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Abstract

Emerging infectious diseases (EIDs) have devastating effects on wildlife.
Angiostrongylus cantonensis is a zoonotic EID that causes eosinophilic meningitis in humans
and neurological illnesses in wildlife. Because A. cantonensis has been documented worldwide
and continues to spread, it is a clear example of an EID of potential pathogenicity to both
humans and wildlife. The advent of modeling techniques to predict the geographic distribution of
pathogens, in conjunction with modern molecular genetics, provides a unique opportunity to gain
insight into the distribution of A. cantonensis, and evaluate methods of disease surveillance.

| used the modeling program Maxent in combination with IPCC bioclimatic variables to
build an ENM to predict current and future distributions of A. cantonensis. | tested these
predictions by sampling rodents in SE Oklahoma and Louisiana and analyzing tissues for the
parasite using qPCR. Out of 34 samples identified as positive, sequencing analysis revealed only
three definitive identifications, one from Sigmodon hispidus and two from Rattus norvegicus.
The remaining 31 samples were classified as “false positives” by gPCR. Sequences from positive
samples were compared to those on GenBank through BLAST with a match to A. cantonensis.
Phylogenetic analysis confirmed relationships by comparing positive sample sequences to A.
cantonensis and two closely related species, Angiostrongylus vasorum and Angiostrongylus
costaricensis. All phylogenetic methods grouped positive samples and A. cantonensis with
100% confidence.

The projected future distribution for A. cantonensis indicates an overall decrease in
suitable habitat and a range shift. The findings from this study alter our current perspective of A.
cantonensis within the United States, and demonstrate the successful application of two

important epidemiological techniques that may be applied more broadly to a variety of EIDs.



Introduction

In recent decades, there has been a resurgence of pathogenic infections within the United
States and throughout the world (Daszak, Cunningham, & Hyatt, 2000). Although this
resurgence may be a result of greater awareness and surveillance, there is a growing body of
evidence suggesting that wildlife epidemics are increasing in prevalence (Dobson, &
Foufopoulos, 2001; Jones et al., 2008). Moreover, as wildlife continues to be reservoirs of
unknown microbes, additional pathogens will emerge. As these microbes and other pathogens
(avian influenza, hendra virus, etc.) evolve and adapt to new hosts, the incidence and distribution
of infectious diseases will likely expand into new areas, causing new disease threats and
damaging economies (Cunningham, 2005).

Because of increased contact between pathogens, humans, domestic animals and wildlife
(e.g., rise in trade and travel, climate change) the epidemiological perspective, and the means by
which emerging infectious diseases (EIDs) are studied, is being altered. Human EIDs are
classified as diseases that have increased in incidence, have been newly discovered, or are
pathogens that are moving into new species, and/or new geographic ranges (Lederberg, Shope, &
Oaks, 1992). A similar definition has been applied to EIDs in wildlife, which categorizes
pathogens by novel or “emerging” characteristics as well as their epizootiology (Daszak et al.,
2000). With the potential of devastating effects, including high fatality rates, these EIDs are a
concern to all populations.

An estimated 60-75% of all EIDs are caused by zoonotic pathogens. The majority of
these have wildlife origins (Taylor, Latham, & Woolhouse, 2001), representing the greatest
threat of all EIDs to global health. Large-scale declines in multiple wildlife species have been

attributed to EIDs. For example, epidemics such as phocine distemper have reduced seal



populations by 30%, some vulture populations have declined by up to 90%, and mass deaths in
amphibian populations are all attributable to EIDs (Daszak, & Cunningham, 1999;
Heidejorgensen, Harkonen, Dietz, & Thompson, 1992; Prakesh, 1999; Roelke-Parker et al.,
1996). The increased potential for such pathogens to incite epidemics worldwide emphasizes the
need for collaborative effort among specialists to address this growing concern (Ecker et al.,
2005). By developing a thorough knowledge base of medically relevant, zoonotic microbes and
pathogens, first responders to biological threats may better assist in identifying causative agents
and dispersal vectors, developing plans of action, and implementing control and preventative
measures, thereby decreasing the likelihood of an epidemic (Budowle et al., 2003). Moreover, by
understanding a microorganism’s means of dispersal and mode of infection, specialized, rapid
identification and surveillance techniques developed for one species may be applied broadly to
others. Specifically, the use of molecular genetic techniques and various assays for immediate
identification of microorganisms, as well as predictive ecological models for the organisms’
colonization and possible range expansion are critical in furthering microbial forensics as it
applies to humans and wildlife health.

The nematode Angiostrongylus cantonensis is an emerging infectious parasite of global
concern. Known as the rat-lung worm, A. cantonensis displays all of the characteristics of an
EIDs as it continues to expand its geographic range and cause disease in humans and wildlife.
Over the past 50 years, the parasite has spread from Southeast Asia to Africa, the South Pacific,
the Caribbean, India, and recently to Australia and North America, with reports in Canada and
Louisiana (Kliks & Palumbo, 1992). This rapid dispersion, coupled with adverse health effects
such as eosinophilic meningitis (EM) in humans (Chikweto et al., 2009), and neurological

abnormalities in wildlife (Kim, Stewart, Bauer, & Mitchell, 2002), emphasizes the need for a



better understanding of the ecology of A. cantonensis. Currently, there is little available evidence
regarding the invasion patterns of A. cantonensis as it moves into new regions of the world,
infecting new intermediate and definitive hosts and changing its methods of dispersal. Therefore,
studies targeted at expanding this knowledge base will enhance our understanding of the
epidemiology of A. cantonensis as an emerging infectious parasite and assist in developing
broadly applicable predictive approaches to disease emergence and surveillance, whether in
forensics or other relevant fields.

The objective of this study was to develop and assess the use of ecological niche
modeling for the EIDs pathogen, A. cantonensis, by sampling rodent populations in areas where
there is high (Louisiana) and low (Oklahoma) probability of suitable habitat. Thus, I provide an
updated account of the distribution of A. cantonensis within Louisiana and Oklahoma as well as
potential host species for the parasite. Furthermore, predictions under three IPCC climatic
scenarios were used to determine the potential future distribution of the parasite. | implemented
real-time PCR techniques, in conjunction with traditional parasitological methods to identify A.
cantonensis in rat tissue and blood samples. The findings from my study evaluate the
identification methods outlined by Qvarnstrom et al. (2010) and identify the potential for new

surveying techniques for A. cantonensis.



Suitable Climatic Conditions for Tropical Pathogenic Angiostrongylus cantonensis Decline

under Three Climate Change Scenarios.

ABSTRACT

Climate change is implicated in the alteration of the ranges of species worldwide. Such
shifts in species distributions might potentially introduce parasites/pathogens, hosts, and vectors
associated with infectious disease to new areas. The parasite Angiostrongylus cantonensis is an
invasive, pathogenic species that causes eosinophilic meningitis in humans and neurological
abnormalities in domestic animals and wildlife. Although native to southeastern Asia, it has now
been reported from more than 30 countries worldwide. Given the health risks from the
establishment of this species, it is important to describe areas with potentially favorable climate
for the establishment of A. cantonensis, as well as areas where this pathogen might become
established in the future. I used the program Maxent to develop an ecological niche model based
on 66 localities obtained from published literature. | then modeled areas of potential A.
cantonensis distribution as well as areas projected to have suitable climatic conditions under
three climate change scenarios (Alb, A2, B2) by the 2050s and the 2080s. The best model
contained three bioclimatic variables, including mean diurnal temperature range, minimum
temperature of coldest month and precipitation of warmest quarter. Potentially suitable habitat
for A. cantonensis was located worldwide in tropical and subtropical regions. Under all three
climate change scenarios, the center of the projected distribution shifted away from the equator
at a rate of 29-285 km per decade. However, the extent of areas with highly suitable habitat
declined by 50.13-64.88% by the 2050s and 40.80-56.48% by the 2080s. These results conflict

with previous studies which have generally found that the prevalence of tropical pathogens will



increase during the 21% century. It is likely that A. cantonensis will continue to expand its current
range in the near future due to introductions and host expansion, whereas climate change will
reduce the total geographic area of most suitable climatic conditions during the coming decades.
INTRODUCTION

Changes in the distribution and phenology of many organisms were observed as the earth
warmed by 0.6 £ 0.2 °C during the 20th century [1]-[4]. Since 1945, warming of the earth has
been greater than any other time during the past 1,000 years [5]. Changing climate is predicted to
drive 11% to 58% of vertebrate, invertebrate, and plant species to extinction by 2050 [6], and is
also expected to promote expansion and/or geographic shift of tropical diseases into temperate
areas [7]. Consequently, there is an urgent need to examine and model how climate change might
alter infectious disease emergence within human, domestic, and wild animal populations
worldwide [8].

