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Effect of Temperature on Host Preference in Two Lineages of the Brown Dog Tick,
Rhipicephalus sanguineus

Laura H. Backus,* Andrés M. Lépez Pérez, and Janet E. Foley
Department of Medicine and Epidemiology, School of Veterinary Medicine, University of California, Davis, Davis, California

Abstract.

Rhipicephalus sanguineus is a species complex of ticks that vector disease worldwide. Feeding primarily on

dogs, members of the complex also feed incidentally on humans, potentially transmitting disease agents such as
Rickettsia rickettsii, Rickettsia conorii, and Ehrlichia species. There are two genetic Rh. sanguineus lineages in North
America, designated as the temperate and tropical lineages, which had occurred in discrete locations, although there is now
range overlap in parts of California and Arizona. Rh. sanguineus in Europe are reportedly more aggressive toward humans
during hot weather, increasing the risk of pathogen transmission to humans. The aim of this study was to assess the impact
of hot weather on choice between humans and dog hosts among tropical and temperate lineage Rh. sanguineus individuals.
Ticks in a two-choice olfactometer migrated toward a dog or human in trials at room (23.5°C) or high temperature (38°C). At
38°C, 2.5 times more tropical lineage adults chose humans compared with room temperature, whereas temperate lineage
adults demonstrated a 66% reduction in preference for dogs and a slight increase in preference for humans. Fewer nymphs
chose either host at 38°C than at room temperature in both lineages. These results demonstrate that risk of disease
transmission to humans may be increased during periods of hot weather, where either lineage is present, and that hot
weather events associated with climatic change may result in more frequent rickettsial disease outbreaks.

INTRODUCTION

The Rhipicephalus sanguineus complex comprises Rh. san-
guineus sensu stricto (s.s.) as well as a group of morphologically
and biologically similar ticks designated as Rh. sanguineus sensu
lato (s.l.)." The two lineages of Rh. sanguineus in North America
have been designated as “temperate” and “tropical” lineages.?
Although the taxonomic status of the complex is not fully re-
solved, the temperate lineage is well defined molecularly and
corresponds to the Rh. sanguineus sensu stricto (s.s.) species,
whereas a separate phylogenetic branch contains ticks in the
tropical lineage and several other Rhipicephalus entities. Both
tropical and temperate lineage ticks are competent vectors for
zoonotic pathogens, including Ehriichia canis, Ehrlichia chaf-
feensis, Ehrlichia ewingii, Coxiella burnetii, and numerous spot-
ted fever group rickettsias—notably, Rickettsia rickettsii,
R. conorii, and R. massiliae.*” In North America, the temperate
lineage was associated with an outbreak of Rocky Mountain
spotted fever (RMSF) caused by R. rickettsii in Arizona in 2004,°
whereas the tropical lineage has been implicated in ongoing
outbreaks in Baja California Norte and Sonora, Mexico.®°

All members of the Rh. sanguineus complex are endophilic
and monotropic (all stages tend to feed on dogs), with in-
cidental feeding on humans and other mammalian hosts.''~'®
Historically, however, the temperate and tropical lineages
have occupied separate ranges in North America, with the
distribution likely influenced by local climate.'® Globally, the
tropical lineage is found where annual mean temperature ex-
ceeds 20°C, whereas the temperate lineage is restricted to
mean temperatures below that.? Specific lineage adaptations
likely drive the disparate distributions; for example, the tem-
perate lineage has greater molt success at lower temperatures
than the tropical Iineage.17 In North America, the tropical
lineage is present across the far southern portions of the
United States.'® However, areas of overlap between the
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temperate and tropical lineages occur in both Southern Cal-
ifornia and Arizona, with evidence that the tropical lineage is
moving progressively northward at the margins of its range in
these areas.’®'®

Beyond ecological characteristics associated with the presence
and survival, comparisons of behavior and vector competence
between the tropical and temperate lineages are limited. Although
both lineages are competent vectors, changes in the distribution of
lineages, with differential survival and behavior under different cli-
matic conditions, may result in changing patterns of rickettsial
disease. Host attraction and feeding preferences are critical
components of the eco-epidemiology of tick-bome disease. A
network of preferred and pathogen-competent hosts is required to
maintain an arthropod-bome pathogen within a system, and
transmission of a pathogen is determined by the arthropod’s host
preferences as well as host availability.'®?° Host preference and
tick attachment are influenced by host factors (e.g., presence/
absence of hosts, host behavior, and physical and chemical sig-
nals from hosts) and environmental off-host factors (e.g., climatic
conditions and presence of microhabitat).2"2® Shifts in host
preference could affect feeding frequency and pathogen mainte-
nance and disease spillover into altemate hosts.®

