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SUMMARY 

Strongyloides stercoralis is a parasitic soil-transmitted nematode. It is estimated to infect up to 370 

million people worldwide predominantly in tropical and subtropical areas. In Australia, strongyloidiasis 

is a major public health problem in remote Indigenous communities with up to 60% of people in some 

areas found to be seropositive to infection. Despite various intervention programs targeted to control 

strongyloidiasis in remote Australian communities, the disease has never been eradicated and remains 

endemic in those communities.  

The overall aim of this research was to investigate the role dogs might play in transmitting 

strongyloidiasis, and to explore the knowledge gaps in regards to understanding the transmission, 

prevalence and distribution of S. stercoralis in Australia.   

To do this, firstly, an extensive literature review was conducted, which demonstrated that 

strongyloidiasis is a disease of socioeconomic disadvantage, and improving sanitary and hygiene 

conditions in the communities should be the primary target in implementing disease control measures. 

Next, current available treatment options of strongyloidiasis were examined and found that treatment 

options only included administration of anthelminthic drugs. The literature review demonstrated that 

there are two issues associated with drug treatment, namely potential resistance development and 

reinfection. The research proposed a combined approach for controlling strongyloidiasis that includes 

targeting the parasite in the environment as well as drug treatment. 

To get accurate data on the disease distribution and prevalence and to better understand the routes of 

transmission, there should be a surveillance system in place to record the cases across Australia. For 

that to happen, the disease needs to be included in the Australian National Notifiable Disease List. This 

research examined and assessed strongyloidiasis against 12 criteria set by the Australian Legislation 

and got a score fulfilling the requirements for national notification to be recommended.  

Next, the research looked at the dogs’ potential to transmit strongyloidiasis to humans. Followed by the 

literature review, the research looked at the specific markers of S. stercoralis DNA that are used for 

host differentiation. So, three markers (18S rDNA SSU HVR-I and HVR-IV regions and mtDNA cox1 

gene) of the DNA extracted from Australian human and dog faecal samples and one human sputum 

were genotyped using deep sequencing technique. The results showed that Australian dogs are 

infected with at least two genetically different strains of S. stercoralis, one that is zoonotic infecting dogs 

and humans, and the other one is dog specific. These findings confirmed that dogs present a potential 

reservoir for human strongyloidiasis.  

And finally, throughout the research 274 dog faecal samples were collected from across 27 

communities in the central and northern parts of Australia. The study looked at the zoonotic parasites 
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in dogs, S. stercoralis and hookworm species including Ancylostoma caninum, Ancylsotoma 

ceylanicum, Ancylostoma braziliense and Uncinaria stenocephala. There was 21.9% (60/274) and 

31.4% (86/274) prevalence of S. stercoralis and A. caninum found in dog faecal samples. The findings 

of this study emphasise the importance of the One Health initiative, which considers veterinary and 

public health interventions together. The One Health approach should be central in developing methods 

to eliminating S. stercoralis and hookworms in order to maintain both animal and public health.  

This thesis serves to provide a better understanding of strongyloidiasis by examining the disease from 

an environmental health rather than clinical perspective.  
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1.  INTRODUCTION 

This chapter provides background information on the gastrointestinal parasitic nematode, 

Strongyloides stercoralis and introduces topics explored in more detail throughout the thesis.  It 

includes two articles, which have been published in peer reviewed journals. The first, describes 

strongyloidiasis prevalence worldwide and factors associated with the disease, including the 

influence of a community’s socioeconomic status and the associated sanitation hardware. The 

second publication discusses existing treatment options for S. stercoralis including anthelminthic 

drugs and nematicides. The effectiveness, limitations and areas for future research are discussed. 

This article highlights the benefits of a combined approach for controlling Strongyloides spp. that 

includes both clinical treatment and environmental control methods.  

As this study progressed and the zoonotic potential of S. stercoralis was explored, the study was 

expanded to examine hookworms. These zoonotic parasites found in dogs and are introduced in this 

chapter and explored in more detail in chapter 6. 

1.1 Strongyloides stercoralis  

Strongyloides is a genus of parasitic nematodes that has been estimated to include 52 species of 

gastrointestinal parasites of different vertebrates (Speare, 1989). Strongyloides has a more complex 

life cycle compared with other nematodes. Its life cycle consists of two phases; a free-living and a 

parasitic phase. In the free-living phase there are male and female worms, while the parasitic stage 

has only female larvae (Schad, 1989). Human Strongyloides include S. stercoralis, Strongyloides 

fuelleborni subsp. fuelleborni and Strongyloides fuelleborni subsp. kellyi (Grove, 1996). While S. 

stercoralis is distributed worldwide, S. f. fuelleborni has only been reported in Africa and Southeast 

Asia and S. f.  kellyi in Papua New Guinea (PNG) (Thanchomnang et al., 2017, Pampiglione and 

Ricciardi, 1971, Ashford et al., 1992). It is estimated that S. stercoralis infects up to 370 million people 

globally (Olsen et al., 2009).  

1.1.1 Life cycle  

S. stercoralis has a unique life cycle comprising of parasitic and free-living phases  (Streit, 2008, 

Schad, 1989) (Figure 1.1). A parasitic phase starts when infective filariform larvae penetrates the 

skin, enters the circulatory system and travels to the lungs via the blood, from where it is swallowed 

into the gastrointestinal organs (Ericsson et al., 2001, Mansfield et al., 1995). This is however the 

traditional pathway of larvae migration. Evidence suggests that random migration of S. stercoralis 

larvae to reach the intestine is also possible even at an early stage of infection (Schad et al., 1989). 

Inside the small intestine, female larvae moult twice to become adult female worms, which produce 

eggs via parthenogenesis yielding rhabditiform larvae. These can then be either excreted in stool or 

become infective filariform larvae in the large intestine through autoinfection (Lim et al., 2004). A 
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unique feature to S. stercoralis, unlike other soil-transmitted helminths, is that larvae can persist 

indefinitely inside a host by means of asexual reproduction through parthenogenesis and 

autoinfection (Streit, 2008, Greiner et al., 2008).  

The free-living phase of the life cycle occurs when rhabditiform larvae is defecated into the soil and 

undergoes either direct (homogonic) or indirect (heterogonic) development. In the direct 

development pathway, excreted rhabditiform larvae moult two times to become infective filariform 

larvae. In the indirect development pathway rhabditiform larvae moult four times to develop into free-

living adult male and female worms. Adult worms reproduce sexually, producing eggs, which hatch 

into rhabditiform larvae. These then develop into infective filariform larvae. The free-living phase 

lasts only one generation, where homogonically produced larvae live a short life of 14 days, while 

heterogonically developed larvae have been shown to survive for longer periods in optimal 

environment conditions (Streit, 2008, Grove, 1989).  

 
Figure 1.1 The life cycle of Strongyloides stercoralis (adapted from the CDC website) 
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1.1.2 Clinical outcomes and pathology  

There are three forms of strongyloidiasis; chronic, hyperinfective, and disseminated. In 

immunocompetent people, strongyloidiasis takes a chronic form with symptoms ranging from none 

to mild that include respiratory, gastrointestinal, and skin disorders (Grove, 1995, Caruana et al., 

2006). Due to its autoinfective nature, the chronic disease can be lifelong with one remaining larva 

being able to reproduce and cause recrudescence (Ericsson et al., 2001).  

In immunocompromised and/or immunosuppressed people, or those receiving corticosteroid 

treatment, the infection can develop into more severe forms. Hyperinfective syndrome is where 

larvae reproduces to high numbers often causing pulmonary, gastrointestinal and/or neurological 

disorders (Grove, 1996). Disseminated strongyloidiasis is a form where larvae and bacteria spread 

to other parts of the body causing tissue damage and organ failure. Both severe forms are clinically 

important and have high mortality rate of up to 90% if not treated (Ericsson et al., 2001, Croker et 

al., 2010, Fardet et al., 2007, Marcos et al., 2008).   
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1.2.1 Abstract 

Strongyloidiasis is a disease caused by soil transmitted helminths of the Strongyloides genus. 

Currently, it is predominately described as a neglected tropical disease. However, this description 

is misleading as it focuses on the geographical location of the disease and not the primary 

consideration, which is the socioeconomic conditions and poor infrastructure found within endemic 

regions. This classification may result in misdiagnosis and mistreatment by physicians, but more 

importantly, it influences how the disease is fundamentally viewed. Strongyloidiasis must be first and 

foremost considered as a disease of disadvantage, to ensure the correct strategies and control 

measures are used to prevent infection. Changing how strongyloidiasis is perceived from a 

geographic and clinical issue to an environmental health issue represents the first step in identifying 

appropriate long term control measures. This includes emphasis on environmental health controls, 

such as better infrastructure, sanitation and living conditions. This review explores the global 

prevalence of strongyloidiasis in relation to its presence in subtropical, tropical and temperate 

climate zones with mild and cold winters, but also explores the corresponding socioeconomic 

conditions of these regions. The evidence shows that strongyloidiasis is primarily determined by 

the socioeconomic status of the communities rather than geographic or climatic conditions. It 

demonstrates that strongyloidiasis should no longer be referred to as a “tropical” disease but rather 

a disease of disadvantage. This philosophical shift will promote the development of correct control 

strategies for preventing this disease of disadvantage. 

1.2.2 Introduction 

Strongyloidiasis is an underestimated disease caused by Strongyloides stercoralis and 

Strongyloides fuelleborni, two species of soil-transmitted helminths of the genus Strongyloides (Grove, 

1995, Olsen et al., 2009).  While Strongyloides fuelleborni is found sporadically in Africa and Papua 

New Guinea, Strongyloides stercoralis is distributed worldwide and clinically important (Grove, 1995). 

Rhabditiform larvae of S. stercoralis are excreted in human feces, from where they develop into 

infected filariform larvae and can either repenetrate the intestinal mucosa and remain in the human 

organism, or distribute environmentally to new human hosts. A new host becomes infected with 

filariform larvae through intact skin penetration (Ericsson et al., 2001). Strongyloidiasis can cause 

gastrointestinal symptoms, including abdominal pain, diarrhea, nausea and vomiting, skin problems 

including pruritus and dermatitis or respiratory symptoms such as cough, asthma and dyspnea 

(Caruana et al., 2006, Hochberg et al., 2011, Mascarello et al., 2011). Hyperinfection or disseminated 

strongyloidiasis can affect several organs, leading to fatal outcomes (Grove, 1995, Croker et al., 

2010). Chronic asymptomatic strongyloidiasis is another significant concern, as when coupled with 

immunosuppressive treatment, it has potential to develop into disseminated infection (Seybolt et al., 

2006).  
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Currently, strongyloidiasis is predominately described as a neglected tropical disease, found in 

tropical and subtropical areas (Southeast Asia, Africa, Central and South America) (Genta, 1989a, Lim 

et al., 2004, Ahmad et al., 2013, Repetto et al., 2013, Toma et al., 2000, Uparanukraw et al., 1999). 

Whilst these papers do not often include clear climate-area classifications, it seems inappropriate 

that the primary disease descriptor focuses on geographic and climate conditions. Recent studies 

have included countries of the temperate zones in the endemic areas for strongyloidiasis (Buonfrate 

et al., 2012, Einsiedel and Spelman, 2006, Steinmann et al., 2007, Cabezas-Fernández et al., 2015, 

Valerio et al., 2013). ]. There are also cases of strongyloidiasis in some parts of the same climatic 

zone but not in others (Fisher et al., 1993, Russell et al., 2014, Peeters et al., 2010, Prociv and Luke, 

1993). This indicates that climatic conditions are not the primary factors determining the disease 

presence. Few studies mentioned low sanitation and socioeconomic status of communities as a risk 

factor for strongyloidiasis, and those that did not examine socioeconomic and sanitation conditions in 

any depth (Schär et al., 2013b, Russell et al., 2014).  

