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ABSTRACT: Flea-borne diseases are endemic in Texas, U.S.A., with an increasing incidence of flea-borne typhus and cat scratch
disease. Knowledge of flea natural history could provide information to protect public health, yet many knowledge gaps remain
outside of plague-endemic regions. Our objective was to characterize seasonal activity patterns of fleas on common mammalian
wildlife species and test fleas and wildlife for Rickettsia and Bartonella pathogens. We performed one year of monthly trapping
for rodents and medium-sized mammals in a national forest with high recreational use and urban encroachment in East Texas.
From 90 mammal captures representing seven species, 101 fleas were collected representing Polygenis spp., Ctenocephalides felis,
and Orchopeas species. Virginia opossums (Didelphis virginianus) hosted 99% of the collected fleas (100 fleas) and a single flea
was on an eastern woodrat (Neotoma floridana). Flea infestation prevalence of opossums was 79% (23/29). Mean flea abundance
was 4.39 fleas, with intensity peaking in spring. One cat flea removed from an opossum was positive for Bartonella henselae.
Furthermore, we identified tissue or blood of four raccoons (Procyon lotor) and one golden mouse (Ochrotomys nuttalli) positive
for Rickettsia amblyommatis. These findings provide an ecological basis for the maintenance of vectors and pathogens from
sylvatic settings. Journal of Vector Ecology 49 (2): R39-49. 2024.
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phenology.

INTRODUCTION

Fleas (Siphonaptera) are arthropod vectors that transmit
pathogens associated with significant morbidity and mortality
in human and other animal populations (Salje et al. 2021). For
example in the U.S. there has been a reemergence of flea-borne
rickettsioses, including flea-borne spotted fever, caused by
Rickettsia felis (Rickettsiales: Rickettsiaceae), and flea-borne
typhus (also known as murine typhus or endemic typhus),
caused by Rickettsia typhi in California since 2014 (Maina et
al. 2016), in Hawaii since 2002 (Eremeeva et al. 2008), and in
Texas since 2003 (Murray et al. 2017, Anstead 2020, Blanton
2023). Fleas are ubiquitous in diverse landscapes ranging from
natural habitats to peri-domestic and domestic habitats with
companion animal hosts. However, the majority of flea and
flea-borne disease research concentrates on urban outbreaks.
For example, urban flea-borne typhus outbreaks have been
studied in Texas and California (Yomogida et al. 2024) and
studies in sylvatic environments tend to focus on plague (e.g.,
vulnerable rodent population dynamics and Yersinia pestis
(Enterobacterales: Yersiniaceae) surveillance in wildlife)
(Hammond et al. 2019, Poje et al. 2020). Accordingly, flea
and pathogen natural history in non-urban settings remains
understudied.

Approximately 2,000 species and subspecies of flea
exist, but only a subset are considered important vectors of
pathogens (Eisen et al. 2009). These flea taxa can transmit
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pathogens through blood-feeding or via contact between
contaminated flea feces and mucous membranes of a
host (Bartonella henselae, R. typhi, R. felis). The cat flea,
Ctenocephalides felis Bouché (Siphonaptera: Pulicidae), is
a cosmopolitan species known to transmit R. felis and R.
typhi (Blanton and Walker 2017). Traditionally, Ct. felis is
considered both the reservoir and vector for R. felis given
that vertical transmission from adult flea to progeny and
flea co-feeding transmission has been documented; no
wildlife reservoir has been incriminated (Wedincamp and
Foil 2002, Brown et al. 2015). However, recent research has
shown the capability of domestic dogs to serve as efficient
reservoirs for R. felis (Ng-Nguyen et al. 2020). Urban and
suburban flea hosts such as dogs, cats, and opossums have
been documented to be seropositive for Rickettsia species
(Boostrom et al. 2002, Case et al. 2006, Adjemian et al. 2010)
and likely serve as pathogen reservoirs. Ctenocephalides felis
can also transmit the causative agent of cat scratch disease,
Bartonella  henselae (Hyphomicrobiales: Bartonellaceae),
for which felids serve as reservoirs (Schwartzman 2015).
Other flea species have been documented to be positive for
Bartonella sp. (Reeves et al. 2005, Millan et al. 2023), but
their role in transmission is unclear given the route through
infected flea feces (Schwartzman 2015).

