH 8.0) for 
30 min at 50°C. DNA in the plugs was digested with 40 
U of XhoI (New England Biolabs, Ipswich, MA, USA) or 
40 U of BamHI (New England Biolabs), for 16 and 3 h,  
respectively, at 37°C following the manufacturer’s proto-
col. DNA fragment sizes were determined by electropho-
resis and by comparing bands with a Lambda Ladder PFG 
Marker (New England Biolabs).

MLVA was performed as described for 16 variable 
number tandem repeat loci (5). To ensure analysis of iden-
tical genetic material by PFGE and MLVA, we used DNA 
from the same culture for both methods. MLVA markers 
were amplified by using PCR, and sizes of amplification 
products were determined by electrophoresis on 3.5% 
high-resolution agarose MS-8 gels (Conda Pronadisa, Ma-
drid, Spain), except for Ft-M3, Ft-M21, Ft-M22, and Ft-
M24 MLVA markers, for which the sizes were determined 
by using capillary electrophoresis. At least 2 alleles were 
sequenced for each MLVA marker to confirm that size dif-
ferences observed resulted from the expected variations in 
numbers of tandem repeats. Forward and reverse sequences 
were aligned by using MEGA v.4 software (19), and con-
sensus sequences were used to predict the number of tan-
dem repeats in each allele.

Data Analyses
The Simpson index of diversity, which measures the 

probability that 2 unrelated strains from the test popula-
tion will be classified into different typing groups (20), was 
calculated to compare the discriminative power of PFGE 
typing with that of MLVA for assessing genetic diversity 
among isolates. The adjusted Wallace coefficient for quan-
tification of agreement between PFGE typing and MLVA 
results was also calculated. Both analyses were performed 
by using Comparing Partitions (21).

PFGE patterns were analyzed by using Bionumer-
ics v.6.6 (Applied-Maths NV, Sint-Martens-Latem, Bel-
gium) to describe genetic relationships among isolates. 
Dendrograms were constructed by using the Dice similar-
ity coefficient and the unweighted pair group mathemati-
cal average clustering algorithm. MLVA data, expressed 
as allelic profiles for isolates, were analyzed by using 
Bionumerics v.6.6.  Minimum spanning trees were cal-
culated with priority rules set at first link allelic profiles 
and maximum numbers of single-locus variants and then 
maximal numbers of single-locus variants and double-
locus variants. MLVA types were classified as members 
of a clonal complex if they had the same allele at15 of the 
16 MLVA markers. A map of the distribution of isolates 
showing the geographic origin and number of isolates per 
province was generated by using Arcgis v.9.2 software 
(ESRI, Redlands, CA, USA).

Results

Subspecies and Genetic Subclade of  
F. tularensis Isolates

All isolates were negative for oxidase activity, weakly 
positive for catalase activity, and positive for acid produc-
tion from glucose; none of the isolates hydrolyzed urea. 
Only the reference strain F. tularensis subsp. tularensis 
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Schu (CAPM 5600) produced acid from glycerol. Real-
time PCR specific for the fopA gene and size determination 
at the RD1 region showed that all isolates from Spain and 
the Czech Republic were F. tularensis subsp. holarctica 
(online Technical Appendix). All isolates from Spain in-
cluded in this study had the 1.59-kbp deletion at the RD23 
loci, which is characteristic of the F. tularensis subsp. hol-
arctica genetic subclade B.Br:FTNF002–00 (also known 
as the Iberian clone or the central and western European 
genetic group).

Characterization by PFGE
All 107 F. tularensis subsp. holarctica isolates 

showed the same fingerprint pattern by PFGE with the 
restriction enzyme XhoI, irrespective of their geographic 
origin, host, or date of isolation (isolate TU41 was not 
typeable by PFGE analysis). This pattern consisted of 
≈20 DNA fragments >70 kbp. The F. tularensis subsp. 
tularensis strain Schu (CAPM 5600) showed a different 
banding pattern.

In contrast, PFGE with the restriction enzyme BamHI 
discriminated 5 genotypes among the F. tularensis subsp. 
holarctica isolates. F. tularensis subsp. tularensis strain 
Schu (CAPM 5600) showed a highly unrelated banding 
pattern with maximal pairwise distance to all other isolates. 
The BamHI patterns consisted of 20–24 DNA fragments 
with a size range of 20–245 kbp. All F. tularensis subsp. 
holarctica genotypes were closely related (93.3% simi-
larity), and there were only 1-band differences between 
pulsotypes (Figure 1, Appendix, wwwnc.cdc.gov/EID/
article/20/5/13-0654-F1.htm).

Sixty-nine (63.9%) isolates from Spain clustered 
into pulsotype A and 26 (24.1%) other isolates from 
Spain clustered into pulsotype B. All isolates from the 
Czech Republic, except for isolate CAPM 5538, had the 
same fingerprint pattern, which was designated pulso-
type D (8.3%). Isolate CAPM 5538 showed a pulsotype 

that clustered with the 2 remaining isolates from Spain  
(TU8 and TU9) in pulsotype C (1.9%). One isolate from 
Spain, TU41, could not be genotyped by PFGE despite 
several attempts (online Technical Appendix).

There were some discrepancies between our find-
ings and those reported for the 37 isolates in Spain from 
1997 (18). Improvements in quality of fingerprint patterns 
enabled us to distinguish between isolates from Spain 
and those from the Czech Republic by using PFGE and 
restriction enzyme BamHI. Furthermore, isolates TU3, 
TU17, TU21, and TU25 were unequivocally assigned to 
pulsotype B instead of pulsotype A. In instances of dis-
crepancy, analyses were repeated in triplicate with new 
cultures, and the findings reported were confirmed. Dis-
tribution of the 107 F. tularensis subsp. holarctica iso-
lates into 4 pulsotypes resulted in a Simpson index of  
diversity of 0.522. There was no obvious correlation be-
tween the pulsotype of an isolate from Spain and its geo-
graphic origin, host, or tularemia outbreak with which it 
was associated.

Characterization by MLVA
The allele-based analysis of genetic relationships iden-

tified 13 MLVA types among the 108 F. tularensis subsp. 
holarctica isolates and showed that F. tularensis subsp. 
tularensis strain Schu (CAPM 5600) was more distantly 
related (Figure 2). The 10 isolates from the Czech Repub-
lic were assigned to 5 MLVA types, which differed from 
isolates from Spain by ≥2 alleles. Marker Ft-M3 provided 
the highest number of alleles (6). Six copy numbers were 
detected among the 109 isolates; for Ft-M6, Ft-M9, and Ft-
M20, there were 3 copy numbers. Markers Ft-M5, Ft-M7, 
Ft-M8, Ft-M10, Ft-M13, FT-M16, Ft-M19, Ft-M21, Ft-
M22, Ft-M23, and Ft-M24 each had 2 alleles: these mark-
ers with 2 alleles, except for Ft-M24, discriminated only F. 
tularensis subsp. tularensis strain Schu (CAPM 5600) from 
all isolates of F. tularensis subsp. holarctica (Table).
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Figure 2. Minimum-spanning tree based 
on multilocus variable number of tandem 
repeat analysis (MLVA) genotypes, 
showing genetic relationships among 98 
Francisella tularensis subsp. holarctica 
isolates from Spain (white circles), 10 
F. tularensis subsp. holarctica reference 
isolates from the Czech Republic (gray 
circles), and reference strain F. tularensis 
subsp. tularensis Schu (CAPM 5600). 
Each node represents a unique MLVA 
type, and size is proportional to the 
number of isolates with that genotype 
(values in parentheses). Numbers on 
lines between nodes indicate number 
of typing markers that were different 
between genotypes. A 1-marker 
difference is indicated by a thick line. 
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Ft-M24 had a 464-bp allele that was found in all iso-
lates from Spain analyzed in this study, but was not present 
in any other isolates. Ft-M24 has been found only in iso-
lates of genetic subclade B.Br:FTNF002–00 (the Iberian 
clone or the central and western European genetic group). 
Sequence analysis of the Ft-M24 DNA fragment showed 
that the unique allele size was caused by deletion of a 16-
bp sequence adjacent to 2 copies of the Ft-M24 tandem re-
peat (GenBank accession no. KC696513). For marker Ft-
M12, because all 109 isolates had the same copy number, 
this marker provided no typing resolution. Distribution of 
F. tularensis subsp. holarctica isolates among 12 MLVA 
types was uneven; >70% of the isolates in the MLVA types 
A (49 isolates, 45%) and B (32 isolates, 29.4%) (Table). 
Simpson index of diversity, which showed the discrimi-
natory power of MLVA for the 108 F. tularensis subsp. 
holarctica isolates, was 0.708.

The 98 isolates from Spain were classified into 8 
MLVA types, which essentially grouped as 2 closely re-
lated clonal complexes that differed at only 1 of the 16 
MLVA markers (Figure 2). All MLVA types from Spain 
were single-locus variants of MLVA type B, which indi-
cated this type was the founder genotype of F. tularensis 
that caused tularemia in northwestern Spain. No clear re-
lationship was found between genotype and geographic 
origin (Figure 3), source of infection, or host in Spain. The 
same genotype was usually isolated from hares, voles, and 
humans in Spain.

Comparison of isolates from the 2 outbreak periods 
(37 isolates for 1997–1998 and 61 isolates for 2007–
2008) showed that the same F. tularensis genotypes 
caused tularemia in both outbreaks (Figure 4). Isolates 
from the second outbreak showed less genetic diversity 
than those from the first outbreak (Simpson indices 0.62, 
95% CI 0.53–0.71 and 0.66, 95% CI 0.57–0.75, respec-
tively; the difference was not significant at the 95% level).  

Comparison of allele distribution at the most variable 
marker (Ft-M3) showed an overall similarity between iso-
lates causing the outbreaks, although the most common 
copy number was 4 during the first outbreak and 5 dur-
ing the second outbreak, which might indicate a stepwise 
increase in copy number over time. Overall, our findings 
for 37 isolates from the first outbreak were consistent with 
the data reported by Dempsey et al. (17) although there 
were 2 discrepancies. First, isolate TU18 had a unique al-
lele with 3 tandem repeats at Ft-M9, which distinguished 
this isolate from all other F. tularensis subsp. holarctica 
isolates. Second, isolate TU31 had the same FT-M10 al-
lele as all other isolates. We confirmed our results for 
these discrepancies in triplicate.

Quantification of Agreement between PFGE  
Typing and MLVA

Congruence of the 2 methods (PFGE typing and 
MLVA) for isolate classification was weak for the 107 F. 
tularensis subsp. holarctica isolates (1 of the 108 isolates 
was excluded because it was not typeable by PFGE analy-
sis). This finding was true for reverse comparisons of both 
methods: if 2 isolates were in the same PFGE pulsotype; 
they had an 18% chance of having the same MLVA type. 
Conversely, having the same MLVA type was associated 
with a 40% chance of having the same PFGE pulsotype. 
The adjusted Wallace coefficient for PFGE versus MLVA 
was 0.18 (95% CI 0.04–0.32) and that for MLVA versus 
PFGE was 0.40 (95% CI 0.20–0.58).

Discussion
F. tularensis subsp. holarctica has shown limited ge-

netic diversity worldwide (5,7,22,23). This finding might 
be the result of a relatively recent bottleneck or clonal ex-
pansion event that drastically reduced genetic variation of 
the bacterial population (5,7). Consistent with previous 
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Table. Multilocus variable number tandem repeat analysis of 98 Francisella  tularensis isolates from Spain and 11 reference isolates* 

MLVA genotype No. isolates (origin) 
No. MLVA markers that discriminated F. tularensis subsp. holarctica isolates 
Ft-M3 Ft-M6 Ft-M9 Ft-M20 Ft-M24† 

A 49 (Spain) 5 4 2 3 2 (∆16 bp) 
B 32 (Spain) 4 4 2 3 2 (∆16 bp) 
C 9 (Spain) 6 4 2 3 2 (∆16 bp) 
D 3 (Spain) 3 4 2 3 2 (∆16 bp) 
E 2 (Spain) 4 7 2 3 2 (∆16 bp) 
F 1 (Spain) 4 4 2 4 2 (∆16 bp) 
G 1 (Spain) 4 4 3 3 2 (∆16 bp) 
H 1 (Spain) 7 4 2 3 2 (∆16 bp) 
I 4 (former Czechoslovakia) 4 6 2 3 2 
J 2 (Czech Republic) 5 7 2 3 2 
K 2 (Czech Republic) 6 7 2 3 2 
L 1 (former Czechoslovakia) 7 4 2 2 2 
M 1 (Czech Republic) 7 7 2 3 2 
N‡ 1 (United States) 28 4 4 3 1 
*MLVA, multilocus variable number tandem repeat. 
†All isolates from Spain had the unique 16-bp deletion at marker FT-M24 that is characteristic of genetic subclade B.Br:FTNF002–00 (Iberian clone). 
‡Genotype N, F. tularensis subsp. tularensis strain Schu, showed additional unique alleles at the following MLVA markers: Ft-M5, Ft-M7, Ft-M8, Ft-M10, 
Ft-M13, Ft-M16, Ft-M19, Ft-M21, Ft-M22, and Ft-M23. 
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findings, we observed extremely limited genomic diver-
sity among the 98 F. tularensis subsp. holarctica isolates 
from Spain analyzed by 2 genotyping tools: PFGE with 2 
restriction enzymes and MLVA at 16 highly variable tan-
dem repeat loci. PFGE identified 3 genotypes with single 
band differences (93.3% similarity) (Figure 1). MLVA 
discriminated these isolates into 8 MLVA types, but in 
pairwise comparisons they differed at no more than 2 of 
16 MLVA markers. Thus, our collection shows extreme 
genetic homogeneity (Figure 2).

An F. tularensis subsp. holarctica lineage in central 
and western Europe (France, Spain, and Switzerland) has 
been defined (7,17,24,25). Strains belonging to this lineage 
have 2 unique genetic traits: a 1.59-kbp genomic deletion 
at the RD23 locus and a unique 464-bp allele at Ft-M24. 
All isolates from Spain had these alleles, irrespective of the 
outbreak, geographic origin, or the host from which they 
were recovered. Thus, all isolates from Spain analyzed  
belong to the genetic subclade B.Br:FTNF002–00 (the Ibe-
rian clone or central and western European genetic group) 
(7). Furthermore, all MLVA types for isolates from Spain 

were single-locus variants of MLVA type B, which sug-
gested that this type might be a founding genotype that 
has evolved into multiple other genotypes that differ from 
the founding genotype at a single loci. In this scenario, all 
strains causing tularemia outbreaks in Spain are linked to 
this founder (ancestral) genotype.

We found poor congruence between typing results of 
PFGE and MLVA for 107 F. tularensis subsp. holarctica 
isolates. However, the 2 methods might indicate different 
types of genetic variation. PFGE is a suitable approach for 
detecting rearrangements in a genome, and differences of 
only 1 band observed among the 98 isolates from Spain are 
presumably consequences of a single mutation event that 
might be an inversion, translocation, deletion, or a single-
nucleotide polymorphism (26). In contrast, MLVA detects 
variation in several, fast-evolving, repeated sequences. 
However, such rapidly evolving sequences are susceptible 
to homoplasy, and genetic classification of isolates on the 
basis of a difference at only 1 of 16 genetic loci, as for 
isolates from Spain, could be biased because of genetic re-
version events.
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Figure 3. A) Geographic distribution 
of 98 Francisella tularensis subsp. 
holarctica isolates from Spain. Color 
codes represent geographic origin, 
and black circles represent number 
of isolates recovered per province. 
B) Minimum-spanning tree based on 
multilocus variable number tandem 
repeat (MLVA) analysis of genotypes, 
showing genetic relationships among 
98 F. tularensis subsp. holarctica 
isolates from Spain. Each circle 
represents a unique MLVA type and 
size of each node is proportional 
to the number of isolates of that 
type. The MLVA types are colored 
according to the geographic origins of 
the isolates with the same color code 
as in panel A. 
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Because some of the mutations detected by PFGE or 
MLVA might not be selectively neutral, we might have ob-
served time-dependent mutations that are transient on evo-
lutionary time scales and will frequently be eliminated by 
selection pressure acting on them (27). If this hypothesis is 
true, use of single mutations for genetic discrimination may 
lead to incorrect phylogenetic inferences. Therefore, poor 
congruence between PFGE and MLVA for identifying ge-
netic subclade B.Br:FTNF002–00 of F. tularensis subsp. 
holarctica in Spain might be caused by limited bacterial 
diversity. Use of more extensive genetic analyses for typ-
ing, such as whole genome sequencing, might be useful in 
subsequent molecular epidemiology studies.

In Spain, tularemia was first reported in late 1997 in 
association with one of the largest human outbreaks ever 
described (10). The most common route of infection of 
humans was by direct contact when hunting and handling 
hares (L. europaeus). Consistent with infection with F. tu-
larensis through the skin, the most frequent clinical form 
was ulceroglandular tularemia (55.4%); glandular (15.3%) 
and typhoid (6.6%) forms of the disease were also ob-
served. A second major human outbreak occurred in the 
same geographic area in northwest Spain in 2007 and 2008 
after 10 years of no epidemiologic activity. The epidemi-
ology of the second outbreak was different from that of 
the first outbreak. The second outbreak occurred when the 
population of the common vole (Microtus arvalis) peaked, 
and >65% of case-patients had typhoidal and pneumonic 
forms of tularemia (12,13), which is consistent with infec-
tion by inhalation.

Few outbreaks of tularemia caused by airborne trans-
mission of the bacteria have been reported. These out-
breaks include a notable outbreak of inhalational tularemia 

in Sweden in 1966–1967 associated with environmental 
exposure of farmers in which >600 cases were diagnosed 
(28).There were clusters of outbreaks on Martha’s Vine-
yard (Massachusetts, USA) in 1978 and 2000 (29,30) and 
cases of tularemia caused by airborne transmission to 53 
farmers in northern Finland during 1982. (31). In Germany 
in 2005, a total of 39 participants in a hare hunt were in-
fected after exposure to contaminated droplets generated 
by rinsing infected hares (32).

Isolates from Spain obtained during the second tula-
remia outbreak had the same genotypes as those obtained 
during the first outbreak (Figures 1, 4). Furthermore, we 
did not observe any relationships between genotype and 
geographic origin, or host from which the isolates were 
recovered, which suggested that in that area, the same 
clones were circulating in all hosts (Figure 3, panel B). 
These results are useful because the 2 outbreaks had sub-
stantial epidemiologic differences (10,12). Our findings 
indicate that the outbreak in 2007, after 10 years of no 
epidemiologic activity, was not caused by introduction of 
a new strain, but by reemergence of an endemic bacte-
rial population that has been circulating in the region for 
at least the past 15 years. Furthermore, our findings also 
suggest that clinical forms of the outbreak are determined 
by ecologic processes involved in infection (e.g., route of 
infection, infective dose) rather than by the genotype of 
the pathogen.

In conclusion, we report genetic characterization of F. 
tularensis subsp. holarctica isolated in Spain during 2 of the 
largest tularemia outbreaks worldwide. There were marked 
epidemiologic differences between the 2 outbreaks, which 
were separated by 10 years of no epidemic activity. Molec-
ular investigations showed that both outbreaks were caused 
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Figure 4. Minimum-spanning tree based on 
multilocus variable number tandem repeat 
(MLVA) analysis of genotypes showing genetic 
relationships among 98 Francisella tularensis 
subsp. holarctica isolates from Spain with 
reference to 2 human tularemia outbreaks 
in 1997–1998 and 2007–2008, respectively. 
White sections in circles indicate F. tularensis 
subsp. holarctica isolates recovered during the 
first human tularemia outbreak (1997–1998), 
and black sections indicate isolates recovered 
during the second outbreak (2007–2008). 
Each circle represents a unique MLVA type and 
size is proportional to the number of isolates of 
that type. 
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by the same group of closely related genotypes in subclade 
B.Br:FTNF002–00. Therefore, the reemergence of tulare-
mia in 2007 was presumably not caused by introduction of 
a new strain, but by persistence of local reservoirs of infec-
tion. These findings, along with sporadic cases of tularemia 
in 1998 and 2007, suggest that local foci of tularemia have 
become established in Spain. Further investigations will 
help identify these endemic foci and clarify biotic and abi-
otic factors that have favored establishment of the pathogen 
in northwestern Spain.
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The genetically diverse viridans group streptococci 
(VGS) are increasingly recognized as the cause of a va-
riety of human diseases. We used a recently developed 
multilocus sequence analysis scheme to define the species 
of 118 unique VGS strains causing bacteremia in patients 
with cancer; Streptococcus mitis (68 patients) and S. ora-
lis (22 patients) were the most frequently identified strains. 
Compared with patients infected with non–S. mitis strains, 
patients infected with S. mitis strains were more likely to 
have moderate or severe clinical disease (e.g., VGS shock 
syndrome). Combined with the sequence data, whole-ge-
nome analyses showed that S. mitis strains may more pre-
cisely be considered as >2 species. Furthermore, we found 
that multiple S. mitis strains induced disease in neutrope-
nic mice in a dose-dependent fashion. Our data define the 
prominent clinical effect of the group of organisms currently 
classified as S. mitis and lay the groundwork for increased 
understanding of this understudied pathogen.

Viridans group streptococci (VGS), a genetically het-
erogeneous group of bacteria, are the predominant 

bacteria in the human oropharynx (1). VGS cause a wide 
range of infections in humans, including bacteremia in pa-
tients with neutropenia, infective endocarditis, and orbital 
cellulitis (2–5). However, despite the substantial clinical 
effect of VGS, the epidemiology and pathogenesis of these 
bacteria are minimally understood (6).

A major impediment to the study of VGS has been the 
inability to consistently and accurately assign VGS strains 
to specific species, which has resulted in numerous changes 

in species designation and classification schemes over time 
(7). From a clinical microbiology laboratory standpoint, 
automated systems have considerable limitations in VGS 
species identification (8,9). The problematic nature of VGS 
species assignment also extends to16S rRNA sequencing, 
the most widely used genetic tool for species identification 
in clinical and research settings (9,10).

Outcomes for patients with VGS bacteremia are highly 
variable: some patients have minimal symptoms, and oth-
ers have a severe infection characterized by hypotension 
and acute respiratory distress syndrome (11). The severe 
infections have been termed VGS shock syndrome (12). 
Numerous studies have examined the species distribution 
of VGS that cause bacteremia (9,13–16). However, these 
studies have found inconsistent results between a particu-
lar VGS species and disease occurrence or clinical severity 
of infection (9,13,14,16,17). Moreover, the recently rec-
ognized limitations of previously used techniques of VGS 
species identification and the low number of clinical cases 
analyzed preclude definitive conclusions regarding the re-
lationship between VGS species type and clinical disease 
(8,9,18). Thus, we sought to combine the species identi-
fication of a large number of VGS bloodstream isolates, 
which we typed by using a recently developed multilocus 
sequence analysis (MLSA) technique (19), with patient-
specific clinical data to determine relationships between 
VGS species and clinical endpoints.

Materials and Methods

Study Cohort and Data Abstraction
The study cohort comprised patients at MD Anderson 

Cancer (MDACC) who had VGS isolated from their blood 
between July 1, 2011, and December 1, 2012. MDAAC is 
a 600-bed referral cancer hospital in Houston, Texas, USA. 
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We used a standardized data collection form to abstract clini-
cal data from the comprehensive electronic medical records 
of patients with blood culture results positive for VGS. Anti-
microbial drug resistance was determined in accordance with 
guidelines of the Clinical and Laboratory Standards Institute 
(www.clsi.org/standards/). VGS are known to contaminate 
blood cultures and to cause clinically minor, transient bacte-
remia, and differentiating between contamination and infec-
tion is problematic (20). Thus, for the purpose of this study, 
we considered that patients without signs or symptoms of 
infection had clinically minor bacteremia, even though they 
may represent cases of blood culture contamination.

Severity of infection, as measured by the Pitt bactere-
mia score, was determined as described (21). Pitt bacteremia 
scores were not determined for patients with polymicrobial 
bacteremia. VGS shock syndrome was defined by using the 
accepted definition for septic shock (i.e., hypotension refrac-
tory to fluid replacement in the setting of an infection) (22). 
A focus of the bloodstream infection was defined as isolation 
of a VGS species from a nonsterile site (e.g., liver abscess) at 
the same time that VGS were isolated from the blood, with 
the exception of infective endocarditis, which was defined ac-
cording the modified Duke criteria (23,24). Neutropenia was 
defined as an absolute neutrophil count of <500 cells/mL.

Some patients had signs and symptoms of a lower 
respiratory infection and x-ray findings compatible with 
a pneumonic process that could not be explained (i.e., no 
known respiratory pathogens were isolated and no other 
alternative explanation, e.g., congestive heart failure, was 
found). Such patients were defined as having unexplained 
pulmonary infiltrates. Because VGS are considered normal 
flora, isolation of these organisms from a respiratory speci-
men would not have been considered clinically meaningful 
by the clinical microbiology laboratory and thus would not 
have been reported. The study protocol was approved by 
the MDCC institutional review board.

VGS Species Type Determination and  
Whole-Genome Sequencing

Bacterial isolates were identified as VGS on the basis 
of the following: presence of α-hemolysis, gram-positive 
reaction, coccus morphology arranged in chains, negative 
catalase test results, and exclusions of pneumococcus and 
enterococci by routine biochemical tests (i.e., optochin, 
bile solubility, and pyrrolidonyl arylamidase tests) (25). 
VGS species was determined as described (19). In brief, 
concatenated sequences of 7 housekeeping genes were used 
for phylogenetic tree construction in MEGA5 (www.mega 
software.net/); strains were assigned to VGS species on the 
basis of their distance from species type strains (19). For 
whole-genome sequencing of 9 Streptococcus mitis strains 
and 1 S. oralis strain, we fragmented 3 µg of genomic DNA 
to 350 bp (mean fragment size) and prepared barcoded  

sequencing libraries. The 03/10libraries were sequenced on 
the HiSeq 2000 sequencing System (Illumina, San Diego, 
CA, USA) by using 76-bp, paired-end sequencing. The 
raw reads in FASTQ format were aligned to the S. mitis B6 
(GenBank accession no. NC_013853.1) and S. pneumoniae 
TIGR4 (GenBank accession no. NC_003028.3) genomes 
by using Mosaik  (26). There was an average of 250× cov-
erage per base, indicating extremely high confidence for 
base calls. Contigs were generated by feeding the raw ge-
nome sequence data into the A5 pipeline (27). Gene an-
notations were obtained by uploading contigs to the Rapid 
Annotation using the Subsystem Technology server at the 
National Microbial Pathogen Data Resource website (28). 
(Individual gene sequencing data have been deposited into 
GenBank. Short-read sequencing data have been depos-
ited to the Short Read Archive (www.ncbi.nlm.nih.gov/ 
Traces/sra/sra.cgi?view=announcement) under accession no.  
PRJNA240080.

Mouse Infection Studies
Experiments in mice were performed according to a 

protocol approved by the MDACC Institutional Animal 
Care and Use Committee. To induce neutropenia, we in-
jected 5-week-old female Balb/C mice intraperitoneally 
with 100 μg/kg of cyclophosphamide (Sigma, St. Louis, 
MO, USA) on days –4 and –1 before bacterial injection. 
On day 0, mice (10 per bacterial dose) were injected with 
100 mL of phosphate-buffered saline (PBS) containing 10-
fold increments of bacteria ranging from 103 to 107 CFUs. 
As a control, 10 mice were injected with PBS alone. Mice 
were monitored over 7 days for near-death status. The dose 
at which 50% of the mice nearly died (hereafter referred 
to as LD50) was calculated by using the probit method. 
Neutropenia was confirmed in select mice on postinfection  
days 1, 3, and 6.

Statistical Analysis
Differences between categorical variables were as-

sessed by using the χ2 test; Fisher exact test was used when 
at least 1 category had <5 occurrences. The relationship 
between VGS species and Pitt bacteremia scores was ana-
lyzed by using the Mann-Whitney U test. The Bonferroni 
method was employed to account for multiple comparisons 
when appropriate. All tests of significance were 2-sided, 
and statistical significance was defined at p<0.05. SPSS 
Statistics version 19 (IBM, Armonk, NY, USA ) was used 
for statistical analysis.

Results

Study Cohort
A total of 118 consecutive patients with VGS-positive 

blood cultures were included in the study cohort; ≈80% of 
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the patients had neutropenia and hematologic malignancies 
(Table 1). Most patients had bacteremia without a defined 
focus, but several other clinical scenarios were observed, 
including skin/soft tissue infections, gastrointestinal infec-
tions, and infective endocarditis. Most patients had clini-
cally mild infections (Pitt bacteremia score of 0 or 1), but 
25% of patients had moderate to severe infections (Pitt bac-
teremia scores of >2), including 12 patients who had VGS 
shock syndrome.

VGS Species and Bacteremia
To gain insight into the species of VGS causing bacte-

remia in the study cohort, we performed MLSA of 7 house-
keeping genes, as described (19). Strains were assigned to 
species by comparing their position on the phylogenetic 
tree with those of established type strains (19). The 118 
strains could be confidently assigned to 11 distinct species 
(Figure 1; online Technical Appendix 1, wwwnc.cdc.gov/
EID/article/20/5/13-0953-Techapp1.xlsx). The most com-
monly observed species were S. mitis (68 strains), S. oralis 
(22 strains), and S. parasanguinis (12 strains). For classifi-
cation purposes, various VGS species are often placed into 
distinct groups; the association between VGS strains caus-
ing bacteremia and group assignment is shown in Figure 
1, using the scheme from Sinner et al. (29). In total, 80% 
of strains were from the Mitis group, and the remaining 
strains were from the Sanguinis group (14%), Anginosus 
group (3%), and Salivarius group (3%).

VGS Species and Clinical Syndromes
Because of the diverse genetic nature of the various 

VGS species, we next tested the hypothesis that distinct 
VGS species cause different clinical syndromes. Given the 
number of strains for each species, we analyzed the Mitis 
group species (i.e., S. mitis and S. oralis) individually and 
analyzed species comprising the Sanguinis, Anginosus, 
and Salivarius groups by group (Table 2). Compared with 
strains of other VGS species, S. mitis strains were signifi-
cantly more likely to cause primary bacteremia (p<0.01) 
and less likely to cause polymicrobial bacteremia (p = 0.01) 
and clinically minor bacteremia (p<0.01). S. oralis strains 
were more likely to cause polymicrobial infection (p = 
0.02), Sanguinis group strains were more likely to cause 
clinically minor bacteremia (p<0.01), and Anginosus group 
strains were significantly associated with bacteremia with a 
gastrointestinal focus (p<0.01). When we only considered 
patients with neutropenia or cases of monomicrobial bac-
teremia, we observed the same statistically significant spe-
cies–clinical disease relationships (data not shown).

VGS Species and Disease Severity
We next sought to determine if there was a relationship 

between VGS species and disease severity (as determined by 

Pitt bacteremia score). Organ dysfunction, such as hypoten-
sion, begins to occur at Pitt bacteremia scores of >2 (21). 
The distribution of Pitt bacteremia score by infecting species 
is shown in Figure 2, panel A. Patients infected with S. mitis 
were significantly more likely to have a higher Pitt bactere-
mia score (p<0.01). One possible explanation for this obser-
vation is that S. mitis strains mainly caused infections in pa-
tients with neutropenia who, compared with patients without 
neutropenia, might be more likely to have serious infections. 
Thus, we repeated the analysis, including only patients with 
neutropenia. Again, the Pitt bacteremia scores were signifi-
cantly higher for patients infected with S. mitis (p<0.01; Fig-
ure 2, panel B). Of the 12 cases of VGS shock syndrome, 
11 were caused by S. mitis strains and 1 was caused by an S. 
constellatus strain (Anginosus group).

Identification of S. mitis Strain Clusters
Most cases of bacteremia and severe disease occurred 

in patients infected with S. mitis; thus, we focused on S. 
mitis strains and strains from the closely related S. oralis 
species. In contrast to what we observed for the S. ora-
lis strains, several distinct groupings could be visualized 
within the S. mitis strains, which we arbitrarily labeled as 
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Table 1. Characteristics of 118 participants in a study of 
Streptococcus mitis strains causing severe clinical disease in 
patients with cancer* 
Characteristic No. (%) 
Sex  
 M 64 (54) 
 F 54 (46) 
Mean age, y (SD, range) 50 (18, 10–79) 
Malignancy 70 (59) 
 Leukemia/myelodysplastic syndrome 20 (17) 
 Hematopoietic stem cell transplantation 10 (8) 
 Lymphoma/myeloma 18 (15) 
 Solid tumor 20 (17) 
Neutrophils <500/L 95 (81) 
Clinical syndrome  
 Primary bacteremia 95 (80) 
 Gastrointestinal focus 8 (7) 
 Skin/soft tissue focus 4 (3) 
 Infective endocarditis 2 (2) 
 Clinically minor bacteremia 9 (7) 
Polymicrobial infection 22 (19) 
Pitt bacteremia score†‡  
 0 35 (37) 
 1 36 (38) 
 2 5 (5) 
 3 7 (7) 
 >4 13 (13) 
Antimicrobial drug susceptibility  
 Penicillin 54 (46) 
 Ceftriaxone 107 (91) 
 Moxifloxacin 60 (51) 
 Tetracycline 69 (59) 
*All patients had viridans group streptococci bacteremia. Unless otherwise 
noted, data are no. (%) of patients. 
†Severity of infection was measured by the Pitt bacteremia score as 
described (21). Scores of 0 or 1 indicate clinically mild infections; scores of 
>2 indicate moderate to severe infections. 
‡Determined only for patients with monomicrobial infection. 
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clusters 1, 2, and 3 (Figure 3, panel A). S. mitis cluster 1 
comprised 10 strains, including 2 that were genetically 
identical by MLSA, and cluster 2 comprised 22 strains, 
including 6 that were genetically identical. Cluster 3 com-
prised 29 strains and may contain additional strain group-
ings, but further phylogenetic delineation of this cluster 
could not be done with sufficient confidence. We did not 
observe substantial differences, in terms of distinct disease 
types or severity of infection, between patients from whom 
the S. mitis cluster strains were derived (online Technical 
Appendix 2 Figure, wwwnc.cdc.gov/EID/article/20/5/13-
0953-Techapp1.pdf). However, there was a predominance 

of unexplained pulmonary infiltrate cases among patients 
infected with cluster 2 strains (p<0.01 for cluster 2 strains 
vs. noncluster 2 strains) (Figure 3, panel B). This variable 
was investigated because, given the close genetic relation-
ship between S. mitis and S. pneumoniae, we hypothesize 
that S. mitis strains may cause pneumonia in severely im-
munocompromised persons (Figure 1).

Whole-Genome Analysis and MLSA  
Grouping of Strains

To determine whether the MLSA data accurately 
represented the entire genetic content of the Mitis group 
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Figure 1. Multilocus sequence 
analysis (MLSA) of viridans group 
streptococci (VGS) strains causing 
bacteremia in patients with cancer. 
The neighbor-joining radial tree was 
generated by using concatenated 
sequences. Strains were assigned to 
a particular VGS on the basis of their 
proximity to type strains. Locations 
of well-characterized or type VGS 
strains (lines without circles) are 
also shown for reference purposes.  
Five contemporaneous Streptococcus  
pneumoniae strains are also included 
for reference purposes (shown in red). 
Numbers indicate bootstrap support 
values (%).Scale bar indicates genetic 
distance. Background colors indicate 
VGS species group, using the system 
from Sinner et al. (29).

Table 2. Association between clinical syndrome and infecting species for 118 patients with viridans group streptococci bacteremia 

Clinical syndrome 
Viridans group streptococci* 

mitis oralis infantis/australis Sanguinis Anginosus Salivarius/Vestibularis 
Primary bacteremia with neutropenia 58 6 3 3 0 2 
Primary bacteremia without neutropenia 1 2 0 3 0 0 
Gastrointestinal focus 1 2 0 1 3 1 
Skin/soft tissue focus 2 1 0 1 0 0 
Infective endocarditis 0 2 0 0 0 0 
Polymicrobial bacteremia 6 8 0 4 0 0 
Clinically minor bacteremia 0 1 1 5 0 2 
*mitis, oralis,infantis, and australis refer to viridans group streptococci species; Sanguinis, Anginosus, Salivarius, and Vestibularis refer to viridans 
streptococci groups (Figure 1) (29). 
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strains, we performed whole-genome sequencing of 9 
S. mitis and 1 S. oralis isolates (Figure 4, panel A). For 
the 9 S. mitis strains, the reads mapped to ≈70% coverage 
of the only completely finished S. mitis genome (S. mi-
tis strain B6 [30]), Technical Appendix 2, Table 1). This 
considerable level of intraspecies genetic diversity for S. 
mitis strains has been observed previously in sequenc-
ing and DNA:DNA hybridization studies and meant that 

we could not use whole-genome analysis of single-nu-
cleotide polymorphisms to determine strain relatedness 
(30,31). Thus, we next sought to identify regions of genetic  
similarity among the strains that could be analyzed for in-
terstrain comparisons.

All 9 S. mitis strains contained operons encoding a 
putative polysaccharide capsule. The first 4 genes of the 
operon, corresponding to cpsA–cpsD in S. pneumoniae, 
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Figure 2. A) Pitt bacteremia scores for cancer patients infected with particular VGS species, showing that more clinically severe disease is 
caused by Streptococcus mitis strains than other viridans group streptococci (VGS) species. B) Pitt bacteremia scores for only those cancer 
patients with neutropenia. p values refer to Mann-Whitney U comparison of Pitt bacteremia scores for patients infected with S. mitis strains 
versus those infected with non–S. mitis strains. infan., infantis; aust., australis; para., parasanguinis; sang., sanguinus; angi., anginosus; 
cons., constellatus; sali., salivarius; vest., vestibularis.

Figure 3. Multilocus sequence analysis and clinical correlates of Streptococcus mitis and S. oralis strains. A) Open circles are S. mitis 
strains from this study; gray circles are S. oralis strains from this study.  For reference purposes, the following are labeled: viridans group 
streptococci (VGS) strains (SK142 for S. mitis, SK23 for S. oralis, SK1136 for S. oligofermantans), 5 S. pneumoniae strains (black circles), 2 
S. pseudopneumoniae strains (SK674 and 103, indicated by an asterisk), and strain SK96 (previously characterized as an S. mitis biovar 2 
strain). Numbers within the tree refer to bootstrap support values (%). A, B) Numbers 1–3 indicate S. mitis clusters, and scale bars indicate 
genetic distances. B) For reference purposes, branches of the previously labeled VGS, S. pneumoniae, and S. pseudopneumoniae strains 
have been retained; however, for clarity, the branches are not labeled. The presence or absence of unexplained pulmonary infiltrates is 
indicated as described in the key. Bootstrap support values are the same as in panel A.
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were relatively well conserved among the 9 strains. Con-
catenated alignment of cpsA–cpsD showed a close rela-
tionship for the 4 cluster 2 strains and strain Shelburne 
VGS (SVGS) 003, whereas the cpsA–cpsD genes from 
the remaining 4 strains were more closely related to the S. 
pneumoniae strain TIGR4 (SVGS004 and SVGS019) or to 

the S. mitis type strain SK142 (SVGS002 and SVGS011) 
(Figure 4, panel B).

In addition to the capsule operons, multiple other 
comparisons arising from our whole-genome analysis 
confirmed the idea that the 4 cluster 2 strains and strain 
SVGS003 were closely related. All of the S. mitis strains 
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Figure 4. Selected data from whole-genome analysis of viridans group streptococci (VGS) strains. A) Neighbor-joining tree generated by 
multilocus sequence analysis (MLSA) of Streptococcus mitis and S. oralis strains, showing locations of VGS strains selected for whole-
genome analysis. Numbers 1–3 refer to S. mitis clusters (defined in Figure 3). MLSA locations are also shown for the S. mitis and S. oralis 
type strains (SK142 and SK23, respectively) and fully sequenced S. mitis strain B6 and S. pneumoniae strain TIGR4. B) SVGS004 mouse 
challenge data. Neighbor-joining tree of first 4 genes of the capsular polysaccharide encoding operon (cpsA–cpsD). TIGR4 and SK142 
are included for reference purposes. Strain B6 is not included because it lacks a cps operon. Note tight clustering of 5 VGS strains (black 
dots). C) Genetic arrangement surrounding the pavA gene, which encodes a fibronectin-binding protein. Two distinct gene arrangements 
are present 5′ of the pavA gene, with the arrangement for particular strains as indicated. D) Neighbor-joining tree of LytB protein, which 
is involved in cell-wall turnover, from fully sequenced S. mitis strains. Some S. mitis strains possess a gene encoding a second LytB-like 
protein, which we have named LytB2 (ZP_07643922 from strain SK142). Note tight clustering of the same 5 VGS strains (black dots) for 
the LytB and LytB2 proteins as was observed for the cpsA–cpsD analysis in panel B. A, B, D) SVGS, Shelburne VGS.Scale bars indicate 
genetic distances.
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contained the gene encoding the fibrinogen-binding pro-
tein, PavA (pneumococcal adherence and virulence protein 
A). However, there was a different gene 5′ to the pavA gene 
in SVGS003 and the 4 cluster 2 strains than in the other 4 
S. mitis strains (Figure 4, panel C). In a similar manner, 
the LytB protein in cluster 2 strains and SVGS003 grouped 
separately from the LytB protein in the other strains, and a 
LytB paralog in strain SVGS003 and the 4 cluster 2 strains 
was distinct from other forms of the LytB protein and from 
LytB paralogs encoded by SVGS011 and SVGS019. 

LytB is part of a group of choline-binding proteins 
that are involved in cell-wall turnover, some of which have 
been shown to be important for virulence in S. pneumoniae 
(32). When the presence or absence of choline-binding 
proteins was determined for the various strains, substantial 
strain-to-strain heterogeneity was observed (Technical Ap-
pendix 2 Table 2). The only repeating pattern of gene con-
tent was 1 that occurred for 3 different choline-binding pro-
tein–encoding genes: cbpE, cbpI, and lytC. These 3 genes, 
which are present in diverse chromosomal locations, were 
absent in the 4 cluster 2 strains, SVGS003, and the S. ora-
lis strain SVGS021 but present in the other noncluster 2 S. 
mitis strains. Thus, the whole-genome data support MLSA 
data, assigning 4 of the fully sequenced strain to S. mitis 

cluster 2; strain SVGS003, a group 3 strain by MLSA, ap-
pears to have genetic characteristics of the cluster 2 strains 
by whole-genome analysis.

Mouse Model for Testing VGS Virulence
Given the apparent differences in genetic content 

among S. mitis strains, we sought to develop an animal 
model for testing VGS virulence that would approximate 
the disease observed in cancer patients with neutropenia. 
No neutropenia model of VGS infection exists, so we used 
serial 10-fold CFU dilutions of 5 S. mitis strains to deter-
mine the LD50 of organisms for the endpoint of being near 
death. The S. mitis challenge strains included isolates from 
the major S. mitis clusters (Figure 5; Table 3), and we also 
injected PBS as a control. None of the mice injected with 
PBS became ill, indicating that neither the neutropenia nor 
the injection itself caused major disease (Figure 5, panel B). 
All of the S. mitis strains could cause near-death status, and 
a dose–response relationship was observed for all strains 
(see example in Figure 5, panel B), but the LD50 varied by 
100-fold among the strains (Table 3). Strain SVGS016, 
which caused the most severe clinical disease (i.e., it was 
isolated from a patient with the highest Pitt bacteremia 
score) also was the most virulent in the mouse model. Thus, 
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Figure 5. Streptococcus mitis strains cause dose-dependent disease in mice with neutropenia. A) Multilocus sequence analysis–generated 
neighbor-joining tree showing genetic relationships among all S. mitis strains. Bold branches indicate locations of the 5 strains used in the 
mouse model challenge experiment. Numbers 1–3 refer to clusters of S. mitis strains (defined in Figure 3). Scale bar indicates genetic 
distance. B) Example of mouse challenge data. Ten neutropenic Balb/C mice per dose were infected intraperitoneally with serial 10-fold 
CFU dilutions of strain SVGS004 (range 107–103) and monitored for 168 h (7 d) for near-death status. Phosphate-buffered saline (PBS) 
was injected as a control. None of the mice injected with PBS or with the 103 dose were near death; thus, the 1 × 103 line is obscured by 
the PBS line on the graph. SVGS, Shelburne viridans group streptococcus.
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we suggest that S. mitis strains cause disease in mice with 
neutropenia and that there is differential virulence in this 
mouse model among genetically diverse S. mitis strains.

Conclusions
Since first being identified as causative agents of in-

fections in cancer patients with neutropenia ≈35 years ago 
(33), VGS have come to be appreciated as major bacte-
rial pathogens in patients with malignancy (2,12,14,34,35). 
The emergence of VGS as common infectious agents has 
coincided with the increasing use of prophylactic antimi-
crobial drugs, especially fluoroquinolones, for patients 
with neutropenia (36). However, despite the clear clinical 
consequences of VGS infections, there is minimal under-
standing of their pathophysiology.

A critical first step in the study of VGS is to define 
the clinical syndromes caused by various VGS species. 
This goal has long been hampered by difficulties in using 
phenotypic methods or single-gene sequencing approaches 
to assign VGS strains to particular species (18). Through 
the use of a recently developed MLSA approach (19), we 
showed that there is a relationship between VGS species, as 
defined genetically, and disease manifestations in patients 
with cancer (Table 2). An unexpected finding was the re-
lationship between Sanguinis group strains and clinically 
minor bacteremia; Sanguinis group species are the leading 
VGS cause of infective endocarditis and have been report-
ed to cause virulent infections in patients with neutropenia 
(17,37). One possible explanation for this finding is that 
Sanguinis group VGS are often causative agents of tran-
sient bacteremia and that transient bacteremia occasionally 
results in infective endocarditis. Platelets are thought to be 
critical to the pathogenesis of VGS infective endocarditis. 
Thus, because of low platelet counts, persons with cancer, 
especially those with hematologic malignancy, may be rel-
atively resistant to the development of infective endocardi-
tis after transient VGS bacteremia (38).

Another key relationship that we observed was that 
of S. mitis and primary bacteremia during periods of 
neutropenia. Our data support and extend the findings of 
other smaller studies using genetic techniques that found 
a similar predominance of S. mitis strains in patients with 
neutropenia (9,15,39). The reason that S. mitis strains are 
the leading cause of VGS bacteremia in patients with neu-
tropenia is not known. One could postulate that S. mitis is 

simply the dominant commensal VGS species and thus is 
the most likely species to translocate across epithelial bar-
riers when patients become neutropenic. Indeed, a recent 
microbiome study showed that S. mitis is the predominant 
VGS species isolated from buccal mucosa samples from 
healthy persons (1). However, in our study, S. mitis not 
only caused the majority of neutropenic infections but 
also caused a disproportionate percentage of serious in-
fections (Figure 2). Thus, at least for patients with neu-
tropenia, S. mitis is more likely than other VGS to enter 
into the bloodstream and to cause serious infections once 
there. Moreover, compared with other VGS species, S. 
mitis rarely caused clinically minor bacteremia or poly-
microbial infection, suggesting that S. mitis strains have 
inherently virulent properties compared with other VGS. 
The data from our multistrain, whole-genome sequencing 
and the development of an animal model of neutropenia 
and S. mitis infection should provide a key platform for 
elucidating S. mitis virulence.

The deep branching pattern produced by MLSA of our 
S. mitis strains isolated from human blood has been ob-
served in other investigations (19,30) and suggests that the 
organisms currently grouped as S. mitis may more precisely 
be considered as >2 species. The application of whole-ge-
nome sequencing to large numbers of S. mitis strains will 
be necessary to fully resolve S. mitis strain clusters, as 
shown by the somewhat discordant results of our MLSA 
and whole-genome analysis. In addition, we were intrigued 
by the association of cluster 2 S. mitis strains and unex-
plained pneumonia (Figure 3, panel B). Given the close 
genetic relationship between S. mitis and S. pneumoniae, 
it might be expected that some S. mitis strains could cause 
pneumonia, especially in severely immunocompromised 
patients. Whether particular subspecies of S. mitis can 
cause pneumonia is an active area of investigation in our 
laboratory, and if it does, that could help explain the stub-
bornly low number of pathogens that can be identified for 
patients with pneumonic syndromes (40).

This large series of invasive VGS strains includes de-
tailed molecular and clinical information. By combining 
these 2 sets of data, we have definitively established the 
critical role of S. mitis strains in invasive VGS infection 
in patients with cancer and have laid the groundwork for 
future insights into how these organisms cause serious dis-
ease in vulnerable hosts.
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Table 3. Relative virulence of viridans group streptococci strains in a neutropenic mouse model* 
Strain Streptococcus mitis cluster Pitt bacteremia score of infected patient LD50 
SVGS004 3 1 4.1  105 

SVGS006 2 2 1.6  106 

SVGS016 2 1 1.4  105 

SVGS019 1 3 1.9  104 

SVGS031 2 1 3.6  105 

*SVGS, Shelburne viridans group streptococcus; LD50, considered, for the purpose of this study, to be the dose at which 50% of the animals nearly died. 
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Bovine leukemia virus (BLV), a deltaretrovirus, causes 
B-cell leukemia/lymphoma in cattle and is prevalent in herds 
globally. A previous finding of antibodies against BLV in hu-
mans led us to examine the possibility of human infection 
with BLV. We focused on breast tissue because, in cattle, 
BLV DNA and protein have been found to be more abun-
dant in mammary epithelium than in lymphocytes. In human 
breast tissue specimens, we identified BLV DNA by using 
nested liquid-phase PCR and DNA sequencing. Variations 
from the bovine reference sequence were infrequent and 
limited to base substitutions. In situ PCR and immunohisto-
chemical testing localized BLV to the secretory epithelium 
of the breast. Our finding of BLV in human tissues indicates 
a risk for the acquisition and proliferation of this virus in 
humans. Further research is needed to determine whether 
BLV may play a direct role in human disease.

Bovine leukosis (B-cell leukemia/lymphoma), first de-
scribed in 1871 in Lithuania, was believed to be an 

infectious disease because it spread through herds of cat-
tle. In 1969, a virus isolated from cultured lymphocytes 
of cattle in an afflicted herd was identified as the agent 
of bovine leukosis (1). Since then, bovine leukemia virus 
(BLV) has been extensively investigated. It is a deltaret-
rovirus, closely related to human T-cell leukemia virus 
(HTLV) 1 (2), and has typical retroviral genome regions: 
LTR (long terminal repeat, promoter region); gag (group-
specific antigen, capsid region); pol (polymerase, reverse 
transcription region, which synthesizes a DNA copy of 
the BLV RNA genome); and env (envelope). However, 

unlike other oncogenic retroviruses, deltaretroviruses 
have an additional region, tax (trans-activating region of 
the X gene), which has regulatory functions and is onco-
genic to host cells. tax causes malignant transformation 
not through integration and insertional mutagenesis, as 
many retroviruses do, but by inhibition of DNA repair 
(base excision pathway) and trans-activating disruption 
of cellular growth control mechanisms (2).

BLV-infected cattle herds are found worldwide. In the 
United States, ≈38% of beef herds, 84% of all dairy herds, 
and 100% of large-scale dairy operation herds are infected 
(3,4). On average, clinical leukosis develops in <5% of these 
cattle, which are excluded from the market as a result (1), but 
BLV-infected lymphocytes are also found in the blood and 
milk of subclinically infected cows (2). Concerns that this vi-
rus might infect humans through exposure to food products 
from subclinically infected animals prompted 10 studies that 
used what were then (1975–1979) state-of-the-art immuno-
logic methods to test serum samples from a collective total 
of 1,761 humans, including cancer patients, farm workers, 
and veterinarians (5). In these studies no antibodies against 
BLV were detected, prompting Burridge to conclude in his 
review article, “There is no epidemiological or serologi-
cal evidence from human studies to indicate that BLV can  
infect man” (5). 

The advent of immunoblotting, ≈100 times more sen-
sitive than techniques of the 1970s (6), enabled the de-
tection of antibodies reactive with recombinant purified 
BLV p24 capsid protein in serum samples from 39% of 
257 self-selected human volunteers (7). This study could 
not determine whether the antibodies were a response to 
infection or merely to heat-inactivated BLV consumed in 
food products. However, injection of sheep with raw milk 
from BLV-positive cows stimulated antibody production, 
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Bovine Leukemia Virus in Human Breast Tissue

whereas injection with pasteurized control milk did not 
(8,9). The finding of antibodies to BLV in humans prompt-
ed us to investigate human tissues for evidence of infection 
with BLV by using liquid-phase PCR (L-PCR), sequenc-
ing, in situ PCR, and immunohistochemical (IHC) testing. 
We focused on breast tissue because, in cattle, BLV DNA 
and p24 were detected in mammary tissue, whereas only 
BLV DNA was detected in lymphocytes (10).

Materials and Methods
Cells and DNA used to test cross-reactivity of BLV 

primers and anti-BLV p24 monoclonal antibody (mAb) 
with other viruses are listed with their sources in Tables 1 
and 2. Except for fetal lamb kidney (FLK) cells, cell lines 
were stored in liquid nitrogen until use. Before experiments 
were performed, the species of origin of all cell lines was 
authenticated by using the 2-pronged method (cytochrome 
oxidase housekeeping gene primers) (11).

Coded human samples were acquired from the Co-
operative Human Tissue Network, a National Cancer In-
stitute–supported tissue bank. Specimens were selected, 
without regard to patient age, race, or diagnosis, from 
archived breast tissues acquired from female patients 
who underwent breast surgery during 2000–2005 at  

participating hospitals in 4 catchments areas: Birming-
ham, Alabama; Pennsylvania; Ohio; and Oakland, Cali-
fornia. The Institutional Review Board of the University 
of California, Berkeley (Berkeley, CA, USA) approved 
human subject use. Bovine control tissue came from the 
University of Wisconsin, Madison (Madison, WI, USA), 
as described (10).

PCR primers (Table 3) were examined for BLV speci-
ficity by using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) to search for similar sequences in the nucleotide col-
lection database, which includes exogenous viruses and hu-
man endogenous retroviruses such as HERV-K. The search 
was optimized for highly similar sequences.

For DNA extraction and quality control, cell lines were 
rinsed with Dulbecco phosphate-buffered saline (DPBS) and 
pelleted (500 × g for 3–5 min); DNA was then extracted by 
using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germa-
ny) according to the manufacturer’s cell protocol. DNA from 
human tissue specimens was extracted from frozen or depar-
affinized formalin-fixed paraffin-embedded (FFPE) sections 
(5 µm thick) by using the QIAamp DNA Mini Kit according 
to the manufacturer’s tissue protocol. Overnight proteinase 
K digestion was extended 3–6 h to result in complete diges-
tion, free of visible tissue particles. Extracted DNA quality 
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Table 1. Lack of cross-reactivity of primers from 5 BLV genome regions with representatives of mammalian and avian retrovirus 
subfamilies and human exogenous and endogenous viruses previously identified in human breast tissue* 

Virus Subfamily Cell line harboring virus (source†) 

Nested liquid-phase PCR for BLV 
genome regions 

LTR gag pol env tax 
RSV Alpharetrovirus XC, rat cell line, transformed with RSV (CCL/NBRL) – – – – – 
MSV Alpharetrovirus F81, cat cell line, MSV infected  (CCL/NBRL) – – – – – 
MMTV Betaretrovirus GR, mouse mammary tumor cell line (G. Firestone) – – – – – 
MPMV Betaretrovirus CMMT, rhesus monkey cell line (CCL/NBRL) – – – – – 
MuLV Gammaretrovirus JLSV5, mouse cell line (CCL/NBRL 14) – – – – – 
FeLV Gammaretrovirus FeLV 3281, cat cell line (CCL/NBRL) – – – – – 
BLV Deltaretrovirus FLK cell line (K. Radke) + + + + + 
  Bat2Clone6 cell line, BLV infected (K. Radke) + + + + + 
None  Tb1Lu, parental line of Bat2Clone6 before it was infected 

with BLV (K. Radke) 
– – – – – 

STLV Deltaretrovirus KIA, baboon cell line (ARRRP) – – – – – 
HTLV-1 Deltaretrovirus MT2, human lymphocyte cell line (C. Hanson) – – – – – 
HTLV-2 Deltaretrovirus Clone 19, human lymphocyte cell line  (C. Hanson) – – – – – 
HIV-1 Lentivirus H9, human cell line, HIV-1 infected (C. Hanson) – – – – – 
HIV-2 Lentivirus H9, human cell line, HIV-2 infected (C. Hanson) – – – – – 
HPV-16 Papillomavirus Caski, human uterine cervix cell line (ATCC) – – – – – 
HPV-18 Papillomavirus HeLa, human uterine cervix cell line (CCL/NBRL) – – – – – 
EBV Gamma-1 

herpesvirus 
Raji, human B-cell line  (ATCC) – – – – – 

HERV-K HERV, Class II MCF-7, human breast cell line (ATCC) – – – – – 
  Purified, cloned HERV-K DNA (F. Wang-Johanning) – – – – – 
*In addition to assurances from the sources of the above biologicals, presence of the viruses in the respective cell lines was supported by rescue/syncytia 
formation when cell lines with replication defective viruses (RSV and MSV) were co-infected with replication competent retroviruses; positive reaction with 
primers specific for the virus (BLV, HTLV-1, -2, EBV, HPV-16); reaction with antibodies to the respective virus (MMTV, MMPV, MuLV); or receipt as 
formalin-fixed specimen so virus could not have been altered or lost (HIV-1, -2). BLV, bovine leukemia virus; LTR, long terminal repeat (promoter region); 
gag, group-specific antigen (capsid region); pol, polymerase (reverse transcription); env, envelope; tax, trans-activating region of the X gene; RSV, Rous 
sarcoma virus; MSV, murine sarcoma virus; MMTV, mouse mammary tumor virus; MPMV, Mason-Pfizer monkey virus; MuLV, murine leukemia virus; 
FeLV, feline leukemia virus; FLK, fetal lamb kidney; STLV, simian T-cell leukemia virus; HTLV, human T-cell leukemia virus; HPV, human papillomavirus; 
EBV, Epstein-Barr virus; HERV, human endogenous retrovirus. 
†Individually named sources listed in Acknowledgments. CCL/NBRL, former Cell Culture Laboratory of the Naval Bioscience Research Laboratory, 
Oakland, CA, USA; ARRRP, AIDS Research and Reference Reagent Program, National Institute of Allergy and Infectious Diseases 
(www.aidsreagent.org); ATCC, American Type Culture Collection.  
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was confirmed by amplification of a housekeeping gene se-
quence: human glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) for human, rhesus monkey, baboon, and bat mate-
rial; murine GAPDH for mouse and rat cell lines; and bovine 
GAPDH for bovine, ovine, and feline cell lines (Table 4). 
Molecular contamination of extracted human DNA by BLV 

control DNA was monitored by using sheep-specific primers 
for the FLK cell line and plasmid vector primers for the C72/
taxNeo line (bovine mammary epithelial cells stably trans-
fected with BLV tax gene) (12), the only 2 BLV-containing 
cell lines previously grown in the laboratory in which testing  
was conducted.  
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Table 2. Lack of cross-reactivity of anti-BLV p24 (capsid region) mAb with common chronic viruses in human tissues* 

Virus Cells or tissue producing virus (source†) Type of antibody to virus (source†) 
Reaction of cells or tissue with 
Ab to virus mAb to BLV p24 

BLV FLK (positive control) (K. Radke) mAb to BLV p24 (ARRRP no. 12145) + + 
Bat2Cl6 (positive control) (K. Radke) + + 

None Tb1Lu (negative control) (K. Radke) – – 
MMTV GR (G. Firestone) pAb to MMTV (NCI-BCP) + – 
HBV Infected human liver sections (Dako) pAb to HBV (Dako) + – 
HTLV-1 MT-2 (C. Hanson) pAb to HTLV-1 (ARRRP) + – 
HTLV-2 Clone-19 (C. Hanson) pAb to HTLV-2 (ARRRP) + – 
HIV-1, -2 H9 HIV-1, -2 (C. Hanson) pAb to HIV-1, -2 (ARRRP) + – 
HPV HPV-infected keratinocyte cultures 

(C. Meyers) 
pAb to PV (Dako) + – 

EBV B95–8 (CCL/NBRL) pAb to EBV (Dako) + – 
CMV Infected human lung sections (Dako) pAb to CMV (Chemicon/Millipore) + – 
HHV 1, 2 Infected human cells (Syva) pAb to HHV 1, 2 (Chemicon/Millipore) + – 
*BLV, bovine leukemia virus; mAb, monoclonal antibody; Ab, antibody; FLK, fetal lamb kidney; MMTV, mouse mammary tumor virus; pAb, polyclonal 
antibody; HBV, hepatitis B virus; HTLV, human T cell leukemia virus; HPV, human papillomavirus; PV, papillomavirus; EBV, Epstein-Barr virus; CMV, 
cytomegalovirus; HHV, human herpes virus. 
†Individually named sources listed in Acknowledgments. ARRRP, AIDS Research and Reference Reagent Program, National Institute of Allergy and 
Infectious Diseases (www.aidsreagent.org); NCI-BCP, National Cancer Institute, Breast Cancer Program; Dako, Glostrup, Denmark; CCL/NBRL, former 
Cell Culture Laboratory of the Naval Bioscience Research Laboratory, Oakland, CA, USA; Chemicon/Millipore, Billerica, MA; Syva, Palo Alto, CA, USA.  

 

Table 3. BLV primers and cycling conditions used for L-PCR, IS-PCR, and preparation of DNA for sequencing for detection of BLV in 
human breast tissue samples* 

BLV 
gene Primer pair sequences, 5′  3′† 

Location in 
bp‡ 

Nested PCR 
role 

Product 
length, 

bp 

L-PCR/IS-PCR§ 
Annealing 

temperature, C  
Extension 

time, s 
LTR F: TAGGAGCCGCCACCGC 23–38 Outer 329 57/53 22/120 
 R: GCGGTGGTCTCAGCCGA 352–336     
 F:AAACTGCAGCGTAAACCAGACAGAGACG 41–59 Inner 290 58/57 20/120 
 R: CACCCTCCAAACCGTGCTTG 331–312     
gag (p24) F: AACACTACGACTTGCAATCC 1068–1087 Outer 385 54/53 28/120 
 R: GGTTCCTTAGGACTCCGTCG 1453–1434     
 F: ACCCTACTCCGGCTGACCTA 1097–1116 Inner 272 56/56 24/120 
 R: CTTGGACGATGGTGGACCAA 1369–1350     
pol F: TAGCCTACGTACATCTAACC 3238–3257 Outer 232 52/53 22/120 
 R: AATCCAATTGTCTAGAGAGG 3470–3451     
 F: GGTCCACCCTGGTACTCTTC 3265–3284 Inner 157 57/56 18/120 
 R: TATGGGCTTGGCATACGAGC 3422–3403     
env F: TGATTGCGAGCCCCGATG 5144–5160 Outer 264 55/53 24/120 
 R: TCTGACAGAGGGAACCCAGT 5408–5389     
 F: TGATTGCGAGCCCCGATG 5144–5160 Inner 230 55/56 22/120 
 R: GGAAAGTCGGGTTGAGGG 5374–5357     
tax F: CTTCGGGATCCATTACCTGA 7197–7216 Outer 373 55/55 26/120 
 R: GCTCGAAGGGGGAAAGTGAA 7570–7551     
 F: ATGTCACCATCGATGCCTGG 7310–7329 Inner 1 113 55/53 15/120 
 R: CATCGGCGGTCCAGTTGATA 7423–7404     
 F: GGCCCCACTCTCTACATGC 7265–7283 Inner 2 

(sequencing) 
206 56 22 

 R: AGACATGCAGTCGAGGGAAC 7471–7452    
*BLV, bovine leukemia virus; L-PCR, nested liquid-phase PCR; IS-PCR, nested in situ PCR; LTR, long terminal repeat (promoter region); F, forward 
primer; R, reverse primer; gag, group-specific antigen (capsid region); pol, polymerase (reverse transcription); env, envelope; tax, trans-activating region 
of the X gene. 
†Reverse sequences are reversed and complementary to the proviral reference sequence. Primers were synthesized by Operon Biotechnologies, 
Huntsville, AL, USA. 
‡Location according to reference sequence, GenBank accession no. EF600696. 
§For both rounds of nested liquid-phase PCR, cycling conditions were as follows: 1 cycle at 95°C for 2 min; 30 cycles at 95°C for 30 s, XX°C for 30 s, 
72°C for XX s; and 1 cycle at 72°C for 5 min, where XX represents annealing temperature and extension times, respectively, provided for each primer 
pair. For both rounds of nested in situ PCR, conditions were as follows: 1 cycle at 92°C for 10 min, 1 cycle at 91°C for 2 min, XX°C for 1.5 min; then 30 
cycles of 91°C for 30 s, XX°C for 1.5 min, 72°C for 2 min; and 1 cycle of 72°C for 10 min, where XX represents IS-PCR annealing temperatures indicated 
for each primer pair. 
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For nested L-PCR, extracted DNA (0.85 µg) was added 
to 50 μL of PCR mix (2.0 mmol/L MgCl2, 0.2 mmol/L 
dNTPs, 0.025 U/µL Taq polymerase [all from Promega, 
Madison, WI, USA], and 0.2 μmol/L outer primers for each 
BLV gene [Table 3]) in Hot Start Micro 50 tubes (Molec-
ularBio Products, San Diego, CA, USA). For the second 
(nested) round of amplification, 2 μL of the first-round PCR 
product was added to a new tube of the same reaction mix 
with inner primers for the corresponding genome region 
(Table 3). Cycling conditions are given in Table 3. Reac-
tion mix and conditions, including MgCl2 concentrations, 
were optimized by using the BLV-positive FLK fibroblasts 
and BLV-negative bat lung fibroblasts (Tb1Lu). Sensitivity 
of the nested L-PCR was determined by using the house-
keeping gene GAPDH, which occurs in humans as 1 copy/
cell (13). DNA was extracted from 1 million cells of the 
human cell line MCF7 (Table 1) and serially diluted to an 
end point equivalent of 1 cell. Nested L-PCR performed on 
each dilution established the sensitivity at ≤10 copies.

L-PCR, which requires initial tissue digestion to ex-
tract DNA, is prone to molecular contamination. We re-
duced this probability by separating PCR procedure steps 
into 3 locations: 1) preparation of PCR mixes in a dedicat-
ed, locked, DNA-free room with entrance and ventilation 
system separate from the main laboratory and with dedi-
cated laminar flow hood, small equipment, plasticware, and 
reagents; 2) addition of template DNA in a different room 
in a small hood dedicated to specimen handling, with DNA 
easily decontaminated by UV light and DNA decontami-
nation solution (RNase AWAY; Molecular BioProducts, 
San Diego, CA, USA) applied to equipment and surfaces 
before and after handling each specimen; and 3) processing 
and addition of positive control samples last, and only in a 
fume hood (velocity = 127 fpm) vented to atmospheric air, 
thus preventing contaminating aerosols from entering the 
general work area.

For sequencing, BLV amplicons obtained by nested L-
PCR were separated by electrophoreses in a 1% agarose 
gel at 100 V, excised from the gel, and cleaned by using 
the Zymoclean Gel DNA Recovery Kit (Zymo Research, 

Irvine, CA, USA). The requested sample of 100 ng of DNA 
in 12 µL water and 1 μL of the 5 μmol/L sequencing prim-
er stock solution of the inner primer pair for each genome 
region (Table 3) was submitted to the University of Cali-
fornia, Berkeley, DNA Sequencing Facility for direct se-
quencing. For tax, inner primer 2 was used to obtain a lon-
ger product. DNA for sequencing was obtained from 2–5 
amplifications and was sequenced at least once in forward 
(5´) and reverse (3´) directions. Sequences were checked 
against corresponding electropherograms. Variations from 
the reference sequence (GenBank accession no. EF600696) 
were considered valid only if they matched in both forward 
and reverse directions. Targeted sequences were relatively 
short because formalin causes DNA breaks, making it dif-
ficult to obtain sequences of >130 nt (14).

