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Francisella tularensis is a small gram-negative coccobacillus and 
is the causative agent of tularemia. Also known as rabbit fever 
and deer fly fever, tularemia is a multisystemic disease that af-
fects many animal species including humans.6,11,30,34,37 F. tularensis 
can be transmitted to humans and other animals by the bite of 
arthropods, aerosol, ingestion, or broken-skin contact with in-
fective materials. In the United States, ticks and biting flies are 
the most common arthropods involved in the transmission of 
tularemia.9,11,30 Early signs of disease can include ulceration at the 
site of infection and regional lymphadenopathy; in some cases, 
local disease progresses to potentially fatal disseminated disease. 
Pneumonia is associated with the highest case fatality rate and 
can occur with aerosol exposure or hematogenous spread.27,30 
F. tularensis has a low infectious dose: exposure to as few as 1 to 
10 organisms can cause fatal disease in humans.27 Because of its 
potential for transformation into a bioterrorism weapon, F. tula-
rensis is a US Department of Health and Human Services Tier 1 
Select Agent. Isolation of the organism from any source must be 
reported to the Centers for Disease Control within 24 h.6,33

Tularemia was first identified in Tulare county in California  
and has caused large die-offs of rodents and rabbits during 

epizootics.12,17,19,24,25 It is enzootic in much of the northern 
hemisphere.8,37 Most human cases of tularemia are caused by 
either of 2 subspecies of F. tularensis, tularensis and holartica, which 
are both present in the United States. F. tularensis subsp. tularensis 
can be further divided into type A1, found in the eastern United 
States, and type A2 in the western United States, with A1 hav-
ing greater case fatality.20,29 F. tularensis subsp. holartica can be di-
vided into biovars I, II, and III (also known as japonica).9,11,36 The 2 
other subspecies of F. tularensis are not commonly associated with 
human disease in the United States. F. tularensis subsp. mediaasi-
atica is found only in central Asia.12,19 F. tularensis subsp. novicida 
has worldwide distribution but low pathogenicity and typically is 
associated with disease in immunocompromised patients.4,19 Sub-
species tularensis and holartica have both been reported to cause 
disease in nonhuman primates, with holartica being more com-
mon in captive primates in the United States.20

Tularemia had been diagnosed 3 times in outdoor-housed ani-
mals at the California National Primate Research Center between 
1987 and 1990. No additional cases were observed until 2010, 
when a series of young rhesus macaques presented with fever, 
lethargy, and pronounced mesenteric lymphadenopathy. Eleven 
cases of tularemia were confirmed by culture or PCR analysis 
at necropsy, and an additional 9 animals with similar clinical 
signs were treated with antibiotics and recovered. The clinical 
and pathologic findings strongly suggested ingestion as the route 
of exposure. The cases were clustered primarily in the facility’s 
southern outdoor housing area, with a single confirmed case oc-
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obtained by salvaging carcasses found on the facility grounds and 
the bordering roads. Carcass collection was conducted from July 
to midNovember 2011, coinciding with the time of year that the 
macaque tularemia cases were seen during 2010.

In addition to inspecting animals for the presence of ticks and 
other arthropods, the areas surrounding the primary enclosures 
were ‘flagged’ for ticks. A 1-m2 white cloth was dragged over 
vegetation and inspected for ticks every 10 to 15 m. Flagging 
was performed 4 times during November and December 2011. 
Flagging started once the rainy season began and on days when  
the temperature was above 50 °F, when Dermacentor ticks might 
be active.

Sample collection. Necropsies were performed in a class II 
A/B biosafety cabinet. Carcasses were examined externally 
for ectoparasites and pathologic lesions. All ectoparasites were  
collected with forceps and placed in 70% ethanol in 1.5-mL mi-
crocentrifuge tubes. The abdomen and thorax of each carcass 
were opened and further examined for pathology. Blood was  
collected from the heart, large vessels, or chest cavity and placed 
in plastic microcentrifuge or vacuum tubes for serum collection. 
The spleen, liver, mesenteric lymph nodes, urine, and feces were 
collected and each placed in 1.5-mL tubes. If any gross lesions 
were present, samples were saved both in formalin and frozen in 
1.5-mL tubes. Instruments and work surfaces were washed and 
disinfected with 10% sodium hypochlorite or Envirocide (Metrex, 
Orange, CA) between animals. Samples were stored at −80 °C.