Fleas are obligatory hematophagous insects dependent
on hosts’ blood during the adult life stage and are found
on a diversity of vertebrates. Cats and dogs are known to
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be common flea hosts in domestic spaces; however, most
co-evolutionary flea-host associations were not with these
hosts. Approximately 74% of flea species co-evolved with
rodents, 8% with Soricomorpha (e.g., shrews), 5% each from
Metatheria (e.g., opossums) and Chiroptera (e.g., bats),
and a minimal 3% with Carnivora (e.g., cats and dogs) and
Lagomorpha (e.g., rabbits) (Whiting et al. 2008). Historically,
rats and cats have been associated with fleas in urban cycles of
maintaining flea-borne pathogens, and opossums are gaining
recognition for their importance in maintaining fleas and
pathogens (Boostrom et al. 2002, Blanton et al. 2016, Anstead
2020). Due to increased urbanization, the key host and flea
species responsible for circulating flea-borne rickettsioses has
expanded dramatically (Azad et al. 1997, Friggens and Beier
2010). Sylvatic habitats with intermediate anthropogenic
disturbance have been shown to have higher abundance of
fleas on hosts (Friggens and Beier 2010).

Patterns of seasonal activity (i.e., phenology) and host
associations for vectors are vital metrics to have defined prior
to the deployment of vector management strategies aimed at
reducing the transmission of flea-borne pathogens or reducing
human or animal risk of exposure. Abiotic conditions are
important for flea life cycles (Krasnov et al. 2001, Poje et al.
2020). However, given fleas often spend their life either on-
host or in host burrows, any studies of flea activity inherently
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involve targeting hosts or host environments to capture fleas.
Texas, US.A. leads the nation in annual reports of
human flea-borne typhus and cat-scratch disease cases
(Schwartzman 2015, Anstead 2020). Flea-borne typhus cases
have historically occurred in southern Texas in the Lower
Rio Grande Valley and the Coastal Bend area, but in the
past decade have increased in the larger metropolitan areas
around Houston, San Antonio, and Austin (Reeves et al. 2008,
Ruiz et al. 2020). While the Texas Department of State Health
Services distinguishes flea-borne typhus as a reportable
disease, other flea-borne rickettsioses and cat scratch disease
are not reportable in the state, although cases occur in Texas
(Boostrom et al. 2002, McCormick et al. 2023). The objective
of this study was to characterize seasonal activity patterns
of fleas on common mammalian wildlife species and test
fleas and wildlife for pathogens in the genera Rickettsia and
Bartonella in a transitional area where urban sprawl from
Houston, TX, U.S.A. intersects pine-dominated forests.

MATERIALS AND METHODS

Field site description

Fieldwork was performed at the Sam Houston National
Forest (SHNF) in central East Texas (Figure 1). SHNE, located
76 km north of Houston, TX receives high recreational use

Figure 1. A map indicating the location of the sampling grids from May, 2020 to May, 2021 within a region of high human
activity of Sam Houston National Forest, TX, U.S.A. The two sampling grids are indicated by the orange and purple squares. One
inset map shows the context of the study sites in East Texas, U.S.A. Map was created in QGIS with Esri World Imagery (clarity)

for the base map.
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given the close proximity to Harris County, the third most
populated county in the US.A., encompassing embedded
residential private housing, multiple campgrounds, and
Texas’ largest trail system, the Lone Star Hiking Trail.
SHNF is in the Piney Woods ecoregion which has uplands
dominated by loblolly pines (Pinus taeda) and shortleaf
pines (Pinus echinata) with lowlands mixed with deciduous
hardwoods such as oak (Quercus sp.), elm (Ulmus sp.), and
sweetgum (Liquidambar sp.). The understory vegetation
primarily consists of dwarf palmetto (Sabal minor), yaupon
holly (Ilex vomitoria), and American beautyberry (Callicarpa
americana). The forest is managed by harvest for commercial
logging and prescribed burning to reduce accumulation of
fuel and enhance wildlife habitat.

Sample collection

Two sampling grids were established near the Stubblefield
Campground in an unburned area of SHNF (Figure 1).
The grids were 1 km apart and each consisted of six-by-
six lines, each of 100 m, totaling 10,000 m? per grid. Each
transect was spaced every 20 m apart and every intersection
was demarcated with labeled plastic flags to standardize all
trapping events each month of the year, starting in May,
2020 and ending May, 2021. Branches along the transect
were removed to facilitate walking the transect for setting
and collecting traps. One sampling grid was set up near the
Overflow Campground off Stubblefield Lake Road and is
intersected by the Lone Star Hiking Trail, while the second
grid was off a power line right-of-way perpendicular to Gus
Randel Road (Figure 1).