Nested in situ PCR (IS-PCR), adapted from Nuovo 
(15), was used to identify which cell types within tissues 
were BLV positive. Thick suspensions of detached, rinsed 
control cells were smeared on enhanced adherence glass 
microscope slides, air dried, and fixed for 16–18 h with 
10% buffered neutral formalin. To enhance entry of PCR 
mix into cells, samples were made permeable by digestion 
with 2 mg/mL pepsin in 0.1 N HCl (40–80 min for tissue 
sections; 20 min for control cell smears), pepsin inactiva-
tion solution (100 mmol/L Tris-HCl, 100 mmol/L NaCl, 
pH 7.4) applied for 1 min, followed by a DPBS rinse and 
5 min in absolute ethanol. Samples, run in duplicate, were 
surrounded with a 15 × 15 mm frame seal chamber (Bio-
Rad, Hercules, CA, USA); 60 μL of PCR mix were then 
placed into the chamber, and the plastic cover was sealed 
over the frame. The PCR mixture was 4.0 mmol/L MgCl2, 
0.4 mmol/L dNTPs, 1 μmol/L primers (Operon Biotech-
nologies, Huntsville, AL, USA), 0.06% bovine serum al-
bumin, 8 μmol/L digoxigenin-11-dUTP (dig) (Hoffman-La 
Roche, Basel, Switzerland), and 0.053 U/μL Amplitaq Gold 
DNA Polymerase (Applied Biosystems, Foster City, CA, 
USA), a Taq polymerase activated only at ≥92°C, designed 
to reduce false positives from nonspecific DNA repair by 
Taq at cooler temperatures (15). Primers were the same as 
those used for L-PCR (Table 3). Slides were placed into an 
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Table 4. Primers and reaction conditions for GAPDH gene amplifications used to verify quality of BLV DNA extracted from human 
breast tissue samples, human cell lines, and animal cell lines* 

Gene Primer pair sequences, 5′  3′† Location in bp‡ 
Product length, 

bp 
Annealing 

temperature, C§ 
Extension 
time, s§ 

Human GAPDH F: GAGTCAACGGATTTGGTCGT 194–213 237 50 22 
 R: TTGATTTTGGAGGGATCTCG 431–412    
Mouse GAPDH F: AGCTTGTCATCAACGGGAAG 246–265 796 58 60 
 R: ATGTAGGCCATGAGGTCCAC 1041–1022    
Bovine GAPDH F: CCTTCATTGACCTTCACTACATGGTCTA 172–199 857 59 60 
 R: GCTGTAGCCAAATTCATTGTCGTACCA 1028–1002    
*GAPDH, glyceraldehyde-3-phosphate dehydrogenase; BLV, bovine leukemia virus; F, forward primer; R, reverse primer. 
†Reverse sequences are reversed and complementary to the published genomic sequences. Primers were synthesized by Operon Biotechnologies, 
Huntsville, AL, USA. 
‡Sequence bp numbering according to GenBank no. NM 002046.4 (human), XM 001476707.3 (mouse), and NM 001034034.2 (bovine).  
§Cycling conditions were 1 cycle at 95°C for 2 min; 35 cycles at 95°C for 30 s; XX°C for 30 s, 72°C for XX s; and 1 cycle at 72°C for 5 min, where XX 
represents annealing temperature and extension times, respectively, for primer pairs. 
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IS-PCR machine (Hybaid Thermo OmniSlide; Cambridge 
Biosystems, Cambridge, UK) for amplification. After each 
round, covers and chambers were removed, and slides were 
rinsed in DPBS. After the second round, endogenous perox-
idase was quenched 30 min in 3% H2O2 in methanol. Label 
incorporated into PCR products was detected by anti-dig 
antibodies in an avidin-biotin-immunoperoxidase reaction 
(Hoffman-La Roche). The chromagen was diaminobenzi-
dine. Outcome measurement was a semiquantitative judg-
ment of color density of cells: 1+, light tan; 2+, medium 
tan; 3+, dark brown; 4+, almost black. Ratings of ≥2+ were 
considered positive. No donor information or results of L-
PCR were available at the time of slide evaluation.

Initially, the BLV-positive control cell line (FLK) and 
the BLV-negative cell line (Tb1Lu) were used to optimize 
the reaction and ensure no false-positive reaction in the 
negative cell line. Control testing was run simultaneously 
with each batch of human tissue assays: 1) positive control, 
a smear of BLV-positive cells (FLK cell line) reacted with 
complete PCR mix; 2) negative controls, a smear of FLK 
cells and an adjacent serial section of each specimen react-
ed with PCR mix minus primers, to rule out false-positive 
reactions unique to each tissue resulting from unquenched 
endogenous peroxidase, nonspecific reaction of the sheep 
antibodies used in the final immunoperoxidase detection, 
or nonspecific DNA repair by Taq polymerase; 3) permea-
bilization control for entry of PCR mix into cells, with an 
adjacent serial section of each tissue reacted with PCR mix 
different from that for IS-PCR by omission of primers, 4.5 
mmol/L concentration for MgCl2, and use of a different 
Taq polymerase (Promega) that reacts nonspecifically at 
cooler temperatures (4°C–50°C) to repair DNA. Specimens 
were scored positive only if mammary epithelial cells were 
positive and the background control slide (adjacent section) 
without primers was negative for the corresponding area of 
mammary epithelial cells. Specimens were scored negative 
only if the sample and its background control section were 
negative and the permeabilized control exhibited dig in-
corporation into cell nuclei resulting from Taq polymerase 
DNA repair, confirming entry of PCR mix into cells (15).

IHC testing for BLV p24 was performed by using 
formalin-fixed cell smears and deparaffinized FFPE tis-
sue sections (5 μm) on superadherent microscope slides.  

Samples were quenched of endogenous peroxidase for 30 
min in 3% H2O2 in methanol and rinsed in DPBS; anti-
gens were then unmasked by incubation in citrate buffer 
(0.1 mmol/L sodium citrate, 0.04 mmol/L citric acid, pH 
6.0) for 25 min at 95°C in individual plastic containers to 
prevent cross-transfer of tissue material. Unmasking was 
followed by a DPBS rinse, and an avidin-biotin-immuno-
peroxidase procedure (Vectastain Elite ABC Kit; Vector 
Laboratories, Burlingame, CA, USA) was performed ac-
cording to the manufacturer’s instructions. Blocking serum 
was 1.5% fetal horse serum in DPBS. Primary antibody in 
blocking serum (1:10) was a hybridoma-produced mouse 
mAb against BLV p24 (AIDS Research and Reference Re-
agent Program, National Institute of Allergy and Infectious 
Diseases; www.aidsreagent.org) (16); specificity was vali-
dated by immunoblot reactivity with purified recombinant 
p24 (7). Secondary antibody was 1.5% horse anti-mouse 
IgG (Vector) in blocking serum. The chromagen was di-
aminobenzidine. Negative controls were the BLV-negative 
control cell line Tb1Lu and adjacent human tissue sections 
reacted with fresh hybridoma medium (diluted 1:10 in 
blocking buffer) substituted for primary antibody. The pos-
itive control was FLK, which is known to replicate BLV. 
Outcome measurement was a semiquantitative judgment of 
color density, as described for IS-PCR.

Results
Human samples were selected from 219 FFPE breast 

tissue samples; 97 (44%) samples had positive results for 
BLV by nested IS-PCR that used primers from the most 
conserved BLV genome region, tax. Five tax-positive sam-
ples and 1 tax-negative sample (as a control) were chosen 
for in-depth molecular analysis on the basis of BLV status 
and sample size large enough and with enough mammary 
epithelial cells to yield sufficient material for multiple as-
says and extensive quality control tests. BLV was detected 
in DNA extracted from human tissues by using nested L-
PCR. All 5 tax-positive samples chosen were positive for 
the LTR region but showed varying results for other BLV 
genome regions (Table 5; Figure 1). Sequences of all sam-
ples positive for BLV had high identity (E value <1.2) only 
to BLV nucleotide sequences deposited in GenBank, which 
suggests that these isolates did not represent some other 
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Table 5. PCR results for detection of BLV in breast tissue samples from 6 women* 

Sample code Sample pathology Patient age, y 

BLV genome regions 
L-PCR 

 
IS-PCR 

LTR gag pol env tax tax 
143 Malignant 63 – – – – –  – 
0253 Malignant 47 + – – – +  + 
010 Malignant 48 + – – – +  + 
236 Nonmalignant 54 + + – + +  + 
23803 Nonmalignant 50 + + – + +  + 
20874 Nonmalignant 53 + + + + +  + 
*BLV, bovine leukemia virus; L-PCR, nested liquid-phase PCR; IS-PCR, nested in situ PCR; LTR, long terminal repeat (promoter region); gag, group-
specific antigen (capsid region); pol, polymerase (reverse transcription); env, envelope; tax, transactivating region of the X gene. 
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entity. Variations from the BLV reference sequence were 
infrequent, and all involved base substitutions (Figure 2).

Nested IS-PCR was used to identify the cell type in 
which the PCR product was localized. Figure 3 shows IS-
PCR results obtained by using tax primers for the BLV-
negative human sample (no. 143), 1 of the BLV-positive 
samples (no. 010), the positive and negative cell line con-
trols, and a BLV tax-positive bovine mammary gland sam-
ple. The site of the amplified BLV DNA was the secretory 
mammary epithelium, identified by an anatomic patholo-
gist (H.M.J.). Table 5 summarizes the results for L-PCR 
and IS-PCR (tax) testing of the 6 tissue samples that were 
studied in depth.

Validation of the IS-PCR results for a subset of 7 
samples (3 tax negative and 4 tax positive) was performed 
by an independent laboratory by using control cell smears 
and coded FFPE sections sent from our laboratory with no 
information about the human patients, tissue pathology, or 
our results. The detection method was PCR in situ hybrid-
ization, in which the PCR occurs in situ but with no label 
incorporated during amplification (15). Labeled probes 
specific for the BLV tax region were applied after ampli-
fication. The independent laboratory confirmed with 100% 
concordance the results we obtained by using nested IS-
PCR and L-PCR for the tax genome region (Table 6).

Of the 215 human breast tissue samples tested by 
IHC, 12 (6%) had positive results for BLV p24. The reac-
tion was confined to secretory mammary epithelium, and 
distribution of both BLV DNA and p24 in mammary epi-
thelial cells was duct and lobule specific; that is, virtually 

all cells in the duct or lobule would be BLV positive but 
neighboring ducts or lobules could be completely nega-
tive. A BLV p24–positive breast tissue sample is shown 
in Figure 3, panel F.

GenBank searches indicated complete identity (E val-
ue ≤1.1) of PCR primers (Table 3) only with BLV sequenc-
es. L-PCR further substantiated primer specificity (Figure 
4; Table 1) by demonstrating no cross-reactivity (amplicon 
generation) by using template DNA from cell lines harbor-
ing representatives of all mammalian and avian oncogenic 
retroviral subfamilies and human lentiviruses; viruses 
previously reported in human breast tissues (Epstein-Barr 
virus, human papillomavirus, mouse mammary tumor vi-
rus–like sequences) (17); and human endogenous retrovi-
rus HERV-K (Table 1). Extracted DNA met quality control 
standards of exhibiting a housekeeping gene (GAPDH; 
Figure 4). mAb specificity was supported by lack of cross-
reactivity with cell lines or by tissues replicating viruses 
previously identified in human breast tissues (Epstein-Barr 
virus, human papillomavirus, and mouse mammary tumor 
virus–like sequences) (17) or that cause chronic human in-
fections (hepatitis B virus, human T-cell leukemia viruses 
1 and 2, HIV 1 and 2, human herpesviruses 1 and 2, and 
cytomegalovirus) (Table 2).

Several methods were used to test for cell and mo-
lecular contamination. The no-template-DNA control run 
with each assay ruled out contamination in commercial 
DNA isolation columns and PCR reagents; in addition, 
contamination of human DNA samples by FLK DNA 
was ruled out by testing human DNA with sheep-specific  
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Figure 1. Amplification of bovine leukemia 
virus (BLV) genome regions in human breast 
tissue specimens. Nested liquid-phase PCR, 
using primers from 5 BLV genome regions, 
was used to amplify products from DNA 
extracted from breast tissues of 6 human 
donors. PCR products for each tissue were 
loaded into 1 well and separated by agarose 
gel (3.5%) electrophoresis on the basis of 
size differences: long terminal repeat, 290 bp; 
group-specific antigen, 272 bp; envelope, 230 
bp; trans-activating gene of the X region, 206 
bp; polymerase, 157 bp. The section below 
the white line shows the glyceraldehyde 
3-phosphate dehydrogenase amplification 
of each sample as an indicator of DNA 
quality. Lane 1, molecular weight marker 
(HyperLadder IV; Bioline, Taunton, MA, USA); 
lane 2, fetal lamb kidney cell line, positive 
control; lane 3, no-template-DNA negative 
control (water substituted for DNA template); 
lane 4, human sample 143; lane 5, human 
sample 236; lane 6, human sample 010; 
lane 7, human sample 20874; lane 8, human 
sample 23803; lane 9, human sample 0253. 
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primers (11), and contamination of FLK with other cell 
lines, including human, was ruled out by using species-
specific primers (11). Sequences from the human isolates 
also provided strong evidence against contamination; none 
were exact matches with each other or with any Genbank 
BLV sequence, which includes the FLK-positive control 
cell line and bovine specimens previously sequenced in 
our laboratory. Furthermore, the FLK stock cell line has 
a signature base substitution (bp 5194; GenBank acces-
sion no. EF600696) in the env region; this substitution 
is unique among sequences deposited in GenBank and 
was not detected in the human BLV isolates we investi-
gated (Figure 2). The positive results obtained by using 
in situ methods (IHC and IS-PCR) demonstrating the sig-
nal within individual formalin-fixed mammary epithelial 
cells are further evidence that the positive reactions do 
not represent contamination of PCR mix. Previous reports 
have documented that contaminating DNA cannot cause 
a false-positive reaction with PCR in situ hybridization in 

FFPE tissues (15). Negative controls (adjacent tissue sec-
tions without BLV-specific primers or antibody) run with 
each in situ assay were all negative, which suggests that 
positive signals were not false positives resulting from 
nonspecific reactions.

Discussion
During the 4 decades since BLV was identified in 

cattle, there has been considerable interest in determining 
whether humans could become infected with BLV, espe-
cially because cattle are a major food source. As in early 
serologic studies, previous cellular and molecular studies 
reported no evidence of human infection with BLV. An ex-
planation for some of the negative findings (18–22) could 
be that sufficiently sensitive reagents and techniques such 
as PCR and sequencing were not available when the stud-
ies were conducted. Most previous studies also focused 
on leukocytes, the cell type involved in bovine leukemia/
lymphoma (18–27). We focused instead on mammary  
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Figure 2. Partial sequences of 5 genome regions of bovine leukemia virus (BLV) DNA isolated from human breast tissue samples: A) 
long terminal repeat; B) group-specific antigen; C) polymerase; D) envelope; E) trans-activating gene of the X region. Reference (Ref) 
sequences (GenBank accession no. EF600696) are shown; dots indicate where samples have no difference from the reference sequence. 
Fetal lamb kidney (FLK) is shown as positive control cell line. Human samples are listed by sample number. Sequences displayed are 
shorter than the amplicon each primer set amplified because only overlapping regions of both forward and reverse sequencing are shown. 
Missing sequences indicate that the sample did not test positive for those genome regions.
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epithelium, in which we had detected BLV DNA and pro-
tein in cattle (10). In situ techniques (i.e., IS-PCR, PCR 
in situ hybridization, and IHC) enabled confirmation that 
BLV was localized within mammary epithelial cells.

Evidence for BLV DNA and protein in humans is not 
surprising. Many viruses, including those that are oncogenic,  

are known to cross species naturally, and most microbial 
species pathogenic in humans are speculated to have had 
a animal origin at some point in human evolution. Once in 
the human population, most zoonotic viruses can be trans-
mitted among humans, a process that poses the most seri-
ous threat to human health (28). BLV is known to cross 
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Figure 3. Localization of bovine leukemia virus (BLV) in human 
breast tissue and bovine mammary epithelium samples detected by 
in situ PCR for the BLV tax region and immunohistochemical testing 
for p24 capsid protein. A) BLV-positive fetal lamb kidney (FLK) cell 
line. Brown at left indicates positive diaminobenzidine endpoint 
immunoperoxidase reaction to detect digoxygenin incorporated 
into PCR product within FLK cells. FLK cells reacted with PCR mix 
without primers (right) to check for false-positive background show 
no reaction. Original magnification ×400. B) BLV-negative cell line 
Tb1Lu with (left) and without (right) primers. No reaction occurred 
with either condition because the cell line has no BLV to amplify and 
shows no nonspecific background. Original magnification ×400. 
C) BLV-positive lactating bovine mammary gland tissue with (left) 
and without (right) tax primers in the PCR mix. Dark brown at left 
indicates positive cells, some surrounding lumens filled with milk. 
Lack of reactive cells in sample at right without primers indicates 
reaction was not a false positive due to nonspecific factors inherent 
in the tissue. Original magnification ×100. D) BLV-positive human 
tissue sample 010 reacted with tax primers. Dark brown at left 
indicates epithelial cells facing the lumen of a large cyst. Lack of 
reactive cells in sample at right without primers indicates reaction 
was not a false positive. Original magnification ×100. E) BLV-
negative human tissue sample 143 exposed to PCR mix with (left) 
and without (right) primers showing no reaction with either condition 
in the epithelium of the long duct. Original magnification ×40. F) 
BLV-positive human tissue reacted with monoclonal antibody to BLV 
p24 (left) in an avidin-biotin-immunoperoxidase assay. Dark color 
indicates end-point reaction in cytoplasm of epithelium projecting 
into the cyst lumen on a stalk of collagenous stroma. Note lack of 
reaction in sample at right with hybridoma medium substituted for 
primary antibody. Original magnification ×40. All cells and tissues  
were counterstained with Diff-Quik Solution II (Dade Behring, 
Newark, DE, USA). 
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species readily; the virus infects capybara, zebus, and water 
buffaloes naturally and sheep, goats, pigs, rabbits, rats, and 
chickens experimentally (1). Human cells (fibroblasts) are 
susceptible to infection with BLV in vitro (29).

The lack of gag, pol, and env sequences in some of 
the BLV-positive panel samples and the presence of LTR 
and tax sequences in all of them is consistent with results 
reported for the closely related HTLV-1 (30). Deletions 

in gag, pol, and env were observed in HTLV-1 isolates 
from 25.7%–56% of adult T-cell leukemia patients, and 
frequency increased with clinical progression of leu-
kemia (30). Such deletions are postulated to be advan-
tageous to the virus by enabling escape from immune 
surveillance. In contrast, the LTR and tax regions of 
HTLV-1 are highly conserved. Analogous results were 
observed in specimens from cattle infected with BLV; 
deletions involving parts of gag and env and all of pol 
were frequent (2).

Overall, the human BLV isolates differed from the ref-
erence sequence by only a few base substitutions, a finding 
that fits well with the biology of deltaretroviruses, which 
have infrequent interhost transmission and remain largely 
latent within the host, probably as a strategy to escape the 
host’s immune response (31). Infectivity of deltaretrovi-
ruses occurs primarily by cell–cell contact, not by extracel-
lular virions (32), and BLV virions have not been found 
in the peripheral blood of infected cattle (2). In our study, 
evidence of the capsid protein p24 was infrequent (12/215 
[6%]) but consistent with the concept that, in some humans, 
BLV could be replicating.
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Figure 4. Test results showing lack of cross-reactivity of bovine leukemia virus (BLV)–specific primers with representatives of all mammalian 
and avian retrovirus subfamilies and human exogenous and endogenous viruses previously identified in human breast tissue. Nested 
liquid-phase PCR used primers from 5 BLV genome regions with template DNA from the viruses in lanes 4–10 and 12–21. PCR products 
for each virus, loaded into 1 well, were separated by agarose gel (1.5%) electrophoresis on the basis of size differences. Amplicons were 
generated only for known BLV-positive cell lines (FLK and Bat2Cl6). Samples in lanes 13–21 were run simultaneously in the same gel 
in wells below samples in lanes 4–12. The section below the white line shows glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
amplification of each sample to indicate DNA quality. Human GAPDH primers were used for human, rhesus monkey, baboon, and bat 
cell lines (amplicon = 237 bp); murine GAPDH for mouse and rat cell lines (796 bp); and bovine GAPDH for bovine, ovine, and feline cell 
lines (857 bp). Lane 1, molecular weight marker (HyperLadder IV; Bioline, Taunton, MA, USA), lane 2, fetal lamb kidney cell line, positive 
control; lane 3, water substituted for DNA template, negative control; lane 4, Rous sarcoma virus; lane 5, murine sarcoma virus; lane 6, 
mouse mammary tumor virus; lane 7, Mason-Pfizer monkey virus; lane 8, murine leukemia virus; lane 9, feline leukemia virus; lane 10, 
BLV Bat2Cl6; lane 11, Tb1Lu (known BLV-negative cell line), negative control; lane 12, simian T-cell leukemia virus; lane 13, human T-cell 
leukemia virus 1; lane 14, human T-cell leukemia virus 2; lane 15, HIV-1; lane 16, HIV-2; lane 17, human papillomavirus 16; lane 18, human 
papillomavirus 18; lane 19, Epstein-Barr virus; lane 20, human endogenous retrovirus K; lane 21, env of  human endogenous retrovirus K.

Table 6. Validation of PCR results for representative breast 
tissues tested at the University of California Berkeley, conducted 
at an independent laboratory* 
Sample 
code Sample pathology 

IS-PCR 
result 

PCR in situ 
hybridization result† 

B702 Nonmalignant – – 
143‡ Malignant – – 
B984 Malignant – – 
236‡ Nonmalignant + + 
B975 Nonmalignant + + 
154 Malignant + + 
253‡ Malignant + + 
*IS-PCR, nested in situ PCR. 
†Ohio State University Comprehensive Cancer Center, Columbus, OH, 
USA. 
‡Samples were among those used for in-depth study reported in this 
article (Table 5). 
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Mutation rate tends to be lower for latent viruses than 
for viruses that escape immune attack by rapidly mutating 
to outpace the host’s immune response (e.g., HIV [2,31]). 
Four of the 7 LTR base substitutions we observed (in 3 hu-
man BLV isolates) occurred in the PU box, a short (12 bp) 
protein-binding region that, when mutated, decreases basal 
gene expression (2,33). This expression would facilitate 
evasion of the host’s immune response and would thus be 
likely to be selected for during virus evolution. Transcrip-
tion in BLV-infected bovine lymphocytes is rare, identified 
in only ≈1/50,000 peripheral blood cells (2).

In summary, multiple lines of evidence support the 
conclusion that the BLV DNA and protein we found are 
more likely to represent the in vivo presence of BLV in hu-
mans than to represent some other virus, molecular labora-
tory contamination, or an artifactual nonspecific reaction. 
In view of the potential public health implications of BLV 
in humans, future research should address how humans 
acquire BLV infection, how frequently BLV infection oc-
curs in different populations, and whether the virus is as-
sociated with human disease. 
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Using mortality data from National Institute of Statistics 
in Spain, we analyzed trends of infectious disease mortality 
rates in Spain during 1980–2011 to provide information on 
surveillance and control of infectious diseases. During the 
study period, 628,673 infectious disease–related deaths oc-
curred, the annual change in the mortality rate was –1.6%, 
and the average infectious disease mortality rate was 
48.5 deaths/100,000 population. Although the beginning 
of HIV/AIDS epidemic led to an increased mortality rate, a 
decreased rate was observed by the end of the twentieth 
century. By codes from the International Classification of 
Diseases, 9th revision, the most frequent underlying cause 
of death was pneumonia. Emergence and reemergence 
of infectious diseases continue to be public health prob-
lems despite reduced mortality rates produced by various 
interventions. Therefore, surveillance and control systems 
should be reinforced with a goal of providing reliable data 
for useful decision making.

Although infectious diseases continue to account for 
considerable illness and death worldwide (1,2), mor-

tality rates for these diseases in industrialized countries 
decreased considerably by end of the twentieth century (1–
4). The decrease in infectious disease mortality rates was 
caused by a set of complex factors fundamentally linked to 
development, such as better sanitation as populations be-
came more urban, and improvements in infrastructure, nu-
trition, and biotechnological advances, particularly in the 
field of vaccines and antimicrobial drugs (5). This reduc-
tion was reflected mainly in the decrease of child mortality 
rates. At the beginning of the twentieth century, 30% of all 

deaths caused by infectious diseases were among children 
<5 years of age; by the end of the twentieth century, these 
diseases accounted for only 1.4% of all deaths (3). In the 
1980s, the decreasing trend of the infectious disease mor-
tality rate in industrialized countries was interrupted by the 
HIV/AIDS epidemic, which confronted the scientific com-
munity and health authorities with the challenge of a new 
emerging infection that has still not been controlled.

In Spain, as in other industrialized countries, mortality 
rates decreased overall and for children over the course of 
the twentieth century, life expectancy increased dramati-
cally. The progressive decrease in deaths from infectious 
causes was interrupted by the HIV/AIDS epidemic, which 
changed the trend and pattern of infectious diseases for the 
population overall and for specific age groups affected (6). 
New antiretroviral therapies introduced in the mid-1990s 
decreased deaths caused by HIV/AIDS, as well as deaths 
caused by other infectious diseases. However, other threats 
to human health related to emergence and reemergence 
of infectious disease have arisen (7), mainly because of 
environmental and climate changes, travel and trade, hu-
man behavior, new technologies, microbial adaptation, 
and host-impaired immunity (8). These continuous threats 
make specific infectious disease surveillance and control 
programs even more necessary (8).

All-cause and cause-specific mortality rates, as well 
as standardized mortality rates, are still good indicators for 
ascertaining the public health effects of a given disease and 
assessing trends in incidence. Successive revisions of the 
International Classification of Diseases (ICD) have contin-
ued to apply an etiologic criterion to pool part of infectious 
and parasitic diseases in a single group and leaving condi-
tions of infectious origin in other groups. Pinner et al. (9) 
found that ICD codes for infectious and parasitic diseases 
in the ICD, 9th revision (ICD-9) included only 67% of the 
1,131 codes that could be included as infectious diseases or 
consequences of infections, and applied comprehensive cri-
teria to the analysis of infectious disease mortality rates. In 
Spain, infectious disease mortality rates in the early 1990s 
were assessed by using similar criteria and resulted in a 
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3-fold increase in number of deaths related to ICD codes 
for infectious and parasitic diseases (6,10). The purposes 
of the current study were to determine the magnitude of 
infectious disease mortality rates rate overall and by sex, 
age, and the principal causes implicated, and to describe 
trends during 1980–2011 to clarify surveillance needs and 
enhance control strategies.

Methods
In Spain, the source of mortality rate statistics is the 

medical death certificate, a compulsory administrative 
document that is completed by the physician who certi-
fies the death. Data are subsequently forwarded to the 
regional mortality registries where causes of death are 
coded according to ICD guidelines. According to World 
Health Organization recommendations, the cause of death 
that is ICD coded should be taken as the underlying cause  
of death (11).

We analyzed ICD codes of underlying causes of death 
provided by the Spanish National Statistics Institute (NSI). 
We selected deaths caused by infectious causes corre-
sponding to ICD-9 codes for 1980–1998 and ICD-10 codes 
for 1999–2011. From the ICD-9 and ICD-10 codes, we 
selected all codes of infectious and parasitic diseases and 
other infectious causes from remaining groupings (Table 
1). Of these diseases, 10 that accounted for >90% of all 
deaths (pneumonia, septicemia, cardiac infections, AIDS 
and HIV infection, renal infections, tuberculosis, acute re-
spiratory infection, influenza, viral hepatitis, and intestinal 

infections) were independently selected. For HIV/AIDS, 
data collection began in 1989 when a newly created specif-
ic ICD-9 code was assigned and began to be used in Spain; 
related diseases were previously allocated to unspecified 
immunity disorders.

We calculated the crude mortality rates by using pop-
ulation data drawn from NSI population projections. Age- 
and sex-adjusted rates were calculated by using the direct 
method and the standard European population as a reference.

We analyzed the trends according to sex, age group 
(<1–4, 5–24, 25–44, 45–64, and ≥65 years), and for each 
of the 10 first-selected diseases. We computed the sex ratio 
of the adjusted rates to assess sex-related differences. Sub-
sequently, we analyzed the trends of death rates by using a 
joinpoint regression model to estimate the annual percent-
age change (APC) and to identify trend inflection points 
(joinpoints) when present. An inflection point was defined 
as the year representing the final endpoint of 1 period and 
the initial endpoint of a subsequent period; thus, all periods 
overlap. For each period, an APC was calculated.

We computed APC for each trend by using general-
ized linear models and assuming a Poisson distribution (12). 
This analysis initially assumes that there are no joinpoints 
and iteratively fits models until a curve with the minimum 
number of joinpoints is selected by using permutation tests 
(13). Adjusted rates and SEs were used to fit all joinpoint 
models, except for analyses by age group, for which deaths 
and populations under a Poisson model were used. This 
method identifies through simulations the minimum number 
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Table 1.  Infectious diseases analyzed, Spain, 1980–2011* 

Diseases/infections ICD-9 codes ICD-10 codes 
No. cases SR,  

2007–2011 
APC, % , 

1980–2011 1980 2011 (%) 
All causes   288,426 386,017   
Infectious diseases  NA NA 19,106 22,646 (100) 1.5 1.6† 
 Pneumonia 480–486 J12–J18 9,292 8,138 (35.9) 1.9 2.9† 
 Sepsis 038 A40–A41 861 2,955 (13.0) 1.4 1.5† 
 Cardiac 390–398, 420–422 I00–I09, I30–I33, I40 2,702 2,213 (9.8) 0.9 2.5† 
 AIDS and HIV 279.5, 279.6, 795.8 B20–B24, R75 NA 944 (4.2) 3.9 NA 
 Renal/urinary 590, 595, 599.0 N10–N12, N13.6, 

N15.1, N30, N39.0 
474 3,565 (15.7) 1.1 3.1† 

 Tuberculosis and sequelae 010–018, 137 A15–A19, B90 1,475 284 (1.3) 3.0 7.0† 
 Acute respiratory 460–466, 475, 510, 

513, 034.0 
J00–J08, J20–J22, 

J36, J85, J86 
913 1,136 (5.0) 1.2 1.6† 

 Influenza 487 J09–J11 997 214 (0.9) 1.2 8.0† 
 Viral hepatitis 070 B15–B19 109 865 (3.8) 1.5 5.7† 
 Intestinal 001–009 A00–A09 402 719 (3.2) 1.0 0.6 
Other codes       
 Infectious and parasitic  
 diseases 

020–033, 034.1, 035–
037, 039–057, 060–
066, 071–136, 138, 

139 

A20–A39, A42–A99, 
B00–B14, B25–B89, 

B91–B99 

1,088 586 (2.6) 1.6 2.9† 

 Other infectious diseases 320–323, 540–542, 
566, 567.0–2, 569.5, 

576.1, 770.0, 771 

G00–G04, K35–K37, 
K61.0–4, K63.0, 

K65.0, K65.8, K67, 
K83.0, P23, P35–P39 

793 1,027 (4.5) 1.4 0.3 

*ICD-9, International Classification of Diseases, 9th revision; ICD-10, International Classification of Diseases, 10th revision; SR, sex ratio (M:F, age-
adjusted rate); APC, annual percentage change (age-adjusted rate); NA, not applicable. 
†Significant because APC CIs did not include 0.
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of inflection points (i.e., years when the trend is changing) 
and quantifies changes in trends through the APC. When the 
APC is positive and significant, it indicates that the trend 
is increasing. When the APC is negative and significant, it 
indicates that the trend is decreasing.

Statistical significance was set at p<0.05. Data analy-
ses were performed by using Stata 12 (StataCorp. LP, Col-
lege Station, TX, USA) and Joinpoint Regression version 
3.5.1 software (http://surveillance.cancer.gov/joinpoint/
Joinpoint_Help_4.0.4.pdf). This study was conducted as an 
activity of infectious disease surveillance at the National 
Center of Epidemiology, Madrid, Spain.

Results
During 1980–2011, there were 628,673 deaths caused 

by infectious diseases in Spain. Although the crude mortal-
ity rate decreased from 50.9 to 49.2 deaths/100,000 persons 
during this period, the adjusted mortality rate decreased 
from 53.8 to 27.3 deaths/100,000 persons. The joinpoint 
method identified 2 inflection points in the trend, the first in 
1987 and the second in 1994. Adjusted mortality rates indi-
cated a decrease during 1980–1987 and an APC of −6.2% 
(95% CI –8.5% to –3.9%), an increase during 1987–1994 
and an APC of 3.1% (95% CI –0.1% to 6.4%); and a de-
crease during 1994–2011 and an APC of –2.5% (95% CI 
–3.1% to –1.9%).

Among men, 4 periods of change were observed. The 
first period (1980–1987) had an APC of −5.9% (95% CI 
–8.1% to –3.6%), the second period (1987–1995) had 
an APC of a 4.9% (95% CI 2.4%–7.2%), the third peri-
od (1995–1998) had an APC of −7.8% (95% CI –20.6% 
to 7.6%), and fourth period (1998–2011) had an APC of 
–2.5% (95% CI –3.4% to –1.7%). Changes in first, second, 

and fourth periods were significant because the APC CIs 
did not include 0.

Among women, only 2 periods (1980–1986 and 1986–
2011) of change were observed. Both of these changes were 
significant and showed decreases (APC −6.3%, 95% CI 
–9.0% to –3.4% and APC −1.0%, 95% CI –1.4% to –0.7%); 
the inflection point was in 1986 (Figure 1). During 2007–
2011, the male:female sex ratio was 1.5:1 for deaths caused 
by infectious diseases and was higher for 9 of the 10 diseases 
first selected, except for cardiac infections (Table 1).

There were major variations in mortality rates by age 
group and sex; children <1–4 years of age and persons ≥65 
years of age showed the largest shifts. Sex-specific mortali-
ty rates were higher for male patients across all age groups. 
Although the largest decrease in deaths caused by infec-
tious disease was among children <1–4 years of age (47.4 
deaths/100,000 persons in 1980 and 8.4 deaths/100,000 
persons in 2011), the lowest rates were observed among 
persons 5–24 years of age. A notable peak in deaths oc-
curred in 1989–1997 because of AIDS; the population seg-
ment most affected was men 25–44 years of age (Figure 
2). The study period showed a major decrease in mortality 
rates among male and female patients across all age groups. 
The sharpest decrease was among persons <1–4 years of 
age, who had an APC of −5.5% (95% CI –6.2% to –4.8%) 
for male patients and −5.0% (95% CI –5.6% to –4.4%) for 
female patients. However, among persons >65 years of age, 
this decrease was much smaller (-0.5%, 95% CI –0.8% to 
–0.1% for men and −0.1%, 95% CI –0.3% to 0.6% for 
women) (Table 2).

Influenza, pneumonia, acute respiratory infection, and 
septicemia accounted for 58% of the infectious diseases 
studied. The mortality rate for pneumonia showed the  
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Figure 1. Infectious disease 
mortality rates by sex, 
Spain, 1980–2011. 
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largest decrease. Starting in 1997, deaths caused by tuber-
culosis and HIV/AIDS decreased across the study period. 
Deaths caused by cardiac and renal infections showed mu-
tually opposite trends: deaths caused by cardiac infections 
decreased gradually over time, and deaths caused by renal 
infections increased over time. Viral hepatitis and intestinal 
infections had the lowest mortality rates (Figure 3).

Discussion
Our results showed that mortality rates for infec-

tious diseases in Spain decreased overall and that these 
decreases were only temporarily interrupted by the HIV/
AIDS epidemic. Sex-specific mortality rates were higher 
for male patients across all age groups. Of the 10 first 
studied diseases, pneumonia showed the largest decrease 
in mortality rate.

Previous studies showed that analysis of infectious 
disease mortality rates should take into account infectious 
disease–related ICD codes from groups other than infec-
tious and parasitic diseases in different ICD revisions be-
cause relying only on infectious and parasitic diseases will 
lead to underestimation of infectious disease mortality  

rates (1,6,10,14,15). Using this approach, we showed that 
3 times more deaths were caused by infectious disease in 
Spain in 2011 than when only codes for infectious and 
parasitic diseases were analyzed, which resulted in a re-
ported underestimated rate (16). Our estimated rate was 
27.3 deaths/100,000 persons when adjusted for age, with 
a 1.5-fold increased mortality rate for male patients com-
pared with female patients. Thus, diseases in other ICD 
diagnostic groups would account for 6% of the general 
mortality rate, and infectious diseases would be the fourth 
most common cause of death, instead of the eleventh most 
common cause of death, if only codes for infectious and 
parasitic diseases were considered.

Comparison of mortality rates for Spain with those for 
other countries in Europe is difficult because no standard-
ized data are available, whether because such data solely 
take the traditional categories into account or because 
they refer to different periods. For 2010, Eurostat data 
(17) for the European Union (27 member states) showed 
an adjusted mortality rate of 8.7 deaths/100,000 persons 
for infectious and parasitic diseases and a male:female 
sex ratio of 1.7:1.
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Figure 2. Infectious disease mortality rates by sex and age group, Spain, 1980–2011. A) <1–4 y, B) 5–24 y, C) 25–44 y, D) 45–64 y, E) 
>65 y, F) all ages.  
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Our finding of higher mortality rates for male patients 
for nearly all infectious diseases analyzed, in particular 
for HIV/AIDS and tuberculosis, was consistent with high-
er illness rates for male patients because of biologic or 
behavioral factors (15,18). In general, these sex-related 
differences were similar to those for other countries in 
Europe (17).

The HIV/AIDS epidemic in Spain interrupted the 
decreasing trend of deaths caused by infectious disease 
in the late 1980s. The initial increase in the HIV/AIDS 
epidemic was caused mainly by use of shared needles and 
other items related to injection drug use (19). The efficacy 
of parenteral transmission caused this infection to spread 
rapidly, and during 1988–1997, Spain had the highest in-
cidence of AIDS in Europe (20); the highest incidence 
was in 1994 (21). In 1996, highly active antiretroviral 
therapy (21) was introduced in Spain; it became widely 
available and was dispensed free of charge. This new 
treatment resulted in major changes in infectious disease 
trends in Spain and in mortality rates for AIDS in specific 
age groups.

In the age group most affected by HIV (persons 25–64 
years of age), the imbalance in infection rates between men 
and women resulted in different trends in infectious disease 
mortality rates; these mortality rates for men have not yet 
returned to pre-AIDS rates. For persons 35–44 years of age, 
infectious diseases accounted for 8% of all deaths in 2011 
and were the most frequent cause of death after suicides. 

For men 25–34 years of age, the mortality rate for other 
causes has become a more critical issue than the mortality 
rate for infectious diseases.

In the youngest and oldest age groups, infectious dis-
ease mortality rates showed similar trends for both sexes. 
Children <1–4 years of age showed the sharpest continuous 
decrease, although this trend has shown a gradual leveling 
in the past 20 years, which is consistent with low mortal-
ity rates for children already observed (22,23). However, 
infectious diseases still account for 12% of all deaths in 
this age group, a finding consistent with reports from other 
countries (24,25).

Persons ≥65 years of age were the only age group 
for whom infectious disease mortality rates increased af-
ter the early 1990s, in contrast to a previously decreas-
ing trend (10). In this age group, 5 infectious diseases 
accounted for 4%–7% of all deaths. This trend was es-
sentially caused by deaths of persons in the oldest age 
group (>80 years), whose relative effect on this trend has 
increased because of an increase in life expectancy (82 
years in 2011). Currently, persons >65 years of age make 
up 17% of the population of Spain. Of these persons, 14% 
are >85 years of age. In a health system that provides 
universal coverage, hospitalization of this frequently im-
munodeficient elderly population increases the risk for in-
fection. Therefore, septicemia and renal infections are the 
main causes of the increase in infectious disease mortality 
rates, as reported for other countries (26). However, the 3 
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Table 2. Mortality rates for infectious diseases analyzed, by sex, age group, and detected trends, Spain, 1980–2011* 
Sex/age 
group, y 

Rate for 
1980 

Rate for 
2011 

APC for  
1980–2011, % 

Trend 1 
 

Trend 2 
 

Trend 3 
 

Trend 4 
Period APC, % Period APC, % Period APC, % Period APC, % 

M               
 <1–4 53.3 8.3 5.5† 1980–

1985 
14.2†  1985–

2011 
4.0†  – –  – – 

 5–24 4.6 0.7 4.2† 1980–
1986 

7.7†  1986–
1992 

10.7†  1992–
2011 

11.15†    

 25–44 10.7 6.4 2.8 1980–
1985 

4.8  1985–
1995 

27.0†  1995–
1998 

31.3†  1998–
2011 

9.7† 

 45–64 48.1 27.2 1.4† 1980–
1987 

6.7†  1987–
1995 

3.3†  1995–
1998 

8.8  1998–
2011 

–0.3 

 ≥65 350.2 247.1 0.5† 1980–
1991 

3.3†  1991–
2008 

1.0†  2008–
2011 

5.4  – – 

 AR 64.9 33.0 1.5† 1980–
1987 

5.9†  1987–
1995 

4.8†  1995–
1998 

7.7  1998–
2011 

2.5† 

F               
 <1–4 41.1 8.5 5.0† 1980–

1987 
10.9†  1987–

2011 
3.3†       

 5–24 3.8 0.9 4.4† 1980–
1988 

9.4†  1988–
1991 

19.1  1991–
2011 

7.3†  – – 

 25–44 7.4 3.1 1.7 1980–
1986 

9.9†  1986–
1995 

21.3†  1995–
1998 

28.2†  1998–
2011 

6.3† 

 45–64 29.9 10.8 3.2† 1980–
1986 

7.6†  1986–
2011 

2.5†  – –  – – 

 ≥65 284.0 242.5 0.1 1980–
1989 

4.0†  1989–
2011 

1.2†  – –  – – 

 AR 45.7 22.70 1.6† 1980–
1986 

6.3†  1986–
2011 

1.0†  – –  – – 

*Rates are no. cases/100,000 persons. APC, annual percentage change (age-adjusted or age-specific rate); –,  not applicable; AR, age-adjusted rates. 
†Significant because APC CIs did not include 0. 
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other causes (pneumonia, cardiac infections, and respira-
tory infections), which along with those mentioned, ac-
counted for 90% of the infectious disease mortality rate in 
elderly persons, have had no role in this increase.

In addition to the increase in septicemia and renal in-
fections, attention should be given to deaths caused by viral 
hepatitis, a disease that initially showed low mortality rates. 
However, these rates have increased 9-fold over the past 
20 years. This cause of death, which accounted for 4% of 
deaths caused by infectious diseases, had the highest APC 
for the study period, and its increase has been especially 
evident among persons >45 years of age, in particular, 
those >65 years of age. The increase in deaths caused by 
viral hepatitis has partly paralleled the AIDS epidemic be-
cause both diseases have similar transmission mechanisms. 
The incidence of hepatitis C has increased in Europe and 
that of hepatitis B has generally decreased (27), probably 
because of vaccination.

Among relevant infectious respiratory diseases at the 
beginning of the study period, only pneumonia retained its 
role as the leading infectious cause of death. Deaths caused 
by respiratory tuberculosis were surpassed by deaths caused 
by septicemia, a disease that accounted for 16.6% of deaths 
caused by infectious diseases. Tuberculosis mortality rates 
showed a decreasing trend because of lower incidence and 
efficacy of treatment. AIDS initially led to a reemergence 
of tuberculosis but has since tended to mask this reemer-
gence, probably because AIDS has being increasingly list-
ed as the underlying cause of death on death certificates.

This study had 3 principal limitations. First, cause-spe-
cific death statistics in Spain include only the primary under-
lying cause of death (11), which omit possible contributions 
of other infectious causes and result in underestimation of 

deaths caused by infectious diseases, a finding that could be 
detected only by using multiple coding (28). Second, in 1998 
Spain replaced ICD-9 with ICD-10, a decision that might 
have been led to problems of standardization of disease 
coding and discontinuity in assessment of trends. Third, we 
were not able to include factors such as improvements in 
diagnosis and medical practices.

In conclusion, despite a decrease in deaths caused by 
infectious diseases that was interrupted by HIV/AIDS, infec-
tious diseases continue to be a major cause of death, which is 
an indicator of their role in public health. In the twenty-first 
century, the incidence of such diseases might be increased 
by a series of factors (7,29), ranging from climate change, 
which alters the ecology of vectors, to globalization, which 
involves exchange of goods and mobility of persons for 
leisure, occupational, or survival purposes. Notable among 
these factors is excessive use of antimicrobial drugs (30) 
among humans and animals. This excessive use is a funda-
mental cause of increases in bacterial drug resistance and is 
responsible for 25,000 deaths annually in Europe (31). New-
ly resistant or multidrug-resistant bacterial strains are more 
lethal, and emerging or reemerging diseases caused by these 
strains would be more difficult to control.

In addition to the aforementioned factors, the eco-
nomic crisis in Europe has resulted in a decrease in health 
expenditures; public health services have been the most  
affected most by budget cuts (32). Among these services, 
prevention programs, such as disease surveillance and con-
trol systems that target populations at risk for infectious 
diseases, have been greatly affected by underfunding (32). 
In this situation, information provided by vital statistics 
complements these services for retrospective assessment of 
trends of infectious disease mortality rates in Spain (33).
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Figure 3. Mortality rates for 
selected infectious diseases, 
Spain, 1980–2011.
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After the last reported cases of rabies in a human in 
1959 and a nonhuman animal in 1961, Taiwan was consid-
ered free from rabies. However, during 2012–2013, an out-
break occurred among ferret badgers in Taiwan. To exam-
ine the origin of this virus strain, we sequenced 3 complete 
genomes and acquired multiple rabies virus (RABV) nu-
cleoprotein and glycoprotein sequences. Phylogeographic 
analyses demonstrated that the RABV affecting the Taiwan 
ferret badgers (RABV-TWFB) is a distinct lineage within the 
group of lineages from Asia and that it has been differentiat-
ed from its closest lineages, China I (including isolates from 
Chinese ferret badgers) and the Philippines, 158–210 years 
ago. The most recent common ancestor of RABV-TWFB 
originated 91–113 years ago. Our findings indicate that 
RABV could be cryptically circulating in the environment. 
An understanding of the underlying mechanism might shed 
light on the complex interaction between RABV and its host.

Rabies is possibly one of the oldest zoonotic diseases. 
It is caused by the rabies virus (RABV), a neurotropic 

virus in the family Rhabdoviridae, genus Lyssavirus. Ex-
cept for a small number of countries and regions, particu-
larly islands, RABV is found worldwide. The virus infects 
nearly all warm-blooded animals and causes severe neu-
rologic signs, which almost invariably lead to death (1). It 
was estimated that worldwide in 2010, the disease caused 
>60,000 human deaths, primarily in Africa and Asia (2). 
Although dogs are considered the principal host of RABV 
in developing countries, the virus is also dispersed among 
many species of wild carnivora and chiroptera, especially 

in those countries of Europe and North America that have 
well-established vaccination programs (3). Mustelids, in-
cluding various species of the genera Melogale, Meles, 
and Mellivora of the weasel family Mustelidae, can carry 
RABV (4–6). In southeastern China, Chinese ferret badgers 
(CNFB; Melogale moschata moschata) have been associ-
ated with human rabies for many years and are considered 
to be a primary host in this region (7–9).

After what were considered to be the last reported 
cases of rabies in a human and a nonhuman animal in 1959 
and 1961, respectively, Taiwan was rabies free for >50 
years until the 2012–2013 outbreak of ferret badger–asso-
ciated rabies. During May 2012–January 2013, through a 
government-supported program of routine disease surveil-
lance of free-range dead wild animals that had been killed 
by vehicles or were receiving treatment for injuries and/
or illness at the wildlife first aid station, 3 dead Taiwan 
ferret badgers (TWFB; M. moschata subaurantiaca) were 
submitted to the School of Veterinary Medicine, National 
Taiwan University, for further examination. 

Pathologic examination revealed nonsuppurative me-
ningoencephalomyelitis with formation of eosinophilic 
intracytoplasmic inclusion bodies in all 3 animals; reverse 
transcription PCR and immunohistochemical staining ex-
cluded the possibility of infection with the canine distem-
per virus. However, the results of fluorescence antibody 
testing, immunohistochemical staining, and reverse tran-
scription PCR, followed by sequencing for RABV, were 
positive (H.-Y. Chiou, unpub. data). After the rabies diag-
noses for the initial 3 ferret badgers were confirmed, by 
the end of August of 2013, rabies had been diagnosed by 
fluorescence antibody testing for an additional 105 dead or 
ill and euthanized ferret badgers and 1 shrew.
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Rabies Virus from Ferret Badgers, Taiwan

Our objective in this study was to clarify whether 
the current outbreak of the TWFB–associated rabies is an 
emerging, a reemerging, or a cryptically circulating disease. 
We investigated the possible origin of this outbreak and its 
relations with CNFB-associated rabies in mainland China 
via genomic organization and characterization and analysis 
of genetic diversity and phylogeographic origin of RABV-
TWFB. In addition, we propose a mechanism that might be 
contributing to the limited host range of RABV-TWFB.

Materials and Methods

Animals and Specimen Collection
During May 2012–January 2013, three ill TWFB 

were collected from different regions of central Taiwan 
(Figure 1). One was in the Xitou nature education area at 
Lugu Township, Nantou County (R2012–26); one was in 
Gukeng Township, Yunlin County (R2012–88); and one 
was in Yuchih Township, Nantou County (R2013–01). 
These 3 TWFB, respectively, showed the following clinical 

signs: emaciation, coma, paddling, loss of pain response, 
reduced body temperature, and a 2-cm skin wound on the 
chin; extreme weakness and inability to move; and signs of 
weakness and respiratory signs, including labored breath-
ing and increased breath sounds with hypersalivation and 
exudation of foamy fluid from the mouth and nose. Initial 
supportive treatment was provided at the wildlife first aid 
station, but the ferret badgers died within 1–3 days, and 
their carcasses were submitted to the School of Veterinary 
Medicine, National Taiwan University, for routine disease 
surveillance. Full necropsy was performed, during which 
half of the left cerebral hemisphere was collected from each 
animal and stored at –80°C for subsequent nucleic acid ex-
traction. Representative tissue samples were taken from all 
major organs and fixed in 10% neutral buffered formalin 
for histopathologic examination.

Sample Preparation and Genome Sequencing
Approximately 25 mg of brain specimen from each 

animal was homogenized, and 1 mL of TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) was added. Total RNA 
was extracted by using an RNeasy Mini Kit (QIAGEN, 
Valencia, CA, USA), and cDNA was synthesized by 
using a Transcriptor First Strand cDNA Synthesis Kit 
(Roche Diagnostics, Indianapolis, IN, USA) according 
to the manufacturer’s instructions. To amplify the whole 
genome, we used 19 pairs of primers (Table 1), including 
the forward primer for the 5′ end and the reverse primer 
for the 3′ end designed to be complementary to the respec-
tive ends of the genome, as described (10).

Sequence Analyses and Phylogenetic Reconstruction
Sequences were assembled by using the Seqman pro-

gram (Lasergene 8, Madison, WI, USA) (GenBank acces-
sion nos. KF620487–KF620489) and then aligned by using 
the ClustalW program (11). The genetic distance was esti-
mated by using the Kimura 2-parameter substitution model 
implemented in MEGA version 5.0 (12). The nucleotide di-
versity within populations was calculated by using DnaSP 
version 5.0 (13). To test for the deviation of neutral ex-
pectation, we conducted the Tajima D (14) and the Fu and 
Li D* (15) tests implemented in DnaSP. Significance was 
assessed by 104 coalescent simulations (13).

To investigate the phylogenetic position of RABV-
TWFB isolates, we included 24 complete RABV genomes 
representing the 3 major phylogenetic groups (16). For 
global phylogeny of RABV, we analyzed 218 full-length 
(1,335-nt) sequences of the nucleoprotein (N) gene, in-
cluding 11 sequences from Taiwan. We also analyzed 125 
full-length (1,575-nt) sequences of the glycoprotein (G) 
gene, including 13 sequences from Taiwan (17). For each 
gene, phylogenetic trees were inferred by using maximum- 
likelihood and Bayesian inference methods.
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Figure 1. Collection sites of rabies-positive Taiwan ferret badgers 
(TWFB), Taiwan. Solid circles marked with 1–3 represent the 
collection sites of the first 3 rabies-positive animals. Triangles 
represent the collection sites of other rabies virus (RABV) sequences 
included in this study. Crosses represent the most diverged lineages 
of rabies virus from Taiwan ferret badgers (TWFB, TW1614, and 
TW1955), shown in Figure 5, panel B, Appendix (wwwnc.cdc.
gov/EID/article/20/5/13-1389-F5.htm), and the easternmost cross 
represents the isolate from a shrew, TW1955.
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The maximum-likelihood analysis was conducted by 
using PhyML 3.0 online (18); the starting tree was derived 
from the neighbor-joining method, and the nearest neigh-
bor interchange topology search option was used. The 
nucleotide substitution model for phylogenetic reconstruc-
tion was determined by using the Akaike information crite-
rion implemented in jModeltest 0.1.1 (19). The method of 
Bayesian inference was performed by using MrBayes ver-
sion 3.1.2 (20). Analyses were initiated with random start-
ing trees, and Metropolis-coupled Markov chain Monte 
Carlo (MCMC) analyses were run for 1 × 106 generations 
and sampled every 100 generations. The steady state of the 
log-likelihood was reached at ≈20,000 generations. Subse-
quently, the first 201 trees were excluded and the remaining 
9,800 trees were retained to compute a 50% majority-rule 
consensus tree.

Divergence Dating
The divergence time between different viral lineages 

and the time to the most recent common ancestor (TMRCA) 

of virus isolates were estimated by using an established 
Bayesian MCMC approach implemented in BEAST version 
1.7 (21). The analysis was performed by using the general 
time-reversible model of nucleotide substitution assuming 
an uncorrelated lognormal molecular clock (22). We linked 
substitution rates for the first and second codon positions 
and allowed independent rates in the third codon position. 
The molecular clocks were 2.3 × 10–4 (range 1.1–3.6 × 10–4) 
and 3.9 × 10–4 (1.2–6.5 × 10–4) substitutions/site/year for N 
and G genes, respectively (17). A slightly faster clock, 4.3 × 
10–4 (3.1–5.6 × 10–4) substitutions/site/year for N gene (23), 
was also used in a separate analysis.

Because a previous study revealed that the population 
dynamics of RABV supported a model of constant popula-
tion size through time (17), we restricted our analysis to 
this demographic model. For each analysis, we performed 
2 independent runs with 2 × 107 MCMC steps, of which 
the first 10% were discarded as burn-in. To confirm that 
both were sampling the same distribution, we compared 
and then combined the results. Log files were checked by 
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Table 1. Primers used for the amplification and sequencing of rabies virus genome* 
Primer Sequence, 5′→3′ Amplicon size, nt Position, nt 
3′F GTACCTAGACGCTTAACAAC 499 1–499 
3′R AAGACCGACTAAGGACGCAT 
NF ATGTAACACCTCTACAATGG 1,533 55–1587 
NR CAGTCTCYTCNGCCATCT 
PF GAACCAYCCCAAAYATGAG 1,001 1500–2500 
PR TTCATTTTRTYAGTGGTGTTGC 
MF AAAAACRGGCAACACCACT 641 2479–3119 
MR TCCTCYAGAGGTAWACAAGTG 
G1F TGGTGTATAACATGRAYTC 1,097 3000–4096 
G1R ACCCATGTYCCRTCATAAG 
G2F TGGATTTGTGGATKAAAGAGGC 1,542 3995–5536 
G2R GAGTTNAGRTTGTARTCAGAG 
L1F TGGRGAGGTYTATGATGACCC 726 5430–6155 
L1R CAGCATNAGTGTRTAGTTTCTGTC 
L2F GGTCGATTATGATAAKGCATTTGG 704 5885–6588 
L2R TTGACAGACCCTTTCGATAATC 
L3F GGATCAATTCGACAACATACATG 550 6473–7024 
L3R AAGTCTTCATCHGGCARTCCTCC 
L4F AGACTAGCTTCHTGGYTGTCAG 708 6882–7589 
L4R TACTTTGGTTCTTGTGTTCCTG 
L5F AGTGTTTGGATTGAAGAGAGTGTT 662 7337–7998 
L5R GAAAGACTGCCTGCACTGACAT 
L6F AATAGTCAACCTCGCCAATATAATG 767 7897–8645 
L6R GGATCTCTGAGTTGTAGAAGGATTC 
L7F CCGAGTCAATCATTGGATTGATAC 621 8517–9137 
L7R GAATACCCTCCTTCGCTGTATCTG 
L8F GAGAAGGTCACCAATGTTGATG 1,045 8958–10002 
L8R AGATCCAYARCCAGTCATTCTC 
L9F ACATAATGCTCAGAGAACCGT 503 9820–10322 
L9R CCATTCTGAACATCCTACCTT 
L10F TGTTCAGAATGGGTCTGCTCT 509 10302–10811 
L10R TGCATCGCAAATAATGAGGT 
L11F ATTATTTGCGATGCAGAAGT 524 10797–11320 
L11R ATGATAGCCACTTTAGACAGAGT 
L12F GTTACAGAGGGGAACTCTGTCT 386 11285–11670 
L12R TCTTCACTATCTTGTAAATCAACCT 
5′F TGGATCAGGTTGATTTACAAGATAGT 293 11640–11932 
5′R ACGCTTAACAAATAAACAACAAAAAT 
*Primers were from Lei et al. (10). 
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using Tracer (http://beast.bio.ed.ac.uk/Tracer), and the ef-
fective sample size for each parameter was >300, which is 
adequate according to the authors of BEAST software.

Results

Genomic Organization and Characterization  
of RABV-TWFB

Similar to previous analyses (16,17), our phyloge-
netic analysis that used whole RABV genomes revealed 3 
major groups with high bootstrap support (Figure 2). Al-
though the 3 RABV-TWFB isolates are clustered within 
the Asia group, composed of 3 distinct lineages, (China 
I [including CNFB], China II [16], and Southeast Asia), 
they do not appear close to any of the 3 lineages. More 
noteworthy, the 3 isolates of RABV-TWFB are not close 
to those of RABV-CNFB, indicating that they may have 
originated independently.

The genome of RABV-TWFB is 11,923 nt long and 
encodes 5 proteins. The nucleotide lengths of different ge-
nomic regions are within the range of variations in different 
Asia lineages (Table 2), except the matrix protein (M)-G 
intergenic region, which is 1 nt longer than in the rest of the 
lineages from Asia (212 vs. 211). Within the group of Asia 

lineages, the most conserved protein is M, followed by N, 
the virion-associated RNA polymerase (L), and G; the least 
conserved is phosphoprotein (P) (Table 3). Among the 
RABV groups, however, N becomes the most conserved 
followed by L, M, G, and P. The RABV-TWFB is closest 
to China I lineage in the N, P, and L gene regions, but it is 
closest to RABV-CNFB in the M and G gene regions.

The genetic variations across the whole genome among 
different lineages can be viewed in a sliding window anal-
ysis (Figure 3). Within N, there seems to be a conserved 
central domain previously identified in RABV at residues 
182–328 (24), which is also conserved in RABV-TWFB. 
The P, the last quarter of G and G–L intergenic regions, and 
the last part of L are more variable among different lineag-
es of RABV than is the rest of the genome. The conserved 
M is functional in viral assembly and budding (25); is in-
volved in the regulation of transcription and replication of 
viral RNA (26); and has been reported to induce apoptosis 
(27), suggesting its role in host-cell interplay. The involve-
ment of M in multiple interactions explains its conserva-
tion among lineages. G is responsible for cell attachment 
and fusion and is the main viral protein responsible for the 
induction of neutralization antibodies and cell-mediated 
immune responses. The region between aa 189 and aa 214, 
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Figure 2. Phylogenetic relationships 
of 27 rabies virus (RABV) genomes 
constructed by maximum-likelihood 
method. Numbers close to the 
nodes were from 1,000 bootstrap 
replications. The tree was rooted with 
RABV from bats and raccoons. Three 
major groups, Asia, Cosmopolitan, 
and India, are strongly supported, 
as indicated (17). There are 4 major 
lineages within the group from Asia, 
including previously recognized 
China I, China II (16), Southeast 
Asia, and RABV from Taiwan ferret 
badgers (TWFB). RABVs derived 
from Chinese ferret badgers (CNFB) 
are clustered with China I, indicating 
that RABVs of TWFB and CNFB 
are of independent origin. Scale bar 
indicates nucleotide substitutions 
per site.
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proposed to be needed for G binding to the nicotinic ace-
tylcholine receptor (28), is relatively conserved in the da-
taset. Nevertheless, 3 substitutions  (N194Y, R196K, and 
G203E) are found exclusively in RABV-TWFB G. In L, 
Poch et al. (29) recognized 6 conserved blocks, including 
B1 (233–424), B2 (504–608), B3 (609–832), B4 (890–
1061), B5 (1091–1326), and B6 (1674–1749) (29). In ad-
dition, 2 regions, L1 (1418–1515) and L2 (1884–1961), are 
also conserved across lyssaviruses (30). In RABV-TWFB, 
the B4 and L1 regions in L are variable, and the rest of the 
blocks are conserved (Figure 3).

Genetic Diversity and Phylogeographic Origin  
of RABV-TWFB

The data shown in Figure 2 indicate that RABV-
TWFB is a distinct lineage within the Asia group of virus-
es. To further explore the detailed origin of RABV-TWFB, 
we included the representative N and G sequences of 
RABV from human and various animal species for analy-
sis (17,31). Because maximum-likelihood and Bayesian in-
ference methods yielded similar topologies, we report only 
the results derived from the former. Both N and G gene 
trees support the conclusion that RABV-TWFB is a distinct 
lineage within the Asia group, clustered with the China I 
lineage, including RABV-CNFB, and sequences from the 
Philippines (Figure 4, Appendix, wwwnc.cdc.gov/EID/
article/20/5/13-1389-F4.htm).

Divergence time was estimated by using a Bayesian 
coalescent approach. In this analysis, we included only se-
quences of the Asia group. On the basis of the molecular 
clock of 4.3 × 10–4 /site/year for N gene (23), the substitution  
rate at the third codon position is 1.1 × 10–3/site/year, and 

RABV-TWFB was separated from China I and the Phil-
ippines isolates 158 years ago with 95% highest posterior 
density (HPD) ranging from 110 to 225 years (Figure 5, 
panel A, Appendix, wwwnc.cdc.gov/EID/article/20/5/13-
1389-F5.htm). The divergence between China I and the 
Philippines isolates occurred 132 (95% HPD, 90–192) 
years ago, which is similar to previous estimations (23,32). 
The TMRCA of isolates from Taiwan was 91 years (95% 
HPD, 57–137). A similar timescale, with overlapping 95% 
HPD, was derived by using the molecular clock of 2.3 × 
10–4/site/year for N gene (17) (Figure 5, panel A, hatched 
numbers, Appendix). The mean substitution rate for G gene 
sequences was 3.5 × 10–4/site/year (7.8 × 10–4 for the third 
codon position), and the divergence of RABV-TWFB, Chi-
na I, and the Philippines isolates was initiated 210 (107–
553) years ago, and the TMRCA of isolates from Taiwan 
was 113 (53–296) years (Figure 5, panel B, Appendix). It 
is notable that the TMRCA of RABV-TWFB was more 
ancient than that of several distinct lineages in Figure 5, 
Appendix. For example, the TMRCA was 62–116 years for 
the Southeast Asia lineage and 54–102 years for RABV of 
the Philippines. The origin of RABV-CNFB was relatively 
recent; TMRCA was 13–25 years.

The nucleotide diversities of RABV-TWFB are 3.14% 
for the N and 4.21% for the G genes (Table 4), which are 
almost 5 times higher than those of RABV-CNFB, which 
are 0.67% for the N and 0.87% for G genes. For com-
parison purposes, the 65 N and 232 G gene sequences of 
RABV isolates from the Philippines were also included for 
analysis (33). The nucleotide diversities are 2.00% for the 
N gene and 2.57% for the G gene. The results of both the 
Tajima D and the Fu and Li D* tests are not significant for 
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Table 2. Genomic organization and nucleotide lengths of terminal and intergenic regions and viral genes of rabies virus from Taiwan 
and other lineages from Asia* 

Isolate 3′-UTR Gene, nucleotide length 
5′-UTR Genome size N N–P P P–M M M–G G G–L L 

TWFB 70 1,353 91 894 86 609 212 1,575 519 6,384 130 11,923 
CNFB 70 1,353 91 894 86 609 211 1,575 519 6,384 130–131 11,922–11,923 
China I† 70 1,353 90–91 894 87–88 609 211 1,575 519 6,384 130 11,923 
China II† 70 1,353 91 894 87 609 211 1,575 518–519 6,384 131 11,923–11,924 
*UTR, untranslated region; TWFB, Taiwan ferret badgers; CNFB, Chinese ferret badgers.  
†The definitions of China I and II are based on He et al. (16). China I does not include CNFB. 

 

 

 

Table 3. Genetic distances between Taiwan isolates and other rabies virus lineages or groups in different genomic regions* 

Rabies virus group† 
Gene 

N P M G L Genome 
Asia       
 CNFB 0.115 0.172 0.105 0.129 0.130 0.134 
 China I‡ 0.104 0.157 0.107 0.133 0.123 0.127 
 China II 0.130 0.186 0.132 0.172 0.142 0.152 
 Southeast Asia 0.140 0.189 0.125 0.169 0.147 0.155 
Cosmopolitan 0.161 0.216 0.173 0.209 0.177 0.192 
India 0.152 0.229 0.183 0.211 0.175 0.191 
Outgroup 0.200 0.284 0.212 0.237 0.209 0.232 
*CNFB, Chinese ferret badgers; outgroup, rabies virus derived from bat and raccoon. 
†Groups of rabies virus are based on the work of Bourhy et al. (17). 
‡In this analysis, China I does not include CNFB. 
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RABV-TWFB, indicating that the viral population is under 
neutral equilibrium, which in turn suggests that RABV was 
not recently introduced to TWFB. In contrast, the results of 
the Tajima D and the Fu and Li D* tests are significantly 
negative for the sequences of RABV-CNFB and sequences 
from the Philippines isolates, which are caused by an ex-
cessive of low-frequency mutation or by differentiation 
among populations.

Discussion

The Ancient Origin of RABV-TWFB
We sequenced and characterized a RABV strain, 

RABV-TWFB, recently isolated from ferret badgers in 
Taiwan. Our data showed that RABV-TWFB is clustered 
with sequences from the Philippines, China I, and RABV-
CNFB. This relationship is strongly supported on the ba-
sis of multiple sequences of the N and G genes and of the 
complete genome (Figures 2 and 4, Appendix). Of ferret 
badger isolates, RABV-TWFB and RABV-CNFB come 
from phylogenetically distinct lineages, indicating that 
multiple RABV colonization events in this species prob-
ably occurred. A major question addressed in this study is 
whether RABV was recently introduced into the population 
of TWFB or perpetuated in TWFB without revealing its 
presence pathogenically after it was first introduced in the 
ancient past. Our divergence dating showed that the RABV 
has been circulating in TWFB for ≈100 years.

Our divergence and TMRCA estimations have a few 
potential sources of error. First, the RABV isolates from 
Taiwan might have originated from several introduction 
events, including the probability that multiple viral lineages  
occurred in the recent past and that the inflated TM-
RCA resulted from the combination of different, highly  

differentiated virus strains. Nevertheless, all isolates from 
Taiwan formed a monophyletic lineage distinct from other 
virus isolates. Unless several undetected virus strains were 
circulating around Taiwan, which is highly unlikely, the 
phylogenetic analyses support the existence of only 1 ori-
gin of RABV-TWFB. 

Second, the ancient estimates could have resulted 
from the application of an inadequate molecular clock. 
However, the nucleotide substitution (mutation) rates of 
2.3–4.3 × 10–4 and 3.9 × 10–4/site/year, for the N and G 
genes, respectively, used in the study reported here are 
in agreement with findings of other studies of lyssavirus 
evolution (17,23,32,34,35). In a study of RABV in bats, 
Streicker et al. (34) found that the nucleotide substitution 
rates in the third codon position, which are predominately 
silent (synonymous) substitutions, among viral lineages 
in different bat species spanned 8.3 × 10–5–2.1 × 10–3/site/
year. Our estimations of mutations of 1.1 × 10–3 and 7.8 × 
10–4/site/year for the third codon position of the N and G 
genes, respectively, are actually close to the upper bound-
ary of their estimations. Therefore, our results should be 
conservative. 

Third, RABV-TWFB exhibits high nucleotide diver-
sity in the N and G genes. Notably, 232 G gene sequenc-
es collected from a large area of the Philippines showed 
nucleotide diversity that was two thirds that of RABV-
TWFB. Taken together, all current genetic evidence sup-
ports the hypothesis of the ancient origin of RABV-TWFB. 
In addition, RABV-TWFB has been maintained in a large 
population for a long time.

Last, our recent retrospective study that used the ar-
chived formalin-fixed and paraffin-embedded brain tissues 
of ferret badgers, kindly provided by various institutes, 
demonstrated that the current earliest TWFB-associated 
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Figure 3. Sliding window analysis 
of rabies virus (RABV) genetic 
variations between Taiwan ferret 
badgers and China I, China II, and 
Chinese ferret badgers (CNFB). The 
genomic organization of RABV is 
shown at the bottom with nucleotide 
positions on the x-axis. The thick 
horizontal lines indicate conserved 
regions across lyssaviruses. N, 
nucleoprotein; P, phosphoprotein; 
M, matrix protein; G, glycoprotein; L, 
virion-associated RNA polymerase. 
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RABV infection could be traced back to 2004 (H.-Y. Chi-
ou, unpub. data), representing the oldest specimens that we 
have so far. That finding is consistent with the notion of a 
long history of RABV-TWFB in Taiwan.

Mutations in the G Gene of RABV-TWFB
The ancient history of RABV-TWFB raises 2 issues. 

First, because for the past 50 years Taiwan was believed 
to have been free from rabies, learning that the virus must 
have been cryptically circulating in the environment for 
such a long time is surprising. Because previous rabies 
surveillance was mainly focused on dogs and bats (www.
baphiq.gov.tw), cases in remote areas might have gone un-
noticed. However, Taiwan is an island with a high popula-
tion density; 23 million persons live in an area of 36,188 
km2, and for rabies cases to have gone unnoticed for >50 
years would be very unusual. Second, according to a re-
cent survey about wildlife, the ferret badger population 
has been increasing in the past 5 years (L.-K. Lin, pers. 
comm.). Therefore, despite the ancient history of the fer-
ret badger’s association with RABV, the fact that its pop-
ulation is seemingly unaffected by infection with RABV  
is perplexing.

Except for 1 isolate from a shrew, all RABV isolates 
in the recent rabies outbreak in Taiwan have come from 
ferret badgers. The close relationship between the shrew 
RABV and ferret badger RABV collected from the same 
area suggests that the former probably resulted from spill-
over from the latter (Figure 5, panel B, Appendix). Ac-
cording to the most recent rabies surveillance data, the 
ferret badger is probably the only source of RABV in the 
current outbreak in Taiwan. Speculation that this RABV 
strain has adapted to and has been circulating in TWFB 
for a long time is reasonable. Its ability to transmit across 
species (e.g., ferret badger to shrew) is, thus, worthy of 
further investigation.

