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Opossums and Cat Fleas: New Insights in the Ecology of Murine Typhus in Galveston, Texas
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Abstract. Murine typhus is an acute undifferentiated febrile illness caused by Rickettsia typhi. The classic reservoir
(Rattus spp.) and flea vector (Xenopsylla cheopis) were once culprits of murine typhus in the United States. Vector and
rodent control efforts have drastically decreased the prevalence of disease, except in a few endemic foci where opossums
and cat fleas play a role in transmission. Since 2012, there has been a reemergence of murine typhus in Galveston, TX.
We hypothesize that opossums and cat fleas are involved in the transmission of R. typhi in Galveston. To explore this,
we sought to find the seroprevalence of typhus group antibodies from opossums. We also sought to find the prevalence
of R. typhi in fleas parasitizing these animals. We collected blood from 12 opossums and found that eight (66.7%)
had the presence of anti-R. typhi antibodies. All opossums were infested with fleas; a total of 250 Ctenocephalides felis
fleas were collected from these animals. Seven opossums (53.8%) were infested with fleas that had molecular evidence
of R. typhi infection, while six (46.2%) were infested with fleas that contained Candidatus Rickettsia senegalensis,
an organism closely related to R. felis. The minimum flea infection rate for R. typhi was 7.0%. The minimum infection
rate for Candidatus R. senegalensis was 6.1%. Our study demonstrates that fleas infected with R. typhi parasitize opos-
sums in Galveston. It is therefore likely that opossums and their fleas play a role in the city’s recent reemergence of
murine typhus.

INTRODUCTION

Murine typhus is an illness caused by Rickettsia typhi, a
gram-negative obligate intracellular bacterium. The disease
is most prevalent in tropical and subtropical coastal regions
throughout the world where the primary reservoir (Rattus
spp.) and the flea vector (Xenopsylla cheopis) thrive.1 The
disease presents as an acute undifferentiated febrile illness.
It is often clinically indistinguishable from other causes of
fever, especially those prevalent in the tropics (e.g., malaria,
dengue, leptospirosis, scrub typhus, and spotted fever group
rickettsioses).2 Confirmation of diagnosis is difficult, as it
usually requires the serologic detection of antibodies, which
are often not present in the first week of illness. For these
reasons, murine typhus is mostly underdiagnosed and is often
not appreciated as a cause of disease.3 Although often ignored
or deemed irrelevant as a cause of febrile illness, murine
typhus continues to emerge as a cause of illness in commu-
nities in the United States.4–6 It has also been increasingly
recognized as a cause of fever in returning travelers.2

In 1944, the number of murine typhus cases in the United
States reached a peak of 5,401 and experienced a precipitous
decline in the years following. This decline has been attributed
to measures to control the proliferation of rats as well as the
broad use of dichlorodiphenyltrichloroethane (DDT) in the
mid to late 1940s, which dramatically decreased the burden of
ectoparasites, such as X. cheopis, infesting rats. By 1956, only
98 cases were reported in the United States.7 In Galveston, a
small city on the upper Texas coast, murine typhus was once a
prevalent infectious disease. Like other parts of the United
States, the incidence of disease took a remarkable decline
after the initiation of DDT-driven vector control programs.8

As the disease became a rarity in most parts of the country,
endemic foci in southern California and in South Texas

remained. In these areas, there exists an alternate cycle of
transmission thought to involve opossums and the cat flea
(Ctenocephalides felis).9,10

In Galveston, after decades of apparent disease quiescence
following the control of rat fleas with DDT,11,12 two cases of
murine typhus were diagnosed in 2012 with an additional
12 patients in 2013.4 Since this reemergence, murine typhus has
continued to affect residents of Galveston County (L. Blanton,
unpublished data). We hypothesize that in Galveston, opos-
sums play a role in the transmission of R. typhi, as they do in
the southernmost counties of Texas and in southern California.
To explore this hypothesis, we sought to find the prevalence
of rickettsial antibodies in reservoir animals that have been
implicated in the infectious cycle of R. typhi, and the pres-
ence of the bacterium within fleas parasitizing these animals.