PCR analysis for presence of F. tularensis. DNA was extracted 
from spleen samples of each collected small mammal18 by using 
the DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) and the 
manufacturer’s spin-column protocol for spleen. The tissue sam-
ples were handled and initial DNA extraction steps were com-
pleted in a class II A biosafety cabinet. Because most abdominal 
and thoracic organs were missing from one jackrabbit carcass, 
a mesenteric lymph node was used for DNA extraction. DNA 
also was extracted from tissue from any ulcerative or abscessed 
lesions.1 The manufacturer’s instructions were followed, with the 
addition of an extra drying spin after the washes. The final elution 
step was performed with 50 µL molecular-grade H2O to maxi-
mize the DNA concentration. The extraction was done according 
to the same procedure used with the macaque tissues during the 
2010 outbreak.

Fleas from each carcass were sorted and then pooled (maxi-
mum, 3 fleas) by genus. The dorsum of each flea was incised with 
a clean razor blade and then incubated in lysis buffer (DNeasy 
Blood and Tissue Kit, Qiagen) and proteinase K overnight.  
After the lysis steps, the exoskeleton of each flea was reserved for 
mounting and species identification; DNA was extracted from the 
remainder as done for the animal tissues.

Real-time PCR detection of F. tularensis was performed as 
described1 by using a StepOnePlus PCR machine (Applied Bio-
systems, Grand Island, NY). Primers and probe specific for the 
outer membrane protein gene fopA were used. Briefly, 12 µL PCR 
mixture contained 6 µL TaqMan mix (Applied Biosystems), 4.4 µL 
PCR-quality H2O, 0.6 µL of the primer–probe mixture, and 1 µL 
of extracted DNA. All PCR runs were performed with 3 negative 
control wells, with H2O added instead of DNA and a positive con-
trol of DNA from a macaque affected in the 2010 outbreak. Cycle 
threshold values below 40 were considered positive.

PCR for subspecies identification of F. tularensis. Samples of 
extracted DNA from 4 macaques cases confirmed to be positive 

curring in the northern outdoor housing area. All clinical and 
confirmed cases occurred in animals younger than 4 y.

To investigate this outbreak of tularemia and assess the risk for 
ongoing disease, we prospectively surveyed local small mam-
mals and arthropods. In addition, we investigated the outbreak 
in macaques by conducting a retrospective cross-sectional sero-
survey of the macaques by using serum banked before and after 
the outbreak. A representative set of samples was selected from 
the populations in both the northern and southern colonies to 
evaluate the effect of age and housing location on the risk for ex-
posure. We hypothesized that seroprevalence would be higher in 
macaques in the southern colony than the northern colony, given 
the greater clinical incidence among animals in the southern en-
closures. Additional molecular diagnostics were used to identify 
the subspecies of F. tularensis involved in the recent epizootic, 
and new techniques were developed to identify the subspecies 
in historic cases.

Materials and Methods
Rodents were live-trapped and macaque samples were collect-

ed under IACUC-approved protocols at an AAALAC-accredited 
institution (California National Primate Research Center, Davis, 
CA). All animals were cared for in accordance with the Ani-
mal Welfare Act2 and the Guide for the Care and Use of Laboratory 
Animals.16 All wild-animal work and carcass salvage was done 
according to a California Department of Fish and Game permit.

Animal collection. Live trapping was conducted for 7 d in Sep-
tember 2011 by using 40 extra-large traps (HB Sherman Traps, 
Tallahassee, FL) and 12 squirrel-size traps (Tomahawk Live Traps, 
Hazelhurst, WI). Traps were set in areas with evidence of rodent 
activity and within a few hundred meters of the primate hous-
ing. A paste of peanut butter and oatmeal was used as bait in all 
traps. Squirrel-size traps were set for the entire day and night, 
with monitoring at least once every 3 h during daylight. Extra-
large Sherman traps were set in the evening and then checked the 
following morning. The solid-sided Sherman traps were closed 
in the morning to prevent capture of animals during the heat of 
the day.