Among the multiple substitutions in RABV-TWFB 
genome that distinguish it from other virus strains, several 
substitutions in G (i.e., N194Y, R196K, and G203E) might 
merit additional attention. It has been demonstrated that a 

single amino acid mutation, N194K, in the nonpathogenic 
RABV vaccine strain SAD B19 was solely responsible for 
its increased pathogenicity. The increased pathogenicity is 
caused by increased virus spread in vivo and faster internal-
ization of the virus into cells (36), both of which are con-
sistent with the notion that G plays a major role in RABV 
pathogenesis. When the amino acid N was exchanged with 
amino acid S at position 194 (N194S), the pathogenic phe-
notype was reversed (36,37). Faster internalization of the 
virus into cells after N194K substitution might suggest that 
this region has some role in host cell binding. Evidence is 
strong that the muscular form of the nicotinic acetylcho-
line receptor, the neuronal cell adhesion molecule, and the 
p75 neurotrophin receptor serve as receptor sites for RABV 
binding and/or facilitate its entry into host cells (38,39). 
The 3 above-mentioned substitutions in RABV-TWFB are 
located in the region (aa 189 and 214) proposed to be need-
ed for the binding of the G to the nicotinic acetylcholine 
receptor (28).

In our analysis of 113 G gene sequences from dog- 
associated RABV, no amino acid substitution was observed 
at the above-mentioned sites. In a total of 120 G gene se-
quences from bat-associated RABV (40), 8 N194T (6.7%), 
2 N194S (1.7%), and 36 R196K (30.0%) amino acid substi-
tutions were revealed with no amino acid change at G203. 
Taken together, the 3 aa substitutions (N194Y, R196K, and 
G203E) found in all 13 G gene sequences of RABV-TWFB 
are unique and worthy of further investigation.
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Prolonged outbreaks of multidrug-resistant Streptococ-
cus pneumoniae in health care facilities are uncommon. We 
found persistent transmission of a fluroquinolone-resistant 
S. pneumoniae clone during 2006–2011 in a post–acute 
care facility in Israel, despite mandatory vaccination and 
fluoroquinolone restriction. Capsular switch and multiple 
antimicrobial nonsusceptibility mutations occurred within 
this single clone. The persistent transmission of fluoroqui-
nolone-resistant S. pneumoniae during a 5-year period 
underscores the importance of long-term care facilities as 
potential reservoirs of multidrug-resistant streptococci.

Institutionalized persons, particularly those >65 years of 
age, are at high risk for pneumococcal infections (1–3). 

The rate of sporadic pneumococcal diseases for nursing 
home residents is almost 20 times higher than for elderly 
persons living in the community (1).

In September 2008 in Israel, after report of an inva-
sive pneumococcal disease caused by a fluoroquinolone-
resistant Streptococcus pneumoniae (FQRSP) strain in a 
patient who had been transferred from a post–acute care 
facility, an investigation led to discovery that this pheno-
type had been endemic in the facility for at least 2 years. In 
the index case-patient, an 81-year-old woman with demen-
tia, bilateral pneumonia and acute respiratory failure devel-
oped while she was in a post-acute care facility. Because 

her condition rapidly deteriorated, she was transferred to a 
tertiary acute care facility and died within 48 hours. Blood 
cultures recovered FQRSP. Because fluoroquinolone re-
sistance among S. pneumoniae strains is rare in Israel and 
was infrequently reported in previous pneumococcal out-
breaks worldwide (4,5), we conducted an investigation and 
attempted to implement measures to limit the spread of the 
resistant strains. Here we describe prolonged endemicity of 
a FQRSP clone in the post–acute care facility, its molecular 
epidemiology, and the effect of infection control measures 
implemented. The analysis and reporting were approved 
by the jurisdictional institutional review board of Sourasky 
Medical Center (Tel Aviv, Israel).

Methods

Setting
The facility is a 307-bed, post–acute care hospital (273 

adults, 34 children). Patients are grouped into the follow-
ing wards: adults and children on long-term mechanical 
ventilation, rehabilitation, and skilled nursing care. Median 
duration of hospitalization is 48 days in the rehabilitation 
wards, 152 days in the skilled nursing wards, and 313 days 
in the long-term mechanical ventilation wards.

Outbreak Investigation
In September 2008, after report of the patient with 

FQRSP bloodstream infection, we reviewed the clini-
cal microbiology database at Sourasky Medical Center 
from January 2006 onward. A clinical case was defined as 
FQNSP isolated from a clinical specimen from any source. 
Fifty-two clinical cases of FQRSP were identified, and 
an outbreak investigation was initiated. However, medi-
cal records were found only for 43 patients, and clinical  
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documentation of physical examination and clinical as-
sessment findings was sparse. We reviewed the medical 
records for clinical and epidemiologic data, including pa-
tients’ demographics, underlying diseases, and antimicro-
bial drug exposure, in the 3 months preceding the isolation.

Interventions
The first intervention, vaccination, began in November 

2008. Vaccination with 23-valent pneumococcal polysac-
charide vaccine (PPV23) was made mandatory for all pa-
tients >2 years of age who were admitted to the facility. In 
addition, all adult patients not previously vaccinated with 
PPV23 received 1 dose during November and December 
2008. Hospitalized and newly admitted unvaccinated chil-
dren <5 years of age received 1 dose of 7-valent pneumo-
coccal polysaccharide vaccine (PPV7). In addition, chil-
dren 2–4 years of age received 1 dose of PPV23.

The second intervention, fluoroquinolone restriction, 
was implemented from January 2010 through October 
2011 in all wards. Under the restriction policy, fluoroqui-
nolones were prescribed only after approval by a desig-
nated staff physician. Fluoroquinolones were not used for 
empirical therapy and were approved for definitive therapy 
only when other therapeutic options were unavailable.

Total fluoroquinolone use since January 2009 as re-
corded by the central pharmacy was aggregated for each 
ward into defined daily doses (DDDs) per 1,000 bed-days, 
as recommended by the World Health Organization (6). 
The study was divided into 3 periods: baseline period (Jan-
uary 2006–January 2009); phase 1: post–vaccination pe-
riod (February 2009–December 2009); and phase 2: fluoro-
quinolone-restriction period (January 2010–October 2011).

Point-Prevalence Surveillances
To determine the extent of FQNSP spread among pa-

tients and staff members, point-prevalence surveillance 
was conducted during the baseline period in January 
2009. A convenience sample of ≈10 patients from each of 
the 9 wards and 20 staff members from these wards were 
selected for screening. Oropharyngeal and nasopharyn-
geal swab samples were taken from all persons by using 
the Transwab Pernasal Amies Plain wire swabs (Medi-
cal Wire, Corsham, UK). Endotracheal aspirates were 
obtained by using a suction catheter introduced through 
tracheostomy tubes.

To evaluate the effects of vaccination and fluoroquino-
lone restriction on FQNSP, we conducted follow-up point-
prevalence surveillances during December 2009–January 
2010 and May–June 2011. In the second and third surveys 
we increased the sample size, screening all patients hospi-
talized in a convenience sample of 3 wards in addition to a 
sample of 10 patients from each of the other wards. These 
wards represented all types of wards in the facility.

Microbiological Methods

Pneumococcal Isolation, Identification,  
and Susceptibility Testing
Specimens were transported to the clinical labo-

ratory at Sourasky Medical Center. Specimens were 
streaked onto either tryptic soy agar with 5% sheep blood 
and gentamicin (5 mg/L) (first and second surveys) or 
Streptococcal Select Agar plates (Hy-labs, Rehovot, Is-
rael) (third survey) and incubated overnight at 37°C in 
5% CO2; the 2 methods were validated in our laborato-
ry. The selective plates were compared with tryptic soy 
agar–5% sheep blood and had similar ability to support 
the growth of S. pneumoniae (data not shown). Pneumo-
coccal identification and antimicrobial susceptibility test-
ing were performed with the VITEK-2 system by using 
the GP and AST-GP68 cards, respectively (bioMérieux, 
Marcy l’Etoile, France) according to Clinical and Labora-
tory Standards Institute guidelines (7). MICs of ofloxacin, 
levofloxacin, and moxifloxacin also were tested in repre-
sentative isolates by Etest (AB Biodisk, Solna, Sweden). 
Pneumococci were defined as resistant to ofloxacin if the 
ofloxacin MIC was >8 μg/mL (FQRSP). Fluoroquinolone 
intermediately resistant S. pneumoniae (FQISP) was de-
fined as MIC = 4 μg/mL. Penicillin-nonsusceptible strains 
were defined as those with penicillin MIC >2 μg/mL.

Clonal Analysis
Serogrouping and serotyping were performed by the 

quellung reaction using antiserum provided by Statens Se-
rum Institute (Copenhagen, Denmark) (8). We determined 
the genetic relatedness of S. pneumoniae strains by pulsed-
field gel electrophoresis (PFGE) analysis, as described 
(9). Selected isolates representing all PFGE clusters were 
characterized by multilocus sequence typing (MLST) as de-
scribed by Enright and Spratt (10). The sequences (alleles) at 
each locus were compared with those at the MLST website 
(www.mlst.net), and sequence types (STs) were assigned.

Mechanisms of Fluoroquinolone Resistance
Mutations in the quinolone resistance–determining 

regions (QRDR) of genes encoding subunits of topoisom-
erase IV and DNA gyrase were assessed. Representatives 
from each serotype in PFGE and resistance level were 
tested. Primers amplifying the QRDR (11) were designed 
for each of the 4 genes: parC primers, F-CAAAACAT-
GTCCCTGGAGGA and R-GCAGCATCTATGACCT-
CAGC; parE primers, F-TCAAGTCTGCCATTAC-
CAAGG and R-ACCCGCACCAATGGTATAAA; gyrA 
primers, F2-GACAAAGGAGATGAAGGCAAG and 
R2-GAAAATCTGGTCCAGGCAAG; gyrB primers, F-
GGGAAATAGCGAAGTGGTCA and R-GTACGAAT-
GTGGGCTCCAT. PCR on lysates with primers as above 
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using Hot Star Taq (QIAGEN, Hilden, Germany) was per-
formed as follows: 95°C for 15 min and 39 cycles of 94°C 
for 1 min, 56°C for 1 min, 72°C for 1 min, followed by an 
extension step of 72°C for 10 min, and the products were 
sequenced (HyLab, Rehovot, Israel). Sequences were ana-
lyzed by BLAST (http://blast.ncbi.nlm.nih.gov) against 1 
of the 2 identical sequenced pneumococcal strains in the 
database (NC_008533 Streptococcus pneumoniae D39  
and AE007317).

Statistical Analysis
The effect of the intervention was assessed during the 

3 periods: baseline period, phase 1 (February 2009–De-
cember 2009), and phase 2 (January 2010–October 2011). 
We assumed a lag time of 2–4 weeks for demonstrating 
vaccine efficacy and therefore defined the postvaccination 
period as beginning ≈1 month after vaccination. We used 
segmented Poisson regression analysis of interrupted time 
series to compare FQRSP incidence during the 3 periods. 
FQRSP incidence was measured as cases per 10,000 pa-
tient-days. A p value <0.05 was considered significant.

Results

Clinical Cases of FQRSP during the Baseline Period
Before November 2008, pneumococcal vaccine was 

not administered at admission to the facility. Only 40 (13%) 
of 310 patients had received pneumococcal vaccine before 
hospitalization. During January 2006–December 2008, S. 
pneumoniae was isolated from 66 patients. Of these, 52 
(79%) isolates were fluoroquinolone-resistant, 11 (17%) 
were fluoroquinolone-susceptible, and 3 (5%) were inter-
mediate. FQRSP was isolated predominantly from sputum 
(51 of 52 isolates). Most (45 [87%] of 52) FQRSP isolates 
were nonsusceptible to penicillin. Resistance to erythro-
mycin, tetracycline, and trimethoprim/sulfamethoxazole 
was found in 8%, 6%, and 13% of isolates, respectively. 
In contrast to the high FQRSP isolation rate in the facility, 
the same laboratory detected fluoroquinolone resistance in 
only 4 (2%) of 240 of pneumococcal isolates from sputum 
cultures from patients in a tertiary acute care facility during 
that period.

Medical records were available for 43 patients with 
FQRSP. Their median age was 59 years (range 20–94 
years). Twenty-nine (67%) patients were male. The median 
length of stay at the facility before FQRSP isolation was 
329 days (range 3 days–26 years). Antimicrobial drug use 
was high in this population: 51% of patients had received 
>1 antimicrobial agents in the 3 months preceding isola-
tion. Only 5 (12%) of the 43 patients received fluoroquino-
lones in the 3 months preceding isolation. Symptoms asso-
ciated with detection of FQRSP included fever (23 [53%] 
patients) and respiratory deterioration (27 [63%]).

Baseline Point-Prevalence Surveillance:  
Serotyping and Clonal Analysis

The baseline survey comprised 84 (93%) of the 90 eli-
gible patients and 20 (4%) of 525 health care workers. As-
ymptomatic colonization with S. pneumoniae was detected 
among 20 patients (16 [23%] of 69 adults; 4 [27%] of 15 
children) and 1 (5%) health care worker. Of the colonized 
patients, 12 (60%) had FQNSP. This represented 14% of the 
sampled patients: 10 (14%) of 69 adults, all with FQRSP; 
and 2 (13%) of 15 children, all with FQISP. The isolate from 
the health care worker was fluoroquinolone susceptible.

The FQRSP isolates belonged to 2 different serotypes 
and 3 different PFGE types (Figure 1). All belonged to a 
single ST (ST156). The 3 FQISP isolates from children be-
longed to serotype 19F. All belonged to a single clone that 
was different from the adult clone.

Mechanism of Resistance
We sequenced 7 isolates representing each PFGE type 

and resistance profile (Table 1, Appendix, wwwnc.cdc.
gov/EID/article/20/5/13-0142-T1.htm). Four isolates from 
adults (nos. 109, 182, 129, 116) had identical mutations 
previously reported in quinolone resistance: S81F in gyrA 
and S79Y in parC. In addition, we observed 3 silent muta-
tions in gyrB and 1 silent mutation in parC. The silent mu-
tation in parC was common to all isolates, including those 
from the 2 children and the fluoroquinolone-susceptible 
reference isolate. The 2 isolates from children (nos. 177, 
190) had mutations in parE; 1 silent mutation and an addi-
tional I460V mutation. Isolate no. 200, a susceptible refer-
ence, also had an I460V mutation. This mutation is not re-
ported to yield fluoroquinolone resistance. Isolate no. 177, 
which had a higher degree of resistance to ciprofloxacin 
and levofloxacin than did isolate no. 190, had 2 additional 
mutations, E474K and A326V.

Interventions
A total of 197 (83%) eligible patients received PPV23; 

the remaining 41 patients refused. Seventeen (93%) eligi-
ble patients received PCV7.

During 2009, the mean fluoroquinolone DDD in the 
facility was 36.1. After implementing fluoroquinolone re-
striction, the mean DDD decreased to 16.7 during 2010 but 
then increased again to 29.3 during 2011. Total antimicro-
bial drug use did not change during the entire follow up 
(DDD was 196, 182, and 208 during 2009, 2010, and 2011, 
respectively).

Effect of the Interventions
During the baseline period, the rate of new clini-

cal cases decreased (–0.1021) (Table 2, Figure 2). After 
implementation of mandatory vaccination, an additional 
decrease in incidence was observed (–0.4675). However, 
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after the restriction began on use of antimicrobial drugs, 
incidence again increased (0.5489).

In the second and third surveys, 154 (90%) of 172 and 
165 (97%) of 171 eligible patients were included, respec-
tively. The prevalence of FQRSP decreased from the initial 
survey to the second survey. Prevalence increased in the 
third survey (Table 3).

Discussion
The ability of S. pneumoniae to cause outbreaks in 

long-term care facilities has been reported (2,12,13). 
Most reports have described invasive infections over 
a few weeks that involved on average 10–20 patients 
(2,12). Also well documented is the ability of multiresis-
tance serotypes to spread internationally and to become 
predominant clones in multiple geographic areas (14–16). 
However, outbreaks of FQRSP have rarely been report-
ed (4,5). This study describes prolonged transmission 
of FQRSP in a post–acute care hospital during at least 
5 years despite implementation of mandatory vaccination 
and fluoroquinolone restriction. The prolonged endemic-
ity demonstrates the potential for FQRSP strains to persist 
within an institution for several years; undergo capsular 

switch; and in the process, acquire new resistance muta-
tions to multiple antimicrobial drugs.

Most health care–associated S. pneumoniae infections 
are reported from long-term care facilities, and residence 
in a long-term care facility is an independent risk factor 
(2,3,17,18). In the study reported here, despite the persis-
tence of FQRSP in the facility, we did not notice spread of 
FQRSP to other settings or health care facilities. During the 
5-year follow-up, no FQRSP outbreaks were reported to the 
National Center for Infection Control from elsewhere in the 
country, suggesting a high fitness cost of the fluoroquinolone 
resistance. Despite the prolonged presence of FQRSP clones 
in the facility, most colonization did not progress to invasive 
disease. Indeed, the dominant serotypes, 19F and 23F, are 
not typically associated with invasive disease in adults (19). 
However, reduced virulence as a result of antimicrobial re-
sistance cannot be ruled out. It was previously suggested that 
penicillin resistance is associated with decreased virulence 
(14,15,20). However, to the best of our knowledge, no clini-
cal evidence of reduced virulence in FQRSP is available.

Despite the recommendation for PPV23 administra-
tion to persons at high risk for pneumococcal pneumonia 
(21), longstanding controversy exists over its efficacy in 
preventing noninvasive disease (22). A recent randomized 
controlled study demonstrated PPV23 efficacy in prevent-
ing pneumococcal pneumonia and reducing associated 
death in nursing home residents (23). Although most suc-
cessful interventions in long-term care facilities included 
use of vaccinations (12,24,25), evidence is limited for  
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Figure 1. Serotyping and clonal analysis of the first point-prevalence survey of Streptococcus pneumoniae infection in a post–acute 
care facility, Israel, 2006–2011. FQ fluoroquinolone; ST, sequence type; FQISP, fluoroquinolone-intermediate S. pneumoniae; FQRSP 
fluoroquinolone-resistant S. pneumoniae.

Table 2. Trends in the incidence of fluoroquinolone-resistant 
Streptococcus pneumoniae in a post–acute care facility, Israel, 
2006–2011 
Period Trend coefficient (SE) p value 
Preintervention –0.1021 (0.0348) 0.0065 
First intervention –0.4675 (0.1969) 0.0208 
Second intervention 0.5489 (0.2071) 0.0102 
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effectiveness of PPV23 against pneumococcal pneumonia 
or nasopharyngeal colonization. Furthermore, PPV23 is 
not thought to reduce carriage and thus cannot be an effec-
tive tool to reduce transmission. Preliminary studies sug-
gest that pneumococcal conjugate vaccines induce higher 
levels of immunity among adults than does PPV23 (26). 
However, further studies are needed to assess whether 
pneumococcal conjugate vaccines will be more effective in 
pneumonia prevention among the elderly.

In a recent review, interventions implemented in 28 
cluster reports included vaccination, chemoprophylaxis, and 
infection control measures (27). Most studies have reported 
successful interventions. However, in most cases, outbreak 
duration and follow-up both were short (median 3 months). 
In the current study, after implementing mandatory vacci-
nation, we observed an initial decrease in the incidence of 
FQRSP. However, a decreasing trend was demonstrated 
even before the intervention. During the prolonged follow-
up, we noticed continuous spread of the resistant clones in 
the facility. Chemoprophylaxis was used in most reported 

interventions (27). However, this strategy might be associ-
ated with selection of new resistant strains or mechanisms. 
Specifically, FQRSP was detected in a long-term care facil-
ity, after a short chemoprophylaxis course with combination 
therapy (5). Furthermore, in the present outbreak, because of 
diversity of the antimicrobial resistance and multiresistance 
phenotypes, any chosen antimicrobial drug would have fur-
ther selected and promoted the already prevalent resistant 
strains, explaining its prolonged persistence. Restriction of 
fluoroquinolones did not result in a sustained decrease in the 
incidence of FQRSP. Prior fluoroquinolone treatment was 
not common in the study population reported here, but the 
overall use of antimicrobial drugs was not reduced in the 
studied facility even after the interventions began. We are 
assessing the effect of antimicrobial drug stewardship and 
improved compliance with standard precautions on the con-
trol of the spread of FQRSP in the facility.

The current FQRSP clone (ST156) comprised 2 dif-
ferent serotypes, which suggests that capsular switch oc-
curred somewhere after introduction of the clone to the  
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Figure 2. Clinical isolates of 
FQ-resistant Streptococcus 
pneumoniae in a post–acute 
care facility, Israel, 2006–
2011. FQ, fluoroquinolone.

Table 3. Results of 3 point-prevalence surveys about Streptococcus pneumoniae conducted among residents in a post–acute care 
facility, Israel, 2006–2011* 

Survey and 
age group, y 

No. patients 
screened 

FQRSP 

 

FQISP 

 

FQ-susceptible S. pneumoniae 

No. (%) 
Serotype  

(no. isolates) No. (%) 
Serotype  

(no. isolates) No. (%) 
Serotype  

(no. isolates) 
First          
 <18 15 0 –  2 (13) 15A (1), 19F (1)  2 (13) 19F (2) 
 >18 69 10 (15) 19F (6), 23F (4)  0 _  6 (8) 15A (1), 15B (2), 

23F(1), 6A (2) 
Second          
 <18 24 0 –  0 _  1 (4) 15A (1) 
 >18 130 12 (9) 23F (8), 19F (3); 

negative (1) 
 0 _  2 (1) 17F (1), 6A (1) 

Third          
 <18 25 0 –  2 (8) 17F (1), 19F (1)  4 (16) 15A (3), 17F (1) 
 >18 140 19 (13) 23F (12), 19F (7)  0 _  5 (3.6) 17F (4), negative (1) 
*FQRSP, fluoroquinolone-resistant S. pneumoniae; FQISP, fluoroquinolone intermediate S. pneumoniae; FQ, fluoroquinolone; –, no isolates. 
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facility. The capacity of pneumococci for transformation of 
capsular type has been described in several studies (28,29), 
but in the current study, the location of the event can be 
assumed with a high degree of certainty. Capsular switch 
events have been defined as 2 isolates identified by MLST 
as being closely related but expressing different serotypes. 
Acquisition of a new capsule may have provided an advan-
tage against the host immune system.

During the past few years, FQRSP has been reported 
from several countries, although the prevalence remains 
low (16,30,31). Fluoroquinolone nonsusceptibility among 
pneumococci results mainly from point mutations in the 
QRDR topoisomerase genes (32). In the current study, 
identical mutations were found in different serotypes 
among the strains in adults. This finding suggests that the 
mutation occurred before capsular switch. Different muta-
tions occurred among the children’s strains and were asso-
ciated with intermediate resistance. The difference between 
children and adults might be due to low rates of fluoroquin-
lone use among children and the relative separation of the 
children from adults in the family.

Our study has several limitations. First, because 
microbiological data were not available before January 
2006, we cannot determine when the resistant clone was 
introduced into the facility. Second, clinical isolates for 
2006–2008 were not available for analysis. Therefore, 
we performed molecular characterization only for strains 
found in the point-prevalence survey. Consequently, we 
cannot determine the dynamics of resistance development 
in the facility. Third, we conducted point-prevalence sur-
veys among a sample of hospitalized patients and not 
among all hospitalized patients. Because we used a con-
venience sample, selection bias, although unlikely, cannot 
be categorically excluded. We assessed the effect of both 
vaccination and fluoroquinolone restriction. However, 
because the second phase comprised 2 ongoing interven-
tions, we cannot assess separately the effect of each inter-
vention. Finally, we did not conduct a case–control study 
and therefore risk factors for FQRSP acquisition cannot 
be assessed.

The persistent transmission of FQRSP during a 5-year 
period underscores the importance of long-term care fa-
cilities as potential reservoir of multidrug resistant particu-
larly FQRSP. Further work is needed to identify optimal 
strategies to prevent the emergence and spread of resistant 
pneumococcal strains in long-term care facilities, including 
potential use of pneumococcal conjugate vaccines, antimi-
crobial stewardship, and infection control interventions to 
interrupt transmission.

Dr Ben-David is a hospital epidemiologist at the National 
Center for Infection Control in Israel. Her research emphasis is 
multidrug-resistant pathogens.
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During 2010, outbreaks of serogroup C meningococcal  
(MenC) disease occurred in 2 oil refineries in São Paulo 
State, Brazil, leading to mass vaccination of employees at 1 
refinery with a meningococcal polysaccharide A/C vaccine. 
A cross-sectional study was conducted to assess the preva-
lence of meningococci carriage among workers at both refin-
eries and to investigate the effect of vaccination on and the 
risk factors for pharyngeal carriage of meningococci. Among 
the vaccinated and nonvaccinated workers, rates of over-
all meningococci carriage (21.4% and 21.6%, respectively) 
and of MenC carriage (6.3% and 4.9%, respectively) were 
similar. However, a MenC strain belonging to the sequence 
type103 complex predominated and was responsible for the 
increased incidence of meningococcal disease in Brazil. A 
low education level was associated with higher risk of me-
ningococci carriage. Polysaccharide vaccination did not af-
fect carriage or interrupt transmission of the epidemic strain. 
These findings will help inform future vaccination strategies. 

In Brazil, meningococcal disease is endemic; 1.5–2.0 cas-
es per 100,000 inhabitants were reported during 2000–

2009. Since 2002, a substantial increase has been observed 
in the proportion of cases attributed to meningococcus se-
rogroup C (MenC) that is associated with the sequence type 
(ST) 103 complex, and MenC is currently responsible for 
most cases of meningococcal disease in Brazil (1–3).

Several outbreaks of MenC disease have been report-
ed in Brazil in recent years (2,4–6). To control these out-
breaks, chemoprophylaxis is administered to contacts of in-
fected persons, and vaccination is often recommended for 
persons in age groups at higher risk for infection. In these 
reactive vaccination campaigns, meningococcal C conju-
gate (MCC) vaccine use is restricted to children <2 years 
of age because of cost and supply issues; meningococcal 
A/C polysaccharide vaccine is recommended for persons 
>2 years of age (1–3).

Published data describing meningococci carriage in 
Brazil are limited. Few studies have been conducted that 
assess 1) the role of carriage prevalence in the dynamics 
of carriage and disease or 2) the potential effect of con-
trol programs, such as vaccination, on the transmission of 
meningococci. Thus, we conducted a cross-sectional study 
with the primary objective of assessing the prevalence of 
meningococcal carriage among workers at 2 oil refineries 
in São Paulo State, Brazil, where outbreaks of MenC dis-
ease occurred in 2010. We also investigated the effect of 
meningococcal A/C polysaccharide vaccination and risk 
factors on pharyngeal carriage of meningococci.

Methods
During March 29–June 30, 2010, an outbreak of MenC 

disease, associated with the ST103 complex, occurred in an 
oil refinery (Refinery A) with 17,590 workers in São Paulo 
State, Brazil. A total of 18 cases and 3 deaths (case-fatality 
rate 16.7%) were associated with the outbreak. Six of the 
cases and 2 deaths involved Refinery A workers, and 12 of 
the cases and 1 death involved contacts (family members) 
of the refinery workers. The case-patients were residents 
of Cosmópolis, a municipality with 59,000 inhabitants lo-
cated near Refinery A.
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Serogroup C Meningococcal Disease, Brazil

On March 29, health authorities were notified of the 
first 3 case-patients (2 adult workers at Refinery A and an 
8-month-old child whose father worked at Refinery A). An 
investigation was initiated, and chemoprophylaxis with ri-
fampin was recommended for all close contacts of the 3 
index case-patients. During the following 2 weeks, 5 new 
cases of MenC disease were identified (3 in Refinery A 
workers and 2 in children who were relatives of Refinery 
A workers). With these new cases, the incidence of me-
ningococcal disease reached 34.1 cases/100,000 persons at 
Refinery A. Meningococcal A/C polysaccharide vaccina-
tion was recommended for all 17,590 workers at Refinery 
A. Vaccination began on April 16, and 1 week later, 91% 
coverage of workers at Refinery A was achieved. However, 
despite the vaccination program, 10 new cases of MenC 
disease occurred: 9 cases were in family contacts and 1 
case was in a Refinery A worker who had received vaccine 
1 day before symptom onset.

The incidence of MenC disease in Cosmópolis sub-
sequently reached 20.2 cases/100,000 persons. Cases oc-
curred in relatives (8 months to 16 years of age) of Refinery 
A workers, prompting a mass vaccination of 18,571 inhab-
itants of Cosmópolis who were 2 months to 19 years of age. 
Vaccination began on June 30, and 90.5% coverage was 
achieved 1 week later. Infants and toddlers received MCC 
vaccine, and persons 2–19 years of age received meningo-
coccal A/C polysaccharide vaccine. In the months follow-
ing the vaccination campaign, no more MenC cases were 
reported, and the outbreak was considered controlled.

The second outbreak of MenC disease occurred in a 
refinery with 16,000 workers (Refinery B) in São José dos 
Campos, a city with 610,095 inhabitants in São Paulo State. 
On July 10, 2010, a worker at Refinery B was reported to 
have MenC disease, and on July 18, a second worker was 
reported to be infected. An investigation identified 10 other 
reported cases in São José dos Campos during April–July, 
2010; the 10 cases were in children <4 years of age who 
were household contacts of Refinery B workers. Of the 12 
identified case-patients, 6 died. As in Cosmópolis, these 
initial cases were considered the index cases. In Refinery 
B, the incidence of meningococcal disease reached 12.5 
cases/100,000 persons, and a decision was made to provide 
chemoprophylaxis, but not vaccine, to all close contacts of 
index case-patients. On August 8, 1 new case of meningo-
coccal disease was reported in a family contact of a Refin-
ery B worker; no further cases were reported in 2010.

Beginning in December 2010, we conducted a cross-
sectional study of 483 workers (18–39 years of age) from 
Refinery A, where mass vaccination had been recommend-
ed, and Refinery B, where mass vaccination had not been 
advised. All study participants gave informed consent. A 
questionnaire was used to obtain information regarding age, 
sex, recent respiratory tract infections, active and passive 

smoking, alcohol consumption, recent antimicrobial drug 
use, length of employment at the refinery, number of house-
hold members living in the same room, level of education, 
and meningococcal A/C polysaccharide vaccination status.

Specimen Collection
During the first 2 weeks of December, 2010, we ob-

tained oropharyngeal swab samples from 483 refinery 
workers (238 vaccinated workers from Refinery A and 
245 nonvaccinated workers from Refinery B). The sam-
ples were immediately put into transport medium (7) and, 
within 4–5 h, sent to the Adolfo Lutz Institute (São Paulo, 
Brazil), the National Reference Laboratory for Bacterial 
Meningitis, where they were stored until use. The stored 
oropharyngeal swabs were plated onto selective medium, 
and after 24–48 h of incubation at 37°C (±2°) in 5% CO2, 
the samples were inspected. Samples with meningococcus-
like colonies were subcultured on blood agar medium for 
species identification. Isolates identified as Neisseria men-
ingitidis were serogrouped by using an agglutination test. 
Antisera were obtained for serogroups A, B, C, E, W, X, 
Y, and Z (8,9).

DNA Extraction and Real-Time PCR
DNA from each sample was extracted and purified 

by using the QIAamp DNA MiniKit (QIAGEN, Alameda, 
CA, USA) or a similar testing kit according to the manu-
facturer’s instructions. Primers and fluorescent probes were 
used for the detection of N. meningitidis ctrA (10) and sodC 
genes by real-time PCR (11). Samples positive for N. men-
ingitidis were genotyped by using primers and fluorescent 
probes for N. meningitidis serogroups A, B, C, W, and X.

Serotyping and Multilocus Sequence Typing
Serotyping for all N. meningitidis isolates was per-

formed by dot blot analysis, using whole-cell suspen-
sions as described (12). Multilocus sequence typing was 
performed according to the methods of Maiden et al. (13). 
Primers, determination of sequence alleles, and designa-
tion of sequence types are described on the Neisseria Multi 
Locus Sequence Typing website (http://neisseria.org/nm/
typing/mlst).

Statistical Analyses
Using an estimate that the prevalence of meningococci 

carriage among adults would be ≈18% (±5%), we calculat-
ed that ≈225 study participants from each refinery would be 
needed to analyze all variables. Demographic data for all 
participants and typing results of N. meningitidis isolates 
were entered into an EpiInfo database (wwwn.cdc.gov/
epiinfo/) and compared by using the 2-sided Fisher exact 
test. Assessment of risk factors was performed using Fisher 
exact test.
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Results
Of the 483 oropharyngeal samples tested, 104 (21.5%; 

95% CI 18.0%–25.5%) were positive for meningococci. 
Carriage rates were similar among workers from both re-
fineries (21.4% vs. 21.6%). Of the 104 positive samples, 95 
were detected by culture and real-time PCR, 1 was detected 
by culture only, and 8 were detected by real-time PCR only.

The serogroup and genogoup could be determined for 
56 of the 104 meningococci-positive samples: 27 (48.2%) 
were serogroup C, 9 (16.1%) serogroup B, 8 (14.3%) sero-
group E, 7 (12.5%) serogroup Y, and 5 (8.9%) serogroup 
W. The serogroup could not be determined for 48 (46.1%) 
isolates. The difference in MenC carriage rates among 
workers at the 2 refineries was not significant: 6.3% at Re-
finery A and 4.9% at Refinery B (p = 0.48) (Table 1).

Serotyping and Multilocus Sequence Typing
A total of 38 different serotype–serosubtype antigen 

combinations were identified among the 96 N. meningitidis 
isolates. Among MenC isolates, phenotype C:23:P.14–6 
was the most prevalent (10/13 [77%]). Eleven different STs 
were found among 27 isolates characterized by multilocus 
sequence typing. The 11 STs were grouped into 6 different 
clonal complexes: ST103 complex (n = 7), ST11 complex 
(n = 5), ST213 complex (n = 1), ST32 complex (n = 3), 
ST41/44/Lineage 3 (n = 1), ST461 (n = 1). The most preva-
lent clonal complex, ST103 complex, was represented by 
ST3780 (n = 6) (Table 2).

We did not find an increased risk of meningococci car-
riage associated with any of the potential risk factors stud-
ied, except low level of education. A low education level 
(i.e., not completing secondary education) was significantly 
associated with a higher risk for carriage of meningococci, 
regardless of serogroup identification (Table 3).

Conclusions
Most published studies report a consistently low 

rate (usually <1%) of MenC carriage during outbreaks of 
MenC disease (14–16). However, after outbreaks at 2 oil 
refineries in São Paulo State, Brazil, we found high rates 

(6.3% and 4.9%, respectively) of MenC carriage among 
refinery workers.

Mass vaccination with a meningococcal A/C polysac-
charide vaccine was conducted at Refinery A, and high cov-
erage (91%) was achieved among workers. This interven-
tion controlled the MenC outbreak in the refinery; only 1 
new case occurred after the vaccination campaign, but that 
case cannot be considered the result of a vaccine failure 
because it occurred <14 days after the refinery worker was 
vaccinated. These findings likely indicate that the work-
ers received direct protection against MenC from vaccine. 
However, after the vaccination campaign, 9 new cases of 
MenC infection occurred in children who were household 
contacts of vaccinated workers, without any known contact 
among them.

The prevalence of MenC carriage was high among 
workers at both refineries, even though 91% of Refinery A 
workers had received meningococcal A/C polysaccharide 
vaccine 6 months before our study began. More striking, 
carriage rates among vaccinated and nonvaccinated work-
ers were similar. These findings suggest that meningococ-
cal A/C polysaccharide vaccine had no effect on MenC 
carriage. Most of the studies conducted among nonmilitary 
populations demonstrated that these vaccines cannot signif-
icantly reduce meningococcal carriage (17–20). The short-
term persistence of circulating antibodies and the quality 
of the immune response induced after vaccination with a 
polysaccharide vaccine may partly explain why these vac-
cines have no effect on carriage (20–24).

In contrast to polysaccharide vaccines, conjugate 
vaccines lead to the production of very high antibody 
concentrations, even in infants, and induce immunologic 
memory with higher antibody avidity and increased se-
rum bactericidal activity, thus providing more robust 
long-term protection. In addition, conjugate vaccines also 
prevent the acquisition of carriage among vaccinees and, 
by interrupting transmission, provide indirect protection 
to unvaccinated, susceptible persons; this herd immunity 
proved key to the success of MCC vaccination programs 
in various countries (25–27).
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Table 1. Pharyngeal carriage of Neisseria meningitidis among vaccinated and nonvaccinated workers at 2 oil refineries, São Paulo, 
Brazil, 2010* 

N. meningitidis serogroup 
No. (%) workers 

p value‡ Refinery A* Refinery B† Total 
All 51 (21.4) 53 (21.6) 104 (21.5) 1.00 
C 15 (6.3) 12 (4.9) 27 (5.6) 0.64 
B 4 (1.6) 5 (2.0) 9 (1.9) 1.00 
W 4 (1.6) 1 (0.4) 5 (1.0) 0.35 
Y 5 (2.1) 2 (0.8) 7 (1.4) 0.43 
E 3 (1.2) 5 (2.0) 8 (1.7) 0.76 
Nongroupable 20 (8.4) 28 (11.4) 48 (9.9) 0.34 
Negative 187 (78.6) 192 (78.4) 379 (78.5)  
Total 238 (100.0) 245 (100.0) 483 (100.0)  
*Vaccinated workers. 
†Unvaccinated workers. 
‡By Fisher exact test. 
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The characterization of the N. meningitidis strains iso-
lated from the patients (workers and family contacts) during 
the outbreak in Refinery A has been described (28). The char-
acterization showed that all MenC isolates were genetically 
related and displayed the same phenotype, C:23:P1.14–6, 
associated with ST3780 of the ST103 complex. The char-
acterization of the 13 MenC carriage strains recovered 
from workers at both refineries in our study showed that 
most (10/13) displayed the C:23:P1.14–6 phenotype. These 

strains displayed 2 STs: ST3780, which belongs to ST103 
complex, and ST8730, assigned without clonal complex. 
In Brazil, the increase in MenC disease during the last de-
cade has been associated with the emergence of this virulent 
clone belonging to the ST103 complex (2,29). The ability of 
MCC vaccines to effect carriage of strains from the ST103 
complex has yet to be shown. The recent introduction of 
MCC vaccine in the routine immunization program in Brazil 
will provide this opportunity, highlighting the importance of 
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Table 2. Phenotypic and genotypic characteristics of Neisseria meningitidis strains isolated from nasopharyngeal samples of workers 
at 2 oil refineries, São Paulo, Brazil, 2010* 
Refinery, N. meningitidis 
serogroup, worker’s age, y Serotype:serosubtype ST Clonal complex 
A    
 B    
  20 4,7:NST 9858  
  29 19,1:P1.14 6481 ST213 complex 
  19 17:P1.5 8035 ST41/44 complex/Lineage 3 
 C    
  26 23:P1.14–6 3780 ST103 complex 
  28 23:P1.14–6 8730 NA 
  21 23:P1.14–6 8730 NA 
  22 23:P1.14–6 8730 NA 
  20 23:P1.14–6 8730 NA 
 W    
  21 2b:P1.2 11 ST11 complex/ET-37 complex 
  27 2b:P1.5,2 11 ST11 complex/ET-37 complex 
  24 2b:P1.5,2 11 ST11 complex/ET-37 complex 
 Y    
  23 2a:P1.5,2 11 ST11 complex/ET-37 complex 
  26 17,7:P1.5 6525 NA 
  22 17,7:P1.5 6525 NA 
B    
 B    
  26 19,1:NST 1869 ST461 complex 
  19 4,7:P1.19,15 7594 ST32 complex/ET-5 complex 
  28 4,7:P1.19,15 7594 ST32 complex/ET-5 complex 
 C    
  25 23:P1.14–6 3780 ST103 complex 
  21 23:P1.14–6 3780 ST103 complex 
  25 23:NST 3780 ST103 complex 
  28 23:P1.5 3779 ST103 complex 
  23 4,7:P1.19,15 3773 ST32 complex/ET-5 complex 
  28 23:P1.14–6 3780 ST103 complex 
  25 23:P1.14–6 8730 NA 
  23 23:P1.14–6 3780 ST103 complex 
 W    
  26 2b:P1.2 11 ST11 complex/ET-37 complex 
 Y    
  19 19,7:P1.5 6525 NA 
*NST, not serosubtypeable; ST, sequence type; NA, assigned without clonal complex. 

 

Table 3. Risk factors for pharyngeal carriage of Neisseria meningitidis among workers at 2 oil refineries, São Paulo, Brazil, 2010 

Variable 

All N. meningitidis strains  Serogrouped N. meningitidis strains 
% Workers 
exposed 

% Workers not 
exposed p value* 

 % Workers 
exposed 

% Workers not 
exposed p value* 

Antimicrobial drug use† 12.9 22.1 0.16  3.2 12.0 0.11 
Crowded living conditions 17.4 22.9 0.14  9.9 12.3 0.35 
Active smoking 23.2 21.2 0.41  11.6 11.6 0.58 
Respiratory symptoms† 24.2 20.9 0.26  10.1 11.9 0.44 
Low level of education‡ 32.9 19.2 0.01  17.0 10.6 0.07 
*By Fisher exact test. 
†In the 15 d before the collection of the nasopharyngeal sample. 
‡Defined as not completing secondary education. 
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carefully designed studies to measure the effect of the vac-
cine on carriage and transmission.

Meningococcal carriage was not associated with any 
of the risk factors evaluated in our study, except the level 
of education, which was inversely related to the preva-
lence of carriage. The higher percentage of MenC carriers 
among study participants with a lower level of education 
presumably reflects associated socioeconomic conditions 
and social behaviors. Less-educated workers in oil refin-
ery settings are also more likely to perform activities that 
require the use of ear devices as protection from the loud 
environment. The wearing of such devices forces workers 
to stay very close to each other to facilitate conversation 
among them, and such close working situations also facili-
tate transmission of meningococci.

Although the relationship between meningococci car-
riage prevalence and disease incidence is not fully under-
stood, the evidence gathered during this study showed a 
dominance of the C:23:P1.14–6 phenotype strain among 
workers from both refineries, reinforcing the concept that 
the dominance of a particular strain is an important marker 
of epidemic conditions (30,31). Also, in accordance with 
previous findings from other studies, we observed that 
polysaccharide vaccination had no effect on carriage and 
did not interrupt transmission to susceptible contacts (4,24). 
These results represent a challenge to the current policy 
of using the meningococcal polysaccharide A/C vaccine 
to control outbreaks of MenC disease, and they have key 
implications for future vaccination strategies. Our findings 
emphasize the need to review such policies and to consider 
using MCC vaccines rather than meningococcal polysac-
charide A/C vaccines to control MenC disease outbreaks.
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To describe factors associated with multidrug-resistant 
(MDR), including extensively-drug-resistant (XDR), tuber-
culosis (TB) in the United States, we abstracted inpatient, 
laboratory, and public health clinic records of a sample of 
MDR TB patients reported to the Centers for Disease Con-
trol and Prevention from California, New York City, and 
Texas during 2005–2007. At initial diagnosis, MDR TB was 
detected in 94% of 130 MDR TB patients and XDR TB in 
80% of 5 XDR TB patients. Mutually exclusive resistance 
was 4% XDR, 17% pre-XDR, 24% total first-line resistance, 
43% isoniazid/rifampin/rifabutin-plus-other resistance, and 
13% isoniazid/rifampin/rifabutin-only resistance. Nearly 
three-quarters of patients were hospitalized, 78% complet-
ed treatment, and 9% died during treatment. Direct costs, 
mostly covered by the public sector, averaged $134,000 per 
MDR TB and $430,000 per XDR TB patient; in comparison, 
estimated cost per non-MDR TB patient is $17,000. Drug 
resistance was extensive, care was complex, treatment 
completion rates were high, and treatment was expensive.

Drug-resistant Mycobacterium tuberculosis poses sub-
stantial obstacles to tuberculosis (TB) control. In the 

United States, multidrug-resistant (MDR) TB (resistant to 
at least isoniazid and rifampin) comprises only 1.0%–1.5% 
of TB cases but requires lengthy regimens of toxic drugs, 
imposes high costs on the health care system and society, 
and causes high mortality rates.

Studies of MDR TB in the United States have been 
limited by small sample sizes, limited study periods, mini-
mal information on outcomes and costs, or reliance solely 
on surveillance data (1–6), which omit some cases of ac-
quired drug resistance and changes in regimens. Costs of 
treating MDR TB are not routinely collected or reported.

Our study describes and analyzes characteristics as-
sociated with drug resistance, timely diagnosis, treatment 
practices, outcomes, and costs associated with MDR TB 
for cases reported to the Centers for Disease Control and 
Prevention (CDC) by California, New York, and Texas 
during 2005–2007. These 3 areas contribute about half of 
US MDR TB cases annually.

Methods
CDC and local institutional review boards approved the 

study and granted a waiver of patient informed consent and 
patient authorization. We defined a 5-drug regimen (online 
Technical Appendix, wwwnc.cdc.gov/EID/article/20/5/13-
1037-Techapp1.pdf) to be consistent with US and World 
Health Organization recommendations (7,8). All study def-
initions are in the online Technical Appendix.

Each site identified cases of MDR TB and exten-
sively drug-resistant (XDR) TB reported to CDC during  
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Outcomes, and Costs of  

Multidrug-Resistant and Extensively 
Drug-Resistant Tuberculosis,  

United States, 2005–2007
Suzanne M. Marks, Jennifer Flood, Barbara Seaworth, Yael Hirsch-Moverman, Lori Armstrong, 

Sundari Mase, Katya Salcedo, Peter Oh, Edward A. Graviss, Paul W. Colson, Lisa Armitige,  
Manuel Revuelta, Kathryn Sheeran, and the TB Epidemiologic Studies Consortium

RESEARCH

812 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 5, May 2014

Author Affiliations: Centers for Disease Control and Prevention,  
Atlanta, Georgia, USA (S.M. Marks, L. Armstrong, S. Mase, TB  
Epidemiologic Studies Consortium); California Department of  
Public Health, Richmond, California, USA (J. Flood, K. Salcedo,  
P. Oh); Texas Department of State Health Services, Tyler, Texas, USA   
(B. Seaworth, L. Armitige, K. Sheeran); University of Texas Health 
Science Center, Tyler (B. Seaworth, L. Armitige, K. Sheeran);  
ICAP/Columbia University, New York, New York, USA (Y. Hirsch-
Moverman, P.W. Colson, M. Revuelta); and Methodist Hospital  
Research Institute, Houston, Texas, USA (E.A. Graviss)

DOI: http://dx.doi.org/10.3201/eid2005.131037



MDR and XDR TB, United States

2005–2007. The study included all XDR TB cases and a 
75% simple random sample of MDR TB cases from Cali-
fornia and New York (New York City), and a 50% sample 
from Texas. Using standardized forms, we abstracted hos-
pital, laboratory, and public health clinic records retrospec-
tively for patient demographic, socioeconomic, and clinical 
characteristics and for treatment, case management, out-
comes, and costs. Total charges for each TB-associated hos-
pitalization were abstracted from hospital UB-04 forms. To 
ascertain sputum-culture conversion and drug resistance, 
we examined all available culture and drug-susceptibility 
testing (DST) results from diagnosis through treatment.

To assess representativeness, we compared our sample 
with National TB Surveillance System data from all US 
sites. We identified characteristics among MDR TB patients 
associated with the following 3 dichotomous outcomes: drug 
resistance acquisition, expert consultation use, and death 
during TB treatment. Multivariable logistic regression was 
used with backward selection at p<0.05 to identify variables 
remaining in final models (SAS version 9.2/9.3; SAS Insti-
tute, Cary, NC, USA). Adjusted odds ratios (AORs) signifi-
cant at 95% CIs and Schwarz Criterion statistics are reported 
for goodness-of-fit. Variables included in initial models were 
patient demographics (gender, age group, race/ethnicity, 
foreign birth), socioeconomic factors (homelessness, unem-
ployment, illicit substance use, excess alcohol use, smoking), 
medical risks (HIV infection, diabetes), TB history, disease 
severity (acid-fast bacilli [AFB]–smear positivity, cavita-
tion, dissemination), drug-resistance pattern, receipt of TB 
clinic outpatient care, and additional relevant characteristics 
(for acquired resistance: receipt of >4 effective medications; 
for expert consultation: incarceration in a correctional insti-
tution, long-term-care facility residence, pregnancy, death 
during treatment, number of adverse events, private outpa-
tient insurance; for death during treatment: pregnancy, incar-
ceration in a correctional institution).

Inpatient costs were measured; outpatient costs and 
productivity losses were estimated (online Technical Ap-
pendix). Hospital charges were converted to costs by us-
ing hospital-specific operating cost-to-charge ratios (9). 
All costs were converted to 2010 US dollars (10) and 
were adjusted for cost of living (1.13 for California, 1.08 
for New York City, and 0.94 for Texas) (11) to facilitate 
aggregation. For 17 patients for whom hospital charges 
data were missing, we multiplied hospitalization duration 
by average cost per day for patients for whom data were 
available ($1,419).

Study total direct costs were compared with estimated 
direct costs for cases of non-MDR TB (online Technical 
Appendix). We report SEMs to display cost variability.

For productivity losses from hospitalization, we ap-
plied an updated 2010 dollar value of work-plus-home 
production of $224/day for employed patients and $40/day 

for home-only production of unemployed patients (12). For 
TB-related deaths, we estimated the value of remaining 
lifetime productivity, updated to 2010 dollars, based on the 
age at death (12). For patients experiencing adverse events 
during treatment, we calculated a disability adjustment per 
patient (100%, 83%, 67%, 50%, 33%, 17%, 0%). We es-
timated direct and productivity-loss costs and examined 
associated characteristics by using multivariable linear re-
gression with backward selection. Adjusted R2 statistics are 
reported to show goodness-of-model-fit.

Results
The sample consisted of 135 patients (130 with MDR 

TB and 5 with XDRTB), representing 36% (130/364) of 
MDR TB and 56% (5/9) of XDR TB cases reported in the 
United States during 2005–2007. Among these patients, 
87% were foreign born and 36% had prior TB disease (Ta-
bles 1–3). Among patients for whom information about con-
current medical conditions was available, 24 (20%) of 121 
had diabetes and 14 (12%) of 116 had HIV infection. The 
study population resembled all US MDR TB patients; how-
ever, fewer study participants were White or unemployed, 
and more used noninjection drugs, had prior TB, or had 
AFB-positive smear specimens. Similar to all foreign-born 
TB patients in the United States, most foreign-born MDR 
TB study participants arrived from Mexico, the Philippines, 
India, and Vietnam. Of the 135 patients, 7% were homeless 
before diagnosis (6 patients) or during treatment (3 patients). 
Case management to obtain housing during treatment was 
needed by 23 (17%) patients; 38 (28%) patients had been 
unemployed before diagnosis, and of the 97 remaining pa-
tients, 27% stopped work because of MDR TB.

Of the 135 patients, disease was pulmonary for 85%, 
extrapulmonary only for 6%, and disseminated for 9%. Of 
127 patients with pulmonary or disseminated disease, 69 
(54%) had extensive disease. Of 8 patients with extrapul-
monary-only disease, 2 (25%) had extensive disease. Of 
134 patients alive at diagnosis, 77% (103) had at least 1 
AFB-smear–positive specimen, 72% from sputum.

Drug Resistance
At various times during treatment, M. tuberculosis 

isolates were tested for susceptibility (median 14 medica-
tions, range 4–19) and were resistant to several (median 
5 medications, range 2–16) at any time during treatment. 
The following mutually exclusive resistance patterns were 
identified: 4% XDR, 17% pre-XDR, 24% total first-line re-
sistance, 43% isoniazid/rifampin/rifabutin-plus-other resis-
tance, and 13% isoniazid/rifampin/rifabutin-only resistance 
(Figure 1). Initial M. tuberculosis isolates obtained within 
30 days of treatment initiation revealed isoniazid/rifampin 
resistance among 122 (94%) of the 130 MDR TB patients 
and XDR among 4 (80%) of the 5 XDR TB patients. DST 
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was conducted for first-line drugs during the first month of 
treatment, for second-line drugs during the second month 
of treatment, for linezolid during the fourth month, and for 
clofazimine during the seventh month.

Among 128 patients for whom DST was conducted 
multiple times on separate dates, acquired resistance to an 
anti-TB medication during treatment was detected for 27 
(21%).  According to multivariable analysis, acquisition 
of drug resistance during treatment was more likely for 
patients who were recently homeless (AOR 5.8, 95% CI 
1.2–28.9), who had pre-XDR or XDR TB (AOR 5.1, 95% 
CI 1.9–14.2), or who were Black (AOR 4.1, 95% CI 1.1–
15.4) (Table 4). Acquisition of resistance to isoniazid or ri-
fampin, resulting in MDR TB, occurred for 6% of patients, 
to fluoroquinolones for 3%, and to injectable drugs for 4%. 
Other medications to which resistance was acquired were 
ethambutol (10% of patients), pyrazinamide (6%), strepto-
mycin (5%), ethionamide (5%), rifabutin (2%), cycloserine 
(1%), and clofazimine (1%). For 1 patient, fluoroquinolone 
resistance was acquired, resulting in XDR TB.

Time to Diagnosis
For 74 patients who had TB symptoms before diagno-

sis, a median of 1.6 months elapsed from symptom onset to 
initial TB diagnosis. Of 134 patients alive at diagnosis, 123 
(92%) started receiving >2 second- or third-line medica-
tions a median of 2.4 months after initial TB diagnosis. The 
median duration of infectiousness was 10 months.

Treatment Practices
Among 105 patients who completed treatment, treat-

ment duration varied. Median durations were 32.3 months 
(interquartile range [IQR] 30.6–37.8) for those with XDR, 

25.1 months (IQR 23.6–29.2) for those with pre-XDR, 25.7 
months (IQR 22.4–26.9) for those with total-first-line–re-
sistant, 24.1 months (IQR 20.1–27.0) for those with iso-
niazid/rifampin/rifabutin-plus–resistant, and 20.0 months 
(IQR 19.4–24.5) for those with isoniazid/rifampin/rifabu-
tin-only–resistant TB.

Providers changed medications for 134 patients alive 
at diagnosis a median of 7 times during treatment; 33% of 
988 medication changes were because of adverse events 
and 10% because of DST results. Of 134 patients, 34% 
received a 5-drug regimen before sputum-culture conver-
sion, and 61% ultimately received a 5-drug regimen. Of 
the 134 patients, 81% received an effective (i.e., medica-
tion to which their isolate was never resistant) injectable 
medication and 86% received an effective fluoroquinolone 
medication during treatment. Of 123 patients who received 
outpatient care, 90% received >80% of outpatient medica-
tion doses by directly observed therapy (DOT).

Most study patients were hospitalized for TB, often sev-
eral times; 73% (98) were hospitalized at least 1 time and 
29% were hospitalized >2 times (range 2–6). Detailed data 
were available for 83% of inpatients. Among multiple pos-
sible reasons, severe worsening of TB disease was the reason 
for 50% of hospitalizations, followed by the need to initiate 
or change treatment (40%), implement respiratory isolation 
(21%), manage adverse events (7%), manage concurrent 
conditions (3%), and perform surgery (1%). One patient had 
undergone TB-related lung lobectomy. Four XDR TB pa-
tients were hospitalized for a median of 282 days (range 14–
850) and non-XDR patients for a median of 27 days (range 
1–759). Home isolation was prescribed for 37% of patients; 
a median of 102 days (range 4–337) for non-XDR TB pa-
tients and 257 days for the 1 XDR TB patient.
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Table 1. Demographic characteristics of study participants and all patients with MDR and/or XDR TB, United States, 2005–2007* 
Characteristic Study participants, no. (%), n = 135 All US MDR TB patients, no. (%), n = 370 
Sex   
 M 68 (50) 205 (55) 
 F 67 (50) 164 (44) 
Age, y   
 Median 38.2  
 0–14 1 (1) 13 (4) 
 15–24 24 (18) 64 (17) 
 25–44 62 (46) 171 (46) 
 45–64 40 (30) 91 (25) 
 >65 8 (6) 31 (8) 
Race/ethnicity   
 Hispanic 42 (31) 100 (27) 
 White† 4 (3) 31 (8) 
 Black 14 (10) 63 (17) 
 Asian 72 (53) 173 (47) 
 Other/unknown 3 (2) 3 (1) 
Geographic origin   
 Foreign born‡ 118 (87) 305 (82) 
 US born 17 (13) 64 (17) 
*Study patients were from California, New York City, and Texas. MDR, multiple-drug resistant; XDR, extensively drug resistant; TB, tuberculosis. 
†Statistically significant differences between percentages of study patients and all US MDR TB patients at p<0.05. 
‡For 110 participants, median no. years after first entry into United States = 3.5. 
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Of the 134 patients alive at diagnosis, 81% had docu-
mentation of physician consultation with an MDR TB ex-
pert during inpatient or outpatient care. Expert consulta-
tion was more likely for patients managed primarily by a 
TB clinic (AOR 5.7, 95% CI 1.9–16.8) and less likely for 
those with private insurance (AOR 0.2, 95% CI = 0.1–0.7) 
(Table 5). Overall, each patient received a median of 3 
expert consultations.

Of the 134 patients alive at diagnosis, ≈90% were 
assigned a case manager. Case management activities in-
cluded home visits (68%), social worker assistance (37%), 
transportation assistance (32%), incentives (25%), housing 
assistance (17%), and other activities including legal orders 
for DOT or isolation (9%–15%). Only 4% of patients re-
ceived none of these case management services. Interpreter 
use was documented for 60% of 107 patients who under-
stood some or no English.

Outcomes
Of 112 eligible patients, including all XDR TB pa-

tients, sputum culture converted to negative for 109 (97%). 
Patients considered ineligible for culture conversion in-
cluded 1 patient whose TB was diagnosed after death, 6 
who died during treatment, 3 who were transferred to an-
other US jurisdiction or out of the United States, 7 who had 
extrapulmonary-only disease, and 6 without a positive spu-
tum culture result. Of the 3 for whom no culture conversion 

was documented, 1 was lost to follow-up after 166 days and 
2 completed treatment. Culture conversion occurred within 
a median of 2 months from starting a 5-drug-regimen but 
varied by resistance pattern (online Technical Appendix).

Of the 134 patients alive at diagnosis, 78% completed 
treatment, 11% transferred within or outside the United 
States or were lost to follow-up, and 1% stopped treatment 
because of adverse events (Table 6). For no patients did 
treatment fail or TB recur within the year after treatment 
completion. Of the 134 patients, 12 (9%) died during treat-
ment; 75% of these deaths were considered TB related. No 
XDR TB patient died. Death during treatment was signifi-
cantly associated with age >65 years (AOR 20.2, 95% CI 
2.3–181.0), smoking (AOR 6.4, 95% CI 1.0–39.4), or HIV 
infection (AOR 6.3, 95% CI 1.1–37.7) (online Technical 
Appendix). When TB medications and interaction terms 
were initially included in the model, HIV infection was 
no longer associated with death and receipt of an effective 
injectable medication was associated with lower odds of 
dying (AOR 0.02, 95% CI 0.002–0.2) (online Technical 
Appendix). No HIV-infected patient who received an ef-
fective injectable medication died. Of 9 patients who died 
of TB-related causes, only 2 who had received a 5-drug 
regimen died, both after 8 months; 1 had received 3 non–
first-line medications and died after 5 months, and the re-
maining 6 never received >2 MDR TB second- or third-line 
medications and died within 49 days of treatment initiation.
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Table 2. Socioeconomic characteristics of study participants and all patients with MDR and/or XDR TB, United States, 2005–2007* 
Characteristic Study participants, no. (%), n = 135 All US MDR TB patients, no. (%), n = 370 
Unemployed† 38 (28) 187 (51) 
Homeless 9 (7) 20 (5) 
Correctional institution resident 6 (4) 7 (2) 
Long-term care facility resident 4 (3) 6 (2) 
Injection drug use 5 (4) 8 (2) 
Noninjection drug use† 12 (9) 15 (4) 
Excess alcohol use 15 (11) 31 (8) 
Smoker 31 (23)  
Pregnant at treatment  initiation 6 (4)  
Private health insurance, % of 112 known 24 (21)  
Public health insurance, % of 112 known 49 (44)  
Jail/prison health coverage, % of 112 known 2 (2)  
Other health insurance, % of 112 known 5 (4)  
No health insurance, % of 112 known 32 (29)  
HIV+ 14 (10) 29 (8) 
 Receiving HAART 9 (64)  
 Receiving  ART 1 (7)  
 Receiving neither HAART nor ART 3 (21)  
  Receipt of ART not documented 1 (7)  
Not HIV infected 102 (76) 205 (55) 
HIV status unknown 19 (14) 136 (37) 
Diabetes, % of 121 known 24 (20)  
ESRD, % of 121 known 3 (2)  
Prolonged corticosteroid therapy, % of 121 known 2 (2)  
Other immunosuppressive therapy, % of 121 known 2 (2)  
Cancer, % of 121 known 3 (2)  
Hematologic diseases, % of 121 known 2 (2)  
*Study patients were from California, New York City, and Texas. MDR, multidrug resistant; XDR, extensively drug resistant; TB, tuberculosis; HIV+, HIV 
infected; HAART, highly active antiretroviral therapy; ART, antiretroviral therapy; ESRD, end-stage renal disease. Blank cells indicate data not available. 
†Statistically significant differences between percentages of study patients and all US MDR TB patients at p<0.05. 
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Of the 4 HIV-infected patients who died of TB-related 
causes, 3 had a CD4 count of <50 cells/mm3 at initiation of TB 
treatment and the other had a CD4 count of <100 cells/mm3. 
Of these 4 patients, 2 were taking >3 anti-HIV medications.

Among patients alive at diagnosis, a median of 1 ad-
verse event (average 2.9) resulted in medication change or 
adjustment, but only 2 patients completely stopped treat-
ment. According to multivariate linear regression, use of 
clofazimine was significantly associated (p<0.05) with 
more adverse events but was not associated with death 
during treatment. Of 9 patients receiving clofazimine, 6 
experienced postinitiation gastrointestinal effects that 

resulted in their discontinuing clofazimine. Because of 
MDR TB or its treatment, of the 134 patients, 13% ex-
perienced hearing impairment, 13% hepatitis, 11% renal 
impairment, 8% difficulty ambulating, 7% visual impair-
ment, and 1% seizures. Depression or psychosis was 
documented for 19% (80% of whom were taking cyclo-
serine), and pulmonary impairment was documented for 
4%. Of 103 impairments, 66% were mild, but another 7% 
were graded most severe and occurred for 6 patients, 3 of 
whom completed treatment; 2 of those patients died (lung 
and mobility impairments), and 1 transferred outside  
the country. 
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Table 3. Clinical characteristics of study participants and other patients with MDR and/or XDR TB, United States, 2005–2007* 

Characteristic 
Study participants, no. (%), 

n = 135 
All US MDR TB patients, no. (%), 

n = 370 
History of LTBI, % of 130 known 21 (16)  
History of completing LTBI Rx, % of 21 with history of LTBI  14 (67)  
History of TB disease† 48 (36) 60 (16) 
Contact with infectious TB patient, % of 87 known 10 (11)  
Contact with infectious MDR TB patient, % of 10 contacts 6 (60)  
Dead at TB diagnosis 1 (1) 5 (1) 
Smear positive at any time, % of 134 alive at diagnosis† 103 (77) 223 (60) 
Sites of TB disease   
 Pulmonary 115 (85) 332 (90) 
 Extrapulmonary only 8 (6) 37 (10) 
 Disseminated at any time 12 (9)  
Extent of pulmonary disease at diagnosis   
 Extensive  69  
 Moderate  31  
 Minimal  21  
 Undocumented  6  
Description of extensive pulmonary disease, at any time   
 Miliary 4  
 Cavitary 58 127 
 Multiple lobes 70  
 Collapsed lobes 6  
Extent of extrapulmonary disease at diagnosis   
 Extensive  2  
 Moderate  3  
 Minimal  3  
*MDR, multidrug resistant; XDR, extensively drug resistant; TB, tuberculosis; LTBI, latent TB infection; Rx, treatment. Blank cells indicate data not 
available. 
†Statistically significant differences between percentages of study patients and all US MDR TB patients at p<0.05. 
 

 

Figure 1. Percentage of 135 patients 
for whom Mycobacterium tuberculosis 
isolates had the following mutually 
exclusive resistance patterns. INH/
RIF/RBT-only, resistant to isoniazid 
(INH)/rifampin (RIF)/rifabutin (RBT) 
only;  INH/RIF/RBT-plus, resistant to 
a median of 4 medications; first-line, 
resistant to a median of 6 medications; 
pre-XDR, resistant to a median of 
8 medications; XDR, resistant to a 
median of 11 medications.
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Cost of MDR TB and XDR TB
Direct costs averaged $134,000 (SE $9,683) per MDR 

TB patient and $430,000 (SE $73,109) per XDR TB pa-
tient. In comparison, costs are estimated at $17,000 (SE 
$1,210) per non-MDR TB patient (Figure 2 and online 
Technical Appendix). For isoniazid/rifampin/rifabutin-
only, direct costs averaged $77,000 (SE $15,448) and 
direct-plus-productivity-loss costs averaged $226,000 (SE 
$73,338). Outpatient medications comprised ≈40% of di-
rect costs, averaging $53,300 for MDR TB and $164,000 
for XDR TB patients. Direct-plus-productivity-loss costs 
averaged $260,000 (SE $23,212) per MDR TB patient and 
$554,000 (SE = $127,707) per XDR TB patient. Highest 
costs were nearly $1.8 million. Applying these averages to 
364 cases of MDR TB and 9 cases of XDR TB in the Unit-
ed States during 2005–2007, direct costs were ≈$53 million 
and direct-plus-productivity-loss costs were ≈$100 million.

When days hospitalized were controlled for, charac-
teristics associated with greater direct costs, in descending 
order, were having XDR TB, residency in a long-term-
care institution, non–injection-drug use, HIV infection, or 
having public insurance (adjusted R2 = 0.55). When days 
hospitalized were controlled for, characteristics associated 
with greater direct-plus-productivity-loss costs were death, 
XDR TB, non–injection-drug use, HIV-infection, diabetes, 
or being male (R2 = 0.66) (online Technical Appendix)

Table 2 shows that known insurance status was indi-
cated on clinic records of 112 patients. Of 76 patients for 

whom insurance coverage while hospitalized was known, 
38% had public insurance (including 32% Medicaid), 36% 
had no insurance, 24% had private insurance, 4% were in 
jail/prison, and 1% had other insurance. The public sector 
covered (i.e., by public insurance, for outpatients who had 
no/unknown insurance, for uninsured inpatients cared for 
in publicly financed hospitals, for jail/prison inmates) 75% 
of MDR TB and 100% of XDR TB patients and incurred 
80% of MDR TB direct costs ($13,883,000/$17,415,000) 
and 100% of XDR TB direct costs ($2,149,000).

Discussion
In this population-based sample, which comprised 36% 

(130/364) of MDR TB and 56% (5/9) of XDR TB cases re-
ported in the United States during 2005–2007, MDR/XDR 
TB diagnosis and treatment were very complex: M. tuber-
culosis isolates were resistant to a large number of medica-
tions, care was complicated by extensive disease and by 
concurrent conditions, and patients were highly infectious.

Despite this complexity, for nearly all eligible patients, 
sputum cultures converted to negative and 78% of patients 
completed treatment, including all those with XDR TB. 
Only 1% stopped treatment because of adverse events.  
The mortality rate (10%) was lower than that for other 
countries (13–17), and the mortality rate for patients during 
treatment (9%) was similar to that for US patients with iso-
niazid/rifampin-susceptible TB (8%) (L. Armstrong, pers. 
comm.). Among patients who died, 75% (9/12) of deaths 
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Table 4. Characteristics associated with any acquired antimicrobial drug resistance during MDR TB treatment, 128 patients, California, 
Texas, and New York, NY, USA, 2005–2007*† 

Variable 
Initial OR 
estimate Initial 95% CI Initial Pr>2 

Final OR 
estimate Final 95% CI Final Pr>2 

Age >65 y <0.001 <0.001–>999.999 0.973    
Black race 33.19 0.80–>999.999 0.065 4.07 1.08–15.37 0.039 
Recent homelessness 18.76 0.93–377.71 0.056 5.81 1.17–28.86 0.031 
Pre-XDR or XDR TB 8.78 2.31–33.42 0.001 5.15 1.86–14.21 0.002 
AFB-smear positive 5.34 0.86–33.22 0.072    
Age 25-44 y 4.83 0.65–36.03 0.124    
Hispanic ethnicity 4.83 0.11–216.20 0.417    
≥4 Effective medications 3.46 0.41–29.47 0.256    
Age 45–64 y 3.41 0.39–30.21 0.271    
Asian race 3.35 0.07–151.32 0.534    
Disseminated TB disease 2.28 0.21–24.20 0.495    
Foreign born 2.10 0.15–28.64 0.577    
Recent cigarette smoker 1.96 0.41–9.31 0.397    
Recent excess alcohol use 0.99 0.13–7.65 0.988    
TB clinic outpatient management 0.98 0.18–5.35 0.980    
Recent unemployment 0.97 0.24–3.93 0.964    
Cavitary disease 0.77 0.21–2.84 0.694    
Diabetes 0.76 0.16–3.70 0.732    
History of TB disease 0.44 0.12–1.59 0.208    
HIV infection 0.39 0.03–4.92 0.463    
Recent injection drug or noninjection 
drug use 

0.15 0.00–5.08 0.291    

*MDR TB, multidrug-resistant tuberculosis; XDR TB, extensively drug-resistant TB; OR, odds ratio; AFB, acid-fast bacilli; Pr, probability. Boldface 
indicates significance in the final model. Blank cells indicate variables not retained in the final model. 
†Model fit intercept and covariates: Akaike information criterion, initial 136.392, final 116.619; Schwarz criterion, initial 198.964, final 127.996; –2logL, 
initial 92.392, final 108.619. 
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were TB-related, and 67% (6/9) occurred within 49 days 
of TB diagnosis. Among HIV-infected patients, failure or 
inability to use an effective injectable TB medication was 
associated with TB-related death.