This review explores the global prevalence of strongyloidiasis in relation to its presence in 

subtropical, tropical and temperate climate zones with mild and cold winters, but also explores the 

corresponding socioeconomic conditions of these regions. The review demonstrates that 

classifying the disease as “tropical” is misleading and runs the risk that physicians in other countries 

may  not recognize this pathogen, resulting in misdiagnosis or mistreatment of the disease 

(Buonfrate et al., 2012, Roberts et al., 2013), but most importantly it influences how the disease is 

fundamentally viewed. Correct classification and perception of the strongyloidiasis is crucial, as it 

determines what strategies and control measures are used to prevent the infection. Considering the 

disease as an environmental health issue than a clinical issue based on geography would provoke 

a shift from drug administration to environmental health controls. Clinical treatment of 

strongyloidiasis will not always be effective (Toma et al., 2000, Molento, 2009). Anthelminthic drugs 

do not prevent reinfection, and can also cause adverse health effects (Zaha et al., 2002, Marti et al., 

1996). Additionally, resistance to ivermectin (the primary drug used to treat strongyloidiasis) has 

already been found in Strongyloides spp. infecting ruminants (Maroto et al., 2011), ], suggesting that 

resistance to ivermectin in S. stercoralis is likely in the future. Therefore, environmental health 

interventions represent a safer and more effective way of infection treatment. It was more than 

twenty years ago that Grove (Grove, 1990) noted that controlling Strongyloides in the environment 

is the most effective way to reduce infection. He pointed out that installation of adequate waste 

disposal systems was the most effective method to control the nematode(Grove, 1990), although this 

has not become the primary approach to addressing the disease. A major step towards reducing 

Strongyloides infection is to change the global perception of strongyloidiasis as a neglected tropical 

disease to recognition that it is primarily a disease of disadvantage and poor sanitation. 

The aim of the current review was to assess the global prevalence of S. stercoralis to 

determineprevalence in geographic locations or climate zones, and compare these with 
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socioeconomic status and poor infrastructure of the communities. The review demonstrates that 

strongyloidiasis should no longer be referred to as a “tropical” disease but rather a disease of 

disadvantage. This philosophical shift will promote the development of correct control strategies for 

preventing the disease. 

Studies that collectively demonstrate the global distribution of S. stercoralis are presented in Table 

1.1 Studies were collated using the Google Scholar and PubMed journal databases and the key 

words Strongyloides, S. stercoralis, strongyloidiasis, global, socioeconomic, status. Only studies 

from 1990–2016, written in English or Russian, with S. stercoralis prevalence percentage and details 

on population studied were included in the review. Reference lists of the collected studies were also 

examined and relevant articles have been reviewed. 
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Table 1.1 Global Strongyloides stercoralis prevalence distribution  

# 
 
 

Most likely 
infective 
source 

Climate 
classifi
cation 

Population studied SES S. stercoralis 
prevalence 

(%) 

Type of 
detection 

Symptoms 
diagnosed 

Comments/detail
s 

Referenc
e 

1.  East Africa Group 
A, C, B* 

Immigrants (≥16) 
lived in the refugee 
camps, 
Melbourne 
community health 
center and clinic 
patients 

Developing 
economy 
1** 

11% (14/124) Serology Fever (34%), 
Stomach pain 
(30%), weight 
loss (25%), and 
diarrhea (13%) 

Arrived to 
Australia, 
Melbourne 
between 1997-
2000 

(Caruana 
et al., 
2006) 

2.  Cambodia Group 
A 

Immigrants and 
refugees (≥15), 
Melbourne 
community health 
center and clinic 
patients 

Developing 
economy, 1 

42% (97/230) Serology Not reported Arrived to 
Australia, 
Melbourne 
between 1974-
2002 

(Caruana 
et al., 
2006) 

3.  Laos  Group 
A 

Immigrants (≥18) N/a 24% (22/93)  
 

Serology 75% (60/80) had 
previously worms, 
not known 
symptoms 

Arrived to 
Australia, 
Melbourne 
between 1980-
1989 

(De Silva 
et al., 
2002) 

4.  Brazil 
(North, 
Northeast, 
Midwest, 
Southeast, 
South) 

Group 
A, C 

General population 
 

Developing 
economy, 3 

5.5% 
21.7% 
29.2% 
 

Stool 
examination 
Serology (IFAT) 
Serology 
(ELISA) 
 

Not reported Study conducted 
from 1990 to 2009 

(Paula 
and 
Costa-
Cruz, 
2011) 

5.  Mexico, 
Honduras, 
Ethiopia, El 
Salvador, 
Zambia, 
Argentina, 
Congo, Cuba, 
Grenada, 
Guatemala, 

Group 
A, C, B 

HIV-positive 
immigrants (≥17) 

Developing 
economy, 
1,2,3  

26% (33/128) Serology Weight loss 
(53%), diarrhea 
(48%), fatigue 
(42%) and 
abdominal pain 
(36%).  

 (Hochber
g et al., 
2011) 
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India, Kenya, 
Niger, 
Tanzania, 
Vietnam 

6.  Africa, 
Central/South 
America, 
Thailand, 
India, UAE 

Group 
A, B, C 

HIV-positive 
immigrants (≥18), 
Italian hospital 
patients   
 

Developing 
economy, 
1,2,3,4  

11% (15/138) Serology Skin problems 
(16.7%),   
gastrointestinal 
symptoms (15%) 
respiratory 
problems (14%)  

Study conducted 
from 2000 to 2009 

(Mascarell
o et al., 
2011) 

7.   Sub-Saharan 
Africa 

Group 
A, B, C 

Immigrants, 
Royal Melbourne 
Hospital, Infectious 
disease clinic 
patients 

Developing 
economy, 1 

1.4% (2/145) 
17.9% 
(32/179) 

Stool 
examination 
Serology 

Not reported Study conducted 
from 2003 to 2006 
 

(Gibney et 
al., 2009) 

8.  China, 
southern 
Yunnan 
province *** 

Group 
A 

Local rural 
inhabitants,  
random population 
sample 

Developing 
economy, 3 

11.7% 
(21/180) 

Stool 
examination   

Not reported  (Steinman
n et al., 
2007) 

9.  Northern 
Ghana  
 

Group 
A 

Local inhabitants,  
random population 
sample 

Developing 
economy, 2 

11.6% 
(2349/20250) 

Stool 
examination 

Not reported Study conducted 
from 1995 to 1998 

(Yelifari et 
al., 2005) 

10.  Northern 
Thailand  

Group 
A,C 

Local inhabitants 
excluding pregnant, 
lactating or with 
heart diseases 

Developing 
economy, 3 

15.9% 
(114/697) 

Stool 
examination  

 Study conducted 
from April 2004 to 
September 2004 

(Nontasut 
et al., 
2005) 

11.  Appalachia 
regions, 
Kentucky, US 
*** 

Group 
C,D 

Local inhabitants, 
clinic patients 

Developed 
economy, 4 

1.9% (7/378) Serology  Not reported All used outdoor 
toilet  

(Russell 
et al., 
2014) 

12.  Spain, 
Barcelona 

Group 
C 

Immigrants from 
endemic areas, few 
locals 

Developed 
economy, 4 

17.7% 
(33/190) 
46% (33/71) 

Stool 
examination 
Serology 

Gastrointestinal 
symptoms (64%), 
dermatologic 
symptoms (32%), 
neurologic 
symptoms (1%) 

Study conducted 
from 2003 to 2012 

(Valerio et 
al., 2013) 
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13.  Cambodia Group 
A 

Refugees Developing 
economy, 1 

24.7% 
(40/162) 
77.2% 
(125/162) 

Stool 
examination 
Serology 

Not reported Arrived to Canada 
between 1982 
and 1983 

(Joseph 
et al., 
1995) 

14.  Spain, 
Valencia, 
Gandia *** 

Group 
C 

Local farm workers, 
random population 
sample from the 
tourist area  

Developed 
economy, 4 

12.4 % 
(31/250) 

Stool 
examination 
(agar plate 
culture) 

Gastrointestinal 
symptoms, skin 
symptoms (no 
predominance 
among the 
infected group) 

No information 
obtained on 
travelling details 

(Roman-
Sanchez 
et al., 
2003) 

15.  Africa  Group 
A, B, C 

Sudan refugees 
Somali Bantu 
refugees 

Developing 
economy, 1 

46% (214/462) 
23% (23/100) 

Serology 
Serology 

Chronic 
abdominal pain 
(not associated 
with the infection 
prevalence) 

Resettled in the 
US in previous 5 
years 

(Posey et 
al., 2007) 

16.  Jamaica Group 
A 

Clinical 
strongyloidiasis 
patients and 
controls 
(neighboring 
households) 

Developing 
economy, 3 
 

8.2% (17/207) 
30% (62/207) 

Stool 
examination 
Serology 

Not reported  (Robinson 
et al., 
1994) 

17.  Far East and 
Southeast 
Asia  

Group 
A, C, D 

Former WWII Far 
East prisoners, 
diagnosed with 
strongyloidiasis and 
controls 

Developing 
economy, 2,3 

12% 
(248/2072) 

Stool 
examination and 
serology  

Larva currens 
rash (70%) 

Study conducted 
from 1968 to 
2002, Liverpool, 
UK  

(Gill et al., 
2004) 

18.  Sub-Saharan 
Africa, 
Maghreb and 
Latin America  

Group 
A, B, C 

Immigrants, 
strongyloidiasis 
patients  

Developing 
economy, 2,3 

90.4% 
(284/314) 
22.9% 
(67/293) 

Serology 
Stool 
examination 

Gastrointestinal 
symptoms 
(abdominal pain, 
diarrhea, pruritus 

Study conducted 
from 2004 to 
2012, Southern 
Spain 

(Cabezas-
Fernánde
z et al., 
2015) 



11 
 

19.  Africa, Eastern 
Europe, 
Southeast 
Asia, South 
America, the 
Caribbean, 
and the Middle 
East 

Group 
A, B, C 

Refugees  Developing 
economy, 
economy in 
transition, 
1,2,3 
 

39% (45/119) 
 

Serology Asymptomatic Boston, 
Massachusetts 

(Seybolt 
et al., 
2006) 

20.  Southeast 
Asia 
(Kampuchea, 
Laos, Vietnam 

Group 
A,C 

Immigrants, random 
population sample 

Developing 
economy, 2 

64.7% 
(125/193) 
25% 

Serology 
Stool 
examination 

Not reported Quebec, Canada (Gyorkos 
et al., 
1990) 

21.  Spain, 
Mediterranean 
coast,  

Group 
C 

Strongyloidiasis 
patients (ex and 
current farm-
workers and family 
members), local 
inhabitants 

Developed 
economy 4 

0.9% 
(152/16607) 

Stool 
examination  
(agar plate 
culture) 

Asymptomatic 
(77%); 
Gastrointestinal 
symptoms (11%); 
cutaneous 
symptoms (4%); 
respiratory 
symptoms (1%); 
mixture of all the 
symptoms (7%) 

Study conducted 
from 1990 to 
1997, 
none travelled to 
the endemic 
areas 

(Sánchez 
et al., 
2001) 

22.  Northeastern 
Thailand 

Group 
A 

Rural and urban 
population 

Developing 
economy, 3 

23.5% 
(289.8/1233) 

Stool 
examination 

Not reported Study conducted 
from July to 
September 2002 

(Jongsuks
untigul et 
al., 2003) 

23.  Australia, 
Northern 
territory *** 

Group 
A 

Royal Darwin 
Hospital patients 

Developed 
economy, 4 
 

33% (68/205) Stool 
examination 

Gastrointestinal 
symptoms (72%) 

12 month study 
 

(Fisher et 
al., 1993) 