Captured rodents were manually restrained in a mesh cap-
ture bag and sedated with ketamine (40 mg/kg) and xylazine  
(4 mg/kg)31 according to their estimated weight. Rodents trapped 
within 100 m of the primate enclosures were euthanized with 
an overdose of sodium pentobarbital. Euthanized animals were 
placed individually in sealed plastic bags and stored at 4 °C until 
ectoparasites and tissue collection could be performed. Rodents 
trapped outside the perimeter fence and 100 to 300 m from pri-
mate enclosures were released after sample collection. Ectopara-
sites and blood were collected in the field, individually numbered 
metal ear tags were placed, recovery from anesthesia was moni-
tored, and the rodents were released in the location they were 
trapped.

The personal protective equipment worn by personnel during 
live trapping was based on the close proximity to the primate 
enclosures and exceeded the campus requirement for protection 
from hantavirus when live trapping rodents in open spaces. Per-
sonnel involved in trapping wore facility-dedicated scrubs and 
shoes and disposable sleeves, nitrile gloves, surgical masks, and 
face shields. Leather gloves were worn while manually restraining 
rodents for sedation. Rodent carcasses also were obtained from 
the facility pest control program. Samples of additional species were 
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The RD1i primers produce a DNA fragment that is 198 bp shorter 
than that for the RD1 primers, yielding 1324 to 1325 bp for F. tular-
ensis subsp. tularensis, 1255 bp for F. tularensis subsp. mediaasiatica, 
726 bp for F. tularensis subsp. holartica (biovar I or II), 937 bp for 
F. tularensis subsp. holartica biovar III, and 3124 bp for F. tularensis 
subsp. novicida. The RD3i primers produce a 474-bp segment, and 
the RD6i primers generate a 341-bp segment; the results from 
RD3i and RD6i were interpreted together, as done for RD3 and 
RD6. In samples containing F. tularensis DNA, the presence of a 
band from RD3i primers only is diagnostic for F. tularensis subsp. 
tularensis A2, and the presence of a band from RD6i primers only 
is diagnostic for F. tularensis subsp. tularensis A1. If bands are gen-
erated from both RD3i and RD6i primers, the results are consis-
tent with either F. tularensis subsp. novicida or holartica.29

The DNA from the historic primate tularemia cases was ampli-
fied by using primers against RD1, RD3, and RD6, as described 
in the previous section. The second round of amplification was 
performed by using 1 µL of the first-round amplification product. 
For RD1i primers, initial denaturation was performed at 94 °C for 
5 min followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 
°C for 60 s. For RD3i and RD6i primers, initial denaturation was 
performed at 94 °C for 5 min followed by 30 cycles of 95 °C for 
45 s, 53 °C for 45 s, and 72 °C for 45 s. Electrophoresis and DNA 
sequencing were performed as described in the previous section.

Flea mounting and identification. After tissue lysis, flea exoskel-
etons were cleared in 0.78 M KOH (3 drops saturated solution 
from a standard disposable Pasteur pipet in 0.75 mL H2O) for 
24 h and then dehydrated in 70%, 80%, 95%, and 100% alcohol 
for at least 30 min at each step. Dehydrated exoskeletons were 
mounted on glass slides in Euparal (BioQuip Products, Rancho 
Dominguez, CA), and the slides were dried at 37 °C for at least 
3 wk before samples were examined microscopically for species 
identification.

Fleas were identified to the level of genus by using a key.35 
When available, current literature was used to confirm species.15,21 
Otherwise, flea species were identified by using an older refer-
ence.22

Serology. Representative samples from the macaque popula-
tions in the northern and southern enclosures were obtained by 
using random sampling, stratified by age and sex. Samples were 
selected from the routinely banked serum that was collected 
between August 2010 and April 2011. The preepizootic serum 
samples were selected in the same fashion from serum banked 
between August 2009 and April 2010. A total of 324 samples were 
evaluated, comprising 81 samples from each location before and 
after the outbreak. Serum samples from all small mammals col-
lected outdoors and 12 mice collected indoors were evaluated 
also.