Live trapping and sampling of mammals was approved
by the Texas A&M University Institutional Animal Care and
Use Committee (IACUC 2021-0124 D C). A total of 14 large
Tomahawk traps (122.7 x 32.3 x 32.3 cm; Tomahawk™ Trap,
Hazelhurst, WI, USA), ten small Tomahawk traps (40.6 x
12.7 x 12.7 cm), 15 extra-large Sherman traps (10.2 x 11.4 x
38.1 cm; H.B. Sherman™ Traps, Tallahassee, FL, U.S.A.), and
49 Sherman traps (7.6 x 8.9 x 22.9 cm) were set at trapping
stations on both of the grids for a single night of trapping
on each grid. Each trapping station had a minimum of two
small Sherman™ traps facing the opposite direction of each
other, while all Tomahawk™ traps and large Sherman™ traps
were placed around fallen logs or game trails near a trapping
station. Sherman™ traps were baited with sunflower bird
seed and Tomahawk™ traps were baited with wet cat food
about 1 h before sunset. The following morning all traps
were collected. Overall capture success was calculated as the
number of animals captured divided by the capture effort
(the number of traps set x by the number of nights trapped).
Deviations from the standardized trapping regime are as
follows: only Tomahawk™ traps were set, not Sherman traps,
for May, 2020. In April and May of 2021, Sherman™ traps
were set for a total of three days in a row, rather than just the
one day, at one of the sampling sites to capture the potential
spring boom of rodent populations.

All rodents were anesthetized via gaseous inhalation
of Isofluorane (Sigma-Aldrich, St Louis, MO, USA) to
effect. Sciurus carolinensis Gmelin were initially dosed with
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ketamine (0.06 mL) followed by inhalation of Isofluorane to
effect. Meso-mammals were anesthetized with ketamine (10
to 20 mg/kg) and xylazine (2 to 4 mg/kg), and after processing
were reversed with yohimbine (0.11 mg/kg) (Kreeger and
Arnemo 2012). All animals were released upon recovery
from anesthesia at the site of capture. Species weight, sex,
age, and reproductive status were recorded for all animals.
Ectoparasites were removed with flea combs or fine-tipped
forceps and stored in 70% ethanol. To facilitate collection of
fast-moving fleas on hosts, we sprayed 70% ethanol on the
fur at the site where a flea was seen. Other ectoparasites were
collected from hosts (ticks) and will be reported separately.
A 2 mm ear punch biopsy was preserved in 70% ethanol, a
blood sample was collected, and a metal numbered ear tag was
applied. Blood samples were stored on ice no more than 48
h, until taken to the laboratory to be centrifuged. Individual
serum and blood clots were stored separately at -20° C.

Flea morphological identification

Fleas were morphologically identified using two
taxonomic keys (Fritz and Pratt 1947, Furman and Catts
1982), with final flea identification confirmed with molecular
barcoding (see below).

DNA extractions of blood clot, ear punch biopsies, and
fleas

For all collected ear punch biopsies, blood clots, and fleas,
DNA was extracted (E.Z.N.A Tissue DNA Kit; Omega Bio-
Tek, Norcross, GA, U.S.A.). Approximately 250 uL of blood
clot for each meso-mammal was extracted, and for rodent
blood clot samples, sterile PBS was added to bring the final
volume up to 250 uL. Incubation time during the lysis step of
DNA extraction was for ten min for blood clots and overnight
for ear biopsies. Each individual flea was sliced repeatedly
using a sterile number 11 scalpel blade prior to lysis incubation
of at least 24 h but no more than 48 h. All tissue types had
a two-step final elution bringing the final volume to 50 pL.
A reagent-only extraction negative control was used in each
extraction batch. After a single leg was removed for molecular
identification, four individual flea specimens were submitted
to the Texas A&M University Department of Entomology
insect collection as voucher specimens (TAMUIC #765).

Flea and rodent molecular identification

All fleas were subjected to molecular identification based
on amplification and sequencing of the cytochrome oxidase
1 (COI) gene. First, we used a modified reaction based on
previously described primers and methods (Ashwini et al.
2017, Folmer et al. 1994) (Table 1). The total volume for each
reaction was 25 uL with 1 uL of DNA template, FailSafe™ 2X
PCR Premix E, FailSafe™ enzyme (Lucigen, Middleton, W1,
U.S.A.). Samples that did not amplify with this protocol were
subsequently performed again with 3 pL or 5 pL of DNA
template. Samples that did not amplify using the initial COI
protocol were subjected to a different PCR targeting the CO1
gene with a different locus for the reverse primer (Cff-R loci)
(Lawrence et al. 2014) (Table 1).