Some diagnostic and treatment practices contributed to 
successful outcomes. Among symptomatic patients, initial 
TB diagnosis was made relatively quickly, within 7 weeks 
of symptom onset. Nearly three-fourths (73%) of patients 
were hospitalized; duration was 1 month for non-XDR TB 
patients and 9 months for XDR TB patients. Extensive 
DST of first-line and second-line medications was conduct-
ed within 2 months of treatment initiation for most patients. 
At some point during treatment, 61% of patients were re-
ceiving a 5-drug regimen. For outpatient care, DOT was 
used nearly universally, including during home isolation as 
recommended by national guidelines (7). The physicians of 
most patients with MDR/XDR TB consulted with experts. 
However, patient management required intensive monitor-
ing and numerous medication changes. Case management 
services were also intensive; a case manager was assigned 
to ≈90% of patients.

Deficiencies in practices were identified. Despite CDC 
recommendations, ≈20% of patients had no documentation 

of expert consultation. Outcome was unknown for 3% who 
transferred within and 6% outside the United States and for 
2% who were lost to follow-up. Acquisition of any drug 
resistance during treatment occurred for 21% of patients 
and was more likely to occur in populations difficult to treat 
(those who had pre-XDR TB or XDR TB or were home-
less), suggesting a need for more vigilant treatment moni-
toring. There were delays of ≈3 months before patients 
started a 5-drug regimen. Today, the use of more rapid 
molecular diagnostic techniques could shorten the time to 
initiation of an appropriate treatment regimen (18). Since 
September 2009, CDC has offered US sites a molecular-
based testing service (www.cdc.gov/tb/topic/laboratory/
guide.html).

Because MDR TB treatment lasts >2 years (vs. 6 
months for drug-susceptible TB), uses expensive medica-
tions, and requires hospitalization for ≈75% of patients 
(vs. 50% with drug-susceptible TB), it was very costly to 
treat and manage; average direct cost was $134,000 per 
MDR TB patient and $430,000 per XDR TB patient. The 
estimated $17,000 per non-MDR TB patient is 8 and 25 
times lower than the costs for MDR TB and XDR TB, 
respectively. In contrast, lifetime care per HIV-infected 
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Table 5. Characteristics associated with expert consultation for 134 patients during MDR TB treatment, California, Texas, and New 
York, NY, USA, 2005–2007*† 

Variable 
Initial OR 
estimate Initial 95% CI Initial Pr>2 

Final OR 
estimate Final 95% CI Final Pr>2 

XDR TB >999.999 <0.001–>999.999 0.939 
   Recent homelessness >999.999 <0.001–>999.999 0.887    

Correctional institution residence >999.999 <0.001–>999.999 0.939    
Recent injection drug or noninjection 
drug use 

61.63 
 

0.00–>999.999 0.401    

Recent cigarette smoker 27.88 0.56–>999.999 0.096    
Diabetes 26.44 1.28–545.80 0.034    
Disseminated TB disease 9.49 0.18–501.11 0.266    
TB clinic outpatient management 7.96 1.50–42.32 0.015 5.67 1.93–16.64 0.002 
Age 45–64 y 4.30 0.38–48.55 0.239    
Recent unemployment 3.81 0.52–28.18 0.190    
Age 25–44 years 2.92 0.58–14.63 0.192    
Long-term care facility resident 1.87 <0.001–>999.999 0.878    
5-drug regimen 1.13 0.22–5.82 0.882    
Total no. adverse events 1.12 0.88–1.42 0.371    
Total first-line resistance 0.63 0.11–3.77 0.614    
Acquired resistance 0.57 0.07–4.37 0.588    
Foreign born 0.55 0.03–12.28 0.705    
History of TB disease 0.53 0.13–2.10 0.363    
Age >65 y 0.50 0.02–14.97 0.687    
HIV infection 0.34 0.02–7.21 0.492    
Pregnant 0.28 0.02–5.15 0.393    
Private insurance 0.14 0.02–0.87 0.035 0.23 0.08–0.68 0.008 
Pre-XDR 0.12 0.01–1.35 0.087    
Male 0.12 0.02–0.82 0.031    
Died 0.05 <0.001–3.46 0.165    
White race 0.05 <0.001–>999.999 0.988    
Recent excess alcohol use <0.001 <0.001–0.06 0.002 0.19 0.05–0.72 0.014 
Black race <0.001 <0.001–>999.999 0.937    
Hispanic ethnicity <0.001 <0.001–>999.999 0.938    
Asian race <0.001 <0.001–>999.999 0.943    
*MDR TB, multidrug-resistant tuberculosis; XDR TB, extensively drug-resistant TB; OR, odds ratio. Boldface indicates significance in the final model. 
Blank cells indicate variables not retained in the final model. 
†Model fit intercept and covariates: AIC (initial 133.402, final 121.683), SC (initial 223.235, final 133.274); –2logL (initial 71.402, final 113.683).  
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patient costs $380,000 (updated to 2010 dollars) (19) and 
lifetime care per breast cancer patient costs $20,000–
$100,000 (20).

During 2005–2007, the 373 MDR/XDR TB cases cost 
the US health care system an estimated $53 million; during 
this time there were ≈41,000 total TB cases. Direct costs 
for an average XDR TB patient were 3.2 times those for an 
average MDR TB patient, mostly because of hospitaliza-
tion costs. Only 20% of XDR TB and 28% of MDR TB 
patients were managed solely as outpatients. The public 
sector incurred 80% of the MDR TB costs and 100% of the 
XDR TB costs.

With health care reform, a substantial proportion of 
uninsured TB patients are expected to become eligible 
for Medicaid coverage, which should increase access to 
health care and early TB diagnosis and decrease TB-asso-
ciated hospitalizations and deaths. Prevention opportuni-
ties for MDR TB are limited. Maintaining the capacity of 
public health departments and of publicly financed hospi-
tals to act as safety nets (regardless of patient insurance 
status) to quickly diagnose MDR/XDR TB and isolate and 
effectively treat the patients will be critical for preventing 
deaths and transmission of drug-resistant TB organisms. 
Investment in infection control infrastructure and the ca-
pacity to prevent TB among MDR TB patient contacts is 
also critical; our cost-of-illness estimates did not include 

these programmatic costs of preventing cases. During the 
1979–1994 TB resurgence and MDR TB outbreaks in the 
United States, New York City renovated hospitals and the 
Rikers Island prison and treated 20,000 excess TB patients 
at a cost of ≈$1.7 billion (updated to 2010 dollars) (21).

This study had some limitations. Detailed hospital-
ization records were unavailable for 17 patients. More-
over, documentation of care for incarcerated patients 
was limited. Follow-up data for all patients were un-
available after 1 year of treatment. Because outpatient 
care was provided by a mixture of public and private 
providers, we used average wholesale medication prices 
to estimate medication costs, which overestimated actual 
costs to TB clinics that have access to reduced (often 
one half to one third) medication prices negotiated with 
pharmaceutical companies. Estimates of out-of-pocket 
costs were not included.

Conclusions 
In this population-based sample of MDR/XDR TB pa-

tients in the United States, despite the extensive drug resis-
tance found at the time of diagnosis, culture conversion and 
treatment completion rates were high and mortality rates 
were low. Records of treatment practices documented near-
universal use of DOT. However, these outcomes came at 
a high cost to the public sector, providing incentives for 
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Table 6. Treatment outcomes of MDR/XDR TB study patients alive at diagnosis, by resistance pattern, California, Texas, and New 
York, NY, USA, 2005–2007* 

Resistance pattern Completed 
treatment, % Transferred within 

United States, % Transferred out of 
United States, % Lost to 

follow-up, % Stopped because 
of side effects, % Died during 

treatment, % 
All, N = 134 78 3 6 2 1 9 
INH/RIF/RBT-only, n = 17 59 0 18 6 0 18 
INH/RIF/RBT-plus, n = 58 83 3 7 0 0 7 
First-line, n = 32 78 0 3 6 3 9 
Pre-XDR, n = 22 77 9 0 0 5 9 
XDR, n = 5 100 0 0 0 0 0 
*MDR TB, multidrug-resistant tuberculosis; XDR TB, extensively drug-resistant TB; INH, isoniazid; RIF, rifampin; RBT, rifabutin. 

 

Figure 2. Average, median, and 
distribution of direct costs per 
patient in 2010 US dollars by drug 
resistance. This box-plot diagram 
shows the minimum and maximum 
values (vertical lines), the averages 
and medians (numbers), and the 
interquartile ranges (box).  MDR, 
multidrug-resistant tuberculosis; 
XDR, extensively drug-resistant 
tuberculosis.
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the United States to prevent MDR/XDR TB. Preventing 
MDR/XDR TB in the United States will require address-
ing factors associated with development of drug resistance 
in countries where foreign-born US patients originate, as 
well as rapid diagnosis, appropriate regimen selection, ro-
bust case management practices, and continued emphasis 
on DOT in the United States.
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From the Latin papillo- (“nipple”) + oma 
(“tumor”), papillomaviruses are nonenvel-

oped DNA viruses that induce exophytic lesions 
of the skin and mucous membranes. The first 
animal papillomavirus was described in 1933 by 
Richard Shope, who researched papillomata in 

“warty” wild cottontail rabbits. In 1975, Harald 
zur Hausen published the hypothesis that the 
human papillomavirus played a role in the eti-
ology of cervical cancer, work for which he 
was awarded the Nobel Prize in Physiology or  
Medicine in 2008.
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We conducted a study to determine prevalence of HPV 
types in oropharyngeal cancers in the United States and 
establish a prevaccine baseline for monitoring the impact 
of vaccination. HPV DNA was extracted from tumor tissue 
samples from patients in whom cancer was diagnosed dur-
ing 1995–2005. The samples were obtained from cancer reg-
istries and Residual Tissue Repository Program sites in the 
United States. HPV was detected and typed by using PCR 
reverse line blot assays. Among 557 invasive oropharyngeal 
squamous cell carcinomas, 72% were positive for HPV and 
62% for vaccine types HPV16 or 18. Prevalence of HPV-
16/18 was lower in women (53%) than in men (66%), and 
lower in non-Hispanic Black patients (31%) than in other ra-
cial/ethnic groups (68%–80%). Results indicate that vaccines 
could prevent most oropharyngeal cancers in the United 
States, but their effect may vary by demographic variables.

Oropharyngeal cancers include malignancies that occur 
where the oral cavity and pharynx merge, including 

in the palatine and lingual tonsils, the posterior 1/3 (base) 
of the tongue, the soft palate, and the posterior pharyngeal 
wall. Current worldwide incidence has been estimated at 

≈85,000 annually (1), although it varies extensively by 
geographic region. In the United States, ≈12,000 new oro-
pharyngeal cancers are diagnosed annually (2); most are 
classified histologically as squamous cell carcinoma (OP-
SCC). In addition to tobacco use and alcohol use, infection 
with human papillomavirus (HPV) has been recognized as 
an independent risk factor for oropharyngeal cancer (3–6).

The 2 HPV vaccines approved by the US Food and 
Drug Administration protect against infection with HPV-
16 and HPV-18, which are the high-risk types most fre-
quently associated with cervical cancer. A candidate 9-va-
lent vaccine that includes types in the existing quadrivalent 
vaccine (HPV types 6, 11, 16, and 18) and 5 additional 
high-risk types (31, 33, 45, 52, and 58) is in clinical trial. 
Supported by evidence that existing vaccines effectively 
reduce oral HPV infections, these formulations may also 
reduce incidence of oropharyngeal cancers (7). When 
monitoring the population-level effect of HPV vaccination 
on oropharyngeal cancer occurrence in the United States, 
data on the incidence and type-specific prevalence of this 
disease are essential. Previously, the prevalence of cases 
attributable to viral infection and the consequent effects 
of vaccine programs were approximated from small pub-
lished studies (8–13), which estimated HPV to be detected 
in 37%–60% of OPSCC in North America. Considering 
the range of prevalence, the heterogeneity of study popula-
tions, and differences in sample preparation and HPV de-
tection methods used in these studies, it is not clear that this 
range of estimates reflects the true scope of HPV-associat-
ed OPSCC in the United States. Therefore, the objectives 
of this study were to determine prevalence of HPV types 
detected in oropharyngeal cancers in the United States and 
to establish a prevaccine baseline for monitoring the impact 
of vaccination. 

Human Papillomavirus Prevalence in 
Oropharyngeal Cancer before  

Vaccine Introduction, United States
Martin Steinau, Mona Saraiya, Marc T. Goodman, Edward S. Peters, Meg Watson,  

Jennifer L. Cleveland, Charles F. Lynch, Edward J. Wilkinson, Brenda Y. Hernandez, Glen Copeland, 
Maria S. Saber, Claudia Hopenhayn, Youjie Huang, Wendy Cozen, Christopher Lyu,  

Elizabeth R. Unger, and the HPV Typing of Cancers Workgroup1

RESEARCH

822 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 20, No. 5, May 2014

Author affiliations: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA (M. Steinau, M. Saraiya, M. Watson, J.L. 
Cleveland, E.R. Unger); Cedars-Sinai Medical Center, Los Angeles,  
California, USA (M.T. Goodman); Louisiana State University, New 
Orleans, Louisiana, USA (E.S. Peters); University of Iowa, Iowa City, 
Iowa, USA (C.F. Lynch); University of Florida, Gainesville, Florida, 
USA (E.J. Wilkinson); University of Hawaii, Honolulu, Hawaii, USA 
(B.Y. Hernandez); Michigan Cancer Surveillance Program, Lansing, 
Michigan, USA (G. Copeland); Los Angeles Cancer Registry, Los 
Angeles, California, USA (M.S. Saber, W. Cozen); University of Ken-
tucky, Lexington, Kentucky, USA (C. Hopenhayn); Florida Department 
of Health, Tallahassee, Florida, USA (Y. Huang); and Battelle Memorial 
Institute, Durham, North Carolina, USA (C. Lyu)

DOI: http://dx.doi.org/10.3201/eid2005.131311
1Members of HPV Typing of Cancers Workgroup who contributed to 
this study are listed at the end of this article.



HPV Prevalence in Oropharyngeal Cancer Cells

Materials and Methods

Cancer Tissue Specimens 
As part of the Centers for Disease Control Cancer 

Registry Sentinel Surveillance System study (M. Saraiya, 
unpub data), a systematic review of cases of oropharyn-
geal cancer diagnosed during 1995–2005 was performed. 
The cases were selected from 7 participating registries, 
including 4 central cancer registries in Florida, Kentucky, 
Louisiana, and Michigan and 3 Surveillance, Epidemiol-
ogy, and End Results program (SEER [http://seer.cancer.
gov/]) cancer registry-based residual tissue repositories in 
Los Angeles County, CA; Hawaii; and Iowa. The follow-
ing anatomic regions (by ICD-O-3 codes) were included: 
C01.9 and C02.4 (base of the tongue and lingual tonsil); 
C09.0, C09.1, C09.8, C09.9, and c14.2 (tonsil); C14.0, 
C14.2, C14.8, C02.8, C10.2, C10.8, and C10.9 (other oro-
pharynx) (13). Of 4,073 cases matching these criteria, we 
requested samples from 1,271 case-patients representative 
of the whole case-patient population regarding sex, age, 
and race/ethnicity. One archived, formalin–fixed paraffin-
embedded tissue sample, representative of the primary 
tumor, was selected by the submitting pathology labora-
tory. If tissue from the primary tumor was unavailable, a 
sample from a metastatic lesion in a lymph node was ac-
cepted because HPV prevalence is usually maintained in 
OPSCC–positive lymph nodes (14). With the exception of 
32 cases from Hawaii and 11 from Los Angeles County, 
which had been sampled by Chaturvedi et al. (12), cases 
were selected exclusively for this study. Each participating 
state and CDC received approval from their institutional re-
view boards for the study; CDC approved the overall study.

DNA Extraction and HPV Typing
All laboratory methods were described previously 

(15,16). Six consecutive 5-μm sections were cut from 
each selected tissue block; special precautions were used 
to avoid cross-contamination. The first and last sections 
were stained with hematoxylin and eosin and reviewed by 
a study pathologist (ERU) to confirm the presence of viable 
tumor tissue. DNA was extracted from two 5-μm sections 
by using high temperature–assisted tissue lysis (17) and 
further purification was carried out by automated extraction 
by using Chemagic MSM1 (PerkinElmer, Waltham, MA, 
USA). HPV types were determined from 2 commercial as-
says by using an algorithm which was evaluated earlier for 
this application (18,19). First, all DNA extracts were tested 
by using the Linear Array HPV Genotyping Assay (Linear 
Array; Roche Diagnostics, Indianapolis, IN, USA) and a 
HPV-52-specific PCR to resolve ambiguous positive re-
sults from the XR probe of the Linear Array HPV test (20). 
Samples that had negative or inadequate linear array results 
(negative for HPV and cellular β-globin controls) were  

retested with the INNO-LiPA HPV Genotyping Assay (In-
nogenetics, Gent, Belgium). HPV status was recorded for 
40 types: 6, 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 43, 44, 45, 
51, 52, 53, 54, 55, 56, 58, 59, 61, 62, 64, 66, 67, 68, 69, 70, 
71, 72, 73, 74, 81, 82, 83, 84, IS39, and 89 as tested; and 
HPV of an unknown type (HPV-X) for additional unspeci-
fied types as indicated by LiPA results.

Analysis
Prevalence was assessed as percentage positive from 

the total number of cases with valid results. HPV types 16, 
18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68 were 
considered to have a high risk for oncogenic potential (21) 
and all other types, including HPV-X, to have a low risk, 
showing low or no known oncogenic potential.

Hierarchical categories for HPV status were assigned 
as follows: HPV-16 includes all cases positive for this type 
regardless of other results. HPV-18 includes all cases posi-
tive for HPV-18, but not for HPV-16; other 9-valent, high-
risk HPV types included in the next generation of the HPV 
vaccine: HPV-31, -33, -45, -52, -58, but not HPV-16 or 
-18; other high-risk HPV cases positive for any high risk 
not included in the previous categories: HPV-35, -39, -51, 
-66, -68; and low-risk HPV: all other cases positive for any 
remaining low-risk HPV types.

Statistical analysis was restricted to case-patients that 
had confirmed invasive OPSCC. Case-patient age at diag-
nosis was stratified into 4 groups: <50, 50– 59, 60–69, and 
>70 years. Cancer stages were crudely classified as local, 
regional, or distant (metastatic) by SEER classifications. 
Differences in prevalence of positive results for high-risk 
HPV or HPV-16/18, categorized by patient’s age, sex, race/
ethnicity, and the anatomic location of cancer, were evalu-
ated by using the χ2 or Fisher exact test whenever possible. 
Multivariate analysis was performed by using logistic re-
gression with a step-down procedure, adjusting for age, 
sex, and race/ethnicity as appropriate. All statistical calcu-
lations were made by using SAS 9.3 (SAS Institute Inc., 
Cary, NC, USA).

Results
Of the 1,271 oropharyngeal tumors requested from 

the participating cancer registries, samples from 588 case-
patients were received and successfully tested. Those not 
received were either unavailable or the remaining tissue 
was not representative of disease. The demographic char-
acteristics (sex, age) and cancer stage (Table 1) (22) of the 
cohort from which the tested sample set was collected were 
similar to those of the untested cohort. Persons from the 
Asian Pacific Islands were few in number and slightly over-
represented in the final test population.

HPV results for 476 (81.0%) samples were from the 
linear array and 112 (19%) from LiPA. Most tissue was 
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from the primary site (n = 473), but for 15 samples, only 
metastatic tissue from lymph nodes was available. Most 
case-patients (77.6%) were from urban areas or counties 
with a population >250,000. Most (94.4%) diagnoses were 
made during 2000 or later. Median age at the time of di-
agnosis was 58 (range 28–97) years. The male-to-female 
ratio was 3:1 and most of the cases (75.6%) were in non-
Hispanic White persons. SCC, the most common histologic 
type of oropharyngeal cancer, accounted for 557 (94.7%) 
of all cases, and the main analysis was restricted to these 
cases (Table 2).

HPV was detected in 403 of the 557 OPSCC cases 
(72.4%) with valid typing results and 396 (71.1%) were 
positive for >1 high-risk type (Table 3). In 68.4% of cases, 
a single HPV type was found; 3.9% contained 2 types. In 
7 cases, only low-risk HPV types were detected: HPV-11, 
26, 69, 82 (2 cases), 83, and HPV-X). HPV-16 was present 
in 337 (60.5%) cases, HPV-18 in 14 (2.5%) cases, and 331 
(59.4%) cases were exclusively positive for these 2 types. 

Other high-risk types, including HPV-31, -33, -35, 
-39, -45, and -52, were found at low frequency (Table 3). 
The relative prevalence in case-patients that had multiple 
HPV types essentially followed single–type distributions. 
HPV-16/33 was the most frequent combination (6 cases); 
HPV-16/18 and HPV-16/31 were the next most frequent, 
found in samples from 3 case-patients each. Frequencies of 
all co-detected HPV types are shown in Table 4. More than 
2 types were not found in any of the oropharyngeal cancers.

Proportions of high-risk HPV prevalence and HPV-
16/18 were statistically different among the registries and 
by race/ethnicity, stage, and anatomic subsite (Table 2). By 
sex, prevalence was only different for those infected with 

HPV-16/18. Age at diagnosis was not statistically differ-
ent between the stratified groups, but median age at diag-
nosis among high-risk HPV positive case-patients was 58 
(28–92) years and 61 (36–97) years in high-risk negative 
case-patients (p = 0.023).

According to hierarchical assessment, HPV-16 was 
found in 337 (60.5%) OPSCC cases, HPV-18 in 11 (2.0%), 
other 9-valent high-risk types in 32 (5.7%), other high-risk 
types in 16 (2.9%), and low-risk types in the remaining 7 
(1.3%) cases (Figure 1). Of the 15 case-patients for whom 
lymph node metastases were tested, 14 were positive for 
high-risk HPV and 13 were positive for HPV-16.

In multivariate analysis for high-risk HPV that includ-
ed age and sex in the model, only race/ethnicity was a sig-
nificant independent factor (p = 0.003). Odds for high-risk 
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Table 1. Characteristics of oropharyngeal cancer case-patients 
who provided samples compared with those of all eligible case-
patients, United States, 1995–2005* 

Characteristic 

% Case-patient 
samples not tested, 

n = 683 

% Case-patient 
samples tested, 

n = 588 
Age, y 
 <50 18.4 18.5 
 50–59 32.1 33.7 
 60–69 27.5 27.6 
 ≥70 22.0 20.2 
Race/ethnicity 
 Asian/Pacific Islander 1.3 4.4 
 Non-Hispanic Black 11.9 12.6 
 Hispanic 8.6 6.8 
 Non-Hispanic White 77.6 75.2 
 Other 0.6 1.0 
Sex 
 F 23.4 25.4 
 M 76.6 74.5 
Cancer stage 
 Local 13.6 19.2 
 Regional 52.0 56.5 
 Distant 17.7 13.6 
 Unknown 16.7 10.7 
*Samples were provided from 7 US registries. 

 

Table 2. High-risk and HPV types16 and 18 in oropharyngeal 
squamous cell carcinomas by demographic and tumor 
characteristics, select United States registries, 1995–2005* 

Characteristic 
Total 
no. 

High-risk HPV, 
no. (%) pos.† 

HPV-16/18, 
no. (%) pos.‡ 

Registry 
 Los Angeles Co., CA 20 17 (85.0) 14 (70.0) 
 Florida 140 101 (72.1) 89 (63.6) 
 Hawaii 39 33 (84.6) 32 (82.1) 
 Iowa 13 4 (30.7) 4 (30.7) 
 Kentucky 116 74 (63.8) 69 (59.5) 
 Louisiana 95 75 (78.9) 61 (64.2) 
 Michigan 134 92 (68.6) 79 (59.0) 
 p value NA <0.001 0.032 
Age, y 
 <50 106 83 (78.3) 74 (69.8) 
 50–59 191 142 (74.3) 127 (66.5) 
 60–69 156 102 (65.4) 89 (57.1) 
 ≥70 104 69 (65.4) 58 (55.8) 
 p value NA 0.064 0.053 
Sex 
 F 141 91 (64.5) 74 (52.5) 
 M 416 305 (74.3) 274 (65.9) 
 p value NA 0.053 0.006 
Race/ethnicity 
 Asian/Pacific Islander 20 16 (80.0) 16 (80.0) 
 Non-Hispanic Black 71 36 (50.7) 22 (31.0) 
 Hispanic 39 29 (74.4) 27 (69.2) 
 Non-Hispanic White 421 310 (73.6) 278 (67.5) 
 Other 6 5 (83.3) 5 (83.3) 
 p value NA 0.002 <0.001 
Tumor stage 
 Local 102 60 (58.8) 51 (50.0) 
 Regional 318 248 (78.0) 225 (70.8) 
 Distant (metastatic) 76 51 (67.1) 42 (55.3) 
 Unknown 61 37 (60.7) 30 (49.2) 
 p value NA 0.001 <0.001 
Tumor subsite 
 Base of tongue 213 149 (70.0) 129 (60.6) 
 Tonsil 250 201 (80.4) 181 (72.4) 
 Other 94 46 (48.9) 38 (40.4) 
 p value NA <0.001 <0.001 
*p values for differences between categories were calculated by 2/Fisher 
exact test. HPV, human papilloma virus; pos., positive; Co., county; NA, 
not applicable. 
†Positive for any of the high-risk types: HPV-16, -18, -31, -33, -35, -39, -
45, -51, -52, -56, -58, -59, -66, -68. 
‡HPV-16/18 = positive for HPV-16 and/or HPV-18. 
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HPV infections were significantly higher for all other race 
groups than for non-Hispanic Black persons (p<0.001). 
When only HPV-16/18 detection was considered, signifi-
cant differences were found in sex (p = 0.009) and race/
ethnicity in (p<0.001), but not age (p = 0.063), between 
those infected and those who were not (Table 5).

The 31 cases that had histologic results other than 
SSC included 7 adenocarcinomas (2 were HPV-16 posi-
tive, 5 HPV negative) and 2 small cell or neuroendocrine 
carcinomas (both HPV negative). Twenty-two cases were 
carcinomas not further specified, of which 7 tested pos-
itive for HPV (4 for HPV-16, and 1 each for HPV-18, 
HPV-33, HPV-35).

Discussion
Our finding of >70% HPV prevalence in a large sam-

ple of the oropharyngeal cancer patients from around the 
United States suggests that a substantially higher faction 
may be HPV-related than has been reported in many pre-
vious investigations (14). In a systematic review of HPV 
prevalence studies, including several small investigations 
of populations in North America, Kreimer et al. esti-
mated that 47% of OPSCC cases were HPV related (11). 
Chaturvedi et al. more recently estimated weighted HPV 
prevalence at 72% (12), which is comparable to our find-
ings. A continuous increase in HPV-related OPSCC that 
was observed during the past 20 years and escalated after 
2000 (23) may explain some of the discrepancies found 
in the literature. More sensitive laboratory methods may 
also have contributed to the increased HPV prevalence 
relative to earlier investigations. All studies in North 

America considered by Kreimer et al. (11) relied on the 
MY09/11 or GP5+/6+ consensus primer sets that require 
intact HPV L1 fragments of 450 and 150 bp, respectively. 
By contrast, in the study by Chaturvedi et al. (12) and 
ours, testing incorporated the INNO-LiPA assay, which 
has SFP primers that target 65-bp amplicons. Assays 
targeting smaller L1 amplicons can achieve increased 
sensitivity for HPV detection in formalin-fixed, paraffin-
embedded tissues known to have smaller DNA templates 
in their extracts than fresh or frozen samples do (18). Al-
though not identical in specificity to that of the Linear 
Array, INNO-LiPA had shown comparable performance 
for detecting single type HPV infections predominantly 
found in cancer tissues (19).

Our current study results further confirm a trend of in-
creasing incidence of tonsillar cancers with shifting demo-
graphic patterns (24,25).The results further confirmed that 
HPV-16, detected in 84% of all positive tissues, was by far 
the most frequent type found in oropharyngeal cancers. Al-
though type 16 also has nominally the highest prevalence 
in the “normal” oral cavity or oropharynx, other types are 
usually found at similar frequency (26,27). The ability of 
HPV-16 to establish persistent infection and its potential to 
transform might be responsible for its prominence in can-
cers. Currently available HPV vaccines targeting HPV-16 
and -18 may be highly effective against OPSCC (9). A can-
didate 9-valent vaccine (currently in clinical trials) could 
have the potential to prevent virtually all HPV-associated 
oropharyngeal cancers: our data showed that 2.9% of the 
case-patients were positive for a high-risk type not covered 
in this formulation. (Figure 1).

The most noticeable differences were observed be-
tween racial groups, with notably fewer HPV-positive 
SCCs in non-Hispanic Black persons (50.7%) compared 
with non-Hispanic White persons (73.6%), Hispanic per-
sons (74.4%), or Asian Pacific Islanders (80.0%). Other 
studies that noted similar differences by race/ethnicity 
found this to be a recent but ongoing development (28). 
Settle et al. (29), who investigated oral cancer survival, 
also reported reduced HPV prevalence in Black persons 
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Table 3. Human papillomavirus prevalence in oropharyngeal 
squamous cell carcinomas, select United States registries, 1995–
2005* 
Variable No. (%) cases, N = 557 
Characteristic  
 HPV (any type) 403 (72.4) 
 High risk† 396 (71.1) 
 Low risk‡ 7 (1.3) 
 Negative 154 (27.6) 
 Single type 381 (68.4) 
 Multiple types§ 22 (3.9) 
Type 
 HPV-16 337 (60.5) 
 HPV-33 31 (5.6) 
 HPV-18 14 (2.5) 
 HPV-35 11 (2.0) 
 HPV-39 5 (0.9) 
 HPV-31 4 (0.7) 
 HPV-52 4 (0.7) 
 HPV-45 3 (0.5) 
 Other HPV types 16 (2.9) 
*HPV, human papillomavirus; high risk, virus type is associated with high 
oncogenic potential; low risk, virus type is associated with low oncogenic 
potential. 
†Positive for any of HPV types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 
59, 66, and 68. 
‡Positive for types other than those identified as high risk. 
§HPV-16/-33 (6 cases), HPV-16/-18 (3 cases), and HPV-16/-31(3 cases). 

 

Table 4. Oropharyngeal squamous cell carcinomas with >1 HPV 
type, select US registries, 1995–2005* 
Type combination No. cases 
HPV-16 and -33 6 
HPV-16 and -18 3 
HPV-16 and -31 3 
HPV-16 and -35 2 
HPV-16 and -45 1 
HPV-16 and -52 1 
HPV-16 and -54 1 
HPV-16 and -59 1 
HPV-16 and -83 1 
HPV-18 and -35 1 
HPV-33 and -39 1 
HPV-39 and -56 1 
*No cases with >2 types were found; HPV, human papillomavirus. 
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compared with other race/ethnicity groups and found that 
this difference was particular to oropharyngeal cancer and 
not to other cancers of the oral cavity.

In addition to differences by race/ethnicity, HPV 
prevalence also varied by sex, particularly for HPV-16/18. 
Prevalence was 66% among men, notably higher than the 
53% found among women, which was a finding consistent 
with results of other investigations (2). Although further 
data stratification might show even greater dissimilari-
ties, for instance between Black women and White men, 
the sample sizes for these analyses were modest and 
confidence intervals were large (data not shown). The 
precise causes for these discrepancies are unknown and 
most likely complex, but may be anticipated to influence 
vaccine efficacy for OPSCC. Prevalence differences ob-
served between the registry states may be, in part, caused 
by demographic variations. Difference in age at diagnosis 
between patients with HPV-positive and HPV-negative 
cases was borderline significant (p = 0.023). Although 
other studies have also shown that HPV-positive cancers 
occur in a younger population (30), the role of 3 years dif-
ference in median age is unclear. It is possible that differ-
ences in behavior associated with causal pathways, such 
as smoking and drinking, provide a partial explanation. 
Persistent HPV infection at these anatomic sites may oc-
cur early, leading to more rapid and damaging alterations 
in cell cycle regulation and proliferation than those that 
occur with other carcinogenic exposures.

Of particular note, high-risk HPV types were detect-
ed in 80% of tonsillar SCCs. The microanatomy of the 
lymphoepithelial tissue of Waldeyer’s ring, most notably 
the lingual and palatine tonsils, may explain this finding. 

Deep invaginations in this area by the tonsillar crypts may 
expose immature basal cells to HPV (31). The median age 
of case-patients was slightly lower than that of those with 
cancer in other sites (55 years), but proportions of infec-
tion, when sex and race/ethnicity were considered, were 
not different than proportions for the other oropharyngeal 
sites (data not shown). One limitation of this study is that 
not all participating sites were able to perform system-
atic random sampling of case-patient specimens from 
their eligible pool. The sizable specimen collections from 
the 4 cancer registries (Michigan, Kentucky, Louisiana, 
and Florida) were sampled by a simple random or sys-
tematic sampling approach, on the basis of the number 
of eligible cases. Sampling from the SEER tissue reposi-
tories (Los Angeles, California; Hawaii; and Iowa) was 
dependent on what tissue specimens were available. How-
ever, the resulting sample population that was ultimately 
tested represented diverse geographic regions and a wide 
range of demographic variables regarding sex, age, and  
race/ethnicity.

It should be noted that the presence of HPV DNA 
does not confirm its causal role in carcinogenesis. Detec-
tion in tumor tissues potentially overestimates the true in-
volvement of the virus because coincidental, transient in-
fections and complementary transforming effects to other 
factors cannot be distinguished. The natural history of 
cases in this study could not be assessed in this retrospec-
tive cross-sectional study and behavioral data were not 
available from the participating cancer registries. In par-
ticular, information regarding tobacco or alcohol use and 
HIV status would potentially improve estimation of the 
proportion of OPSCC caused by HPV alone. Because it is 
not clear at this point if HPV alone is sufficient to cause 
oropharyngeal cancer, factors other than use of tobacco 
products should be considered. Additional HPV mark-
ers, such as viral transcription (particularly E6 and E7 
mRNA) or characteristic gene expression profiling, may 
provide further insights in future assessments and show 
distinction between actively transforming HPV infections 
and random, transient occurrences (32,33). Similar inves-
tigations may also be warranted to explicate the 7 cases 
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Table 5. Multivariate analysis for HPV and 18 detection in 557 
oropharyngeal squamous cell carcinoma samples, select United 
States registries, 1995–2005* 
Variable OR (95% CI)† p value 
Sex  0.009 
 F Ref  
 M 1.70 (1.14–2.55)  
Race/ethnicity                                                                        <0.001 
 Non-Hispanic Black  Ref – 
 Asian/Pacific Islander 8.43 (2.51–28.29) – 
 Hispanic  4.73 (2.02–11.1) – 
 Non-Hispanic White  4.34 (1.17–97.47) – 
*HPV, human papillomavirus; OR, odds ratio; Ref, reference group.  
†Odds ratio adjusted for race and ethnicity; age was not significant. 

 

Figure. Hierarchical designation of human papillomavirus (HPV) 
types to oropharyngeal squamous cell carcinomas. White sections 
of bars indicate attribution of the specific HPV type or group. Black 
sections of bars indicate cumulative prevalence of types in higher 
hierarchy. HPV-16 includes all cases positive for this type regardless 
of other results. HPV-18 includes all cases positive for HPV-18, but 
negative for HPV-16. Cases of 9-valent HPV with high-risk HPV 
types included in the candidate 9-valent HPV vaccine: HPV-31, -33, 
-45, -52, -58, but not HPV-16 or -18. High-risk: cases positive for 
any high-risk type not included in the previous categories: HPV-35, 
-39, -51, -66, -68. Low-risk: cases only positive for HPV types with 
low or no oncogenic potential.
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in which only low-risk types were found. It is likely that 
these HPV types were present coincidentally and played 
no role in malignant transformation, but genomic changes 
that altered their pathogenic properties to bring them clos-
er to those of high-risk types could provide an intriguing 
alternative explanation.

Conclusions
This study supports a role for oncogenic HPV in high 

proportions of oropharyngeal cancers. Future assessments 
are needed to monitor general prevalence and possible 
type-specific shifts. Data from the present and future stud-
ies will provide a baseline for early assessment of vaccine 
effects. Because the natural history and pre-cancer stages 
of oropharyngeal cancers are not established as they are 
for cervical cancer, direct trials with oropharyngeal neopla-
sia as the endpoint are not feasible. To obtain meaningful, 
comparable data for this objective, researchers need a uni-
versal definition of the anatomic oropharynx and associated 
malignancies and agreement on laboratory methods.
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Factors Associated 
with Antimicrobial 

Drug Use in  
Medicaid Programs

Pengxiang Li, Joshua P. Metlay,  
Steven C. Marcus, and Jalpa A. Doshi

Using	US	Medicaid	data,	we	 found	 that	52%	of	adult	
Medicaid	 patients	 with	 acute	 respiratory	 tract	 infections	
filled	prescriptions	for	antimicrobial	drugs	in	2007.	Factors	
associated	with	lower	likelihood	of	use	were	higher	county-
level	availability	of	primary	care	physicians	and	state-level	
participation	 in	 a	 campaign	 for	 appropriate	 antimicrobial	
drug	use.

Antimicrobial drugs are not recommended for the treat-
ment of acute respiratory tract infections (ARIs), 

such as colds, upper respiratory tract infections (URIs), 
and acute bronchitis (1,2). Unnecessary use contributes to 
emergence of antimicrobial drug–resistant bacteria (1), an 
emerging public health crisis (2) that contributes to greater 
rates of illness and death and economic costs as high as $4 
billion/year (3).

Inappropriate use of antimicrobial drugs in Medicaid 
programs is a potentially serious problem (4,5). Medicaid 
is a US health insurance program that covers 58 million 
low-income persons and families (6). The number of en-
rolled adults is expected to increase substantially as a result 
of the Patient Protection and Affordable Care Act (7). In 
this study, we estimated the rate and factors associated with 
antimicrobial drug use for the treatment of ARIs among 
adult Medicaid enrollees.

The Study
We used the 2007 Medicaid Analytic Extract files for 

patients >21 years of age from 40 states linked with the 
Area Resource File. Index visits were identified as the first 
visit to a physician during the study period when a primary 
diagnoses of ARI was made (cold, acute URIs at multiple 
unspecified sites, or acute bronchitis) (8,9). The identifica-
tion period for the index visit was January 1, 2007, through 
December 24, 2007. We excluded patients who received 
index visit diagnoses for which antimicrobial drugs were 
appropriate (online Technical Appendix Figure 1, wwwnc.
cdc.gov/EID/article/20/5/13-0493-Techapp1.pdf).

The outcome variable was presence or absence of a 
claim for an antimicrobial drug prescription linked to the 
index visit. Drug classes considered were cephalosporins, 
penicillins, sulfonamides, macrolides (including azalides), 
lincosamides, tetracyclines, and quinolones (4). Similar to 
most prescription claims data, Medicaid drug claims do 
not list a diagnosis that corresponds to the indication for 
treatment. Hence, the drug was presumed to have been pre-
scribed for an ARI if the prescription was filled on the same 
date that the patient visited the physician for the ARI or 
within 4 days of this index visit (8).

Logistic regression analyses with robust estimation, 
adjusting for state-level clustering, were used to identify 
factors associated with antimicrobial drug prescriptions 
for ARI visits. Covariates included patient age, sex, race, 
and the Prescription Drug Hierarchical Coexisting Condi-
tion score as a measure of concurrent conditions and medi-
cation need (10) and county-level covariates. To account 
for seasonal effects, we included indicators for the quarter 
in which the index visit occurred. The density of primary 
care physicians in the county of the beneficiary’s residence 
was measured from the Area Resource File as the number 
of general practice, family medicine, and general internal 
medicine physicians per 10,000 persons. This measure was 
coded as categorical variables according to the quintile of 
the measure across all counties in the Area Resource File. 
An indicator variable identified whether the patient resid-
ed in a state that was funded by the Centers for Disease 
Control and Prevention (CDC) Get Smart: Know When 
Antibiotics Work campaign for appropriate antimicrobial 
drug use within the 5 years before the study (11). Sensitiv-
ity analyses varied the covariates included in the regression 
analyses and the time window (3–7 days after index visit) 
for linking the drugs to the URI diagnosis (5,9). Subgroup 
analyses were conducted among patients <65years of age 
and patients without diabetes or congestive heart failure.

In 2007, a total of 194,874 adults had at least 1 physician 
visit at which a primary diagnosis of ARI was made with no 
other associated secondary diagnoses for which treatment 
with an antimicrobial drug would be appropriate (Table 1). 
After this visit, ≈52% of patients filled an antimicrobial drug 
prescription (Figure). The most common prescriptions filled 
were for macrolides (27.8%) and penicillins (12.3%).

Odds of filling antimicrobial drug prescriptions for 
treatment of ARI were significantly lower for older adults, 
men, and nonwhite patients (Table 2). Patients with acute 
bronchitis were substantially more likely than patients with 
a cold or URI to fill these prescriptions (69% vs. 40%; 
odds ratio [OR] 3.32; 95% CI 2.78–3.95). Odds of filling 
antimicrobial drug prescriptions were significantly lower 
for patients residing in a county for which the quintile for 
primary care physician density was highest than for pa-
tients in a county for which the quintile was lowest (48.2% 
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Figure.	 Percentage	 of	
antimicrobial	drug	use,	by	type	
of	agent,	among	194,874	adult	
Medicaid	 patients	 in	 40	 US	
state	Medicaid	programs.	Data	
are	 from	 the	 2007	 Medicaid	
Analytic	Extract	files.

Table	1.	Characteristics	of	194,874	adult	Medicaid	patients	with	acute	respiratory	tract	infection,	40	US	states,	January	1,–December	
24,	2007* 
Variable No.	(%)	or	mean	(SD) 
Age,	y,	no.	(%)  
 21–29 45,447	(23.3) 
 30–39 42,977	(22.1) 

40–49 42,924 (22) 
50–59 38,376	(19.7) 
60–64 16,929	(8.7) 
65 8,221	(4.2) 

Sex,	no.	(	%)  
F 143,329	(73.5) 
M 51,545	(26.5) 

Race,	no.	(	%)  
White 100,310	(51.5) 
Black 46,282	(23.7) 
Hispanic 16,404	(8.4) 
Other 31,878	(16.4) 

Diagnosis	at	index	visit,	no.	(%)  
Cold	or	acute	URIs	(ICD-9	codes	460	and	465) 113,394	(58.2) 
Acute	bronchitis	(ICD-9	code	466) 81,480	(41.8) 

RxHCC score, mean (SD)† 0.5	(0.6) 
Quarter	of	index	visit	date,	no.	(%)  

Jan–Mar 85,601	(43.9) 
Apr–Jun 36,771	(18.9) 
Jul–Sep 30,807	(15.8) 
Oct–Dec 41,695	(21.4) 

Residence	in	low-education county, no. (%)‡  
No 144,335	(74.1) 
Yes 50,539	(25.9) 

County-level	annual	per	capita	income,	mean	(SD) 32,700	(15.6) 
Residence	in	urban	area,	no.	(%)  

No 65,766	(33.7) 
Yes 129,108	(66.3) 

Residence	in	state	participating	in	CDC	Get	Smart	campaign,	no.	(%)§  
No 38,332	(19.7) 
Yes 156,542	(80.3) 

Primary	care	physicians/10,000	persons	in	county,	no.	(%)¶  
<2.2 14,816	(7.6) 
2.2–3.4 28,500	(14.6) 
3.5–4.7 34,017	(17.5) 
4.8–6.5 47,460	(24.4) 
>6.5 70,081	(36) 

*Data	from	the	2007	Medicaid	Analytic	Extract	files	linked	with	the	Area	Resource	File.	URI,	upper	respiratory	tract	infection;	ICD-9,	International	
Classification	of	Diseases,	Ninth	Revision;	RxHCC,	prescription	drug	Hierarchical Coexisting	Condition;	CDC,	Centers	for	Disease	Control	and	
Prevention. 
†Modified RxHCC score used here, wherein coefficients for age and sex are zeroed out in the score calculation because regression	models	separately	
control	for	these	variables.	Range	in sample	described	here	0–5.3.	A	higher	score	indicates	a	higher	medical	comorbidity	burden. 
‡County with 25%	adults	without	a	high	school	diploma. 
§In	this	sample,	33	of	40	states	participated	in	the	CDC	Get	Smart	campaign	during	2002–2006. 
¶Categories	were	based	on	quintile	of	county-level	number	of	primary	care	physicians/10,000	persons.	Each	category	includes	644	counties. 
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vs. 56.8%; OR 0.76, 95% CI 0.66–0.88). Likelihood of  
filling antimicrobial drug prescriptions was lower for pa-
tients in 33 states that had participated in the CDC Get 
Smart campaign during 2002–2006 than for those in other 
states (50.7% vs. 57.7%; OR 0.74, 95% CI 0.62–0.88). Re-
sults of all sensitivity and subgroup analyses were consis-
tent with main results (online Technical Appendix Table 1).

Conclusion
In 2007, more than half of Medicaid patients filled a 

prescription for antimicrobial drugs for an ARI, despite 

essentially no evidence of efficacy for this use. The sub-
stantially higher use of antimicrobial drugs for acute bron-
chitis than for colds or other URIs raises the need for ef-
fective interventions to further support physician decision 
making. Examples of such interventions include active 
clinician education strategies (e.g., academic detailing, 
educational workshops, and consensus-building sessions), 
which are more effective than passive education strategies 
(e.g., distribution of educational materials) (1).

Lower availability of primary care physicians might 
be associated with higher rates of antimicrobial drug  

Table	2.	Factors	associated	with	antimicrobial	drug	use	among	194,874	adult	Medicaid	patients,	40	US	states,	2007* 

 Variable 
%	Visits	at	which	drugs	

were	prescribed Odds	ratio (95%	CI) 
Age,	y   
 21–29 49.8 Referent 
 30–39 53.7 1.10	(1.05–1.16) 
 40–49 53.8 1.09	(0.99–1.20) 
 50–59 53.3 1.09	(0.96–1.23) 
 60–64 51.3 1.02	(0.89–1.16) 
 65 43.2 0.77	(0.63–0.94) 
Sex   
 F 52.4 Referent 
 M 51.1 0.94	(0.90–0.99) 
Race   
 White 56.9 Referent 
 Black 48.9 0.82	(0.74–0.91) 
 Hispanic 45.6 0.73	(0.64–0.82) 
 Other 45.0 0.75	(0.61–0.92) 
Diagnosis	at	index	visit   
 Cold	or	acute	URI, ICD-9	codes	460	and	465 40.0 Referent 
 Acute	bronchitis, ICD-9	code	466 69.0 3.32	(2.78–3.95) 
RxHCC	score†  0.94	(0.88–1.00) 
Quarter	of	index	visit	date   
 Jul–Sep 52.8 Referent 
 Jan–Mar 52.3 1.04	(1.01–1.08) 
 Apr–Jun 52.1 1	(0.97–1.04) 
 Oct–Dec 51.1 0.98	(0.95–1.01) 
Residence	in	low-education	county‡   
 No 52.1 Referent 
 Yes 52.1 0.96	(0.85–1.09) 
County–level	annual	per	capita	income	(in	$1,000)§  1.00	(1.00–1.00) 
 Residence	in	urban	area   
 No 55.8 Referent 
 Yes 50.2 0.91	(0.82–1.00) 
Residence	in	state	participating	in	CDC	Get	Smart	campaign¶   
 No 57.7 Referent 
 Yes 50.7 0.74	(0.62–0.88) 
No. primary	care	physicians/10,000	persons	in	county#   
 <2.2 56.8 Referent 
 2.2–3.4 56.2 0.96	(0.87–1.07) 
 3.5–4.7 55.4 0.91	(0.80–1.04) 
 4.8–6.5 51.4 0.84	(0.73–0.96) 
 >6.5 48.2 0.76	(0.66–0.88) 
*Data	are	from	the	2007	Medicaid	Analytic	Extract	files	linked	with	the	Area	Resource	File.	URI,	upper	respiratory	tract	infection;	ICD-9,	International	
Classification	of	Diseases,	Ninth	Revision;	RxHCC,	prescription	drug	Hierarchical	Coexisting	Condition; CDC,	Centers	for	Disease	Control	and	
Prevention. 
†Modified RxHCC score used here, wherein coefficients for age and sex are zeroed out in the score calculation because regression	models	separately	
control	for	these	variables.	Range	in	sample	described	here 0–5.3.	A	higher	score	indicates	a	higher	medical	comorbidity	burden.	 
Odds	ratio	indicates	the	increased	odds	of	antimicrobial	drug	use	associated	with	per	unit	increase	in	the	score. 
‡The	categories	were	based	on	quintile	of	county-level	number	of	PCP	physicians	per	10,000	persons.	Each	category	includes	644	counties. 
§Defined	as	a	county	with	25%	adults	without	a	high	school	diploma. 
¶In	separate	analysis,	the	county-level	annual	per	capita	income	was	coded	as	categorical	variables	according	to	the	quintile	of	the	measure	across	all	
counties	in	the	Area	Resource	File.	Similar	to	the	continuous	variables,	the	categorical	variables	were	not	significant. 
#In	our	sample,	33	of	40	states	participated	in	the	CDC	Get	Smart	campaign	during	2002–2006. 
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prescribing for ARIs, given that clinicians in areas with 
fewer primary care physicians see more patients. Physi-
cians with greater patient workloads might be more likely 
to prescribe antimicrobial drugs for ARIs (1), given that 
they do not have time to counsel patients against use of 
antimicrobial drugs. This finding has implications for 
Medicaid because enrollment is expected to increase sub-
stantially by 2019 under the Patient Protection and Af-
fordable Care Act. Whether the number of primary care 
physicians will be adequate to meet this increased de-
mand is a serious concern. In addition, a recent survey 
showed that nearly one third of physicians are unwilling 
to see new Medicaid patients (12). As a result, inappropri-
ate antimicrobial drug use in Medicaid programs might 
increase, especially where primary care physician density 
is low.

Use of antimicrobial drugs for ARIs was lower among 
patients in states that participated in the CDC Get Smart 
campaign during 2002–2006. Under this program, CDC 
helped fund development and implementation of local 
campaigns to promote appropriate use of antimicrobial 
drugs. Audiences included providers and patients (11). 
Adding patient education to an existing physician-centered 
intervention reduces antimicrobial drug use among adults 
with acute bronchitis (13). This finding suggests that such 
public health campaigns might be associated with lower 
unnecessary antimicrobial drug use.

Among study limitations are use of administrative 
claims data, which are collected for purposes of payment 
rather than research; thus, coding of URI diagnoses might 
be questionable. Nevertheless, numerous claims-based 
studies have identified URIs by using International Clas-
sification of Diseases, Ninth Revision codes in claims data 
(8,9), and a validation study that used chart review showed 
that for URIs, specificity for these codes was >0.97 (95% 
CI 0.95–0.98) and sensitivity was 0.56 (95% CI 0.45–0.67) 
(14). Given the cross-sectional study design, our findings 
associated with primary care physician density and the 
CDC Get Smart campaign cannot be considered causal. 
Furthermore, our use of prescription-fill data as a proxy 
for medication use might have overestimated usage rates. 
However, this approach has been validated and widely used 
in studies of medication use (15).

That a high percentage of adult Medicaid enrollees 
with ARIs received antimicrobial drugs unnecessarily rais-
es concern about further widespread use with the upcom-
ing expansion in Medicaid enrollment under health care re-
form. Clinicians, public health officials, and policymakers 
should consider ways to curb inappropriate antimicrobial 
drug use in this population.

Dr Li is a senior research investigator at the Division of 
General Internal Medicine and a senior fellow at the Leonard 
Davis Institute of Health Economics, both at the University of 

Pennsylvania. His research interests include pharmaceuticals and 
health services. 
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Chronic Wasting 
Disease Agents  

in Nonhuman  
Primates
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Chronic	wasting	disease,	a	prion	disease	of	cervids,	
may	infect	humans,	but	this	is	unproven.	Primates	from	2	
genera	were	observed	 for	9–10	years	after	 intracerebral	
or	 oral	 inoculation.	 Cynomologus	 macaques	 were	 com-
pletely	 resistant.	However,	 squirrel	monkeys	were	highly	
susceptible	to	the	pathogen,	which	adapted	more	quickly	
on	second	passage.

Chronic wasting disease (CWD) is a transmissible spon-
giform encephalopathy that can infect mammals in the 

family Cervidae, which includes deer, elk, and moose, among 
other species. Initially detected in a captive deer in 1967, the 
disease is now widespread in the United States, Canada, and 
South Korea (1). Because cervids are commonly consumed 
as food by humans and other mammals, the cross-species 
potential of the causal pathogen must be determined. CWD 
prions injected intracerebrally have infected agricultural 
animals and scavengers (2); however, transgenic mice that 
expressed human prion protein (PrP) were not susceptible 
(3–6) through this route. We previously analyzed the suscep-
tibility of 2 genera of nonhuman primates to CWD agents by 
intracerebral and oral routes (7). The results showed a high 
attack rate in squirrel monkeys (Saimiri sciureus) inoculated 
intracerebrally but a low attack rate and long incubation pe-
riods by those exposed orally. In contrast, no cynomolgus 
macaques (Macaca fascicularis) showed clinical signs of 
transmissible spongiform encephalopathy (TSE) when ex-
posed by either route. The long incubation periods observed 
in squirrel monkeys prompted us to observe the remaining 
monkeys for >4 additional years. Here we provide an update 
and report results of new experiments showing that squirrel 
monkey–adapted CWD (SM-CWD) has an accelerated incu-
bation period on second passage.

The Study
Squirrel monkeys were inoculated intracerebrally or 

orally with CWD inocula (7). We initially reported that 

11/13 intracerebrally infected monkeys were euthanized 
at 41 months postinoculation (mpi) on average, and dis-
ease developed in 2/12 orally infected squirrel monkeys 
on average of 69 mpi (7). Disease developed in the 2 re-
maining intracerebrally infected squirrel monkeys at 61 
and 75 mpi, respectively, changing the intracerebral at-
tack rate to 100% (Figure 1, Table 1). Of the 10 remain-
ing orally inoculated squirrel monkeys, disease developed 
in 9, bringing the overall oral attack rate to 92% and the 
average incubation period to 68 mpi (Figure 1, Table 1). 
Clinical signs were subtle; the most prominent finding was 
gradual weight loss (Table 1). A final diagnosis of CWD 
agent infection was made by using immunoblotting and 
immunohistochemical testing to determine accumulation 
of abnormal, disease-associated prion protein (PrPres) in 
brain tissue (wwwnc.cdc.gov/EID/article/20/5/13-0778-
Techapp1.pdf).

To compare the neuropathologic changes in intracere-
brally and orally infected squirrel monkeys, we analyzed 
10 brain regions for spongiform lesion severity and PrPres 
deposition (Figure 1, panels B, C). No statistically signifi-
cant differences were noted between the 2 routes of infec-
tion (p<0.05). All squirrel monkeys studied had severe 
spongiform degeneration in the striatum (Figure 1, panel 
D) and little involvement in cerebellum and occipital lobes 
(Figure 1, panel E). Spongiform lesions in cortical gray 
matter were not consistent throughout the brain. Affected 
areas were commonly observed adjacent to normal regions, 
most frequently in the frontal, temporal, and parietal lobes 
(Figure 1, panel F). Except for the striatum, PrPres depo-
sition was generally most prominent in areas that showed 
severe vacuolation. PrPres deposits appeared in 2 forms: 
dense punctate extracellular plaques (Figure 1, panel G) 
and less dense pericellular aggregates. The spleens of 
CWD agent–infected squirrel monkeys were positive for 
PrPres in 46% of intracerebrally infected and 60% of orally 
infected squirrel monkeys (Figure 1, panel H). At least 1 
lymph node was positive in 30% of intracerebrally infected 
squirrel monkeys and in 40% of orally infected squirrel 
monkeys (Figure 1, panel J; Technical Appendix).

Of the squirrel monkeys under study, 3 PRNP geno-
types were represented (7). In the group of orally infected 
squirrel monkeys, 3 had a unique heterozygous genotype 
that encoded either 4 or 5 octapeptide repeats. Two of these 
monkeys were the last orally infected monkeys to be eu-
thanized because of clinical disease (80 and 107 mpi), and 
the third heterozygote was clinically normal at 108 mpi. 
Heterozygosity within the PRNP gene has been shown to 
delay or prevent prion disease (8) and may play a role in 
this study.

We inoculated cynomolgus macaques as another 
nonhuman primate model for cross-species transmission 
of CWD. Compared with squirrel monkeys, cynomolgus  
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macaques are biologically closer to humans, and cynomol-
gus macaque PrP is more homologous to human PrP (7). 
Nine cynomolgus macaques were inoculated orally and 6 
were inoculated intracerebrally with 1 of 3 CWD pools as 
described (7). Our first report included negative data from  

1 cynomolgus macaque euthanized at 49 mpi (7). Since 
then, we have euthanized and screened 6 cynomolgus ma-
caques for TSE (Table 2). No evidence of prion infection 
was detected by immunoblot and immunohistochemical 
methods (data not shown).
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Figure	1.	Incubation	periods	of	chronic	wasting	disease	(CWD)	and	neuropathologic	features	of	CWD	agent–infected	squirrel	monkeys.	A)	
Incubation	periods	for	squirrel	monkeys	infected	with	CWD	agents	by	intracerebral	(IC)	or	oral	(PO)	routes.	Solid	circles	indicate	euthanized	
squirrel	monkeys	(SM)	that	tested	positive	for	prion	disease.	The	open	circle	indicates	1	squirrel	monkey	that	remained	clinically	normal	at	
108	months	postinoculation	(mpi).	Lines	indicate	the	mean	and	standard	deviation	within	each	group.	B,	C)	Lesion	profiles	of	CWD-agent–
infected	squirrel	monkeys	showing	spongiform	degeneration	(B)	and	PrPres	deposition	(C)	values	in	10	gray	matter	regions	of	the	brain.	N	
values	for	each	group	are	as	follows:	IC	SM-CWD,	11;	PO	SM-CWD,	7;	IC	control	SM,	1.	TL,	temporal	lobe;	PL,	parietal	lobe;	FL,	frontal	lobe;	
OL,	occipital	lobe;	Cer,	cerebellum;	Thal,	thalamus;	HC,	hippocampus;	MB,	midbrain;	Str,	stiatum;	SC,	spinal	cord.	Error	bars	show	the	SD	
for	each	group.	Panels	D–G	show	brain	from	a	squirrel	monkey	infected	PO	with	CWD	and	euthanized	at	69	months	postinoculation.	Panels	
D–F	are	stained	with	hematoxylin	and	eosin	and	show	D)	severe	spongiform	lesions	in	the	striatum,	E)	lack	of	pathology	in	the	occipital	lobe,	
and	F)	pathology	in	the	parietal	lobe.	Panels	G,	H,	and	J	show	immunohistochemical	staining	for	PrPres	by	using	anti-PrP	antibody	D13.	
G)	Adjacent	section	to	the	region	depicted	in	F	shows	the	positive	correlation	of	PrPres	(brown)	with	spongiform	degeneration.	Panels	H–J	
show	lymphoid	tissue	from	a	squirrel	monkey	infected	PO	with	CWD	and	euthanized	at	80	mpi.	H)	PrPres	(brown)	staining	in	spleen	and	J)	
mesenteric	lymph	node.	I)	No	primary	antibody	control	of	the	region	shown	in	H,	demonstrating	specificity	of	stain	observed	in	H.	The	scale	
bar	shown	in	D	applies	to	panels	D–G	and	represents	50	µm;	the	scale	bar	shown	in	H	applies	to	H–J	and	represents	25	µm.
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The lack of CWD transmission during >10 years 
suggests that a substantial species barrier exists between 
cervids and cynomolgus macaques. In most TSE animal 
models, PrPres can be detected by 1/3–1/2 of the known 
incubation periods. If we extrapolate this to the cyno-
molgus macaques in this study, negative test results at 9 
years would suggest that the incubation period would be 
>18 years. Other prion studies of cynomolgus macaques 
reported clinical disease within 2–3 years after inoculation 
with variant Creutzfeldt-Jakob disease agents (9), 3 years 
after inoculation with bovine spongiform encephalopathy 
agents (10,11), and 5 years after inoculation with sporadic 
Creutzfeldt-Jakob disease agents (9,12). In contrast, our 
findings indicate that CWD is unlikely to develop in cyno-
molgus macaques.

The cause of susceptibility to CWD agents in squirrel 
monkeys and resistance to them in cynomolgus macaques 
is uncertain. Prnp/PRNP gene sequence variation has been 
linked to disease susceptibility (8), and differences in the 
PRNP genes of cynomolgus macaques and the genes of 
squirrel monkeys could play a major role. Comparison of 
PRNP sequences among cynomolgus macaques and squir-
rel monkeys showed differences exist at 5 codons (56, 100, 
108, 159, and 182) (7). It is not clear which difference or 

combination of changes might confer protection to cyno-
molgus macaques, or if resistance is caused by other fac-
tors. Of the 5 codon differences described above, those of 
cynomolgus macaques and humans are identical at posi-
tions 56, 159, and 182.

Two SM-CWD brain samples were inoculated into 
squirrel monkeys and cynomolgus macaques to verify that 
SM-CWD was infectious, test for further adaptation, and 
to see if SM-CWD was infectious to a broader range of 
nonhuman primates. Two squirrel monkeys inoculated in-
tracerebrally with SM-CWD brain homogenates (SMP2-
CWD) were euthanized at 23–24 mpi (Table 1). These in-
cubation periods decreased by >11 months compared with 
that of the donor squirrel monkey. Neurologic signs in the 
2 SMP2-CWD were more pronounced than observed dur-
ing the first passage; however, weight loss was reduced. 
Neuropathologic examination and Western blot for PrPres 
confirmed TSE in both squirrel monkeys. In contrast to 
SM-CWD infections, the SMP2-CWD-infected brains 
had spongiform lesions and PrPres deposition in the oc-
cipital lobe (Figure 2, panels A, B). Biochemical com-
parison of glycoform patterns among CWD, SM-CWD, 
and SMP2-CWD were made by using 3 different anti-PrP 
antibodies (L42, 6H4, and 3F4) (Technical Appendix).  

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014	 835

Table	1.	Squirrel	monkeys	inoculated	with	CWD	or	squirrel	monkey–adapted	CWD	agents* 
Disease 
incidence† Inoculum‡ 

Route of 
inoculation Titer	inoculated§ 

Incubation	days,		
range,	(avg)¶ 

Weight	change	
range,	%	(avg,%) 

13/13 MD-1,2,3	Elk-1,2,3	WTD-1,2 Intracerebral 1.3	 105-1.0	 107 33–75	(46) 8	to	43	(29.5) 
11/12# MD-1,3	Elk-1,2,3	WTD-1,2 Oral 9.6	x	107-1.5	 109 59–107	(68) 8	to	41	(28) 
2/2 SM-CWD Intracerebral NA 23–24	(23.5) 8	to	21	(14.5) 
0/1 Normal	elk Intracerebral NA 82	NS 0 
0/1 Buffer	control Oral NA >108 6 
0/1 Normal	elk Oral NA 123	NS +7 
*An	early	version	of	some	of	these	data	is	shown	in	Tables	1,	2	of	(7).	Since	that	time	more	infected	animals	have	been	euthanized and	the	data	have	
been	updated.	CWD,	chronic	wasting	disease;	MD,	mule	deer;	WTD,	white-tailed	deer;	NA,	not	applicable;	NS,	no	clinical	transmissible	spongiform	
encephalopathy	signs. 
†Number of monkeys in which prion disease developed/number inoculated. 
‡Several different inocula were used for this study. Each individual	animal	was	inoculated	with	1	inoculum.	Detailed	descriptions	can	be	found	in	(7). 
§Infectivity	titers	were	determined	by	using	endpoint	dilution	titer	in	transgenic	deer	PrP	mice	and	are	listed	as	50%	infectious	dose/gram	of	brain. 
¶The	range	of	incubation	periods	observed	is	shown	as	months	postinoculation	followed	with	the	average	incubation	period	of	the	group	in	parentheses.	
Monkeys	listed	as	NS	did	not	show	any	clinical	signs	compatible	with	transmissible	spongiform	encephalopathy. 
#Three	monkeys	from	this	group	are	not	included	in	this	calculation	because	they	were	euthanized	before	45	months	postinoculation	for	reasons	
unrelated	to	transmissible	spongiform	encephalopathy	disease.	The	sole	remaining	animal	in	this	group	appeared	normal	at	108	months	
postinoculation. 

 

Table	2.	Cynomolgus	macaques	inoculated	with	CWD	or	squirrel	monkey–adapted	CWD	agents* 
Disease	incidence† Inoculum‡ Route of inoculation Titer	inoculated§ Screening	mpi¶ Current	mpi 
0/6 MD-1,	Elk-1,	WTD-1 Intracerebral 3.2  105–2.5  106 49, 79, 88, 94 124 
0/8# MD-1, Elk-1, WTD-1 Oral 2.5  108–2  109 97,106,106 124 
0/2 SM-CWD Intracerebral NA NA 72 
0/1 Normal	elk Intracerebral NA 96 NA 
*An	early	version	of	some	of	these	data	are	shown	in	Table	3	of	(7). CWD,	chronic	wasting	disease;	mpi,	months	post-inoculation;	MD,	mule	deer;	WTD,	
white-tailed	deer;	SM,	squirrel	monkey;	NA,	not	applicable. 
†Number	of	monkeys	in	which	prion	disease	developed	over	number	inoculated. 
‡Several	different	inocula	were	used	for	this	study.	Each	individual	animal	was	inoculated	with	1	inoculum.	Detailed	descriptions	can	be	found	in	(7). 
§Infectivity	titers	were	determined	by	using	endpoint	dilution	titer	in	transgenic	mice	expressing	deer	prion	protein	(PrPres) and	are	listed	as 50%	
infectious	dose	per	gram	of	brain. 
¶Several	monkeys	were	euthanized	during	the	course	of	the	experiment	for	conditions	unrelated	to	prion	infection	such	as	diabetes,	neoplasia,	
hypocalcemia,	and	behavioral	issues.	Brain,	spleen,	and	lymph	nodes	from	these	animals	were	screened	for	PrPres	by	using	Western	blot	and	
immunohistochemical	methods.	No	PrPres-positive	tissues	were	detected. 
#One	monkey	from	the	original	oral	inoculation	group	was	euthanized	at	1	mpi	because	of	a	colonic	torsion	and	has	been	removed	from	this	group. 
 



In all cases, SM2-CWD had a greater proportion of ungly-
cosylated PrPres and a lower proportion of double glyco-
sylated PrPres than did SM-CWD (Figure 2, panel C). The 
decreased time of manifestation of disease, differences in 
glycoform patterns, and distribution of PrPres in brain tis-
sue suggested that the CWD agent was still adapting within 
the squirrel monkey. However, similar to CWD, SM-CWD 
had not caused prion disease in cynomolgus macaques by 
72 mpi (Table 2).

Conclusion
Our studies have shown that squirrel monkeys, but 

not cynomolgus macaques, were susceptible to CWD. Al-
though these nonhuman primates are not exact models of 
human susceptibility, they support the data from transgenic 
mouse studies (3–6), in vitro experiments (13), and epide-
miologic evidence (14,15) that suggest humans are at a low 
risk of contracting CWD. Nevertheless, it remains sensible 
to minimize exposure to tissues potentially contaminated 
with the CWD agent.
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We	found	a	diversity	of	Rickettsia	spp.	 in	seabird	ticks	
from	6	tropical	islands.	The	bacteria	showed	strong	host	spec-
ificity	 and	sequence	similarity	with	 strains	 in	other	 regions.	
Seabird	ticks	may	be	key	reservoirs	for	pathogenic	Rickettsia 
spp.,	and	bird	hosts	may	have	a	role	in	dispersing	ticks	and	
tick-associated	infectious	agents	over	large	distances.

Rickettsia infections have been explored in many tick 
species parasitizing a wide variety of animal hosts (1). 

Rickettsia africae, the agent of African tick-bite fever, has 
been detected in the seabird tick Amblyomma loculosum (2), 
suggesting a role for seabirds in the maintenance, transmis-
sion, and large-scale dispersal of emerging Rickettsia spp.

In tropical regions, 2 common and abundant tick spe-
cies are associated with seabird colonies: the hard tick, A. 
loculosum, and the soft tick, Carios capensis (3). Rickettsia 
spp. have been documented in these tick species from dif-
ferent areas, although only 1 report is available for tropi-
cal areas (2). R. hoogstraalii, R. felis, and an undescribed 
species (Rickettsia sp. scc49) were detected in C. capensis 
ticks in South Carolina, USA (4,5). R. hoogstraalii was 
also reported in C. capensis ticks from Japan (6), raising 
questions regarding the host and geographic range of Rick-
ettsia spp. in seabird ticks.