There is evidence that Rh. sanguineus may be more ag-
gressive toward human hosts at increased ambient temper-
atures.” Attachment and initiation of feeding also occur more
rapidly at high temperatures.?* Higher temperatures and lower
humidity are associated with greater aggression (increased
host-seeking behavior or biting rate) in Ixodes persulcatus, and
Ixodes scapularis host choice is influenced by humidity.2>2®
Rickettsial disease emergence and reports of increased Rh.
sanguineus aggression during heat waves in Europe may be
due to an increased proportion of ticks feeding on humans
compared with dogs, an absolute increase in aggression, ora
combination.”2” The annual number of days over 38°C (100°F)
is expected to increase markedly across most of the conti-
nental United States in next decade,?® increasing concern for
heat-driven emergence of tick-borne disease. The aim of this
study was to quantify differences in host preference and the
effect of high ambient temperatures on host choice in two
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North American Rh. sanguineus lineages to determine whether
climate and changes in lineage distribution may contribute to
changing disease patterns.

MATERIALS AND METHODS

Tick sources and colony maintenance. Engorged adult
female tropical lineage Rh. sanguineus s.l. were collected from
dogs who were infested on arrival at an animal shelter facility near
Maricopa, Arizona, USA, and temperate lineage larvae were
obtained from the colony maintained at Oklahoma State Uni-
versity. Partial sequencing of the 16s ribosomal subunit was
performed on a subset of females after oviposition®® and Gen-
Bank Blast search was performed to confirm conspecificity with
the tropical lineage. Both lineages were reared concurrently and
maintained at 85-95% humidity with a 12-hour light/dark cycle.
Approximately 80 days post-eclosure, larvae of both lineages
were simultaneously fed on New Zealand white rabbits (Charles
River Laboratories, Wilmington, MA) and permitted to molt. Be-
havior trials using nymphs were performed between 40 and
50 days post-molt. Nymphs were fed on naive New Zealand
white rabbits approximately 60 days post-molt. Adults resulting
from fed nymphs were used in trials 40-50 days post-molt.

Olfactometer design. A two-choice olfactometer was
designed and constructed to conduct behavior trials, with design
adapted from published olfactometer studies.>*3' Two wooden
boxes (91 x 76 x 122 cm) with rear hinge-attached access doors
were connected with a 122-cm long, 6.35-cm diameter poly-
ethylene terephthalate glycol plastic heavy wall tubing (see
Figure 1). A small fan was placed in each box to facilitate air flow.
The center tube was marked on both sides at 30.5 cmand 45 cm
from the midpoint, and a capped tube was inserted at the mid-
point to allow tick placement. Fabric mesh was used to confine
ticks to the center tube and prevent access to the human or dog.
Ambient temperature was controlled by placing the centertubein
alarge Styrofoam cooler and heating the surrounding air with two
household electric fan-powered space heaters for high-
temperature trials. Temperatures were recorded at the start of
each trial and monitored continuously using a digital thermom-
eter adjacent to the tubing.

Behavior trials. For nymphs, five trials for each lineage
were performed at each temperature (23.5 + 1°C and 38 +
2.5°C) for 20 trial iterations and 800 total ticks tested. Ambient
humidity ranged from 10% to 42% in 23.5°C trials and
10-35% in 38°C trials. For adults, 10 trials (five of each sex)
were performed at each temperature for a total of 40 trial
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iterations and 800 ticks tested. Ticks used in the high tem-
perature trials were held for at least 6 hours at 40°C and
80-90% relative humidity before testing.

For each trial, a dog occupied one box and a human the other
box, with 10 minutes elapsed before starting the trial to allow
accumulation of scent and carbon dioxide. All dogs were neu-
tered or spayed and midsize (15-30 kg) owned pets with owner
consent. For nymphs, five trials were conducted for each
temperature/lineage combination, with 10 combinations of dogs
and humans used (eight humans and five dogs). For adults, 10
trials (five each for male and female ticks) were conducted for
each temperature/lineage combination, with six combinations of
dogs and humans used (four humans and three dogs).

