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Abstract

A diversity of Borrelia burgdorferi sensu lato (Johnson, Schmid, Hyde, Steigerwalt & Brenner) (Spirochaetales:
Spirochaetaceae) genomospecies, including the Lyme disease agent, Borrelia burgdorferi sensu stricto (s.s.),
have been identified in the western United States. However, enzootic transmission of B. burgdorferi s.l. in
small mammals and ticks is poorly characterized throughout much of the region. Here we report prevalence of
B. burgdorferi s.l. in small mammal and tick communities in the understudied region of southern California.
We found B. burgdorferi s.l. in 1.5% of Ixodes species ticks and 3.6% of small mammals. Infection was un-
common (~0.3%) in Ixodes pacificus Cooley and Kohls (Acari: Ixodidae), the primary vector of the Lyme di-
sease agent to humans in western North America, but a diversity of spirochetes—including Borrelia bissettiae,
Borrelia californiensis, Borrelia americana, and B. burgdorferi s.s.—were identified circulating in Ixodes spe-
cies ticks and their small mammal hosts. Infection with B. burgdorferi s.l. is more common in coastal habitats,
where a greater diversity of Ixodes species ticks are found feeding on small mammal hosts (four species when
compared with only /. pacificus in other sampled habitats). This provides some preliminary evidence that in
southern California, wetter coastal areas might be more favorable for enzootic transmission than hotter and
drier climates. Infection patterns confirm that human transmission risk of B. burgdorferi s.s. is low in this re-
gion. However, given evidence for local maintenance of B. burgdorferi s.l., more studies of enzootic transmis-
sion may be warranted, particularly in understudied regions where the tick vector of B. burgdorferis.s. occurs.

Keywords: Borrelia burgdorferi sensu lato, Ixodes pacificus, Ixodes species, small mammal hosts, tick-borne pathogens

Lyme disease (LD) is the most common vector-borne infection in
North America (Mead 2013) and is emerging in a number of re-
gions across the Northern Hemisphere (Kugeler et al. 2015, Stone
et al. 2017, Kulkarni et al. 2019). Recent studies suggest that envi-
ronmental change, including changing climate (Medlock et al. 2013,
Ogden et al. 2014) and land use (Larsen et al. 2014, MacDonald et al.
2019a), among other factors, contribute to range expansion of tick
vectors and increased LD incidence in humans. In North America,
the causative agent of LD, Borrelia burgdorferi sensu stricto (s.s.), is
vectored by two tick species, Ixodes scapularis Say (Acari: Ixodidae)
in the East and Ixodes pacificus Cooley and Kohls (Acari: Ixodidae)
in the West. Although these vectors are widespread, pathogen trans-
mission to humans is highly heterogeneous throughout the ticks’
ranges (Kugeler et al. 2015, Eisen et al. 2016). This heterogeneity
is due to multiple ecological and behavioral (both tick and human)
factors that influence transmission in tick and host populations, and

spillover to humans (Allan et al. 2003, Lane et al. 2004, Brownstein
et al. 2005, Lane et al. 2013, Arsnoe et al. 2015, MacDonald and
Briggs 2016, Kilpatrick et al. 2017, Salkeld et al. 2019). For example,
questing behavior in nymphal I. scapularis differs regionally (Arsnoe
et al. 2015), and density of infected ticks differs along forest frag-
mentation gradients (Allan et al. 2003), which may both influence
transmission risk (Arsnoe et al. 2019, MacDonald et al. 2019a).
Similarly, human risk avoidance behavior may also influence human
transmission and regional patterns of LD incidence (Larsen et al.
2014, Berry et al. 2018).

The Borrelia burgdorferi sensu lato (s.l.) complex contains mul-
tiple genomospecies that are maintained via enzootic transmission
in wild animals by ticks (Fedorova et al. 2014, Salkeld et al. 2014,
Margos et al. 2016). In the western United States, tick—host—Borrelia
associations are best characterized in northwestern California, where
human LD risk is greatest (Fedorova et al. 2014, Salkeld et al. 2014,
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Rose et al. 2019). In regions where human cases are uncommon,
such as southern California, the ecology of tick-borne spirochetes
and their tick and small mammal hosts remains poorly characterized
(MacDonald et al. 2017, MacDonald 2018). Studies in these regions
might offer insight into the ecological factors that differentiate areas
of high and low LD risk (Lane and Quistad 1998, Lane et al. 2013,
Arsnoe et al. 2015, Rose et al. 2019).