To better understand the role of seabirds and seabird 
ticks as reservoirs and dispersers of pathogens, we inves-
tigated Rickettsia spp. infections in A. loculosum and C. 
capensis ticks. These 2 tick species are commonly found on 
remote tropical islands of the western Indian Ocean. Using 
molecular detection techniques, we examined variations in 
detection rates and estimated the genetic diversity of Rick-
ettsia spp. between islands and between tick species. 

The Study
During 2011 and 2012, we collected ticks from sea-

bird colonies on 6 islands of the western Indian Ocean: 
Aride, Bird, Europa, Juan de Nova, Tromelin, and Réunion 
Islands (Figure 1; Table). Sample collection on Réunion, 
Juan de Nova, Tromelin, and Europa Islands was conduct-
ed under the approval of the Direction de l’Environnement, 
de l’Aménagement et du Logement, the Conservatoire du 
Littoral–Antenne Océan Indien, and the Terres Australes 
and Antarctiques Françaises. Sample collection on Aride 
and Bird Islands and their export to Réunion Island were 
performed with the approval of the Seychelles Bureau of 
Standards and the Ministry of Environment.

All ticks were morphologically identified as A. locu-
losum or C. capensis by using standard taxonomic keys 
(Figure 2). Ticks were individually washed in distilled 
water and homogenized in Dulbecco modified essential 
medium or Buffer AVL (QIAGEN, Valencia, CA, USA). 
Total nucleic acids were extracted by using the EZ1 Viral  
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Figure	 1.	 Location	 of	 western	 Indian	 Ocean	 islands	 where	 tick	
sampling	was	conducted	among	seabird	colonies	during	2011–2012.
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mini kit v2 and the BioRobot EZ1 System or the QI-
Amp Viral RNA Mini Kit (all from QIAGEN). We used 
a commercial cDNA kit (Promega, Madison, WI, USA) 
to generate cDNAs by reverse transcription. cDNA and 
PCR, with primers selecting for a 1,064-bp fragment of 
the citrate synthase–encoding gene (gltA), were used to 
detect Rickettsia spp. (7). Sequencing of this fragment 
enabled putative identification of the detected rickettsiae, 
although complete genotyping is required to fully charac-
terize them (8).

Overall, 143 of the 318 ticks tested were positive for 
Rickettsia spp., corresponding to a global detection rate (± 
95% CI) of 45% (± 5%) (Table); detection from A. locu-
losum (47% ± 8%) and C. capensis (43% ± 8%) ticks was 
similar (χ2 = 0.79, df = 1, p = 0.37). However, detection 
rates differed significantly among the islands (χ2 = 37.96, 
df = 5, p<0.001). For example, the detection rate was low-
er in C. capensis ticks on Bird (8% ± 15%) and Juan de 
Nova (16% ± 11%) Islands compared with other islands. 
The detection rate in A. loculosum ticks on Réunion Is-
land was particularly high (93% ± 11%) compared with 
that on other islands.

Partial sequencing was performed on the Rickettsia spp. 
gltA gene from 60 ticks, including ticks from each island and 
both species. Phylogenetic analyses revealed 7 haplotypes 
clustering in 4 well-supported clades; some of the haplo-
types corresponded to previously described species (Figure 
3). No association was found between Rickettsia spp. and 
collection location (island), but strong host (tick) specific-
ity was observed (Figure 3). All A. loculosum ticks were 
infected with a Rickettsia strain showing 100% nt identity 
with the R. africae strain infecting A. loculosum ticks in 
New Caledonia and with the ESF-5 strain isolated from the 
cattle tick, A. variegatum, in Ethiopia (GenBank accession 
no. CP001612.1). Rickettsia spp. in C. capensis ticks had 3 
well-supported genetic clusters and, thus, were more diverse. 
The most frequent Rickettsia sp. in these ticks (64% of the 
sequences) was a probable strain of R. hoogstraalii. Other 
haplotypes corresponded to an unknown Rickettsia sp. that 
was closely related to R. hoogstraalii and to a probable strain 
of R. bellii (28% and 8% of the sequences, respectively). The 
haplotype of R. bellii was detected only on Réunion Island 
in 2 C. capensis ticks collected within the same nest of the 
wedge-tailed shearwater (Puffinus pacificus).
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Table.	Species	and	numbers	of	ticks	collected	during	a	study	of	the	distribution	and	host	specificity	of	Rickettsia spp.	in	seabird	ticks	
on	6	remote	islands	in	the	western	Indian	Ocean,	2011–2012 

Island,	host	species Tick	species No.	ticks	detected 
Detection	rate,	%,	

Rickettsia spp.	(95% CI) 
Aride    
 Puffinus pacificus, Onychoprion fuscatus Amblyomma loculosum 31 45	(18) 
Bird    
 O. fuscatus Carios capensis 13 8	(15) 
 A. loculosum 41 37	(1) 
Europa    
 O. fuscatus C. capensis 42 74	(1) 
Juan de	Nova    
 O. fuscatus C. capensis 43 16	(1) 
Réunion    
 P. pacificus C. capensis 39 59	(1) 
 A. loculosum 72 46	(12) 
Tromelin    
 Sula sula, S. dactylatra C. capensis 23 26	(18) 

 A. loculosum 14 93	(13) 
Total  318 45	(5) 

 

Figure	2.	Amblyomma loculosum 
(left)	and	Carios capensis	 (right)	
ticks	 from	 seabird	 colonies	 on	
western	Indian	Ocean	islands.
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Figure	3.	Maximum	clade	credibility	tree	for	Rickettsia	spp.	detected	in	seabird	ticks	(Amblyomma loculosum	and	Carios capensis)	of	the	
western	Indian	Ocean	as	determined	on	the	basis	of	a	913-bp	fragment	of	the	Rickettsia gltA	gene.	The	nucleotide	substitution	model	
was	selected	by	using	the	jModelTest	2.1.2	tool	(https://code.google.com/p/jmodeltest2/),	and	Bayesian	analyses	were	performed	using	
MrBayes	3.1.2	(http://mrbayes.sourceforge.net/),	with	chain	lengths	of	2	million	generations	sampled	every	1,000	generations.	Black	dots	
indicate	Bayesian	posterior	probabilities	>0.7.	Taxa	names	are	represented	by	the	identification	of	the	sample,	the	sampling	site,	and	the	
tick	species.	GenBank	accession	numbers	are	indicated	in	parentheses.	The	sequences	generated	in	this	study	are	color-coded	according	
to	the	geographic	origin	of	samples	(see	Figure	1)	and	are	accessible	in	GenBank	(accession	nos.	KF360024–KF360030	and	KJ001229–
KJ001281).	Scale	bar	indicates	nucleotide	substitutions	per	site.
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Conclusions
We provide evidence of rickettsia infection in seabird 

ticks from 6 islands in the western Indian Ocean. Although 
the tick infection rate varied among the islands, Rickettsia 
spp. were detected in all studied seabird populations and 
overall Rickettsia infection rates were comparable to those 
reported for ticks parasitizing terrestrial hosts (9).

Phylogenetic analyses revealed a diversity of Rick-
ettsia spp. showing strong host specificity. The most fre-
quently detected Rickettsia sp. was R. africae, the causative 
agent of African tick-bite fever. R. africae was found only 
in the hard tick, A. loculosum. These findings support the 
hypothesis that R. africae is well adapted to this tick host, 
which may act as a major reservoir for the pathogen (8). 
Moreover, the similarity of R. africae sequences from our 
study with those of strains found in other parts of the world 
indicates that host shifts may be frequent for this bacte-
rium, facilitating its spread in different tick populations. A 
better understanding of exchanges between wild and do-
mestic fauna and the possible emergence of R. africae at 
regional levels will require further investigations of the link 
between R. africae in seabird ticks and in cattle ticks (10).

We detected 2, possibly 3, Rickettsia spp. in C. capen-
sis ticks; this genetic diversity was higher than that detected 
in A. loculosum ticks. In accordance with previous descrip-
tions (4,6), R. hoogstraalii was the most common Rickett-
sia species infecting C. capensis ticks, confirming that this 
tick species likely represents a major host reservoir for this 
bacterium. An unclassified rickettsial lineage, genetically 
related to R. hoogstraalii, was also identified in C. capensis 
from Réunion, Europa, and Tromelin Islands, showing that 
2 distinct Rickettsia spp. cocirculate in these tick popula-
tions. Additional sampling and further genetic character-
ization (8) are required to better describe the distribution of 
this lineage and its relationships to R. hoogstraalii.

R. bellii has mainly been documented in the Ameri-
cas, but recent studies have detected the presence of closely 
related R. bellii strains in Australia (11) and Europe (12). 
Although we detected R. bellii in only 2 ticks on 1 island, 
our study findings show the potential for broad distribution 
of this bacterium because of its large arthropod host range 
(13). The R. bellii genome has been completely sequenced 
(13), but current knowledge on its epidemiology and patho-
genicity in humans remains to be evaluated. In addition, 
our study was restricted to analysis of the gltA gene, so ad-
ditional genotyping studies are needed to fully characterize 
the Rickettsia spp. that we identified (8).

The presence of Rickettsia spp. on remote islands in-
dicates a possible role of bird hosts in the dispersal of ticks 
and their associated infectious agents over large distanc-
es (14,15). An understanding of the historic colonization 
and current population structure of A. loculosum and C. 
capensis ticks, together with knowledge of bird migratory  

patterns, is required to properly assess the risk for emer-
gence of Rickettsia spp. on these islands.
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To	determine	whether,	and	to	what	extent,	influenza	A	
subtype	H3	viruses	were	present	in	feral	swine	in	the	United	
States,	we	 conducted	 serologic	 and	 virologic	 surveillance	
during	October	2011–September	2012.	These	animals	were	
periodically	exposed	to	and	infected	with	A(H3N2)	viruses,	
suggesting	they	may	threaten	human	and	animal	health.

Swine are proposed as “mixing vessels” to generate 
novel influenza A viruses (IAVs) by facilitating reas-

sortment among IAVs and providing a potential pathway in 
which these viruses can move from wild birds to humans 
(1). Subtype H3N2 is one of the most common subtypes in 
the US domestic swine population, which possibly resulted 
from spillover of human seasonal A(H3N2) virus (2,3). 
Since its introduction in the mid-1990s, A(H3N2) virus has 
evolved genetically and antigenically in domestic swine. 
Four genetic groups (so-called clusters I–IV) were identi-
fied, and these 4 clusters were also antigenically distinct 
(4). The viruses in cluster IV formed at least 2 antigenic 
subclusters, H3N2-α and H3N2-β (5). Both subclusters are 
co-circulating in pigs, and subcluster H3N2-β predomi-
nated among the isolates obtained from domestic swine 
at Ohio county fairs during 2010–2011 (5). During July 
and August 2011, two children were infected with novel  

reassortant H3N2 variant (H3N2v), 1 in Indiana and 1 in 
Pennsylvania (6). This H3N2v virus is antigenically simi-
lar to the viruses in subcluster H3N2-β and has the matrix 
gene of influenza A(H1N1)pdm09 virus. It caused illness in 
≈2,055 persons during August 2011–April 2012 (7).

The role of feral swine in IAV ecology has not been 
adequately addressed. Feral swine could be a reservoir 
of IAVs or, possibly, a spatially dynamic mixing vessel, 
given their free-ranging habits. Such unrestricted move-
ment provides the potential for exchange of IAVs among 
subpopulations of feral swine and the opportunity for ex-
posure to different IAVs through contact with a variety 
of habitats and species. Also, feral swine can live up to 
8 years, which provides ample opportunities for reinfec-
tion with the same subtype IAVs, especially those with 
antigenically distinct hemagglutinins. The IAVs can be 
transmitted bidirectionally between feral and domestic 
swine because contact between them is not unusual (8). 
Ultimately the IAVs emerging in feral swine potentially 
could be transmitted to humans.

The United States has ≈4–5 million feral swine (9) 
throughout at least 38 states (10). Feral swine are expand-
ing their range because of a lack of natural predators and 
intentional introductions for hunting. Our goals in this 
study were to determine through virologic and serologic 
surveillance whether, and to what extent, subtype H3 IAVs 
were present in the US feral swine metapopulation.

The Study
We collected 1,983 nasal swab samples from swine 

during October 2011–September 2012 (online Technical 
Appendix, wwwnc.cdc.gov/EID/article/20/5/13-1578-
Techapp1.pdf). Matrix gene–based quantitative reverse 
transcription PCR showed that 9 swabs samples were IAV 
positive; 1 A(H3N2) feral swine isolate, A/swine/Texas/
A01104013/2012(H3N2), was recovered. Phylogenetic 
analyses showed that all genes of this feral swine isolate 
are genetically similar to those of A(H3N2v) viruses iso-
lated from humans, and other contemporary subtype H3N2 
isolates from swine from county fairs farms. The matrix 
gene of this feral swine IAV was genetically close to that 
of A(H1N1)pdm09 and the human A(H3N2v) viruses (on-
line Technical Appendix Figure) (11). Similar to other 
viruses in the antigenic cluster, H3N2-β A/swine/Texas/
A01104013/2012(H3N2) had a R189K mutation at the 
antibody-binding site of the hemagglutinin protein, which 
caused a recent antigenic drift in subtype H3N2 IAVs (5,12). 
The 8 genes of A/swine/Texas/A01104013/2012(H3N2) 
have a minimal 99.59% nt sequence identity to those of the 
human subtype H3N2v isolate A/Indiana/10/2011(H3N2).

We also collected 1,989 serum samples from swine 
in 31 states; these samples were tested by using an IAV-
specific ELISA (Figure 1). We identified 182 samples as 
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IAV positive, from swine that were broadly distributed 
over 19 states. The average IAV seropositive rate was 
9.15% but it varied by month. The highest positive rate 
(22.9%) was in June 2012 (Figure 2). Although no clear 
temporal pattern was found in the IAV seropositive rate, 
the rate was relatively higher in the summer than in other 
seasons. One explanation could be that noncommercial 
swine farmers might give their animals more pasture time 
during the summer, thereby increasing the chance of con-
tact between domestic and feral swine. In addition, our 
results showed adult feral swine (>1 year of age) had the 
highest rate of IAV positivity (11.1% [of 1,380 animals]), 

followed by subadults (2 months–1 year of age) (5.1%  
[of 494 animals]), and juveniles (<2 months of age) (3.8% 
[of 105 animals]) (age was not determined for 10 ani-
mals). (Dentition patterns were used to determine the age 
of feral swine [13].) Female and male pigs were equally 
as likely to be seropositive (102 [9.6%] of 1,058 vs. 80 
[9.7%] of 821).

Of the 182 IAV-positive serum samples, 76 were ran-
domly selected for influenza subtyping. We used hemag-
glutination-inhibition (HI) and microneutralization (MN) 
assays for subtyping against A(H1N1)pdm09 virus and 22 
H3 IAVs, which represent a wide range of antigenically 
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Figure	1.	Geographic	distributions	
of	seum	samples	from	feral	swine,	
United	 States,	 2011–2012.	A)	Of	
1,989	 samples	 tested	 by	 ELISA,	
182	were	positive	(red)	and	1,807	
were	 negative	 (blue).	 B)	 The	 76	
samples	 (blue)	were	selected	 for	
hemagglutination-inhibition	 and	
microneutralization	 subtyping.	 C)	
The	 distributions	 of	 feral	 swine	
(green)	 and	 domestic	 swine	
(orange)	 were	 also	 marked	 (A	 
and	C).

Figure	2.	Epidemiologic	analyses	of	feral	swine	serum	samples	seropositive	for	influenza	A	virus	by	ELISA,	United	States,	2011–2012.	
A)	Temporal	distribution.	B)	Distribution	of	feral	pigs,	by	age.	C)	Distribution	of	feral	pigs,	by	sex.	The	numbers	on	the	bar	indicate	the	
influenza	A	virus–seropositive	percentile.



	Influenza	A	Subtype	H3	in	Feral	Swine

distinct H3 IAVs (online Technical Appendix Table).  
Serum was defined as seropositive if its titer was >40.

HI results showed that 46 (60.5%) of 76 feral swine 
samples were positive against at least 1 of the 22 H3 IAVs 
tested, of which A/swine/Texas/A011040013/2012(H3N2) 
had the highest seropositive rate (47.4%), followed by 4 
human A(H3N2v) isolates (Table). MN results were con-
sistent with those of HI. The geometric mean titers for HI 
and MN against the feral swine isolate were 163 and 259, 
respectively. The maximum MN titer among the serum 
and A/swine/Texas/A011040013/2012(H3N2) was 1,280. 
The seropositive rates of these serum samples varied from 
34.2% to 42.1% against the other viruses from subclusters 
H3N2-α and H3N2-β (Table), but the viruses in subcluster 
H3N2-β had significantly higher geometric mean titers than 
did those in H3N2-α (p<0.001).

HI results also showed that 12 samples were sero-
positive against A/Perth/16/2009(H3N2); 11 were sero-
positive against A/Victoria/361/2011(H3N2), and 5 were 
seropositive against A/California/7/2009(H1N1). These 3 
viruses do not cross-react with the IAVs from subclusters 
H3N2-α and H3N2-β. Those 5 subtype H1N1-positive 
samples were also seropositive against subtype H3N2 
IAVs, indicating potential previous exposures of these fe-
ral swine to both H3 and H1 IAVs.

The HI results demonstrated that only 2 serum sam-
ples had a low-level cross-reaction with avian influenza 
A(H3N2) viruses, and the HI titers for both were 40. This 
result is consistent with findings in an earlier report (14). 
Further studies are needed to determine whether addi-
tional antigenic clusters of H3 IAVs are present in migra-
tory waterfowl. The discrepancies in the cross-reactivity of 
these serum samples against the IAVs tested in this study  
suggested that these feral swine had different exposure his-
tories against antigenically diverse IAVs.

Conclusions
Our study demonstrated that subtype H3N2 IAVs 

are periodically infecting feral swine in the United States. 
Feral swine are a potential source of IAVs with bidirec-
tional transmission to domestic swine or humans. Detec-
tion of an H3N2v-like IAV in the feral swine population 
demonstrates a potential threat to human health. Continued 
surveillance is recommended to monitor the distribution 
and the genomic and antigenic diversities of IAVs in feral 
swine to better assess the risk.
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Sensitive	molecular	 techniques	 are	 needed	 for	 rapid	
detection	of	the	R292K	oseltamivir-resistant	mutant	of	influ-
enza	A(H7/N9)	virus	strain	to	monitor	its	transmission	and	
guide	antiviral	treatment.	We	developed	a	real-time	reverse	
transcription	 PCR	 and	 single	 nucleotide	 polymorphism	
probes	to	differentiate	this	mutant	strain	in	mixed	virus	pop-
ulations	in	human	specimens.

An outbreak of human infections with a novel reas-
sortant avian-origin influenza A(H7N9) virus oc-

curred in several provinces of China during March 2013 
(1), This outbreak caused 137 laboratory-confirmed cases 
and 45 deaths as of October 2013 (www.who.int/csr/
don/2013_10_24a/en/index.html). An unusually high pro-
portion of severe cases and a high case-fatality rate have 
been observed for patients infected with this virus (2).

We reported emergence of an influenza virus with a 
mutation in the neuraminidase (NA) gene (R292K) and its 
association with severe clinical outcome in infected per-
sons (3). Studies have shown that the NA R292K muta-
tion can cause a high level of resistance to oseltamivir in 
influenza A(H7N9) virus (4,5). Thus, sensitive molecular 
techniques are needed for rapid detection of influenza vi-
rus with this mutation to monitor its circulation and trans-
mission and guide antiviral treatment. In this study, we 
developed a single-nucleotide polymorphism (SNP) real-
time reverse transcription PCR (RT-PCR) to differenti-
ate NA 292K mutant virus from R292 wild-type virus in 
clinical samples.

The Study
The NA R292K assay has 2 reactions with 1 pair of 

primers. One reaction contained a FAM-labeled SNP probe 

specific for the 292K mutant strain and a second reaction 
contained a VIC-labeled probe specific for the R292 wild-
type strain (online Technical Appendix, wwwnc.cdc.gov/
EID/article/20/5/13-1364-Techapp1.pdf).

To assess the sensitivity of the assay, we constructed 2 
plasmids that contained R292 wild-type virus or 292K mu-
tant virus, respectively. Fragments of the NA gene inserted 
into the plasmids were amplified from nasopharyngeal 
swab specimens from 2 patients infected with influenza 
A(H7N9) virus and confirmed by using Sanger sequencing 
(online Technical Appendix). The 2 plasmids were serially 
diluted 10-fold (101–1011 copies) in sterile water and used 
to test the assay. The linear range of sensitivity was 102–108 
copies. The lower limit of detection was 100 copies/reac-
tion (3/3 reactions detected) for wild-type and mutant virus 
(Figure). However, the sensitivity of the duplex reaction 
containing both probes was 100-fold lower than that of 
each separate reaction.

Of 35 respiratory samples tested, 6 were infected with 
influenza A(H3N2), 2 with influenza A(H1N1) virus, 6 
with influenza A(H1N1)pdm09 virus, 4 with parainfluenza 
virus, 4 with human rhinovirus, 4 with human coronavirus, 
5 with influenza B virus, and 4 with respiratory syncytial 
virus. In addition, 6 other respiratory samples were virus 
negative. Cross-amplification was not observed during 
sample testing. Thus, the assay is highly specific for detect-
ing the mutant NA gene of influenza A(H7N9) virus.

To test the performance of the assay when 292K mu-
tant and R292 wild-type viruses were present in 1 sample, 
a series of mixtures containing the 292K plasmid and the 
R292 plasmid at copy numbers of 104 copies/reaction were 
prepared at the following ratios of mutant virus to wild-
type virus: 2:98, 5:95, 10:90, 20:80, 30:70, 40:60, 50:50, 
60:40, 70:30, 80:20, 90:10, 95:5, and 98:2. The ΔCtK – R 
of the mixture a ratio of 50:50 was used as the assay-specif-
ic normalization value in determination of the percentage 
of 292K mutant in mixed population as described by Liu et 
al. (6). The assay detected the 292K mutant in the mixture 
at a proportion of 2% of the 104 copies/reaction, and cor-
rect estimation of its proportion ranged from 10% to 98% 
(online Technical Appendix).

To validate the assay with clinical samples, we tested 
11 paired nasopharyngeal swab specimens and sputum 
specimens obtained from 9 patients infected with influenza 
A(H7N9) virus who had various disease outcomes (Table). 
The time of sampling (mean 12.6 days, range 7–20 days) 
was at the end of treatment with an NA inhibitor (oseltami-
vir or peramivir) or afterwards. Eleven of 22 samples were 
positive for influenza A(H7N9) virus by a quantitative re-
al-time RT-PCR described in a previous study (3). Seven 
of 11 samples had positive results in the R292K assay:  
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5 samples positive in the 292K assay and 2 samples posi-
tive in both assays. Four of 11 samples were negative in 
both assays. All 292K-positive samples were further con-
firmed as positive by Sanger sequencing of NA genes.

The 7 samples that contained the 292K mutant were 
obtained from 4 patients: 2 patients who died (patients 2 
and 3) and 2 patients who recovered (patients 8 and 10). 
In our previous study, sequencing of the NA gene was 
not successful for the first throat swab specimens from 
patients 8 and 10 because of low viral load (3). Howev-
er, in this study, the 292K mutant was found in sputum 
specimens from these 2 patients on days 7 or 15, respec-
tively, after initiation of antiviral treatment. This finding 
suggested that influenza A(H7N9) virus mutated under 
the pressure of antiviral treatment, which led to failure 
of the virus to clear the lower respiratory tracts. These 2 
patients, who were infected with the drug-resistant mutant 
virus, recovered from their diseases, which suggested that 
host immune response might play a major role in control-
ling the mutant virus.

Conclusions
Higher viral load in sputum samples indicated that 

there might be factors, including hemagglutinin (HA) bind-
ing preference, which favor greater replication in the lower 
respiratory tract. A similar phenomenon was observed in 
patients infected with the HA D222G mutant of influenza 
A(H1N1)pdm09 virus; this virus showed preferential rep-
lication in the lower respiratory tract and this infection was 
correlated with severe outcomes or deaths (7).

We have developed an SNP real-time RT-PCR for de-
tection of a drug-resistant NA R292K mutant of influenza 
A(H7N9) virus. The sensitivity of the assay is lower than 
that of an HA7-specific real-time RT-PCR (i.e., 4 samples 
positive for influenza A(H7N9) virus were not detected by 
this RT-PCR). However, as a screening tool, this assay is 
sensitive, specific, fast, and inexpensive.

This assay had a detection threshold of 10% for a mu-
tant strain in a mixed viral population, which is more sensi-
tive than Sanger sequencing (detection threshold of 25% 
for a minor component in a mixed viral population) (6). 
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Figure.	 Dynamic	 range	 of	 reverse	
transcription	 PCR	 for	 detection	 of	
oseltamivir	 resistance	 in	 influenza	
A(H7N9)	 virus.	 Amplification	 curves	
(∆Rn	 vs.	 cycle	 number)	 for	 serial	
dilutions	of	plasmid	with	292K	(mutant)	
or	 R292	 (wild-type)	 neuraminidase	
(NA)	 fragments.	 ∆RN	 is	 change	 in	
signal	magnitude	(reporter	signal	minus	
baseline	signal).	Assay	dynamic	range	
was	 linear	 at	 template	 concentrations	
of	102–108	copies/reaction.	A)	Detection	
of	 NA	 292K	 mutant	 strain	 with	 probe	
N9-K:	slope	=	-3.388,	R2	=	0.997.	Light	
and	dark	blue	curves	indicate	probe	NA	
292K	 in	 duplicate	 wells.	 Violet	 curves	
indicate	 control	 wells.	 B)	 Detection	 of	
NA	 R292	 wild-type	 strain	 with	 probe	
N9-R:	 slope	 =	 –3.672,	 R2	 =	 0.992.	
Different	colored	curves	indicate	probe	
N9-R	in	triplicate	wells.



Oseltamivir	Resistance	in	Influenza	A(H7N9)	Virus

This assay will help clinicians monitor emergence of drug-
resistant virus strains during treatment of patients with NA 
inhibitors to prevent persistent viral replication and severe 
inflammatory reactions.
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Table	Detection	of	wild-type	neuraminidase	R292	and	mutant	292K		influenza	A(H7N9)	virus	in	clinical	samples	from	9	patients	in	
China,	by	reverse	transcription	PCR* 
Patient 
no.† Outcome Sample	type 

Time	after	oseltamivir	
treatment	started,	d 

Time	after	oseltamivir	
treatment	ended,	d 292K:R292	ratio 

Viral	load,	
copies/mL‡ 

2 Died NPS 9 1 100:0 1.78	 105 
  S 9 1 100:0 8.76	 104 
  NPS 10 2 100:0 6.14	 104 
  S 10 2 25.7:74.3 1.29	 104 
3 Died NPS 13 3 – ND 
  S 13 3 – 3.03	 103 
  NPS 16 6 – ND 
  S 16 6 100:0 1.21	 104 
5 Died NPS 7 4 – 9.96	 102 
  S 11 0 – ND 
6 Recovered NPS 16 3 – ND 
  S 19 0 – ND 
7 Recovered NPS 13 0 – ND 
  S 13 0 – ND 
8 Recovered NPS 7 0 – ND 
  S 7 0 100:0 1.76	 104 
10 Recovered NPS 11 4 – ND 
  S 15 0 91.7:8.3 5.25	 104 
15 Died NPS 20 4 – ND 
  S 20 4 – 5.62	 103 
17 Recovered NPS 11 0 – ND 
  S 11 0 – 3.06	 104 
*NPS,	nasopharyngeal	swab	specimen;	S,	sputum	specimen;	–,	no	ratio	because	samples	had	negative	results;	ND,	not	detected. 
†Patient	identification	was	identical	with	that	used	by	Hu	et	al.		(3).	Patients	15	and	17	are	initially	reported	in	the	current	study. 
‡Method	used	to	determine	viral	load	was	reported	by	Hu	et	al.	(3). 
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Novel Avian  
Influenza A(H7N9) 

Virus in Tree  
Sparrow, Shanghai, 

China, 2013
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Zheng Teng, Xuelian Yu, Ye Gao, Di Wu,  
Enle Pei, Zhengan Yuan, Lei Yang, Dayan Wang, 

Yuelong Shu, and Fan Wu

In	 spring	2013,	 influenza	A(H7N9)	 virus	was	 isolated	
from	 an	 apparently	 healthy	 tree	 sparrow	 in	 Chongming	
Dongping	National	Forest	Park,	Shanghai	City,	China.	The	
entire	gene	constellation	of	the	virus	is	similar	to	that	of	iso-
lates	 from	humans,	highlighting	 the	need	 to	monitor	 influ-
enza	A(H7N9)	viruses	in	different	species.

Since its emergence in China in February 2013, avian 
influenza A(H7N9) virus has resulted in 217 human in-

fections and 57 deaths (1). The biological features of the 
virus and its pandemic potential have caused global con-
cern (2). Although the epidemic declined quickly after the 
closure of live poultry markets in China in April 2013, new 
cases in humans have reemerged since October 2013. The 
number of new cases has increased sharply since January 
1, 2014, paralleling the peak of the first wave (1,3,4), indi-
cating that subtype H7N9 viruses were circulating asymp-
tomatically among natural hosts. Sequence data indicated 
that the hemagglutinin gene of this novel subtype H7N9 
virus might originate from a subtype H7N3 virus in ducks 
and that the neuraminidase gene probably originated from 
a subtype H7N9 virus in wild birds (5) or ducks or chick-
ens (6,7). These data suggest that wild birds might play a 
role in the emergence of subtype H7N9 viruses, similar to 
the role they played in the geographic spread of avian sub-
type H5N1 viruses (8). However, although avian influenza 
A(H7N9) viruses have been isolated from chickens and 
pigeons, to our knowledge, none have been isolated from 
wild birds. To better understand the role of wild birds in the 
emergence and potential dissemination of subtype H7N9 

viruses, during spring of 2013, the Shanghai Municipal 
Center for Disease Control and Prevention, in collaboration 
with the Shanghai Wildlife Conservation and Management 
Center, investigated influenza A(H7N9) virus infection 
among wild birds in Shanghai. 

The Study
During April 10–May 15, a total of 2,198 fecal, tis-

sue, cloacal swab, and tracheal swab samples were col-
lected from wild birds in Shanghai. Trained staff captured 
healthy birds with an approved trapping method, collected 
samples, and released the birds. Tissue samples were col-
lected from naturally dead wild birds. Information on bird 
species and sampling places are listed in online Techni-
cal Appendix Tables 1 and 2 (wwwnc.cdc.gov/EID/
article/20/5/13-1707-Techapp1.pdf). RNA was extracted 
from each sample and tested by using influenza A univer-
sal real-time PCR according to the standard operating pro-
cedure of the World Health Organization (9). Influenza A 
virus–positive specimens were further subtyped by reverse 
transcription PCR with an avian influenza A virus subtype 
primer set reported previously (10). Of the 2,198 samples, 
28 were positive for influenza A virus. One tracheal sam-
ple from an apparently healthy tree sparrow was positive 
for the novel subtype H7N9 virus, whereas the cloacal 
swab samples from this bird were negative. The positive 
sample was inoculated into 11-day-old specific pathogen 
free embryonated chicken eggs for virus isolation. The iso-
lated virus was termed A/tree sparrow/Shanghai/01/2013 
(H7N9). The tree sparrow had been collected from a for-
est on Chongming Dongping Forest Park, which is 47 km 
from Dongtan National Nature Reserve, a winter habitat 
for wild migratory birds (Figure 1).

To explore the genetic relationships between this spar-
row-derived influenza A(H7N9) virus and other viruses 
from humans and poultry, we amplified total genomic seg-
ments by using viral RNA directly isolated from the origi-
nal specimen with the primer sets listed in online Tech-
nical Appendix Table 3 and sequenced by Sunny Biotech 
Co., Ltd. (Shanghai, China). The Chinese National Influ-
enza Center performed the sequencing by using RNA from 
chicken embryonated cultured viruses in an ABI 3730xl 
automatic DNA analyzer (Life Technologies, Foster City, 
CA, USA). Full-genome sequences from the original sam-
ple and the embryonated chicken egg isolation were de-
posited in GenBank (accession nos. KF609524–KF609531 
and KJ508887–KJ508894). To facilitate the phylogenetic 
analysis, we downloaded sequences of the novel subtype 
H7N9 viruses from 2013 and the avian subtype H7N9  
viruses from before 2013 from the Global Initiative on 
Sharing Avian Influenza Data (http://platform.gisaid.org/
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Avian	Influenza	A(H7N9)	Virus	in	Tree	Sparrow

epi3/frontend#46b284). Sequence alignments were per-
formed by using the MegAlign method of Lagergene 7.01 
software (www.dnastar.com/t-megalign.aspx). Phylogenetic 
analysis was analyzed by using the neighbor-joining method 
in MEGA software version 5.10 (www.megasoftware.net).

Eight gene segments of the tree sparrow virus shared 
most (>99.3%) similarities with subtype H7N9 virus iso-
lates from humans. Phylogenetic analysis of hemagglutinin 
genes revealed that subtype H7N9 viruses could be clas-
sified into Eurasia and North America lineages. The sub-
type H7N9 virus in this study shared the same influenza 
lineage with all novel subtype H7N9 viruses from humans 
and poultry (Figure 2). Like the hemagglutinin genes, the 
other 7 genes showed the same evolutionary pattern (on-
line Technical Appendix Figure 1). Homology and phylo-
genetic analyses indicated that the genetic constellation of 
the tree sparrow–derived subtype H7N9 virus is similar to 
that of novel subtype H7N9 avian influenza viruses isolated 
from humans and poultry in this region.

According to genetic signatures, the tree sparrow–de-
rived subtype H7N9 virus acquired the ability to bind to 
human-like receptors, for which substitutions G186V and 
Q226L in hemagglutinin protein (H3) are responsible, 
similar to most human and avian subtype H7N9 viruses. A 
69-73–aa deletion was also found in its neuraminidase gene 
(N2). Amino acid 292R was maintained in neuraminidase  

genes, indicating its sensitivity to neuraminidase inhibi-
tors. However, an S31N mutation in the matrix 2 protein 
confers resistance to adamantine. Asp at polymerase basic 
2 protein (PB2) residue 701 was associated with reduced 
transmissibility. Mixed E/K at residue 627 in PB2 and V/I 
at residue 31 in matrix 1 protein were detected from the 
original sample (online Technical Appendix Figure 2). Be-
cause all previously reported influenza A (H7N9) viruses 
isolated from birds or the environment acquired PB2 627E, 
the mixed amino acids of 627E/K in the sample from the 
tree sparrow suggested that the PB2 E627K substitution 
might have occurred during replication of the virus in birds.

Conclusions
The high similarity of genes from the avian influenza 

A(H7N9) virus from an apparently healthy tree sparrow in 
Shanghai and influenza A(H7N9) viruses from humans and 
poultry in this region indicate that avian influenza A(H7N9) 
virus might be transmitted from poultry to tree sparrows or 
vice versa. Earlier reports documented that influenza A vi-
ruses, including subtypes H5N1 and H3N2, have been iso-
lated from sparrows (11,12). A serologic survey also sug-
gested that rates of influenza A virus infection were high 
among sparrows (13), which might result from abundant 
distribution of avian influenza virus receptor SA α2,3Gal in 
the respiratory tracts of sparrows (14). The novel subtype 
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Figure	 1.	 Location	 of	 tree	 sparrow	 from	 which	
novel	avian	influenza	A(H7N9)	virus	was	isolated:	
Chongming	 National	 Dongping	 Forest	 Park	 of	
Shanghai	 (yellow	 solid	 circle),	 which	 is	 located	
in	 the	 Australia–East	 Asia	 migratory	 wild	 bird	
flyway.	Top	 right:	sampling	 locations	 in	Shanghai	
City.	Bottom	 right:	 sampling	 location	 of	 influenza	
A(H7N9)–positive	 tree	 sparrow.	 CM,	 Chongming	
District;	BS,	Baoshan	District;	JD,	Jiading	District;	
SH	center,	Changning,	Putuo,	and	Xuhui	Districts;	
QP,	 Qingpu	 District;	 MH,	 Minhang	 District;	 SJ,	
Songjiang	 District;	 PD,	 Pudong	 District;	 FX,	
Fengxian	District;	JS,	Jinshan	District.	



H7N9 virus expands not only the number of influenza virus 
subtypes that infect tree sparrows but also range of hosts for 
subtype H7N9 viruses. Our finding of only 1 subtype H7N9–
positive sample among 2,198 samples is consistent with re-
cent findings that subtype H7N9 in wild birds is rare (15).

Tree sparrows are abundant and widely distributed 
in China. They are frequently in contact with humans and 
poultry. Prevalence of avian influenza viruses among tree 
sparrows could increase opportunities for them to carry 
influenza viruses from aquatic birds to domestic farms 
and even to humans. Hence, such expansion of influenza 
A(H7N9) virus host ranges undoubtedly increased the seri-
ousness of the threat of this novel subtype.

Tree sparrows have been shown to be susceptible to 
influenza A(H5N1) viruses, and they might have the abil-
ity to disseminate subtype H5N1 viruses (11). Dongping 
National Forest Park, where the novel subtype H7N9–posi-
tive tree sparrow was captured, is on Chongming Island, 
China’s third largest island, which is located in the Aus-
tralia–East Asia migratory wild bird flyway. Dongping 
National Forest Park is adjacent to Dongtan National  
Nature Reserve, where hundreds of species of migratory 

and domestic birds gather for winter. Whether migratory 
birds became infected through contact with tree sparrows 
and then disseminated subtype H7N9 virus to other geo-
graphic regions merits further investigation. Isolation of 
novel influenza A(H7N9) virus in a tree sparrow empha-
sizes the need to expand influenza surveillance to not only 
domestic birds but also wild and terrestrial birds.
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Figure	2.	Phylogenetic	 tree	of	 the	hemagglutinin	 (A)	and	neuraminidase	 (B)	genes	of	 influenza	A(H7N9)	viruses.	Multiple	alignments	
were	constructed	by	using	 the	MUSCLE	algorithm	of	MEGA	software	version	5.10	(www.megasoftware.net).	Phylogenetic	 trees	were	
constructed	by	using	the	neighbor-joining	method	with	bootstrap	analyses	of	1,000	replications.	Bootstrap	values	>60%	are	shown	in	the	
nodes.	Sequences	of	human	influenza	A(H7N9)	viruses	are	shown	in	purple,	novel	subtype	H7N9	viruses	from	poultry	(chickens,	ducks,	
and	pigeons)	in	blue,	novel	subtype	H7N9	viruses	from	the	environment	in	green,	and	novel	subtype	H7N9	viruses	from	wild	birds	in	red.	
Scale	bar	indicates	base	substitutions	per	site.
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During	 2012–2013	 in	 Montreal,	 Canada,	 4	 locally	
acquired	Shigella	spp.	pulse	types	with	the	mph(A)	gene	
and	reduced	susceptibility	to	azithromycin	were	identified	
from	9	men	who	have	sex	with	men,	7	of	whom	were	HIV	
infected.	 Counseling	 about	 prevention	 of	 enteric	 sexual-
ly	 transmitted	 infections	might	 help	 slow	 transmission	 of	
these	organisms.

Shigella spp. are transmitted directly from person to per-
son or indirectly by low-inoculum infection (1). Among 

men who have sex with men (MSM), Shigella spp. are most-
ly transmitted sexually; clusters of such cases have been 
documented in Montreal and surrounding neighborhoods 
(2,3). Azithromycin is an alternative treatment for multi-
drug-resistant Shigella spp. infections in adults and children, 
but routine testing for azithromycin susceptibility is not 
yet standardized and recommended (1,4–6). In the United 
States, azithromycin MICs for 392 wild-type Shigella strains 
isolated in 2005–2006 were estimated to be 4–16 mg/L; the 
azithromycin MIC for 90% of the isolates was 8 mg/L (7).

The Study
In December 2012, the microbiology laboratory of the 

Centre Hospitalier de l’Université de Montréal–Hôpital 
Saint-Luc identified Shigella spp. with reduced suscepti-
bility to azithromycin from 2 patients who had received 

this agent as treatment for shigellosis. The Montréal Public 
Health Department and Laboratoire de Santé Publique du 
Québec (LSPQ) were alerted. Retrospective and prospec-
tive laboratory surveillance was initiated to cover the pe-
riod January 2011–April 2013. Laboratories routinely re-
port shigellosis to the Montreal Public Health Department 
(Quebec, Canada).

Phenotypic identification of all Shigella spp. at the 
genus and species levels (8) was confirmed at LSPQ as 
described (9), after which serologic identification by slide 
agglutination (Denka Seiken Co., Ltd, Coventry, UK) was 
performed. Pulsed-field gel electrophoresis (PFGE) was 
performed at LSPQ according to international standards 
set by the US Centers for Disease Control and Prevention 
(10). Pulse types were determined by Shigella species, se-
rotypes, and PFGE patterns. All Shigella spp. isolated dur-
ing 2011–2013 underwent susceptibility testing for ampi-
cillin, trimethoprim/sulfamethoxazole, and ceftriaxone by 
use of Vitek 2 (bioMérieux, Marcy l’Étoile, France) and for 
azithromycin and ciprofloxacin by use of Etest (AB Bio-
disk, Solna, Sweden). Shigella spp. with elevated MICs for 
azithromycin were also tested by disk diffusion for 30 μg 
nalidixic acid and by Etest for tetracycline and chloram-
phenicol. Vitek 2 and Etest susceptibility testing was per-
formed as recommended by the manufacturers, and quality 
control strains gave expected results. The mph(A) gene, 
which codes for the macrolide 2′-phosphotransferase, was 
detected by PCR, as described (11).

After receiving ethics approval from the Centre Hos-
pitalier de l’Université de Montréal–Hôpital Saint-Luc, we 
reviewed hospital charts and public health investigation 
files of patients who were harboring Shigella spp. with de-
creased susceptibility to azithromycin. Differences were 
analyzed by using the Fisher exact 2-tailed test with Epi 
Info software, version 6.0 (Centers for Disease Control and 
Prevention, Atlanta, GA, USA). Statistical significance 
was set at p<0.05.

From January 1, 2011, through April 30, 2013, a total 
of 45 patients were infected by 46 Shigella spp. strains 
isolated from fecal samples, including 2 also isolated 
from blood. A total of 33 Shigella spp. isolates were ac-
quired locally by 33 men, and 13 Shigella spp. isolates 
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Table	1.	Azithromycin	susceptibility	of	26	Shigella spp.	isolates	
from 25 patients, Centre Hospitalier de l’Université de Montréal– 
Hôpital	Saint-Luc,	Montreal,	Quebec,	Canada,	January	2012–
April	2013* 
Azithromycin	
susceptibility 

No.	infections	
acquired	locally 

No.	infections	
acquired	abroad 

Reduced	 10 0 
Susceptible 7 9 
*p	=	0.0039.	All	patients	with	locally-acquired	Shigella and	3	patients	with	
Shigella infections	acquired	abroad	were	men.	One	patient	was	infected	
successively	with	2	Shigella species	with	reduced	azithromycin	
susceptibility.	For	all	patients	infected	with	Shigella spp.	with	decreased	
azithromycin	susceptibility,	the	strains	were	isolated	from	feces	and	none	
from	blood. 

 



Shigella	with	Reduced	Azithromycin	Susceptibility	

were acquired abroad, outside Canada, in the week before 
symptom onset, by 6 men and 7 women (p = 0.00003).

From January 2012 through April 2013, infection with 
4 Shigella spp. pulse types with decreased azithromycin 
susceptibility was locally acquired by 9 patients (mean 
age 45 years, range 29–55 years) (Tables 1, 2). Among 
these patients, 1 HIV-positive man was infected succes-
sively with 2 Shigella species with reduced azithromycin 
susceptibility, 11 months apart, resulting in a total of 10 
infections (Figure). All 9 men reported having had sex 
with men, and 7 were HIV positive. CD4 cell counts were 
320 × 106 cells/L for 1 HIV-positive patient and 420–540 ´ 
106 cells/L for the other 6. HIV viral load was <40 copies/
mL for 3 of the 6 patients for whom data were available 
and 58–90,074 copies/mL for the other 3. During the pre-
vious 6 years, 7 men for whom these data were available 
had experienced 1–7 (median 4) other sexually transmit-
ted diseases. Of the 9 men, 4 reported use of sex ven-
ues and none had worked in daycare centers or as a food 
handler. All 9 patients received follow-up care at medical 
clinics outside the hospital, but 4 patients received care at 
the emergency room for 24–48 hours. For treatment, 4 pa-
tients received ciprofloxacin and 2 received azithromycin; 
antimicrobial drug treatment is unknown for the other 3 
patients. For these 9 men, information was unknown with 
regard to receipt of azithromycin before illness onset, 

clinical outcome data, and antimicrobial drug treatment 
failure. Among the Shigella pulse types with reduced sus-
ceptibility to azithromycin, 2 originated from outbreaks 
among MSM (Figure), which are being investigated by 
Quebec public health departments and LSPQ.

During the 2011–2013 surveillance period, azithromy-
cin MICs for 35 of 36 Shigella spp. isolates with no re-
duced azithromycin susceptibility were 2–8 mg/L, and the 
MIC for 1 isolate was 16 mg/L; this latter isolate was nega-
tive by PCR for mph(A), and the other 35 isolates were not 
tested. The 10 Shigella spp. isolates with reduced azithro-
mycin susceptibility had azithromycin MICs ≥64 mg/L and 
were positive for the mph(A) gene by PCR. The 3 S. flexne-
ri and 1 S. sonnei pulse types were susceptible to nalidixic 
acid, ciprofloxacin, and ceftriaxone (Table 2); 3 pulse types 
were resistant to ampicillin, trimethoprim/sulfamethoxa-
zole, or chloramphenicol; and 4 pulse types were resis-
tant to tetracycline (Table 2). During 2012–2013, Shigella 
spp. with reduced azithromycin susceptibility represented 
57.1% of 7 locally acquired pulse types (data not shown). 
Pulse-Net Canada XbaI and BlnI pattern designations were 
SFXXAI.0205/SFXBNI.0092 and SFXXAI.0204/SFX-
BNI.0093 for S. flexneri serotype 2a pulsovars 15 and 16, 
respectively; SFXXAI.0193/SFXBNI.0084 for S. flexneri 
serotype 3a pulsovar 6; SSOXAI.0395/SS0BNI.0020 for  
S. sonnei pulsovar 101; and SSOXAI.0174/SSOBNI.0176 
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Table	2.	Characteristics	and	antimicrobial	susceptibility	of	4	Shigella isolates	with	reduced	azithromycin	susceptibility,	Montreal,	
Quebec,	Canada,	January	2012–April	2013* 
Shigella 
species ST PV† 

AZM,	
mg/L‡ 

AMP,	
mg/L 

TMP/SMX,	
mg/L 

CIP 
mg/L 

CRO, 
mg/L 

TET,	
mg/L CHL,	mg/L NAL	mm 

S. flexneri 2a 15 256 <2	(S) 320	(R) 0.016 1 128 0.5	(S) 27 
S. flexneri 2a 16 64 32	(R) 320	(R) 0.016 1 128 128	(R) 27 
S. flexneri 3a 6 >256 32	(R) <20	(S) 0.016 1 128 >256	(R) 24–28 
S. sonnei – 101,  

105§ 
>256 

 
32	(R) 320	(R) 0.016 1 128 >256	(R) 

 
23–27 

*The	susceptibility	and	resistance	break	points	for	AMP,	CIP,	TMP/SMX,	CRO,	TET,	CHL,	and	NAL	were	Clinical	and	Laboratory	Standards	Institute	
Enterobacteriaceae break	points	(12).	ST,	serotype;	PV,	pulsovar; AZM,	azithromycin;	AMP,	ampicillin;	TMP/SMX,	trimethoprim/sulfamethoxazole;	CIP,	
ciprofloxacin;	CRO,	ceftriaxone;	TET,	tetracycline;	CHL,	chloramphenicol;	NAL,	nalidixic	acid;	S,	susceptible;	R:	resistant;	–,	not	applicable. 
†PV was determined by XbaI	and BlnI	pulsed-field	gel	electrophoresis	patterns. 
‡The criterion for elevated azithro MIC was >16 mg/L (13). 
§S. sonnei PVs	101	and	105	were	related	and	had	2	different	pulsed-field	gel	electrophoresis	bands. 

 

Figure.	Distribution	of	Shigella	spp.	infections	by	sample	date	and	years,	Montreal,	Quebec,	Canada,	January	2011–April	2013.



for S. sonnei pulsovar 105. No PFGE matches were identi-
fied in isolates from other Canada provinces.

Conclusions
During 2012–2013, at the Centre Hospitalier de 

l’Université de Montréal–Hôpital Saint-Luc, 10 infec-
tions with 1 of the 4 Shigella spp. pulse types with re-
duced azithromycin susceptibility were documented for 
9 MSM, 7 of whom were HIV positive. These 4 locally 
acquired Shigella pulse types had increased azithromycin 
MICs of ≥64 mg/L and were positive by PCR for mph(A). 
This gene, which encodes macrolide-inactivating 2′-phos-
photransferase, occurs on various plasmids (7). It has 
been documented in many aerobic gram-negative rods, 
such as Escherichia coli and Shigella spp. (14). This gene 
was harbored by all Shigella spp. with azithromycin MICs 
>16 mg/L (7,13–15). Azithromycin treatment failure has 
been reported for patients who received this drug for in-
fection with such isolates (14). In our study, the acquisi-
tion of this gene by >50% of locally acquired Shigella 
spp. pulse types, infecting MSM over 15 months, is a 
concern in view of the potentially rapid development of 
reduced Shigella spp. susceptibility to azithromycin. For 
facilitation of clinical decision making and surveillance, 
azithromycin susceptibility break points for Enterobac-
teriaceae should be standardized (12). MSM should be 
counseled about prevention of enteric sexually transmit-
ted infections; prevention measures include handwash-
ing and using barriers during oral, anal, and genital sex 
(2,3). Such counseling might lead to behavior changes 
that might help slow the transmission of enteric sexually 
transmitted infections, including Shigella spp. infections 
with reduced azithromycin susceptibility. 
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Influenza A(H5N2) 
Virus Antibodies in 

Humans after  
Contact with  

Infected Poultry, 
Taiwan, 2012

Ho-Sheng Wu, Ji-Rong Yang, Ming-Tsan Liu, 
Chin-Hui Yang, Ming-Chu Cheng,  

and Feng-Yee Chang

Six	 persons	 in	 Taiwan	 who	 had	 contact	 with	 poultry	 
infected	with	influenza	A(H5N2)	showed	seroconversion	for	
the	virus	by	hemagglutinin	inhibition	or	microneutralization	
testing.	 We	 developed	 an	 ELISA	 based	 on	 nonstructural	
protein	1	of	 the	virus	to	differentiate	natural	 infection	from	
cross-reactivity	 after	 vaccination;	 2	 persons	 also	 showed	
seroconversion	by	this	test.

Since 1959, highly pathogenic avian influenza A (HPAI) 
subtypes H5 and H7 have caused outbreaks in poultry 

resulting in high mortality rates and have also caused spo-
radic infections in humans (1–3). Some low pathogenicity 
avian influenza (LPAI) viruses can mutate to become HPAI 
virus by acquiring basic amino acid residues in the hem-
agglutinin (HA) cleavage site after multiple passages in 
chickens (4). In Taiwan, poultry infected by LPAI (H5N2) 
virus were reported during 2003–2004 and 2008–2011 
(5–7), whereas HPAI (H5N2) viruses were first isolated in 
2012 and caused subsequent outbreaks in poultry. Although 
>20 differences have been found in amino acids in the HA 
protein between the 2012 HPAI (H5N2) viruses and the 
2003 LPAI (H5N2) virus (A/chicken/Taiwan/1209/2003), 
these viruses are antigenically similar (M.-C. Cheng, un-
pub. data) and related to those that circulated in Mexico 
in 1994 but unrelated to the subtype H5N1 viruses that re-
emerged in 2003 and the subtype H5N1 vaccine strain (A/
Vietnam/1194/2004) (5).

As of December 23, 2013, influenza A(H5N2) virus 
had not been isolated from humans, but previous studies 
have provided serologic evidence for subclinical infections 

in persons who had frequent contacts with infected animals 
(3,8–11). We therefore investigated the possibility of infec-
tion among persons who were exposed to HPAI (H5N2) 
virus during outbreaks in chicken farms in Taiwan during 
January–March 2012.

The Study
For our study, we enrolled 141 persons who had close 

contact with poultry at 5 chicken farms that had influenza 
A(H5N2) outbreaks in chickens during January–March 
2012. These contacts were 15 farm workers, 90 animal 
health officials, and 36 temporary employees who partici-
pated in culling of infected chickens; no symptoms of in-
fluenza-like illness occurred in these persons within 1 week 
after culling. All 15 poultry workers had been working at 
their poultry farms for >6 years, and most of the animal 
health officials had experience in stamping out infected 
poultry. However, for the 36 temporary employees, previ-
ous contact histories with infected chickens were unknown. 

Throat swab specimens were collected from all con-
tacts for virus detection within 7 days from the beginning 
of exposure to the virus, and paired serum samples were 
collected 21 days apart for serologic testing. Participants 
were offered an inactivated influenza A(H5N1) vaccine on 
a voluntary basis on the day the first serum specimens were 
collected, and vaccination histories within 1 year before the 
specimen collection date were recorded through oral ques-
tionnaires. A total of 102 (72.3%) of the 141 participants 
were vaccinated: 22 (15.6%) received influenza A(H5N1) 
only; 39 (27.7%) received seasonal influenza vaccine only; 
41 (29.0%) received both vaccines; and 39 (27.7%) re-
ceived neither (Table 1). 

We found all swab specimens were negative for in-
fluenza viruses by real-time reverse transcription PCR. 
However, hemagglutination inhibition (HI) and/or micro-
neutralization (MN) test results showed 7 persons had anti-
body titers >80 for subtype H5N2 virus; 6 of these persons 
showed seroconversion for the virus (Table 2). Elevated 
antibodies against subtype H3N2 or H5N1 viruses were de-
tected in some of the 6 persons who showed seroconversion 
(Table 2), which suggests that positive results for subtype 
H5N2 could be the result of cross-reactive antibodies from 
previous influenza vaccinations or infections. All 6 persons 
who showed seroconversion for influenza A(H5N2) virus 
had received vaccinations for influenza A(H5N1) and sea-
sonal influenza (Table 2). Further, persons who received 
both influenza vaccinations showed a significant (p = 
0.001) geometric mean titer increase in HI antibody against 
influenza A(H5N2) virus in the second samples, whereas 
those who did not receive both vaccinations did not show a 
similar increase. This finding indicates these heterologous 
vaccinations may influence HI antibody titers against influ-
enza A(H5N2) virus.

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014	 857

Author	 affiliations:	 Centers	 for	 Disease	 Control,	 Taipei,	 Taiwan	 
(H.-S.	Wu,	J.-R.	Yang,	M.-T.	Liu,	C.-H.	Yang,	F.-Y.	Chang);	Taipei	
Medical	 University,	 Taipei	 (H.-S.	 Wu);	 Animal	 Health	 Research	 
Institute,	 Taipei	 (M.-C.	 Cheng);	 and	 National	 Defence	 Medical	 
Center,	Taipei	(F.-Y.	Chang)

DOI:	http://dx.doi.org/10.3201/eid2005.131393



To investigate whether the influenza A(H5N2) anti-
bodies were elevated as a result of exposure to that virus 
or because of vaccination with heterologous influenza vi-
ruses, we determined antibody levels to influenza A(H5N2) 
nonstructural protein 1 (NS1) (12–15). The NS1 protein 
is not readily incorporated into virions used to make in-
activated influenza vaccine, so a response to NS1 protein 
would indicate active influenza A(H5N2) infection. Paired 
serum samples were analyzed by ELISA plates coated with 
2 peptides, NS136–48 (LRRDQKSLRGRGS, NS1-pA) and 
NS1204–225 (RSSNENGGPPLTPKQKREMART, NS1-pB), 
synthesized on the basis of the NS1 protein sequences 
of influenza A(H5N2) virus (NS1-pA, A/chicken/Tai-
wan/1209/2003) and influenza A(H3N2) virus (NS1-pB, 
A/Taiwan/4055/2009), respectively. The NS1-pA of the 
2012 influenza A(H5N2) outbreak strain has an S48N sub-
stitution that is not found in the 2003 strain. 

For controls, we simultaneously analyzed 3 groups 
of paired serum samples with seroconversion (data not 
shown): 1) samples from 7 ferrets infected with different 

influenza virus strains (H1N1, n = 3; H3N2, n = 1; H5N1 
[A/Vietnam/1194/2004], n = 1; and A[H1N1]pdm09, n 
= 2); 2) samples from 8 persons infected with influenza 
A(H1N1)pdm09 virus; and 3) samples from 9 persons who 
received vaccinations against influenza A(H5N1) virus. The 
resulting NS1 antibody responses were plotted (Figure). 
Five (71.4%) of 7 ferrets showed positive NS1 response 
against NS1-pA and all against NS1-pB (Figure, panel A), 
which indicates that influenza virus infection can cause a 
measurable anti-NS1 response after virus challenge. For 
influenza virus–infected persons, 3 (37.5%) of 8 showed 
responses against NS1-pA and NS1-pB (Figure, panel 
B), but for vaccinated persons, 1 (11.1%) of 9 showed re-
sponses against NS1-pA and none against NS1-pB (Figure, 
panel C). These patterns suggest that anti-NS1 response 
elicited by natural infection is stronger than that induced  
by vaccination. 

For the group of 7 contacts we identified who had el-
evated influenza A(H5N2) antibodies, 2 (contacts 1 and 3) 
had positive NS1 antibody response against both peptides; 
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Table	1.	HI	antibody	titers	for	influenza	A(H5N2)	virus	in	paired	serum	samples	of	141	persons	who	had	contact	with	infected	poultry* 

HI	titers 
Second	sample 

 
Influenza	vaccination	history	during	previous	12	mo 

Total <10 10 20 40 80 ≥160 A(H5N1) only Seasonal	only Both None 
First	sample             
 <10 13 0 6 7 0 0 0  0 4 (30.8) 7	(53.8) 2	(15.4) 
 10 57 2 4 48 3 0 0  16 (28.1) 5 (8.8) 22	(38.6) 14	(24.5) 
 20 32 0 5 11 15 1* 0  3 (9.4) 17 (53.1) 3	(9.4) 9	(28.1) 
 40 39 0 1 10 22 4* 2*  3 (7.7) 13 (33.3) 9	(23.1) 14	(35.9) 
 80 0 0 0 0 0 0 0  0 0 0 0 
 ≥160 0 0 0 0 0 0 0  0 0 0 0 
 Total 141 2 16 76 40 5 2  22 (15.6) 39 (27.7) 41	(29.0) 39	(27.7) 
*Values	are	no.	persons	or	no.	(%)	persons.	Serum	samples	with	hemagglutination inhibition	(HI)	titer	>80	underwent	microneutralization	testing.	Criteria	
for	determining	seroconversion	in	HI	antibodies	with	regard	to	influenza	A(H5N2)	viruses:	1)	a	>4-fold	increase	in	antibody	titers	in	the	paired	serum	
samples;	and	2)	HI	titer	>80	for	the	second	sample. 

 

 
Table	2.	Serologic	test	results	and	vaccination	and	occupational	histories	for	persons	who	had	high	antibody	titers	against	influenza	
A(H5N2)	virus	and	contact	with	infected poultry, Taiwan, 2012*† 

Cont.	
no. Sample	date 

Tested	antigens,	by	influenza	subtype 

 
NS1-ELISA	titer 

 

Date	and	type	of	
influenza	vaccination 

Occupation 
H5N2 

 
H5N1 H1N1pdm09 H3N2 

HI MN HI NS1-pA NS1-pB A(H5N1) Seasonal 
1 Mar	3 40 <20  80 <10 10  1.68 1.4  2012	Mar	

3,	30 
NA Poultry	

worker Mar	30 80 230  80 <10 10  
2 Mar	5 40 160  40 20 80  0.89 0.86  2012	Mar	

6,	28 
2011	Oct	8 Poultry	

worker Mar	28 160 450  80 20 80  
3 Mar	5 40 20  80 20 40  1.70 1.34  2012	Mar	

5 
2012	Jan	

20 
Animal	
health	
official 

Mar	27 80 80  80 20 40  

4 Mar	5 40 <20  40 10 40  1.13 1.09  2012	Mar	
5,	Apr	2 

2012	Jan	
20 

Animal	
health	
official 

Apr	2 80 80  40 10 40  

5 Mar	6 40 20  40 <10 320  1.21 1.02  2012	Mar	
6,	Apr	2 

2011	Nov	
26 

Temp.	
employee Apr	2 80 30  40 <10 160  

6 Mar	6 20 <20  40 <10 160  1.17 1.08  2012	Mar	
6,	Apr	2 

2012	Mar	
5 

Temp.	
employee Apr	2 80 160  80 <10 640  

7 Mar	5 40 <20  40 <10 40  0.98 1.05  2012	Mar	
5,	Apr	2 

2012	Mar	
5 

Temp.	
employee Apr	2 320 1,280  160 10 640  

*Cont.,	contact;	HI,	hemagglutination	inhibition;	MN,	microneutralization;	NS1,	nonstructural	protein	1;	H1N1pdm09,	pandemic	influenza	A(H1N1);	NA,	not	
applicable	(did	not	receive	vaccination);	temp.,	temporary. 
†Boldface indicates a >4-fold	rise	in	antibody	titer	by	HI	or	MN	tests	and	a	positive	anti-NS1	antibody	response	by	NS1-ELISA	test	between	the	first	and	
second	samples	of	paired	serum	samples.	A	positive	anti-NS1	antibody	response	by	NS1-ELISA	assay	was	defined	as	each	paired	serum	sample	having	
a	test	absorbance	of	the	second	sample	30%	higher	than	that	of	its	first	sample	(ratio	>1.30). 

 



Influenza	A(H5N2)	Antibodies	in	Humans,	Taiwan

the remaining 5 did not (Figure, panel D). These results 
suggest that contact 1, a poultry worker, and contact 3, an 
animal health official, may have experienced recent influ-
enza infections. 

To better establish the validity of using NS1 to dis-
tinguish infected from vaccinated persons, we analyzed 
paired serum samples for the 134 persons who did not show 
seroconversion for influenza A(H5N2) virus. Of these, 5 
(3.7%) showed positive NS1 antibody response against 
NS1-pA and 12 (9.0%) against NS1-pB (Figure, panel E). 
This result suggests that an NS1-ELISA should not be used 
alone to determine influenza infection but can provide ad-
ditional data to validate the results of protein-based sero-
logic assays.

Conclusions
In this study, we sampled 141 persons exposed to 

poultry infected with influenza A(H5N2) virus to assess 
virus shedding and used multiple serologic assays (in-
cluding a novel NS1 ELISA) to determine seroconver-
sion status. We found that 6 (4.3%) persons had elevated 
HA antibodies detected by HI and/or MN assays; a lower 
percentage (1.4%, 2/141) of subclinical infections was 
suspected after validation by NS1 antibody assays. The 
NS1-peptide B was designed on the basis of influenza 
A(H3N2) virus; however, it also reacted with antibodies  

elicited by viruses of different subtypes, which suggests 
that consensus residues may play an essential role in 
forming the epitope of NS1 protein. 

Our study has limitations. Patient histories of expo-
sure to avian influenza viruses and influenza vaccination 
were given orally and thus may not be accurate, and mis-
matching between circulating viruses and antigens used 
in the study may have occurred. Also, recent seasonal 
influenza infection may interfere with the determination 
of subclinical infection with influenza A(H5N2) virus be-
cause the NS1 protein is remarkably conserved in type A 
influenza viruses. 

Cross-reactive antibodies in humans elicited from 
heterologous influenza viruses can complicate serologic, 
HA-based identification of influenza subtype. The NS1-
ELISA method we describe may help determine the type 
more readily and improve diagnosis of subclinical infection 
in humans. Further, our findings indicate that occupational 
exposure to infected poultry may pose a risk for infection 
in humans.
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Figure.	Antibody	responses	to	2	influenza	A(H5N2)	nonstructural	protein	1	(NS1)	peptides	for	paired	serum	samples	from:	A)	influenza	
virus–infected	ferrets;	B)	influenza	virus–infected	persons;	C)	influenza	virus–vaccinated	persons;	D)	persons	in	Taiwan	who	had	contact	
with	infected	poultry	during	January–March	2012	and	who	showed	seroconversion	for	influenza	A(H5N2)	virus	exposure;	and	E)	persons	
in	Taiwan	who	 had	 contact	with	 infected	 poultry	 during	 January–March	 2012	 and	who	 did	 not	 show	 seroconversion.	Responses	 for	
each	group	were	plotted	by	-fold	 increase	from	first	 to	second	sample	against	NS1-pA	(circles)	and	NS1-pB	(triangles);	numbers	and	
percentages	of	positive	responses	for	each	sample	set	are	indicated	above	each	plot.	Dashed	lines	indicate	cutoff	value	for	defining	a	
positive	response:	results	for	the	second	sample	in	each	pair	30%	higher	than	those	for	first	sample.
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We	 used	 whole-genome	 analysis	 and	 subsequent	
characterization	of	geographically	diverse	strains	using	new	
genetic	signatures	to	identify	distinct	subgroups	within	Fran-
cisella tularensis	subsp.	tularensis	group	A.I:	A.I.3,	A.I.8,	and	
A.I.12.	 These	 subgroups	 exhibit	 complex	 phylogeographic	
patterns	within	North	America.	The	widest	 distribution	was	
observed	for	A.I.12,	which	suggests	an	adaptive	advantage.

Tularemia, caused by the bacterium Francisella tularen-
sis, is a potentially severe disease that often causes un-

specific symptoms; because of its low infectious dose and 
ease of dissemination, F. tularensis is considered a category 
A biothreat agent (1). Three subspecies of F. tularensis have 
been identified; F. tularensis subsp. tularensis (type A) has 
been identified only in North America. Numerous subtyp-
ing schemes have subdivided type A into 2 groups, A.I and 
A.II (2–8). Group A.II is found primarily in the western 
United States (3,4), whereas group A.I is found throughout 
the central and eastern regions of the country and sporadi-
cally in some western states (3,4,9).

Groups A.I and A.II differ in virulence, as do sub-
groups within A.I, although clinical signs and symptoms 
can be similar. Human infections involving A.I strains 
are associated with a higher fatality rate than that for  

infections involving A.II strains (4,10); this finding was 
experimentally confirmed in mice (11). Kugeler et al. (10) 
used pulsed-field gel electrophoresis (PFGE) to identify 2 
subgroups within A.I, A1a and A1b; this study found A1b 
strains were associated with higher death rates and were 
more often isolated from human tissue types that were 
associated with severe disease. This difference was also 
experimentally confirmed in mice (11,12). However, viru-
lence testing is not often used in clinical settings because 
it is slow, complicated, and expensive. Thus, molecular 
approaches that can rapidly assign an unknown strain to 
one of the recognized groups with known differences in 
virulence may provide valuable information to clinicians.

Because PFGE lacks the phylogenetic resolution of 
some other testing methods (6), we independently identified 
genetic subgroups within A.I by conducting whole-genome 
sequencing (WGS) of 13 A.I strains (Figure 1; Table 1, 
Appendix, wwwnc.cdc.gov/EID/article/20/5/13-1559-T1.
htm). The 13 strains were selected on the basis of assign-
ment to PFGE subgroups A1a or A1b (10) and to maximize 
geographic diversity; the previously sequenced A.I strain 
Schu S4 (13) was also included. WGS data were gener-
ated, assembled, and analyzed as described in the online  
Technical Appendix (wwwnc.cdc.gov/EID/article/20/5/13-
1559-Techapp1.pdf).

Our whole-genome phylogeny revealed 3 major sub-
groups within F. tularensis subsp. tularensis A.I: A.I.3, 
A.I.8, and A.I.12 (Figure 1). The names we assigned to these 
subgroups are consistent with previous phylogenetic no-
menclature within F. tularensis (14). With the exception of 
1 strain (ND01-1900) that was not assigned to any of the 3 
subgroups, all strains previously assigned to PFGE subgroup 
A1a belonged to the newly designated A.I.12 subgroup (Fig-
ure 1; Table 1). In contrast, strains previously assigned to 
PFGE subgroup A1b were distributed among all 3 of the new 
subgroups (Figure 1; Table 1). We concluded that results of 
characterization of subgroups A1a and A1b by PFGE are not 
in agreement with findings of a robust whole-genome phy-
logeny and therefore focused the remainder of our analysis 
on subgroups identified by using WGS.

We observed several differences among the 3 sub-
groups in the whole-genome phylogeny (Figure 1). The first 
split separated the A.I.3 subgroup from the A.I.8 and A.I.12 
subgroups; a second split separated the A.I.8 and A.I.12 
subgroups. A long branch of 25 single nucleotide polymor-
phisms (SNPs) led to the A.I.3 subgroup, in which related-
ness among the sequenced strains was moderate. A branch 
of 9 SNPs led to the A.I.8 subgroup, and again, relatedness 
among the sequenced strains was moderate. The branch 
leading to subgroup A.I.12 was, by comparison, much lon-
ger (37 SNPs), and the sequenced strains were separated 
only by 3 short branches (1–4 SNPs). This pattern of several 
short branches without hierarchical structuring is consistent 
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with a recent radiation, an evolutionary process in response 
to adaptive change, new ecologic opportunities, or a combi-
nation of these factors.