Ecological niche modeling (ENM) predicts the fundamental and realized niche of species
by relating point occurrence data of species to environmental factors [9],[10]. These models are
useful in predicting the geographic range in which a species might be found, but are limited by
the exclusion of detailed environmental characteristics (e.g. biotic interactions, heterogeneous
landscapes). Maximum Entropy (Maxent) modeling uses environmental conditions and species
presence only data to accurately estimate the distribution of a species [11]. By predicting the
entire geographic range in which a species might occur, the fundamental niche of an organism is
not limited by its realized niche. This approach can assess the relative importance of specific
environmental factors to a species distribution, locate areas of current suitable habitat, and

project changes in a species distribution over time [11].



Epidemiology uses a multifaceted approach to monitor, predict and prevent disease
outbreaks. ENM is a valuable epidemiological tool because it determines the functional
geographic responses of parasites and pathogens to climate change, both proximate and future.
Recent studies have incorporated ENM to assess the potential impacts of climate change on
infectious diseases vectors, reservoirs and/or pathogens (e.g. leishmaniasis, monkeypox,
Chagas’ disease, malaria and blastomycosis) [12]-[18].

Angiostrongylus (Parastrongylus) cantonensis is a parasitic nematode and a cause of the
reemerging zoonotic disease, human eosinophilic meningitis, as well as neurological
abnormalities in wildlife and domestic animals [19],[20]. Definitive and intermediate hosts for
the parasite include rats and mollusks, respectively [21],[22]. Humans and other mammals are
incidental hosts that become infected upon consumption of the third-stage larvae. Infection
primarily occurs by consuming raw or undercooked mollusks or other infected paratenic hosts
(e.g. freshwater prawns, frogs, monitor lizards) [21],[23],[24].

Angiostrongylus cantonensis was first documented in Guangzhou (Canton), China in
1935 [25]. In the past 50 years, the parasite has spread from Southeast Asia to over 30 countries
worldwide [26],[27]. There have been more than 2,800 cases of A. cantonensis infection in
humans worldwide with 116 cases involving U.S. citizens [27], as well as numerous infections in
other animals. Given the rapid dispersal of the parasite and the health implications for humans
and wildlife, there is a need to determine the potential distribution of A. cantonensis.

To my knowledge, no global model for the current and potential distribution of A.
cantonensis has been published. Although Lv et al. [22] published a comprehensive distribution
of A. cantonensis within China, their model did not examine the potential distribution worldwide.

The aim of this study was to use Maxent modeling to determine the maximum range distribution



for the parasite globally and predict the potential future distribution of A. cantonensis under
Intergovernmental Panel on Climate Change (IPCC) climate change scenarios.
RESULTS

The best model (i.e. the model with the lowest small sample corrected variant of Akaike’s
Information Criterion (AlICc) score) included three environmental variables; mean diurnal
temperature range (BIO 2), minimum temperature of coldest month (BIO 6) and precipitation of
warmest quarter (B1O 18; Table 2). The area under the curve (AUC) was 0.947 + 0.031 for this
model. Figure 4 displays suitability in response to the three variables. Areas that were predicted
to have suitability > 50% had a mean diurnal temperature range of 5.13-8.76° C, a minimum
temperature of the coldest month of 14.79-32.17° C, and precipitation of the warmest quarter of
438.37-2,224.20 mm (Fig. 4). Areas with > 50% suitability were found primarily in tropical
areas (Fig. 5), including the reported native range in southeast Asia.

Areas with suitable climatic conditions for A. cantonensis are predicted to decline by the
2050s and the 2080s under all three scenarios (Fig. 6). Currently, 6,023,577 km? are highly
suitable (i.e. >50% chance of suitability). However, by the 2050s the amount of highly suitable
habitat is expected to decrease to 3,819,402-5,397,195 km?, with only 50.13-64.88% of the area
in common with the current model (Table 3). By the 2080s, the area of highly suitable habitat
will further decline in the A1B and B2A scenarios to 3,653,894 km? and 5,122,298 km?,
respectively (Table 3). The two scenarios had only 40.80-56.48% of the area shared with the
current model (Table 3). However, the A2A scenario predicts a slight increase in area (from
4,492,529 km? to 4,524,055 km?) over the 30 year period from the 2050s-2080s with 46.41% of
the area in common with the current model (Table 3). The centroid (geometric center of the

species range) for the northern hemisphere will shift northeast to east-northeast 745-984 km by



the 2050s, a rate of 149-197 km per decade (Table 4). By the 2080s, the centroid will shift
further to the northeast by 1,061-2,532 km, a rate of 134-316 km per decade. In the southern
hemisphere, the centroid will shift south 145-148 km by the 2050s for A1B and A2A scenarios,
at a rate of 29-30 km per decade (Table 4). By the 2050s, under the B2A scenario the centroid
will shift 442 km west-southwest, a rate of 88 km per decade (Table 4). By the 2080s, the
centroid will shift south to east-southeast 147—890 km, a rate of 18-111 km per decade (Table 4).
DISCUSSION

The effects of global climate change are hypothesized to result in direct disease range
expansions (via pathogens spread) and indirect expansions (via reservoirs, hosts, or vector range
expansions). This will increase the frequency of disease outbreaks and expand the pool of at risk
populations [16],[28],[29]. Hales et al. [30], predicts an increase in land area compatible for
Dengue fever transmission by 2085, with 50-60% of the world’s population at risk. Within
North America, leishmaniasis reservoirs and vectors are predicted to undergo a range expansion
northward, leading to greater human exposure [18]. However, an emerging picture of the effects
of global climate change on disease is that an increase in habitat suitability in one area will be
counterbalanced by decreased suitability elsewhere, leading to a range shift or reduction [4],[31].
Though the proximate expansion of A. cantonensis into new suitable regions continues via
introduction of definitive and intermediate hosts, my findings predict an ultimate decline of up to
39% in the area of suitable bioclimatic habitat by the 2080s.

The global model for the present distribution of A. cantonensis predicts that the most
suitable habitat is located near the equator in tropical to subtropical regions. Three bioclimatic
variables were found to contribute the most to predicting the potential distribution of the parasite:

minimum temperature of the coldest month, minimum diurnal temperature range, and



precipitation of the warmest quarter. Under all IPCC climatic scenarios, my models predict a
shift in the distribution of suitable habitat for A. cantonensis in the Northern and Southern
hemispheres. Under the Alb, A2A, and B2A climatic scenarios, a shift in the parasite’s
distribution is expected to occur north and east in the Northern hemisphere by the 2050s (range =
149-197 km per decade) and continuing through the 2080s (range = 133-316 km per decade).
The shift in the parasite’s distribution in the Southern hemisphere under all climatic scenarios
was predicted to occur southward by the 2050s (range = 29-88 km per decade) and through the
2080s (range = 18-111 km per decade). Although there have been no endemic reports of A.
cantonensis within Europe, all three models suggest an increase in suitable habitat for A.
cantonensis within Europe while simultaneously showing an overall decline in global suitability.
This potential range shift into Europe is most likely due to a predicted increase in the minimum
temperature of the coldest month, which demonstrates the need for additional monitoring
programs within Europe. These programs should include long term surveying or screening for
the parasite within definitive, paratenic, and intermediate hosts. Furthermore, an increase in
public health programs targeted at awareness of the parasite and its transmission will be essential
in deterring an increase in human infection.