24.  India, Assam Group 
A,B, C 

Local inhabitants, 
random population 
sample   

Developing 
economy, 2 

8.5 % (17/198) Stool 
examination 

Gastrointestinal, 
respiratory and 
cutaneous 
symptoms (29%) 

Locals are mostly 
farm-workers 

(Devi et 
al., 2011) 

25.  Malaysia Group 
A 

Orang Asli 
community 

Developing 
economy, 3 

0% (0/54) 
31.5% (17/54) 
5.6% (3/54) 

Stool 
examination  
Serology 
PCR 

Not reported  (Ahmad et 
al., 2013) 
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26.  Palestine, 
Gaza Strip, 
Beit Lahia 

Group 
B 

Local inhabitants, 
random population 
sample, 3-18 years 

N/a 5.6% 
(90/1600) 

Stool 
examination  
 

Not reported Agricultural region (Alzain, 
2006) 

27.  Brazil, Bahia Group 
A, C 

AIDS Clinic 
patients, HIV 
positive and 
negative groups, 
random population 
sample 

Developing 
economy, 3 
 

1.05% 
(59/5608) 

Stool 
examination  
 

Gastrointestinal 
symptoms among 
HIV positive 

Study conducted 
from 1997 to 1999 
 

(Feitosa 
et al., 
2001) 

28.  Argentina 
(North) *** 

Group 
C 

Local patients at the 
hospital  

Developing 
economy, 3 

29.4% 
(67/228) 

Stool 
examination 

Not reported  (Krolewie
cki et al., 
2010) 

29.  U.S. Group 
B, C, D 

Cancer treated 
patients 

Developed 
economy, 4 

0.25% 
(25/10000) 

Stool 
examination 

Fever (28%), 
gastrointestinal 
symptoms (68%), 
pruritic skin rash,  

Cases between 
1971 and 2003 
22/25 are US 
residents 

(Safdar et 
al., 2004) 

30.  Northeast 
Thailand 

Group 
A 

Local rural 
inhabitants 

Developing 
economy, 3 

28.9% 
(96/332) 
47.5% 
(57/120) 

Stool 
examination 
Serology 

Not reported Study conducted 
between October-
November 2000 

(Sithithaw
orn et al., 
2003) 

31.  Africa (48%), 
Asia (34%), 
Caribbean 
(20%), South 
America (3%)   

Group 
A, B, C 

Immigrants from 
endemic countries, 
travelers, Hospital 
for Tropical 
Diseases patients  

Developing 
economy, 
1,2,3 
 

53.1% 
(102/192) 
94.6% 
(157/166) 

Stool 
examination 
Serology 

Bowel upset, 
gastrointestinal 
symptoms, skin 
symptoms  

Study conducted 
between 1991 
and 2001, London 

(Sudarshi 
et al., 
2003) 

32.  Bangladesh, 
Dhaka 

Group 
A, C 

Local inhabitants of 
a slum  

Developing 
economy, 1 
 

23.1% 
(34/147) 
10.2% 
(15/147) 
61.2% 
(90/147)  

Stool 
examination 
Stool 
examination 
(agar plate 
culture)  
Serology 

Diarrhea (19%) Study conducted 
from November 
2009 to January 
2010 

(Sultana 
et al., 
2012) 

33.  Nigeria, llorin Group 
A 

HIV clinics patients, 
HIV seropositive 
and seronegative 
patients 

Developing 
economy, 2 

12.2% 
(22/180)  

Stool 
examination 

Not reported  (Babatund
e et al., 
2010) 
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34.  Southeastern 
Brazil, 
Uberlandia 

Group 
A, C 

Elderly,  
randomly selected 
from nursing homes 
and non-
institutionalised 

Developing 
economy, 3 
 

5% (10/200) Stool 
examination 

Asymptomatic  (Naves 
and 
Costa-
Cruz, 
2013) 

35.  Australia, 
Queensland, 
Doomadgee 
*** 

Group 
B, C 

Children in 
aboriginal 
communities 

Developed 
economy, 4 

27.5% 
(92/334) 

Stool 
examination 

Not reported During the wet 
season 

(Prociv 
and Luke, 
1993) 

36.  Northern 
Cambodia 

Group 
A 

Local inhabitants, 
random population 
sample  

Developing 
economy, 1 

44.7% 
(1071/2396) 

Stool 
examination 

Not reported Farmers (48.5%), 
pupils (33%) 

(Khieu et 
al., 2014) 

37.  Kazakhstan *** Group 
D 

Adopted children, 
lived in orphanage 

Economy in 
transition, 3 

42.8 % (3/7) Serology Not reported Study in Belgium (Peeters 
et al., 
2010) 

38.  USSR, North 
Caucasus *** 

Group 
D 

Local inhabitants, 
random population 
sample 

Developing 
economy, 2 
 

0.77% 
(89/11530) 

Stool 
examination 

Not reported  (Prokhoro
v and 
Golovan, 
1983) 

39.  Japan, 
Okinawa *** 

Group 
B 
 

Local hospital 
patients  

Developed 
economy, 4 

3.4% 
(113/3292) 

Stool 
examination 
(agar plate 
culture) 

Not reported S. stercoralis is 
higher in 
B.hominis 
infected, the last 
is indicator for 
poor hygiene 

(Hirata et 
al., 2007) 

   *  Group A - tropical moist climate 
      Group B - subtropical, dry climate 
      Group C - subtropical, mediterranean, moist mid-latitude climates with mild winters    
      Group D - continental, moist mid-latitude climates with cold winters 
      Group E - polar climate  
      Group H - highland climate 

**  1 - low-income                            *** showed on a map as a star “*” sign 
     2 - lower-middle-income 
     3 - upper-middle-income 
     4 - high-income 
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1.2.3 Global prevalence of strongyloidiasis and climate classification 

Table 1.1  summarizes the information available on infection prevalence, population studied, country as 

the most likely infective source, climate and socioeconomic status of the country, type of the infection 

detection, presence of symptoms and the study reference details.  The table indicates that all cases 

of strongyloidiasis occur in the following communities: poor communities, former war veterans, 

immigrants and travelers, immunocompromised populations, or groups occupationally exposed to 

soil. 

The climate classification used in this review is Koppen climate classification system, which divides 

the world’s climate into six major climate groups each containing several subgroups (Pidwirny, 

2011). Using the complete range of Koppen climate categories, about 80% of all the world areas 

falls into either tropical or subtropical zones (Pidwirny, 2011). This justifies the classification of 

strongyloidiasis as a “tropical” or “subtropical” disease, but lacks any meaning or association. Based 

on the major Koppen climate categories, the infection is still prevalent in other climate zones apart 

from tropical or subtropical ones (Figure 1.2). Certain areas of countries with Strongyloides 

stercoralis cases are shown as a “star” sign on the map. 

Figure 1.2 presents a world map divided into tropical and subtropical zones with the strongyloidiasis 

case countries/areas coloured in blue. It can be seen that strongyloidiasis is highly prevalent in 

subtropical and tropical regions representing mostly developing countries with low socioeconomic 

status. Cases outside the tropical or subtropical areas correspond to more economically developed 

countries, but socioeconomically depressed communities (e.g., the Appalachia region population in 

the U.S., former USSR countries). This emphasizes that socioeconomic factors are more important 

than climatic conditions in defining the disease. The remaining cases presented are in risk groups of  

developed economy countries such as former war veterans, refugees, immigrants and travelers, 

immunosuppressed people or current or ex-farmers and their families, also identified by Schär et al. 

(Schär et al., 2013b).  
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Figure 1.2 Countries with Strongyloides stercoralis cases (coloured blue or marked as a “star” sign) on a world map divided into tropical and 
subtropical zones  
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1.2.4 Countries of strongyloidiasis prevalence and socioeconomic status 

1.2.4.1 Socioeconomic status of the strongyloidiasis case communities in subtropical and 

tropical zones (hyperendemic)    

The socioeconomic status of the countries are presented in Table 1.1, based on their economy status 

and the income using World Bank data and the United Nations “World’s Economic Situation and 

Prospects 2016”report (UN, 2016, Pasquali, 2015). It is globally accepted that an area with S. 

stercoralis prevalence of more than 5% is considered hyperendemic (Grove, 1989). From Table 1.1 

it can be seen that almost all the reported countries are shown to be hyperendemic for 

strongyloidiasis, with exception of the Appalachia region in the U.S., Okinawa in Japan and North 

Caucasus in the former USSR. The reported endemic areas for strongyloidiasis (Southeast Asia, 

Africa, Central and South America) are mostly countries with developing economies, as can be seen 

in Table 1.1. Socioeconomic inequalities result in poor sanitation and hygienic conditions, which act 

as a triggering factor for the pathogen infection (Steinmann et al., 2007). The lifecycle of S. stercoralis 

and a mode of infection transmission justifies improper sanitation conditions are risk factors for 

infection (Ericsson et al., 2001). Increased urbanization processes happening in such countries 

cause inappropriate living conditions for the population such as 5–6 people living in one room and 

the use of one cubicle shower and a toilet (Paula and Costa-Cruz, 2011). It has been frequently 

shown that low socioeconomic status communities present higher mortality and morbidity rates 

compared to higher socioeconomic class population (Adler and Ostrove, 1999, Feinstein, 1993).   

1.2.4.2 Socioeconomic status of the strongyloidiasis case communities in temperate 

zones 

Apart from high prevalence strongyloidiasis cases detected in most of the subtropical and tropical 

countries in the world, cases with strongyloidiasis prevalence were also shown in some continental 

climate regions (Appalachia, North Caucasus, Kazakhstan). Although the study conducted in the 

North Caucasus does not meet the current review’s criterion for the year of publication of papers, it 

is still included as not many studies from that area are available. North Caucasus has a continental 

climate and the study findings highlight that strongyloidiasis is not dependent only on climatic 

conditions (Prokhorov and Golovan, 1983). While moist and warm soil, enriched with nutrients are 

favourable conditions for the survival of free-living S. stercoralis larvae with further potential to infect 

a human host, the factors influencing direct or indirect development of infective filariform larvae (L3) 

are poorly understood (Grove, 1989, Grove, 1995). Previous reports have indicated that larvae 

cannot survive temperatures below 8 ˝C or above 40 ˝C (Farrar et al., 2013). However, studies have 

demonstrated S. stercoralis larvae surviving at lower temperatures infecting   a human (Prokhorov 

and Golovan, 1983). Considering the parthenogenesis and autoinfection features of this nematode, 

the likelihood of the larvae remaining and reproducing within the host is high. In conditions of 
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inadequate sanitary and hygiene environment there is then a high risk of rhabditiform larvae excreted 

in stools passing to other human hosts. 

As seen in Table 1.1, these regions belong to countries or a country with transitional or developed 

economies with the strongyloidiasis cases identified only in disadvantaged communities (Russell et 

al., 2014, Peeters et al., 2010, Prokhorov and Golovan, 1983). For example, rural Appalachia regions 

in Kentucky, West Virginia, Georgia and Tennessee in the United States are identified as areas with 

high infection prevalence among low socioeconomic status populations (Russell et al., 2014, Walzer 

et al., 1982).  The Strongyloides infection case reported in Kazakhstan children were adopted 

children from orphanages, who probably were exposed to poor sanitary environments (Peeters et al., 

2010). The study in the North Caucasus reported different levels of strongyloidiasis prevalence (0.1%–

1.4%) in different areas with different temperatures (the lowest being 4ºC). Poor sanitary conditions 

were however reported in almost all the communities studied (Prokhorov and Golovan, 1983). These 

single Strongyloides infection cases occurred in areas of continental climate, where the precipitation 

level is low and temperatures go below zero, demonstrating that strongyloidiasis is not primarily 

influenced by climate conditions but rather sanitary and hygiene factors. 