Ticks were deposited at the midpoint at the tube. For
nymphs, 40 ticks of a single lineage were used for each trial.
Trials of adult ticks were performed in groups of 20 of a single
sex. Trials were performed for 20 minutes past the time ticks
were placed inthe tube. Every 2 minutes, the number of ticks in
each section was counted. Ticks moving beyond 30.5 cm
(nymphs) or 45 cm (adults) from the midpoint were considered
to have demonstrated preference at that time point, but were
free to move backward and forward.

Data analysis. Data were managed and analyzed in R (R
Foundation for Statistical Computing, Vienna, Austria). Sep-
arate log-binomial mixed-effect generalized linear models
were used for each stage to compare the effects of temper-
ature on host choice using the “Ime4” package in R.32 Sepa-
rate models were used for overall host choice, human host
choice, and dog host choice. Tick choice for human, dog, or
both was used as the dependent variable, temperature and
lineage used as independent variables, and tick sex (for adult
ticks) and interaction between temperature and lineage con-
sidered as additional predictors. The dog-human combina-
tion used for the trial was included as a random intercept.
Temperature and lineage were both included as binary vari-
ables, with room temperature and tropical lineage used as
reference. Individual model effect estimates were considered
significant if P < 0.05 when compared with the reference value,
and relative risks (RRs) calculated from the model were con-
sidered significant when the 95% Wald CI did not include 1.

RESULTS

The two lineages varied markedly in their preference for
humans versus dogs at room temperature. At room temper-
ature, the temperate lineage showed greater preference for
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FiGURE 1.

Diagram of olfactometer for assessment of host preference between a dog and human in ticks. Ticks are inserted at the center point of

the middle tube (solid arrow) and prevented from accessing human or dog by a fabric mesh (hollow arrows). A fan in each box facilitates air flow into
the tubing. The center tube (between hollow arrows) measures 122 cm in length, and each box measures 91 x 76 x 122 cm.
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humans over dogs than the tropical lineage, with nearly twice
as many temperate nymphs and 2.2 times more temperate
adults choosing the human than the tropical lineage (Table 1).

High temperatures suppressed host choice in nymphs in
both lineages, with fewer nymphs choosing any host at high
temperatures, although the effect was nonsignificant in the
temperate lineage (Figure 2). In tropical lineage nymphs, high
temperature reduced the probability of ticks choosing either
host by 43% (RR: 0.57, 95% CI: 0.35-0.92), a reduction pri-
marily due to fewer ticks choosing dogs (RR: 0.27, 95% ClI:
0.09-0.82), whereas the probability of a nymph choosing the
human was unchanged (RR: 1.02, 95% CI: 0.54-1.89).

The effect of heat on host choice in adults differed signifi-
cantly by lineage for human, dog, and overall host choice, with
a greater effect observed in the tropical lineage as shown by
the significant interaction between lineage and temperature
(Table 2). Tick sex was not significant in any of the host choice
models, and so was dropped from further analysis. In tem-
perate lineage adults, overall host choice was not significantly
different between room and high temperature, but there was a
relative shift in preference for the human over dog, with a 66%
decrease in therisk of atick choosing a dog (RR: 0.34,95% CI:
0.19-0.57) and a small but not significant increase in the risk of
choosing a human (RR: 1.22,95% Cl from 0.93 to 1.60). In the
tropical lineage, high temperature increased the mean number
of ticks choosing a host, which occurred primarily because of
an increased preference for humans, with the risk of a tick
choosing the human being 2.5 times greater at high temper-
ature than at room temperature (95% CI: 1.71-3.65); the
probability of a tick choosing the dog did not change
significantly.