Temperature and precipitation are environmental variables that significantly influence the
distribution of A. cantonensis. Because temperature plays a critical role in influencing biological
processes [4] it will likely have a significant impact on pathogens, infectious disease hosts,
vectors and reservoirs. As global temperatures rise (IPCC), there is increased potential for
vector-borne diseases and pathogens to spread and/or increase in severity [36],[32]-[34].
Increases in temperature can speed the rate of development for some malarial protozoa,

increasing the risk of transmission from mosquito to host [35]. However, the positive association
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between temperature and pathogen transmission might be offset by a pathogen’s total bioclimatic
requirements for survival. If such requirements are not met, host, vector, and/or pathogen
mortality might increase. Similarly, increased temperatures might initially further the spread and
occurrence of A. cantonensis. However, with an expected temperature increase of 1.4°C-5.8°C
from 1990 to 2100 [36] in areas where the bio-climatic norm exceeds an ecologically critical
threshold temperature, resources needed to support parasitic growth and reproduction may
become increasingly limited [4],[37]. Such demands could restrict the parasites’ distribution to
areas with sufficient resources, potentially limiting disease incidence.

Global climate change is expected to increase the risk of intense precipitation and
increased humidity in some regions, whereas other regions will experience extreme drought [36].
The effects of climatic variability in precipitation might induce the emergence of diseases in new
areas or intensify infection rates of endemic pathogens. In several cases, disease occurrence has
been demonstrated to be positively [33],[38]-[41] associated with rainfall. Alternatively, regions
experiencing drought might negatively impact pathogen viability. Many parasites having
intermediate hosts, such as A. cantonensis, require moist or wet environments for development
and survival. Without sufficient precipitation, the distribution of the parasite might become more
restricted, thereby decreasing the risk of transmission.

As A. cantonensis continues to spread, health complications in both humans and wildlife
are expected to increase. Following introduction into a new area, A. cantonensis quickly infects
and causes illness in humans, domestic animals and wildlife [19],[42]-[44]. Infected humans are
often hospitalized with eosinophilic meningitis, and might also experience extraocular muscular
paralysis [45]. In wildlife, A. cantonensis can cause a variety of symptoms (e.g. lethargy, limb

paralysis) due to neurological invasion and might result in death [19],[42],[46]-[50]. To deter
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future outbreaks, A. cantonensis monitoring programs should be established worldwide,
evaluating known definitive, intermediate and paratenic hosts and other wildlife. In addition,
increase public awareness of the parasite and the means by which it is transmitted, may lead to a
lower incidence of infection.

These results provide the first global perspective of high risk areas for A. cantonensis
colonization. The methodology employed here has been applied broadly to other studies on
global climate change. More recently the application of ENM in evaluating disease distribution,
risks and spread [12],[13],[17],[18],[51],[52] has proven useful. By identifying and documenting
information (e.g. distributions, ontogenetic requirements) on known hosts (e.g. Rattus sp.,
molluscs) and conducting field surveys for the parasite, future studies might provide a much
improved and conservative representation of A. cantonensis’ current and future range.
METHODS

Maxent was used to model the current and projected distribution of A. cantonensis.
Documented occurrences of A. cantonensis were collected from published records. Records of
the parasite in endemic areas or reports of the parasite found in intermediate or definitive hosts
were used (Table S1). A total of 66 locations were included (Figure 1). Elevation and 19 climate
variables were downloaded from WorldClim [53] with a resolution of 5 arc-minutes (100 kmz;
Table 1). All variables were included in the model initially. However, only the variables with
the highest gain independent of others (Fig. 2) were retained, as these variables accounted for the
greatest amount of the observed variation. In addition, the environmental variables that lowered
the training gain the greatest when omitted were retained (Fig. 3), as these variables contained
the most unique information. These variables were then retained for high multicollinearity

(r|>0.8) [54]. Additionally, AICc was used to evaluate the regularization of the models and to
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avoid overfitting [55]. All possible combinations of the variables that did not exhibit high
multicollinearity were examined. Ten-fold cross-validation was used and receiver operating
characteristic (ROC) curves were created by plotting sensitivity vs. 1-specificity to evaluate the
accuracy of the resulting model. The AUC were used to evaluate models. Models with an AUC
score of 0.5 indicated a model preforming no better than random, while models with AUC score
of 1 indicated a perfect model [11],[56]. However, AUC scores are not without limitations
[57],[58] and should be used in conjunction with other model evaluation methods [59].
Consequently, I used AlICc scores and model weights along with AUC scores to determine the
model that best describes the current distribution of A. cantonensis.

IPCC 4 data for future climate conditions for the 2050s and 2080s were obtained from the
International Centre for Tropical Agriculture (CIAT) [60] in order to project the potential future
distribution of A. cantonensis at 5 arc-minutes (100 km2). Three IPCC scenarios were evaluated;
Alb (described as rapid economic growth, but with a balanced emphasis on all energy
resources), A2A (characterized by slower economic growth), and B2A (which has a greater
emphasis on environmental stability) using the Canadian Center for Climate Modeling Analysis
Coupled Global Climate Models [60]. Results are presented as mean + standard deviation.
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Figure 1. Current distribution of A. cantonensis. The locations taken from the literature where
A. cantonensis (n=66) has been reported.

Figure 2. Jackknife of regularized training gain for individual variables. Withholds all
variables but one. The higher the gain, the more important the variable.

Figure 3. Jackknife of regularized training gain omitting each variable is shown below.
Withholds one variable. The lower the gain, the more unique information is embedded in the
variable.

Figure 4. Probability of A. cantonensis presence in response to ecogeographical variables in
the best fit models.

Figure 5. The Maxent model of the projected current distribution for A. cantonensis.
Figure 6. Comparison of the model runs for A. cantonensis. The probability of A. cantonensis
occurrence is color coded in the legend; the brick red shade shows an area with >0.5 probability
of occurrence.

Figure 7. The Northern and Southern Hemisphere centroids. Indicated by stars. Shows the

geometric center of the distribution for A. cantonensis under the A1B, A2A and B2A scenarios.
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Table 1. Bioclimatic variables used in the construction of the niche models.

30

Variable Definition

BIO 1 Annual mean temperature

BIO 2 Mean diurnal range (Mean of monthly [max temp - min temp])
BIO 3 Isothermality (BIO 2/ BI10O 7) * 100

BIO 4 Temperature seasonality (standard deviation * 100)
BIO 5 Max temperature of warmest month

BIO 6 Min temperature of coldest month

BIO 7 Temperature annual range (BIO 5 - BIO 6)

BIO 8 Mean temperature of wettest quarter

BIO 9 Mean temperature of driest quarter

BIO 10 Mean temperature of warmest quarter

BIO 11 Mean temperature of coldest quarter

BIO 12 Annual precipitation

BIO 13 Precipitation of wettest month

BIO 14 Precipitation of driest month

BIO 15 Precipitation seasonality (coefficient of variation)
BIO 16 Precipitation of wettest quarter

BIO 17 Precipitation of driest quarter

BIO 18 Precipitation of warmest quarter

BIO 19 Precipitation of coldest quarter

Elevation Elevation above sea level




Table 2. Comparison of the top three possible models.

Variables in Log AICc scores AAICc WAICc Mean
Model Likelihood AUC
BIO 2, BIO -815.871 1664.742703 0 0.904935182 0.947
6, BIO 18
BIO 2,BIO 6 -827.454 1670.838066 | 6.09536263 | 0.042956243 0.941
5
BIO 2, BIO -812.654 1672.058673 | 7.31596974 | 0.023333228 0.946
6, B1O 12,
BIO 18

*Log-likelihood is the natural log of the probability of the data given in the model. AICc isa
corrected AIC score, used for a small sample size by increasing the cost for each parameter.

31

Delta AlCc is the difference between the model with the lowest score (the "best™ model) and the
AICc score for each model. The model weight (wAICc) is the relative likelihood for each model,
divided by the total relative likelihood for all models that were considered. AUC (area under the
curve) is a measure of the accuracy of the model.



Table 3. The total area predicted to have >50% probability of suitable habitat conditions
for A. cantonensis under each climate change scenario.

Scenario Area (km?) % change in | Areacommon | % of current
area to current distribution
(km?) retained
Current 6023577.53
2050s — A1B 3819401.98 -36.59 % 3019561.24 50.13 %
2050s — A2A 4492528.57 -25.42% 3247301.62 53.91 %
2050s — B2A 5397195.02 -10.40% 3908147.80 64.88 %
2080s — A1B 3653893.62 -39.34% 2457742.65 40.80 %
2080s — A2A 4524055.46 -24.89% 2795431.91 46.41 %
2080s — B2A 5122298.26 -14.96% 3402096.64 56.48 %
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Table 4. A summary of the distance from each projected centroid for each scenario (A1B,

A2A, B2A

to the current centroid as well as the rate per decade.