All mice and rats were molecularly identified to verify
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Table 1. All primers used to confirm rodent species, identify flea species, and identify detect flea-borne pathogens (Rickettsia
species and Bartonella species) in fleas and hosts from Sam Houston National Forest, May, 2020 - May, 2021.

Target gene  Primers Nucleotide sequence (5’-3’) Amplicon size Reference
Rodent species confirmation
M1 CCCCTCAGAATGATATTTGTCA
<yiB M2  CCATCCAACATCTCAGCATGATGAAA 383 bp Meece etal. 2005
Flea species identification
LCOl  GGTCAACAAATCATAAAGATATTGG
cor HCOl  TAAACTTCAGGGTGACCAAAAAATCA 601 bp e
LCOL  CGTCAACAAATCATAAAGATATTGG
CO1 Cff-R GAAGGGTCAAAGAATGATGT 727 bp Lawrence et al. 2014
[S0368]
Flea-borne pathogen detection
RrCS.372  TTTGTAGCTCTTCTCATCCTATGGC
RrCS RrCS.989 CCCAAGTTC CTTTAATACTTCTTTGC 617 bp Kollars and Kengluecha 2001
120-M59 CCGCAGGGTTGGTAACTGC
OmpB 120-807 CCTTTTAGATTACCGCCTAA 862 bp Roux and Raoult 2000
Rr190-70
Rr190-  ATG GCG AATATT TCTCCAAAA
OmpA 701 GTTCCGTTAATGGCAGCATCT 550 bp Wikswo et al. 2008
Rr190- AGTGCAGCATTCGCTCCCCCT
602
PAPnl  TTCTAGGAGTTGAAACCGAT .
Pap31 PAPn2  GAAACACCACCAGCAACATA 269 bp Zeaiter et al. 2002

field identifications through amplification of the cytochrome
B (cytB) gene using M1 and M2 primers (Meece et al. 2005)
(Table 1), as previously described (Busselman et al. 2021).

Detection of flea-borne pathogens

To test for the presence of Rickettsia species, we targeted
three different genes: outer membrane protein A (ompA),
outer membrane protein B (ompB), and Rickettsia rickettsii
citrate synthase (RrCS) by PCR. The ompA PCR was performed
using a semi-nested touchdown PCR as previously described
(Salomon et al. 2022). The ompB PCR was performed using
previously published primers but we adjusted thermocycling
conditions and protocol (Roux et al. 1996, Roux and Raoult
2000, Raoult et al. 2001). Each reaction consisted of the total
volume being 20 uL with 5.52 uL of water, 10 pL of FailSafe™
2X PCR Premix E, 1.33 uL of 10uM ompB-120-M59 forward
primer (Table 1), 1 uL of 10 uM ompB 120-807 reverse primer,
0.5 uL of FailSafe™ enzyme (Lucigen, Middleton, WI, U.S.A.),
and 1.5 puL of DNA template. Cycling conditions were an
initial denaturation step for 5 min at 95° C. Then 40 cycles of:
a denaturation step running for 30 s at 95° C, followed by the
annealing step starting at 50° C for 30 s, then followed by the
extension step at 72° C for 1 min and 30 s. Following the 40
cycles an additional extension cycle was run at 72° C for 7 min.
The RrCS PCR was performed using previously published
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primers and cycling conditions (Kollars and Kengluecha
2001, Williamson et al. 2010). Each reaction consisted of
the total volume being 15 uL with the use of FailSafe™ 2X
PCR Premix E, FailSafe™ enzyme (Lucigen, Middleton, W1,
U.S.A.), and 1.5 pL of DNA template. A modification was
made to the cycling conditions of an initial denaturation step
for 2 min at 95° C.

To test for B. henselae we targeted the Pap31 gene (Zeaiter
et al. 2002) (Table 1). Changes to the previously published
protocol included only using 2.5 pL of DNA template rather
than 10 pL in addition to changing the annealing temperature
from 57° - 58° C, FailSafe™ reagents were again used. Each
PCR included either a field-collected positive control of
R. parkeri or B. henselae extracted from a tick and a flea,
respectively (Cohen et al. 2015, Castellanos et al. 2016) and a
negative control of PCR grade water.