Here we summarize preliminary evidence for enzootic trans-
mission of B. burgdorferi s.l. in small mammals and Ixodes ticks
in the understudied region of southern California, within the
range of I. pacificus (Eisen et al. 2018, MacDonald et al. 2019b).
We find evidence for multiple circulating genomospecies, including
B. burgdorferi s.s., but find little evidence for human disease risk due
to low infection prevalence in the human vector, I. pacificus. These
preliminary results help characterize regional variation in enzootic
transmission of tick-borne spirochetes in understudied regions of
western North America, and provide preliminary data highlighting
avenues for future investigation into the ecological factors that influ-
ence transmission in these regions.

Methods

To investigate enzootic circulation of B. burgdorferi s.l. in southern
California, rodents and Ixodes species ticks were sampled at three
ecological reserves in Santa Barbara County: Sedgwick Reserve
in the Santa Ynez Valley (34°4204.38” N, 120°02’50.81” W),
Paradise Reserve in the Santa Ynez Mountains (34°32'22.07” N,

119°47/51.89”W), and Coal Oil Point (COP) Reserve along the coast
(34°2452.96” N, 119°52748.59” Wj; Fig. 1). These three sites repre-
sent a range of common habitats and abiotic conditions in southern
California (MacDonald et al. 2017). COP is dominated by coastal
scrub, grassland and coast live oak habitats, and experiences a sig-
nificant marine influence, leading to elevated relative humidity and
lower vapor pressure deficit throughout the year (Fig. 1). Sedgwick
is located in an inland valley and is dominated by oak woodland, sa-
vannah and chaparral/scrub habitats, and experiences colder winters
and warmer, drier summers (Fig. 1). Paradise is located on the north
face of the Santa Ynez Mountains and is dominated by dense oak
woodland with some open grassland and chaparral/scrub habitat,
and experiences intermediate marine influence (Fig. 1).

Tick sampling was conducted from November through June of
2013-2016. Questing ticks were collected weekly to monthly at each
site by dragging a 1m? white flannel cloth along the ground and over
low-lying vegetation within a stratified random sample of 2500m?
plots that were established to capture habitat and microclimate het-
erogeneity within each reserve. Ticks were placed in vials containing
70% ethanol and identified to species, sex and life stage using a di-
chotomous key (Furman and Loomis 1984).

Rodents were captured using Sherman live traps
(7.6 x 9.5 x 30.5 cm; H.B. Sherman Traps, Tallahassee, FL) baited
with peanut butter and oats. At Sedgwick and Paradise, ear punch
biopsies were collected from each rodent and stored in 70% eth-
anol, and animals were released at the point of capture (MacDonald
et al. 2018). At COP, rodents were trapped and euthanized for a
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Fig. 1. Meteorological data summarized for Coal Oil Point (COP), Paradise and Sedgwick Reserves from 2013 to 2016. Temperature is from MODIS land surface
temperature, precipitation is from the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS; Funk et al. 2015), and both relative humidity and
vapor pressure deficit are from the University of Idaho Gridded Surface Meteorological Dataset (GRIDMET; Abatzoglou 2013). All data were accessed and pro-
cessed through the Google Earth Engine Platform (Gorelick et al. 2017). Temperature is lower at the coastal site (COP) and high relative humidity and low vapor
pressure deficit at this site suggest it has higher moisture availability throughout the year than the two inland sites.
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separate study (Weinstein 2017) and tissue samples were collected
during necropsy. Attached ticks were collected from each captured
rodent and identified to species to characterize tick—host associ-
ations. Rodent sampling took place from January through June of
2014 at Sedgwick and Paradise, and throughout the year from 2013
to 2016 at COP. Sedgwick and COP were sampled monthly using a
haphazard placement of 30 traps per sampling event (see Weinstein
2017). Paradise was sampled monthly using a 10 x 10 grid of 200

Drag sampled ticks

M D occidentalis
| | D. variabilis
W H. leporispalustris

1. brunneus
] I. pacificus
] 1. peromysci
| 1. spinipalpis

|

Density of total ticks by species (/100m)