Scenario

Distance (km) to
current centroid

Rate of km per decade

Current North

2050s — A1B 852.66 (NE) 170.53 km / decade
2050s — A2A 984.38 (ENE) 196.88 km / decade
2050s — B2A 745.35 (ENE) 149.07 km / decade
2080s — A1B 2281.37 (NE) 285.17 km / decade
2080s — A2A 1060.91 (NE) 132.61 km / decade
2080s — B2A 2531.59 (NE) 316.45 km / decade
Current South

2050s — A1B 148.26 (S) 29.65 km / decade
2050s — A2A 145.14 (S) 29.03 km / decade
2050s — B2A 442.23 (WSW) 88.45 km / decade
2080s — A1B 457.45 (SE) 57.18 km / decade
2080s — A2A 889.55 (ESE) 111.19 km / decade
2080s — B2A 146.94 (S) 18.37 km / decade
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Table S1: Locality Data
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Geographic Location: Latitude | Longitude | Literature
Region: Source:
Africa — Eastern Madagascar -18.766947 46.869108 26
Africa - Eastern Mayotte -12.827436 45.166281 27
Africa — Eastern Réunion Island -21.115142 55.536383 26
Africa — Northern Egypt (Cairo) 26.820553 30.802497 26
Africa — Western Cote d'lvoire 7.539989 -5.547081 26
Africa — Western Port Harcourt, Nigeria 4.8 7 26
Asia - Eastern Changle, Fujian, China 25.963119 119.523383 64
Asia - Eastern Fuzhou, Fujian, China 26.074508 119.296494 65
Asia - Eastern Guangdong, China 23.132192 113.266531 63
Asia - Eastern Guangxi, China 22.815478 108.327544 63
Asia - Eastern Canton/Guangzhou, China 23.129164 113.264436 25
Asia - Eastern Hainan, China 20.017378 110.349228 63
Asia - Eastern Jiangxi, China 28.674425 115.909175 63
Asia - Eastern Kunming, Yunnan, China 25.037722 102.722203 66
Asia - Eastern Wenzhou, Zhejiang, China 27.994267 120.699367 63
Asia — Eastern Zhejiang, China 30.266292 120.153822 76
Asia — Eastern Ishigaki Island, Okinawa 24.4 124.4 82
Asia - Eastern Okinawa, Japan 26.2124 127.680933 26
Asia - Eastern Pingtung Hsien, Taiwan 22.655789 120.470289 72
Asia — Southern Bombay, India 19.017614 72.856164 26
Asia — Southern Sri Lanka 7.873053 80.771797 44
Asia - South-Eastern | Sarawak, Borneo 2.607342 113.648944 26
Asia —South-Eastern | Central Java -7.150975 110.140258 77
Asia —South-Eastern | West Java -7.090883 107.668861 77
Asia —South-Eastern | Lampung -4.558586 105.406808 77
Asia —South-Eastern | East Nusa Tenggara -8.657383 121.079369 77
Asia —South-Eastern | South Sumatra -3.319436 103.9144 77
Asia —South-Eastern | West Sumatra -0.739939 100.800006 77
Asia - South-Eastern | Bangkok, Thailand 13.716731 100.54064 73
Asia - South-Eastern | Korat, Thailand 15.017228 102.316944 73
Asia - South-Eastern | Ubon, Thailand 15.072708 105.219481 73
Asia —South-Eastern | North Sulawesi -1.847908 120.527911 77
Australia Beecroft Peninsula, Australia -35.082594 150.813367 62
Australia Sydney, Australia -33.89175 151.199522 50
Caribbean Nassau, Bahamas 25.06 -77.345 26
Caribbean Santo Domingo, Dominican Republic 18.499997 -69.983331 81
Caribbean Cuba 21.521758 -77.781167 68
Caribbean Haiti 18.971186 -72.285214 79
Caribbean Black River, Jamaica 18.03085 -77.852158 61
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Caribbean Kingston, Jamaica 17.992731 -76.792008 61
Caribbean Lucea, Jamaica 18.44275 -78.178628 61
Caribbean Mandeville, Jamaica 18.039661 -77.513283 61
Caribbean Montego Bay, Jamaica 18.466667 -77.916667 61
Caribbean Puerto Rico 18.220833 -66.59015 70
Caribbean Grenada, West Indies 12.262775 -61.604172 21
Europe —Southern Tenerife, Canary Islands 28.291564 16.629131 67
Melanesia Viti Levu, Fiji -17.848319 178.011847 78
Melanesia Noumea, New Caledonia -22.2758 166.458 69
Melanesia Efate, New Hebride -17.735261 168.321731 71
Melanesia Bougainville, Papua New Guinea -6.0536 155.190681 80
Melanesia Kimbe, West New Britain, Papua New Guinea -5.550433 150.142808 80
Melanesia Lae, Papua New Guinea -6.723669 146.990906 80
Melanesia New Ireland, Papua New Guinea -4.285325 152.920592 80
Melanesia Port Moresby, Papua New Guinea -9.481553 147.190242 80
Melanesia Rabaul, Papua New Guinea -4.196161 152.172961 80
Micronesia Guam 13.444275 144793731 26
Micronesia Saipan 15.1778 145.750967 26
Northern America Miami, Florida 25.611517 -80.397781 42
Northern America Big Island, Hawaii 19.693236 | -155.537814 75
Northern America Honolulu, Hawaii 21.301281 | -157.860656 75
Northern America Maui, Hawaii 20.808581 | -156.319975 75
Northern America New Orleans, Louisiana 29.952858 -90.071242 43
Northern America New lIberia, Louisiana 30.003536 -91.815367 19
Polynesia Rarotonga, Cook Islands -21.229236 -159.77635 26
Polynesia Tahiti -17.650919 | -149.426042 26
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Ecological Niche Model based Survey and Molecular Identification of Angiostrongylus
cantonensis in Rodents from Southeast Oklahoma and Louisiana.
ABSTRACT
The majority of emerging infectious diseases (EIDs) are zoonotic with the potential to

incur substantial costs to wildlife populations. The zoonotic parasite, Angiostrongylus
cantonensis, causes eosinophilic meningitis in humans and neurological disorders in animals. A.
cantonensis has been documented in Louisiana and provides an excellent opportunity to evaluate
tools like ecological niche modeling (ENM) and real-time PCR. | sampled a total of 146 rodents
and two insectivores in areas of predicted suitable (Louisisana) and non-suitable (Oklahoma)
habitat within the SE United States for A. cantonensis. All rodent lungs were negative for adult
parasites following lung floatation. Real-time PCR analysis (Qvarnstrom, 2010) identified 34
tissue samples as potentially positive for A. cantonensis. To definitively identify A. cantonensis,
a 105 base pair fragment of the internal transcribed spacer 1 was sequenced. Only three brain
samples (two from Louisiana and one from Oklahoma) produced sequences having a 92-99%
match with those found on GenBank for A. cantonensis. The remaining 31 samples were then
classified as false positives. The program MEGA was used to generate a maximum likelihood
tree to show the relationship between the three samples, A. cantonensis and two closely related
nematode species. Although predicted unlikely to be found within Oklahoma, my sequencing
results indicate the presence of A. cantonensis within the state. My results demonstrate the
necessity for constant surveillance of pathogens to prevent their spread. Through continuous re-
evaluation of methodology, more efficient and accurate sampling techniques may be developed,

in turn influencing predictive models of pathogen occurrence.
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INTRODUCTION

Emerging infectious diseases (EIDs) can have devastating effects on wildlife, including
mass mortalities, local population extinctions, and global extinctions (Cunningham and Daszak,
1998; Daszak and Cunningham, 1999). Sixty percent of EIDs are caused by zoonotic pathogens,
and of these, over 70% originate in wildlife (Jones, 2008). As such, the potential for disease
transmission among domestic and wild populations of protected, endangered and/or susceptible
species is likely (Artoi et al., 2001; Bengis et al., 2004). Disease emergence or re-emergence
might be due to numerous factors (e.g. globalization of trade, increase interaction of humans and
domestic animals with wildlife, anthropogenic climate change) that function independently or
synergistically (Patz et al., 2000; Bengis, 2004). Consequently, the means by which pathogens
are studied are changing in order to better identify, control and prevent outbreaks.