Serology was conducted by using slide agglutination with F. tu-
larensis antigen (Becton Dickinson, Sparks, MD) according to the 
manufacturer’s instructions.3 Negative and positive controls were 
run with each test. Serum was screened at 1:20, and all samples 
testing positive were retested at a 1:160 dilution.

A positive serologic result was defined as titer of at least 160, 
and a sample with no agglutination at the 1:20 dilution was con-
sidered negative. Any intermediate results were categorized as 
indeterminate. For some mouse samples, the serum volume avail-
able was insufficient to confirm a negative result. For serum-limit-
ed samples, the 1:160 dilution was tested first, and lower dilutions 
were evaluated as serum volume permitted.

for F. tularensis by real-time PCR were available for subspecies 
identification. Conventional PCR was performed on the extracted 
DNA by using primers that targeted 3 of the regions of difference 
(RD) between subspecies.1,5,13,28,29 PCR was performed on each 
sample by using primers designed against regions RD1, RD3, and 
RD6 of F. tularensis.29 RD1 can be used to differentiate all subspe-
cies of F. tularensis according to the size of the PCR product. The 
PCR product from RD1 primers is 1522 to 1523 bp for F. tularen-
sis subsp. tularensis, 1453 bp for F. tularensis subsp. mediaasiatica, 
924 bp for F. tularensis subsp. holartica (biovar I or II), 1135 bp for 
F. tularensis subsp. holartica biovar III (japonica), and 3322 bp for 
F. tularensis subsp. novicida.5 Primers for RD3 produce a 570-bp 
product from F. tularensis subsp. tularensis A2, F. tularensis subsp. 
novicida, and F. tularensis subsp. holartica, whereas those for RD6 
produce a 396-bp product with F. tularensis subsp. tularensis A1, F. 
tularensis subsp. novicida, and F. tularensis subsp. holartica. When 
used in combination, the results from RD3 and RD6 enable differ-
entiation between F. tularensis subsp. tularensis A1 and A2 and dif-
ferentiation of F. tularensis subsp. tularensis (either biovar) from 
both subsp. novicida and holartica.29 Briefly, a 25-µL PCR mixture 
containing GoTaq Green Master Mix (Promega, Madison, WI) 
was used according to the manufacturer’s instructions with 0.5 
µM forward primer, 0.5 µM reverse primer, and 2.5 µL extracted 
DNA. For RD1, the initial denaturation was performed at 94 °C 
for 5 min followed by 35 cycles of 94 °C for 30 s, 56 °C for 30 s, 
and 72 °C for 60 s. For RD3 and RD6, the initial denaturation was 
performed at 94 °C for 5 min followed by 30 cycles of 95 °C for 45 
s, 53 °C for 45 s, and 72 °C for 45 s.

PCR products were separated electrophoretically on a 1% aga-
rose gel stained with GelStar (Lonza, Rockland, ME) and visualized 
under UV transillumination. Positive bands were excised from the 
gel and prepared for sequencing by using the QIAquick Gel Extrac-
tion Kit (Qiagen) according to the manufacturer’s instructions.

Automated DNA sequencing with PCR primers (Davis Se-
quencing, Davis, CA) was performed on the DNA extracted from 
each band. Electropherograms were evaluated visually, and high-
quality sequences were compared with other available sequences 
in the NCBI GenBank database.26 Subspecies identification was 
confirmed when a 100% match was obtained.

PCR for subspecies identification of Francisella tularensis in 
historic cases. DNA was extracted from stored samples from 3 
historic culture-positive cases of tularemia at the facility: a squir-
rel monkey in 1987, a rhesus macaque from 1989, and a rhesus 
macaque from 1990. DNA was obtained from scrolls cut from 2 
to 6 paraffin blocks containing biopsy or necropsy specimens for 
each case. The scrolls were incubated with lysis buffer (Qiagen) 
and proteinase K at 70 °C for 10 min and then centrifuged at 4 °C 
for 3 min. Wax then was removed from the samples, and DNA 
extraction was completed according to the DNeasy Blood and 
Tissue Kit (Qiagen) spin-column protocol.