COP Paradise
Reserve

Sedgwick

Fig. 2. Density of drag sampled ticks per 100 m? at each sampled reserve.
The height of the bar reflects overall density with the proportion of total
density of each species of tick reflected by the colors within each bar.
Ixodes pacificus, Ixodes peromysci, Ixodes brunneus, Ixodes spinipalpis,
Dermacentor variabilis, and Haemaphysalis leporispalustris were col-
lected at Coal Oil Point Reserve; I. pacificus, I. brunneus, and Dermacentor
occidentalis were collected at Paradise Reserve; I. pacificus, |. brunneus,
1. spinipalpis, D. variabilis, D. occidentalis, and H. leporispalustris were col-
lected at Sedgwick Reserve.

traps, set for three consecutive nights (see MacDonald et al. 2018).
Since trapped mammals may not reflect the entire community of po-
tential small mammal hosts at each of these sites, we use modeled
species ranges from the California Department of Fish and Wildlife
(CDFW) Areas of Conservation Emphasis (ACE) Program to com-
pare species richness and community composition of small mammals
between sites (data available at https://wildlife.ca.gov/Data/Analysis/
Ace.

DNA was extracted from questing adult and nymphal Ixodes
species ticks and from rodent tissue samples using the DNeasy Blood
and Tissue kit (QIAGEN, Valencia, CA) following manufacturer’s
instructions. All samples were screened for spirochetes in the
B. burgdorferi s.l. group via nested polymerase chain reaction (PCR)
targeting the 55-23S rRNA spacer region of all spirochetes belonging
to this group following Lane et al. (2004). Negative extraction con-
trols as well as positive and negative PCR controls were included in
all PCR assays to identify possible sources of contamination. PCR-
positive samples were sequenced at the 55-23S intergenic spacer re-
gion (2004), on an AB 3100 (Applied Biosystems, CA).

Results

Across the three reserves, seven tick species, including four Ixodes
species, were collected via drag sampling, reflecting differing tick
community composition between sites (Fig. 2). Most notably, abun-
dance of non-I. pacificus species of Ixodes ticks was much higher
at COP (Fig. 2). Overall, small mammal host communities are not
expected to differ substantially between sites, based on ACE data,
although there are important exceptions: dusky-footed woodrats
(Neotoma fuscipes Baird [Rodentia: Cricetidae]) are not expected
to be present at COP or Sedgwick, but are at Paradise; western gray
squirrels (Sciurus griseus Ord [Rodentia: Sciuridae]) are not expected
to be present at COP, but are at Sedgwick and Paradise (Table 1). In
total, seven species of small mammal were collected and sampled
host diversity (Shannon’s H) was higher at COP than the other sites
(Table 2), although overall expected richness, from the ACE data, is

Table 1. Small mammal host communities at each sampled reserve, based on modeled species ranges and habitat suitability from the
California Department of Fish and Wildlife (CDFW) Areas of Conservation Emphasis (ACE) Program

Species (common name)

Reserve

cor Paradise Sedgwick

Chaetodipus californicus (california pocket mouse)
Dipodomys agilis (agile kangaroo rat)

Lepus californicus (black-tailed jackrabbit)
Microtus californicus (california vole)

Neotoma fuscipes (dusky-footed woodrat)
Neotoma lepida (desert woodrat)

Neotoma macrotis (big-eared woodrat)
Ostospermophilus beecheyi (california ground squirrel)
Peromyscus boylii (brush mouse)

Peromyscus californicus (california mouse)
Peromyscus maniculatus (deer mouse)
Reithrodontomys megalotis (western harvest mouse)
Scapanus latimanus (broad-footed mole)

Sciurus griseus (western gray squirrel)

Sorex ornatus (ornate shrew)

Sorex trowbridgii (trowbridge’s shrew)

Sylvilagus audubonii (audubon’s cottontail)
Sylvilagus bachmani (brush rabbit)

Tamias merriami (merriam’s chipmunk)

Thomomys bottae (botta’s pocket gopher)
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Table 2. Tick and host species richness and diversity at each sampled reserve

Reserve Species richness

Dragged ticks (H) Mammal ticks (H) Trapped hosts (H) Hosts (small mam.) Hosts (all) All vertebrates
Coal Oil Point 6 (0.315) 5(0.8695) 5(1.163) 18 66 284
Paradise 3(0.329) 2 (0.682) 3 (0.660) 20 72 237
Sedgwick 6(0.613) 2 (0.474) 1(0) 19 68 238