MATERIALS AND METHODS

Opossum trapping. The Galveston Police Department Ani-
mal Services Unit provides Tomahawk cage traps (Tomahawk
Live Trap, Hazelhurst, WI) to those who wish to have nui-
sance opossums removed from their premises. This study was
conducted as part of the normal animal control efforts of the
city. The traps were baited with wet canned cat food, set in
the evening, and checked the following morning. Opossums
successfully trapped were removed from the property for fur-
ther study. To collect material for analysis, the opossums
were removed from the traps and manually restrained by
investigators. The opossums were combed for fleas using a
commercial flea comb for pets (Sentry, Omaha, NE). Blood
was collected from peripheral venous sites (external jugular
or saphenous veins) via a 23-gauge needle and 3-mL syringe.
Blood was placed in ethylenediaminetetraacetic acid and serum
separating tubes for DNA extraction and indirect immuno-
fluorescence assay (IFA) analysis, respectively. After sample
collection, the animals were relocated to a rural island as nor-
mally performed by the employees of the Animal Services
Unit. Rat trapping was also performed, but was unsuccessful
(Supplemental Information).
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Flea processing. Collected fleas were transferred from the
field to the laboratory, examined via a dissecting microscope,
and identified using a taxonomic key.13 The fleas underwent
surface decontamination by washing them in 5% bleach solu-
tion for 5 minutes, then in 70% ethanol for 5 minutes, and
then in three subsequent 1 minute phosphate-buffered saline
(PBS) rinses. The washed fleas were pooled in groups of two
to five and in some cases processed individually. Flea pools
were placed in a microcentrifuge tubes with 100 μL PBS and
then homogenized using a micropestle. DNA was extracted
from these homogenates using the DNeasy Blood and Tissue
Kit (QIAGEN, Valencia, CA).
Molecular techniques. DNA was extracted from 100 μL

of opossum blood using the DNeasy Blood and Tissue Kit
(QIAGEN). Real-time polymerase chain reaction (PCR)
using primers to amplify a conserved region of the rickettsial
citrate synthase gene was used to screen opossum blood and
fleas for the presence of rickettsial DNA.14 Flea pools ampli-
fied by real-time PCR were then subjected to conventional
PCR using primers to amplify a larger 383 base pair (bp)
region of the citrate synthase gene,15 and a nested reaction
to amplify a 231-bp region of the 17-kD antigen gene.10,16

Amplified PCR products of the aforementioned conven-
tional and nested reactions were used for restriction fragment
length polymorphism (RFLP) analysis. Two RFLP techniques
were used to ensure consistency of results. The citrate synthase
amplicons were digested using AluI (New England BioLabs,
Ipswich, MA), and the nested 17-kD antigen gene amplicons
were digested using XbaI (New England BioLabs) as described
elsewhere.10,17 Restriction enzyme digestion of amplified PCR
products from cell culture–propagated R. typhi and R. felis
DNA were used as positive controls. The digested products
were analyzed by separation on 8% precast polyacrylamide
gels (Life Technologies, Grand Island, NY), stained with
ethidium bromide as per the manufacturer’s instructions, and
visualized using a Gel Doc System (Bio-Rad, Hercules, CA).
Samples were considered positive for the presence of a rickett-
sial species if the digestion products from both the citrate
synthase and 17-kD gene amplicons were available for analysis.
To confirm the results of the RFLP analysis, DNA from six

flea pools (three with RFLP results corresponding to R. typhi
and three with RFLP results corresponding to R. felis) were
subjected to conventional PCR using primers to amplify por-
tions of the 17 kD,16 outer membrane protein B (OmpB),18

and citrate synthase genes15 as previously described. PCR
products were then cloned in chemically competent Escherichia
coli cells using the TOPO TA Cloning Kit (Life Technologies).
Plasmid DNA was purified with the PureLink Plasmid Mini-
prep Kit (Life Technologies). To ensure an accurate sequence,
plasmid DNA extracted from each clone was sequenced in
triplicate using a 3130xl Genetic Analyzer (Life Technologies).
Immunofluorescence assays. Opossum serum was tested

for antibodies against R. typhi, R. felis, and Rickettsia rickettsii
using IFA. Rickettsia typhi and R. rickettsii were grown in
Vero cells and used as whole cell antigen with assays
performed as previously described.19 Rickettsia felis Pedreira
strain, kindly provided by Marcelo Labruna, was grown in
S2 cells as described elsewhere20 and used to prepare antigen
slides as similar to those for R. typhi and R. rickettsii. The
secondary antibody used in these assays was fluorescein
isothiocyanate–conjugated rabbit anti-opossum IgG–h+l (Bethyl
Laboratories, Montgomery, TX) used at a dilution of 1:400.