The rat-lung worm, Angiostrongylus cantonensis, causes eosinophilic meningitis in
humans (Prociv et al., 2000). Angiostrongylus cantonensis was first linked to human disease in
1944 (Nomura and Lin, 1945) but was not recognized as a significant health risk until 1964
(Beaver and Rosen, 1964). The parasite also causes various disease symptoms
(meningoencephalitis, neurological disroders) in atypical host species, including wildlife and
captive animals (Gardiner et al., 1990; Duffy et al., 2004). The prevalence of A. cantonensis
varies among geographic regions and within host species but the number of infected hosts can be
high in certain areas (Lindo et al., 2002; Lv et al., 2009; Vitta et al., 2011). Angiostrongylus
cantonensis potentially poses a significant threat to the conservation of endangered wildlife,
especially in those endemic to geographic regions and that have not evolved host-parasite

associations.
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The occurrence of A. cantonensis has been documented world-wide including, Southeast
Asia, Australia, India, south-eastern USA and Africa (Kliks and Palumbo, 1992). The wide-
spread geographical distribution of A. cantonensis has been attributed largely to the spread of an
intermediate host, the African giant land snail (Archachatina marginata), and its definitive host,
Rattus spp. (Kilks and Palubo, 1992). Moreover, the host specificity of A. cantonensis is not
restricted, which contributes to its continuous geographic expansion (Prociv et al., 2000).
Recently, A. cantonensis has been documented in additional snail species, Pomacea maculata
and Achatina fulica, in southeastern United States. These intermediate hosts may facilitate a
range expansion of the parasite within the United States, as demonstrated in China (Teem et al.,
2013). These factors suggest that A. cantonensis is an emerging zoonotic pathogen of concern to
both humans and wildlife. Angiostrongylus cantonensis provides an excellent template to
evaluate the sensitivity and effectiveness of novel epidemiological techniques.

Ecological niche modeling (ENM) is being increasingly implemented as a tool for
studying the geographic distributions of zoonotic pathogens (Costa et al. 2002; Peterson and
Shaw, 2003; Levine et al. 2007). ENM uses point-occurrence data to describe and predict the
potential geographic range of a species, providing wildlife epidemiologists with areas of interest
to survey and hence document, the spread of pathogens. Modern molecular genetic techniques
are an efficient means to survey and accurately identify zoonotic pathogens, thereby providing a
better understanding of the epidemiology of zoonotic pathogens and the means to control them
(Morgan, 2000). Real-time PCR (gPCR) in particular, is being used more frequently in forensic,
veterinary, medical and biological investigations (Bustin, 2005). Combining gPCR techniques
with field epidemiology allows for a rigorous test of the effectiveness and accuracy of modeling

tools such as ENM. A recent ENM of A. cantonensis suggests that the potential range for the
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parasite within the United States lies along the coast of Louisiana and parts of Texas and Florida
(York, 2013). | tested the predictions of this model and the possible use of a species-specific
Tag-man assay (Qvarnstrom et al., 2010) as a surveying technique for A. cantonensis by
sampling rodent populations in areas predicted to have suitable and non-suitable habitat.
MATERIALS AND METHODS

Animal Collection

| sampled rodent populations in southeast Oklahoma and Louisiana based on predictions
from my ENM, which included both suitable and non-suitable habitat patches. Field collection in
Oklahoma occurred in rural to semi-urbanized areas, whereas in Louisiana most took place in
urbanized to semi-rural areas. Sample sites from Oklahoma (non-suitable habitat) were confined
to the South Central Plains ecoregion (United States Environmental Protection Agency, 2011). In
Louisiana, | sampled in New Orleans, East Baton Rouge, and Lake Charles, where the parasite
has been previously documented and predicted to have suitable habitat (Kim et al., 2002).

Trapping occurred during the spring, summer and fall months of the years 2010—2012
using Sherman live traps (3x3.5x9”) and tomahawk traps (5x5x16”) baited with various food
types (e.g. rolled oats, apples, peanut butter, chocolate). Sherman live traps were set in transects
with trap stations approximately 10 m apart. A pair of traps constituted a trap station, and 50 to
100 traps were set per transect while trapping in the field. At least 3 transects (~200 traps) were
set per area of suitable habitat (Resource Inventory Committee, 1997). In urbanized areas trap
lines were not practical and instead, traps were placed in areas with signs of high rodent activity
(e.g. scat, chewing). One trap session consisted of setting traps in the late afternoon and

examining them the following morning. All specimens captured were identified to species, with
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sex, reproductive condition, and relative age recorded along with the date of collection, specific
location, and weight.
Collection of Blood and Tissue Samples

Blood samples from rodents were collected from the suborbital sinus using sterile
capillary tubes (Hoff, 2000) or through cardiac puncture with prior sedation using chloroform.
Following blood collection, all rodents were euthanized with chloroform. Lungs were removed
for floatation in 10% saline solution and brain tissue samples were taken. If adult worms are
present in the lungs, they will leave the tissue. All tissue samples were labeled and transported in
70% ethanol to UCO. Dissection equipment was rinsed in 10% bleach solution or cleaned with
bleach wipes between tissue collections. Voucher specimens were either skinned or placed in
formalin and deposited at UCO Natural History Museum.

The handling of rodents, tissue sample collections, and subsequent analyses adhered to
standard operating procedures of the American Society of Mammalogists (2011) and the
Institutional Animal Care and Use Committee (IACUC) at the University of Central Oklahoma
(UCO). Approvals and permits for rodent sampling were obtained from UCO IACUC, the
Oklahoma Department of Wildlife Conservation, and the Louisiana Department of Wildlife and
Fisheries.

Nucleic Acid Extraction and Real-time PCR (qPCR)

Adult A. cantonensis were kindly provided by Dr. Mark Eberhard at the Division of
Parasitic Diseases and Malaria, Centers for Disease Control and Prevention (CDC). A 105 base-
pair (bp) fragment of ribosomal DNA first internal transcribed spacer (ITS1) was cloned
(Invitrogen, cat. no. 450030) using species-specific primers, (AcanlTS1F1- 5’>-TTCATGGATGG

CGAACTGATAG-3’) and (AcanITS1R1- 5’-GCGCCCATTGAAACATTATACTT-3’)
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(Qvarnstrom et al, 2010). The thermal cycling profile was characterized by 94°C for 5 min,
followed by 40 cycles of 94°C for 30 sec, 60°C for 30 sec, 72°C for 1 min, and 72°C for 7 min.
Products were sequenced using a BigDye Terminator v3.1 cycle sequencing kit (Qiagen, cat. no.
69506) (Table 1) and compared to sequences on GenBank via BLAST with a perfect sequence
match, 99% coverage, and an E value of 2e-47. The cloned fragment was used as a positive
control in gPCR.

Total cellular DNA was extracted from blood and brain samples using a DNeasy blood
and tissue kit (Qiagen, product number 69506) following manufactures recommendations. Prior
to extraction, brain samples were homogenized with a sterilized glass rod to ensure random
sampling of tissue. | tested for the presence of A. cantonensis using a TagMan assay via qPCR
on an AB 7500 system (Qvarnstrom et al., 2010), with the following probe and primers:
AcanlITS1P1 (5°-FAM-ATCGCATATCTACTATACGCAT GTGACACCTG-MGBNFQ-37),
AcanITS1F1 and AcanlTS1R1. The gPCR assay was conducted in a 20 ul total volume
containing Platinum gPCR Supermix-UDG (Invitrogen, cat. no. 11730-017), 0.4 pl (10 pM)
each of AcanITS1F1 and AcanITS1R1, and 0.2 pl (1 uM) of AcanITS1P1. Positive (i.e.
standards), non-template and blank controls were used when analyzing samples to ensure that
reactions amplified.