DNA sequencing

All PCR products were visualized via gel electrophoresis
and resulting amplicons were purified with ExoSAP-IT
(Affymetrix, Santa Clara, CA, U.S.A.). Sanger sequencing was
performed (Eton Bioscience Inc, San Diego, CA, U.S.A.). In
Geneious (v 9.1.8), the sequences were trimmed and checked
for quality; sequences were then compared to published
sequences in NCBI GenBank. Criteria for concluding flea
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molecular identification of the COI PCR assay were that the
sequences had a minimum of 97% identity to a previously
submitted sequence in NCBI GenBank to make a species
level match and a minimum of 91% identity for a genus level
match, in addition to a morphological identification. The
criterion for determining a sequence match for host species
and pathogen species was at least 99% identity to a previously
published sequence in NCBI GenBank.

Statistical analyses

Mean flea abundance, or the number of fleas removed per
animal (Bush et al. 1997), was calculated across host species
and for each month along with the corresponding standard
error of the means. To test for significant associations between
flea abundances and the seasons of the year (i.e., three-month
bins of winter, spring, summer, and fall), we performed a
generalized linear mixed effect model with sampling grid as
the random effect and a negative binomial error distribution
using R Version 1.4.1717, utilizing the ‘glmer.nb’ function in
the package ‘Ime4’ (Bates et al. 2015). Following the same
model criteria, we tested if host sex or host age is associated
with flea abundance. A p-value less than 0.05 has been
considered a significant finding.

RESULTS

Host inventory

We conducted a total of 7,946 trapping nights (number
of traps set per night of sampling) resulting in 97 rodents and
meso-mammal captures, representing 61 unique individuals,
with an overall trapping success of 1.18%. We captured seven
different mammalian species, including 32 Ochrotomys
nuttalli Harlan (golden mouse), 29 Didelphis virginiana Kerr
(Virginia opossum), 17 Peromyscus leucopus Rafinesque
(white-footed mouse), ten Procyon lotor Linnaeus (raccoon),
five Neotoma floridana Ord (eastern woodrat), two Glaucomys
volans Linnaeus (southern flying squirrel), and one Sciurus

Table 2. Molecular flea identification summary of fleas
removed from wildlife hosts in Sam Houston National Forest,
May, 2020 to May, 2021.

Flea identification Abundance
Polygenis spp. 76
Ctenocephalides felis 8
Orchopeas sp. 1
Orchopeas caedens 2

Flea species (87% similar match
to three genera: Coptopsylla/ 1
Hystrichopsylla/Ischnopsyllus)

unknown 12

Total 100
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carolinensis (eastern gray squirrel). There were recaptures of
the same animals over the year; 24 of the 49 mouse captures
(O. nuttalli and P. leucopus) were unique individuals; 20 of
the 29 D. virginiana were unique individuals; and three of
the five N. floridana were unique individuals. Within each
species, the largest number of independent monthly captures
per individual was two for N. floridana, four for P. leucopus,
four for O. nuttalli, and five for D. virginiana. Molecular
identification of the rodents based on cytB amplification and
sequencing confirmed the morphological identifications;
representative sequences were deposited to NCBI GenBank
(Accession numbers PP119073-PP119084).

Flea inventory

A total of 101 fleas were removed from 22 of the 97 hosts
captured. Molecular identification of 100 fleas (one lost dur-
ing extraction) resulted in: 76 Polygenis spp. (Siphonaptera:
Rhopalopsylidae) (91-94% identity match to Polygenis sp.
0U706244.1), eight Ct. felis (>99% identity matches), one
Orchopeas Jordan & Rothschild. (Siphonaptera: Ceratophyl-
lidae) (96% identity match to Orchopeas agilis HM398853.1),
two Orchopeas caedens (97-99% identity matches), and one
specimen produced a high-quality sequence but had low sim-
ilarity (97-100% query cover and 87-88% identity) to Copto-
psylla Lewis sp. (Siphonaptera: Coptopsyllidae) (Accession
number MF000658.1), Hystrichopsylla Poole and Gentili
sp. (Siphonaptera: Hystrichopsyllidae) (Accession number
MG138325.1), and Ischnopsyllus Rothschild sp. (Siphon-
aptera: Ischnopsyllidae) (Accession number OR597495.1)
(Table 2). Twelve fleas were not identified given that the PCR
either didn’t work or the sequence was of poor quality (Table
2). Representatives of flea sequences were submitted to NCBI
GenBank (Accession numbers PP147411-PP147489).