Australia is known to have tropical and subtropical climates, however, strongyloidiasis there is 

frequently found among indigenous communities and not the general population (Fisher et al., 1993, 

Prociv and Luke, 1993). Indigenous communities (Aborigines and Torres Strait Islanders) are 

identified as of a low socioeconomic status populations and are generally reported to live in poorer 

housing, sanitary and infrastructure conditions, which results in numerous worse health outcomes 

compared with non-indigenous Australians (Trewin and Madden, 2005).  

1.2.4.3 Clinical treatment of and infrastructure, housing, and environmental health.   

Currently, anthelminthic drugs (albendazole, mebendazole, and ivermectin) and nemiticides are used 

to treat the strongyloidiasis in humans (WHO, 2006). Treatment of soil-transmitted helminthiasis is 

difficult due to the development of resistance and facile reinfection from the environment. Among 

soil-transmitted helminth infections, strongyloidiasis is the most challenging to treat and clinically 

important because of a parasite’s rhabditiform larvae unique ability of autoinfection (Toma et al., 

2000, Molento, 2009, Olsen et al., 2009, Paula and Costa-Cruz, 2011). Moreover, parthenogenesis 

allows for a single female parasite remaining in a host to reproduce reinfecting that person (Grove, 

1995). The drug treatment efficacy depends on number of factors including   an individual’s immune 

system status, co-infection with HTLV-1, history of drug use, and bowel ileus (Vadlamudi et al., 2006, 

Scowden et al., 1978, Carvalho and Da Fonseca Porto, 2004, Sultana et al., 2012).  Furthermore, 

monitoring treatment efficacy has some difficulties associated with the low sensitivity of fecal 

examination (Toma et al., 2000). Additionally, the drugs can cause adverse effects, including liver 

disfunction, gastrointestinal symptoms (nausea, vomiting, loose stool, abdominal distension or pain), 
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chest tightness or pain, itching, fever, cough and wheezing, dizziness, and neurological effects 

(Shikiya et al., 1994, Zaha et al., 2002, Lichtenberger et al., 2009, Marti et al., 1996).  

New anthelminthic drugs and nematicides have to be frequently introduced to the market due to quick 

resistance development in nematodes and great toxicity they produce to humans (Molento, 2009). 

Resistance in nematodes to different drugs has been studied and demonstrated frequently in the 

veterinary field in the last decades (Prichard, 1994, Coles et al., 2006, Kaplan, 2004). This suggests 

that human-infecting nematodes are also likely, at some stage in the future, to become resistant to the 

available drugs. Indeed, studies on some drugs used against human nematodes have already 

reported low drug treatment efficacy, calling for great attention and warnings of possible resistance 

development (Albonico et al., 2004, De Clercq et al., 1997). Although it is more difficult to study and 

confirm anthelminthic resistance in human parasites due to number of factors, the potential for 

resistance is mostly overlooked and should be more carefully examined in drug treatment application 

(Geerts and Gryseels, 2000).      

It is well established that sanitary conditions, including housing and infrastructure, play the most 

vital role in determining health outcomes (Cassel, 1976, Audy and Dunn, 1974). Overcrowding, 

poor ventilation, bad living conditions and inadequate sewerage systems create higher risks for 

infectious and parasitic diseases such as skin infections, respiratory infections and diarrheal 

diseases (Waters, 2001). Thus, environmental health approaches such as ensuring better 

infrastructure and sanitation should be the primary approach to controlling Strongyloides in the 

environment. Only this approach will provide the most effective way of infection reduction. 

Strongyloidiasis has been also reported in certain groups such as former war veterans, refugees, 

immigrants and travelers, immunocompromised people and people occupationally exposed to soil 

(Table 1.1). Poor sanitary and hygiene living conditions are common during times of war, which 

could explain cases of strongyloidiasis in former war veterans (Einsiedel and Spelman, 2006, Gill et 

al., 2004). The Okinawa Prefecture area of Japan was reported to have a high prevalence of S. 

stercoralis infections during World War II, which decreased to about 0.5%–1.5% after the war years. 

This was associated with improved sanitary conditions and systematic monitoring for parasitic 

diseases after the war (Zaha et al., 2000)1. 

Studies of refugees and immigrants with high S. stercoralis infection prevalence have demonstrated an 

association with inadequate sanitary and hygienic conditions in their home countries, including lack 

of an access to shower and toilet facilities (Caruana et al., 2006, Seybolt et al., 2006, Valerio et al., 

2013, Gyorkos et al., 1990, Joseph et al., 1995, De Silva et al., 2002, Sudarshi et al., 2003, Posey 

et al., 2007, Gibney et al., 2009).  

 
1 The prevalence of S. stercoralis after World War II was reported as 0.5-1.5%; however the actual prevalence was believed to be up to 
10%. Generally,  
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Individual health condition (immunosuppressed or immunocompromised status) is another risk 

factor influencing the disease (Hochberg et al., 2011). S. stercoralis is especially life-threatening to 

immunocompromised people due to possible development of the disseminated disease form 

(Hochberg et al., 2011, Seybolt et al., 2006) which approaches a 90% mortality rate (Igra-Siegman 

et al., 1981, Hochberg et al., 2011). The study by Zaha et al. (Zaha et al., 2000) demonstrated that 

there was a high prevalence of S. stercoralis among Human T-Lymphotropic Virus type I (HTLV-1) 

positive patients (17.5%) compared to HTLV-1 negative patients (6.7%). Schar et al. (Schär et al., 

2013b) found an association between strongyloidiasis and HIV infection (OR: 2.17 BCI: 1.18–4.01) 

and alcoholism (OR: 6.69; BCI: 1.47–33.8). HTLV-1 and HIV infections and alcoholism have been 

associated with poverty (Rodrigo and Rajapakse, 2010, Fenton, 2004, Adler and Ostrove, 1999, 

Adler et al., 1994). 

High prevalence of strongyloidiasis in subtropical South China has been reported by Wang et al  

(Wang et al., 2013). While the cases reported are within subtropical areas, they are mostly 

associated with the farming lifestyle in those regions and/or poor hygiene practices. The infection 

rates in these areas are as high as 11%–14%  (Wang et al., 2013). The studies’ findings are not 

included in Table 1.1 as the original papers are only available in Chinese. Similarly, studies in France 

and Spain (Sánchez et al., 2001, Roman-Sanchez et al., 2003, Magnaval et al., 2000) reported 

strongyloidiasis cases in local current or ex-farmworkers and their family members who have never 

travelled to endemic areas. While there is no available information on the income of the studied 

population, ingestion of non-potable water and possible infection transmission to family members 

due to unhygienic behavior is reported in one of the studies(Sánchez et al., 2001). This might 

indicate either inappropriate living conditions due to the depressed socioeconomic status in the area 

or population unawareness of proper hygienic and sanitary standards. On the other hand, in another 

study by Roman-Sanchez et al.2 the assessed area (Gandia, Valencia), is reported to have the 

highest per capita income compared to other European Union regions, adequate hygiene-sanitary 

conditions and high prevalence of the strongyloidiasis. Whether the use of a more sensitive 

detection method, the agar-plate culture technique, compared to other studies impacted on this 

result cannot be known until several studies using the same detection tests are conducted. It can, 

however, be concluded that occupation is likely to contribute to acquiring the infection in this case. 

Currently, it is estimated that between 30– 100 million people are infected by Strongyloides 

worldwide (Olsen et al., 2009, Bethony et al., 2006). There is however a general consensus 

amongst the scientific community that the prevalence is underestimated due to inadequate 

diagnostic techniques (Bethony et al., 2006), and the lack of sensitivity in tests for S. stercoralis and 

the similarity of its symptoms to other diseases result in great underestimation of the infection and 

300 million people infected globally is probably a more accurate estimate (Krolewiecki et al., 2010, 

 
2 Roman-Sanchez et al. 2003 
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Taylor et al., 2014). Misclassification of the disease may also be contributing to the underestimation 

of its prevalence. Diagnostic test methods are presented in Table 1.1 for completeness. 

1.2.5 Conclusions  

It is well established that strongyloidiasis is mainly restricted to tropical and subtropical areas 

throughout the world. However, within these regions, exposure to infection with the helminth is 

strongly associated with poor sanitary and living conditions. Thus, immigrants, refugees, travelers, 

war veterans, immunocompromised and occupationally soil-exposed groups—and their family 

members—are at especially high risk of strongyloidiasis. This review emphasizes that 

strongyloidiasis is a disease of disadvantage, and suggests that control measures to prevent the 

infection should focus as much, or more, on changing the environmental conditions that increase 

overall risks of the disease, as on the medical treatment of infected persons, especially since the 

latter is ineffective in preventing reinfection and has the potential for the development of drug 

resistance. 
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1.3.1 Abstract 

Strongyloidiasis is an underestimated disease caused by the soil-transmitted parasite of the genus 

Strongyloides. It is prevalent in socioeconomically disadvantaged communities and it is estimated 

that global infection could be as high as 370 million people. This paper explores current methods of 

strongyloidiasis treatment, which rely on administration of anthelminthic drugs. However these drugs 

cannot prevent reinfection and drug resistance has already been observed in veterinary models. 

This highlights the need for a combined approach for controlling Strongyloides that includes both 

clinical treatment and environmental control methods. Currently, nematicides are widely used to 

control plant parasites. The review suggests that due to the species’ similarity and similar modes of 

action, these nematicides could also be used to control animal and human parasitic nematodes in 

the environment. 

1.3.2 Introduction 

Strongyloidiasis is a disease caused by two soil-transmitted helminths of the genus Strongyloides, 

Strongyloides stercoralis and to a lesser extent Strongyloides fuelleborni. S. fuelleborni is only found 

in Africa and the Southeast Asian countries of Papua New Guinea3, while S. stercoralis is globally 

distributed and is clinically more important (Grove, 1995, Olsen et al., 2009). Strongyloidiasis is an 

underestimated disease highly prevalent in socioeconomic disadvantage communities 

(Beknazarova et al., 2016b, Schär et al., 2013b). Although it is currently estimated that about 30-100 

million people are infected globally, a more accurate estimate is thought to be around 300 million 

(Bethony et al., 2006, Olsen et al., 2009) or up to 370 million people (Bisoffi et al., 2013). Due to the 

ability of S. stercoralis to remain in a host organism as autoinfective filariform larvae (L3)4, a person 

can stay asymptomatically infected for decades (Lim et al., 2004, Ericsson et al., 2001). 

Parthenogenesis allows a single remaining female parasite present in a host to reproduce and cause 

reinfection, which has serious ramifications for effective treatment (Grove, 1995, Streit, 2008, Keiser 

and Nutman, 2004). The survival of asexually produced infective larvae (L3) is estimated to be less 

than 14 days. However, heterogonically developed infective larvae (L3) have been shown to survive 

indefinitely in the soil of optimal environment conditions until they find a host (Grove, 1989, Toledo 

et al., 2015, Streit, 2008). The complicated S. stercoralis life-cycle, insensitivity of detection methods 

and social factors challenge strongyloidiasis identification, diagnosis and treatment (Beknazarova et 

al., 2016b, Requena-Méndez et al., 2013). If not diagnosed in time it can lead to fatal outcomes 

(Grove, 1995, Croker et al., 2010), and given that we see high disease rates in population sub-

groups, strongyloidiasis is not only a personal but a public health issue (Muennig et al., 1999, Olsen 

et al., 2009). Strongyloides genus species have both parasitic and free-living life cycles. The infection 

of a human starts from infective larvae (filariform larvae L3), which penetrate the host and are 

 
3 Southeast Asian countries and Papua New Guinea 
4 Due to the ability of S. stercoralis to remain in a host organism continuing autoinfection 
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transported via blood to the lungs, from where the larvae migrate to the gastrointestinal tract. In the 

intestine, larvae moult two times to become adult female worms, which hatch eggs through 

parthenogenesis and produce rhabditiform larvae. The rhabditiform larvae can either be excreted in 

feces or become infective filariform larvae autoinfecting a host (Lim et al., 2004). Certain respiratory 

conditions; however, are believed to affect the filariform larvae transition through the lungs and cause 

its development into adult egg laying female worms in the lungs (Chu et al., 1990, Woodring et al., 

1994). The repeated cycle of this leads to pulmonary strongyloidiasis (Oka et al., 2009). There are 

no further studies done showing the filariform larvae maturing into adult worm in the lungs. The 

pulmonary strongyloidiasis is believed to occur due to autoinfection and filariform larvae 

disseminating to respiratory system (Namisato et al., 2004). Currently, the nematode’s 

environmental stage has not been extensively studied or controlled. However, exploring 

mechanisms to control the nematode in the environment should be made a priority. Biocontrol has 

been described as a promising way of environmental control of agricultural, animal and human soil-

transmitted nematodes (Garrard et al., 2016), and the use of commercially available nematicides 

should be considered and explored.  