During relative abundance qPCR, increased florescence of the blank and non-template
control produced false positives near or after amplification cycle 30. Consequently, samples with
increased fluorescence relative to the blank or non-template control were separated into two
groups, “positive” and “potential positive”. “Positive” samples crossed a threshold value
between cycle 10—25. The samples that crossed the threshold value between cycles 26—30

were categorized as “potential positives.” However these are generalized ranges, and each plate
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amplified differently, causing additional factors which had to be taken into account (e.g. shape of
the amplification curve, proximity to non-template control and blank). Because of variation
between plates and the amplification of the blank and non-template control, | sequenced samples
that were categorized as “positive” and “potential positive”, to discriminate between true
positives and potential false positives.
Sequencing and Phylogenetic Analyses

“Positive” and some “potential positive” results produced by qPCR were reamplified
using AcanITS1F1 and primer AngioR58sR4 (5’-TACCTGCGTTTTTCATCGATA-3)
(Qvarnstrom, 2010), and Amplitag Gold master mix (Applied Biosystems, cat. no. 4398876) to
generate a larger ITS1 fragment for better species discrimination. The thermal cycling profile
consisted of an initial denaturation step of 95°C for 5 min, followed by 45 cycles of 95°C for 30
sec, 56°C for 30 sec, 72°C for 1 min, and 72°C for 7 min. Following PCR, samples were purified
with a Mini Elute kit, sequenced with BigDye Terminator v3.1 cycle sequencing kit, and purified
once more with an Edge Bio kit. | compared my samples against a 267 bp fragment generated
from the known sample of A. cantonensis (Table 1). All positive and selected “potential positive”
samples were analyzed on an ABI 3130 Genetic Analyzer (Applied Biosystems) three times to
detect possible errors incurred by the misincorporation of dNTPs by Taq polymerase (Saiki et al.,
1988). Generated sequences were aligned using Muscle in MEGA 5.2 (Tamura et al., 2011) and
manually inspected for consensus. The generated consensus sequences were then compared to
those on GenBank via BLAST, to identify the most likely origin (i.e. organism) of the sequence.

For phylogenetic analysis, consensus sequences for the ITS1 region of A. cantonensis
(GU733321.1, GU733323.1. GU587762.1) and two closely related species, Angiostrongylus

vasorum (GU733324.1, GU733325.1, GU045370.1) and Angiostrongylus costaricensis
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(GU587745.1, GU5S87746.1, GU587747.1), were generated from GenBank using BioEdit 7.2.0
(Hall, 1999). All consensus sequences were manually pruned to maximize homology.

Muscle in MEGA 5.2 (Tamura et al., 2011) was used to realign all consensus sequences
and the pairwise distances between the sequences were noted. | used maximum likelihood (ML)
to reconstruct a phylogeny of the generated sequences from the positive samples and the four
designated taxa. Model selection in MEGA identified Tamura 3-parameter as the best-fit model
for nucleotide substitution. The ML tree was constructed using the Tamura 3-parameter model
and default parameters in MEGA 5.2, with 10,000 bootstrap replicates. Any branches with a
bootstrap value below 50 were collapsed. To confirm tree topology, | used additional
phylogenetic methods: neighbor-joining (NJ), minimum evolution (ME), and Unweighted Pair
Group Method with Arithmetic Mean (UPGMA) with the Tamura 3-parameter model, and
maximum parsimony (MP).

RESULTS

Field Collection

There was a total of 1950 trap nights in Oklahoma: 350 at the Oklahoma State Forest
Resource Center, and 1600 in the Red Slough Wildlife Management Area (WMA). Forty-two
rodents and three insectivores were collected from McCurtain County (Table 2). Three hundred
sixty-three trap nights were in Louisiana: 121 in New Orleans, 118 in Baton Rouge, and 124 in
Lake Charles. Forty-seven rodents were collected from Louisiana (Table 2). The collection
number, species and GIS coordinates for each rodent captured is shown in Table 1 of the
supplementary material. In addition, to those collected in the field, tissue samples from 56 Rattus
norvegicus were obtained from the City of New Orleans Mosquito, Termite, and Rodent Control

Board. All voucher specimens were deposited at the UCO Natural History Museum.
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Blood and Tissue Processing

Lung floatation was performed on 148 rodents. All samples were negative for adult A.
cantonensis. Due to extraction inhibitors, DNA from blood and brain samples was obtained from
only 134 and 137 specimens, respectively. Following gPCR, 7 samples were classified as
“positive” and 27 samples as “potential positive.” Only three brain samples of the 34 “positive”
and “potential positive” samples produced a sequence (Table 3). These samples 32, 70 and 76
were obtained from a Sigmodon hispidus and two Rattus norvegicus, respectively. The samples
were classified as true positives and the remaining samples were classified as false positives.
Upon evaluation of the sequences, brain sample 32 appeared to be a mixed sample due to
slippage following a TA repeat region (Clarke et al., 2001). Comparison of the three brain
samples 32, 70 and 76 to those on GenBank via BLAST showed a match with A. cantonensis
(Table 4). The next closest species match for brain samples 70 and 76 was A. vasorum, with it
being 81% identical to the samples and an e value of 2e-42 and 4e-44, respectively. Following
species confirmation, the prevalence of A. cantonensis in the Red Slough WMA was determined
to be 3% and 2% in New Orleans.
Phylogenetic Analysis

Aligned consensus sequences for three taxa and 3 samples consisted of 291sites with
gaps. Pairwise distances between A. cantonensis, the three brain samples and other
Angiostrongylus spp. are shown in Table 5. The phylogenetic trees constructed using ML, NJ,
ME, UPGMA and MP methods showed some variation in tree topology. However, samples 32,
70, and 76 grouped with A. cantonensis with bootstrap values of 100% for all phylogenetic

methods. The ML consensus tree is shown in Figure 1.
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DISCUSSION

Angiostrongylus cantonensis poses a significant health risk to humans and wildlife
worldwide, demonstrating a need for research that can shed light on its location and dispersal. |
surveyed New Orleans, East Baton Rouge and Calcasieu parishes in Louisiana for the presence
of A. cantonensis. Two of the parishes (New Orleans and East Baton Rouge) had previously
documented A. cantonensis (Kim et al., 2002). | also surveyed for the parasite in McCurtain
County, Oklahoma. Of the 148 specimens collected, qPCR identified 34 as positive for the
parasite. However, sequencing analysis with species-specific primers revealed only 3 of the
samples contained A. cantonensis. Phylogenetic analyses grouped the sequenced samples with A.
cantonensis. This affirmed the presence of the parasite in SE Oklahoma and Louisiana and the
validity of ITS1 as an important molecular maker for parasite detection.

Integration of ecological niche modeling (ENM) and gPCR suggests a new perspective of
the distribution of A. cantonensis within the United States. Previous reports note that A.
cantonensis is found in Louisiana, Mississippi, and Florida (Kim et al., 2002; Duffy et al. 2004).
However, studies on the prevalence of the parasite within definitive hosts in the southeastern
United States are lacking. Although sampling in Louisiana was limited, a prevalence of two
percent is disconcerting, especially given that infected rodents were collected in densely
populated areas. Importantly, A. cantonensis was documented within a novel host species (S.
hispidus) in Oklahoma, an area predicted to lack suitable habitat for the parasite. This northward
range expansion increases significantly the risk of disease spread to both host species and other
wildlife that might feed on A. cantonensis larvae, including humans and protected species of

birds and mammals.
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EIDs are hypothesized to originate from either novel or endemic pathogens (Rachowicz
et al. 2005). Novel pathogens are recently introduced pathogens to new geographic regions that
encounter species highly susceptible to infection, resulting in an outbreak. By contrast, endemic
pathogens are already present in the environment and have acquired new host species or
increased in pathogenicity. Because their disease management is different, it is crucial to
determine whether a pathogen is novel or endemic. Based on previous work, A. cantonensis
would have been described as a novel pathogen within SE United States. However, it is now
characterized as endemic (Kim et al., 2002). Changes in the classification of A. cantonensis
accentuate the need for techniques that monitor the extent to which the parasite infiltrates
geographic areas and the threat it poses to native wildlife.