The first three columns of data are from sampled tick and host communities and include a measure of diversity (Shannon’s H). The last three columns are from
modeled species ranges and habitat suitability based on CDFW ACE data, and richness is presented for 1) just small mammal hosts, 2) all potential vertebrate hosts
including reptiles and ground foraging birds, and 3) all vertebrate species found in each reserve.
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Fig. 3. Tick-host associations in the three sampled reserves. (a) illustrates the proportion of the total number of individual hosts of each species captured that
were found with each host-feeding tick species attached; (b) illustrates the total number of ticks of each species found feeding on each species of host.
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Fig. 4. Map of study sites in Santa Barbara County and visual summary of infection results by site. The total number of screened individuals of each species are
at the top of each bar, with Borrelia burgdorferi s.l. infection prevalence in parentheses below.

similar (Table 1). At Paradise and Sedgwick, the most common ticks
found feeding on small mammals were Dermacentor occidentalis
Marx (Acari: Ixodidae) and I. pacificus (Fig. 3a), which were found in
roughly equal proportions on N. fuscipes (Paradise) and Peromyscus
maniculatus Wagner (Rodentia: Cricetidae) (Paradise and Sedgwick;
Fig. 3b). In contrast, Ixodes spinipalpis Hawden & Nuttall (Acari:
Ixodidae) was the most commonly attached tick feeding on small
mammals at COP (Fig. 3) where richness of host-feeding ticks was
higher (Table 2).

In total, 683 questing Ixodes species ticks and 250 rodents
were screened for infection. Ten of 683 ticks (~1.5%) and nine of
250 rodents (3.6%) had evidence of infection with B. burgdorferi
s.l. (Fig. 4; Tables 3 and 4). Borrelia bissettiae, a species with some
limited evidence as a potential human pathogen in northwestern
California and eastern Europe (Girard et al. 2011), was the most
common genomospecies infecting ticks in this region (Fig. 4;
Tables 3 and 4), but was not found in I. pacificus. Borrelia bissettiae
was the only genomospecies found infecting small mammals in this
study as well (Tables 3 and 4). Borrelia burgdorferi s.s. was only de-
tected in a single Ixodes peromysci Augustson (Acari: Ixodidae) tick
from the coastal reserve and was not found in any rodents. Most
infections were found in rodent specialist Ixodes species, primarily
I. spinipalpis,and in rodents from the coastal reserve, most commonly
the invasive black rat (Rattus rattus Linnaeus [Rodentia: Muridae];
Fig. 4; Tables 3 and 4). The only infected I. pacificus ticks were col-
lected from the mountain reserve, where only P. maniculatus hosts
were found to be infected with B. burgdorferi s.l. No dusky-footed
woodrats (N. fuscipes), implicated as reservoirs for B. burgdorferi
s.s. (Lane and Brown 1991, Swei et al. 2012), were infected with
B. burgdorferi s.l. at this site. No infected ticks or hosts were de-
tected from the inland valley reserve, though host sampling effort
was more limited at this site.

Discussion

Although LD is recognized as an emerging infectious disease across
the Northern Hemisphere (Steere et al. 2004, Mead 2013, Kugeler
et al. 2015), circulation of B. burgdorferi s.l. spirochetes in tick and
host communities remains poorly characterized throughout much
of this range. Here we report infection in Ixodes ticks and small
mammal hosts at three ecological reserves in southern California.

We found multiple B. burgdorferi s.l. species circulating, and in-
fection prevalence was higher at a coastal site with the greatest
Ixodes tick species richness and diversity, and where small mammal
hosts had higher burdens of these species, perhaps due to more
favorable abiotic conditions including higher and stable humidity
and limited temperature extremes (Fig. 1). Among sampled ticks,
B. burgdorferi s.l. infection was highest in the rodent specialist
species 1. spinipalpis and 1. peromysci. These tick species heavily
parasitized P. maniculatus and R. rattus, and B. bissettiae was de-
tected in these ticks and hosts where they co-occurred. These re-
sults provide preliminary evidence that enzootic transmission of
B. burgdorferi s.l. may be maintained in nontraditional cycles in
coastal southern California, for example, I. spinipalpis feeding on
P. maniculatus. Borrelia burgdorferi s.s. in contrast was found in
only a single tick at the coastal site. This observation, combined
with low rates of any B. burgdorferi s.l. infection in the primary
human vector, I. pacificus, likely contributes to low human disease
incidence in this region. However, while these results and other re-
cent studies imply that human transmission risk is low in southern
California (Lane et al. 2013, MacDonald et al. 2017, Rose et al.
2019), enzootic transmission in wild animals may not be.