Flea abundance

Overall mean flea abundance (the average number of
fleas of all the checked animals in the study) was 1.04 fleas
per host. Most fleas were removed from D. virginiana with an
infestation prevalence of 76% (22/29) and a single N. floridana
hosted a single flea for an infestation prevalence of 20%
(1/5); no fleas were detected on the remaining host species.
Among the mammals with fleas removed (22 opossums and
one rat), they had a mean flea intensity (the average fleas
removed from hosts that had at least one flea) of 4.39 fleas per
host (Bush et al. 1997). Mean flea abundance among all the
opossums was 3.45 (100/29) and among rats was 0.2 (1/5).
The highest number of fleas removed from a host over the
year was 16 fleas in May, 2022, which we captured from this
same opossum the previous month (April) and it had the
second highest overall flea abundance of 12 fleas (Figure 2).
Mean flea abundance on opossums ranged between 0 and
9.75 among months and peaked in April (5.5 fleas) and May
2022 (9.75 fleas). We found a significant association between
flea abundance on D. virginiana and spring (Estimate = 1.3,
p-value = 0.009, Figure 2). However, we found no significant
association between opossum sex or age and flea abundance
(Sex: estimate = -0.63, p-value = 0.16, Age: estimate = 0.2,
p-value = 0.87).
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Mean flea abundance per host species

5

2 32 17 1 1
0
Didelphis Glaucomys Neotoma Ochrotomys Peromyscus Procyon Sciurus
virginiana volans floridana nuttalli leucopus lotor carolinensis

Figure 2. The mean number of fleas removed from all sampled hosts species across the year (May, 2020-May, 2021) in
Sam Houston National Forest. Each host capture is treated individually, therefore any recaptures are considered a new
independent flea abundance. The error bars represent the error of the mean. Black numbers above the bars indicate the

number of each host species sampled across the year.

— - N N w w
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Flea abundance on opossums

(&)

1 1
0 s g
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

2021 2022

. Coptopsylla/Hystrichopsylla/Ischnopsyllus . Orchopeas caedens . Unknown
B ct. felis B Polygenis sp.

Figure 3. Abundance of fleas removed from opossums captured in San Houston National Forest each month across the year (May,
2020 - May, 2022). Each host capture is treated individually here, therefore any recaptures are considered a new independent flea
abundance. Black numbers above the bars indicate the number of opossums sampled each month. The various colors represent
the molecular results of the fleas.
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Flea-borne infections

Ninety-six fleas were tested for flea-borne pathogens
with four different gene targets focusing on Rickettsia and
Bartonella species. We identified a single Ct. felis removed
from an opossum as positive for B. henselae via the Pap 31 gene
(1.04% infection prevalence of fleas overall (1/96) and 11.1%
infection prevalence of Ct. felis (1/9); GenBank accession no.
PP119086). The sequence of 189 bp was 100% identical to a
published complete genome of Bartonella henselae isolated
from a cat in Freiburg, Germany (Accession ID: CP072898.1).
This opossum was captured first in July with three Ct. felis,
and again in September with no fleas. The B. henselae positive
Ct. felis was from July and all blood and ear tissue samples
from this opossum were negative.

Of 87 blood clot and 90 ear biopsies sampled, none
were positive for flea-borne pathogens. However, we did
identify four P. lotor and one O. nuttalli to be positive for R.
amblyommatis (a tick-associated Rickettsia species) via the
ompA and RrCS PCR assays. Three of the five positives were
amplified via the ompA PCR and two were amplified from
the RrCS PCR. One of the P. lotor was positive via blood clot,
while the other three P. lotor and the O. nuttalli were positive
via ear biopsy. All sequences had an identity match over
99% and a query cover of 100% to previously submitted R.
amblyommatis sequences in GenBank (Accession numbers
PP119085, 87-89). All negative controls (extraction and PCR)
were negative across all PCR assays.

DISCUSSION

During a year-long survey of mammalian wildlife in
an East Texas national forest in close proximity to a large
metropolitan area, we found opossums to be commonly
infested with fleas (Figure 2), including a flea infected with
the agent of cat scratch fever disease, Bartonella henselae.
Opossums are recognized to serve as hosts for fleas implicated
in flea-borne disease in urban environments (Boostrom et
al. 2002, Reeves et al. 2005, Anstead 2020); here we show a
similar role for opossums in a sylvatic forested habitat. Other
than opossums, only one species, an eastern woodrat, was
found to harbor a flea. We failed to detect fleas on all other
surveyed mammal species across the year, including white-
footed mice, golden mice, squirrels, and raccoons. Previous
work documented nine taxa of fleas on rodents across five
southwestern states including Texas (Haas et al. 2004), but
comparative metrics of rodent infestation prevalence with
fleas in Texas are unknown.