The presence of F. tularensis DNA was confirmed by real-time 
PCR. A set of nested primers was developed to increase the sen-
sitivity of subspecies identification by conventional PCR. Primers 
were created by using 20 bp internal to the sequenced products 
from the 2010 macaque cases. The primers created were: RD1i, 5′ 
CAT TAT TAA AGA CAT CGC AC 3′ (RD1iF) and 5′ TAC AGC 
AAT CGT CAT TCT AC 3′ (RD1iR); RD3i, 5′ GGT ATC CAT TAA 
TCG TGG TA 3′ (RD3iF) and 5′ ATA CTG AGA CTC ATC CAT 
AC 3′ ( RD3iR); and RD6i, 5′ CCT AAT GCG GAA ACA TAT TG 
3′ (RD6iF) and 5′ CTT GCC AGC CTA ATA ATT AC 3′ (RD6iR ). 
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lesion. Splenic tissue and samples of each lesion were screened for  
F. tularensis by using real-time PCR. Carcasses salvaged from the 
grounds and surrounding roads included 2 additional ground 
squirrels, 3 raccoons (Procyon lotor), 3 jack rabbits (Lepus californi-
cus), and 2 feral cats (Felis catus). Seven of the trapped mice and 
all 16 of the ground squirrels trapped or received from the pest 
control program were collected in the immediate vicinity of the 
southern primate enclosures. None of the carcasses received came 
from the area immediately surrounding the northern enclosures.

Ectoparasite identification. Ectoparasites were collected from all 
host species represented except the single rat (Table 1). The most 
commonly identified ectoparasites were fleas, followed by lice. 
Fleas were categorized by species (Table 2), with members of the 
genera Hoplopsyllus and Echidnophaga having the greatest repre-
sentation. Flagging the areas adjacent to the macaque enclosures 
yielded various arthropods, but no ticks were collected.

PCR for presence of Francisella tularensis. All tissue samples 
from all small mammals collected (Table 1) and pooled samples of 
fleas (Table 2) tested negative for F. tularensis DNA by using real-
time PCR. Each run yielded a positive result from the positive 
control sample, and no amplification was detected after 50 cycles 
on all negative controls.

Wildlife serology for tularemia. A single raccoon was serologi-
cally positive; the other 2 raccoons and all other small mammals 
had no agglutination at the lowest dilution tested (1:20). For 8 of 
the 12 indoor-mouse samples evaluated, there was insufficient 
serum available to confirm negative serology, but all were nega-
tive at 1:160. The seropositive raccoon had no lesions consistent 

Statistics. Statistical analyses of the results were performed by 
using StatXact 9 (Cytel Software, Cambridge, MA). The serologic 
results for each population and time point were compared by  
using the Fisher exact test. Confidence intervals were generated 
by estimation of binomial parameters. The results of each popu-
lation after the epizootic were evaluated for age-related trends in 
the serologic results by using the Jonckheere–Terpstra test and for 
sex-associated differences by using the Kruskal–Wallis test. Statis-
tical significance was defined as a P value of less than 0.05.

Results
Animals collected. For the first 2 d, traps were distributed even-

ly between the northern and southern enclosures. Due to lack of 
trapping success and limited evidence of rodent activity around 
the northern enclosures, 75% of the traps were set around the 
southern enclosures for the remaining 5 d to maximize animal 
collection. Animals trapped (Table 1) included a total of 10 mice 
(Mus musculus) and 7 California ground squirrels (Otospermophi-
lus beecheyi); 3 of the mice were trapped outside of the perimeter 
fence and were released after ectoparasite examination and serum 
collection. All trapped animals were collected near the southern 
colony.

An additional 128 mouse, 1 rat (Rattus rattus), and 9 ground 
squirrel carcasses were received from the facility pest control 
program. The mice and rat were trapped inside buildings, and 
the ground squirrels were trapped in the southern enclosures. 
Two mice had abscesses, and another mouse had an ulcerative  

Table 1. Small mammals collected and ectoparasites present

No. of animals 
collected

No. (%) of animals collected that had Rate of  
parasitismaTicks Fleas Mites Lice