Sera from human cases of murine typhus and spotted fever
rickettsiosis were used as positive controls on R. typhi and
R. rickettsii IFA slides, respectively. Secondary antibody used
for these positive controls was Alexa Fluor 488-conjugated
goat anti-human IgG (γ-chain specific) at a dilution of 1:400
(Jackson ImmunoResearch Laboratories, West Grove, PA).
Serum from an R. felis-infected guinea pig, collected 4 weeks
after intraperitoneal inoculation, was used as a positive control
for the R. felis antigen slides. Secondary antibody used for this
control was Alexa Fluor 488-conjugated goat anti-guinea pig
IgG (H+L) at a dilution of 1:1,000 (Life Technologies). Slides
were examined on an Olympus BX61 fluorescence micro-
scope (Olympus Scientific Solutions, Waltham, MA) at a mag-
nification of 400×.
Analysis. An estimation of the minimum infection rate

(MIR) of pooled flea samples was performed using computa-
tional methods described by Biggerstaff21 with downloadable
software for use in Microsoft Excel 2010 (Redmond, WA).22

This calculation was used to estimate the MIR of flea pools
collected from individual opossums and from the total pools
collected from all opossums. In cases where all pools were
positive (a scenario in which the abovementioned software is
unable to make its calculated estimate), the analysis was
performed with the assumption that each pool contained one
positive flea.

RESULTS

Of opossums trapped by the Galveston Police Department
Animal Services Unit during the summer and fall of 2014,
12 were analyzed for the purposes of this study. Material
from an additional opossum, caught during attempts to trap
rats in July 2015 (Supplemental Information), was also used
for analysis. The trapped opossums were caught from prop-
erties spread throughout the city (Figure 1). Seven (53.8%)
were female, and six (46.2%) were male. Seven (53.8%)
were adults, and the remaining six (46.2%) were juveniles.
Of these opossums, blood for serologic and molecular analysis
was obtained in 12 (in one animal, attempts to collect blood

FIGURE 1. Locations of opossums collected for analysis.
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were unsuccessful). Quantitative real-time PCR screening of
blood from these opossums was negative for the amplification
of rickettsial DNA. IFA of available sera revealed the pres-
ence of antibodies reactive against R. typhi in eight (66.7%),
R. felis in two (16.7%), and R. rickettsii in three (25.0%)
(Table 1). Of those with reactive sera by IFA, the geometric
mean reciprocal titers were 1,448, 256, and 203 for R. typhi,
R. felis, and R. rickettsii, respectively.
All 13 opossums included in this study were infested with

fleas (Table 2). A total of 250 C. felis fleas were collected
and grouped into 68 pools. Thirty-eight (55.9%) flea pools
contained rickettsial DNA amplified by real-time PCR. Of
these, 33 and 29 were amplified by conventional PCR for the
citrate synthase and 17-kD antigen genes, respectively. The
resultant amplicon bands were intense enough for interpreta-
tion of RFLP analysis in 27 citrate synthase and 17-kD gene
pairs, which represent 39.7% of the total pools of fleas.
Of these, 13 (19.1%), 11 (16.2%), and three (4.4%) had an
RFLP banding pattern for R. typhi, R. felis, and coinfection
with both agents, respectively. The estimated MIR for
R. typhi was 7.0% (95% confidential interval [CI], 4.2–
10.9%). The MIR of fleas with DNA similar to R. felis was

6.1% (95% CI, 3.5–9.8%). Seven opossums (53.8%) were
infested with fleas that contained DNA of R. typhi. Six opos-
sums (46.2%) were infested with fleas that contained DNA,
consistent with those previously reported for R. felis by
RFLP analysis.10,17

Amplification by conventional PCR and subsequent
sequencing confirmed the results of the RFLP analysis,
which had demonstrated R. typhi. When compared with the
R. typhi prototype strain Wilmington, Basic Local Alignment
Search Tool (BLAST) analysis of the DNA sequences of the
citrate synthase (GenBank accession numbers KU167053
[342/342 bp], KU167055 [342/342 bp], KU167056 [341/342 bp]),
17-kD antigen gene (KU167047 [394/394 bp], KU167049
[394/394 bp], KU167050 [394/394 bp]), and OmpB gene
amplicons (KU167059 [766/770 bp], KU167061 [770/770 bp],
KU167062 [769/770 bp]) were very similar. These sequences
were also very similar to the sequenced portions of an
R. typhi isolate collected from a Galvestonian patient with
murine typhus in 2013.4

Sequencing of samples with RFLP patterns suggestive of
R. felis demonstrated the presence of DNA with close homol-
ogy to sequences of organisms closely related to R. felis.
BLASTanalysis of the citrate synthase (KU167054 [342/342 bp],
KU167057 [342/342 bp], and KU167058 [342/342 bp]) and
OmpB (KU167060 [770/770 bp], KU167063 [768/770 bp],
and KU167064 [769/770 bp]) gene amplicons revealed closest
homology to Candidatus Rickettsia senegalensis. The 17-kD
antigen gene sequences (KU167048 [393/394 bp], KU167051
[394/394 bp], and KU167052 [394/394 bp]) showed closest
homology to a previously reported sequence generated from
C. felis fleas collected in South Carolina.