Although fleas were found nearly every month, peak
abundance on opossums was in the spring (Figure 3,).
Spring may provide an optimal temperature to humidity
ratio that regulates flea development (Kreppel et al. 2016).
Furthermore, opossums breed in the spring when males
travel around to female dens, potentially distributing fleas
from den to den (Ryser 1995, Woods II and Hellgren 2003)
or during copulation. Future studies could monitor both on-
opossum fleas and fleas recovered from den environments in
relation to climatic factors.

Bartonella henselae is the causative bacterium of cat
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scratch disease, the most common infection among other
Bartonella species in the US. (McCormick et al. 2023).
Transmission to humans occurs primarily through contact of
mucosa membranes and B. henselae contaminated surfaces
initially from Ct. felis feces (i.e., a flea feces contaminated
cat scratch or bite). In addition to Ct. felis, other vectors
have been identified, including Rhipicephalus sanguinis and
Ixodes ricinis (Cotté et al. 2008, Wechtaisong et al. 2020).
Throughout the USA, Texas has the highest human cases of B.
henselae (McCormick et al. 2023), with seropositive animals
also documented including cats (Jameson et al. 1995), dogs
(Lashnits et al. 2022), and mountain lions (Rotstein et al.
2000). We identified a single Ct. felis positive for B. henselae
removed from an opossum in July. This opossum had two other
concurrently infesting Ct. felis removed that were negative.
Additionally, this opossum was recaptured in September, but
had no fleas and did not test positive for B. henselae via blood
clot or 2 mm ear biopsy either month of capture. Although
house cats are the primary reservoir for B. henselae, this study
and others have identified Ct. felis removed from opossums
in the U.S. to be positive for B. henselae (Reeves et al. 2005),
suggesting more research is necessary to monitor opossums
as a potential reservoir for B. henselae in sylvatic and peri-
domestic spaces.

The only Rickettsia species detected in our study was R.
amblyommatis, found in the blood of one raccoon and the
ear tissue of three other raccoons and a golden mouse. These
host infections occurred in August, September, and May,
and none of the hosts had fleas, but all of the hosts had ticks
attached at the time of infection. The golden mouse was a
previous capture from April but was negative at that time and
again had no fleas (or ticks). Rickettsia amblyommatis is not
officially recognized as a human pathogen, however evidence
suggests it may be a pathogen (Richardson et al. 2023). It
has been documented in numerous tick species around the
world with Amblyomma americanum Linnaeus (Ixodida:
Ixodidae) thought to be the vector (Sayler et al. 2014). Before
this study, we are unaware of documentation of naturally
occurring infections in wild animals (Richardson et al. 2023).
However, there is some R. amblyommatis seroprevalence
data from wildlife in Brazil (Serpa et al. 2021). Our findings
of R. amblyommatis in both hosts’ blood clot and ear punch
biopsies, of two different mammalian species can be used
to guide further investigations of wildlife reservoirs for this
agent.

In contrast to a recent study of opossums and their fleas
in the urban city of Galveston, TX (Blanton et al. 2016), we
did not detect R. typhi or R. felis in opossum-associated fleas.
Among a sample size of 12 opossums, Blanton et al. (2016)
found all opossums had at least one Ct. felis, amounting to a
total of 250 Ctenocephalides felis. Conversely, we found eight
Ct. felis from 29 opossums captured in a non-urban habitat.
Similar to our findings, they did not detect Rickettsia species
within the opossums’ blood clots via PCR, although they were
able to identify 66.6% (8/12) of opossums had serological
evidence of R. typhi, R. felis, and Rickettsia rickettsii.
Moreover, they found molecular evidence of R. typhi, R.
felis, and Candidatus Rickettsia senegalensis, a closely related
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species to R. felis, within the fleas removed from all but one
(91.6%,11/12) of the opossums. Likewise, Eremeeva et al.
(2020) in Georgia found Rickettsia asembonensis, another
close relative to R. felis, in 11 out of 19 Ct. felis from cats, dogs,
opossums, or humans (Eremeeva et al. 2020). This study also
indicates opossums are an important host since they inhabit
both urban and rural areas while hosting both R. felis positive
Ct. felis and Polygenis gwyni in large abundances (Eremeeva
et al. 2020). Accordingly, natural maintenance of flea-
borne Rickettsia species varies regionally, underscoring the
importance of these disease ecology studies to be conducted
across diverse landscapes.