Mus musculus (trapped indoors) 129 0 (0%) 0 (0%) 3 (2.3%) 0 (0%) 3 (2.3%)
Mus musculus (trapped outdoors) 9 0 (0%) 2 (22.2%) 2 (22.2%) 0 (0%) 3 (33.3%)
Otospermophilus beecheyi 18 0 (0%) 18 (100%) 1 (5.5%) 9 (50%) 18 (100%)
Procyon lotor 3 0 (0%) 1 (33.3%) 0 (0%) 0 (0%) 1 (33.3%)
Lepus californicus 3 0 (0%) 0 (0%) 0 (0%) 1 (33.3%) 1 (33.3%)
Felis catus 2 0 (0%) 2 (100%) 0 (0%) 0(0%) 2 (100%)
Rattus rattus 1 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Total 165 0 (0%) 23 (14.0%) 6 (3.7%) 11 (6.7%) 29 (17.7%)
aTotal number (percentage) of animals collected that had ectoparasites; coinfestation counted only once.

Table 2. Fleas on small mammals

No. (%) of animals collected that had

Hoplopsyllus anomalus Oropsylla montana Echidnophaga gallinacea Ctenocephalides felis Totala

Mus musculus (trapped indoors) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Mus musculus (trapped outdoors) 1 (11%) 0 (0%) 1 (11%) 0 (0%) 0 (0%)
Otospermophilus beecheyi 17 (94.4%) 4 (22.2%) 13 (72.2%) 0 (0%) 18 (100%)
Procyon lotor 0 (0%) 0 (0%) 0 (0%) 1 (33%) 1 (33%)
Lepus californicus 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Felis catus 0 (0%) 0 (0%) 1 (50%) 1 (50%) 2 (100%)
Rattus rattus 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Total 18 (10.2%) 4 (2.4%) 15 (9.0%) 2 (1.2%)
aTotal number (%) of animals collected that had one or more species of flea.
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observed between female (6.0%) and male (9.6%) macaques in the 
northern colony (P = 0.66).

Subspecies identification. In the 4 macaque cases evaluated, the 
causative organism was identified as F. tularensis subsp. holartica 
(biovar I or II) according to the size and sequence of the RD1 PCR 
product. A product was generated for both RD3 and RD6 prim-
ers, thus ruling out F. tularensis subsp. tularensis, and the DNA 
sequences of these products were consistent with F. tularensis 
subsp. holartica also.

For the 3 historic macaque cases of tularemia, the causative 
organism of the 1989 rhesus macaque case was identified as  
F. tularensis subsp. holartica by sequencing of nested PCR products 
obtained by RD1and RD1i, RD3 and RD3i, and RD6 and RD6i 
primers. For the 1987 squirrel monkey case, RD6 and RD6i prim-
ers yielded the only clear band, but sequencing confirmed the 
subspecies to be holartica rather than tularensis. The 1990 macaque 
case had a weak positive result on real-time PCR, but the nested 
PCR analysis did not yield useable bands.

Discussion
A tularemia epizootic occurred in outdoor-housed rhesus  

macaques during 2010 in the context of a serologically naïve pop-
ulation prior to the outbreak. In the year after the outbreak, no 
cases of tularemia were identified in either the macaques or the 

with active tularemia infection, and its splenic tissue was PCR 
negative.

Macaque serology for tularemia. The population of the southern 
colony averaged 700 animals during the outbreak, so that the 19 
clinical cases represent a clinical incidence of 2.7%. The northern 
colony averages 3000 animals, so that the single case represents  
a clinical incidence of 0.03%.

No seropositive animals were identified from the macaque  
serum samples collected prior to the 2010 epizootic. Samples  
collected after the epizootic revealed seropositive macaques were 
in both the northern and southern colonies. The southern colony 
had a seroprevalence of 0% (95% confidence interval, 0.00% to 
4.45%) prior to the epizootic and 53.1% (95% confidence interval, 
41.7% to 64.3%) afterward (P < 0.0001). The northern colony had 
a seroprevalence of 0% (95% confidence interval, 0.00% to 4.45%) 
prior to the epizootic and 7.4% (95% confidence interval, 2.8%  
to 15.4%) afterward (P = 0.02839). The seroprevalence after the 
epizootic was significantly (P < 0.0001) higher in the southern 
colony than in the northern colony. No relationship was found 
between birth year and seroprevalence (Jonckheere–Terpstra test; 
Figures 1 and 2) in either the southern colony (P = 0.89) or north-
ern colony (P = 0.65). A sex-associated difference in seropreva-
lence was found in the southern colony, with female macaques 
having greater (P = 0.035) seroprevalence (63.0%) than male ma-
caques (38.2%). No significant difference in seroprevalence was 