To show more comprehensive phylogenetic pat-
terns, we developed 16 canonical SNP (canSNP) assays 
as described (online Technical Appendix) and used them 
to screen 179 F. tularensis subsp. tularensis A.I strains 

selected from the collections of the Centers for Disease 
Control and Prevention (Fort Collins, CO, USA). We se-
lected strains that were representative of all states where 
A.I infections occur and of all PFGE classification types 
(Table 1). One limitation of our study is that we did not 
analyze an equal number of strains from all regions of the 
country. However, our sample reflects the distribution 
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Table	2.	Melt-MAMA	primers	targeting	canSNPs	for	new	phylogenetic	branches	in	Francisella tularensis subsp.	tularensis A.I	in	
United	States* 

 
SchuS4† 
position 

SNP	
state,	

der/anc‡ Primers,	5  3§ Con¶ 
Temp,	
°C# 

Subgroup 
Major	 Minor 
NA A.I.7 1005448** C/T A:	TATTTCAATTTTTGCGATGGTAgGT 0.80 55 
    D:	ggggcggggcggggcTATTTCAATTTTTGCGATGGTAcTC 0.20  
    C:	AAGTATGTTGGCAAGTAAAGTGAGAAGA 0.20  
A.I.12 NA 142781†† C/G A:	GCTTATCGCCGACATTCATCtAC 0.20 60 
    D:	ggggcggggcggggcgggCTTATCGCCGACATTCATCcAG 0.20  
    C:	GGTATGGCAAAAAATACTTATGGTACG 0.20  
A.I.12 A.I.13 1833651‡‡ T/C A:	CTTTCAATCATGTAACCATCATTATTTAaGC 0.80 60 
    D:	cggggcggggcggggcggggCTTTCAATCATGTAACCATCATTATTTAgGT 0.20  
    C:	CTTAATGAACTTGGTGTAATGGGTAGATA 0.20  
A.I.12 A.I.16 273622 T/C A:	AAACTTAAAAAAGAGCAAGAACTTAATGATcTC 0.60 60 
    D:	ggggcggggcggggcgAAACTTAAAAAAGAGCAAGAACTTAATGATaTT 0.15  
    C:	CATCTTCATTAAAAGTCTTATTGTTTAAACGC 0.15  
A.I.12 A.I.15 1210286 A/G A:	TCTTAAAACATCGACACTCTCAACcTG 0.80 60 
    D:	ggggcggggcggggcGATCTTAAAACATCGACACTCTCAACtTA 0.20  
    C:	GTATCATTCAGATCATAATGAAGCAACTATC 0.20  
A.I.12 A.I.14 1296147 T/C A:	ATCATACTGGTTATATTGGCGGTcTC 0.80 60 
    D:	cggggcggggcggggcggggATCATACTGGTTATATTGGCGGTgTT 0.20  
    C:	GATGAGTCGCTATTAGCTTCTCGAAAG 0.20  
A.I.8 NA 1150298 G/A A:	TAGTCAATCTTGGAACTCCAGAtAA 0.75 60 
    D:	ggggcggggcggggcTAGTCAATCTTGGAACTCCAGAaAG 0.15  
    C:	TCTATTACTCTAGGGTCAGATAGAAATTC 0.15  
A.I.8 A.I.9 1453599 C/T A:	GCTGCTGCTAGATTAGCTATgCT 0.15 60 
    D:	ggggcggggcggggcGCTGCTGCTAGATTAGCTATcCC 0.15  
    C:	TCAAGCAATCAACAATAATTTTACTAT 0.15  
A.I.8 A.I.10 797599 T/G A:	GATCAATTGGTGGTGTTcCG 0.80 60 
    D:	ggggcggggcggggcGTGATCAATTGGTGGTGTTtCT 0.20  
    C:	AACGTTTTATCCTCTTGAATATCAACTAT 0.20  
A.I.8 A.I.11 1278606 G/A A:	AAGGAACAAAAAACATCATCATTgCT 0.20 60 
    D:	ggggcggggcggggcAAAAGGAACAAAAAACATCATCATTaCC 0.20  
    C:	TCATACTAACAACGGCTATTCAGGGA 0.20  
A.I.3 NA 1233898 T/G A:	GCTTGACAATATTAGCTTATAAAACTATAgTG 0.15 60 
    D:	ggggcggggcggggcGCTTGACAATATTAGCTTATAAAACTATAaTT 0.15  
    C:	TTTTTTCCATATTTCTGTAAAAAATATACTATTATG 0.15  
A.I.3 A.I.4 830715§§ T/C A:	GTTAAGTCGGTAAGTATCGACAAaTC 0.60 60 
    D:	ggggcggggcggggcGTTAAGTCGGTAAGTATCGACAAgTT 0.20  
    C:	CAAATCTTCTAGTATCTCTTTATCTTCAG 0.20  
A.I.3 A.I.5 113671 G/A A:	cgggcgggcgggcgggGCTTGAGTTTATTTTTTGTTTAATGTgTA 0.20 60 
    D:	GCTTGAGTTTATTTTTTGTTTAATGTaTG 0.20  
    C:	GGACAAAACTGTGGACGTTAAGAA 0.20  
A.I.3 A.I.6 580153 G/A A:	cgggcgggcgggcgggTATAATGGTAACTCATGATCAAGAAcAA 0.20 60 
    D:	TTATAATGGTAACTCATGATCAAGAAaAG 0.20  
    C:	ATCTGTCATGATACCAATTCTTGTCG 0.20  
*Melt-MAMA,	melt–mismatch	amplification	mutation	assay;	SNP,	single	nucleotide	polymporphism;	canSNP,	canonical	SNP;	con,	concentration,	μmol/L;	
temp,	annealing	temperature,	°C;	NA,	not	applicable;	der,	derived	SNP	state;	anc,	ancestral	SNP	state;	D,	derived	allele	primer;	A,	ancestral	allele	
primer;	C,	common	primer. 
†Genomic position	in	reference	A.I	SchuS4	strain	(GenBank	accession	no.	NC_006570). 
‡SNP states are listed according to their orientation in the SCHU S4 reference genome (GenBank accession no. AJ749949.2). 
§Melt-MAMA	primer	sequences;	primer	tails	and	antepenultimate	mismatch	bases	are	in	lower	case. 
¶Final	concentration	of	each	primer	in	Melt-MAMA	genotyping	assays. 
#Assay	annealing	temperature. 
**Assay	designed	on	the	reverse	complement. 
††SNP from (6). 
‡‡Assay supplemented with 0.025 U of Platinum Taq DNA polymerase (Life	Technologies,	Invitrogen,	Frederick,	MD,	USA). 
§§SNP	from	(7). 
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of human disease caused by F. tularensis subsp. tular-
ensis A.I strains: prevalent in the central United States, 
less common in the eastern United States, and rare in the 
western United States (4). The canSNP assays were based 
on 12 SNP signatures (Table 2) from the whole-genome 
phylogeny (Figure 1) and 4 previously described SNP sig-
natures (6–8). Using these assays, we assigned the 179 
strains to 15 F. tularensis subsp. tularensis A.I subpopula-
tions, including 8 intervening nodes (Figure 2, panel A). 
We found 6 subpopulations in the A.I.12 subgroup, 4 in 
A.I.8, and 4 in A.I.3 (Table 1). To identify broad phylo-
geographic patterns, we created maps indicating specific 
states where strains from the 15 subpopulations were iso-
lated (Figure 2, panel B). Within these maps, we created 
boundaries corresponding to 3 regions within the United 
States: western, central, and eastern.

Each subgroup exhibited complex yet distinct phy-
logeographic patterns (Figure 2, panel B). Group A.I.12 
strains, assigned to 6 subpopulations (Figure 2, panel A), 
were isolated throughout the United States: all 6 subpopu-
lations were found in the central region, 3 in the western 
region, and 5 in the eastern region (Figure 2, panel B, top). 
Group A.I.8 strains, assigned to 4 subpopulations, were 
found in the central (3 subpopulations) and western (in-
cluding Alaska and British Columbia; 3 subpopulations) 
regions, but only 1 strain was isolated in the eastern re-
gion (Figure 2, panel B, middle). For group A.I.3 strains, 
assigned to 4 subpopulations, distribution differed dra-
matically from the other subgroups; most strains and all 
4 subpopulations occurred in the eastern region and just 1 

subpopulation in the central region but none in the western 
region (Figure 2, panel B, bottom).

Conclusions
The occurrence of the A.I.3 subgroup in the east-

ern United States could be a recent or ancient event. The 
subgroup may have been introduced more recently from 
the central region to a naive niche in the eastern region 
through importation of rabbits (Sylvilagus floridanus) 
as recently as the 1920s (3); before 1937, tularemia was 
nearly nonexistent in the eastern region (15). If the in-
troduction is recent, the current lack of A.I.3 strains in 
the central United States could be the result of a selec-
tive sweep that nearly eliminated this subgroup from its 
geographic origin. However, most strains and genetic 
diversity (i.e., subpopulations) within the A.I.3 subgroup 
are found in the eastern United States, which may reflect 
a more ancient history in this region involving early in-
troduction and establishment of this subgroup east of the 
Appalachian Mountains, with only recent spread to the 
central region.

If we assume that the greatest genetic diversity in a 
phylogenetic context implies ancient origins, our find-
ings suggest that the central United States is the likely 
geographic origin of a common ancestor to F. tularensis 
subsp. tularensis subgroups A.I.12 and A.I.8 and, perhaps, 
the A.I group as a whole. The large geographic range of 
the A.I.12 subgroup and the phylogenetic pattern of a long 
branch leading to a polytomy with genetic homogeneity 
point to a possible adaptive advantage for this subgroup. 

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014	 863

Figure	 1.	 Neighbor-joining	 tree	 of	
14	 Francisella tularensis	 subsp.	
tularensis	group	A.I	strains	constructed	
on	 the	 basis	 of	 single-nucleotide	
polymorphisms	 (SNPs)	 discovered	
from	 whole-genome	 sequencing.	
Lines	 represent	 major	 groups	 within	
A.I:	 red,	 A.I.12;	 purple,	 A.I.8;	 blue,	
A.I.3.	 Branch	 nomenclature	 for	 each	
group	 is	 indicated	 by	 green	 text.	
Bootstrap	 values	 for	 each	 group	 and	
subpopulation	 are	 indicated	 in	 black	
font.	 Pulsed-field	 gel	 electrophoresis	
classifications	 (A1a	 and	 A1b)	 are	
indicated	 for	 each	 sequenced	 strain.	
A.I	strain	SchuS4	(GenBank	accession	
no.	 NC_006570)	 was	 included	 as	 a	
reference	 strain.	 Scale	 bar	 indicates	
no.	SNPs.



This advantage may be related to difference in virulence 
among A.I strains, as suggested by previous testing in 
mice of 2 A.I.12 strains that exhibited lower virulence than 
that of 2 A.I.3 strains (11). Further research is needed to 
determine whether the genomic differences that define this 
subgroup are associated with known F. tularensis viru-
lence determinants.
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Human Infections 
with Rickettsia 
raoultii, China

Na Jia,1 Yuan-Chun Zheng,1 Lan Ma,1 Qiu-Bo Huo, 
Xue-Bing Ni, Bao-Gui Jiang, Yan-Li Chu,  

Rui-Ruo Jiang, Jia-Fu Jiang, and Wu-Chun Cao

We	 used	 molecular	 methods	 to	 identify	 Rickettsia 
raoultii	infections	in	2	persons	in	China.	These	persons	had	
localized	rashes	around	sites	of	 tick	bites.	R. raoultii	DNA	
was	detected	in	4%	of	Dermacentor silvarum	ticks	collected	
in	 the	same	area	of	China	and	 in	1	 feeding	 tick	detached	
from	1	patient.

Rickettsia raoultii was first detected in Rhipicepha-
lus pumilio and Dermacentor nuttalli ticks from the 

former Soviet Union in 1999 and initially named RpA4, 
DnS14, and DnS28 (1). In 2008, it was identified as a novel 
Rickettsia species on the basis of its genetic and serologic 
characteristics (2). Since its emergence, R. raoultii has been 
found to be associated with Dermacentor ticks throughout 
Europe (3) and in some parts of Asia, including Mongolia 
(4) and China (5,6). 

A D. marginatus tick detached from a patient in France 
with tick-borne lymphadenopathy/Dermacentor tick–
borne necrosis erythema and lymphadenopathy was posi-
tive for R. raoultii, suggesting its pathogenicity for humans 
(2). Seven additional R. raoultii–infected cases were later 
diagnosed in France (7). We report 2 cases of R. raoultii 
infection in northeastern China.

The Study
On May 15, 2012, a 67-year-old man came to Mudan-

jiang Forestry Central Hospital in Mudanjiang, China, with 
an attached tick on his left shoulder. The feeding tick was 
detached in the outpatient department and subsequently 
identified as D. silvarum by an entomologist. Four days 
later, a painful erythematous rash developed around the site 
of the tick bite, and the patient returned to the hospital for 
treatment. The rash was irregular, round, and ≈1.5 cm in 
diameter. No other symptoms and signs were found.

On May 21, 2012, a 30-year-old man came to the same 
hospital with asthenia, anorexia, nausea, and a painful rash 

on his abdomen. He had been bitten by a tick 4 days before 
onset of symptoms. Physical examination identified a 20 × 
5 cm erythematous rash on his abdomen around a tick-bite 
eschar. Vesicles were seen surrounding the site of the tick 
bite. Lymphadenopathy was not observed.

Routine laboratory and hematologic assays for blood 
and serum samples from both patients showed standard re-
sults. Because rashes were found during physical exami-
nations and infection with spotted fever group rickettsia 
was suspected, oral doxycycline (100 mg, twice a day for 2 
weeks) was then prescribed. The infections of the 2 patients 
were successfully treated at home and did not recur.

DNA was extracted from anticoagulated blood samples 
by using a Blood DNA Extraction Kit (QIAGEN, German-
town, MD, USA) according to the manufacturer’s instruc-
tions. PCRs specific for the conserved citrate synthase gene 
(gltA) and spotted fever group–restricted outer membrane 
protein A gene (ompA) were conducted as described (8) 
and followed by sequencing. Both partial gltA (341 bp) and 
ompA (325 bp) sequences from the 2 patients were identical 
to each other and to those of R. raoultii (Figure).

PCR results for other tick-borne pathogens, including 
Anaplasma phagocytophilum, Ehrlichia chaffeensis, Ba-
besia spp., Francisella tularensis, and Borrelia burgorferi 
sensu lato, were negative. Serum specimens were tested 
by indirect immunofluorescence assay for IgM and IgG 
against R. heilongjiangensis, which was a known Rickett-
sia species circulating in the study area (9). IgM titers of 
64 and 128, respectively, were observed in serum samples 
obtained 3 days after disease onset from both patients. The 
IgG titer was 64 for both patients.

A feeding D. silvarum tick detached from the first pa-
tient was positive for rickettsial gltA and ompA by PCR. 
Sequences were identical to those amplified from the 
2 patients (Figure). We used primers CS2d-CSend and 
Rr190.70-Rr190.602 to amplify longer fragments of gltA 
(1,150 bp) and ompA (530 bp), respectively (8). Analyses 
showed that these sequences were identical to correspond-
ing sequences of R. raoultii identified in a tick detached 
from a French patient (2).

To identify local natural foci, host-seeking ticks were 
collected by dragging a fabric flag over vegetation in the 
area where the 2 patients lived. An entomologist identified 
all ticks by morphologic features to the species level and 
developmental stage. DNA was extracted from ticks by us-
ing a Tissue DNA Extract Kit (Tiangen Biotechnique Inc., 
Beijing, China) following the manufacturer’s instructions. 
PCR was performed to amplify rickettsial gltA and ompA 
fragments, and sequencing was performed (8). R. raoultii 
was identified in 3 (4%) of 75 adult D. silvarum ticks and 0 
of 453 Ixodes persulcatus ticks tested (Figure).
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Conclusions
Eight cases of human infection with R. raoultii have 

been reported in France. All patients had tick-borne lymph-
adenopathy/Dermacentor tick–borne necrosis erythema 
and lymphadenopathy, which was defined as the associa-
tion of a tick bite, an inoculation eschar on the scalp, and 
cervical lymphadenopathies (10). 

Although the 2 patients in China had only painful 
rashes around the sites of tick bites, rather than tick-borne 
lymphadenopathy/Dermacentor tick–borne necrosis ery-
thema and lymphadenopathy, the difference in clinical 
features might be the result of location of tick bites. Tick-
borne lymphadenopathy/Dermacentor tick–borne necro-
sis erythema and lymphadenopathy is usually observed in 

Figure.	Phylogenetic	analysis	of	spotted	fever	group	Rickettsia species,	China,	based	on	A)	partial	(341	bp)	citrate	synthase	gene	and	
B)	partial	(325	bp)	190-kDa	outer	membrane	protein	gene.	Trees	were	obtained	by	using	the	neighbor-joining	method,	distances	were	
calculated	by	using	Kimura	2-parameter	analysis,	and	analysis	was	conducted	by	using	Mega	5.0	software	(www.megasoftware.net/).	
Nucleotide	sequences	determined	in	this	study	are	indicated	in	boldface.	Percentage	of	replicate	trees	in	which	associated	taxa	clustered	
in	the	bootstrap	test	(1,000	replicates)	is	shown	to	the	left	of	each	branch.	Trees	are	drawn	to	scale,	and	branch	lengths	have	the	same	
units	as	evolutionary	distances	used	 to	 infer	 the	phylogenetic	 tree.	GenBank	accession	numbers	of	sequences	used	 in	phylogenetic	
analysis	are	indicated	in	parentheses.	Scale	bars	indicate	nucleotide	substitutions	per	site.
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patients after tick bites on the scalp, regardless of whether 
the disease is caused by R. slovaca, R. rioja, or R. raoul-
tii (2,7,11). The 2 patients had tick bites on abdomen  
and shoulder, respectively, but no cervical lymphadenop-
athy developed.

Isolation in cell cultures is the ultimate diagnostic 
method for rickettsial infections, but it is available only 
in biosafety level 3 laboratories (9). However, serologic 
tests are useful tools, and indirect immunofluorescence 
assay is considered the reference method. PCR, fol-
lowed by sequencing is mainly used to detect and identify  
Rickettsia species and is also an effective diagnostic 
method (9,12).

Of the 8 cases of human infection with R. raoultii in 
France, 4 were identified by PCR amplification from ticks 
detached from patients, and 4 were identified by rickett-
sial-specific serologic assays (2,7). In contrast, we identi-
fied 2 cases of human infection with R. raoultii in China 
by molecular detection and sequence determination of the 
pathogen in blood samples and from a tick detached from 
1 of the patients. Although only acute-phase (3 days after 
disease onset) serum samples were available, the presence 
of IgM and IgG against R. heilongjiangensis supported the 
diagnoses (12).

R. raoultii has been detected in Dermacentor ticks, 
such as D. silvarum, D. nuttalli, D. reticulatus, and D. 
marginatus (1,2), and infection rates in Europe range from 
2% to 80% (13). R. raoultii was also found in 4% of D. 
silvarum ticks collected in the same area of China. We 
previously identified a novel rickettsial agent identical to 
DnS14 from D. silvarum ticks, which was later named R. 
raoultii, in Jilin Province neighboring this study site (6). D. 
silvarum ticks are distributed over a wide area in northeast-
ern China, parasitize many domestic and wild animals, and 
readily feed on humans as alternate hosts. Extended inves-
tigation and tick surveillance are required to understand the 
distribution of R. raoultii in this region.

The current recommended therapeutic regimen for 
rickettsiosis is administration of tetracyclines; doxycycline 
is the preferred agent because of its dosage (twice a day) 
and better patient tolerance. The 2 patients received doxy-
cycline treatment at home and had uneventful recoveries. 
These findings indicate that doxycycline should be admin-
istrated as soon as possible to patients who have been ex-
posed to ticks and have clinical manifestations suggestive 
of rickettsiosis.
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Extensively  
Drug-Resistant 
Streptococcus 

pneumoniae, South 
Korea, 2011–2012

Sun Young Cho,1 Jin Yang Baek,1 Cheol-In Kang, 
So Hyun Kim, Young Eun Ha, Doo Ryeon Chung, 

Nam Yong Lee, Kyong Ran Peck,  
and Jae-Hoon Song

To	better	understand	extensively	drug	resistant	Strep-
tococcus pneumoniae,	we	assessed	clinical	and	microbio-
logical	characteristics	of	5	extensively	drug-resistant	pneu-
mococcal	isolates.	We	concluded	that	long-term	care	facility	
residents	who	had	undergone	tracheostomy	might	be	res-
ervoirs	of	these	pneumococci;	13-	and	23-valent	pneumo-
coccal	vaccines	should	be	considered	for	high-risk	persons;	
and	antimicrobial	drugs	should	be	used	judiciously.

During the past 2 decades, multidrug-resistant Strepto-
coccus pneumoniae has spread worldwide (1,2). Re-

cently we reported a case of bacteremic pneumonia caused 
by extensively drug-resistant (XDR) S. pneumoniae (3). Five 
additional XDR pneumococcal isolates subsequently were 
identified in our hospital in South Korea. In an attempt to 
better understand the epidemiologic and clinical aspects of 
XDR S. pneumoniae, we investigated clinical and microbio-
logical characteristics of these cases of XDR S. pneumoniae.

The Study
We reviewed the database of the clinical microbiology 

laboratory at Samsung Medical Center (SMC, Seoul, South 
Korea) for XDR S. pneumoniae isolates obtained during 
2011–2012. XDR S. pneumoniae was defined as nonsus-
ceptibility to at least 1 agent in all antibacterial drug cat-
egories except vancomycin and linezolid.

Among the 510 S. pneumoniae isolates (319 in 2011 
and 191 in 2012), we identified 5 XDR pneumococcal iso-
lates from 5 (1.2%) patients. The following data were ob-
tained for the patients: age, sex, date of isolation, prior hos-
pitalization, residence in long-term care facilities (LTCFs), 

underlying diseases, site of bacterial isolation, status of 
bacterial isolation (infection or colonization), prior prophy-
laxis and therapy with antibacterial drugs, and outcome.

In vitro antimicrobial susceptibility tests of pneumo-
coccal isolates were retested by the broth microdilution 
method according to Clinical and Laboratory Standards In-
stitute guidelines (4). Antimicrobial classes tested included 
penicillins (penicillin), cephalosporins (ceftriaxone), mac-
rolides (erythromycin, clarithromycin), quinolones (levo-
floxacin), clindamycin, trimethoprim/sulfamethoxazole, 
carbapenems (imipenem), tetracyclines (tetracycline, tige-
cycline), glycopeptides (vancomycin), and linezolid. Inter-
pretive criteria for susceptibility were those indicated in a 
Clinical and Laboratory Standards Institute document (5). 
Serotypes of S. pneumoniae were determined by the capsu-
lar puellung method with commercial antiserum (Statens 
Serum Institut, Copenhagen, Denmark) as recommended 
by the manufacturer. To investigate the molecular charac-
teristics of XDR S. pneumoniae, we performed multilocus 
sequence typing (MLST) and pulsed-field gel electrophore-
sis (PFGE) as described (6,7). Also, all isolates were sub-
jected to PCR to detect quinolone resistance–determining 
regions and macrolide resistance genes as described (8,9).

Four of 5 XDR S. pneumoniae isolates had been iso-
lated from respiratory tract specimens (e.g., sputum), and 
1 isolate had been recovered from blood (Table 1, Appen-
dix, wwwnc.cdc.gov/EID/article/20/5/13-1371-T1.htm). 
Mean age (± SD) of patients was 71.8 (± 16.9) years. Three 
patients were admitted from 3 different LTCFs, and 2 pa-
tients were referred to our hospital from other acute care 
hospitals. The most common underlying diseases were 
neurologic disorders, such as cerebrovascular disease and 
motor neuron disease (3 patients), followed by diabetes 
mellitus (2 patients) and solid tumor (1 patient) (1 patient 
had both motor neuron disease and diabetes mellitus). Four 
patients underwent tracheostomy because of respiratory 
problems, such as neurologic disease and progression of 
underlying diseases, and had multiple episodes of aspira-
tion pneumonia. All patients had received antibacterial 
drug therapy within the past 3 months. The most frequently 
used antibacterial drugs were fluoroquinolones (4 patients) 
and piperacillin–tazobactam (3 patients). Four of the 5 pa-
tients did not have clinical evidence of infection with XDR 
S. pneumoniae; bacteremia from this pathogen developed 
in the remaining patient. The patient with bacteremia was 
admitted to the emergency department of SMC with fever. 
Three weeks before admission, nephrotic syndrome had 
been diagnosed, and the patient had received immunosup-
pressant therapy with methylprednisolone and cyclophos-
phamide. Soon after admission, septic shock developed, 
and ciprofloxacin was administered because urinary tract 
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infection was suspected. On hospital day 4, after the blood 
culture results showed XDR S. pneumoniae, vancomycin 
was started. Despite the administration of vancomycin for 7 
days, the patient died from progression of septic shock. Be-
cause she had difficulty in expectorating sputum, we could 
not obtain adequate sputum samples despite sputum induc-
tion. However, given the clinical symptoms consistent with 
pneumonia and a chest radiograph that demonstrated pul-
monary infiltrate, the most likely source of bacteremia ap-
pears to be pneumonia caused by S. pneumoniae.

The 5 pneumococcal isolates reported in this study 
were nonsusceptible to all tested antimicrobial agents ex-
cept tigecycline, vancomycin, and linezolid (Table 2). The 
serotypes of isolates were 11A (3 isolates) and 13/28 (1 
isolates); 1 isolate was not typeable. MLST demonstrated 
that 4 isolates were sequence type (ST) 8279, a double-lo-
cus variant of ST156 closely related to the pneumococcal 
Spain9V-3 international clone, and 1 isolate was ST3598. 
PFGE patterns showed close genetic relatedness among 3 
isolates and 2 isolates (94.7% and 84.2% genetic related-
ness, respectively) (Figure). However, SMC 1205–093, re-
ported in 2012, had a different PFGE pattern from the other 
5 isolates. Sequence analysis of quinolone resistance–de-
termining regions revealed the same mutation pattern in 
these 5 isolates: Ser81-Phe in gyrA, Lys137-Asn in parC, 
and Ile460-Val in parE. In addition, as a macrolide resis-
tance determinant, only erm(B) gene was detected by PCR 
in all isolates.

Conclusions
We reassessed isolates obtained during 2011–2012 

and identified 5 pneumococcal isolates that were not sus-
ceptible to at least 1 agent in all antimicrobial classes test-
ed (penicillins, cephalosporins, macrolides, quinolones, 
clindamycin, tetracyclines, trimethoprim/sulfamethoxazole 
and carbapenems) except vancomycin and linezolid. Of the 
5 patients, 1 with bacteremia died despite treatment.

Our findings have several clinical implications. First, 
the cases reported here showed that LTCF residents who 
had undergone tracheostomy might be a reservoir of XDR 
pneumococci. Also, our data documented a genetic rela-
tionship between XDR pneumococcal isolates shown by 
MLST and PFGE, which suggests that specific serotypes 
and resistant clones are spreading within certain LTCFs. 
Considering the characteristics of LTCF residents, the 
spread of XDR S. pneumoniae among these patients can 
lead to considerable illness and to death.

Second, this study indicated that 3 of the 5 XDR iso-
lates were serotype 11A, which were included in 23-valent 
pneumococcal polysaccharide vaccine (PPV23) but not in 
the 7-valent pneumococcal conjugate vaccine (PCV7) and 
the 13-valent pneumococcal conjugate vaccine (PCV13). 
Although we were unable to determine the status of 
pneumococcal vaccination of the patients reported here, 
given the very low rates of PPV23 vaccination in Korea 
(<5%), these patients were likely to be unvaccinated (10).  
Among pneumococcal isolates collected from patients 

 
Table	2.	Antimicrobial	susceptibilities	of	5	extensively	drug-resistant Streptococcus pneumoniae isolates,	Seoul,	South	Korea,	2011–
2012* 

Strain	no. 
MIC,	g/mL 

LZD TGC VAN PEN TMP/SXT CLI CRO LVX ERY CLR TET IPM 
SMC1101–114 0.5 <0.03 0.5 8 32/608 >32 16 16 64 16 32 2 
SMC1101–127 0.5 <0.03 0.25 8 32/608 >32 64 16 128 >32 32 2 
SMC1103–146 0.5 <0.03 0.25 8 32/608 >32 64 16 128 >32 32 2 
SMC1105–235 0.5 <0.03 0.25 8 32/608 >32 32 16 128 >32 32 2 
SMC1108–054 0.5 <0.03 0.5 8 32/608 >32 64 16 128 >32 16 2 
*LZD,	linezolid;	TGC,	tigecycline;	VAN,	vancomycin;	PEN,	penicillin;	TMP/SXT,	trimethoprim/sulfamethoxazole;	CLI,	clindamycin; 
CRO,	ceftriaxone;	LVX,	levofloxacin;	ERY,	erythromycin;	CLR,	clarithromycin;	TET,	tetracycline;	IPM,	imipenem; SMC,	Samsung	Medical	Center. 

 

Figure.	Dendrogram	of	pulsed-field	gel	electrophoresis	patterns	showing	the	genetic	relatedness	of	extensively	drug-resistant	pneumococcal	
isolates	from	patients	in	South	Korea,	2011–2012	(including	SMC	1205–093,	previously	reported	in	2012).	The	corresponding	serotype	
and	sequence	type	(ST)	for	each	isolate	are	listed	on	the	right	side	of	the	dendrogram.	SMC,	Samsung	Medical	Center.
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with respiratory tract infections in South Korea, the prev-
alence rate of serotype 11A was 7.6%, and these serotype 
11A isolates showed a high prevalence of multidrug-re-
sistance (65.2%) (11). In addition, after the introduction 
of PCV7 in Korea, nonvaccine serotypes (7C, 11A, 15A, 
16F, and 23A) have increased in levofloxacin-nonsuscep-
tible pneumococcal isolates (12). PCV13 was approved 
for all adults >50 years of age in 2012 and is now widely 
used in South Korea. If PCV13 is routinely used instead 
of PPV23 for adults, non-PCV13 serotypes with multi-
drug resistance potentially could emerge. Therefore, in 
adults at risk for MDR pneumococcal infection, including 
previous use of antibacterial drugs, LTCF residence, and 
multiple comorbidities, administration of 2 pneumococcal 
vaccines (PCV13 and PPV23) should be considered.

Third, antibacterial drugs should be used judiciously. 
In particular, given the increasing evidence that prior use of 
fluoroquinolones may be a major risk factor for fluoroqui-
nolone resistance among pneumococci, the use of fluoro-
quinolones should be restricted to patients at increased risk 
for MDR pneumococcal infection (13,14).

Although still rare, the emergence of XDR pneumo-
cocci has become challenging for clinicians and a real 
threat to public health. More information about the emer-
gence and spread of this XDR strain is necessary to prevent 
its spread, and continuous surveillance of XDR S. pneu-
moniae is strongly warranted.

This study was supported by the Basic Research Program 
through the National Research Foundation of Korea, funded by 
the Ministry of Education, Science and Technology (no. 2010-
0021572). Bacterial isolates were obtained from the Asian Bacte-
rial Bank of the Asia Pacific Foundation for Infectious Diseases. 
No competing financial interest exists.

Dr Cho is an infectious disease physician at Samsung Medi-
cal Center, Seoul, South Korea. Her main interests are medical 
bacteriology and infectious disease epidemiology.
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Role of  
Transportation in 

Spread of Porcine 
Epidemic Diarrhea 

Virus Infection, 
United States

James Lowe, Phillip Gauger, Karen Harmon, 
Jianqiang Zhang, Joseph Connor, Paul Yeske, 

Timothy Loula, Ian Levis, Luc Dufresne,  
and Rodger Main

After	 porcine	 epidemic	 diarrhea	 virus	 (PEDV)	 was	
detected	in	the	United	States	 in	2013,	we	tested	environ-
mental	samples	from	trailers	in	which	pigs	had	been	trans-
ported.	PEDV	was	 found	 in	5.2%	of	 trailers	not	 contami-
nated	at	arrival,	,	suggesting	that	the	transport	process	is	a	
source	of	transmission	if	adequate	hygiene	measures	are	
not	implemented.

Porcine epidemic diarrhea virus (PEDV) was detected 
in herds of pigs in the United States during April 2013 

(1). PEDV is a member of the Cornaviridae family that 
produces a malabsorptive diarrhea secondary to atrophy 
of the small intestinal villi (2). Initial clinical cases were 
detected in herds in Indiana and Iowa during May 2013.
The virus spread rapidly across large geographic regions; 
218 cases of infection were identified in 16 states during 
the first 9 weeks of the outbreak (3). Subsequent testing of 
historical samples collected during the week of April 15, 
2013 identified the index herd in Ohio (3). Veterinarians 
became concerned about the role that facilities where pigs 
are harvested for processing into food and the transporta-
tion equipment used to move pigs from farms to those fa-
cilities were playing in the spread of PEDV. These concerns 
were based on evidence that equipment used to transport 
live pigs transmits another enteric coronavirus, transmissi-
ble gastroenteritis virus, between sites in the United States 
(J.F. Lowe, unpub. data).

Pigs are commonly transported to harvest  
facilities in vehicles that have not been cleaned and  
disinfected between loads. Implementation of “all in–all 
out” sites, which are sites in which pigs are grown and 
all pigs in a group are removed before arrival of the next 
group, limits the spread of disease introduced by trans-
port vehicles. In many cases, the risks and associated 
costs of disease introduced late in the growing period are 
thought to be less than the cost of cleaning and disinfect-
ing vehicles. Transport vehicles are often shared by dif-
ferent pig owners, enabling the spread of disease across  
large regions.

The Study
The objective of this study was to assess the risks that 

harvest facilities and transport vehicles engendered in 
promoting the initial outbreak of a novel disease organism 
by estimating the incidence of trailer contamination with 
PEDV during the unloading process at harvest facilities. 
Environmental samples were collected from 575 livestock 
trailers before and after pigs were unloaded into holding 
pens, or lairages, at 6 harvest facilities (83–102 trailers 
per facility) located in the central United States. Samples 
were collected during a period of 2–3 days at each facility 
during June 14–20, 2013. For each trailer, the following 
information was collected: transport company and trail-
er identification, time of unloading, dock used, whether 
the truck driver stepped on the dock, and whether facil-
ity personnel entered the trailer. Sample collection con-
sisted of rubbing a phosphate-buffered saline–moistened 
pad (Swiffer, Procter & Gamble, Cincinnati, OH, USA) 
over an ≈900 cm2 area of the trailer floor, 15 cm from the 
rear door. The pad was placed in a sterile bag (Whirl-Pac, 
NASCO, Fort Atkinson, WI, USA) and the liquid was 
collected by applying manual pressure. The liquid was 
transferred to a sterile tube (14mL Falcon Tube, Fisher 
Scientific, Chicago, IL, USA), immediately placed on ice, 
and maintained at 4°C during transport to the Iowa State 
University Veterinary diagnostic laboratory. New latex 
gloves were worn for each sample collection to minimize 
the risk for cross-contamination.

RNA extraction was performed with 100 mL of 
each environmental sample by using the MagMAX Vi-
ral RNA Isolation Kit (Life Technologies, Carlsbad, CA, 
USA) and a Kingfisher 96 instrument (Thermo Scientific, 
Waltham, MA, USA) and Kingfisher program AM_1836_
DW_HV_v3 provided by the manufacturer of the viral 
extraction kits. Viral RNA was eluted into 90 μL of buf-
fer. Real-time reverse transcription PCR (rRT-PCR) was 
performed on nucleic acid extracts by using the Path-ID 
Multiplex One-Step RT-PCR Kit (Life Technologies) ac-
cording to the manufacturer’s recommendations. Prim-
ers and probe targeting conserved regions of the PEDV  
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nucleocapsid protein gene were as described (4) with mod-
ifications specific to the sequence isolated in North Amer-
ica deposited in GenBank (accession no. KF272920). 
The forward primer sequence was 5′-CGCAAAGACT-
GAACCCACTAACCT-3′, the reverse primer sequence 
was 5′-TTGCCTCTGTTGTTACTTGGAGAT-3′, and 
the probe sequence was 5′-TGTTGCCATTACCAC-
GACTCCTGC-3′. Sequences were labeled by using 
the FAM/ZEN/3′ Iowa Black detector (Integrated DNA 
Technologies, Coralville, IA, USA). All rRT-PCR re-
actions were conducted on an ABI 7500 Fast (Applied 
Biosystems, Foster City, CA, USA) and results analyzed 
by system software. Samples were tested separately from 
routine diagnostic samples in the laboratory to minimize 
risks for cross-contamination.

Before unloading, 38 (6.6%) of the 575 trailers 
were contaminated with PEDV. The proportion of con-
taminated trailers ranged from 2% to 14.6% among the  
6 harvest facilities; the facility level median was 5.0%. 
Of the remaining 537, 28 (5.2%) that were not contami-
nated at arrival were contaminated in the unloading pro-
cess (Table).

Of the 38 trailers that were contaminated on arrival, 
environmental samples from 13 (34.2%) were negative for 
PEDV after unloading. Environmental samples from these 
13 trailers tended to have higher cycle threshold values 
than those from the 25 trailers that were positive before and 
after unloading: 32.3 versus 30.6, respectively. This result 
suggests that the pigs transported to the harvest facility on 
the 13 trailers may not have been shedding PEDV, but in-
stead, the trailers had been contaminated by previous loads 
of pigs, so viral quantities in the trailer were low or at the 
limit of detection.

Contamination during unloading occurred at a higher 
rate if harvest facility staff entered the trailer (OR 4.15, 
95% CI 1.27–13.54) or if unloading occurred immedi-
ately after unloading another trailer that was found to be 
contaminated (OR 3.35, 95% CI 1.22–9.18). Facilities in 
which more PEDV was identified in truck trailers on arrival 
had a higher overall incidence of contamination. This was 
measured by multiplying the prevalence of contamination 
at arrival by the inverse of the cycle threshold value from 
trailers contaminated at arrival (R2 = 0.32, p = 0.01). All 
drivers stepped into the harvest facility at least once, lead-
ing to a high rate of contact between drivers, the trailers, 
and the harvest facility.

Conclusions
Harvest facilities serve as a source of contact between 

many swine farms with different health statuses. This 
study suggests that collection points, such as harvest fa-
cilities and livestock auction markets, can be an efficient 
source of contamination of transport vehicles that return to 

pig farms and likely played a role in rapidly disseminating 
PEDV across vast geographic regions shortly after PEDV 
was first identified in the United States. These data also 
suggest that the contamination of transport vehicles leaving 
the harvest facilities increased as the prevalence of PEDV–
positive transport vehicles and virus load coming into the 
facility increased.

The results of this study suggest that proactive dis-
ease control measures should include improved sanitation, 
hygiene, and segregation practices at collection points to 
limit the spread of the agent early in the outbreak. Current 
data suggest that novel agents, such as PEDV, may be 
present in a country but remain undetected for an extend-
ed period. Thus, control measures may be implemented 
too late to limit the spread of the disease through fomites 
that are identified, such as, in this instance, contaminated 
vehicles returning from swine collection points. Simple 
measures such as limiting contact between drivers and the 
collection point and requiring drivers to remain on trucks 
and out of the collection point during the unloading pro-
cess may have a dramatic effect on limiting the trans-
mission of novel agents. These biosecurity measures are 
simple but require a coordinated effort between produc-
ers, transporters, harvest facility owners, and regulators 
to achieve effective implementation. This study of PEDV 
transmission by fomites should serve as an example of 
the risks that a modern, highly technical animal protein 
industry may encounter during a novel disease introduc-
tion. PEDV’s introduction and subsequent spread in the 
United States should spur action to minimize these risks 
before a disease that can affect international trade or food 
safety is introduced.

The National Pork Board, the National Pork Producers 
Council, the American Association of Swine Veterinarians, and 
the American Association of Swine Veterinarians Foundation 
funded this project.

Dr Lowe is a clinical instructor in the Department of Veteri-
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faculty member of Kansas State University and the University of 
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fects of management on host–pathogen interactions and livestock 
growth performance.
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Table.	Status	of	environmental	samples	from	pig	transport	trailers	
during	an	outbreak	of	porcine	epidemic	diarrhea	virus	infection,	
Midwestern	United	States,	June	2013* 
PCR	status	
after	unloading 

PCR	test	status	before	unloading 
Positive Negative Total 

Positive 25	(4.3) 28	(4.9) 53	(9.2) 
Negative 13	(2.3) 509	(88.5) 522	(90.8) 
Total 38	(6.6) 537	(93.4) 575 
*Values	represent	the	number	of	trailers	(%	total)	in	each	group.	Samples	
were	gathered	from	6	pig	harvest	facilities. 
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Acute Lower  
Respiratory Tract 

Infections in  
Soldiers,  

South Korea, April 
2011–March 2012

Jung Yeon Heo,1 Ji Eun Lee,1 Hye Kang Kim,  
and Kang-Won Choe

During	 April	 2011–March	 2012,	 we	 retrospectively	 
reviewed	 medical	 records	 for	 South	 Korea	 soldiers	 to	 
assess	 the	 etiology	 and	 epidemiology	 of	 acute	 viral	 low-
er	 respiratory	 tract	 infections.	 Adenovirus	 was	 the	 most	
commonly	 identified	 virus	 (63.2%)	and	 the	most	 common	
cause	of	pneumonia	(79.3%)	and	hospitalization	(76.6%);	3	 
soldiers	died	of	adenovirus-related	illness.

Respiratory infections are the most common cause for hos-
pitalization of soldiers. In the US military, respiratory in-

fections account for 25%–30% of all hospital admissions for 
infectious diseases (1). Adenovirus is the most common cause 
of acute respiratory infection in soldiers, particularly among 
new recruits in basic training camps (2,3). A study among 
US military showed that in the early phases of basic train-
ing, ≈10% of new recruits were infected with adenovirus, and 
among recruits with pneumonia, 90% of the cases were caused 
by adenovirus (4). In US military, adenovirus serotypes 4 and 
7 have been historically the most common cause of febrile re-
spiratory illness (5–8). Since 1971, the US military has orally 
vaccinated new recruits with live adenovirus vaccine; this vac-
cination has become the primary preventive strategy against 
respiratory diseases caused by adenovirus (9,10).

In spring 2006 in South Korea, a high adenovirus prev-
alence of 61% was found among military recruits with mild 
respiratory disease (11). More recently in South Korea, 
deaths caused by severe pneumonia were reported among 
the military, and an outbreak of acute respiratory disease 
caused by adenovirus occurred in an army training camp 
(12,13). We hypothesized that, although there may be some 
differences in etiologic agents by geographic location, the 
major cause of acute respiratory disease in South Korean 
military recruits is most likely adenovirus, as observed in 

the US military. To describe the viral etiology, clinical fea-
tures, and epidemiologic characteristics of acute lower re-
spiratory tract infections (LTRIs) among the South Korean 
military, we retrospectively reviewed the medical records 
of soldiers who were identified with an acute LTRI.

The Study
The study was conducted during April 2011–March 

2012 at the Armed Forces Capital Hospital, a military refer-
ral hospital in Seongnam, South Korea. We retrospectively 
reviewed all medical records with International Classifi-
cation of Diseases, Tenth Revision, Clinical Modification 
codes indicating acute LTRI (pneumonia, tracheobronchi-
tis, or bronchiolitis); 622 patient records met the criteria 
and were reviewed. General characteristics of the study 
population and the military hospital, as well as the method 
used for classifying clinical diagnoses of acute LTRI, are 
available in the online Technical Appendix (wwwnc.cdc.
gov/EID/article/20/5/13-1692-Techapp1.pdf). 

Nasopharyngeal swab specimens were collected from 
207 (33.3%) of the 622 patients with an acute LTRI. Within 
3 days, the specimens were tested (GClabs, Yongin-si, South 
Korea) for 12 respiratory viruses by multiplex reverse tran-
scription PCR; methods are described in the online Techni-
cal Appendix. Respiratory virus infections were confirmed 
for 87 (42.0%) patients: adenovirus (55 [63.2%] patients), 
influenza A virus (26 [29.9%] patients), influenza B virus 
(4 [4.6%] patients), rhinovirus group A (3 [3.4%] patients), 
and parainfluenza virus (2 [2.3%] patients). Co-infection 
with adenovirus and rhinovirus group A was observed in 3 
patients. For all confirmed cases of viral infection, we per-
formed an epidemiologic analysis and analyzed the clinical 
manifestations and prognosis for the hospitalized patients.

The clinical diagnoses for acute viral LTRI cases in-
cluded 58 cases of pneumonia, 25 cases of tracheobronchitis, 
and 4 cases of bronchiolitis. Pneumonia was most commonly 
caused by adenovirus (46 [79.3%] cases) (Table 1). Tracheo-
bronchitis was most commonly caused by influenza A virus 
and adenovirus (14 [56.0%] and 9 [36.0%] cases, respec-
tively). Two cases each of influenza A virus infection and 
parainfluenza virus infection were noted among the 4 patients 
with bronchiolitis. The monthly distribution of the identified 
viruses is shown in the online Technical Appendix Figure.

Of the 87 patients with an LTRI, 64 were hospitalized. 
Among these 64 patients, 49 (76.6%) had adenovirus infec-
tions, 13 (20.3%) had influenza A or B virus infections, and 
2 had bronchiolitis caused by parainfluenza virus infection. 
Table 2 shows the clinical features of the 62 patients hospi-
talized for adenovirus or influenza A or B virus infection, 
among whom the mean age was 19.6 ± 1.1 years (adenovirus 
patients) and 20.1 ± 2.0 years (influenza patients). Except for 
a female patient infected with influenza A virus, all patients 
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were male. The proportion of new military recruits was sig-
nificantly higher among patients with adenovirus infection 
than among patients with influenza A or B virus infection 
(p = 0.011). There was no difference in the clinical signs 
and symptoms and radiographic findings of patients infected 
with influenza virus and adenovirus (online Technical Ap-
pendix). Mechanical ventilation was required for 6 patients 
in whom severe pneumonia developed; all 6 patients had ad-
enovirus infection and 3 died (online Technical Appendix).

Conclusions
Among the viruses identified as causing acute LTRI in 

South Korean soldiers, adenovirus was the most common, 

causing 63.2% of the cases. In addition, adenovirus was 
identified in 79.3% of pneumonia cases. These findings are 
similar to those in studies among US military (1–4). 

Adenovirus infection was more common among 
new recruits in the South Korean military. However, the 
infection was also confirmed in all 11 (64.7%) privates 
among the 17 active duty soldiers at advanced training 
sites (Table 2). In the South Korea military, adenovirus 
might have spread to secondary training sites through re-
cruit redeployment, similar to the experience in the US 
military (14).

Cases of severe pneumonia requiring mechanical ven-
tilation were not observed among patients with influenza 
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Table	1.	Causes	of	and	diagnoses	for	acute	lower	respiratory	tract	infections	in	soldiers,	South	Korea,	April	2011–March	2012 

Virus	identified✻ 
Clinical	diagnosis,	no.	(%)	patients 

Pneumonia,	n	=	58 Tracheobronchitis,	n	=	25 Bronchiolitis,	n	=	4 Total,	N	=	87 
Adenovirus† 46	(79.3) 9	(36.0) 0 55	(63.2) 
Influenza	A 10	(17.2) 14	(56.0) 2	(50.0) 26	(29.9) 
Influenza	B 2	(3.5) 2	(8.0) 0 4	(4.6) 
Rhinovirus group A† 2	(3.5) 1	(4.0) 0 3	(3.4) 
Parainfluenza 0 0 2	(50.0) 2	(2.3) 
*A	total	of	207	nasopharyngeal	swab	specimens	were	collected	from	soldiers	with	acute	lower	respiratory	infections.	Within	3	days	of	collection,	the	
specimens	were	tested	against	12	respiratory	viruses	at	GClabs	(Yongin-si,	South	Korea)	by	using	Seeplex	RV12	ACE	Detection	(Seegene,	Seoul,	South	
Korea). 
†Three patients were co-infected	with	rhinovirus	group	A	infection	and	adenovirus. 

 

 
Table	2.	Demographic,	clinical,	and	laboratory	findings	for	soldiers	hospitalized	with	acute	lower	respiratory	infections,	South	Korea,	
April	2011–March	2012 

Variable 
Soldiers	hospitalized	for	infection	with 

p	value* Adenovirus,	n	=	49	(79.0%) Influenza	A	or	B	virus,	n	=	13	(21.0%) 
Demographic	characteristics    
 Age,	mean	y	±	SD 19.63	±	1.16 20.15	±	2.03 0.232 
 Male	sex 49	(100.0) 12	(92.3) 0.210 
Military	rank,	no.	(%)   0.011 
 New	recruit 32	(65.3) 3	(23.1)  
 Active-duty	soldier 17	(34.7)† 10	(76.9)  
Clinical	characteristics,	no.	(%)    
 Fever	>5	d 27	(55.1) 3	(23.1) 0.061 
 Cough 47	(95.9) 11	(84.6) 0.191 
 Rhinorrhea 29	(59.2) 7	(53.8) 0.729 
 Sputum 32	(65.3) 7	(53.8) 0.447 
 Sore	throat 30	(61.2) 8	(61.5) 0.984 
 Dyspnea 9	(18.4) 2	(15.4) 1.000 
 Nausea/vomiting 8	(16.3) 3	(23.1) 0.685 
 Diarrhea 13	(26.5) 2	(15.4) 0.493 
 Chest	pain 5	(10.2) 1	(7.7) 1.000 
Laboratory	findings	±	SD    
 Leukocyte	count	(cell/μL) 6,529	±	2,643 8,110	±	2,331 0.054 
 Hemoglobin	(g/dL) 14.0	±	0.9 13.5	±	1.1 0.384 
 Platelet	count	(103cell/μL) 156	±	29 201	±	26 <0.001 
 C-reactive	protein(mg/dL) 12.0	±	3.0 8.5	±	2.3 <0.001 
Radiograph	findings,	no.	(%)    
 Consolidation 20	(40.8) 2	(15.4) 0.112 
 Peribronchial	infiltration 26	(53.1) 8	(61.5) 0.585 
 Effusion 9	(18.4) 1	(7.7) 0.673 
 Normal 3	(6.1) 3	(23.1) 0.100 
Length	of	hospital	stay,	mean	d	±	SD 17.1	±	4.2 14.3	±	4.1 0.036 
Required	mechanical	ventilation,	no.	(%) 6	(12.2) 0 0.328 
Died,	no.	(%) 3	(6.1) 0 1.000 
*p<0.05	was	considered	significant.	The	statistical	analyses	used	in	this	study	are	described	in	the online	Technical	Appendix	
(wwwnc.cdc.gov/EID/article/20/5/13-1692-Techapp1.pdf). 
†Among the 17 hospitalized active-duty	soldiers	with	adenovirus	infection,	those	ranked	as	privates	were	the	most	common	(11/17	[64.7%]).	All	privates	
who	were	found	to	have	adenovirus	infection	had	been	relocated	to	advanced	training	sites	after	graduating	from	the	6-week	basic	military	training	
course,	which	suggests	that	adenovirus	might	have	spread to	secondary	training	sites	through	recruit	redeployment. 
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virus infection; however, 3 of the 6 patients with severe 
adenovirus-associated pneumonia died. This finding indi-
cates that adenovirus infection is a major cause of death 
among soldiers with severe respiratory diseases. In 2009, 
in response to the influenza A(H1N1)pdm09 pandemic, 
multiplex reverse transcription PCR for respiratory viruses 
became available in South Korea military hospitals. Before 
2009, apart from research purposes, clinical testing for re-
spiratory viruses was not routinely performed at military 
hospitals. For this reason, South Korea military physicians 
were unaware that adenovirus was a major cause of respi-
ratory disease among soldiers. Because of the lack of an 
effective treatment for adenovirus infection, vaccination 
against adenovirus has been introduced for persons, such 
as military recruits, at high risk for infection.

Our study has certain limitations. First, we were un-
able to confirm the serotype of adenovirus for positive 
case-patients. Because military physicians were unaware 
that adenovirus was a major cause of acute respiratory dis-
ease, additional serotyping was not performed at the time 
of diagnosis. Second, the period of study was only 1 year. 
The level of an epidemic varies at different times, thus re-
quiring longer study periods to observe patterns. Third, we 
retrospectively reviewed medical records of patients with 
acute LTRI in a central referral military hospital; thus, the 
study patients may not be entirely representative of South 
Korea soldiers with acute LTRI. Last, there was a sampling 
bias with regard to the molecular assay; the test may have 
been performed only in cases of severe illness or when rec-
ommended by clinicians. Nevertheless, our results suggest 
that among South Korea soldiers with acute LTRIs, those 
with adenovirus rather than other respiratory infections had 
more severe clinical outcomes.

Further studies are required to determine the serotype(s) 
of adenovirus causing infection among the military, and 
epidemiologic surveillance for adenovirus is needed. In ad-
dition, studies on the effectiveness of adenovirus vaccine 
should be considered.
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Data	needed	to	guide	influenza	vaccine	policies	are	lack-
ing	in	tropical	countries.	We	multiplied	the	number	of	severe	
acute	respiratory	infections	by	the	proportion	testing	positive	
for	 influenza.	There	were	≈6,699	 influenza	hospitalizations	
and	803	deaths	in	Costa	Rica	during	2009–2012,	supporting	
continuation	of	a	national	influenza	vaccine	program.

During 2002–2008, 41,000–160,000 persons died from 
influenza-associated illnesses throughout the Americas 

(1). Although it is known that influenza is preventable by use 
of vaccines (2), documentation of the value of vaccination, 
including data on influenza-associated hospitalizations and 
deaths, is limited in middle-income tropical countries.

In 2004, Costa Rica, an upper–middle income coun-
try (3), recommended influenza vaccines for children 6 
months–8 years of age who had pre-existing conditions 
and for persons ≥65 years of age (4) although national 
data to support this recommendation were limited. We 
used the World Health Organization International Clas-
sification of Diseases, 10th Revision (ICD-10) hospital 
discharge criteria (5), the Costa Rica National Influenza 
Center surveillance (6), and census population data (7) to 
quantify influenza-associated hospitalization and mortality 

rates during 2009–2012 to guide national and subregional 
vaccine policy.

The Study
In 2005, Costa Rica maintained a database of persons 

hospitalized throughout the country’s public hospitals. 
Approximately 95% of all hospitalizations occur within 
this centralized health care system. This hospital database 
contains information on patients’ demographics, their 
first 6 ICD-10 coded diagnoses, and their survival. We 
used this information to determine the number of persons 
admitted to public hospitals during 2009–2012 and dis-
charged with proxy diagnoses of severe acute respiratory 
infection (SARI) (ICD-10 code J9–18) (8). We used viral 
surveillance data to estimate the proportion of influenza-
positive specimens if all had been tested by using pub-
lished methods (9).

Influenza surveillance is conducted by Costa Rica’s 
National Influenza Center and the Instituto Costarri-
cense de Investigación y Enseñanza en Nutrición y Salud  
(INCIENSA). In 2002, INCIENSA laboratory staff be-
gan testing clinical nasal and pharyngeal samples for in-
fluenza by using indirect immunofluorescence. Starting in 
2007, Costa Rica systematically identified 5 SARI case-
patients (defined as patients with fever and cough or sore 
throat with respiratory difficulties requiring hospitaliza-
tion) per sentinel site per week (6) to supplement speci-
mens obtained through routine clinical practice. Influenza 
surveillance was fully operational by the 2009 pandemic 
year (online Technical Appendix, wwwnc.cdc.gov/EID/
article/20/5/13-1775-Techapp1.pdf). INCIENSA primarily 
tested respiratory samples through indirect immunofluores-
cence and subtyped positive specimens through real-time 
reverse transcription PCR.

We stratified the percent of influenza-positive samples 
among SARI case-patients into groups of patients who were 
<5, 5–59, and ≥60 years of age to broaden the implications 
of our findings for tropical countries. For each age group, 
we multiplied the monthly number of SARI case-patients 
by the proportion of influenza-positive samples from SARI 
case-patients (Figure) and their 95% CI (9).

We assumed that all persons living in Costa Rica were 
at risk for development of SARI and being admitted to a 
public hospital. We divided the estimated annual number 
of influenza-associated hospitalizations and deaths by the 
census projections for each year and age group (7). We 
stratified our influenza analyses into pandemic (2009–
2010) and seasonal influenza years (2011–2012) because 
we anticipated that case ascertainment, health utilization, 
hospital admissions, respiratory specimen collection, and 
rate estimates would be different during these periods. 
For example, during 2009, to help the World Health Or-
ganization better characterize a novel virus, surveillance 
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Influenza,	Costa	Rica

staff supplemented systematic with snowball sampling of 
the contacts of persons in whom diagnoses of influenza A 
(H1N1)pdm09  virus were laboratory confirmed (10). The 
Institutional Committee of Bioethics in Research approved 
this program evaluation.

During January 2009–December 2012, we identi-
fied 30,357 persons hospitalized for treatment of SARI 
throughout Costa Rica, of whom ≈1/3 of case-patients 
belonged to each age group (29%  <5 years of age, 32% 
5–59 years of age , and 38%  ≥60 years of age). Deaths 
associated with SARI occurred primarily among persons 
≥60 years of age. Although 1% of children <5 years of age 
died during hospitalization, 12% of persons 5–59 years 
of age and 38% of persons ≥60 years of age died while 
hospitalized (p<0.001).

A total of 16,582 of SARI case-patients were tested for 
influenza. Of these, 8,158 (49%) were female. More per-
sons were tested during the 2009–2010 pandemic (9,879) 

than during 2011–2012 (6,703). Of the 16,597 case-patients 
tested, 3,352 (20%) tested positive for influenza (Table).

We estimated that 6,699 (95% CI 5,165–8,264) influ-
enza hospitalizations occurred among all age groups (Ta-
ble). These represented 0.4 hospitalizations for influenza 
per 1,000 person-years (py) (95% CI 0.3–0.4/1,000py). The 
rate of influenza-associated hospitalizations was higher 
during the 2009–2010 pandemic (mean 0.6/1000 py) com-
pared with those during 2011– 2012 (mean 0.1/1000 py) 
(p<0.001) (Figure).

We estimated that 803 (95% CI 474–1,149) in-hospi-
tal deaths attributed to influenza occurred among all age 
groups (Table); 628 (78%) occurred during the 2009-2010 
pandemic years. Influenza-associated deaths represented 
12% of influenza-associated SARI hospitalizations and a 
rate of 4/100,000 py. Deaths occurred primarily among 
persons ≥60 years of age, for whom the influenza mortal-
ity rate was 29/100,000 py compared with 2/100,000 py 
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Table. Influenza-associated	SARI hospitalizations	and	deaths	in	Costa	Rica,	2009–2012* 

Year	and	
age 
group,		y 

Population	
size 

No.	
hospitalizations 

for SARI† 
No.	

deaths‡ 

No.	(%)	influenza-
positive	

respiratory	
samples§ 

Influenza-associated	
hospitalizations 

 

Influenza-associated	 
deaths 

No.	 
(95%	CI)¶ 

Rate#	 
(95%	CI)¶ 

No.	 
(95%	CI)¶ 

Rate**	 
(95%	CI)¶ 

2009          
 <5 356,266 2,196 17 194/1,349	(14) 436	 

(336–535) 
1.2	 

(0.9–1.5) 
 2	 

(1–3) 
0.6	 

(0.3–0.8) 
 5–59 3,700,000 2,998 328 1,608/3,653	(44) 1,852	 

(1,737–1,977) 
0.5	 

(0.47–0.53) 
 115	 

(95–138) 
3.1	 

(2.6–3.7) 
 ≥60 415,210 2,797 1,042 265/1,306	(20) 657	 

(513–804) 
1.6	 

(1.2–1.9) 
 171	 

(112–231) 
41	 

(27–56) 
2010          
 <5 350,902 2,583 27 185/1,230	(15) 529	 

(366–688) 
1.5	 

(1.0–2.0) 
 4	 

(2–4) 
1.1	 

(0.6–1.1) 
 5–59 3,800,000 2,595 317 507/1,472	(34) 1,185	 

(993–1,378) 
0.3	 

(0.3–0.4) 
 107	 

(78–133) 
2.8	 

(2.1–3.5) 
 ≥60 444,981 3,073 1,172 161/879	(18) 742	 

(467–1,019) 
1.7	 

(1.0–2.3) 
 229	 

(123–340) 
51	 

(28–76) 
2011          
 <5 347,888 2,204 32 48/1,797	(3) 114  

(67–161) 
0.3	 

(0.2–0.5) 
 0 0 

 5–59 3,800,000 2,224 330 40/700	(6) 174  
(72–286) 

0.05  
(0.02–0.08) 

 20  
(6–38) 

0.5 
(0.2–1.0) 

 ≥60 463,100 3,049 1,183 27/639	(4) 163  
(53–279) 

0.4  
(0.1–0.6) 

 52	 
(12–96) 

11  
(3–21) 

2012          
 <5 344,577 1,927 22 79/1,526	(5) 164	 

(109–216) 
0.5	 

(0.3–0.6) 
 1	 

(0–2) 
0.3	 

(0.0–0.6) 
 5–59 3,900,000 2,016 229 162/1,034	(16) 423	 

(307–540) 
0.1	 

(0.08–0.14) 
 31	 

(18–46) 
0.8	 

(0.5–1.2) 
 ≥60 481,557 2,695 1,051 76/1,012	(8) 260	 

(145–381) 
0.5	 

(0.3–0.8) 
 71	 

(27–118) 
15	 

(6–25) 
Total 18,404,481 30,357 5,750 3,352/16,597	(20) 6,699  

(5,165–8,264) 
0.4	 

(0.3–0.4) 
 803  

(474–1,149) 
4	 

(3–6) 
*SARI,	severe	acute	respiratory	illness.	Population	estimates	based	on	Costa	Rica	census	projections. 
†Number of persons hospitalized during 2009–2012	for	SARI	proxy	diagnoses	(ICD-10	code	J9–18)	(8)	in	any	of	6	discharge	diagnostic	fields. 
‡In-hospital	deaths	among	persons	hospitalized	during	2009–2012	for	SARI	(International	Classification	of	Diseases,	10th	Revision, code	J9–18)	in	any	
of	6	discharge	diagnostic	fields. 
§Annual	number	of	nasal	and	pharyngeal	specimens	positive	for	influenza	by	immunofluorescence	and	PCR	over	total	number	tested. 
¶Estimated	through	the	product	of	the	proportion	of	samples	testing	positive	for	influenza	and	the	number	of	persons	hospitalized	for	or	inpatient	deaths	
from	SARI	each	month	and	sum	of	the	products	by	age	group,	Costarricense	de	Seguro	Social,	San	José,	Costa	Rica. 
#Per	1,000	person-years. 
**Per	100,000	person-years. 
 



among other age groups (p<0.001). During the 2009–2010 
pandemic, 47 persons ≥60 years of age per 100,000 py died 
as a result of influenza-associated SARI, compared with 3 
persons <60 years of age per 100,000 py.

Conclusions
Our study suggests that Costa Rica had substan-

tive numbers of influenza-associated hospitalizations and 
deaths. Hospitalization rates were highest among chil-
dren <5 years of age and persons ≥60 of age. Although 
deaths increased during the pandemic among persons 
5–59 years of age, persons ≥60 years of age were more 
likely to die as a result of influenza. Our findings support 
the decision of the officials of Costa Rican Social Security 
Board to provide seasonal influenza vaccination for chil-
dren and older adults, and for groups that may be different  
during pandemics.

The influenza-associated hospitalization and mortality 
rates in our study were within the range of those estimated in 
middle-income countries in the American tropics. Pandemic 
influenza-associated hospitalization rates among children in 
Costa Rica were within the range of the influenza-associated 
severe pneumonia hospitalization rates in El Salvador among 
children <5 years of age (9), but higher than rates estimated 
from population-based surveillance in Guatemala (0.3/1000 
py) (11). The rates calculated for this study were lower than 
those estimated for deaths from pneumonia associated with 
influenza in Brazil (1.4, 95% CI 0.7–2.1 /100,000 py) (12). 
Our estimated influenza-associated mortality rates were 
similar, however, to deaths attributed to influenza-associated 
respiratory illness in Mexico (3.7 [95% CI 3.0–4.4]/100,000 
population) (13). Rates were generated by using different 
case definitions, surveillance, and analytical methods. Stan-
dardization of surveillance (6) and the methods to estimate 
burden of disease may yield estimates more readily com-
pared among countries (8).

This study had several limitations. We were unable to 
directly measure rates of laboratory-confirmed influenza 
among all hospitalized case-patients. Respiratory samples 
were from clinical specimens gathered during routine prac-
tice and from systematically identified patients. A different 
proportion of persons discharged from the hospital or who 
died after receiving a diagnosis of SARI may have tested 
positive for influenza than the proportion tested by con-
venience. Persons with respiratory illness may have been 
more likely to be admitted during the pandemic, thus in-
flating hospitalization rates during 2009–2010 when com-
pared with 2011–2012. Also, a larger but unquantified 
proportion of samples were first tested through indirect  
immunofluorescence rather than the more sensitive PCR 
during 2011–2012 than during the pandemic (14).

Our study suggests that Costa Rica had substantive in-
fluenza-associated hospitalization and mortality rates, par-
ticularly among the very young and the elderly. Influenza-
associated hospitalization and mortality rates were similar 
to those of neighboring countries that routinely dispense 
influenza vaccines and oseltamivir. Further studies may 
be warranted to explore the value and sustainability of ex-
panded influenza vaccination programs among populations 
most at risk for development of severe illness.
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Responses to 
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We	 conducted	 a	 population	 survey	 in	 Hong	 Kong	
to	 gauge	psychological	 and	behavioral	 responses	 to	 the	
threat	of	influenza	A(H7N9)	and	support	for	closure	of	live	
poultry	markets.	We	 found	 low	anxiety	and	 low	 levels	of	
exposure	to	live	poultry	but	mixed	support	for	permanent	
closure	of	the	markets.

A novel influenza A(H7N9) virus was detected in Chi-
na in March 2013, and an epidemic of infections in 

poultry and humans occurred during April and May of that 
year (1,2). Most persons who had laboratory-confirmed 
infections reported recent contact with live poultry, and 
evidence suggests that human-to-human transmissibility 
of the virus is low (2). Incidence of laboratory-confirmed 
human cases dramatically decreased following the closure 
of live poultry markets (LPMs) in affected cities in April 
2013 (3). Control of the virus is challenging because its low 
pathogenicity in poultry (4) requires reliance on laboratory-
based surveillance in animals or humans to identify areas 
where the virus is prevalent and to facilitate interventions 
to reduce human exposure to infected poultry.

Hong Kong imports live poultry from mainland China 
only from a few dedicated farms that have adequate bios-
ecurity protection; intensive surveillance for avian influ-
enza is conducted at the border and within Hong Kong. 
Risk for influenza A(H7N9) virus infection appears to be 
low in Hong Kong, but 4 infections have been reported in 
Hong Kong residents since December 2013, and a surge 
in influenza virus transmission was anticipated in eastern 
China this winter (2). Prevention and control activities rely 
on accurate measures of exposure to live poultry, risk per-
ception and psychological and behavioral responses related 
to the virus, and attitudes toward specific control measures.  

We therefore conducted a series of cross-sectional popula-
tion surveys to monitor these variables in Hong Kong.

The Study
We initiated the first survey in April 2013 (April 10–

13 and 25–27), shortly after the first human case of influ-
enza A(H7N9) was announced in mainland China. A sec-
ond survey was conducted December 4–8, after incidence 
of human cases began to rise in the winter and the first local 
infection occurred in Hong Kong. We used methods and 
survey instruments similar to those used for surveys dur-
ing the severe acute respiratory syndrome epidemic in 2003 
(5), the influenza A(H1N1)pdm09 pandemic (6), and the 
emergence of avian influenza A(H5N1) (7).

For the survey, trained interviewers made telephone 
calls to land lines by using a computerized, random-digit 
dialing system; calls were placed during nonworking hours 
and weekends to avoid overrepresentation of nonworking 
groups. Within households, adults >18 years of age who 
spoke Cantonese were eligible and were randomly selected 
on the basis of a Kish grid (8). Up to 4 follow-up calls were 
made if participants were not available or if calls were un-
answered. Verbal informed consent was obtained from all 
participants. Means and proportions of survey items were 
directly weighted by sex and age to the general population, 
and multiple imputation with 10 datasets was used to cor-
rect for missing data.

We completed 1,556 interviews during the April sur-
vey and 1,000 interviews during the December survey; 
response rates were 68.9% and 68.0%, respectively. The 
characteristics of respondents were similar for each survey 
period (online Technical Appendix, wwwnc.cdc.gov/EID/
article/20/5/13-1859-Techapp1.pdf). Figure 1 illustrates 
the timeline of laboratory-confirmed cases of influenza 
A(H7N9) compared with the dates of our surveys.

Table 1 shows a summary of the population anxiety 
and risk perception related to influenza A(H7N9) across the 
2 survey periods. The level of general anxiety in the popu-
lation, measured by the State Trait Anxiety Inventory (5,6), 
remained low and was comparable to population anxiety 
during April–May 2009 (6). Most (85%–89%) respondents 
identified close contact with chickens in an LPM as a risk 
factor for infection with influenza A(H7N9) virus. Respon-
dents reported perceived susceptibility of infection as low, 
perceived severity of influenza A(H7N9) as lower than that 
of severe acute respiratory syndrome, and perceived sever-
ity of influenza A(H7N9) as higher than that of influenza 
A(H5N1) and seasonal influenza. Respondents also ex-
pressed that they would experience low levels of worry if 
influenza-like symptoms were to develop in the respondent 
the day after the survey (symptom-induced worry).