DISCUSSION

In the first experiment to quantify the effect of temperature
on host preference in Rh. sanguineus, we show that there is an
increased risk of humans being bitten by adult ticks as tem-
peratures increase. In temperate lineage Rh. sanguineus, high
temperatures increased the relative preference of humans
over dogs (a similar number of ticks made a host choice at
each temperature, but a greater proportion selected the hu-
man), whereas in the tropical lineage, high temperatures in-
creased the total number of ticks choosing humans. Although
it has been noted in multiple tick species that host aggression
in general is higher under hot weather conditions,”?® these

TaBLE 1

findings demonstrate that relative preference may also in-
crease at high temperatures, so preference is increased more
for one host than another. These findings suggest that
changing climate may increase human bites and subsequent
pathogen transmission, particularly in areas occupied by the
tropical lineage. Expansion of the tropical lineage may resultin
climatic or weather events being stronger drivers of disease
emergence in these areas, or overall increased risk of human
disease, especially if the temperate lineage is not displaced.

In nymphs, there appears to be a smaller shift during in-
creasing temperature toward relative preference for humans
than was observed in adults, although the host drive de-
creased overall at higher temperatures. This is in contrast to
the observation that attachment to humans occurs in greater
numbers and more rapidly in nymphal Rh. sanguineus that are
held at higher temperatures than at room temperature.” High
temperatures may therefore suppress nymphal hunting or
ambush behaviors while simultaneously increasing how rap-
idly they attach to a host as mechanism to allow nymphs to
survive in environments where temperatures exceed our ex-
perimental conditions.?® Unfed Rh. sanguineus nymphs are
much more sensitive to heat and desiccation than adults,® so
it is possible that host seeking was impaired under hot con-
ditions. Drop-off of engorged nymphs and adult females tends
to occur at night,3* but the hunting behavior of nymphs in the
environment has not been well described.

Experimental and surveillance studies suggest that typically
a very small percentage of Rh. sanguineus attach to human
hosts,*>® and olfactory preference rather than attachment
was measured here. However, surveys of ticks feeding on
humans have reported instances of human parasitism by both
the temperate and tropical lineages around the world, sug-
gesting that feeding on humans by Rh. sanguineus may be
under-recognized.®”~*° Temporal and spatial clustering of
human parasitism events have also been described, again in
both lineages and with a broad geographic distribution in the
Americas and Europe.”'?*142 Clusters of human parasitism
are less likely to be detected if not associated with cases of
disease, but their occurrence suggests that there are forces
driving Rh. sanguineus in these instances to feed on humans
with increasing intensity that may be related to either tick
behavior or focus of high density.

Genetic shifts in populations have been postulated to play a
role in increased human parasitism.'? Because groups within
the sensu lato complex are morphologically similar or

Mean and SD of number of Rhipicephalus sanguineus ticks selecting dog or human per trial at room (23.5°C) and high (38°C) temperatures

Nymphs Room temperature High temperature T P-value
Temperate lineage
Mean #choosing dog + SD (%) 1.4+£1.7(3.7) 1.0+£2.2(2.6) -0.32 0.758
Mean #choosing human + SD (%) 9.2 +3.3(23.7) 7.8+5.9(20.2) -0.46 0.658
Tropical lineage
Mean #choosing dog + SD (%) 8.4+3.6(21.9 2.8+2.7(7.1) -2.77 0.027
Mean #choosing human + SD (%) 5.2+3.7(13.8) 5.6 +2.4(14.4) 0.20 0.845
Adults Room temperature High temperature T P-value
Temperate lineage
Mean #choosing dog + SD (%) 4.9+3.3(25.8) 1.6+1.4(8.2) -2.92 0.013
Mean #choosing human + SD (%) 6.5+ 3.8(33.7) 7.9+28(41.2) 0.94 0.361
Tropical lineage
Mean #choosing dog + SD (%) 5.2+25(22.5) 4.4 +2.3(25.3) 0.74 0.471
Mean #choosing human + SD (%) 29+25(14.8) 75+4.1(37.4) 3.03 0.009
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Nymphal Tick Host Preference at 20 Minutes
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Ficure 2.  Mean number of ticks (+SD) of temperate and tropical lineage choosing dog or human at room temperature (23°C) or high temperature
(38°C). Nymph trials were performed with 40 ticks, and adult trials were performed with 20 ticks.

indistinguishable, invasion or expansion of other Rh. sangui-
neus lineages may occur undetected.'®*344 If the invading
genotype differs in its behavior or vectoral capacity, a sub-
sequent shift in human parasitism or disease transmission
could be expected. The results of this experiment, however,
demonstrate that behavioral changes due to environmental
factors may be at least partially responsible for clusters of
human parasitism and that epidemic transmission could be
driven by weather events and climatic patterns.