Figure 1. Serology results from the southern colony.
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Serology for tularemia has the potential to cross react with sev-
eral bacterial antigens, including Yersinia, Brucella, and Salmo-
nella. Setting the diagnostic threshold to 1:160 diminishes the risk 
of cross-reactivity.3,11 The absence of positive serologic results in 
the macaque colony prior to the outbreak supports that cross-
reactivity was unlikely and therefore not a possible source of 
false-positive results.

The subspecies was identified as F. tularensis subsp. holartica in 
the 2010 macaque cases as well as 2 of the historic nonhuman pri-
mate cases. This subspecies has been associated with waterborne 
transmission, and infection has been documented in the widest 
variety of species including mammals, birds, amphibians, and 
invertebrates.11,19 F. tularensis subsp. holartica is the subspecies that 
has been isolated most frequently from captive nonhuman pri-
mates in the United States.20 Although F. tularensis subsp. tularensis 
generally is considered to have a higher case fatality rate, in the 
western United States F. tularensis subsp. holartica has a higher 
case fatality rate than does the local F. tularensis subsp. tularensis 
A2.20 Rodents are infected with F. tularensis subsp. holartica more 
commonly than are lagomorphs.20 Although no infected rodents 
were found in 2011, they very likely were involved in the ampli-
fication and transmission of tularemia to the primates in 2010. 
Primates are not considered to be either donor or recipient hosts12 
that would develop sufficiently high bacterial loads to infect vec-
tors. The pattern of lesions seen in the 2010 primate cases was 
consistent with exposure via ingestion of infective material. Direct 
transmission from primate to primate potentially could occur via 
bite wounds but is not consistent with the presence of mesenteric 

local small mammals. However, the serosurvey of the macaque 
population documented extensive seroconversion among ma-
caques, particularly those in the southern colony, where most 
clinical cases occurred. The northern and southern housing areas 
are separated by less than 0.2 mi, but the increased incidence of 
disease and seropositivity in the southern enclosures suggests dif-
ferences in exposure to infected vectors and reservoirs. Although 
not confirmed statistically, considerably less rodent activity was 
observed during trapping in the vicinity of the northern colony.

Clinical disease was limited to macaques younger than 4 y,  
although the serosurvey showed that older animals serocon-
verted at similar rates as those of younger animals in each of the 
housing locations. This finding is consistent with previous reports 
of tularemia in outdoor-housed cynomolgus macaques23 and 
rhesus macaques,10 in which fatal disease occurred primarily in 
the young animals but older animals had seroconverted. A large 
proportion of our young animals likely had subclinical disease, 
given that more than half of the macaques tested in the southern 
colony showed positive serology after the epizootic, and the 19 
clinical cases represented a very small proportion of the popula-
tion. The subclinical infections could affect research conducted 
on animals during a tularemia outbreak. Antibodies are present 
1 to 2 wk after infection but do not peak for 1 to 2 mo, thereby 
complicating rapid diagnosis in subclinically infected animals.3 
The increased seroprevalence observed in female macaques in 
the southern colony was unexpected, given that they are housed 
in mixed-sex groups, and the literature does not report such a 
sex-associated bias.

Figure 2. Serology results from the northern colony.
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and avoiding culture, the risk of transmission to diagnostic per-
sonnel can be minimized.

A single year of sample collection does not provide sufficient 
data to fully characterize the ecology of F. tularensis during in-
terepizootic periods. Additional studies are in progress to evalu-
ate the risk factors for tularemia in different outdoor-housing 
locations for nonhuman primates in northern California. Areas 
for future research include investigation of the roles of biting flies 
and mosquitoes32 in the transmission of tularemia, of wild rodents 
in amplification of tularemia during an epizootic, and of local 
bodies of water in the maintenance of endemic tularemia.
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