During the December survey, we also collected data on 
exposures to live poultry markets (LPMs). A total of 26.7% 
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of respondents reported visiting an LPM in Hong Kong >1 
time during the previous year; of those, 61.4% and 37.5% re-
ported visiting >1 time per month and >1 time per week, re-
spectively. In addition, 6.9% of respondents reported visiting 
an LPM in mainland China >1 time during the previous year. 
Across the population, we estimated the average numbers of 
annual visits to LPMs in Hong Kong and mainland China to 
be 17.6 and 0.53 visits per person, respectively. These esti-
mates were based on an assumption of standardized annual 
numbers of visits for responses 1–2/year, 3–5/year, 6–11/

year, 1–3/month, 1–2/week, 3–5/week, almost every day, or 
never to be 1.5, 4, 8.5, 24, 78, 208, 365, and 0 visits, respec-
tively. Figure 2 shows the distribution of number of visits 
by age and sex; in a multiple regression model, we found 
significantly (p<0.01) fewer visits to LPMs among younger 
adults but no significant differences by sex.

A total of 17.5% respondents reported that they had 
avoided visiting LPMs in the previous 7 days because of in-
fluenza A(H7N9), whereas 35.9% reported that they would 
support or strongly support permanent closure of LPMs. 
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Table	1.	Generalized	anxiety	and	risk	perception	among	persons	surveyed	during	influenza	A(H7N9)	epidemic,	Hong	Kong,	April	and	
December	2013* 
Category First	survey Second	survey p	value 
Population anxiety† 1.81 1.79 0.35 
Risk	perception,	%    
 Susceptibility‡    
  Absolute 12.1 9.3 0.01 
  Relative 2.3 1.3 0.19 
 Severity	compared	with	seasonal	influenza§ 88.1 88.3 0.80 
 Severity	compared	with	SARS§ 39.5 28.8 <0.01 
 Severity	compared	with	influenza	A(H5N1)§ 79.1 81.6 0.10 
 Symptom-induced	worry¶ 44.8 37.3 <0.01 
*First	survey	conducted	April	10–13	and	25–27,	2013;	second	survey	conducted	December	4–8,	2013.	p values	were	estimated	by	comparing	anxiety	and	
risk	perception	between	the	2	surveys	after	adjustment	for	demographics	including	age,	sex,	education,	place	of	birth,	marital	status,	and	household	
income. SARS,	severe	acute	respiratory	syndrome. 
†Measured by	4-point	State	Trait	Anxiety	Inventory	(5;	1	indicates	least	anxiety,	4	most	anxiety).  
‡Absolute susceptibility was examined by asking how likely the survey participant thought it was that he or she would contract	influenza	A(H7N9)	during	
the	next	month;	relative	susceptibility	was	examined	by	asking	how	likely	the	survey	participant	thought	it	was	that	he	or	she	would	contract	influenza	
A(H7N9)	during	the	next	month	compared	with	persons	outside	his	or	her	family	with	similar	age.	Answers	were	given	on	a	7-point	scale	and	measured	
as	proportion	of	respondents	whose	answer	was	likely,	very	likely, or	certain. 
§Perceived	severity	was	examined	by	asking	respondents	how	the	severity	of	influenza	A(H7N9)	compared	with	that	of	seasonal	influenza,	SARS,	and	
influenza	A(H5N1).	Answers	were	given	on	a	5-point	scale	and	measured	as	proportion	of	respondents	whose	answer	was	either	a	bit	higher	or	much	
higher. 
¶Perceived	anxiety	level	if	respondent	were	to	experience	onset	of	influenza-like	symptoms	in	the	next	day. Answers	were	given	a	7-point	scale	and	
measured	as	proportion	of	respondents	whose	answer	was	worried	more	than	normal,	worried	much	more	than	normal,	or	extremely	worried. 

 

Figure	1.	Laboratory-confirmed	human	cases	of	influenza	A(H7N9)	virus	infection	in	mainland	China	and	Hong	Kong,	by	date	of	announcement,	
compared	with	timing	of	population	surveys	and	public	interest	in	influenza	A(H7N9),	2013.	Public	interest	was	calculated	by	using	Google	
Trends	(www.google.com/trends)	on	the	basis	of	internet	searches	on	the	keyword	H7N9	measured	by	normalized	relative	search	volume;	
lines	show	the	ratio	of	weekly	search	volume	on	the	defined	keywords	divided	by	the	search	volume	on	any	keyword	during	the	period,	after	
normalizing	the	highest	ratio	as	1.	April	survey	was	conducted	in	2	phases;	information	was	combined	for	these	analyses.



We used multivariable logistic regression to examine fac-
tors associated with avoiding LPMs or supporting closure 
of LPMs (Table 2) and found that more symptom-induced 
worry and higher perceived severity compared with sea-
sonal influenza were associated with avoiding visiting 
LPMs. Younger age, lower educational attainment, and 
having visited LPMs >1 time in the preceding year were 
independently associated with a lower probability of sup-
port for permanent LPM closures.

Conclusions
Results from previous studies and our surveys indicate 

that exposure to poultry measured by LPM visits among the 
Hong Kong population has declined since 2006 (7) and is 
lower than that for cities in southern China (9–11). Contact 
with live poultry or visiting LPMs was reported by most per-
sons with confirmed influenza A(H7N9) in China (2). Four 
recently reported influenza A(H7N9) cases in Hong Kong 
were suspected to be imported; all 4 patients reported travel 
to Shenzhen, the city bordering Hong Kong, which reported 
17 new cases during January 1–February 9, 2014. One of the 

patients in Hong Kong bought live poultry from an LPM in 
Shenzhen, where 2 LPMs subsequently yielded environmental 
specimens testing positive for influenza A(H7N9) virus (12).

We previously reported that LPM closure substan-
tially reduced the risk for human infection with influenza 
A(H7N9) virus in mainland China (3). Control measures in 
LPMs in Hong Kong have become increasingly stringent 
during the past decade, and the current policy banning any 
overnight stay of live poultry in LPMs has substantially 
decreased avian influenza virus prevalence among poultry 
(13). This policy might also contribute to the low perceived 
risk for infection and low levels of symptom-induced wor-
ry observed in this study (Table 1).

Our study has limitations. Because participants were 
recruited on the basis of randomly selected telephone num-
bers, respondents might not represent the general popula-
tion in Hong Kong, despite weighting of the sample by age 
and sex. Responses in the survey were self-reported and 
might be subject to response biases, including social desir-
ability bias. We also used contact history in the previous 
year to measure respondents’ live poultry exposure, which 
could be subject to recall bias.

In conclusion, our survey found generally low anxiety 
levels among the population in Hong Kong related to the threat 
of influenza A(H7N9). A higher level of symptom-induced 
worry and higher perceived severity of influenza A(H7N9) 
compared with seasonal influenza were associated with avoid-
ance of LPMs. Permanent closure of LPMs is being consid-
ered in Hong Kong, but our results suggest that obtaining 
support from the public might be difficult, particularly among 
younger adults and adults with lower educational attainment.
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Table	2.	Factors	affecting	behavioral	response	to	influenza	A(H7N9)	and	support	for	permanent	closure	of	LPMs	in	Hong	Kong,	2013* 

Characteristic 

Odds	ratio	(95%	CI) 
Avoided	visiting	LPMs	in	previous	7	d	

because	of	influenza	A(H7N9) Would	support	permanent	closure	of	LPMs 
Sex   
 M Reference Reference 
 F 1.07	(0.75–1.53) 1.22	(0.92–1.63) 
Age,	y   
 18–34 Reference Reference 
 35–54 0.89	(0.55–1.46) 2.28	(1.53–3.40) 
 ≥55 0.81	(0.48–1.36) 2.87	(1.86–4.45) 
Educational	attainment   
 Primary	or	below Reference Reference 
 Secondary 1.63	(0.92–2.89) 1.76	(1.17–2.65) 
 University	or	above 1.65	(0.88–3.09) 2.99	(1.88–4.76) 
Visited	LPM	>1	time	in	previous	year   
 No Reference Reference 
 Yes 1.15	(0.78–1.68) 0.60	(0.44–0.83) 
Median	State	Trait	Anxiety	score	(5)   
 <1.7 Reference Reference 
 >1.7 1.03	(0.72–1.46) 0.95	(0.72–1.25) 
Self-perceived risk for infection with influenza A(H7N9)†  
 Low 0.68	(0.42–1.11) 0.95	(0.64–1.42) 
 Evens Reference Reference 
 High 0.95	(0.49–1.84) 1.51	(0.87–2.63) 
Self-perceived risk for infection with influenza A(H7N9) compared with other persons‡  
 Low 1.22	(0.74–1.99) 0.93	(0.62–1.38) 
 Evens Reference Reference 
 High 1.97	(0.51–7.61) 0.52	(0.13–1.98) 
Symptom-induced	worry§   
 Less 1.01	(0.62–1.64) 0.87	(0.61–1.24) 
 As	usual Reference Reference 
 More 2.00	(1.34–2.98) 1.08	(0.78–1.48) 
Perceived	severity	compared	with	seasonal	influenza¶  
 Less 1.22	(0.53–2.79) 1.01	(0.59–1.73) 
 Same Reference Reference 
 More 2.31	(1.33–3.99) 1.28	(0.87–1.87) 
Perceived	severity	compared	with	SARS¶   
 Less 0.84	(0.52–1.36) 0.89	(0.61–1.29) 
 Same Reference Reference 
 More 0.91	(0.48–1.73) 0.88	(0.52–1.48) 
Perceived	severity	compared	with	influenza	A(H5N1)¶  
 Less 1.29	(0.73–2.26) 0.76	(0.49–1.17) 
 Same Reference Reference 
 More 1.06	(0.70–1.60) 0.93	(0.66–1.31) 
*Odds	ratios	adjusted	for	all	variables	shown.	LPMs,	live	poultry	markets;	SARS,	severe	acute	respiratory	syndrome. 
†Respondents were asked, “How likely do you think it is that you will contract H7N9 avian flu over the next 1 month?” Low indicates the answers 
Never/Very	unlikely/Unlikely;	evens,	the	answer	Same	(50%	probability);	and	high,	the	answers	Likely/Very	likely/Certain. 
‡Respondents were asked, “What do you think are your chances of getting	H7N9	avian	flu	over	the	next	1	month	compared	to	other	people	outside	your	
family of a similar age?” Low indicates the answers Not at all/Much less/Less; evens, the answer Same (50% probability); and high,	the	answers	
Likely/Very	likely/Certain	or	More/Much	more/Certain. 
§Respondents were asked, “If you were to develop flu-like symptoms tomorrow, would you be…” followed by several choices. Low indicates the answers 
Not	worried	at	all/Much	less	worried	than	normal/Worried	less	than	normal;	as	usual,	the	answer	About	same;	and	more,	the	answers	Worried	more	than	
normal/Worried	much	more	than	normal/Extremely	worried. 
¶Respondents were asked, “How is the severity of infection with H7N9 avian influenza compared to seasonal influenza, SARS, or H5N1	avian	influenza?” 
Lower	indicates	the	answers	A	little	lower/Much	lower;	same,	the	answer	Same;	and	higher,	the	answers	Much	higher/A little	higher. 
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Full-genome	 analysis	 was	 conducted	 on	 the	 first	 
isolate	of	a	highly	pathogenic	avian	influenza	A(H5N1)	virus	
from	a	human	 in	North	America.	The	virus	has	a	hemag-
glutinin	gene	of	clade	2.3.2.1c	and	is	a	reassortant	with	an	
H9N2	subtype	lineage	polymerase	basic	2	gene.	No	muta-
tions	 conferring	 resistance	 to	 adamantanes	or	 neuramini-
dase	inhibitors	were	found.

Since the 1997 emergence of highly pathogenic avian in-
fluenza (HPAI) A(H5N1) virus in Hong Kong, China, 

648 HPAI A(H5N1) infections and 384 associated deaths 
in humans have been reported. During 2013, Cambodia re-
ported the most human infections, followed by Egypt, In-
donesia, China, and Vietnam (www.who.int/influenza/hu-
man_animal_interface/H5N1_cumulative_table_archives/
en/, December 10, 2013, report). In December 2013, an 
HPAI A(H5N1) infection was reported in a Canadian resi-
dent who recently returned from China. No human or poul-
try HPAI A(H5N1) infections had been previously reported 
in North America.

Case Report and Laboratory Investigations
Preliminary details of this case have been reported 

(1) (online Technical Appendix 1, wwwnc.cdc.gov/EID/
article/20/5/14-0164-Techapp1.pdf). The patient initial-
ly sought care for respiratory symptoms; however, the  

probable cause of death was listed as meningoencephali-
tis, an unusual outcome for HPAI A(H5N1) infections in 
humans. Detailed interviews with close contacts have not 
identified exposure to infected avian sources or environ-
mental contamination, although these investigations are 
continuing. Because symptom onset occurred during a re-
turn flight from China, it is probable that the patient was 
exposed to the virus while in China.

Nasopharyngeal swab (NP) samples, bronchoalveolar 
lavage (BAL), and cerebrospinal fluid (CSF) samples tested 
positive for influenza A(H5N1) virus by various molecular 
testing methods, including sequencing, at the Provincial 
Laboratory for Public Health and the National Microbiol-
ogy Laboratory, Public Health Agency of Canada (1). An 
isolate cultured from BAL (A/Alberta/01/2014) under-
went full-genome sequencing (methods available in online 
Technical Appendix 1); analysis results are presented here.

Partial sequences of virus from the primary specimens 
(shown in parentheses) included 1,378 bp of the hemag-
glutinin (HA) gene (CSF, BAL, NP), 1,350 bp of the neur-
aminidase gene (BAL), 810 bp of the matrix gene (NP), 
and 687 bp of the polymerase basic 2 (PB2) gene (NP). 
These sequences were identical to corresponding sequenc-
es obtained from the isolate, suggesting the absence of cell 
culture–induced changes.

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) anal-
ysis of each gene of A/Alberta/01/2014 showed that 7 of 
8 genes shared ≥99% identity at the nucleotide and protein 
levels with HPAI A(H5N1) viruses of avian origin. How-
ever, the PB2 gene showed 98% nt similarity and 99% aa 
identity to avian influenza A(H9N2) viruses collected in 
China. Phylogenetic analysis of each gene (online Tech-
nical Appendix 2, wwwnc.cdc.gov/EID/article/20/5/14-
0164-Techapp2.pdf) with sequences from related viruses 
confirmed that only the PB2 gene resulted from reassort-
ment with an avian influenza A virus containing an H9N2 
subtype lineage PB2 gene (Figure 1). Phylogenetic analysis 
of the HA gene demonstrated that the virus belongs to clade 
2.3.2.1c (2) (Figure 2), which has been detected in many 
countries and has recently been reported in China, Viet-
nam, and Indonesia (2). The HA gene of A/Alberta/01/2014 
(H5N1) was most closely related to the sequence of an 
HPAI A(H5N1) virus from a tiger that died in 2013 at a 
zoo in Jiangsu, China. This combination of clade 2.3.2.1c 
lineage HA, neuraminidase, and internal gene segments de-
rived from influenza A(H5N1) viruses and an H9N2 sub-
type lineage PB2 gene indicated that this virus is a previ-
ously undescribed genotype of HPAI A(H5N1).

To assess the virus for molecular markers of pandemic 
risk, we reviewed all protein sequences for mutations listed 
in the H5N1 Genetic Changes Inventory (3).The HA pro-
tein possessed a multibasic amino acid cleavage site motif 
(PQRERRRKR*G) similar to other clade 2.3.2.1 viruses 
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(4). The sequence of the 220-loop receptor binding site 
(RBS) contained the typical avian amino acids, Q222/
G224, predictive of a preference for the avian α2,3 rather 
than the human α2,6 sialic acid (SA) host cell receptor (5); 
all HA gene numbering is based on H5 viruses unless oth-
erwise indicated. The RBS sequence was identical in the 
NP and BAL samples, suggesting the absence of adaptive 
changes in the cultured isolate. The G221R substitution, 
uncommon in HPAI A(H5N1) virus, was detected in the 

RBS. Previously reported in a clade 2 HPAI A(H5N1) vi-
rus (GenBank accession no. ABR13964), R221 has been 
shown in influenza A/H3 (R225 by H3 numbering) to 
slightly increase binding to human erythrocytes (6). Other 
mutations of interest in A/Alberta/01/2014 were D94N, 
S133A, S155N, and T156A. D94N decreased binding to 
α2,3 SA and increased it to α2,6 SA in a pseudotyping assay 
(7). S133A, together with T188I (not present in A/Alber-
ta/01/2014), increased binding to α2,6 SA by pseudotyping  
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Figure	 1.	 Neighbor-joining	
phylogenetic	 tree	 of	 the	
polymerase	 basic	 2	 (PB2)	
genes	 of	 H9N2	 subtype	 lineage	
avian	 influenza	 A	 viruses	 with	
A/Alberta/01/2014	 (GISAID	
accession	 no.	 EPI500778).	
The	 avian	 influenza	 A(H5N1)	
virus	 detected	 in	 Canada	 is	
underlined.	Major	lineages	of	the	
H9N2	 subtype–like	 PB2	 genes	
are	 depicted	 to	 the	 right	 of	 the	
phylogenetic	clusters.	Bootstraps	
generated	 from	 1,000	 replicates	
are	 shown	 at	 branch	 nodes.	
Scale	 bar	 represents	 nucleotide	
substitutions	 per	 site.	 GSAID,	
Global	Initiative	on	Sharing	Avian	
Influenza	Data.
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and glycan array assays (8). When together, S155N and 
T156A also increased binding to α2,6 SA (assayed with re-
sialated erythrocytes). T156A abrogates a N-glycosylation 
site and, when together with S223N (not found in A/Al-
berta/01/2014), may improve virus replication in the upper 
respiratory tract of ferrets (9); T156A is consistently found 
in ferret-adapted mutants capable of airborne transmission 
(5). The collective effects of all these mutations and their 
phenotypic manifestations are unclear.

Comparison of the HA amino acid sequence of A/Al-
berta/01/2014 with that of the nearest H5N1 clade 2.3.2.1c 
World Health Organization candidate vaccine virus (A/
duck/Vietnam/NCVD-1584/2012) identified only 2 aa 
substitutions in the HA1 region, R189K and G221R. Al-
though position 189 was within the putative antigenic site 
B, the overall conservation of sequence suggests that A/
Alberta/01/2014 is a close antigenic match to the candidate 
vaccine virus.
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Figure	 2.	 Neighbor-joining	
phylogenetic	 tree	 of	 the	
hemagglutinin	 (HA)	 genes	 of	
clade	 2.3.2.1	 highly	 pathogenic	
avian	 influenza	A(H5N1)	 viruses	
with	 A/Alberta/01/2014	 (GISAID	
accession	 no.	 EPI500771).	 The	
avian	 influenza	 A(H5N1)	 virus	
detected	in	Canada	is	underlined.	
The	 nearest	 reassortant	 World	
Health	 Organization	 candidate	
vaccine	 viruses	 (CVV)	 for	 each	
group	of	clade	2.3.2.1	are	denoted	
by	 CVV.	 Asterisks	 indicated	
viruses	 collected	 in	 2012–
2014.	 Amino	 acid	 differences	
at	 branch	 nodes	 indicate	 HA1	
substitutions	 relative	 to	 the	
nearest	 CVV	 for	 clade	 2.3.2.1	
viruses	 (group	 2.3.2.1c,	 A/duck/
Vie tnam/NCVD-1584/2012;	
group	 2.3.2.1b,	 A/barn-swallow/
HK/D10–1161/2010).	 Mutations	
to	 the	 right	 of	 each	 strain	 name	
indicate	 amino	 acid	 changes	
found	 only	 in	 that	 virus	 relative	
to	 the	 nearest	 CVV.	 Bootstraps	
generated	 from	 1,000	 replicates	
are	 shown	 at	 branch	 nodes.	
Scale	 bar	 represents	 nucleotide	
substitutions	 per	 site.	 Black	
arrowhead	 indicates	 position	 of	
clade	 2.3.2.1a.	 GSAID,	 Global	
Initiative	 on	 Sharing	 Avian	
Influenza	Data.



In agreement with Xu et al. (4), no mutations confer-
ring reduced susceptibility to neuraminidase inhibitors 
were identified for clade 2.3.2.1. The predicted amino acid 
sequence of the M2 protein did not reveal any changes as-
sociated with reduced susceptibility to adamantanes (10). 
Mutation V27I was found, but its significance is uncertain. 
Mutations N30D and T215A found in the M1 gene of A/
Alberta/01/2014 were associated with increased virulence 
in mice. The cumulative effect of these changes may result 
in increased lethality (11).

The PB2 sequence showed the presence of E627 in 
both the primary specimen and isolate, establishing the lack 
of a well-known mammalian adaptation motif (5,12). Ami-
no acid changes L89V, G309D, T339K, R477G, I495V, 
and K627E and a change to Met at the predicted position 
A676T (13) were noted in the A/Alberta/01/2014 isolate. 
These PB2 substitutions in conjunction with changes in the 
M1 and HA proteins (only some of which were identified) 
have been described to enhance polymerase activity and 
virulence in mice. Experiments in mice also demonstrated 
that compensatory amino acid substitutions in PB2 can 
rescue polymerase activity in K627E mutants (13). Lethal 
HPAI A(H5N1) isolates, such as A/quail/Vietnam/36/04, 
show the presence of E627, suggesting that compensatory 
mutations are possible in PB2 and other genes (14). The 
PB1 protein showed the P598L mutation reported to en-
hance polymerase activity in mammalian cells and mice 
(3). This change has been reported to enhance the poly-
merase activity of an attenuated human virus carrying the 
PB2 K627E mutation (15). Of the polymerase mutations 
hypothesized to increase the RNA polymerase activity of 
HPAI A(H5N1) viruses, namely P149S, R226H, K357I, 
and T515S, only two, 149S and 357T, were present in the 
A/Alberta/01/2014 isolate (3).

Mutations in the nucleoprotein gene reported to en-
hance replication efficiency, virulence, and transmission 
(3) were absent in the isolate. Several NS1 mutations re-
ported to increase virulence in mice were present in A/
Alberta/01/2014: P42S, D87E, L98F, and I101M; a 4-bp 
deletion from nt 80–84, along with the D92E shift; and 
the PDZ ligand domain (ESEV) at the C terminus (3). 
The multifunctional NS1 protein is a recognized viru-
lence determinant that counters the cellular innate im-
mune response, and the P42S change has been shown to 
antagonize interferon induction and prevent activation of 
the nuclear factor–κB and interferon regulatory factor–3 
pathways (16).

Conclusion
Analysis of the whole genome of HPAI A(H5N1) vi-

rus provides valuable insight into the presence of muta-
tions that may reflect adaptive changes, altered virulence, 
and/or transmission phenotype. Because of the unique 

manifestation of neurologic symptoms and encephalitis 
reported in this patient, additional studies are needed to 
understand the broader aspects of virus heterogeneity and 
its role in this fatal case.
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Who Is This Person?

Photo Quiz

She studied the viral etiology of cancer 
and identified the murine polyomavirus.

Decide first. Then turn the page.

A) Sarah Stewart
B) Janet Rowley

C) Charlotte Friend
D) Bernice Eddy

Is she:



This is a photograph of Sarah Elizabeth Stewart, PhD, 
MD (1905–1976), whose discoveries involving the 

murine polyomavirus with Bernice Eddy, PhD, propelled 
the then-reluctant field of oncology to pursue viral etiolo-
gies of cancer. Sarah Stewart was born on August 16, 1905, 
in Jalisco, Mexico, to an American engineer and Mexican 
mother. After moving with her family back to the United 
States at age 5, Stewart remained fluent in Spanish. In 1927, 
she graduated from New Mexico State University and in 
1930, she earned an MS in Microbiology at the University 
of Massachusetts, Amherst. She worked at the National In-
stitutes of Health (NIH) during 1935–1944, publishing 7 
papers on anaerobic bacteria and completing a PhD from 
the University of Chicago in 1939.

In 1944, when Stewart requested support to study the 
link between animal tumors and viruses, the directors of 
the NIH Laboratory of Microbiology and the National Can-
cer Institute (NCI) refused on the grounds that the proposal 
seemed dubious and that she lacked appropriate qualifi-
cations. Rather than give up her passion to study viruses 
and cancer, Stewart resigned and became a bacteriology 
instructor at Georgetown University School of Medicine; 
there she audited classes, and after women were permit-
ted to enroll, Stewart became their first woman graduate at 
age 39. After completing an internship in 1951, Stewart re-
turned to NCI to launch her viral oncology research career.

To understand Stewart’s role in catalyzing viral on-
cology research, it is necessary to recognize that until the 
1950s, scientists dismissed the idea that viruses could 
cause cancer. It took many decades before the seminal 
contributions of several virologists studying cancers were 
appreciated, such as Peyton Rous’ 1911 discovery of the 
Rous sarcoma virus (which caused tumors in chickens), 
and discoveries of Richard Shope (rabbit fibroma) and 
John Bittner (mouse mammary carcinoma) in the 1930s. 
In 1951, Ludwig Gross described the transmission of 

leukemia in newborn mice by using a cell-free extract; 
in 1953, he reported parotid tumors in these mice. Even 
after Stewart confirmed Gross’s findings in 1953, the sci-
entific community still did not acknowledge viral causes 
of mammalian cancer. Only after Stewart fulfilled Koch’s 
postulates in 1957, with the assistance of Dr. Bernice 
Eddy, did oncologists pay heed to viruses.

Dr. Eddy had also trained as a PhD bacteriologist at the 
University of Chicago and since 1937, worked at the NIH 
Biologics Control Laboratories, in Bethesda, Maryland. In 
1954, Eddy had been sidelined for whistleblowing about 
the presence of live virus in Jonas Salk’s inactivated polio 
vaccine (the infamous Cutter incident). So in 1956, when 
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Stewart approached Eddy for assistance growing the agent 
causing parotid tumors in mice, Eddy readily agreed and 
the 2 women rapidly worked out the characteristics of the 
agent that was not referred to as a virus in their publica-
tions until 1959. Together they showed that the virus pro-
duced 20 types of mouse tumors and could cause tumors 
in other small mammals. At Eddy’s suggestion, the virus 
was dubbed polyoma, which means many tumors, and they 
named it the SE (Stewart–Eddy) polyomavirus. They also 
demonstrated that the virus causes cell necrosis and prolif-
eration in cell culture, that it is highly antigenic, and that it 
leads to formation of specific antibodies in infected animals 
whether or not tumors develop.

The results of their collaboration were picked up by a 
1959 Time Magazine cover story, citing John Heller, then 
the NCI director, “the hottest thing in cancer research is 
research on viruses as possible causes of cancer.” Alan 
Rabson, a prominent member of the NCI Laboratory of Pa-
thology, stated, “The whole place just exploded after Sarah 
found polyoma.”

Stewart became medical director of the NCI Labora-
tory of Oncology and spent the remainder of her life re-
searching several oncogenic viruses (e.g., Epstein-Barr 
virus). As a US Public Health Service Commissioned Of-
ficer, her scientific contributions to the study of viral eti-
ologies of cancer earned her the Federal Women’s Award, 
presented by President Lyndon Johnson in 1965. In 1960, 
Eddy again found herself in hot water, this time for report-
ing her discovery of an oncogenic simian virus (SV40) in 
polio vaccine prepared from monkey kidneys. Stewart re-
tired from the Public Health Service in 1970 to become a 
full professor of pathology at Georgetown University. She 
died of stomach cancer in 1976. Bernice Eddy described 
her as “a forceful individual who did not let anything stand 
in [her] way if she could help it.” Despite sex discrimi-
nation and a period in which several laboratory directors 

disparaged her wish to study oncogenic viruses, Stewart 
persisted with such enthusiasm that she managed to break 
through as one of the most influential scientists and cancer 
researchers of her time.

Mr Fulghieri is a junior attending Carrboro High School, 
Carrboro, North Carolina. He got the idea to submit a Photo Quiz 
after attending the Centers for Disease Control and Prevention 
Disease Detective Camp for high school students.

Dr Bloom is an associate editor for Emerging Infectious  
Diseases.
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LETTERS

Babesia venatorum 
Infection in Child, 

China
To the Editor: Babesiosis, 

which is caused by intraerythrocytic 
sporozoites of the genus Babesia, 
is a tick-borne emerging zoonosis 
in humans. Although >100 Babesia 
species infect animals, only a few 
species, mainly B. microti and B. 
divergens, infect humans. Human 
infections with B. microti have been 
reported from the United States and 
other countries, and most human in-
fections with B. divergens have been 
reported from Europe (1). Another 
species, B. venatorum, was found to 
infect humans in some countries in 
Europe (2,3).

Only 12 babesiosis case-patients 
have been reported in China, 10 of 
whom were infected with B. microti 
(4–6) and 2 with B. divergens (7). We 
report a case of babesiosis caused by 
B. venatorum in a child and character-
ize the isolated pathogen.

On April 16, 2012, an 8-year-
old boy who lived in Pishan County, 
Xinjiang Autonomous Region, China, 
was admitted to Friendship Hospital in 
Beijing because of an irregular fever 
(38.6°C–41.0°C) for 12 days, anemia, 
malaise, myalgia, fatigue, progressive 
weakness, and shortness of breath. 
Before admission, he was given oral 
cefixime (80 mg/day for 5 days) at a 
local clinic, but no clinical improve-
ment was observed.

At admission, the patient had a 
body temperature of 38.7°C, a pulse 
rate of 76 beats/min, a blood pres-
sure of 110/70 mm Hg, and a respira-
tion rate of 18 breaths/min. Labora-
tory tests identified hemoytic anemia 
(erythrocyte count 2.7 × 109 cells/L, 
hemoglobin level 8.6 g/dL), throm-
bocytopenia (147 × 109 platelets/L), 
increased levels of serum lactate de-
hydrogenase (1,462 U/L) and bili-
rubin (2.6 mg/dL), and an increased 
leukocyte count (17 × 109 cells/L with 

72% neutrophils, 24% lymphocytes, 
1% monocytes, 2% eosinophils, and 
1% basophils). Levels of C-reactive 
protein (14.2 mg/dL) and procalcito-
nin (3.1 mg/dL) were increased, which 
suggested an inflammatory process.

Forty-eight hours after the pa-
tient’s admission, a thin peripheral 
blood smear stained with Giemsa was 
prepared. A presumptive diagnosis of 
babesiosis was made on the basis of 
microscopic observation of intraeryth-
rocytic parasites (parasitemia level 
≈5%) with typical ring-like tropho-
zoites, paired pyriforms, and tetrads 
(Figure, panel A).

DNA was extracted from a pa-
tient blood sample. PCR specific for a 
partial 18S rRNA gene sequence was 
performed with primers PIRO-A and 
PIRO-B (8) and showed a positive re-
sult for a Babesia sp. The patient was 
then treated with azithromycin (12 
mg/kg once a day for 7 days) and ato-
vaquone (20 mg/kg twice a day for 7 
days). His clinical manifestations im-
proved 3 days after treatment, although 
parasites were still detectable in blood 
smears. On May 17, negative results 
for blood smears and PCR indicated 
that the parasite had been cleared. The 
boy was discharged on May 20, 2012, 
and has remained healthy.

A 0.5-mL blood sample obtained 
from the patient before treatment was 
injected intraperitoneally into 3 se-
verely combined immunodeficient 

mice. Mice were monitored for para-
sitemia every 3 days. When tested 6–9 
days postinjection, all 3 mice were 
positive for a Babesia sp. (Figure, 
panel B). We tested for IgG against 
B. venatorum and B. microti by using 
an indirect immunofluorescence assay 
(9). Seroconversion against B. venato-
rum was evident; reciprocal antibody 
titers of 16 in an acute-phase sample 
(admission) and 128 in a convales-
cent-phase (discharge) sample. Re-
sults for B. microti were negative.

Nucleotide sequences of PCR 
products from patient and mice blood 
samples were identical to the corre-
sponding sequence of B. venatorum 
18S rRNA. The complete 18S rRNA 
gene of the Babesia parasite isolated 
from the patient was amplified with 
primers CRYPTOF and CRYPTOR 
(2). This PCR product was se-
quenced, and the sequence was sub-
mitted to GenBank under accession  
no. KF724377.

B. venatorum was first known as 
Babesia sp. EU1 and was named after 
the Latin word for hunter because the 
first reported infected patients were 
2 occupational hunters from Austria 
and Italy (2). One human infection 
with B. venatorum was also reported 
from Germany (3). All 3 case-patients 
were men >50 years of age who had 
undergone splenectomies for severe 
Hodgkin disease before Babesia  
sp. infection.
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Figure.	A)	Giemsa-stained	 thin	 blood	 smear	 for	 an	 8-year-old	 boy	 from	China	 showing	
erythrocytes	 with	 typical	 ring	 forms,	 paired	 pyriforms,	 and	 tetrads	 of	 a	 Babesia	 sp.	
(arrows).	 B)	 Giemsa-stained	 thin	 blood	 smear	 for	 a	 mouse	 with	 severely	 combined	
immunodeficiency,	which	had	been	injected	with	blood	from	the	patient,	showing	Babesia 
sp.–infected	erythrocytes	(arrows).	Original	magnifications	× 1,000.



LETTERS

Previously reported babesiosis 
cases in children have been mostly 
acquired by blood transfusion (10). 
The patient had no history of trans-
fusions with blood products and had 
never traveled outside his home town 
before disease onset. Although he 
and his parents did not recall any tick 
bites, he was at high risk for expo-
sure to ticks because he often played 
with his dog, which frequently went 
outdoors in a tick-infested forested 
area. The dog may have transmitted a  
Babesia sp.–infected tick to the pa-
tient. However, ticks from the dog 
were not available for identification 
and testing.

The patient in our study was pre-
sumed to be healthy and immunocom-
petent, which indicates that Babesia 
species can cause infections even in 
healthy persons. Babesiosis should be 
considered in the differential diagno-
sis of patients with a history of tick 
exposure and prolonged and irregu-
lar fever. Blood smear evaluation for 
intraerythrocytic parasites should be 
considered.

The patient was treated with 
azithromycin and atovaquone and the 
parasites were cleared within 1 month. 
This combined treatment was well 
tolerated and effective, and it can be 
recommended as an alternative treat-
ment to the commonly used therapy of 
quinine and clindamycin (1).

This study was supported by the Nat-
ural Science Foundation of China (grants 
81130086, 30400364, and 30872196) and 
the Special Fund for Health Research in 
the Public Interest  (grant 201202019).
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Extended- 
Spectrum 

β-Lactamases in 
Escherichia coli 
and Klebsiella  
pneumoniae in 

Gulls, Alaska, USA
To the Editor: Resistance to 

β-lactam antibacterial drugs has spread 
rapidly, particularly through the CTX-
M β-lactamase enzymes (CTX-M) (1). 
Although CTX-Ms are geographically 
widely distributed, reports of extended-
spectrum β-lactamase (ESBL) dissem-
ination are few from remote regions. 
In 2008, we reported phenotypic resis-
tance traits in Escherichia coli isolates 
in 8.2% of wild birds sampled in the 
Arctic (2). We sampled approximately 
260 wild birds, mainly gulls and geese, 
but found no ESBL-harboring isolates 
(J. Bonnedahl et al., unpub. data). Here 
we report results of our 2010 study at 
Barrow, Alaska, USA, a follow up to 
our 2005 study in which we found van-
comycin-resistant enterococci (VRE) 
with clear traits of human origin in 
glaucous gulls (3). Our findings show 
a remarkable change, not in VRE dis-
semination, which is fairly unchanged, 
but in the emergence of ESBLs and 
general resistance of E. coli isolates.

We collected 150 fecal samples 
from a population of adult gulls resid-
ing close to a landfill site. For a de-
scription of general resistance levels 
(4,5), susceptibility of 1 randomly se-
lected E. coli isolate per sample (137 
isolated from 150 samples) was test-
ed to a set of 10 antibacterial agents. 
Nearly half (48%) of the 137 E. coli 
isolates were resistant to at least 1 of 
the drugs tested. Resistance to 1 or 
2 antimicrobial agents was found in 
32% and 13% of the tested isolates, 
respectively, and resistance to >3 
was found in 3% of isolates (online 
Technical Appendix Table, wwwnc.
cdc.gov/EID/article/20/5/13-0325-
Techapp1.pdf).
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We analyzed samples for presence 
of VRE (3). Seven (4.7%) E. faecium 
isolates were found, all of which har-
bored both the vanA and the esp genes 
(found in isolates of the CC17 lineage) 
(3). No other VRE were found.

To investigate the presence of 
ESBL-producing bacteria, we con-
ducted a selective screen as described 
(6). ESBL-producing bacteria were 
found (E. coli and K. pneumoniae), 
and ESBL genes (blaCTX-M, blaSHV, 
and blaTEM) in ESBL-positive isolates 
were analyzed (6). We found 33 E. 
coli and 35 K. pneumoniae ESBL-
producing isolates in 55 samples (12 
samples had >1 unique isolate), a to-
tal of 37% of ESBL-harboring sam-
ples (Table).

We performed multi-locus se-
quence typing (MLST) on ESBL-
producing E. coli isolates (4). Isolates 
were of described sequence types 
(STs) (ST131 [12 isolates], ST38 [10], 
ST405 [3], and ST10 [1]), and of pre-
viously undescribed STs (designated 
ST2253 [1 isolate] and ST2967 [6 iso-
lates]) (Table).

In our 2005 study in Barrow, gen-
eral resistance was relatively low, and 
no ESBL was found; surprisingly, how-
ever, 2 VRE isolates of a human clonal 
lineage were found (3; M. Drobni et al., 
unpub. data). Since then, resistance dis-
semination, particularly that of ESBLs, 
has exploded globally (1). In 2010, we 
found a high level of general resistance; 
48% of randomly selected E. coli iso-
lates displayed resistance toward >1 
antibacterial drugs. This level is similar 
to the level we found in gulls in France 
in 2008, an area with high current and 
historical clinical antibacterial drug 
use and where birds have close contact 
with human activities (4).

We screened samples for VRE 
and ESBL-producing bacteria. The 
prevalence of VRE decreased from 
6% in 2005 to 4.7% in the current 
study (3), indicating a slow decline or 
stability in VRE. ESBL, on the other 
hand, was not found in the 2005 study 
(M. Drobni et al., unpub. data) but 
emerged in 37% of samples carrying 
E. coli and/or K. pneumoniae harbor-
ing ESBLs. In the study from France, 

only 9.4% of birds carried ESBLs (4), 
although a study of gulls in Portugal 
during 2007–2008 reported an ESBL 
carriage of 32% (7), more similar to 
results of our current study but in con-
trast also because they investigated 
gulls from a highly populated area.

E. coli isolates mainly carried 
blaCTX-M-14 or blaTEM-19, whereas K. 
pneumoniae isolates mainly carried 
blaCTX-M-15, blaSHV-12, or blaSHV-102. To 
our knowledge, ESBLs in E. coli and 
K. pneumoniae have not been reported 
from Alaska, but in two 10-year per-
spective reports from Canada (8,9), 
similar patterns and genotypes are re-
ported in E. coli and K. pneumoniae in 
clinical isolates (mainly from samples 
of persons with urinary tract infections 
and urosepsis). Our MLST of E. coli 
indicated 4 known STs; ST10, ST38, 
ST131, and ST405, all very common 
in the material from Canada (8), and 
major STs responsible for CTX-M dis-
semination worldwide (1). Two novel 
STs were found; several isolates were 
designated to 1 of them. We conclude 
that the relatively limited variation in 
clonal variants (STs) and ESBL geno-
types is a consequence of recent intro-
duction from connecting areas, such 
as Canada, possibly directly by bird 
migration or human activities, of a 
few resistant clones, followed by a lo-
cal clonal expansion. This conclusion 
is supported by our 2005 study show-
ing no ESBLs and by studies showing 
where different clones might have been 
introduced continuously for long peri-
ods, such as our study in France (4), 
which display a much larger diversity.

The dissemination of ESBLs to 
Barrow is part of this global pattern, 
and it is safe to say that humans and 
wildlife share resistant E. coli flora. 
When areas such as remote parts of 
Alaska are affected, global coverage 
is imminent.

This work was supported financially 
by the Swedish Research Council (2008-
6892); the Health Research Council of 
Southeast Sweden; and the Department of 
Medical Sciences, Uppsala University.
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Table.	Characterization	of	Escherichia coli and	Klebsiella pneumoniae ESBL-producing	
isolates,	Barrow,	Alaska,	USA* 

Isolates,	no.† 
bla genotype  

MLST	profile CTX-M SHV TEM  
E. coli      
 12 14 – 1  ST38	(ST2253)‡ 
 11 14 – –  ST131	(ST10)§ 
 5 – – 19  ST2967¶ 
 3 27 – –  ST405 
 1 15 – –  ST131 
 1 – – 1  ST2967¶ 
K. pneumoniae      
 4 15 12 1  ND 
 5 – 12 1  ND 
 2 – 12 –  ND 
 2 – 102 19  ND 
 8 – 102 –  ND 
 1 – – 19  ND 
 4 15 1 1  ND 
 1 – 2 –  ND 
*ESBL,	extended-spectrum	-lactamase;	MLST,	multilocus	sequence	type;	ST,	sequence	type;	ND,	
no	data. 
†E. coli comprised	33	isolates	from	32	samples.	K. pneumoniae comprised	35	isolates	from	35	
samples.	and	12	samples	were	both	E. coli and	K. pneumoniae ESBL-harboring	isolates	but	did	not	
display	horizontal	transfer	resulting	from	deviating	resistance	genotypes. 
‡One	of	the	isolates	harbored	a	novel	MLST	allele,	giving	the	novel	ST2253	(deposited	in	the	E. coli 
MLST	database	at	the	ERI,	University	College,	Cork,	Ireland.	 
(http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/). 
§One	of	the	isolates	had	ST10;	the	remaining	10	had	ST131. 
¶Isolates	harbored	a	novel	MLST	allele,	rendering	the	novel	ST2967	(deposited	in	the	MLST	
database).	The	single	isolate	with	only	blaTEM-1 may	contain	undetected	ESBL	genes	because	of	the	
non-ESBL	phenotype	of	TEM-1. 
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Staphylococcus  
aureus Carrying 
mecC Gene in  

Animals and Urban 
Wastewater, Spain

To the Editor: A new methicillin 
resistance mechanism gene, a diver-
gent mecA homologue named mecC 
(formerly mecALGA251), was recently 
described in Staphylococcus aureus 
(1). Methicillin-resistant S. aureus 
(MRSA) isolates carrying mecC have 
been recovered from humans, rumi-
nants, pets, and other animals such 
as rats, seals, and guinea pigs (1–3). 
It has been suggested that mecC-car-
rying MRSA isolates might not be de-
tected by using MRSA selective me-
dia (4). For mecC-carrying S. aureus 
isolates, cefoxitin MICs of 4–64 mg/L 
have been demonstrated (1–2,4), val-
ues that would normally include sus-
ceptible isolates, according to the epi-
demiologic cutoff value established by 
the European Committee on Antibi-
otic Susceptibility Testing (EUCAST; 
www.eucast.org). mecC-carrying S. 
aureus isolates have been classified 
as heteroresistant (5), and MICs can 

be affected by the drug-susceptibility 
testing method used (1,5).

These observations led us to 
retrospectively investigate the pres-
ence of mecC gene in a set of 361 
mecA-negative S. aureus isolates 
collected during 2009–2012 (Table), 
independently of their susceptibility 
to cefoxitin. Isolates were recovered 
from healthy carriers in livestock (n 
= 39), from wild animals (n = 254), 
and from wastewater (effluents) from 
an urban sewage plant (n = 68). Spe-
cific amplification of the mecC gene 
was performed as described (6). The 
mecC-carrying S. aureus isolates were 
tested by broth microdilution using 
Microtiter EUST plates (Trek Diag-
nostic Systems, East Grinstead, UK) 
for susceptibility to benzylpenicillin, 
cefoxitin, chloramphenicol, cipro-
floxacin, clindamycin, erythromycin, 
florfenicol, fusidic acid, gentamicin, 
kanamycin, linezolid, mupirocin, ri-
fampin, sulfamethoxazole, strepto-
mycin, quinupristin-dalfopristin, tet-
racycline, thiamulin, trimethoprim, 
and vancomycin. Additionally, sus-
ceptibility to oxacillin was determined 
by using microScan Gram Positive 
Combo panel 37 (Siemens, Erlangen, 
Germany). MICs were interpreted ac-
cording to EUCAST epidemiologic 
cutoff values.

mecC was detected in a total of 4 
isolates from wild boar (n = 1), fallow 
deer (n = 2), and urban wastewater (n 
= 1); these isolates represent 1% of 
the 361 tested isolates. The 3 isolates 
recovered from animals were suscep-
tible to all antimicrobial drugs tested 
other than β-lactams and to oxacillin 
(MICs 0.5–1 mg/L) but were resistant 
to penicillin (MICs 0.5–2 mg/L). Two 
of the isolates were resistant to cefoxi-
tin (MICs 8 and 16 mg/L) and the third 
was susceptible (MIC 4 mg/L). The 
wastewater isolate was resistant to 
penicillin (MIC 2 mg/L) and erythro-
mycin (MIC 16 mg/L) and susceptible 
to all other antimicrobial drugs tested, 
including cefoxitin (MIC 4 mg/L) and 
oxacillin (MIC ≤0.25 mg/L).

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014	 899



LETTERS

Previous studies have described 
mecC-positive isolates as susceptible 
to all antimicrobial drugs tested except 
β-lactams (2,3), although sporadic re-
sistance to fluoroquinolones has been 
found (4,7). We additionally found 
erythromycin resistance in 1 mecC-
carrying S. aureus isolate. For the 4 
mecC-carrying S. aureus isolates we 
detected, MICs of oxacillin were in-
terpreted as susceptible, and 2 isolates 
were susceptible to cefoxitin accord-
ing to EUCAST guidelines, findings 
that agree with previous reports (1–
2,4). Thus, mecC presence is not al-
ways linked to resistance phenotypes 
for cefoxitin or oxacillin; such unclear 
findings could hinder the detection of 
mecC-carrying isolates.

We further characterized the 
4 mecC-carrying S. aureus iso-
lates by spa typing and detection of 
Panton-Valentin leukocidin (PVL) 
toxin genes (6,8). Multilocus se-
quence typing (MLST) was per-
formed according to Enright et al. 
(9) by using self-designed prim-
ers arc (down 5′-CGATTTGTT-
GTTGATTAGGTTC-3′), tpi (up 
5′-CATTAGCAGATTTAGGCGT-
TA-3′), and yqiL (down 5′-GATTG-
GYTCACCTTTRCGTTG-3′). All 
4 isolates were PVL negative. The 
3 animal isolates were assigned to a 
new spa type (t11212) and to clonal 
complex (CC) 425 and sequence type 
(ST) 425 (Table). ST425 has been 
previously associated with mecC-
carrying S. aureus isolates in cattle 

and humans (1–2); the animals we 
sampled were from a game estate and 
may have had contact with cattle and 
with urban wastewater. The waste-
water isolate was assigned to spa 
type t843 and to a new allelic profile, 
ST2676, in CC130 (Table). ST2676 
represents a single-locus variant of 
ST130 carrying a different allele for 
the gene aroE. MRSA isolates of 
CC130 have been associated with 
humans and animals (1–4,6). This 
result indicates that mecC-carrying 
S. aureus isolates can be found in ur-
ban wastewater, which may act as an 
environmental reservoir, as has been 
demonstrated for mecA-carrying  
S. aureus (10).

In conclusion, we detected the 
methicillin resistance mechanism gene 
mecC in nonclinical S. aureus isolates 
from animals and urban wastewater in 
Spain. Although our data indicate that 
the frequency of this resistance mech-
anism is low, this gene appears to be 
expanding to new areas. Prospective 
studies should be performed to evalu-
ate epidemiologic changes and to ana-
lyze the genetic lineages that carry this 
resistance mechanism.

M. Concepción Porrero, 
Aránzazu Valverde,  

Pedro Fernández-Llario,1 
Alberto Díez-Guerrier,  

Ana Mateos, Santiago Lavín, 
Rafael Cantón,  
José-Francisco  

Fernández-Garayzabal,  
and Lucas Domínguez

Author	 affiliations:	 Universidad	 Com-
plutense,	Madrid,	 Spain	 (M.C.	 Porrero,	A.	
Valverde,	A.	 Díez-Guerrier,	A.	Mateos,	 J.-
F.	 Fernández-Garayzabal,	 L.	Domínguez);	
Universidad	 de	 Extremadura,	 Cáceres,	
Spain	 (P.	 Fernández-Llario);	 Universi-
tat	 Autònoma	 de	 Barcelona,	 Bellaterra,	
Spain	 (S.	 Lavín);	 and	Hospital	Universita-
rio	 Ramón	 y	Cajal	 and	 Instituto	Ramón	 y	
Cajal	 de	 Investigación	Sanitaria	 (IRYCIS),	
Madrid	(R.	Cantón)

DOI:	http://dx.doi.org/10.3201/eid2005.130426

References

  1. García-Álvarez L, Holden MT, Lindsay H,  
Webb CR, Brown DF, Curran MD,  
et al. Meticillin-resistant Staphylococcus 
aureus with a novel mecA homologue in 
human and bovine populations in the UK 
and Denmark: a descriptive study. Lancet 
Infect Dis. 2011;11:595–603. http://dx.doi.
org/10.1016/S1473-3099(11)70126-8

  2. Paterson GK, Larsen AR, Robb A,  
Edwards GE, Pennycott TW, Foster G,  
et al. The newly described mecA homo-
logue, mecALGA251, is present in methi-
cillin-resistant Staphylococcus aureus iso-
lates from a diverse range of host species. 
J Antimicrob Chemother. 2012;67:2809–
13. http://dx.doi.org/10.1093/jac/dks329

  3. Walther B, Wieler LH, Vincze S,  
Antao EM, Brandenburg A, Stamm I, et al.  
MRSA variant in companion animals. 
Emerg Infect Dis. 2012;18:2017–20. 
http://dx.doi.org/10.3201/eid1812.120238

  4. Cuny C, Layer F, Strommenger B,  
Witte W. Rare occurrence of methicillin-
resistant Staphylococcus aureus CC130 
with a novel mecA homologue in humans 
in Germany. PLoS ONE. 2011;6:e24360 

900	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014

 
Table.	Testing	of	Staphylococcus aureus isolates	for	presence	of	methicillin	resistance	mechanism	gene	mecC,	Spain* 

Isolate	source 
Year(s)	of	
isolation 

No.	mecC-positive	
isolates spa type MLST CC 

Antimicrobial	
resistance	profile 

Livestock,	n	=	39       
 Cattle,	n	=	5 2011 0     
 Fattening	pigs,	n	=	34 2009,	2011 0     
Wild	animals,	n	=	254       
 Eurasian	griffon	vulture,	n	=	2 2011 0     
 Fallow	deer,	n	=	2 2012 2 t11212 ST425 CC425 PEN,	FOX 
   t11212 ST425 CC425 PEN 
 Iberian	ibex,	n	=	39 2009–2010 0     
 Mouflon,	n	=	2 2009 0     
 Red	deer,	n	=	61 2009–2011 0     
 Wild	boar,	n	=	148 2009–2011 1 t11212 ST425 CC425 PEN,	FOX 
Urban	wastewater,	n	=	68 2011 1 t843 ST2676 CC130 PEN,	ERY 
*MLST,	multilocus sequence	typing;	ST,	sequence	type;	CC,	clonal	complex;	PEN,	benzylpenicillin;	FOX,	cefoxitin;	ERY,	erythromycin. 

 

1Current	affiliation:	Innovación	en	Gestión	
y	 Conservación	 de	 Ungulados	 S.L.,	
Cáceres,	Spain.
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Schmallenberg  
Virus Antibodies  

in Adult Cows  
and Maternal  

Antibodies in Calves
To the Editor: Schmallenberg 

virus (SBV), a novel orthobunyavirus 
that is transmitted by Culicoides spp. 
biting midges, spread through herds 
of ruminants across Europe during 
2011–2013. The virus reached as far 
as Finland in the north, the Republic 
of Ireland in the west, Turkey in the 
east (1), and Spain in the south. The 
clinical effect of SBV infection in ru-
minant livestock appears to be limited 
(2), and a vaccine to prevent the in-
fection has been developed (3). There 
are no data to refute the assumption 
that natural SBV infection results in 
long-term immunity, as was seen ear-
lier with natural infection of cattle 
with bluetongue virus serotype 8 (4). 
Newborn calves acquire passive im-
munity by ingestion and absorption of 
antibodies present in colostrum. Pas-
sive immunity can, however, block the 
production of serum antibodies when 
vaccine is administered to calves that 
have maternally derived antibodies 
(5). To determine the titers and persis-
tence of SBV antibodies in adult cows 
and the decay of maternal antibodies 
in calves over time, we studied a herd 
of cattle from a dairy farm in the east-
ern Netherlands during April 2012–
April 2013.

The dairy farm is the only location 
in the Netherlands where monitoring 
for biting midges was continuously 
conducted during the 2011–2013 SBV 
epidemic and where SBV RNA was 
detected in biting midges caught dur-
ing 2011–2012 (6,7). The dairy herd 
comprised 110 animals: 60 milking 
cows (average age 4.0 years) and 50 
heifers (average age 1.5 years) and 
calves (<1.0 year of age). No clini-
cal signs or symptoms of SBV infec-
tion were observed in any of the cattle 
at the end of 2011 or during 2012.  

However, during the study period, 3 
calves were stillborn, none of which 
had the characteristic malformations 
observed after SBV infection. Gross 
pathology confirmed that the calves 
did not have SBV infection, and all 
tissue samples were negative for SBV 
by reverse transcription PCR.

During the 12-month study, we 
obtained 4 blood samples from all 
animals in the herd. A virus neutral-
ization test (VNT) was used to test 
the samples for antibodies (8). For 
optimal specificity and sensitivity, the 
VNT cutoff dilution was set at 1:8. 
Test dilutions ranged from 1:4–1:512. 
All samples were tested in duplicate; 
titers were determined using the Reed-
Münch method and expressed on a  
log2 scale. 

Blood samples were first obtained 
from the herd on April 19, 2012, after 
retrospective detection of SBV RNA in 
biting midges that had been collected 
from the farm on September 14, 2011 
(6). The remaining 3 blood samples for 
each animal were collected on Septem-
ber 17, 2012; December 9, 2012; and 
April 23, 2013 (5, 8, and 12 months, 
respectively, after the first collection). 
SBV VNT results for the initial blood 
samples were positive for all cows ≥1 
year of age and for all but four 6-month-
old calves. One year later, blood sam-
ples for 98% of the cows ≥1 year of 
age and 50% of the cows <1 year of 
age were SBV seropositive. During the 
year, the mean log2 VNT titer of the 
adult cows dropped from 8.3 to 6.7.

It can be assumed that cows ≥1 
year of age became infected with SBV 
around the time SBV-infected Culicoi-
des biting midges were detected on the 
farm in September 2011 (6). Thus, at 
least 19 months after natural infection, 
these cows were probably protected 
against SBV when re-exposed to the vi-
rus. Of all cattle tested, 11 heifers sero-
converted between April 2012 and Sep-
tember 2012, and 1 cow seroconverted 
between the September and December 
2012 samplings. The low rate of sero-
conversion was matched by a 6× lower 
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proportion of SBV-infected Culicoides 
midges found in 2012 than in 2011 (7). 
We also assume that the level of SBV 
circulating in the area during 2012 was 
lower than that in 2011.

Blood samples obtained from 13 
calves ≤30 days after birth had a mean 
log2 SBV VNT titer of 8.0 (range 
6.5–9.5) and were seronegative at the 
last blood sampling on April 23, 2013 
(Figure). The mean length of time 
between birth and the first detection 
of seronegative status was 180 days 
(range 120-240). 

There are few reports regarding the 
decay of maternal antibodies against 
orthobunyaviruses in ruminants. Tsu-
tsui and colleagues (9) showed that 
dairy calves lost their maternally de-
rived antibodies against Akabane vi-
rus at ≈4 months of age, and Grimstad 
and colleagues (10) showed that young 
white-tailed deer lost their maternally 
derived antibodies against Jamestown 
Canyon virus at 5–6 months of age. 
Consistent with those findings, our re-
sults show that calves lose maternally 
derived SBV antibodies at ≈6 months 
of age and can then be effectively vac-
cinated against SBV.

Armin R.W. Elbers,  
Norbert Stockhofe,  

and Wim H.M. van der Poel

Author	 affiliation:	 Central	 Veterinary	 
Institute,	Lelystad,	the	Netherlands

DOI:	http://dx.doi.org/10.3201/eid2005.130763

References

  1. Yilmaz H, Hoffmann B, Turan N,  
Cizmecigil UY, Satir E, Richt JA,  
et al. Detection and partial sequencing of 
Schmallenberg virus in cattle and sheep in 
Turkey. Vector Borne Zoonotic Dis. Epub 
2014 Feb 27.

  2. European Food Safety Authority.  
Schmallenberg virus: analysis of the  
epidemiological data. (May 2013).  
Supporting publications 2013:EN-429 
[cited 2013 May 20]. http://www.efsa. 
europa.eu/en/supporting/pub/429e.htm

  3. Case P. SBV vaccine approval makes 
good progress [cited 2013 May 18].  
Farmers Weekly. 2013 Feb 20. http://www.
fwi.co.uk/articles/20/02/2013/137748/
sbv-vaccine-approval-makes-good- 
progress.htm

  4. Eschbaumer M, Eschweiler J, Hoffmann B.  
Long-term persistence of neutralis-
ing antibodies against bluetongue virus 
serotype 8 in naturally infected cattle. 
Vaccine. 2012;30:7142–3. http://dx.doi.
org/10.1016/j.vaccine.2012.08.030

  5. Kimman TG, Westenbrink F, Schreuder 
BEC, Straver PJ. Local and systemic 
antibody response to bovine respiratory 
syncytial virus infection and reinfec-
tion in calves with and without maternal  
antibodies. J Clin Microbiol. 1987; 
25:1097–106.

  6. Elbers ARW, Meiswinkel R, van Weezep E, 
Sloet van Oldruitenborgh-Oosterbaan MM,  
Kooi EA. Schmallenberg virus detected 

by RT-PCR in Culicoides biting midges  
captured during the 2011 epidemic in 
the Netherlands. Emerg Infect Dis. 
2013;19:106–9. http://dx.doi.org/10.3201/
eid1901.121054

  7. Elbers ARW, Meiswinkel R, van  
Weezep E, Kooi EA, van der Poel WHM. 
Schmallenberg virus in Culicoides biting 
midges in the Netherlands in 2012. Trans-
bound Emerg Dis. Epub 2013 Jul 24.

  8. Loeffen W, Quak S, de Boer- 
Luijtze E, Hulst M, van der Poel WHM,  
Bouwstra R, et al. Development of  
a virus neutralisation test to de-
tect antibodies against Schmal-
lenberg virus and serological  
results in suspect and infected herds. Acta 
Vet Scand. 2012;54:44. http://dx.doi.
org/10.1186/1751-0147-54-44

  9. Tsutsui T, Yamamoto T, Hayama Y,  
Akiba Y, Nishiguchi A, Kobayashi 
S, et al. Duration of maternally de-
rived antibodies against Akabane vi-
rus in calves: survival analysis. J Vet 
Med Sci. 2009;71:913–8. http://dx.doi.
org/10.1292/jvms.71.913

10. Grimstad PR, Williams DG, Schmitt SM. 
Infection of white-tailed deer (Odocoileus 
virginianus) in Michigan with Jamestown 
Canyan virus (California serogroup) and 
the importance of maternal antibody in vi-
ral maintenance. J Wildl Dis. 1987;23:12–
22. http://dx.doi.org/10.7589/0090-3558-
23.1.12

Address for correspondence: Armin Elbers, 
Department of Epidemiology, Crisis 
Organization and Diagnostics, Central Veterinary 
Institute, Houtribweg 39, 8221 RA Lelystad,  
the Netherlands; email: armin.elbers@wur.nl

902	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014

Figure.	Schmallenberg	virus	antibody	titers	for	13	calves	in	a	study	to	determine	the	decline	
of	maternal	antibodies	in	calves,	the	Netherlands,		2012–2013.	Titers	were	determined	by	
using	a	virus	neutralization	test	and	2–4	blood	samples	per	calf	over	time.
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Linezolid-Resistant 
Staphylococcus 

epidermidis,  
Portugal, 2012

To the Editor: Linezolid is a 
therapeutic option for skin and soft 
tissue infections and pneumonia 
caused by multidrug-resistant gram-
positive bacteria (e.g., Staphylococ-
cus spp.), which occur at higher rates 
in Portugal than in other European 
countries (www.ecdc.europa.eu/en/
publications/Publications/annual-
epidemiological-report-2013.pdf). 
Staphylococcus epidermidis are skin 
and mucosal commensal bacteria; in-
fections in humans are mostly linked 
to indwelling medical devices. The 
ability of S. epidermidis to acquire 
resistance to antimicrobial drugs and 
to produce biofilm can seriously com-
promise the success of therapy; in 
many institutions worldwide, rates of 
methicillin resistance are >70% (1). 
Rates of S. epidermidis linezolid resis-
tance on various continents have been 
low and are associated with mutations 
in the central loop of 23S rRNA V do-
main or ribosomal proteins (L3, L4, 
and L22) and with acquisition of the 
cfr gene, which codifies for ribosomal 
methyltransferase (1–3). 

To our knowledge, in Portugal 
only 1 linezolid-resistant S. epidermi-
dis isolate, from a dog with severe oti-
tis, has been described (4). We report 
nosocomial emergence of methicillin- 
and linezolid-resistant S. epidermidis 
in Portugal.

We characterized 5 linezolid-
resistant Staphylococcus isolates re-
covered during May–November 2012 
from blood and catheters of patients in 
4 wards of a 362-bed hospital in cen-
tral Portugal. The origin of 1 isolate is 
unknown. Epidemiologic features are 
described in the Table. The patients 
had received linezolid during the pres-
ent (n = 2 patients) or previous (n = 2 
patients) hospitalizations, suggesting 
that the latter 2 patients could have 

been colonized with linezolid-resistant 
strains when discharged from the first 
hospitalization. Information about re-
ceipt of linezolid was not available for 
1 patient.

S. epidermidis was identified by 
using a Vitek II system (bioMérieux, 
Marcy L’Étoile, France), and suscep-
tibility to antimicrobial drugs was 
studied by using agar dilution (line-
zolid, vancomycin) or disk diffusion 
(another 10 drugs; Table) (5). All 
isolates were screened by PCR and 
sequenced for the cfr gene and for 
mutations in the 23S rRNA V domain 
and in genes (rplC, rplD and rplV) 
encoding the L3, L4, and L22 ribo-
somal proteins (6–8). Clonal related-
ness was determined by pulsed-field 
gel electrophoresis (macrorestric-
tion with SmaI) and by multilocus 
sequence typing (www.cdc.gov/hai/
pdfs/labsettings/ar_mras_pfge_s_ 
aureus.pdf and http://sepidermidis.
mlst.net). S. epidermidis from patient 
1 was searched for in vitro adherence 
to abiotic surfaces by using a biomass 
quantification assay (9) and strain 
ICE9 as a positive control. 

All S. epidermidis isolates were 
resistant to multiple drugs, including 
linezolid (MIC>32 mg/L), cefoxi-
tin, chloramphenicol, cotrimoxa-
zole, ciprofloxacin, clindamycin, and 
aminoglycosides, and susceptible to 
only 4 drugs tested, including van-
comycin (MIC = 2 mg/L) (Table). 
To characterize linezolid resistance, 
we compared the study isolates with 
linezolid-susceptible S. epidermidis 
RP62A/American Type Culture Col-
lection 35984  sequence (GenBank 
accession no. CP000029). Study 
isolates contained the mutations 
T2530A, T2504A, and G2631T, al-
though T2504A and G2631T were 
also present in linezolid-susceptible 
S. epidermidis RP62A (1,2). The 
most commonly reported G2576T 
mutation was not detected (1,2). We 
also compared study isolates with 
S. epidermidis RP62A and observed 
nucleotide mutations consistent with 

L94V (L101V from S. epidermidis 
American Type Culture Collection 
12228, not associated with linezolid 
resistance) and G152D amino acid 
changes (2,8) and amino acid chang-
es in the new D159E and A160P in 
L3 ribosomal protein. Mutations in 
this protein were linked to linezolid 
resistance, although definitive con-
clusions are not available (8). The cfr 
gene and mutations in ribosomal pro-
teins L4 or L22 were not detected in 
the study isolates.

All isolates recovered had the 
same pulsed-field gel electrophoresis 
type and belonged to sequence type 
(ST) 2/clonal complex (CC) 5 (ST2 
formerly belonged to CC2) (10) also 
detected among linezolid-resistant 
S. epidermidis from Europe, Brazil, 
and the United States (1–3). S. epi-
dermidis from patient 1, considered 
representative of the observed clone, 
revealed a high ability to adhere to 
abiotic surfaces and grow in the bio-
film form, which can facilitate in-
fections associated with indwelling 
medical devices. This strain was clas-
sified as strongly adherent and had 
higher optical density (OD570nm = 2.33 
± 0.34) than a blank sample (cul-
ture medium: Luria Bertani broth + 
glucose; OD570nm = 0.2 ± 0.03). The 
OD570nm of the positive-control was 
2.69 ± 0.44.

S. epidermidis ST2/CC5 is dis-
seminated in hospital settings world-
wide and is characterized by a high 
level of genetic diversity, an in-
creased recombination/mutation rate, 
biofilm production ability, and acqui-
sition of a high number of staphy-
lococcal cassette chromosome mec 
elements (10). In Portugal, S. epider-
midis ST2/CC5 has been observed in 
the community (10). We report emer-
gence of methicillin- and linezolid-
resistant S. epidermidis in a hospital 
in Portugal and its persistence for 
at least 7 months. Identification of 
the successful multidrug-resistant S. 
epidermidis ST2/CC5 clonal lineage 
highlights the need for strict infection 
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control procedures and revision of 
therapeutic strategies (e.g., linezolid 
use for the treatment of methicillin-
resistant Staphylococcus spp. only 
when vancomycin is not a treatment 
option because of elevated MIC or 
clinical failures) to preserve thera-
peutic effectiveness of linezolid. Ef-
fective control of linezolid-resistant 
S. epidermidis, including among 
hospital-discharged patients who  

had received linezolid, is critical for 
preventing the potential for an epi-
demic in this hospital, and, on a larger  
scale, in Portugal, as has occurred 
for other gram-positive methicillin-
resistant S. aureus and vancomycin-
resistant enterococci.
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Table.	Epidemiologic	features	and	antimicrobial	drug	resistance	of	linezolid-resistant Staphylococcus epidermidis isolates	from	a	
hospital,	Portugal,	2012* 

Characteristic 
Patient	no.† 

1 2 3 4 5 
Epidemiologic	features      
 Date	of	isolation 2012	May 8 2012	Aug	7 2012	Oct	23 2012	Nov	7 2012	Nov	11 
 Hospital	ward Men’s surgery Unknown Medicine	I Emergency	unit‡ Emergency	unit‡ 
 Pathology Gastric	

neoplasia§¶ 
Unknown Multiple§ Acute	lung	edema Multiple 

 Clinical	sample Catheter Blood Catheter Blood Blood 
 Patient	sex/age,	y M/75 Unknown F/87 M/78 M/87 
 Previous	linezolid	 Yes Unknown Yes# Yes‡ Yes‡ 
 PFGE	type A A A A A 
 Sequence	type 2**     
 Biofilm	production	(OD570nm) Strong	(2.33	 

0.34)**†† 
    

Drug resistance      
 Linezolid	(MIC,	mg/L) R	(32) R	(32) R	(32) R	(32) R	(32) 
 Vancomycin	(MIC,	mg/L) S	(2) S	(2) S	(2) S	(2) S	(2) 
 Cefoxitin	 R R R R R 
 Gentamicin R R R R R 
 Tobramycin R R R R R 
 Ciprofloxacin R R R R R 
 Clindamycin R R R R R 
 Erythromycin S I S I S 
 Quinupristin–dalfopristin S S S S S 
 Chloramphenicol R R R R R 
 Tetracycline S S S S S 
 Cotrimoxazole R R R R R 
Molecular	features      
 cfr gene – – – – – 
 23S	rRNA	mutations      
  T2504A + + + + + 
  G2631T + + + + + 
  T2530A + + + + + 
 L3	ribosomal	protein mutations      
  Leu94Val +**     
  Gly152Asp +**     
  Asp159Glu +**     
  Ala160Pro +**     
 L4	or	L22	ribosomal	protein	mutations None     
*PFGE,	pulsed-field	gel	electrophoresis;	OD,	optical	density;	R,	resistant;	S,	susceptible;	I,	Intermediate resistance;	–,	negative;	+,	positive.	Blank	cells	
indicate	not	tested. 
†A	sixth	linezolid-resistant S. epidermidis isolate	was	detected	in	December	2012;	however,	access	to	this	isolate	was	not	possible	during	this	study. 
‡Patients 4 and 5 were hospitalized	in	Medicine	II	a	month	before	linezolid-resistant S. epidermidis was	isolated.	Therapy	with	linezolid	was	started	during	
this	first	hospitalization.	For	patient	4,	duration	of	linezolid	therapy	was	at	least	12	d.	For	patient	5,	duration	of	therapy	is	unknown. 
§Long-stay	hospitalization. 
¶Followed	up	in	oncology	ward	since	2011. 
#Patient	3	received	linezolid	for	11	d	before	linezolid-resistant S. epidermidis was	detected. 
**Studied	in	S.	epidermidis from	patient	1	only, representative	isolate	of	the	PFGE	type	A. 
††For the interpretation of the results, the cutoff optical density (ODc) was defined as 3 SDs above the mean OD of the negative	control	(culture	medium).	
Strains	were	classified	as	nonadherent	(ODODc),	weakly	adherent	(ODc<OD2ODc),	moderately	adherent	(2xODc<OD4ODc),	or	strongly	adherent	
(4ODc<OD). 
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Composite SCCmec 
Element in  

Single-locus  
Variant (ST217)  

of Epidemic  
MRSA-15 Clone
To the Editor: Since early epi-

demiologic studies of methicillin-
resistant Staphylococcus aureus 
(MRSA) were published, it has been 
clear that the majority of nosocomi-
al MRSA infections worldwide are 
caused by isolates derived from a few 
highly epidemic MRSA (EMRSA) 
clones. These are thought to have 
emerged through acquisition of the 
staphylococcal cassette chromosome 
mec (SCCmec) element by success-
ful methicillin-susceptible S. aureus 
strains, within 5 major lineages or 
clonal complexes (CCs) including 
CC22 (1). Although epidemic clones 
are found worldwide, shifts of the 
predominant clones over time in 
which the emerging and usually more 
antibacterial drug–susceptible clones 
replace the older ones have been  

noted in countries, in small regions 
within countries, and in single hospi-
tals (2). The reasons and mechanisms 
of such replacement as well as the ep-
idemiologic dynamics leading to the 
success of a particular epidemic clone 
are largely unknown.