The finding that high temperatures drive human parasitism
is further supported by the relationship between rickettsial
disease cases caused by Rh. sanguineus and weather events.
Mediterranean spotted fever, caused by R. conorii, is also
vectored by Rh. sanguineus, and cases in Europe have been
correlated repeatedly with periods of higher temperature.*54¢
In France in 2007, spring temperatures 3-4°C above normal
(greater than 25°C) were associated with both observed in-
tense human parasitism and rickettsial disease cases.” Al life
stages of Rh. sanguineus feed most frequently in the summer
and fall,*” which is also when RMSF cases in the United States

are most frequently reported,®*® although correlation be-
tween unusually hot weather events and specific cases or
outbreaks has not been described. In Arizona, cases including
the eastern Arizona epidemic display an extended season-
ality, with cases reported into December, indicating a shift in
tick activity.*>%° Across the United States, temperatures
greater than 35°C are associated with cases of spotted fever
rickettsiosis, although many of these are vectored by Der-
macentor variabilis.®' Taken together, these findings warrant
further investigation into both transient weather events and
climatic trends as predictors of RMSF cases. In light of the
experimental results here, the magnitude of effect on changes
in human biting rates may depend on the particular population
and lineage of Rh. sanguineus, although shifts away from dogs
and toward humans may occur in areas where either lineage is
present.

The finding that the temperate lineage had markedly higher
preference for humans at room temperature was unexpected.
However, some of the variation in baseline preferences be-
tween the tropical and temperate lineages may be attributable
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to the tick origins. The temperate lineage was obtained from
colony-maintained ticks, which may have affected the host-
seeking behavior through selection for feeding on rabbits over
multiple generations, whereas the tropical lineage originated
from wild-caught ticks feeding on dogs. This highlights a con-
cern about the use of colony-raised ticks for behavioral and life
history studies and suggests that caution is warranted in ex-
trapolating results from colony-raised to wild ticks. In addition,
variation may not be strictly due to genetic lineage, as local
populations of the same species of tick may show different
behavioral characteristics, as is the case for I. scapularis. 52

This study was performed comparing only two temperatures,
and further experiments are warranted to test lower temperatures
(below 23°C), at gradations between the temperatures used here,
and higher temperatures to determine whether host preference
varies linearly with temperature or whether there is a threshold
effect. Although this study shows that there is a shift in preference
at hot temperatures, it does not quantify the change in the number
of bites that is expected to occur, and further research is needed to
provide these data across the spectrum of environmental condi-
tions expected to occur. The chemical or physiologic basis for host
preference is driven by a number of mechanisms, not all of which
are well understood in Rh. sanguineus ticks. The design of the two-
direction olfactometer using actual hosts was intended to capture
the cumulative effects of each of these factors and better replicate
the conditions produced when ticks are host-seeking in the envi-
ronment, where perception of two hosts may happen simulta-
neously, with ticks able to change direction as they get closerto a
host. Ticks are attracted to hosts by chemical signals (host pher-
omones or kairomones), heat or infrared light,>® and, in some
cases, visual and auditory cues.>*®® Carbon dioxide produced by
host respiration is attractive to ticks across species, with the gra-
dient likely used for host localization,®® and Rh. sanguineus spe-
cifically are responsive to ammonia.?? These factors may vary
between demographic groups of both dogs and humans.®”*®
Comparing a wider variety of dog breeds and sizes with more
demographic variation of the humans, including children, would
allow more refinement of the risk to humans at high temperatures.

From these results, we conclude that short-term weather
patterns and climatic change may both impact the transmission
of pathogens transmitted by Rh. sanguineus to humans. It is
difficult to directly correlate large-scale climatic effects on the
expansion of ticks and emergence of tick-borne diseases,* but
these results suggest that even short-term weather events may
significantly affect disease transmission to humans and provide
evidence that increased caution and tick protection are war-
ranted under hot weather conditions. Hot weather events may be
predictive of increased cases of Rh. sanguineus—borne zoonotic
disease, particularly in areas where the sensu lato group may be
present; range expansion of the tropical lineage with concurrent
climatic changes may significantly alter pathogen transmission
patterns in those areas. These results also highlight the impor-
tance of further and ongoing work to describe the changing
distribution of the different lineages within the Rh. sanguineus
complex in North America.
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