Reat-time PCR has become an increasingly implemented technique to screen tissue
samples for various pathogens and microbes, enabling species-specific identification (Cummings
and Tarleton, 2003; Kriger et al., 2006). However, there is a growing need for such diagnostic
techniques to detect pathogens in a wide variety of host species, particularly for those that have
strong potential to spread disease worldwide. This is especially true for A. cantonensis, where
definitive and intermediate hosts are found worldwide and have contributed greatly to the spread
of the parasite (Kliks et al., 1992). | used a qPCR Tag-Man assay designed specifically for
identification of A. cantonensis within mollusks (Qvarnstrom et al. 2010) to screen rodent tissue
for the parasite. This method provided rapid screening for A. cantonensis by identifying samples
of interest from definitive hosts, validating its potential use as an effective epidemiological
screening technique and suggests the possibility of its application for other pathogens in other

mammalian species.
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Although my study suggests that the Tag-Man assay might be of value to
epidemiologists, there is also a concern. All samples, including non-template and blank controls,
showed ranges of increased florescence leading to an occurrence of false-positives. The
discrepancy between qPCR and sequencing analysis might result from lowered quenching of the
fluorophore by the quencher. In contrast to the present study, which used a MGB non-fluorescent
quencher, Qvarnstrom et al. (2010) employed a black hole quencher (BHQ). Both MGB and
black hole quenchers rely on Forster Resonance Energy Transfer (FRET) to prevent escape of
fluorophore emissions (Marras et al., 2002). Similar to the non-fluorescent quencher, BHQ
absorbs excitation energy from the fluorophore and releases energy as heat as long as the
fluorophore remains within a certain distance from the quencher (Marras et al., 2002). However,
BHQ differs from MGB by providing a more broad spectral overlap which in turn increases the
efficiency of quenching and lowers background fluorescence (Marras et al., 2002). Moreover,
BHQ has greater quenching efficiency when paired with FAM (Marras et al., 2002). Therefore,
use of the MGB non-fluorescent quencher may not have fully masked the fluorophore, resulting
in background fluorescence. However, background fluorescence does not invalidate my results.
It is recommended, however, that future studies on A. cantonensis use the MGB probe in
conjunction with BHQ probe.

Genetic evidence of A. cantonensis within Louisiana supports the ENM predictions for it
to be present in that region. In contrast, although the ENM predicted unsuitable habitat for A.
cantonensis within SE Oklahoma, my results from sequencing analysis confirmed the parasite
presence in the state. My study highlights the difficulty in modeling the potential ranges and
distributions of parasites with complex life cycles. Without considering the complexity of

parasite-host interactions, environmental requirements, as well as the distribution of known host
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species and potential for new host species, the current ENM might not fully capture the realized
niche of the parasite (Peterson, 2006). When developing an ENM that primarily focuses on
species occurrences, the generated model is known as a “black box” (Peterson, 2006) in that it
provides an overall picture of disease ecology but not the chain of transmission as in this study.
Regardless, this study suggests that an ENM based on basic information about the location of the
parasite can provide an important starting point for disease surveillance and identifies bioclimatic
variables that most likely influence the parasite’s distribution.

The advent of modern molecular techniques has allowed wildlife epidemiologists to
identify and characterize pathogens of medical, veterinary and wildlife significance in greater
detail compared to classical procedures (Morgan, 2000). An emerging consensus is that there
has been a significant global increase in the overall number and diversity of pathogens (Daszak
et al. 2000; Jones et al., 2008). The apparent increase in EID incidence is the result of greater
reporting effort of zoonotic pathogens worldwide in conjunction with the power of new
diagnostic techniques (Bengis et al., 2004). However, this documentation basis was recently
evaluated and controlled for with findings showing a significant increase in the number of EIDs
originating in wildlife over time (Jones et al., 2008).

With an estimate of 86% of the world’s terrestrial species not taxonomically described,
there are potentially numerous reservoirs of unknown pathogens worldwide (Mora et al., 20011).
Global travel, human encroachment into wildlife habitat and climate change will significantly
influence the distribution and emergence of disease (Bengis et al., 2004; Cunningham, 2005) and
might lead to a greater probability of species extinctions. Improvements in detection capabilities,
constant surveillance for and documentation of pathogens will aid in understanding the

ecological niche of pathogens. By incorporating ENM, field epidemiology and qPCR techniques
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to determine the geographic distribution of a pathogen, major advances can be made in
controlling and preventing the spread of outbreaks of wildlife diseases. Future work should
refine each of these techniques and their application to epidemiology and wildlife disease.
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Table 1. Sequence fragments generated from A. cantonensis control specimen of the ITS1 region.

Species-specific 5’-TTTCATGGATGGCGAACTGATAGTATCATCGCATATATA CTATAC
region, 105 bp GCATGTGACACCTGATTGACAGGAAATCTTAATGACCCAAGTATAA
(Qvarnstrom, 2010) TGTTTCAATGGGCGC-3’

267 bp fragment 5’-TTCATGGATGGCGAACTGATAGTATCATCGCATATA TACTATAC
used in phylogenetic GCATGTGACACCTGATTGACAGGAAATCTTAATGACCCAAGTATAA
analyses TGTTTCAATGGGCGCCAACGTAGCAACAGAACAGTTTTTCTACACGT

GAAAATGTGGAACGAGATACACAGGATGTATATATATATATATACA
CATATATATATGTGTATGGAAATTGATATACTAGCTTCAGCGATGG
ATCGGTCGATTCGCGTATCGATGAAAAACGC ATCTAAA-3’




Tabhle 2. L ocation, species, and number of rodents caught.

Location Species No. Caught
Idabel, OK Neotoma floridana 2
Red Slough (WMA), OK Blarina carolinensis 3
Red Slough (WMA), OK Oryzomys palustris 2
Red Slough (WMA), OK Peromyscus leucopus 1
Red Slough (WMA), OK Reithrodontomys fulvescence 7
Red Slough (WMA), OK Sigmodon hispidus 30
New Orleans Parish, LA Rattus norvegicus 36
East Baton Rouge Parish, LA Rattus rattus 3
Calcasieu Parish, LA Rattus norvegicus 8

*Wildlife Management Area (WMA)

54
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Table 3. Sequences generated from the three positive samples.

Species Location  Sample Generated Sequence from Brain Samples
No.
5’-TTCATGGATGGCGAACTGATAGTATCATCGCATATCTACTATAC
Red GCATGTGACACCTGATTGACAGGAAATCTTAATGACCCAAGTA
Sigmodon Slough TAATGTTTCAATGGGCGCCAACGTAGCAACAGAACAGTTTTTCA
hispidus WMA 32 CACGTGAAAATGTGGAACGAGATACACAGGATGtatatataTATATA
OK ’ TATATATATACACATATATRTGTGTRTGGAAATAGATATACTAKCT
TCAGMGAKGRWKCGSGYGATTCGCGTATCTAAGAAAAACACA-3’
5’-TTCATGGATGGCGAACTGATAGTGTCATCGCATATCTACTATA
New CGCATGTGACACCTGATTGACAGGAAATCTTAATGACCCAAGTAT
Rattus Orleans 70 A ATGTTTCAATGGGCGCCAACGTAGCAACAGAACAGTTTTTCT
norvegicus LA ’ ACACGTGAAAATGTGGAACGAGATACACAGGATGTATATATATA
TATATATACACATATATATGTGTATGGAAATTGATATACTAGCTTC
AGCGATGGATCGGTCGATTCGCGTATCGATGAAAAACGCATCTA-3’
5’-TTCATGGATGGCGAACTGATAGTATCATCGCATATCTACTATA
Rattus New CGCATGTGACACCTGATTGACAGGAAATCTTAATGACCCAAGTA
norvegicus Orleans, 76 TAATGTTTCAATGGGCGCCAACGTAGCAACAGAACAGTTTTTCT
LA ACACGTGAAAATGTGGAACGAGATACACAGGATGTATATATATAT

ATATATACACATATATATGTGTATGGAAATTGATATACTAGCTTCA
GCGATGGATCGGTCGATTCGCGTATCGATGAAAAACGCAGCT A-3°




Table 4. NCBI BLAST results when compared to A. cantonensis.
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Sample No. Host Species Location Match Coverage e value
32 Sigmodon Red Slough 92% 98% 3e-105
hispidus WMA, OK
70 Rattus New Orleans, 99% 100% 3e-130
norvegicus LA
76 Rattus New Orleans, 99% 100% 1e-133

norvegicus LA




Table 5. Shows the pairwise distances between A. cantonensis and sequences.