At the World Health Organization global parasite control meeting in 2004 it was recommended that 

S. stercoralis control measures should be included in the health package for endemic areas (WHO, 

2005). However, to date, there has been no progress made mostly due to the gaps in knowledge 

regarding S. stercoralis treatment and control (Taylor et al., 2014). Investigation into transmission 

hot-spots is currently being undertaken (Knopp et al., 2008). To address the transmission, the best 

management approaches need to be identified and this discussion represents a step in this process. 

For example, wastewater overflow in septic tanks, solid waste including diapers or other animal feces 

might be areas to target. 

This paper reviews currently commercially available drugs used to treat human strongyloidiasis, and 

explores the main issues associated with drug application. In addition, this paper looks at 

nematicides registered in Australia, their use, main constituents, mode of action and toxic effects. 

To date, strongyloidiasis treatment has tended to be viewed only from a clinical perspective, which 

is an inevitable part of treatment once infection has occurred. However, drug treatment cannot 

prevent reinfection and there is the potential for drug resistance. Here we suggest a combined 

approach of strongyloidiasis treatment; through clinical intervention with drugs once infection has 

occurred, but supplemented with nematode control in the environment. The advantages and 

concerns with both approaches are discussed.   

1.3.3 Anthelminthic drugs 

The World Health Organization currently recommends albendazole and ivermectin as suitable drugs 

against strongyloidiasis. Mebendazole is not recommended anymore, as it has been demonstrated 
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to have a suboptimal effect against strongyloidiasis (Table 1.2) (WHO, 2006). Ivermectin has been 

shown to be the most effective and therefore the first choice drug in strongyloidiasis treatment (Toma 

et al., 2000), especially for chronic strongyloidiasis (Nontasut et al., 2005, Igual-Adell et al., 2004). 

Table 1.2 WHO recommended anthelminthic drugs to treat strongyloidiasis 
# Drug name Class (drench 

group) 
Mode of action* Resistance of 

gastrointestinal 
nematodes 
(veterinary studies)  

Resistance of 
Strongyloides spp 
(veterinary studies) 

1a Albendazole  Benzimidazole, 
BZ, “white” 

(introduced in 
1961) 

Interaction with 
β-tubulin 

impairing 
cytoskeleton 

1. Horse (97.7%) 
(Kaplan et al., 
2004) 
2. Sheep (71%) 
(Maroto et al., 
2011) 

 

1. Sheep (57%) 
(Maroto et al., 2011), 
Sheep (66.7%) 
(Mohamed and Al-
Farwachi, 2008) 
2. Horse (Molento, 
2009) 

1b  Mebendazole 

2 Ivermectin Macrocyclic 
lactone, ML, 
“ectin” 
(introduced in 
1980s) 

Paralysis of 
pharyngeal and 
body wall 
musculature 

1. Sheep (29%) 
(Maroto et al., 
2011) 

1. Sheep (43%) 
(Maroto et al., 2011) 
 

* Source: (Holden-Dye and Walker, 2005) 

1.3.3.1 Benzimidazoles (albendazole and mebendazole) 

Benzimidazole is a group of anthelminthic drugs, which includes albendazole and mebendazole. 

They are shown to affect parasite locomotion and reproduction through action on the β-tubulin, 

compromising nematode’s cytoskeleton by impairing glucose uptake (Venkatesan, 1998). 

Albendazole is poorly absorbed and a single dose is shown to have an efficacy rate of 62.2 % 

(Venkatesan, 1998, Horton, 2000).  

1.3.3.2 Macrocyclic lactones (ivermectin) 

Macrocyclic lactones (MLs), in which ivermectin is the only approved drug for use in humans, act on 

nematodes residing in mammals’ gastrointestinal tract or lungs, inhibiting their capacity to move and 

feed, which results in their death (Geary et al., 2010). Ivermectin is a very effective drug against early 

and adult stages of gastrointestinal parasites, and less effective against adult stages of filarial 

nematodes (Geary et al., 2010). Macrocyclic lactones including ivermectin are known to react with a 

range of ligand-gated ion channels (α7 nACh receptors, acetylcholine-gated chloride channels, 

GABA-gated chloride channels, histamine-gated chloride channels, glycine receptors, and P2X4 

receptors). The anthelminthic activity is shown by ivermectin interacting with glutamate-gated 

chloride channels (GluCl) in nematodes, increasing chloride permeability, which results in nematode 

paralysis (Cully et al., 1994, Ottesen and Campbell, 1994). Ivermectin is currently the best treatment 

for onchocerciasis and administered at intervals of one year in highly prevalent countries. While it is 
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also effective at treating other helminth infections, it is not available in the onchocerciasis-free areas 

and recommended to be substituted with diethylcarbamazine (WHO, 2006, Hotez, 2009). Due to the 

strong protein binding ability of ivermectin, its oral administration can be impaired in strongyloidiasis 

disseminated patients. There is, however, no parenteral administration of ivermectin licensed 

currently, which is essential in cases of disseminated strongyloidiasis (Hauber et al., 2005, Turner 

et al., 2005). 

1.3.3.3 Anthelminthic drugs associated issues 

Treatment of soil-transmitted helminthiasis is challenging due to development of resistance, as 

demonstrated in veterinary practice, and reinfection occurrence (Coles et al., 2006, Kaplan, 2004). 

Among soil-transmitted helminth infections, strongyloidiasis is the most difficult to treat because of 

its unique ability of autoinfection, especially in cases of hyperinfection or disseminated diseases 

(Toma et al., 2000, Molento, 2009, Olsen et al., 2009, Paula and Costa-Cruz, 2011, Grove, 1995). 

The drug treatment efficacy depends also on number of factors including an individual’s immune 

system, co-infection with HTLV-1 and history of drug intake (Vadlamudi et al., 2006, Scowden et al., 

1978, Carvalho and Da Fonseca Porto, 2004, Sultana et al., 2012). Fecal examination, traditionally 

used for monitoring treatment efficacy, is associated with low sensitivity. Although less available in 

low resource settings, serology tests are known for higher sensitivity and accuracy, and should be 

used for not only strongyloidiasis diagnosis but also follow-up tests (Buonfrate et al., 2015a, 

Buonfrate et al., 2015b). 

The drugs, while reasonably well tolerated, can cause adverse effects including liver disfunction, 

gastrointestinal symptoms (nausea, vomiting, loose stool, abdominal distension or pain), chest 

tightness or pain, itching, fever, cough and wheezing, dizziness, and neurological effects (Shikiya et 

al., 1994, Zaha et al., 2002, Lichtenberger et al., 2009, Marti et al., 1996). Another issue with 

anthelminthic drugs is their teratogenicity potential in pregnant women who have a high risk of 

developing iron-deficiency anemia (de Silva et al., 1997).  

Animal-infecting nematode resistance development results in need for new anthelminthic drugs to 

be introduced to the market. Nematode resistance to different drugs has been widely studied and 

demonstrated frequently in animal studies (Molento, 2009, Waghorn et al., 2006, Sutherland and 

Leathwick, 2011, Kaplan and Vidyashankar, 2012, Coles et al., 2006, Kaplan, 2004, Prichard, 1994). 

Resistance to the benzimidazole class of drugs has been shown to be up to 97.7% and 71% in 

gastrointestinal nematodes parasitizing horse and sheep respectively (Kaplan et al., 2004, Maroto 

et al., 2011). Resistance (66.7%) to benzimidazoles has been also determined in sheep 

Strongyloides spp. (Mohamed and Al-Farwachi, 2008). The most recently introduced anthelminthic 

drug, ivermectin, has been shown to be the most successful in helminth infection treatment with less 

resistance development compared with the benzimidazole drugs. Nevertheless, resistance has been 
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demonstrated in the last few years in gastrointestinal nematodes (29%), and sheep Strongyloides 

spp. (40%) (Maroto et al., 2011). Treatment of sheep parasites two times per year caused a rapid 

drug resistance development demonstrating that resistance can occur even in low frequency drug 

application (Besier and Love, 2004). This suggests that human-infecting nematodes are also likely, 

at some stage in the future, to become resistant to the available drugs. This is also induced by 

continuous use of a one drug family over the years, as in case of ivermectin against strongyloidiasis 

(Satoh et al., 1999). Studies on benzimidazole drugs against human nematodes have reported low 

efficacy of drug treatment, calling for great attention and warning for possible resistance 

development (Albonico et al., 2004, De Clercq et al., 1997). To date, human nematode studies with 

ivermectin have shown no resistance to the drug (Shikiya et al., 1994).  

A little is understood in the mechanism of resistance development in S. stercoralis or other human 

parasites to anthelminthic drugs. Satoh at al. (1999) have found that S. stercoralis specific antibody, 

IgG4, is associated with both resistance to albendazole and elevated level of HLA-DRBI*0901, 

suggesting that patients should be tested for this antibody prior to drug treatment to check for their 

therapeutic effect on them. However, no other reports are available showing the association between 

increased level of IgG4 and resistance in a parasite (Satoh et al., 1999). A human immune system 

changes in response to strongyloidiasis infection, in particular T and B cells. The immune system 

has two responses to infective filariform larvae and host adapted larvae, which start autoinfection 

(Vadlamudi et al., 2006). There are two mechanisms of ivermectin resistance identified so far: 

alteration of the membrane transport protein called P-glycoprotein, which is responsible for the drug 

delivery to the cell membrane, and alteration of the Cl channel receptor (Xu et al., 1998, Prichard, 

1994, James and Davey, 2009, Gilleard and Beech, 2011). 

It is a risk for resistance development in response to large scale drug administration programs within 

the parasite control programs. The presence of a free-living stage of S. stercoralis, sexual 

reproduction, and relatively short lifespan and generation time could contribute to quicker drug 

resistance development in nematodes. Generally it is thought that if different drugs target and involve 

different receptors, their combined use will delay resistance development (Prichard, 2007). However, 

if resistance in two drugs involves same mechanism, combined drug treatment may be overlooked. 

ABC transporters have been shown to be involved in both ivermectin and albendazole resistance, 

which can potentially enhance the resistance development if both drugs are used for treatment 

(James and Davey, 2009). It has been shown in some nematodes that ivermectin selects on β-

tubulin, which is a primarily receptor for albendazole (Prichard, 2007).  

Although it is more difficult to study and confirm anthelminthic resistance in human parasites due to 

number of factors, the potential for resistance is mostly overlooked and should be more carefully 

examined in drug treatment application (Geerts and Gryseels, 2000). Notably, there are many gaps 
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identified in our understanding of the pharmacology of anthelminthic drugs despite the fact that that 

millions of people around the world are treated by these drugs (Geary et al., 2010).  