In Italy, isolations of classical 
EMRSA clones such as ST8-MRSA-I, 
ST247-MRSA-I, and ST239-MRSA-
III decreased from the 1990s to the 
2000s; during the same period ST228-
MRSA-I increased, became estab-
lished, and turned into the predomi-
nant clone in Italy (3). The genesis of 
other clones, such as ST8-MRSA-IV 
and ST22-MRSA-IV, which were as-
sociated with a tendency towards 
decreased multidrug resistance, was 
documented during 2000–2007 (3). 
Similar to occurrences in other Eu-
ropean countries, the gentamicin-
susceptible Panton-Valentine leukoci-
din–negative ST22-MRSA-IV clone, 
also known as EMRSA-15 (1), is 
now becoming predominant in Italy, 
replacing ST228-MRSA-I in hospital 
settings (4).

As part of another investigation, 
we recently isolated a MRSA strain 
from the nasal swab samples of a 
5-year-old boy and his parents. The 3 
isolates shared the same antibacterial 
drug resistance pattern (oxacillin and 
ciprofloxacin resistance) and proved to 
be identical by pulsed-field gel electro-
phoresis, SCCmec typing, and agr typ-
ing. Remarkably, ≈2 months earlier, the 
child had been admitted to a pediatric 
hospital for 10 days to be evaluated 
and treated for behavioral problems. A  
MRSA isolate, which was identified in 
a nasal sample obtained and analyzed 
just before discharge in the absence of 
clinical symptoms and was not further 
investigated, showed the same antibac-
terial drug resistance pattern as the 3 
isolates collected later. In the absence 
of an epidemiologic history of expo-
sure outside the hospital, it seems rea-
sonable to assume that the strain was 
acquired by the child in the hospital 
and then transmitted to his parents.
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Investigation of the genetic back-
ground of the strain isolated from 
the child’s specimen, designated as 
Lu1, led to its assignment as ST217, 
a single-locus variant of EMRSA-15 
within the same CC, CC22 (http://
saureus.mlst.net), agr group I, and 
spa type t965. At times associated 
with ST22-MRSA-IV strains, t965 is 
a single repeat variant of t032, which 
is the most prevalent spa type of 
EMRSA-15; t965 and closely related 
spa types have been reported mainly 
in Germany and the United Kingdom 
(http://spa.ridom.de). Strain Lu1 was 
Panton-Valentine leukocidin–nega-
tive and lacked the ACME (arginine 
catabolic mobile element) cluster. By 
using current criteria (5), the SCCmec 
element was assigned to type IV(2B), 
which is consistent with the combina-
tion of a class B mec complex and a 
ccrA2B2 (type 2) ccr complex. How-
ever, an additional ccr locus (ccrC, 
type 5) was found in the J3 region be-
tween orfX and IS431. The SCCmec 
element was thus identified as a com-
posite type IV(2B&5). Sequencing of 
the ccrC-IS431 segment (3,217 bp, 
GenBank accession no. HG315670), 
followed by performing analysis by 
using BLAST (http://blast.ncbi.nlm.
nih.gov), displayed variable align-
ment scores and high-level nucleo-
tide identities to the corresponding 
regions found downstream of ccrC 
in the SCCmec elements of MRSA 
reference strains of types III(3A), 
IV(2B&5), V(5C2&5), and VII(5C1) 
(5). The highest identity (3,216/3,217 
nt) was with JCSC6944 (GenBank 
accession no. AB505629), an unspec-
ified animal isolate of type V(5C2&5) 
from Japan, subtype c, belonging to 
the livestock-associated MRSA clone 
CC398 (6).

Very few ST217 strains, and none 
from Italy, are currently found in the 
MLST database (http://saureus.mlst.
net), and data on such strains are scant 
in the literature. In particular, ST217-
MRSA-IV was 1 of the dominant 
MRSA lineages isolated from patients 

in a hospital in Switzerland (7) and 
was detected in food samples of ani-
mal origin in Spain (8).

The composite SCCmec organi-
zation we detected in strain Lu1, fea-
turing 2 ccr complexes (type 2 and 5), 
is similar to that described in 2 isolates 
that belong to different genetic lineag-
es: 1 (ST100, CC5), later designated 
ZH47 (5,9), was identified in a sample 
from an inpatient in Switzerland (7); 
and the other (ST59, CC59, communi-
ty-associated MRSA) from a pediatric 
patient in Taiwan (10).

Strain Lu1 (ST217, a single-
locus variant of EMRSA-15) might 
have evolved from the ST22-MRSA-
IV clone, which has recently been 
identified in hospitals in Italy (3,4). 
Its SCCmec organization may result 
from recombination events in which 
a type IV(2B) element acquired the 
ccrC-containing region downstream 
of orfX from SCCmec elements that 
normally contain it (5). However, a 
genetic exchange involving MRSA 
strains of animal origin cannot be 
excluded, considering the virtually 
identical sequence of the ccrC-IS431 
segment shared by strains Lu1 and 
JCSC6944, the latter being a CC398 
LA-MRSA (6), and the isolation of 
ST217 strains from food samples of 
animal origin (8).
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Bartonella  
quintana in Body 
Lice from Scalp 

Hair of Homeless 
Persons, France
To the Editor: Bartonella quin-

tana is a body louse–borne human 
pathogen that can cause trench fever, 
bacillary angiomatosis, endocardi-
tis, chronic bacteremia, and chronic 
lymphadenopathy (1). Recently, B. 
quintana DNA was detected in lice 
collected from the heads of poor and 
homeless persons from the United 
States, Nepal, Senegal, Ethiopia, and 
the Democratic Republic of the Congo 
and in nits in France (2,3). The head 
louse, Pediculus humanus capitis, and 
the body louse, Pediculus humanus 
humanus, are obligatory ectoparasites 
that feed exclusively on human blood 
(4). Outside of their habitats, the 2 
ecotypes are morphologically indis-
tinguishable (1). Sequence variation 
in the PHUM540560 gene discrimi-
nates between head and body lice by 
determining the genotype of the lice 

(5). While surveying for trench fever 
among homeless persons in shelters 
in Marseille, France during October 
2012–March 2013, we investigated 
the presence of B. quintana DNA in 
nits, larvae, and adult lice collected 
from mono-infested and dually infest-
ed persons and determined the geno-
types of the specimens.

The persons included in this study 
received long-lasting insecticide-treat-
ed underwear; lice were collected by 
removing them from clothing, includ-
ing underwear, pants, and shirts. Be-
cause body lice reside in the clothing of 
infested persons except when feeding, 
they are sometimes called clothing lice. 

A total of 989 specimens were 
tested, including 149 (83 from cloth-
ing and 66 from hair) first–instar lar-
vae hatched in the laboratory from 
eggs collected from 7 dually infested 
persons, and 840 adult body lice col-
lected from the clothing of 80 mono-
infested patients. We included DNA 
isolated from 3 nits collected from the 
hair of a mono-infested person who 
had previously been confirmed as pos-
itive for B. quintana 6) (Table).

Total DNA was extracted by us-
ing an EZ1 automated extractor (QIA-
GEN, Courtaboeuf, France) and sub-
jected twice to real-time PCR specific 
for B. quintana. The first PCR targeted 
the 16S-23S intergenic spacer region. 
Positive samples were confirmed by 
using a second real-time PCR target-
ing the yopP gene (6). Samples that 
tested positive for B. quintana DNA 
were analyzed by multiplex real-time 
PCR that targeted the PHUM540560 
gene (5). We used head and body lice 
that had known genotypes positive 

controls. Negative controls were in-
cluded in each assay.

Of the hatched larvae, 5 (6%) of 
the 83 recovered from clothing and 
7 (11%) of 66 from the hair (Table) 
of 4 of the 7 dually infested persons 
were positive for B. quintana DNA 
(online Technical Appendix Table 1 
wwwnc.cdc.gov/EID/article/20/5/13-
1242-Techapp1.pdf). Of the 840 adult 
body lice, 174 (21%) collected from 
42 (53%) of 80 of the mono-infested 
persons contained B. quintana DNA 
(Table, online Technical Appendix 2). 
The multiplex real-time PCR that tar-
geted the PHUM540560 gene clearly 
identified all nits, larvae, and adult lice 
as belonging to the body lice lineage. 
Negative controls remained negative 
in all PCR-based experiments.

For 2 decades, B. quintana DNA 
has been regularly detected in lice col-
lected from the heads of persons living 
in poverty, but it had not been detected 
in head lice that infest schoolchildren 
(7,8). All of the lice collected during 
this study that tested positive for B. 
quintana from homeless persons were 
body lice, including some that were 
recovered from hair. This observation 
supports our assertion that body lice 
are not confined to the body. The 3 eggs 
that were removed from the hair of a 
mono-infested homeless person whose 
samples tested positive for B. quintana 
were also body lice. During the clinical 
examination, no adult head lice or adult 
body lice were found on that person, con-
firming that the patient had been heav-
ily infested with body lice in the past, 
not head lice. The nits were most likely 
laid by body lice that migrated toward  
the patient’s head. When a member of 
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Table.	Distribution	of	Bartonella quintana DNA	in	nits,	larvae,	and	adult	body	lice	collected	from	hair	and	clothing	of	homeless	persons	
in	shelters,	Marseille,	France,	October	2012–March	2013* 

Location 
No.	persons No.	(%)	lice	positive	for	 

B. quintana DNA	 Reference Dually	infested,	n	=	7 Monoinfested,	n	=	80 
Hair 
 Nits 0 3 3	(100) (6) 
 Hatched	larvae 66 0 7	(10.60) This	study 
Clothing 
 Hatched	larvae 83 0 5	(6.00) This	study 
 Adults 0 840 174	(20.70) This	study 
*All	lice	were	identified	as	body	lice.	Study	participants	were	provided	with	long-lasting	insecticide-treated	underwear,	and	killed	body	lice	were	collected	
from	the	clothing	of	infested	persons. 
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this research team (DR) collected the 
eggs from the hair shaft, they were 
found ≈3 3.5 cm from the hair fol-
licle. Because hair grows ≈1.25 cm per 
month, the louse infestation occurred 
≈3 months before egg collection (6).

Homeless persons that we have 
monitored for many years are often 
heavily infested by body lice but are 
also occasionally infested with head 
lice. Before genetic tools that differen-
tiate the head and body louse lineages 
were available (5), it was speculated 
that body lice may have originated 
from head lice (9). From our study, it is 
clear that under conditions of massive 
infestation, body lice can migrate and 
colonize hair; the opposite may also be 
true. However, there is no evidence that 
body lice are capable of causing an out-
break of lice living on the head, as hap-
pens among schoolchildren that have 
been found to be infested only by head 
lice. This suggests that body lice can-
not thrive in the environment of head 
lice, which infest millions of children 
worldwide (10), further suggesting 
that outbreaks of trench fever are most 
likely not linked to head lice in indus-
trialized countries. In conclusion, by 
analyzing lice harvested from the heads 
and clothing of homeless persons, we 
have shown that the 2 ecotypes belong 
to the same body lice population.

The text has been edited by American 
Journal Experts under certificate verifica-
tion key 51F8-8A17-1F51-90DD-705C.
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Myasthenia Gravis 
Associated with 

Acute Hepatitis E 
Infection in  

Immunocompetent 
Woman

To the Editor: Hepatitis E vi-
rus (HEV) is a common cause of 
acute hepatitis in developing coun-
tries. The course of acute hepatitis E 
is usually benign, except in pregnant 
women and in immunocompromised 
patients, who are prone to a lethal or 
chronic outcome of the disease. Since 
2001, hepatitis E has been emerg-
ing in industrialized countries, and 
neurologic manifestations such as 
Guillain-Barré syndrome, brachial 
neuritis, transverse myelitis, and cra-
nial nerve palsies have been reported 
in patients with acute or chronic forms 
of the disease (1–6). Most cases with 
neurologic manifestations have been 
characterized by infection with geno-
type 3 HEV. Data are not available to 
indicate whether this association be-
tween HEV infection and neurologic 
manifestations is related to a specific 
antigenic stimulus provided by HEV 
or is linked to the more comprehen-
sive assessment for such neurologic 
conditions that is available in industri-
alized countries or to a reporting bias. 
We report a case of HEV infection in 
an immunocompetent woman who 
had muscle-specific kinase (MuSK) 
antibody–positive myasthenia gravis 
associated with HEV replication.

A 33-year-old woman was hos-
pitalized in France for subacute as-
thenia and intermittent symptoms 
including dysarthria, dysphagia, 
muscle weakness, and diplopia. She 
had no family history of autoimmune 
disease and no notable personal 
medical history; she had not received 
any recent vaccinations and had not 
traveled outside France during the 
previous year. Physical examination 
showed no pyramidal, vestibular, or 
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cerebellar syndromes, and all tendon 
reflexes were typical.

On admission, the patient’s liver 
function tests showed elevated ala-
nine transaminase (190 UI/L). Test re-
sults were within reference ranges for 
aspartate aminotransferase, alkaline 
phosphatase, gamma-glutamyl trans-
peptidase, and creatine kinase levels. 
Antibody tests were negative for hepa-
titis B virus, hepatitis C virus, HIV, 
human T-lymphotropic viruses 1 and 
2, and Treponema pallidum, but test-
ing for cytomegalovirus and Epstein-
Barr virus showed previous exposure. 
Serum samples were positive for HEV 
IgM (index 11) and negative for HEV 
IgG (index 0.71) by Adaltis microplate 
ELISA (EIAgen; Adaltis, Casalecchio 
Di Reno, Italy). HEV RNA was detect-
ed in serum and fecal samples by using 
HEV reverse transcription PCR (RT-
PCR) (Ceeram, La Chapelle sur Erdre, 
France) on the SmartCycler II instru-
ment (Cepheid, Sunnyvale, CA, USA). 
Sequencing studies showed that the 
HEV strain belonged to genotype 3f.

Brain magnetic resonance imag-
ing results were normal, and results for 
analysis of cerebrospinal fluid were 
normal (leukocytes <5 cells/µL, glu-
cose 3.2 mmol/L, protein 38 mg/dL, 
HEV RT-PCR negative). A nerve con-
duction study, performed even though 
the patient was not symptomatic, did 
not find any abnormality. Pharmaco-
logic testing with prostigmine (0.5 
mg intravenously) did not result in 
symptom improvement. Computed 
tomography scan of the mediastinum 
showed no thymoma. Test results for 
anti-acetylcholine receptor antibodies 
were negative; however, results were 
positive for MuSK antibodies (18.7 
U/mL by radioimmunoassay; RSR 
Ltd., Cardiff, Wales, UK). These data, 
combined with physical examination, 
confirmed the diagnosis of myasthe-
nia gravis.

Given this association of myas-
thenia and acute HEV infection, we 
suspected the potent role of HEV in-
fection in the neurologic symptoms. 

Therapy was started with ribavirin 
(1,000 mg/day for 1 month) and intra-
venous immunoglobulin (IVIG) (1 g/
kg/d for 2 days). Alanine transaminase 
levels rapidly decreased, and after 3 
months, test results for HEV IgM and 
HEV RT-PCR in serum were negative. 
IVIG treatment relieved symptoms 
in the short term, but symptoms re-
turned 15 days after treatment ended, 
requiring continuation of IVIG every 
4 weeks for 6 months. Four months 
after the last infusion of IVIG, the 
patient reported mild 4-limb fatiga-
bility after exercise, but results of ob-
jective neurologic examination were 
normal. Results for MuSK antibodies 
were still positive, and treatment with 
azathioprine (150 mg/d) was started. 
Three weeks later, the patient required 
another infusion of IVIG for difficulty 
in swallowing, dyspnea, and 4-limb 
weakness, but she was free of symp-
toms for the remaining 5 months of 
follow-up.

In conclusion, we describe a case 
of anti-MuSK myasthenia gravis as-
sociated with acute HEV in a young, 
immunocompetent patient in France. 
Because myasthenia gravis with 
MuSK antibodies is rare (≈10% of 
myasthenia gravis cases) (7), the po-
tential role of HEV infection as a trig-
ger of autoimmune disorders should 
be investigated. Some cases of anti-
MuSK myasthenia gravis associated 
with HIV (8) or Epstein-Barr virus (9) 
infections have been reported. Never-
theless, our findings do not enable us 
to draw conclusions regarding causal-
ity. Our observation might suggest a 
coincidental temporal association be-
tween HEV infection and myasthenia 
gravis or a triggering of autoimmunity 
by HEV. Moreover, anti-MuSK myas-
thenia gravis is usually characterized 
by a rapidly progressive course with 
moderate to severe symptoms (7). The 
initial unusually benign clinical course 
in this patient might be explained by 
the effect of early ribavirin treatment 
or, more likely, by a particular type of 
MuSK antibodies (10).
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Ciprofloxacin- 
Resistant  

Salmonella enterica 
Serotype Kentucky 
Sequence Type 198

To the Editor: Mulvey et al. (1) re-
ported the emergence of ciprofloxacin 
resistance in Salmonella enterica se-
rovar Kentucky of multilocus sequence 
type 198 (ST198) in Canada (1). Cip-
rofloxacin resistance in S. enterica ser. 
Kentucky was reported in 2011 in pa-
tients from Europe, most of whom had 
traveled to Africa and the Middle East 
(2). Since then, S. enterica ser. Ken-
tucky ST198 with additional resistance 
to third-generation cephalosporins and 
carbapenems has been reported from 
France and Morocco, again associ-
ated with travel (3). Poultry has been  

implicated as the most likely vehicle for 
infection by this sequence type (2,3). 
Resistance to third-generation cephalo-
sporins and carbapenems has not been 
seen in North America; however, the 
emergence of ciprofloxacin-resistant 
infections has been observed (1). 

In the United States, S. enterica 
ser. Kentucky is the most common se-
rotype isolated from chickens and the 
second most common found among 
retail chicken, but ciprofloxacin resis-
tance has not been documented among 
these sources (4). We sought to deter-
mine if ciprofloxacin- or ceftriaxone-
resistant S. enterica ser. Kentucky 
has emerged in humans in the United 
States. We examined isolates and data 
from the National Antimicrobial Re-
sistance Monitoring System to docu-
ment antimicrobial resistance and se-
quence type and to assess possible risk 
factors for acquiring infection.

Participating state and local 
public health laboratories submit 
every 20th nontyphoidal Salmo-
nella (NTS) isolate to the Centers 
for Disease Control and Prevention 
for susceptibility testing. MICs of 
>15 antimicrobial agents were deter-
mined by using broth microdilution 
(Sensititer, Cleveland, OH, USA) 
according to the manufacturer’s in-
structions. Where available, Clinical 
and Laboratory Standards Institute 
performance standards were used for 
interpretation of MICs; otherwise, 
interpretations established by the 
National Antimicrobial Resistance 
Monitoring System were used (5,6).

During 2009–2012, a total of 
21 (0.2%) of the 9,225 NTS isolates 

tested were S. enterica ser. Kentucky. 
Six (29%) were resistant to ciprofloxa-
cin; all were susceptible to ceftriaxone 
(Table) (5). As was observed in Cana-
da, the 6 resistant isolates were >80% 
similar by pulsed-field gel electropho-
resis analysis (XbaI; data not shown), 
and all 6 were ST198. Although a rare 
cause of human infection, S. enterica 
ser. Kentucky represented 23% (6/26) 
of all ciprofloxacin-resistant NTS de-
tected during 2009–2012. 

The median age of the 6 patients 
with ciprofloxacin-resistant S. enteri-
ca ser. Kentucky infections was 32 
years (range 9 months–56 years); 5 
(83%) were female. Of the 4 patients 
for whom information was available, 
2 were hospitalized, and 1 died. Spec-
imen sources were stool (n = 3) and 
urine (n = 3). Travel histories were 
obtained for 5 patients, and all had 
traveled internationally in the 7 days 
before specimen submission: 2 were 
residents of other countries (Saudi 
Arabia and Ethiopia), and 3 were 
US residents who had returned from 
travel to India. By comparison, only 
3 of 10 patients with ciprofloxacin-
susceptible infections had traveled  
(p = 0.02).

Resistance to ciprofloxacin in Sal-
monella is a growing concern because 
it limits treatment options for invasive 
disease. We describe ciprofloxacin-
resistant S. enterica ser. Kentucky 
isolated from 6 patients in the United 
States. The emerging global story of S. 
enterica ser. Kentucky ST198 demon-
strates the need for international inte-
gration of surveillance for antimicro-
bial drug resistance.
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Table.	Patient	and	isolate	information	for	6	cases	of	infection	with	ciprofloxacin-resistant Salmonella enterica serotype	Kentucky	
sequence	type	198	detected	by	the	National	Antimicrobial	Resistance	Monitoring	System,	United	States,	2009–2012* 

Isolate	ID 
Patient	age,	

y/sex Patient	race 
Patient	travel	

history 
Year	specimen	

collected 
Specimen	

type Antimicrobial resistance† 
AM41047 <1/F Black Ethiopia 2009 Stool AMP,	FIS,	GEN,	NAL,	STR,	TET 
AM45820 54/F Unknown Unknown 2010 Urine AMP,	COT,	FIS,	GEN,	NAL,	STR,	TET 
AM47052 56/F Asian India 2011 Urine AMP,	FIS,	GEN,	NAL,	STR,	TET 
2012AM-1081 2/F Asian India 2012 Stool AMP,	NAL 
AM50773 37/M Asian India 2012 Stool AMP,	AUG,	FIS,	GEN,	NAL,	STR,	TET 
2012AM-0353 42/F White Saudi	Arabia 2012 Urine AMP,	FIS,	FOX,	KAN,	NAL,	STR,	TET 
*ID,	identification;	AMP,	ampicillin;	AUG,	amoxicillin-clavulanic acid;	COT,	trimethoprim-sulfamethoxazole;	FIS,	sulfisoxazole;	FOX,	cefoxitin;	GEN,	
gentamicin;	KAN,	kanamycin;	NAL,	nalidixic	acid;	STR,	streptomycin;	TET,	tetracycline. 
†Resistance of isolate from infected patient to antimicrobial agents other than ciprofloxacin. 
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Unique Strain of 
Crimean–Congo 

Hemorrhagic Fever 
Virus, Mali

To the Editor: Crimean-Congo 
hemorrhagic fever (CCHF) is an acute 
viral infection that causes mild to se-
vere hemorrhagic fever characterized 
by petechiae, ecchymosis, dissemi-
nated intravascular coagulation, and 
multi-organ failure (1). The etiologic 
agent, CCHF virus (CCHFV; fam-
ily Bunyaviridae, genus Nairovirus), 
is maintained in enzootic cycles in-
volving agricultural and wild animals 
and the vector, Hyalomma ticks. (2). 
CCHF predominantly affects persons 
who have 1) substantial contact with 
ticks and/or agricultural animals in 
areas where CCHF is endemic or 2) 
close contact with infected persons, 
predominantly close relatives and 
health care workers. The case-fatality 
rate for CCHF is generally accepted as 
30% (1).

CCHF has a wide geographic 
distribution; cases have been reported 
in >30 countries across Africa, south-
eastern Europe, the Middle East, and 
western Asia. In the western African 
countries of Nigeria, Mauritania, and 
Senegal, serologic evidence of CCH-
FV infections in humans and agricul-
tural animals has been documented 
frequently (3–5); however, reports of 
the disease in humans have been limit-
ed to Senegal and Mauritania (6,7). In 
neighboring Mali, where the tick vec-
tor is known to be present, little infor-
mation exists regarding the presence 
of CCHFV. Thus, to determine if the 
virus is circulating undetected in Mali, 
we conducted a study to determine if 
CCHFV is present in Hyalomma ticks 
in the country.

In November 2011 and March 
2012, unfed Hyalomma ticks (adults 
and nymphs) were collected from 20 
cattle at the Daral livestock market 
(12° 49.855′ N, 08° 05.651′ W) near 
the town of Kati, Mali, ≈25 km from 

the capital, Bamako. In the field, ticks 
were visually identified to genus and 
pooled accordingly (3–4 ticks per 
pool, all collected from the same ani-
mal). A total of 23 tick pools, repre-
senting 80 ticks, were manually ho-
mogenized, and RNA was extracted 
and tested for the presence of CCHFV 
RNA by using in-house assays that 
selected for 3 virus genes. Of the 23 
tick pools tested, 1 was positive for 
CCHFV by all 3 assays. Phylogenetic 
analysis of the complete nucleocap-
sid protein gene (KF793333) showed 
that the CCHFV strain from Mali 
most closely resembled a strain from 
Mauritania (GenBank accession no. 
ArD39554), sharing 98% sequence 
identity (Figure, panel A). 

Further analysis of fragments of 
the medium segment (pre-Gn cod-
ing region, KF793334) and large 
segment (polymerase coding region, 
KF793335) confirmed these findings, 
showing sequence identities of 91% 
and 98%, respectively, with ArD39554 
(Figure, panels B, C). In a Biosafety 
Level 4 facility at Rocky Mountain 
Laboratories, Hamilton, Montana, 
USA, the original homogenates from 
the positive pool were passaged in 
multiple cell lines. After 3 passages, no 
discernible cytopathic effect was ob-
served and, aside from the initial pas-
sage, CCHFV RNA was not detected.

Genetic identification of ticks in 
the CCHFV RNA–positive pool was 
conducted as described (8,9). Ampli-
fied sequences most closely resem-
bled those of H. dromedarii, (97.2%–
100% sequence identity), although 
genetically, we cannot exclude the 
possibility that H. truncatum and H. 
rufipes were present with individual 
sequence identities of >97% to pub-
lished sequences.

The Daral cattle market in Kati 
is the largest of its kind in Mali, and 
animals from across the country come 
into the market every week. Although 
the market provided a convenient 
opportunity for collecting ticks, we 
cannot determine where the infected 
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ticks, and possibly cattle, contracted 
CCHFV because the animals tra-
versed great distances on foot before 
arriving at the market. Nevertheless, 
this study demonstrates the presence 
of a distinct strain of CCHFV in Hya-
lomma ticks in Mali, thereby expand-
ing the geographic distribution of this 
virus in western Africa. Not surpris-
ingly, the highest sequence identity 
for the CCHFV strain from Mali is to 
strains known to circulate in neighbor-
ing countries (10). We propose Daral 
2012 Mali as the temporary designa-
tion for this sequence. Unfortunately, 
our attempts to isolate the virus were 
unsuccessful, most likely because of 
processing and storage conditions for 
homogenates used in these studies.

Species of Hyalomma ticks are 
widely distributed across western Af-
rica, and although reports of CCHF 
are limited to a few countries, CCHFV 
is most likely circulating undetected 
in vast areas of this region. No cases 
of CCHF have been reported in Mali; 
however, on the basis of our findings, 
the potential for human infections ex-
ists. Thus, CCHF should be considered 
in the differential diagnosis of febrile 
illnesses, with or without hemorrhagic 
symptoms, in residents of Mali and for 
persons with a recent history of travel 
to this country.

The ease of CCHFV transmis-
sion and the high case-fatality rate 
associated with infection could have 
a potentially substantial effect on pub-
lic health. Future studies in Mali are 
required to define the geographic dis-
tribution of infected ticks and animals 
and to isolate CCHFV to help focus 
public health preparedness and coun-
termeasures. In addition, across Mali, 
operational protocols should be re-
viewed for persons working at jobs in 
which the risk for CCHFV transmis-
sion is high (e.g., occupations with di-
rect contact with agricultural animals 
and/or animal blood products), and 
appropriate countermeasures should 
be put in place to prevent transmission 
among such persons.
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Figure.	 Phylogenetic	 analysis	 of	 Crimean–Congo	 hemorrhagic	 fever	 virus	 (CCHFV)	 was	
conducted	on	the	complete	nucleoprotein	(small	genomic	segment,	nt	≈50–1,500)	(A),	a	900-
bp	fragment	of	the	glycoprotein	precursor	(medium	genomic	segment,	nt	≈4190–5060)	(B),	
and	a	1,200-bp	fragment	of	the	viral	polymerase	(large	genomic	segment,	nt	≈590–1760)	(C).	
The	fragments	were	amplified	from	pooled	ticks,	and	sequence	analysis	was	conducted	by	
using	ClustalW	(www.ebi.ac.uk/Tools/msa/clustalw2/).	Trees	were	constructed	by	using	the	
Jukes–Cantor	neighbor-joining	method	with	bootstrapping	to	10,000	iterations	and	compared	
with	published	sequences	of	full-length	small,	medium,	and	large	segments.	Bold	indicates	
CCHFV	strain	 from	Hyalomma	 ticks	 that	were	collected	 from	cattle	at	 the	Daral	 livestock	
market	near	the	town	of	Kati,	Mali.	Scale	bars	indicate	substitutions	per	site.



LETTERS

Acknowledgments
We are indebted to the chief of Daral for 

allowing us access to the Kati cattle market 
and to the individual ranchers for providing 
ticks from their cattle. In addition, we thank 
Seydou Doumbia, Sekou Traore, Richard 
Sakai, Joseph Shott, and Mark Pineda for 
logistics support; Robert J. Fischer, Brandi 
Williamson, Eric Dahlstrom, and Stephen 
Porcella for technical assistance; and Heath-
er Murphy for help preparing the figures.

This work was funded by the Interna-
tional Centers for Excellence in Research 
program, Division of Intramural Research, 
National Institute of Allergy and Infectious 
Diseases, National Institutes of Health.

Marko Zivcec,  
Ousmane Maïga, Ashley Kelly, 

Friederike Feldmann,  
Nafomon Sogoba,  
Tom G. Schwan,  
Heinz Feldmann,  

and David Safronetz
Author	 affiliations:	 National	 Institutes	 of	
Health,	Hamilton,	Montana,	USA	(M.	Zivcec,	
A.	Kelly,	F.	Feldmann,	T.G.	Schwan,	H.	Feld-
mann,	D.	Safronetz);	University	of	Manitoba,	
Winnipeg,	 Manitoba,	 Canada	 (M.	 Zivcec,	
H.	 Feldmann);	 and	University	 of	 Sciences,	
Techniques	 and	 Technologies	 of	 Bamako,	
Bamako,	Mali	(O.	Maïga,	N.	Sogoba)

DOI:	http://dx.doi.org/10.3201/eid2005.131641

References

  1 Ergonul O. Crimean–Congo hemorrhagic 
fever virus: new outbreaks, new discoveries.  
Curr Opin Virol. 2012;2:215–20. http://
dx.doi.org/10.1016/j.coviro.2012.03.001

  2. Whitehouse CA. Crimean–Congo hemor-
rhagic fever. Antiviral Res. 2004;64:145–
60. http://dx.doi.org/10.1016/j.antiviral. 
2004.08.001

  3. David-West TS, Cooke AR, David-West 
AS. Seroepidemiology of Congo virus 
(related to the virus of Crimean haem-
orrhagic fever) in Nigeria. Bull World 
Health Organ. 1974;51:543–6.

  4. Gonzalez JP, LeGuenno B, Guillaud M, 
Wilson ML. A fatal case of Crimean– 
Congo haemorrhagic fever in Mauritania: 
virological and serological evidence sug-
gesting epidemic transmission. Trans R 
Soc Trop Med Hyg. 1990;84:573–6. http://
dx.doi.org/10.1016/0035-9203(90)90045-G

  5. Wilson ML, LeGuenno B, Guillaud M, 
Desoutter D, Gonzalez JP, Camicas JL. 
Distribution of Crimean–Congo hemor-
rhagic fever viral antibody in Senegal:  
environmental and vectorial correlates. 
Am J Trop Med Hyg. 1990;43:557–66.

  6. Nabeth P, Cheikh DO, Lo B, Faye O, 
Vall IO, Niang M, et al. Crimean–Congo 
hemorrhagic fever, Mauritania. Emerg 
Infect Dis. 2004;10:2143–9. http://dx.doi.
org/10.3201/eid1012.040535

  7. Tall A, Sall AA, Faye O, Diatta B,  
Sylla R, Faye J, et al. Two cases of Crime-
an–Congo haemorrhagic fever (CCHF) in 
two tourists in Senegal in 2004. Bull Soc 
Pathol Exot. 2009;102:159–61.

  8. Rees DJ, Dioli M, Kirkendall LR.  
Molecules and morphology: evidence 
for cryptic hybridization in African  
Hyalomma (Acari: Ixodidae). Mol Phylo-
genet Evol. 2003;27:131–42. http://dx.doi.
org/10.1016/S1055-7903(02)00374-3

  9. Barker SC. Distinguishing species and 
populations of rhipicephaline ticks 
with its 2 ribosomal RNA. J Parasitol.  
1998;84:887–92. http://dx.doi.org/10.2307/ 
3284614

10. Deyde VM, Khristova ML, Rollin PE, Ksi-
azek TG, Nichol ST. Crimean–Congo hem-
orrhagic fever virus genomics and global 
diversity. J Virol. 2006;80:8834–42. http://
dx.doi.org/10.1128/JVI.00752-06

Address for correspondence: David Safronetz, 
Rocky Mountain Laboratories, National 
Institute of Allergy and Infectious Diseases, 
National Institutes of Health, 903 S 4th St, 
Hamilton, MT 59840, USA; email: safronetzd@
niaid.nih.gov

Coxsackievirus A16 
Encephalitis  

during  
Obinutuzumab  

Therapy,  
Belgium, 2013

To the Editor: Enterovirus infec-
tions are associated with many clini-
cal manifestations, and specific virus 
groups or serotypes are associated 
with specific manifestations. Cox-
sackievirus A16, a common cause of 
hand, foot and mouth disease, rarely 
causes encephalitis. Although most 
enterovirus infections are cleared by 
cellular immune responses, invasive 
enterovirus disease is prevented or 
controlled by neutralizing antibodies 
(1). Thus, patients with humoral im-
munodeficiencies are susceptible to 
serious enterovirus infections.

Nine cases of enteroviral en-
cephalitis (1 caused by echovirus 13, 
1 caused by coxsackievirus A16, 2 
caused by enterovirus 71, and 5 caused 
by unknown enteroviruses) have been 
reported after therapy with rituximab, 
a monoclonal antibody (MAb) that 
causes secondary hypogammaglobu-
linemia (2). We describe coxsackievi-
rus A16 encephalitis in a patient who 
was receiving treatment with the MAb 
obinutuzumab.

A 67-year-old woman with non-
Hodgkin lymphoma showed complete 
remission after 6 cycles of treatment 
with bendamustine and obinutuzum-
ab. Induction immunochemotherapy 
was followed by obinutuzumab main-
tenance therapy. At admission, she had 
received 7 of 12 scheduled treatments.

The patient was hospitalized be-
cause of a history of high-grade fever 
that did not respond to antimicrobial 
drugs, confusion, general weakness, 
and urinary incontinence. She had a 
neutrophil count of 3.1 × 109 cells/L 
but had severe lymphocytopenia (0.3 
× 109 cells/L and an absolute CD4 cell 
count of 0.082 × 109 cells/L) and low 
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serum immunoglobulin levels (IgG 
3.86 g/L [reference range 7.51–15.6 
g/L], IgA 0.07 g/L [reference range 
0.82–4.53 g/L], and IgM 0.13 g/L 
[reference range 0.46–3.04 g/L]). 
Cerebrospinal fluid (CSF) samples 
were collected on days 1, 4, and 6. 
CSF leukocyte counts increased from 
14 cells/mm3 (day 1) to 60 cells/mm3 
(day 4) (35% and 27% lymphocytes, 
respectively). Cytologic and immuno-
phenotypic analyses showed no cere-
bromeningeal lymphoma infiltration. 
Total protein levels in CSF increased 
from 561 mg/L on day 1 to 771 mg/L 
on days 4 and 6.

Bacterial and fungal cultures were 
negative. Cryptococcal antigen was 
not detected in CSF. Serologic test re-
sults were negative for Borrelia spp., 
Listeria spp., parvovirus B19, measles 
virus, and galactomannan. PCR results 
for CSF were repeatedly negative for 
herpes simplex virus, varicella zoster 
virus, cytomegalovirus, Toxoplasma 
gondii, JC polyomavirus, human her-
pesvirus 6, Epstein-Barr virus, and 
mumps virus. PCR results and cul-
ture were negative for Mycobacterium 
spp. Serum samples were negative for 
antibodies against neuronal nuclear 
(Hu, Ri, and Yo) antigens. However, 
enterovirus RNA was detected by re-
verse transcription PCR in all CSF 
samples. Sequencing of the virion 
protein 1 gene obtained directly from 
RNA extracted from CSF identified 
the virus as coxsackievirus A16 (3).

Computed tomography scan of 
the brain on day 2 showed no abnor-
malities. However, brain magnetic 
resonance imaging scans on the third 
and fourth days showed bilateral, 
multiple, hyperintense white matter 
lesions in the periventricular region 
and cerebral hemispheres. Treatment 
was started empirically with broad-
spectrum antimicrobial drugs and acy-
clovir; the acyclovir was stopped after 
infection with herpes simplex virus 
was excluded.

On day 4, imaging indicated 
development of aphasia and right 

hemiparesis without new lesions. 
The patient was transferred for me-
chanical ventilation after a grand mal 
seizure. Treatment with intravenous 
immune globulin (IVIG, 400 mg/kg) 
was started on day 4 and given for 
5 consecutive days, which resulted 
in marked and continued neurolog-
ic improvement. Monthly doses of 
IVIG (500 mg/kg) resulted in normal 
serum IgG levels. Four months af-
ter initial examination, the virus has 
been cleared but the patient still has 
intermittent confusion and language 
defects. Treatment with IVIG will be 
continued for an additional 6 months.

Use of MAbs against CD20 B-
cell antigen has become standard 
treatment for B-cell lymphomas and 
an increasing number of autoimmune 
disorders (4,5). However, resulting 
hypogammaglobulinemia predisposes 
patients to opportunistic infections, 
including progressive multifocal leu-
koencephalopathy and enterovirus 
infections (2,6). MAbs with enhanced 
activity against CD20 (e.g., obinutu-
zumab) have been developed. Obinu-
tuzumab has been approved by the 
US Food and Drug Administration 
for treatment of chronic lymphocytic 
leukemia. Studies regarding the use of 
obinutuzumab for other B-cell malig-
nancies are ongoing (7).

We anticipate that more cases 
of enteroviral encephalitis might de-
velop, given the increasingly frequent 
use of MAbs against CD20 and wide-
spread occurrence of enteroviruses. 
However, in view of the few reported 
cases (2), we also suspect that many 
cases remain undiagnosed despite 
availability of several pan-enterovirus 
diagnostic kits, which can detect low 
viral loads. Thus, clinicians should be 
suspicious of severe enterovirus infec-
tions in patients receiving MAbs.

Any patient receiving MAbs 
against CD20 who has neurologic 
symptoms should be screened for 
infection with enterovirus RNA.  
In contrast to JC polyomavirus– 
associated progressive multifocal 

leukoencephalopathy, enteroviral en-
cephalitis can be successfully treated 
by early administration of IVIG, which 
might contain neutralizing antibodies, 
albeit in variable amounts (8). In the 
absence of double-blinded, placebo-
controlled clinical studies of treatment 
for severe enterovirus infections, no 
specific antiviral therapy has been ap-
proved. However, 3 capsid inhibitors 
(pleconaril, pocapavir [V-073], and 
the pirodavir analog BTA-798) that 
show activity against enteroviruses 
are being developed (9). Pocapavir has 
potent activity against poliovirus and 
appears to be safe and well tolerated 
(10). In the United States, this drug is 
available by special request from the 
Food and Drug Administration.
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Serologic  
Evidence of  

Influenza A(H1N1)
pdm09 Virus  

Infection in Northern  
Sea Otters

To the Editor: Sporadic epizo-
otics of pneumonia among marine 
mammals have been associated with 
multiple animal-origin influenza A vi-
rus subtypes (1–6); seals are the only 
known nonhuman host for influenza 
B viruses (7). Recently, we reported 
serologic evidence of influenza A vi-
rus infection in free-ranging northern 
sea otters (Enhydra lutris kenyoni) 
captured off the coast of Washington, 
USA, in August 2011 (8). To inves-
tigate further which influenza A vi-
rus subtype infected these otters, we 
tested serum samples from these ot-
ters by ELISA for antibody-binding 
activity against 12 recombinant hem-
agglutinins (rHAs) from 7 influenza 
A hemagglutinin (HA) subtypes and 
2 lineages of influenza B virus (online 
Technical Appendix Table 1, wwwnc.
cdc.gov/EID/article/20/5/13-1890-
Techapp1.pdf). Estimated ages for the 
otters were 2–19 years (online Techni-
cal Appendix Table 2); we also tested 
archived serum samples from sea ot-
ters of similar ages collected from a 
study conducted during 2001–2002 
along the Washington coast (9). 

Of the 30 sea otter serum samples 
collected during 2011, a total of 21 
(70%) had detectable IgG (>200) for 
rHA of influenza A(H1N1)pdm09 vi-
rus (pH1N1) strain A/Texas/05/2009. 
Four of 7 serum samples that showed 
IgG ≥6,400 against pH1N1 rHA also 
showed low cross-reactivity (IgG 200) 
against rHA of A/Brisbane/59/2007, a 
previous seasonal influenza A(H1N1) 
virus (Figure, panel A; online Techni-
cal Appendix Table 1). No IgG was 
detected in any samples for any of the 
other 11 rHAs tested (IgG ≤100), and 
the sea otter serum samples collected  

during 2001–2002 did not react with 
any of the rHAs tested, including 
pH1N1 (IgG ≤100; Figure, panel A). 

Next, we tested serum samples by 
using a hemagglutination inhibition 
(HI) assay with whole influenza vi-
rus to detect strain-specific antibodies 
that inhibit receptor binding. Of the 30 
samples collected during 2011, a total 
of 22 (73%) showed HI antibody titers 
of ≥40 against pH1N1 virus. Titers 
against all other human and avian vi-
ruses tested were ≤10 for all samples 
by HI assay using turkey red blood 
cells (RBCs) (Figure, panel B; online 
Technical Appendix Table 3). No in-
fluenza A or B virus–specific HI an-
tibodies were detected in the samples 
collected during 2001–2002 (data not 
shown). Although nasal swab speci-
mens were collected from sea otters 
in the 2011 study, all specimens were 
negative for influenza virus by testing 
in embryonated eggs and by real-time 
PCR for detection of influenza A viral 
RNA (data not shown). These results 
suggest that sea otters were infected 
with influenza A virus sometime be-
fore the August 2011 sample collec-
tion date.

Although none of the 2011 sam-
ples showed HI titers to influenza A/
duck/New York/96 (H1N1) virus (dk/
NY/96) by testing using turkey RBCs 
(online Technical Appendix Table 2), 
titers against this strain were detected 
when using horse RBCs, which is a 
more sensitive means for the detec-
tion of mammalian antibodies against 
some avian influenza subtypes (10). Of 
the 22 samples that had HI titers >40 
to pH1N1 virus, 16 also had HI titers 
>40 against dk/NY/96 by horse RBC 
HI assay (online Technical Appen-
dix Table 2). However, titers against 
this strain were on average ≈4–8-fold 
lower than those for the pH1N1 virus 
strain, which suggests that that the ti-
ters against dk/NY/96 were the result 
of serologic cross-reactivity with avi-
an- and swine-origin pH1N1 viruses. 

To further test for cross-reactiv-
ity, 4 sea otter serum samples were 
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adsorbed with purified pH1N1 and 
dk/NY/96 virions. Adsorption with 
pH1N1, but not dk/NY/96, removed 
HI antibodies to pH1N1, whereas 
adsorption with either virus removed 
HI antibodies against dk/NY/96 (on-
line Technical Appendix Table 4). A 
comparison of amino acid sequences 
comprising the known HA antigenic 
sites on the pH1N1 structure con-
firmed high sequence identity and 
structural similarity with dk/NY/96 
HA in Sa (12/13 aa residues) and Sb 
(8/12 aa residues) antigenic sites (data 
not shown). These results indicate that 
HI antibodies detected in sea otters are 
the result of pH1N1 virus infection but 
cross-react with the avian influenza 
A(H1N1) virus. 

Although we cannot exclude the 
possibility that sea otters were infected 
with classical swine influenza A(H1N1) 
virus, which shares high HA genetic 
and antigenic similarity with pH1N1 
virus, our serologic evidence is consis-
tent with isolation of pH1N1 virus from 
northern elephant seals (1). Therefore, 
we conclude that these sea otters were 
infected with pH1N1 virus. The origin 
or transmission route of pH1N1 virus 
infection in sea otters remain unknown. 

Potential contact between northern el-
ephant seals and sea otters is one pos-
sibility; elephant seals’ summer feed-
ing ranges and breeding areas along the 
Northeast Pacific coast overlap with 
areas where the Washington sea otter 
population is distributed (1).

In conclusion, our results show 
that sea otters are susceptible to infec-
tion with influenza A virus and high-
light the complex nature of interspe-
cies transmission of influenza viruses 
in the marine environment. Further 
surveillance, especially in other sea 
otter populations, is required to deter-
mine virus origin, potential pathogen-
esis, and consequences for the marine 
ecosystem.
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Figure.	Results	of	ELISA	and	hemagglutination	inhibition	(HI)	testing	for	influenza	viruses	in	serum	samples	from	northern	sea	otters	captured	
off	the	coast	of	Washington,	USA,	during	studies	conducted	in	August	2011	(n	=	30)	and	2001–2002	(n	=	21).	A)	IgG	for	influenza	A(H1N1)
pdm09	strain	A/Texas/05/2009	detected	by	using	standard	indirect	ELISA	techniques	with	HRP-Protein	A	(Sigma,	St.	Louis,	MO,	USA).	The	
ELISA	titer	was	read	as	the	reciprocal	of	the	highest	dilution	of	serum	with	an	OD450nm of >0.2	and	2-fold	higher	than	the	OD450nm	of	control	wells	
lacking	serum.	B)	HI	for	influenza	A(H1N1)pdm09	strain	A/Mexico/4108/2009.	HI	titers	were	determined	by	using	0.5%	turkey	red	blood	cells	
(RBCs)	for	influenza	A(H1N1)pdm09,	seasonal	influenza	A(H1N1),	influenza	(H3N2),	and	influenza	B	viruses	that	circulated	in	North	America	
during	2000–2011	and	by	using	1%	horse	RBCs	supplemented	with	0.5%	BSA	for	avian	influenza	A(H1N1)	virus	strain	A/duck/New	York/96.	HI	
assay	was	performed	as	described	(www.who.int/influenza/gisrs_laboratory/manual_diagnosis_surveillance_influenza/en).	OD,	optical	density.
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New Variant of  
Porcine Epidemic 
Diarrhea Virus, 

United States, 2014
To the Editor: Porcine epidemic 

diarrhea (PED) was first reported in 
the United Kingdom in 1971 (1). The 
disease was characterized by severe 
enteritis, vomiting, watery diarrhea, 
dehydration, and a high mortality 
rate among swine. Subsequently, the 
causative agent of PED was identi-
fied as porcine epidemic diarrhea virus 
(PEDV), which belongs to the family 
Coronaviridae (2) and contains an en-
veloped, single-stranded positive-sense 
RNA genome. PEDV has been report-
ed in many other countries, including 
Germany, France, Switzerland, Hunga-
ry, Italy, China, South Korea, Thailand, 
and Vietnam (3) and was first identified 
in the United States in May 2013. By 
the end of January of 2014, the outbreak 
had occurred in 23 US states, where 
2,692 confirmed cases (www.aasv.org/
news/story.php?id = 6989) caused se-
vere economic losses. Recent studies 
have shown that all PEDV strains in 
the United States are clustered together 
in 1 clade within the subgenogroup 2a 
and are closely related to a strain from 
China, AH2012 (4,5).

In the state of Ohio, the first PED 
case was identified in June of 2013; 
since then, hundreds of cases have 
been confirmed by the Animal Disease 
Diagnostic Laboratory of the Ohio 
Department of Agriculture. In Janu-
ary of 2014, samples from pigs with 
unique disease, suspected to be PED, 

were submitted to this laboratory. 
Sows were known to be infected, but 
piglets showed minimal to no clinical 
signs and no piglets had died. 

According to real-time reverse 
transcription PCR, all samples from 
the piglets were positive for PEDV. 
Subsequently, the full-length genome 
sequence of PEDV (OH851) was de-
termined by using 19 pairs of oligonu-
cleotide primers designed from align-
ments of the available genomes from 
PEDVs in the United States (6,7). On 
the basis of BLAST (http:blast.ncbi.
nlm.nih.gov/Blast.cgi) searches, strain 
OH851 showed 99% and 97% nt iden-
tity to PEDVs currently circulating 
in the United States (Colorado, Iowa, 
Indiana, Minnesota) for the whole 
genome and the full-length spike (S) 
gene, respectively. By distinct contrast, 
strain OH851 showed only 89% or even 
lower nucleotide identity to PEDVs  
currently circulating in the United 
States in the first 1,170 nt of the S1 re-
gion. In that region, nucleotide similar-
ity to that of a PEDV strain from China 
(CH/HBQX/10, JS120103) was 99%, 
suggesting that strain OH851 is a new 
PEDV variant. Phylogenetic analysis 
of the complete genome indicated that 
the novel OH851 PEDV is clustered 
with other strains of PEDV currently 
circulating in United States, includ-
ing another stain from Ohio, OH1414 
(Figure, panel A). However, phyloge-
netic analysis of the full-length S gene 
showed that strain OH851 is clustered 
with other strains of PEDV from China 
and most closely related to a PEDV 
strain from China, CH/HBQX/10 (8), 
but distantly related to other PEDV 
strains currently circulating in the 
United States and strain AH2012 (Fig-
ure, panel B). This finding strongly 
suggests that strain OH851 is a variant 
PEDV. In comparison with the S gene 
of other strains from the United States, 
the S gene of strain OH851 has 3 dele-
tions (a 1-nt deletion at position 167, 
a 11-nt deletion at position 176, and a 
3-nt deletion at position 416), a 6-nt in-
sertion between positions 474 and 475, 
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and several mutations mainly located 
in the first 1,170 nt of the S1 region. 

It is highly possible that the se-
quence deletions, insertion, and mu-
tations found in variant strain OH851 
might have contributed to the reduced 
severity of the clinical disease in 
the piglets. More animal studies are 
needed to test this hypothesis. The 
unique deletion and insertion feature 
also represents a target for diagnostic 
assays to differentiate between cur-
rently circulating PEDV strains and 
new variants.

The low nucleotide identity in 
the 5′-end S1 region (first 1,170 nt) 
region and high nucleotide identity in 
the non-5′-end S1 region of the variant 
strain, compared with that of the PED-
Vs currently circulating in the United 

States, suggest that this new PEDV 
variant might have evolved from a 
recombinant event involving a strain 
from China. Because the new variant 
does not cause severe clinical disease, 
including death, the novel virus is a 
potential vaccine candidate that could 
protect the US swine industry from the 
infection caused by the virulent strain 
of PEDV currently circulating in Unit-
ed States.

Leyi Wang,1 Beverly Byrum,  
and Yan Zhang1

Author	 affiliation:	 Ohio	 Department	 of	 
Agriculture	Reynoldsburg,	Ohio,	USA
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Courage Unmasked

Sharon Bloom

B.J. Adams. With Apologies to Arcimboldo (detail), 2009. Flower petals on radiation mask, 14″ x 13″ x 12″. http://courageunmasked.org/

Lying supine, the technician uses my mask to bolt me to the treatment table.
After he leaves the room, I feel alone, and at first, afraid.
I see and hear the radiation machine move around me, but feel nothing.
Minutes later, the door opens, and the mask is unbolted.
This process is repeated almost daily for 2 months…
After 2 weeks, the skin on my neck and inside my mouth becomes red, sore, and dry.
My sense of taste changes, it becomes difficult to eat.
By the end, the technician has become my trusted friend,
I can not predict the future, but I feel less afraid, my
Courage Unmasked.

—Cookie Kerxton (pers. comm., February 2014)
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Radiation treatment for head and neck cancer involves 
the use of custom-molded plastic mesh masks placed 

over the head and shoulders to immobilize the patient and 
facilitate the stereotactic positioning of radiation beams. 
This month’s cover art was selected from the “Cour-
age Unmasked” project, which was founded by Cookie  
Kerxton, a head and neck cancer survivor and artist, who 
during one such treatment session envisioned the use of 
art to both raise awareness of and support fellow patients 
in need. After the discarded masks have been transformed 
into works of art, they are exhibited and auctioned off.

Fiber artist B.J. Adams was one of more than 100 art-
ists invited to create art from used radiation masks with 
materials of their choice. Inspired by Italian artist Giuseppe 
Arcimboldo (1527–1593), who created portraits by using 
objects, such as flowers, vegetables, and fruit, Adams chose 
brightly colored artificial flowers and insects to create a 
spring-like mask to symbolize rebirth and rejuvenation. 
Adams was born in California and studied fine art; she has 
been working in mixed media for ≈60 years and lives in 
Washington, DC.

In some countries, human papillomavirus (HPV) is 
found in most oropharyngeal cancers, a subset of head and 
neck cancers. New data from the United States show that 
the association of HPV with oropharyngeal cancers is more 
common than previously believed; furthermore, the most 

common HPV types detected in these cancers are types 
prevented by available vaccines. It is thus conceivable that 
HPV vaccines developed to prevent cervical cancer might 
also prevent some oropharyngeal cancers.
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from the sale of masks support the nonprofit Help for Head and 
Neck Cancer Fund, which grants small subsidies to persons who 
have head and neck cancer and who are in financial need (more 
information at 9114hnc.org). Additional artwork by B.J. Adams 
can be found at wwwbjadamsart.com. Readers interested in see-
ing how masks are created and used for patient care can view the 
patient instructional video produced by the Radiation Medicine 
Program, Princess Margaret Cancer Centre, University Health 
Network (www.youtube.com/watch?v=-dWm40P6elM).
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Article Title
Outbreaks of Kingella kingae Infections in Daycare Facilities

CME Questions

Activity Evaluation

1.  You are seeing a 3-year-old boy who was just 
diagnosed with osteomyelitis of the left tibia.  
The child attends day care 5 times per week. 
You consider whether this patient might have a 
hematogenous infection with Kingella kingae. Besides 
the bones, this organism displays a tropism for what 
other anatomic site?
A.	 Esophagus
B.	 Kidneys
C.	 Brain
D.	 Heart

2.  What should you consider regarding the clinical 
presentation of invasive infection with K. kingae?
A.	 Most	children	with	invasive	infection	have	multiple	

chronic	medical	conditions
B.	 Nearly	all	children	have	fever
C.	 A	normal	serum	C-reactive	protein	level	rules	out	the	

possibility	of	K. kingae	osteomyelitis
D.	 The	typical	presentation	of	K. kingae	bacteremia	

makes	the	diagnosis	easy	to	miss

3.  You initiate laboratory work to identify possible  
K. kingae infection for this patient. Which of the 
following statements regarding the diagnostic process 
for K. kingae infections is most accurate?
A.	 Less	than	1%	of	children	between	12	and	24	months	

old	harbor	the	K. kingae	bacterium
B.	 Bone	exudates	in	particular	grow	well	on	routine	solid	

culture	media
C.	 Medium	consisting	of	blood-agar	with	added	2	mg/

mL	of	vancomycin	should	be	avoided	in	respiratory	
cultures

D.	 Nucleic	acid	amplification	assays	have	improved	the	
sensitivity	of	detection	of	K. kingae and	reduce	the	
time	needed	for	diagnosis

4.  The patient is diagnosed with K. kingae 
osteomyelitis. What should you consider regarding a 
possible outbreak of infection in his day care class?
A.	 Previous	data	suggest	that	the	risk	for	another	 

K. kingae	infection	within	1	month	exceeds	10%
B.	 Isoniazid	is	the	drug	of	choice	as	prophylaxis
C.	 Azithromycin	is	the	drug	of	choice	as	prophylaxis
D.	 Multiple	antibiotic	prescriptions	are	associated	with	

100%	eradication	of	K. kingae

1. The activity supported the learning objectives. 
Strongly	Disagree Strongly	Agree	

1 2 3 4 5
2. The material was organized clearly for learning to occur.

Strongly	Disagree Strongly	Agree
1 2 3 4 5

3. The content learned from this activity will impact my practice.
Strongly	Disagree Strongly	Agree

1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.

Strongly	Disagree Strongly	Agree
1 2 3 4 5

922	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014



NEWS	&	NOTES

Upcoming Issue
Effects	of	Q	Fever	during	Pregnancy	on	Mother	and	Child
Short-Term	Malaria	Reduction	by	Single-Dose	Azithromycin	during	
Mass	Drug	Administration	for	Trachoma,	Tanzania
Human	Polyomavirus	9	Infection	in	Kidney	Transplant	Patients
Oral	Fluid	Testing	for	Pertussis,	England	and	Wales
Importation	of	Falciparum malaria	to	Guatemala	from	Democratic	
Republic	of	the	Congo
Clinical	and	Laboratory	Characteristics	of	Patients	with	Mild	to	
Moderate	Primary	Pulmonary	Coccidioidomycosis
Dengue	Virus	Type-3,	South	Pacific	Islands,	2013
Identification	of	Possible	Virulence	Marker	from	Campylobacter 
jejuni	Isolates
MERS	Coronaviruses	in	Dromedary	Camels,	Egypt	
Timeliness	of	Yellow	Fever	Surveillance,	Central	African	Republic	
Sequential	Infection	with	2	Norovirus	Genotypes
New	Hepatitis	E	Virus	Genotype	in	Camel,	the	Middle	East
Co-infection	with	Mycobacterium ulcerans	and	Mansonella 
perstans	among	Buruli	Ulcer	Patients,	Ghana	
Human	Infection	with	MERS	Coronavirus	after	Exposure	to	
Infected	Camels,	Saudi	Arabia,	2013		
Unraveling	the	Mysteries	of	Middle	East	Respiratory	Syndrome	
Coronavirus	
Genetic	Relatedness	of	Dolphin	Rhabdovirus	and	Fish	
Rhabdoviruses
Schmallenberg	Virus	Circulation	in	High	Mountain	Ecosystem,	
Northeastern	Spain
Bartonella	spp.	and	Yersinia pestis	Reservoirs,	Cusco,	Peru
Videodermatoscopic	Diagnosis	of	Trombiculosis
Novel	Henipa-like	Virus,	Mojiang	Paramyxovirus,	in	Rats,	 
China,	2012	
Streptococcus suis	Infection	and	Malignancy	in	Man,	Spain
Human	Granulocytic	Anaplasmosis	Acquired	in	Scotland,	2013
Novel	Reassortant	Influenza	A(H5N8)	Viruses,	South	Korea,	2014	

Complete	list	of	articles	in	the	June	issue	at	http://www.cdc.gov/eid/upcoming.htm

Upcoming Infectious
Disease Activities

May 10–13, 2014
ECCMID
European Congress of Clinical 
Microbiology and Infectious Diseases 
Barcelona, Spain
http://www.eccmid.org/

May 17–20, 2014
114th General Meeting 
American Society for Microbiology
Boston, MA
http://www.asm.org/asm2014/

June 24–27, 2014
EMBO conference on  
Microbiology After the Genomics 
Revolution – Genomes 2014
Institut Pasteur, Paris
http://www.genomes-2014.org

July 27–August 1, 2014
IUMS 2014
International Union  
of Microbiological Societies
Montréal, Canada  
http://www.montrealiums2014.org/
side_registration/secure_online_
registration_e.shtml

September 5–9, 2014
ICAAC 2014
Interscience Conference on 
Antimicrobial Agents and 
Chemotherapy
Washington, DC
http://www.icaac.org

October 8–12, 2014
ID Week 2014
Philadelphia, PA
http://www.idweek.org/

October 31–November 3, 2014
IMED 2014
Vienna, Austria
http://imed.isid.org

November 15–19, 2014
APHA 142nd Annual Meeting & Expo
New Orleans, LA
http://www.apha.org/meetings/

Announcements
To submit an announcement, send an email message 
to EIDEditor (eideditor@cdc.gov). Include the 
date of the event, the location, the sponsoring 
organization(s), and a website that readers may visit 
or a telephone number or email address that readers 
may  contact for more information.

Announcements may be posted on the journal Web 
page only, depending on the event date.

	 Emerging	Infectious	Diseases	•	www.cdc.gov/eid	•	Vol.	20,	No.	5,	May	2014	 923





Instructions to Authors
Manuscript Submission. To submit a manuscript, access Manuscript Central from 

the Emerging Infectious Diseases web page (www.cdc.gov/eid). Include a cover letter 
indicating the proposed category of the article (e.g., Research, Dispatch), verifying the 
word and reference counts, and confirming that the final manuscript has been seen and 
approved by all authors. Complete provided Authors Checklist. 

Manuscript Preparation. For word processing, use MS Word. Set the document 
to show continuous line numbers. List the following information in this order: title page, 
article summary line, keywords, abstract, text, acknowledgments, biographical sketch, 
references, tables, and figure legends. Appendix materials and figures should be in 
separate files. 

Title Page. Give complete information about each author (i.e., full name, graduate 
degree(s), affiliation, and the name of the institution in which the work was done). Clearly 
identify the corresponding author and provide that author’s mailing address (include 
phone number, fax number, and email address). Include separate word counts for ab-
stract and text. 

Keywords. Use terms as listed in the National Library of Medicine Medical  
Subject Headings index (www.ncbi.nlm.nih.gov/mesh).

Text. Double-space everything, including the title page, abstract, references, tables, 
and figure legends. Indent paragraphs; leave no extra space between paragraphs. After 
a period, leave only one space before beginning the next sentence. Use 12-point Times 
New Roman font and format with ragged right margins (left align). Italicize (rather than 
underline) scientific names when needed. 

Biographical Sketch. Include a short biographical sketch of the first author—both 
authors if only two. Include affiliations and the author’s primary research interests. 

References. Follow Uniform Requirements (www.icmje.org/index.html). Do not 
use endnotes for references. Place reference numbers in parentheses, not super-
scripts. Number citations in order of appearance (including in text, figures, and tables). 
Cite personal communications, unpublished data, and manuscripts in preparation or 
submitted for publication in parentheses in text. Consult List of Journals Indexed in 
Index Medicus for accepted journal abbreviations; if a journal is not listed, spell out 
the journal title. List the first six authors followed by “et al.” Do not cite references in 
the abstract.

Tables. Provide tables within the manuscript file, not as separate files. Use the MS 
Word table tool, no columns, tabs, spaces, or other programs. Footnote any use of bold-
face. Tables should be no wider than 17 cm. Condense or divide larger tables. Extensive 
tables may be made available online only.  

Figures.  Submit editable figures as separate files (e.g., Microsoft Excel, PowerPoint).  
Photographs should be submitted as high-resolution (600 dpi) .tif or .jpeg files. Do not 
embed figures in the manuscript file. Use Arial 10 pt. or 12 pt. font for lettering so that 
figures, symbols, lettering, and numbering can remain legible when reduced to print size. 
Place figure keys within the figure. Figure legends should be placed at the end of the 
manuscript file.

Videos. Submit as AVI, MOV, MPG, MPEG, or WMV. Videos should not exceed 5 
minutes and should include an audio description and complete captioning. If audio is 
not available, provide a description of the action in the video as a separate Word file. 
Published or copyrighted material (e.g., music) is discouraged and must be accompanied 
by written release. If video is part of a manuscript, files must be uploaded with manu-
script submission. When uploading, choose “Video” file. Include a brief video legend in 
the manuscript file.

Types of Articles
Perspectives. Articles should not exceed 3,500 words and 40 references. Use of 

subheadings in the main body of the text is recommended. Photographs and illustra-
tions are encouraged. Provide a short abstract (150 words), 1-sentence summary, and 
biographical sketch. Articles should provide insightful analysis and commentary about 
new and reemerging infectious diseases and related issues. Perspectives may address 
factors known to influence the emergence of diseases, including microbial adaptation and 
change, human demographics and behavior, technology and industry, economic devel-
opment and land use, international travel and commerce, and the breakdown of public 
health measures.  

Synopses. Articles should not exceed 3,500 words and 40 references. Use of sub-
headings in the main body of the text is recommended. Photographs and illustrations are 
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical 
sketch. This section comprises concise reviews of infectious diseases or closely related 
topics. Preference is given to reviews of new and emerging diseases; however, timely 
updates of other diseases or topics are also welcome.  

Research. Articles should not exceed 3,500 words and 40 references. Use of sub-
headings in the main body of the text is recommended. Photographs and illustrations are 
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical 
sketch. Report laboratory and epidemiologic results within a public health perspective. 
Explain the value of the research in public health terms and place the findings in a larger 
perspective (i.e., “Here is what we found, and here is what the findings mean”).

Policy and Historical Reviews. Articles should not exceed 3,500 words and 40 refer-
ences. Use of subheadings in the main body of the text is recommended. Photographs 
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence sum-
mary, and biographical sketch. Articles in this section include public health policy or his-
torical reports that are based on research and analysis of emerging disease issues.

Dispatches. Articles should be no more than 1,200 words and need not be divided 
into sections. If subheadings are used, they should be general, e.g., “The Study” and 
“Conclusions.” Provide a brief abstract (50 words); references (not to exceed 15); figures 
or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dis-
patches are updates on infectious disease trends and research that include descriptions 
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens. 
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimi-
nation programs are appropriate. Case reports are also welcome.

Another Dimension. Thoughtful essays, short stories, or poems on philosophical is-
sues related to science, medical practice, and human health. Topics may include science 
and the human condition, the unanticipated side of epidemic investigations, or how people 
perceive and cope with infection and illness. This section is intended to evoke compassion 
for human suffering and to expand the science reader’s literary scope. Manuscripts are 
selected for publication as much for their content (the experiences they describe) as for 
their literary merit. Include biographical sketch.

Letters. Letters commenting on recent articles as well as letters reporting cases, out-
breaks, or original research, are welcome. Letters commenting on articles should contain 
no more than 300 words and 5 references; they are more likely to be published if submit-
ted within 4 weeks of the original article’s publication. Letters reporting cases, outbreaks, or 
original research should contain no more than 800 words and 10 references. They may have 
1 figure or table and should not be divided into sections. No biographical sketch is needed.

Commentaries. Thoughtful discussions (500–1,000 words) of current topics.  
Commentaries may contain references (not to exceed 15) but no abstract, figures, or 
tables. Include biographical sketch.

Books, Other Media. Reviews (250–500 words) of new books or other media on 
emerging disease issues are welcome. Title, author(s), publisher, number of pages, and 
other pertinent details should be included.

Conference Summaries. Summaries of emerging infectious disease conference ac-
tivities (500–1,000 words) are published online only. They should be submitted no later 
than 6 months after the conference and focus on content rather than process. Provide 
illustrations, references, and links to full reports of conference activities.

Online Reports. Reports on consensus group meetings, workshops, and other activi-
ties in which suggestions for diagnostic, treatment, or reporting methods related to infec-
tious disease topics are formulated may be published online only. These should not exceed 
3,500 words and should be authored by the group. We do not publish official guidelines or 
policy recommendations.

Photo Quiz. The photo quiz (1,200 words) highlights a person who made notable 
contributions to public health and medicine. Provide a photo of the subject, a brief clue 
to the person’s identity, and five possible answers, followed by an essay describing the 
person’s life and his or her significance to public health, science, and infectious disease. 

Etymologia. Etymologia (100 words, 5 references). We welcome thoroughly researched 
derivations of emerging disease terms. Historical and other context could be included. 

Announcements. We welcome brief announcements of timely events of interest to 
our readers. Announcements may be posted online only, depending on the event date. 
Email to eideditor@cdc.gov. 

Emerging Infectious Diseases is a peer-reviewed journal established expressly to promote the recognition of new and 
reemerging infectious diseases around the world and improve the understanding of factors involved in disease emergence, prevention, and elimination. 

The journal is intended for professionals in infectious diseases and related sciences. We welcome contributions from infectious disease specialists in 
academia, industry, clinical practice, and public health, as well as from specialists in economics, social sciences, and other disciplines. Manuscripts in all 
categories should explain the contents in public health terms. For information on manuscript categories and suitability of proposed articles, see below and 
visit http://wwwnc.cdc.gov/eid/pages/author-resource-center.htm.

Emerging Infectious Diseases is published in English. To expedite publication, we post some articles online ahead of print. Partial translations of the 
journal are available in Japanese (print only), Chinese, French, and Spanish (http://wwwnc.cdc.gov/eid/pages/translations.htm).