A. cantonensis
brain 76

brain 70

brain 32

A. vasorum

A. costaricensis

0.005
0.011
0.033
0.178
0.213

0.005
0.027
0.178
0.203

0.033
0.187
0.213

0.220
0.247

0.141

S7



Figurel. Maximum Likelihood Bootstrap Consensus Tree using Tamura 3-parameter
model; demonstrates the relationship between the generated sequences and
Angiostrongylus spp.
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Figure 1.
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SUPPLEMENTARY MATERIAL

Table 1. List of all rodents collected with collection number and coordinates.
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Collection No. Species Latitude Longitude

3 Sigmodon hispidus 33°44.204' N 94° 40.627' W

4 Sigmodon hispidus 33°43.281'N 94° 41.376' W

5 Oryzomys palustris 33°43.281'N 94° 41.376' W

6 Sigmodon hispidus 33°44.123'N 94° 41.601' W

7 Oryzomys palustris 33°44.145'N 94° 41.573' W

11 Sigmodon hispidus 33°44'9.552" N 94° 38'31.795" W
12 Sigmodon hispidus 33°44'9.552" N 94° 38' 31.795" W
13 Sigmodon hispidus 33°42'29.134" N  94°38'10.228" W
14 Sigmodon hispidus 33°42'29.134" N 94° 38'10.228" W
15 Sigmodon hispidus 33°42'29.134" N  94°38'10.228" W
16 Blarina carolinensis 33°42'29.134" N 94° 38'10.228" W
17 Neotoma floridana 33°53'40.15" N 94°45'14.43" W
18 Blarina carolinensis 33°42'29.134" N 94° 38'10.228" W
19 Reithrodontomys fulvescense  33° 42'29.134" N 94° 38'10.228" W
20 Sigmodon hispidus 33°42'29.134" N 94° 38'10.228" W
21 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
22 Sigmodon hispidus 33°43'17.598" N 94°41'6.673" W
23 Neotoma floridana 33°53'40.15" N 94° 45'14.43" W
24 Reithrodontomys fulvescense  33° 45'24.76" N 94° 38' 36.96" W
25 Sigmodon hispidus 33°42'29.134" N 94°38'10.228" W
26 Reithrodontomys fulvescense  33° 42'29.134" N 94° 38'10.228" W
27 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
28 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
29 Reithrodontomys fulvescense  33° 43'17.598" N 94°41'6.673" W
30 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
31 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
32 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
33 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
34 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
35 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
36 Reithrodontomys fulvescense  33° 42'29.134" N 94° 38'10.228" W
37 Blarina carolinensis 33°43'17.598" N 94° 41'6.673" W
38 Sigmodon hispidus 33°43'17.598" N 94°41'6.673" W
39 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
40 Reithrodontomys fulvescense 33°43'17.598" N  94° 41'6.673" W
41 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
42 Sigmodon hispidus 33°43'17.598" N 94°41'6.673" W
43 Sigmodon hispidus 33°43'17.598" N  94°41'6.673" W
44 Sigmodon hispidus 33°43'17.598" N 94°41'6.673" W
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46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

Peromyscus leucopus

Sigmodon hispidus
Sigmodon hispidus
Sigmodon hispidus
Sigmodon hispidus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus

Reithrodontomys fulvescense

Rattus rattus

33°43'17.598" N
33°43'17.598" N
33°43'17.598" N
33°43'17.598" N
33°43'17.598" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'32.29" N
29°57'32.29" N
29° 57'32.29" N
29°57'32.29" N
29° 57'32.29" N
29°57'32.29" N
29°57'32.29" N
29°57'32.29" N
29° 57' 03.58" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'33.03" N
29° 57'33.03" N
29°57'03.58" N
29° 56' 36.32" N
29°56'36.32" N
29° 56' 36.32" N
29°56'36.32" N
29° 56' 36.32" N
29°56'36.32" N
29° 56' 36.32" N
29°56'36.32" N
33°44' 254" N
30°31'47.27" N

94°41'6.673" W
94°41'6.673" W
94°41'6.673" W
94°41'6.673" W
94°41'6.673" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03'36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03' 37.22" W
90° 03'37.22" W
90° 03' 37.22" W
90° 03'37.22" W
90° 03' 37.22" W
90° 03'37.22" W
90° 03' 37.22" W
90° 03'37.22" W
90° 04'52.57" W
90° 03' 36.02" W
90° 03' 36.02" W
90° 03'36.02" W
90° 03' 36.02" W
90° 03'36.02" W
90° 03' 36.02" W
90° 04' 52.57" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
90° 04' 37.58" W
94° 38' 39.37" W
91°11'23.82" W
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88
89
90
91
92
93
94
95
96
97

Rattus rattus

Rattus rattus

Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus
Rattus norvegicus

30°31'50.46" N
30°31'50.46" N
30°10'22.88" N
30°10'22.88" N
30°10'22.88" N
30°10'22.88" N
30°10'22.88" N
30°10'22.88" N
30°14'14.59" N
30° 12'57.05" N

91°11'44.35" W
91° 11'44.35" W
93°10'26.10" W
93° 10' 26.10" W
93°10'26.10" W
93° 10' 26.10" W
93°10'26.10" W
93° 10' 26.10" W
93° 05'03.93" W
93° 14'58.87" W
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Conclusion

Climate change is expected to profoundly influence ecosystems by causing numerical
(amplification of parasite populations), functional (shift or range expansion of parasites and
hosts) or microevolutionary (local adaption or directional shit in gene frequencies) alterations in
host, parasite and pathogen interactions, and resulting ultimately in the emergence of diseases
(Brooks & Hoberg, 2007). Epidemiological diagnostic techniques and modeling facilitates our
understanding of the potential impacts climate change will have on host-parasite interactions.

This study utilized ecological niche modeling (ENM) to predict the present and future
distribution of A. cantonensis and integrated field epidemiology and modern molecular
techniques to test predictions of the generated ENM. | sampled rodents for A. cantonensis in
regions predicted to have suitable and non-suitable habitats and identified inconsistencies
between the ENM and where the parasite was found. Although A. cantonensis was not detected
through visual examination of rodent tissue, both real-time PCR and sequencing methods
detected the parasite, reaffirming the benefits and sensitivity of molecular techniques. This is the
first documentation of the parasite within Oklahoma, and within the host, Sigmodon hispidus.
This is surprising, because Oklahoma was predicted to be a region of non-suitable habitat,
altering our understood current range of A. cantonensis.

In addition to the current range expansion of A. cantonensis, future predictions indicate
that global climate change will continue to have a functional effect on A. cantonensis. Under all
three climatic scenarios, the model predicts a decrease in suitable habitat for A. cantonensis, as
well as a range shift north and eastward in the Northern hemisphere and southward in the
Southern hemisphere. These results are not surprising considering that climate change is

predicted to cause periods of extreme drought in new regions, negatively impacting intermediate
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hosts (e.g. snails, slugs) that A. cantonensis is dependent on (Houghton et al., 2001). Such
changes in the distribution of the parasite are likely to lead to disease emergence in wildlife
previously unaffected.

Limitations of this study include small sample size and a need for refinement of
molecular and modeling techniques. Do to the high number of false positives; further evaluation
of the gPCR techniques is necessary. For now, the most likely cause of false positives is lack of a
black hole quencher (BHQ), which better masks additional fluorescence. However, because this
is the first time this probe was used on definitive host tissue, other complications may arise and
require modification. Furthermore, ENM predictions regarding suitable habitat in Oklahoma, and
my findings of A. cantonensis within the state, contradict. This discrepancy illustrates the
difficulty in predicting the distribution of organisms without field sampling, particularly those
with complex life histories such as parasites, highlighting the need to consider understated yet
important complexities of parasite-host interactions and the ability of parasites to acquire novel
hosts. Modeling of this parasite and others will require additional information (e.g. host life cycle
requirements and distribution) to generate an accurate portrayal of the species distribution.

Execution of control and preventive measures is essential for management of zoonotic
EIDs and requires expertise in ecological and epidemiological techniques from various fields
(Artois et al., 2001). By integrating ENM field surveillance for disease confirmation, molecular
identification advancements, development of plans for pathogen/host management and increased
public awareness, disease emergence and outbreak will decline. Furthermore, notification of
medical and wildlife specialist in SE Oklahoma and surrounding areas of A. cantonensis is

crucial, especially if there is a probable history of intermediate host ingestion. Future studies on



EIDs should integrate and perfect techniques such as ENM and gPCR with classical field

methodology to promote our understanding of diseases.
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