Mass drug administration (MDA) is the main clinical approach to controlling highly prevalent 

neglected tropical diseases. Ivermectin, along with benzimidazole drugs, have been shown to be 

effective against intestinal helminth and schistosome infections. Coadministration of different 

anthelminthic drugs allows integrating control programs for intestinal helminth infections, lymphatic 

filariasis and onchocerciasis with schistosomiasis and food-borne trematode infections. However, 

MDA could be associated with a higher risk for resistance development, as more people are given 

the drug more often, including those that are no carrying disease. More research is required to study 

the long-term effects of repeated drug doses (Hotez, 2009, Smits, 2009).  

1.3.4 Nematicides 

Nematicides are used to control plant parasite nematodes, which are ubiquitous and globally cause 

costly yield loses in agriculture (Holden-Dye and Walker, 2005, Askary, 2015). To date, there have 

been limited studies demonstrating nematicides use on non-plant nematodes, as they are mostly 

treated by anthelminthic drugs. However, the mode of their action and species’ similarity might allow 

using them on animal and human parasites.  

According to the Australian Pesticides and Veterinary Medicines Authority there are currently around 

20 registered nematicides to use in Australia with the four active compounds fenamiphos, 

fluensulfone, oxamyl and carbofuran (Table 1.3) (Authority, 2016). The active constituents of used 

nematicides are of organophosphorus, carbamate and thiazole chemical groups.  

Table 1.3 Registered in Australia nematicides and their active constituents 
# Active constituent Chemical group No of registered nematicides Mode of action 

1 
2 
3 

Fenamiphos 
Oxamyl 
Carbofuran  

Organophosphorus  
Carbamate-
methylcarbamate 

14 
1 
2 

Inhibition of 
cholinesterase 

4 Fluensulfone Thiazole  1  
 

1.3.4.1 Organophosphorus and carbamate nematicides (fenamiphos, oxamyl and 

carbofuran) mode of action 

Organophosphates and carbamates are non-fumigant nematicides. Organophosphorus and 

carbamate nematicides (fenamiphos, oxamyl and carbofuran) cause the paralysis of nematodes 

through inhibition of cholinesterase enzymes, which are responsible for acetylcholine 
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neurotransmitter breakdown. Organophosphates and carbamates cause either irreversible or 

reversible inhibition of a cholinesterase enzyme blocking its function (Husain et al., 2010).  

Not much research has been done on human parasitic nematodes including S. stercoralis; however, 

in C. elegans, acetylcholine is the neurotransmitter that controls nematode’s movement, pharyngeal 

pumping, and egg laying. When acetylcholinesterase/cholinesterase suppressed, acetylcholine 

builds up, transmitting nerve impulses and causing constant muscle and nerve contraction leading 

to the nematode’s exhaustion and tetany (Gupta, 2011). Oxamyl is known as a more effective 

nematicide than fenamiphos (Giannakou and Karpouzas, 2003).  

1.3.4.2 Thiazole (fluensulfone) mode of action 

Fluensulfone, a fluoroalkenyl thioether group drug, has different mode of action and effect on 

nematodes from those of organophosphorus and carbamate nematicides and also anthelminthic 

drugs such as ivermectin (Kearn et al., 2014). There have not been studies done describing its mode 

of action on nematodes. However, fluensulfone has shown to be highly effective against a number 

of plant nematodes (Kearn et al., 2014, Oka et al., 2009). In their study, Kearn et al (2014) have 

studied fluensulfone effect on C. elegans, a genetic nematode model to study effects of different 

anthelminthic drugs and nematicides that are used against animal and human parasites (Holden-

Dye and Walker, 2005). It has been shown that a slightly higher dose of fluensulfone is required to 

have a similar effect on C. elegans as on plant parasite nematodes, inhibiting egg laying, hatching, 

development, feeding and moving stages of the nematode (Kearn et al., 2014).  

1.3.4.3 Nematicides associated issues (toxic effects and resistance to nematicides).   

Most cholinesterase inhibiting nematicides have been banned or restricted for use due to their 

adverse toxic effects on non-target organisms including humans, and the environment, which is 

associated with absence of species’ selectivity (Husain et al., 2010, Holden-Dye and Walker, 2005). 

Another disadvantage of non-fumigant nematicides is their mobility in soil which can potentially 

cause widespread non-target toxic effects. Oxamyl and fenamiphos are known for leaching from the 

site of application (Zaki et al., 1982, Bilkert and Rao, 1985). Carbofuran has been banned for use in 

European Union in 2009 (Regulation 1107/2009), Canada and U.S. due to its adverse side-effects 

(Otieno et al., 2010). 

A study on fenamiphos, oxamyl and carbofuran effects on C. elegans has shown AChE recovery 

ability by nematodes in response to all the three nematicides. It has been also shown that only small 

recovery of the enzyme is required for nematode moving restoration and normal behaviour 

(Opperman and Chang, 1991).  
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There are currently no studies available on the non-specific toxicity of fluensulfone. However, the 

acute LD50 value for rats via for oral administration of fluensulfone is much lower compared with 

organophosphate nematicides (Oka et al., 2009, WHO, 2013).  

It is commonly thought that nematicide resistance for plant nematodes is not as great a concern as 

for animal nematodes, hence there are limited studies exploring potential plant nematodes’ 

resistance compared to the numerous studies on animal nematodes’ resistance. It is thought that 

there is a lesser potential for the development of plant nematicide resistance due to number of 

factors. These include: nematicides altering the selection pressure on plant parasitic nematodes, 

mitotic parthenogenesis in plant nematodes leading to less genetic diversity, and biodegradation of 

nematicides by soil bacteria (Silvestre and Cabaret, 2004). However, these factors can probably 

delay but not prevent resistance development. It is known that resistance is more likely to develop 

with persistent compounds such as organophosphorus and carbamate substances rather than short-

lived molecules (Dobson et al., 1996). Plant nematodes have been shown to be quite adaptive to 

chemical treatment. Rhabditis oxycerca, Criconemella xenoplax, Xiphinema index, Meloidogyne 

incognita and Pratylenchus vulnus have developed high resistance to organophosphates and 

carbomates after long-term exposure (Below et al., 1987, Glazer et al., 1997).  

1.3.5 Conclusions 

While nematicides are extensively used against plant nematodes, their use is limited or non-existent 

in human parasite control. An overlooked environmental approach in strongyloidiasis control is to kill 

free-living parasites in environment before they get into a human host.  

Above we have assessed commercially available drugs used to treat strongyloidiasis and explored 

the main issues associated with these drug treatments. This includes the emergence of drug 

resistance in numerous animal nematodes when applied in veterinary practice. This highlights the 

potential for resistance in human helminths, which is a particular problem for S. stercoralis as 

currently there is only two drugs approved for human treatment. Other issues with treatment include 

drugs’ inability to prevent reinfection, and potential for problems associated with drug administration 

during pregnancy. Nematicides have potential to be used on free-living Strongyloides nematodes. A 

combined approach to fight strongyloidiasis should consider environmental control as well as drug 

treatment. Future studies could consider focusing initial efforts on the nematicide fluensulfone, which 

has been shown to have the least toxic effect on the environment and non-target species, and 

desirable effects on all the stages of a nematode, as demonstrated by a model parasite, C. elegans.  
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1.4 Strongyloides stercoralis in Australia 
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Strongyloies stercoralis is believed to have been present in Australia prior to European settlement 

(Johnston, 1916, Nicoll, 1917, Willis, 1920). The first cases of infection were reported in the early 

1900s in North Queensland (Johnston, 1916, Nicoll, 1917). Improved sanitation and healthcare 

conditions eliminated strongyloidiasis from the mainstream population; however, it currently remains 

an issue in remote Indigenous communities (Heydon and Green, 1931, Shield et al., 2015, Page et 

al., 2016). S. stercoralis has also been shown in high numbers in immigrants and refugees from 

South East Asia, Vietnam veterans, those exposed occupationally to S. stercoralis, and returned 

international travellers from endemic areas (Caruana et al., 2006, De Silva et al., 2002, Rahmanian 

et al., 2015, Swaminathan et al., 2009, Soulsby et al., 2012). More information on S. stercoralis 

status in Australia including its prevalence and current surveillance system is described in chapter 3 

of this thesis.  

1.5 Strongyloides stercoralis in dogs 

Dogs are known to be infected with the same species as humans, S. stercoralis based on the 

morphological analysis. However, there is no genetic evidence confirming that dogs are infected with 

the same S. stercoralis strains as humans. The prevalence of dog S.stercoralis infection ranges from 

0% to 50% around the world with the highest rates being reported in the developing countries (Júnior 

et al., 2006, Thamsborg et al., 2017, Palmer et al., 2008, Riggio et al., 2013, Paulos et al., 2012). 

Depending on the immune system of dogs symptoms range from none to dermatological, 

gastrointestinal and/or respiratory symptoms (Robertson and Thompson, 2002, Umur et al., 2017). 

Autoinfection is also present in dogs and can evolve from hyperinfective syndrome causing 

disseminated strongyloidiasis (Schad et al., 1984).  

There was a single survey performed a decade ago looking at the gastrointestinal parasites including 

S. stercoralis in dogs from the veterinary clinics and refugees in Australia (Palmer et al., 2008). There 

is however no information and data available on the presence and prevalence of canine 

strongyloidiasis in dogs living in the remote communities in Australia. More information on 

strongyloidiasis prevalence and distribution in dogs in remote communities in Australia is described 

in chapter 6 of this thesis. 

1.6 Genetic aspects of Strongyloides stercoralis  

Genetic studies are useful in understanding genetic diversity within the genus and possible 

transmission routes of S. stercoralis, especially between humans and animals. There are two main 

markers of S. stercoralis DNA that are highly conserved and thus have been studied for genotyping 

purposes. These are small subunit (SSU) in 18S ribosomal DNA (rDNA) and cytochrome c oxidase 

subunit 1 gene (cox1) in the mitochondrial DNA (mtDNA). Both regions are considered to be intra 
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and interspecific, and used for studying S. stercoralis population variations of different geographic 

locations and/or hosts (Hasegawa et al., 2009, Hasegawa et al., 2010).  

Currently, there is no knowledge on the genetic diversity of S. stercoralis around the world and in 

Australia.  There have been no studies done looking at the human and/or dog S. stercoralis strains.  

More information on the human and dog S. stercoralis haplotypes existing in Australia and dogs’ 

zoonotic potential is provided in the chapter 5 of this thesis.  

1.7 Hookworms 

Hookworm is another group of soil-transmitted helminths (STH) (Forouzanfar et al., 2016). Human 

infective hookworms include Necator americanus and Ancylostoma duodenale (Prociv and Luke, 

1995). The most common hookworm species of dogs worldwide and in Australia are Ancylostoma 

caninum, Ancylostoma ceylanicum, Ancylostoma braziliense and Uncinaria stenocephala (Bowman 

et al., 2010, Palmer et al., 2008). Hookworms are endemic in the remote communities in north of 

Western Australia and North Territory (Hopkins et al., 1997, Davies et al., 2013, Bradbury and Traub, 

2016). A national study on the prevalence of gastrointestinal parasites in dogs and cats around 

Australia showed that hookworms were the second most common parasites in dogs (6.7% CI 5.4-

8.0) after Giardia (Palmer et al., 2008). These hookworms are also known to have zoonotic potential 

(Prociv and Croese, 1996, Smout et al., 2017, Koehler et al., 2013, Robertson and Thompson, 2002). 