In agreement with Friggens and Beiers (2010), we
collected a diversity of flea species within an intermediately
disturbed forest, likely comprising four different genera (Table
2). The majority of the fleas we collected had been molecularly
identified as Polygenis spp. since they were all aligning to
similar accessions of various Polygenis spp. but only at an
identity of 91-94%. These specimens may be Polygenis gwyni,
as P gwyni does not have sequences submitted to GenBank
and has been documented on D. virginianus (Pung et al.
1994), but the morphologic identification was not confirmed.

Ctenocephalides felis was the second most common
flea encountered in our study. Ctenocephalides felis is a
cosmopolitan species and a recognized vector of the flea-
borne rickettsioses (R. typhi and R. felis), tape worm (i.e.,
Dipylidium caninum and Hymenolepis diminuta), and cat
scratch disease (B. henselae). Studies show that in urban areas
opossums can host high burdens of Ct. felis, with other species
of fleas predominant in less urban areas, such as Polygenis
gwyni (Blanton et al. 2016, Eremeeva et al. 2020). This pattern
may be reflected in our data in which the majority of fleas
on opossums were Polygenis sp. and Ct. felis was present at a
lower abundance.

We detected a single Orchopeas sp.; this specimen was
removed from an eastern woodrat in March, and its COl
sequence was most similar to O. agilis, although with low
similarity. This genus of flea is known to infest many species
of woodrats across the U.S. (Kosoy et al. 2017, McAllister et al.
2020, Hastriter 2023). For example, O. agilis has been removed
from N. albigula in Arizona and both from N. cinerea and N.
lepida in Colorado (Haas et al. 2004). Specifically in Texas,
O. neotomae and O. sexdentatus have been removed from
Neotoma micropus (Charles et al. 2012).

We obtained a single flea specimen removed from
an opossum in December that had a COI sequence with a
near equally poor match to three different species of three
different genera (Coptopsylla lamelifer ardu, Hystrichopsylla
multidentata, and Ischnopsyllus variabilis) with a query cover
0f 97-100% and a low identity of 87-88%; none of these cryptic
species have been documented in the U.S. All three species
have been documented in Asia. Coptopsylla lamelifer ardu has
been removed from Rhombomys opimus (great gerbil) and
found to be PCR positive for Bartonella elizabethae, one of
the many agents of human bartonellosis. It is, however, not
a confirmed vector of any flea-borne pathogens (Yin et al.
2019). Furthermore, C. lamelifer ardu are found in winter
seasons on wildlife in China (Shu et al. 2020), therefore
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additional wildlife sampling during the winter months in East
Texas may be useful in recovering additional specimens of this
cryptic species for morphologic and molecular description.
The H. multidentata sequence that had a similar identity was
documented to have been removed from a rodent in China
but is not associated with a publication (accession number
MG138325.1). As for I. variabilis, it is associated with bats,
can be found in Russia, and is not known to be a vector for
any pathogens (Orlova et al. 2022). Whether this Texas flea
sequence represents an unknown species or one which is
known to exist but not yet represented in a sequence database
cannot be differentiated in this study, but expansion of
sequences databases in the future to encompass the known
diversity of fleas will be useful.

Given the emergence of flea-borne diseases, ecological
studies to elucidate flea-wildlife associations, flea seasonality,
and infection prevalence are required to understand the
natural pathogen maintenance cycles that create risk of
spillover to humans as well as other animals. Especially
given changing land use and urbanization, the key role of
the Virginia opossum we identified here may be expected
to expand, as the opossum is a synanthrope that thrives in
human-dominated landscapes (Bezerra-Santos et al. 2021,
Mays Maestas et al. 2023). Moreover, research of flea control
strategies involving either host-targeted interventions
(Brianti et al. 2016, Eads et al. 2019) or host habitats (Miller
et al. 1970) may wish to consider the variation in flea activity
that we show here, so as to target hosts at key times of flea
abundance. This study contributes to the knowledge of flea
populations in the sylvatic habitat of East Texas to improve
public health messaging and other flea-borne disease
intervention activities.
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