DISCUSSION

After the DDT-related reduction of X. cheopis on rats, the
incidence of murine typhus in the United States was greatly
reduced.7 Despite the dramatic effect of DDT, endemic foci
of murine typhus have remained in southern California and
in South Texas, where there exists an apparent alternate
reservoir–vector cycle of transmission.23 This alternate cycle
of transmission, involving opossums and their fleas, was
first noted during a study to elucidate the cause of murine

TABLE 1
Seroreactivity of opossums against Rickettsia typhi, Rickettsia felis,
and Rickettsia rickettsii antigens

Opossum

Reciprocal IFA titer

R. typhi R. felis R. rickettsii

1 256 NR NR
2 8,192 512 256
3 NR NR NR
4 4,096 128 256
5 NR NR NR
6 NR NR NR
7 1,024 NR 128
8 1,024 NR NR
9 NA NA NA
10 1,024 NR NR
11 2,048 NR NR
12 NR NR NR
13 1,024 NR NR

1,448* 256* 203*
IFA = immunofluorescence assay; NA = not available; NR = nonreactive at a titer of 1:128.
*Geometric mean of the reciprocal titer for reactive samples.

TABLE 2
Molecular evidence of rickettsiae infecting fleas collected from opossums

Opossum No. of flea pools (total fleas)

No. of positive pools MIR % (95% CI)

Rickettsia typhi Rickettsia felis-like R. typhi and R. felis-like R. typhi R. felis-like

1 3 (7) 0 0 0 0 0
2 3 (8) 1 0 0 12.7 (0.8–52.3) 0
3 6 (17) 2 0 0 12.6 (2.4–37.2) 0
4 8 (35) 1 2 3 13.9 (4.8–32.0) 19.2 (7.8–41.2)
5 16 (83) 3 0 0 3.8 (1.0–10.1) 0
6 2 (4) 0 1 0 0 24.9 (1.6–82.0)
7 5 (25) 0 2 0 0 8.8 (1.7–27.9)
8 3 (7) 3 0 0 42.9* 0
9 2 (4) 0 0 0 0 0
10 6 (24) 2 1 0 8.9 (1.7–27.6) 4.2 (0.3–19.2)
11 7 (19) 0 1 0 0 5.3 (0.3–23.7)
12 5 (15) 0 4 0 0 36.3 (13.5–77.1)
13 2 (2) 1 0 0 50.0* 0

Total 68 (250) 13 11 3 7.0 (4.4–10.9) 6.1% (3.5–9.8)
CI = confidential interval; MIR = minimum infection rate.
*When all pools are positive or fleas are tested individually, the likelihood methods for the estimated MIR fail. In these cases, the calculation was performed with the assumption that there is

only one infected flea per positive pool.
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typhus occurring in suburban Los Angeles, away from the
traditional urban focus of disease.9 Since then, opossums and
their fleas (C. felis) have been implicated as a presumed
reservoir–vector source, which fuels the remaining foci of
endemicity in the United States.5,9,10,24,25

In Galveston, as in the rest of the country, the incidence of
murine typhus sharply decreased with the dusting of rat runs
with DDT.8 Even after discontinuation of the pesticide due to
environmental concerns, the disruption of the disease cycle
seemed to have lasting effects. When murine typhus made an
apparent reappearance in Galveston, we could not help but
wonder if the alternate cycle of transmission had a role in
its reemergence. After all, opossums and C. felis fleas have
been linked to cases of murine typhus in a city with long-
standing endemicity (Corpus Christi, TX)11,12 and in a city
with a recent outbreak (Austin, TX)5—both of which are only
220 miles from Galveston.
The reported prevalence of antibodies to R. typhi in opos-