Infection in humans occurs through percutaneous exposure to infective larvae, or oral exposure to 

contaminated water and/or food, mainly uncooked meat (Bowman et al., 2010). Hookworm infections 

with A. caninum in humans can lead to cutaneous larva migrans (CLM) caused by prolonged 

subcutaneous migration of hookworm larvae (Prociv, 1998). Other symptoms might include 

eosinophilic pneumonitis (Del Giudice et al., 2002, Schaub et al., 2002), erythema multiforme 

(Vaughan, 1998), folliculitis (Opie et al., 2003, Rivera‐Roig et al., 2008), and localised myositis ((Little 

et al., 1983, Bowman et al., 2010). A. caninum infection in humans is associated with eosinophilic 

enteritis (Prociv and Croese, 1990), while A. ceylanicum larvae can develop into adult stage causing 

abdominal pain (Prociv, 1998). Thus effective control measures should be undertaken to control 

hookworm infections in dogs as they represent not only veterinary but public health significance. 

There is currently no data available on the prevalence of hookworm in dogs living in the remote 

Indigenous communities. More information on hookworm prevalence and distribution in dogs living 

in the remote communities in Australia is described in chapter 6 of this thesis. 

1.8 One Health and environmental health approaches  

The first mention of the term “One Health” in a context of improving human and animal health dates 

back to ancient times (Dhammika, 1993). Nowadays, “One Health” is used in various contexts. 

According to the “One Health Initiative” and “One Health Sweden”, the “One Health Umbrella” covers 
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multiple disciplines including biology, ecology, human medicine, veterinary medicine, public health, 

health economics, environmental sciences etc (http://www.onehealthinitiative.com) targeting to 

improve human health (Lerner and Berg, 2015, Rock et al., 2009, Gibbs, 2014).  

It has been suggested that collaborative interinstitutional and interdisciplinary responses to emerging 

diseases is needed, especially to combat neglected zoonoses (Gibbs, 2014, Jaleta et al., 2017).  

Environmental health is a part of public health discipline that looks at the physical, chemical, 

biological, social and psychological factors in the environment that can harm human health. Its aim 

is to identify, assess, and control these environmental aspects in order to prevent disease by creating 

health-supportive environments (Cameron et al., 2004).  

The research presented in this thesis was approached using an environmental health perspective. 

The focus was on the environmental sources that can contribute to human strongyloidiasis 

transmission. This led to studying dogs living in Indigenous communities and the potential for dog-

human transmission of S. stercoralis.. Here, we argue for applying “One Health” approach to control 

S. stercoralis infection by linking and incorporating human and animal health disciplines together.  

1.9 Methods  

In order to avoid repetition, methods used throughout the PhD research are described in the 

subsequent chapters and method development and optimisation is presented in Appendix A.  

For this project, microbiological risk assessment was prepared and biosafety approval No 2018-05 

“Isolation of Strongyloides stercoralis from faeces” was issued by the Flinders University Institutional 

Biosafety Committee to use risk group 2 or higher microorganisms (Appendix B).  

Additionally, human ethical approvals were obtained from the Social and Behavioural Research 

Ethics Committee (SBREC), Project Number 6852, titled as “Determining the environmental sources 

of Strongyloides stercoralis: the first step in preventing infection and reinfection” (Appendix C), and 

the Southern Adelaide Clinical Human Research Ethics Committee (SAC HREC), OFR Number 

309.17 (Appendix D). The project was also added to the Register of the Animal Welfare Committee 

as a project using scavenged animal tissue but not requiring animal ethics approval (Appendix E).   

  

http://www.onehealthinitiative.com/
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2.  AIM AND OBJECTIVES 

2.1 Aim 

The initial aim of this research was to explore the environmental reservoirs for strongyloidiasis, 

specifically the role dogs might play in disease transmission. 

However as the research was conducted, it appeared that there were other more basic knowledge 

gaps with reference to Strongyloides stercoralis in Australia. These include a lack of understanding 

of the transmission, prevalence and distribution of S. stercoralis. Therefore, this research focussed 

on exploring these gaps, followed by assessing the role of dogs in transmission of S. stercoralis.  

2.2 Main objectives 

• To identify the main factors influencing the distribution of strongyloidiasis  

- review the literature and summarise the cases of S. stercoralis around the world 

- map the global S. stercoralis prevalence distribution 

- examine the climatic conditions, socioeconomic factors and corresponding     

       sanitary and hygiene conditions in areas where S. stercoralis  is prevalent  

• To explore a combined approach for controlling strongyloidiasis  

-      evaluate drug treatment and associated issues 

- explore the options of targeting S. stercoralis in the environment 

• To argue for strongyloidiasis to be included in the Australian National Notifiable         

            Disease List   

- determine strongyloidiasis status in Australia  

- examine the reasons strongyloidiasis remains neglected and endemic in the remote 

communities in Australia 

- prepare the case for strongyloidiasis nomination in Australia 

• To identify the role of dogs in human strongyloidiasis in remote communities in Australia 

- develop and validate a DNA preservation method to preserve Strongyloides DNA in 

faecal samples  

- determine the presence of S. stercoralis in dogs living in remote communities  

- explore the hypothesis that dogs present a potential zoonotic reservoir for human    

strongyloidiasis by comparing Australian human and dog S. stercoralis haplotypes 

• To understand the prevalence and distribution of the zoonotic parasites, S. stercoralis and 

hookworms, in dogs living in the remote communities in Australia 

- determine the prevalence of S. stercoralis and hookworm in dogs 

- map the distribution of S. stercoralis and hookworm in dogs  
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2.3 Thesis structure 

The thesis consists of 7 chapters; a general introductory chapter, an aim and objectives chapter, 

four research chapters and a general discussion chapter. There is a detailed methods section 

included in the Appendix A.  
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3.  ARGUMENT FOR INCLUSION OF STRONGYLOIDIASIS IN 
THE AUSTRALIAN NATIONAL NOTIFIABLE DISEASE LIST – IN 
MEMORY OF EMERITUS PROFESSOR RICK SPEARE 

This chapter provides an evidence-based argument for the inclusion of strongyloidiasis in the 

Australian National Notifiable Disease List. It addresses the criteria for inclusion as outlined by the 

National Health Security Act 2007 (Commonwealth). This work was done to raise the profile of 

strongyloidiasis at a national level and highlight the need to gather more information about 

strongyloidiasis in Australia.  

The manuscript was written in collaboration with the National Strongyloidiasis Working Group in 

Australia. It was dedicated to Emeritus Professor Rick Speare and as such was submitted to a 

special issue of Tropical Medicine and Infectious Diseases Journal, entitled “Control of 

Communicable Diseases in Human and in Animal Populations: 70th Anniversary Year of the Birth 

of Professor Rick Speare (2 August 1947 – 5 June 2016)”.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.mdpi.com/journal/tropicalmed/special_issues/rick_speare
https://www.mdpi.com/journal/tropicalmed/special_issues/rick_speare
https://www.mdpi.com/journal/tropicalmed/special_issues/rick_speare
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3.1 Abstract 

Strongyloidiasis is an infection caused by the helminth, Strongyloides stercoralis. Up to 370 million 

people are infected with the parasite globally, and it remains endemic in the Indigenous Australian 

population for many decades. Strongyloidiasis has been also reported in other Australian 

populations. Ignorance of this disease has caused unnecessary costs to the government health 

system, and been detrimental to the Australian people’s health. This manuscript addresses the 12 

criteria required for a disease to be included in the Australian National Notifiable Disease List (NNDL) 

under the National Health Security Act 2007 (Commonwealth). There are six main arguments that 

provide compelling justification for strongyloidiasis to be made nationally notifiable and added to the 

Australian NNDL. These are: The disease is important to Indigenous health, and closing the health 

inequity gap between Indigenous and non-Indigenous Australians is a priority; a public health 

response is required to detect cases of strongyloidiasis and to establish the true incidence and 

prevalence of the disease; there is no alternative national surveillance system to gather data on the 

disease; there are preventive measures with high efficacy and low side effects; data collection is 

feasible as cases are definable by microscopy, PCR or serological diagnostics; and achievement of 

the Sustainable Development Goal (SDG) # 6 on clean water and sanitation.  

3.2 Introduction 

Strongyloidiasis is an infection caused by the intestinal and tissue helminth, Strongyloides stercoralis 

(Grove, 1989). S. stercoralis has been estimated to infect up to 370 million people worldwide (Bisoffi 

et al., 2013). In Australia, strongyloidiasis remains endemic in Indigenous populations, infecting 

communities in Queensland (Prociv and Luke, 1993), the Northern Territory (Mounsey et al., 2014, 

Shield et al., 2015, Einsiedel and Fernandes, 2008, Kearns et al., 2017, Flannery et al., 1993, 

Johnston et al., 2005), Western Australia (Jones, 1980), northern South Australia (Einsiedel et al., 

2014) and northern New South Wales (Walker-Smith et al., 1969). Seroprevalence in some 

communities reaches 60% (Mounsey et al., 2014, Shield et al., 2015, Einsiedel and Fernandes, 

2008, Kearns et al., 2017, Page et al., 2006, Flannery et al., 1993, Johnston et al., 2005). Despite 

the prevalence and potential for morbidity and mortality posed by this disease, the true incidence in 

Australia remains unknown (Bisoffi et al., 2013) as a consequence of  both under-diagnosis of the 

disease and the absence of mechanisms to capture surveillance data (Olsen et al., 2009). The 

absence of reliable national data of the geographic extent and rate of transmission of this disease 

blinds medical and public health professionals attempting to institute effective control. This 

knowledge gap is not unique to Australia. Schar et al. (2013) noted that adequate information on S. 

stercoralis prevalence is still lacking from many countries, but their review found that the information 

that does exist points out to it being an infection that must not be neglected. They recommended 

information needs to be collected in a range of socio-economic and ecological settings and that in 
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many settings the integration of control and treatment of S. stercoralis into a holistic helminth control 

program is warranted (Schär et al., 2013b). 

S. stercoralis is a soil-transmitted helminth, infecting a human when infective stage larvae penetrate 

the skin, enter the circulation, and subsequently travel to the lungs via the blood, from where it is 

swallowed into the gut (Ericsson et al., 2001). This is the traditional ordered pathway, though 

evidence exists that random migration through the body to reach the intestine is also likely, even in 

primary infection (Schad et al., 1989, Grove, 1995, Mansfield et al., 1995). A free-living phase of the 

parasitic life cycle occurs in the soil after host defaecation in the open, but this can only last one 

generation, and thus a soil reservoir of the parasite is not a factor in long term control after 

implementation. Symptoms are protean, including respiratory, gastrointestinal and skin disorders 

(Grove, 1995, Caruana et al., 2006). Unlike most other soil-transmitted helminth infections, S. 

stercoralis larvae can persist indefinitely inside the host through asexual reproduction by 

parthenogenesis and subsequent autoinfection (Streit, 2008, Greiner et al., 2008).  

After initial infection, there is a rapid increase in numbers as the result of an autoinfective burst 

(Schad et al., 1997).   This causes acute disease. This typically abates in immunocompetent people, 

becoming asymptomatic, or mildly symptomatic, often mimicking the symptoms of other diseases 

(Johnston et al., 2005, Montes et al., 2010). Due to its peculiar autoinfective nature, disease is often 

lifelong and a single remaining larva of S. stercoralis post-treatment can cause recrudescence of 

disease. In immunocompetent persons, the disease is chronic and long-lasting. In 

immunocompromised/immunosuppressed persons, or those receiving corticosteroid treatment, the 

infection may transform to a hyperinfective or disseminated disease syndrome, with up to 90% 

mortality (Croker et al., 2010, Ericsson et al., 2001, Fardet et al., 2007, Marcos et al., 2008, Igra-

Siegman et al., 1981, Page and Speare, 2016).  

Strongyloides is typically found in tropical and subtropical zones, but is mainly associated with areas 

of low socioeconomic status as a consequence of inadequate sanitary conditions (Beknazarova et 

al., 2016b). This is supported by evidence of strongyloidiasis being found in desert communities 

(Einsiedel and Fernandes, 2008, Einsiedel et al., 2014). Strongyloidiasis is described as the most 

neglected of the Neglected Tropical Diseases (NTDs) (Olsen et al., 2009), and it is important to make 

strongyloidiasis notifiable so that epidemiological and prevalence data can be obtained to inform 

appropriate strategies for controlling the disease. 