Higher infection prevalence in ticks and mammals from the
coastal site provides some preliminary evidence that enzootic trans-
mission in southern California might be higher in coastal areas with
more marine influence. Coastal regions are comparatively cool and
wet, which may increase tick survivorship and host-seeking ac-
tivity, as well as support competent tick vectors and mammalian
hosts, increasing pathogen transmission (MacDonald et al. 2017).
Given substantial regional and local heterogeneity observed in abun-
dance and infection in ticks in California (Talleklint-Eisen and Lane
1999), localized enzootic transmission of B. burgdorferi s.l. may be
common throughout western North America. Although vector and
host competence studies are needed to determine which species con-
tribute to enzootic transmission cycles in southern California, our
results suggest that multiple host (e.g., P. maniculatus and R. rattus)
and vector (e.g., I. peromysci and I. spinipalpis) species may con-
tribute to enzootic transmission and maintenance of B. burgdorferi
s.l. in southern California. Future studies should focus on character-
izing vector-host—pathogen associations across a gradient of climate
and habitat types in this region, as well as conducting competency
studies based on these associations.
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Table 4. Summary of overall infection prevalence by Borrelia genomospecies and tick and host species across all sampled sites

Tick and host

Borrelia species, overall prevalence (%)

species

i B. bissettiae B. californiensis ~ B. americana B. burgdorferi B. burgdorferi B. burgdorferi All Borrelia
s.l. CA393 s.l. (unidenti- s.s. species

fied)

L. pacificus 0/631 (0%) 1/631 (0.16%)  0/631 (0%) 1/631 (0.16%)  0/631 (0%) 0/631 (0%) 2/631 (0.32%)

I. brunneus 079 (0%) 0/9 (0%) 0/9 (0%) 0/9 (0%) 0/9 (0%) 079 (0%) 079 (0%)

I. peromysci 2/6 (33%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 1/6 (16.67%) 3/6 (50%)

L. spinipalpis 2/37 (5.4%) 0/37 (0%) 1/37 (2.7%) 0/37 (0%) 2/37 (5.4%) 0/37 (0%) 5137 (13.5%)

Total ticks 4/683 (0.6%)  1/683 (0.15%) 1/683 (0.15%) 1/683 (0.15%)  2/683 (0.3%) 1/683 (0.15%)  10/683 (1.5%)

R. megalotis 1/51 (1.96%)  0/51 (0%) 0/51 (0%) 0/51 (0%) 0/51 (0%) 0/51 (0%) 1/51 (1.96%)

P. maniculatus 5/143 (3.5%) 0/143 (0%) 0/143 (0%) 0/143 (0%) 0/143 (0%) 0/143 (0%) 5/143 (3.5%)

M. musculus 0/5 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%) 0/5 (0%)

M. californicus 0/2 (0%) 0/2 (0%) 0/2 (0%) 0/2 (0%) 0/2 (0%) 0/2 (0%) 0/2 (0%)

R. rattus 317 (17.65%)  0/17 (0%) 0/17 (0%) 0/17 (0%) 0/17 (0%) 0/17 (0%) 317 (17.65%)

N. fuscipes 0/31 (0%) 0/31 (0%) 0/31 (0%) 0/31 (0%) 0/31 (0%) 0/31 (0%) 0/31 (0%)

N. merriami 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%) 0/1 (0%)

Total hosts 9/250 (3.6%) 0/250 (0%) 0/250 (0%) 0/250 (0%) 0/250 (0%) 0/250 (0%) 9/250 (3.6%)

Under current climate conditions, spillover of B. burgdorferi s.l.
to humans is rare in southern California; however, environmental
change may influence future transmission dynamics. Host—parasite
interactions could shift in response to changing climate or land use
(Paull et al. 2012). For example, ticks are more sensitive to temper-
ature than their small mammal hosts, and may be more likely to
exhibit population declines, range shifts or changes in host-seeking
phenology with increasing temperature and aridity predicted for
many regions of California, leading to more limited local trans-
mission of spirochetes between ticks and hosts. On the other hand,
under climate change scenarios that predict overall increases in the
amount and volatility of precipitation in California (Swain et al.
2018), I. pacificus populations or seasonal periods of activity may
increase in response to particularly wet years, elevating spillover
transmission risk in regions where enzootic transmission is main-
tained. As the specific tick—host associations responsible for enzo-
otic maintenance of B. burgdorferi s.l. remain poorly understood in
many regions, we suggest more careful study of this system across
the full range of I. pacificus to characterize enzootic transmission
and identify where spillover transmission could occur.
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