sums has varied depending on the location, year, and
methods used to detect anti-R. typhi antibodies. Studies in
Corpus Christi have found the R. typhi seroprevalence in
opossums to be 60%, 25%, and 8% by latex agglutination,
enzyme-linked immunoassay, and IFA, respectively.25,26 In
the investigation, which described an outbreak of murine
typhus in Austin, 70.6%, 47.1%, and 29.4% of opossums
were reported to be seropositive at minimum reciprocal IFA
IgG titers of 32, 64, and 128, respectively.5 In California, the
seroprevalence rates in opossums trapped in the vicinity of
human murine typhus cases have varied. The aforementioned
study by Adams and others, which first implicated opossums
and their fleas as a potential culprit, found 10.7% of opossums
were seropositive for typhus group antibodies.9 Subsequent
studies have reported 0% and 42% seropositivity.24,27 In our
study, two-thirds of opossums were seropositive for anti-
R. typhi antibodies at a conservative cutoff titer (1:128).
In this study, the estimated MIR of R. typhi in C. felis fleas

was 7.0% (95% CI, 4.2–10.9%). This is likely an underesti-
mate, considering the lower sensitivity of conventional PCR
used for the RFLP analysis, compared with the initial screen-
ing real-time PCR, but is still a relatively high prevalence
of R. typhi among fleas compared with other areas of the
United States where murine typhus is endemic. The presence
of R. typhi within C. felis fleas collected from opossums
in Corpus Christi has been reported to range from 0.6% to
0.8%.10,25 In southern California, an MIR of 1.7% for R. typhi
has been found in pools of fleas collected from Orange
County and Los Angeles County opossums.27 In contrast,
fleas collected from opossums in San Bernardino County,
an area with fewer reported human cases than Orange and
Los Angeles counties, showed no evidence of infection with
R. typhi.28

None of the opossums analyzed had evidence of rickettsemia
by PCR. Although the kinetics of circulating rickettsiae
within opossums is unknown, the absence of rickettsemia in
these opossums is not entirely surprising, as our analysis
only represents a snapshot in time. Even in humans acutely
ill with rickettsioses, detected rickettsemia seems to be an
event that occurs late in the course of severe illness, limit-
ing the use of PCR as a sensitive diagnostic tool during
acute illness. Furthermore, the detection of anti-rickettsial
antibodies via serologic assays during the later stages of
acute illness correlates with the clearance of DNA in the

bloodstream and inability to cultivate the organism from
peripheral blood.29

In this study, we were unable to capture rats for analysis.
This certainly does not mean there is an absence of rats in
the city of Galveston, but this may indicate a relatively small
population compared with that in decades past. Although
trapping was performed over several parts of the island,
including areas with reported sightings by residents, rat infes-
tations may be localized to individual homes or buildings in
which trappings were not performed.
Interestingly, in our study, we found no evidence of R. felis

DNA from our sequencing analysis. Rather, these fleas dem-
onstrated the presence of another rickettsial organism with
close relation to R. felis. The amplified OmpB and citrate
synthase genes showed close homology to the organism
termed Candidatus R. senegalensis (isolated from C. felis fleas
obtained from a cat in Dakar, Senegal).30 The 17-kD antigen
gene was homologous to a sequence generated from a C. felis
flea collected from a dog in South Carolina.31 Like R. felis,
Candidatus R. senegalensis and Candidatus Rickettsia asem-
boensis (another closely related rickettsiae) have been identi-
fied in C. felis fleas.30,32,33 The pathogenic potential of these
two rickettsiae for humans is unknown; they may simply play
a role as a symbiont or commensal in fleas. In our study, two
opossums had antibodies reactive against both spotted fever
and transitional group rickettsial antigens (R. rickettsii and
R. felis, respectively), but these same opossums also had much
higher antibody titers to R. typhi. Therefore, these low titers
against R. rickettsii and R. felis may be explained by cross-
reactivity to non-lipopolysaccharide-related antigens common
within all rickettsial groups.19,34 Although we cannot exclude
the possibility that Candidatus R. senegalensis was responsible
for the induction of antibodies reactive against R. felis and
R. rickettsii, we speculate that this agent does not cause a
robust antibody response in opossums, as R. typhi does.
The apparent eradication of murine typhus after the use of

DDT is a remarkable example of vector control as a means of
controlling human disease. With the resurgence of murine
typhus in Galveston, its appearance in other communities,
and the potential of R. typhi to spread to areas where non-
classical reservoirs (i.e., opossums) thrive, it is important to
understand the dynamics of potential reservoirs and vectors in
respect to human disease. It is also imperative to recognize
murine typhus as a cause of febrile illness and consider vector/
reservoir control as a means of curbing its reemergence.
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