3.3 The Australian National Notifiable Disease Surveillance System (NNDSS) 

The Quarantine Act (NSW) of 1832 was the first legislative document to cover public health issues 

and included mandatory reporting of diseases to local health authorities in Australia (the Quarantine 

Act 1832). The Communicable Disease Network Australia (CDNA) was established in 1989 to 
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enhance national communicable disease surveillance reporting to the then National Public Health 

Partnership (NPHP) (Australia, 2017). In 2006, NPHP split into the Australian Health Protection 

Committee (AHPC) and the Australian Health Development Committee (AHDC). CDNA now 

operates under the AHPC. 

The Australian National Notifiable Diseases Surveillance System (NNDSS) was first introduced in 

1990 and serves as a platform to collate and report data on nationally-approved notifiable diseases 

from all jurisdictions to the Commonwealth (Australia, 2017, Miller et al., 2004). The National 

Notifiable Disease List (NNDL) was created in 2008 under the National Health Security Act 2007 

(Commonwealth), a document that contains a list of notifiable communicable diseases to the 

NNDSS.  

3.4 Criteria for inclusion on the National Notifiable Disease List 

To determine whether a disease should be notifiable there are currently 12 criteria against which a 

disease is ranked. These criteria were established by the CDNA in 2014 (Australia, 2017). Table 3.1 

presents an assessment of strongyloidiasis against each of these criteria. A score of 28 (if 

conservative estimates are used) to 30 (if less conservative estimates are used) was calculated for 

strongyloidiasis based on CDNA descriptors. The CDNA criteria state that if a disease scores less 

than 15, national notification is not recommended; if it falls between 15 to 25, national notification is 

to be considered further; and if it is higher than 25, national notification is recommended. As such, 

even with a conservative estimate of 28, strongyloidiasis fulfils the requirements for national 

notification to be recommended (Australia, 2017). The criteria can be found at: 

(http://www.health.gov.au/internet/main/publishing.nsf/Content/8DF6148BCAC589D6CA257EE500

1D0DF7/$File/Protocol-change-NNDL.pdf) 

Based on Table 3.1 there are six key arguments for making strongyloidiasis notifiable: 

- The disease is important to Indigenous health, and closing the health inequity gap between 

Indigenous and non-Indigenous Australians is a priority. 

- A public health response is required to detect cases of strongyloidiasis and to establish the true 

incidence and prevalence of the disease. 

- There is no alternative national surveillance system to gather data on the disease. 

- There are preventive measures with high efficacy and low side effects. 

- Data collection is feasible as cases are definable by microscopy, PCR, or serological 

diagnostics.  

- Achievement of the Sustainable Development Goal (SDG) # 6 on clean water and sanitation.  

3.5 Prevalence of strongyloidiasis in Australia 

http://www.health.gov.au/internet/main/publishing.nsf/Content/8DF6148BCAC589D6CA257EE5001D0DF7/$File/Protocol-change-NNDL.pdf
http://www.health.gov.au/internet/main/publishing.nsf/Content/8DF6148BCAC589D6CA257EE5001D0DF7/$File/Protocol-change-NNDL.pdf
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Strongyloidiasis may have been present in Australia prior to the arrival of Europeans. Due to 

improvements in sanitation and healthcare, it is no longer typically seen in non-Indigenous Australian 

communities (Heydon and Green, 1931), but remains a major health problem for Indigenous 

communities, particularly in remote areas. Despite its long-term persistence in Australia, it is difficult 

to determine the true distribution and prevalence of the disease. The first confirmed reports of 

strongyloidiasis in Australia date back to the early 1900s in north Queensland (Johnston, 1916, 

Nicoll, 1917, Willis, 1920). The first reports of it specifically affecting Aboriginal communities (in 

Atherton Tablelands) date back to the early 1900s, at which time it was noted to affect Aboriginal 

people at almost 30 times that of non-Aboriginal (Heydon and Green, 1931). To date, infection-

related mortality rate in Indigenous people is much higher compared with that in non-Indigenous 

population. Strongyloidiasis is one of the causes of deaths (Einsiedel et al., 2008). Current estimates 

of strongyloidiasis incidence are limited and based on opportunistic testing in hotspot areas and 

diagnostic pathology laboratory data (Page et al., 2016). The former is biased towards high 

prevalence communities and the latter towards subjects with easy access to healthcare and 

laboratory services and having sufficiently symptomatic disease to require diagnostic evaluation. 

There is also no standard detection method available. A study conducted in north Queensland in 

2006 showed a strongyloidiasis prevalence in Indigenous and non-Indigenous populations of 24% 

and 10% respectively (Eager, 14 July 2011). An epidemiological study with Aboriginal communities 

in Northern Australia conducted over 2010-2011 showed a strongyloidiasis seroprevalence of 21% 

(Kearns et al., 2017). Overall, based on studies completed in different localised endemic areas from 

1980 to 2010, strongyloidiasis prevalence is estimated to range from 2% to 41% based on faecal 

microscopy surveys (Prociv and Luke, 1993, Jones, 1980, Shield et al., 2015, Holt et al., 2017) and 

from 5% to 60% based on serology survey tests (Sampson et al., 25-26 June 2003, Lord, 10-11 June 

2005). Furthermore, infected people are known to live elsewhere in Australia apart from endemic 

areas (Soulsby et al., 2012).  

Strongyloidiasis also affects other populations. GeoSentinel Surveillance Network site holds a 

database for returned international travelers with infectious gastrointestinal disease. Based on 

analysis of their international database during the period 1996-2005, S. stercoralis was rated the fifth 

most common pathogen (Swaminathan et al., 2009). Screening and treatment is now policy for 

refugees coming to Australia.
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Table 3.1 Strongyloides stercoralis against 12 criteria for NNDL assessment 
# Criterion Score  Notes on Strongyloidiasis 

Priority setting   
1 Necessity for 

public health 
response 

2/4 = case reporting 
important for detecting 
outbreaks that require 
investigating or contacts 
require routine intervention 

A public health response and immediate intervention is required based on the following: 
1. Inadequate hygiene and sanitary conditions are the main factors for human strongyloidiasis. A 
person can get infected when coming into contact with or near infected human or dog faeces. In low 
socioeconomic status communities, such as some Indigenous communities, sanitation conditions 
present a high risk for strongyloidiasis transmission, contamination, re-infection, and recurrence 
(Beknazarova et al., 2016b). Therefore, it is crucial to get a public health response to create and 
maintain adequate sanitary and hygiene conditions in the communities to prevent the disease. 
Culturally comprehensive health education for understanding the nature of infectious diseases and 
how they are transmitted is fundamental for maintaining hygienic conditions (Shield et al., 2018). 
2. There is the opportunity to highlight environmental health role in the public health response.  There 
is an opportunity to make a difference in endemic communities and specific families/communities with 
high need targeting the SDG # 6 on clean water and sanitation.  
3. Intervention programs such as targeted mass drug administration (MDA) have shown to be very 
effective in reducing the reservoir of human infection, and need to be implemented regularly on a local 
and national level in endemic communities (Kearns et al., 2017).  
4. Another intervention program in an endemic Indigenous community incorporated S. stercoralis 
screening into the adult health check, and positive cases were treated and followed up. This selective 
chemotherapy intervention resulted in a decreased risk of potentially fatal hyperinfection and 
decreased prevalence in the community (Page et al., 2006, Fearon and Wilson, 23 September 2017). 
5. Strongyloidiasis has been shown to prevent weight gain in children, and therefore it is critical to 
identify and treat S. stercoralis infection to avoid intervention by social services.  
This intervention can result in child removal from parents into care if the child shows signs of 
malnutrition (Fearon and Wilson, 23 September 2017). 
An environmental health response to geographic hot spots would also bring in the SDG # 6 on clean 
water and sanitation. 

2 Utility and 
significance of 
notification for 
prevention 
programs 

1/4 = Need to establish 
burden of illness for 
monitoring or research 
purposes / priority setting 

The geographic prevalence of S. stercoralis within Australia is essential to understand and map the 
hotspots. Notification and establishing the true burden of infection will improve monitoring, prevention 
and research, for assessing the effectiveness of prevention and control programs at the local and 
regional levels.  
Currently, there are no true disability-adjusted life years (DALYs) identified for strongyloidiasis, mainly 
because of poor estimates of disease prevalence.  

3 Vaccine 
preventability 

0/4 = No vaccine available No vaccine available 

4 Importance for 
Indigenous health 

4/4  = Very high Strongyloidiasis is endemic in the Indigenous population, affecting up to 60% of the population in 
some remote communities.  
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Strongyloidiasis has been and continues to be an issue in the Australian Indigenous population, 
causing unnecessary morbidity and mortality in all age groups (Page et al., 2016).  
Many in the Australian Indigenous population, as a result of socioeconomic conditions and 
compromised/ suppressed immunity due to chronic disease, are unusually susceptible to both acute 
strongyloidiasis, and life-threatening disseminated and/ or hyperinfective strongyloidiasis.   

5 Emerging or re-
emerging disease 

2/4 = slowly re-emerging or 
increasing 
incidence/prevalence 
disease over the past 5 
years 

Strongyloidiasis has been called ‘the most neglected of Neglected Tropical Diseases’ (Olsen et al., 
2009). Cases have been reported since the early 1900s. The literature shows that the prevalence of 
the disease trend declined following mass drug administration (MDA) of ivermectin (2010) and 
albendazole (1995) in these communities (Page et al., 2006, Kearns et al., 2017). However, the 
disease has never been eliminated and tend to reappear (Shield et al., 2015, Holt et al., 2017) . The 
disease has been neglected, and the real prevalence of the disease is underestimated due to lack of 
disease surveillance.  
Due to the unique autoinfective cycle of S. stercoralis, chronic strongyloidiasis lasts for a lifetime if not 
effectively diagnosed and treated. Cases of hyperinfection and iatrogenic fatal dissemination are 
predicted to increase as the infected populations age and are at a higher risk of being 
immunosuppressed. Corticosteroids have been considered a factor in 65% of fatalities from 
hyperinfection (Genta, 1992). 
Another factor contributing to this emerging disease status with increasing cases of severe, 
complicated strongyloidiasis, has been the lack of awareness of strongyloidiasis in medical personnel 
who have been trained in Australia.  

6 Communicability 
and potential for 
outbreaks 

2/4 = Medium There is a potential for outbreaks in poor-infrastructure settings with low sanitary and hygiene 
conditions, which together produce a high risk for strongyloidiasis transmission from person to person 
via faecal-skin and faecal-oral routes (Grove, 1982). 

7 Severity and 
socioeconomic 
impacts 

1/4 = low severity and 
socioeconomic impacts in 
chronic strongyloidiasis 
(strongyloidiasis in healthy 
person) or 
2/4 = medium severity and 
socioeconomic impacts in 
disseminated or 
hyperinfective 
strongyloidiasis 

In healthy people, chronic strongyloidiasis may have only mild, intermittent, and non-specific 
symptoms. However, the autoinfection feature of this helminth and parthenogenesis, allows single 
larvae reproducing within the host leading to a chronic, long-lasting disease. If not diagnosed and 
treated, the disease can take a more serious form as the person becomes immunocompromised/ 
immunosuppressed, with an often-fatal outcome. A case fatality rate of almost 90% has been reported 
(Einsiedel and Fernandes, 2008). 
Strongyloidiasis presents unnecessary cost to the health systems, as strongyloidiasis is both 
preventable and treatable if diagnosed early, and in the chronic stage. 
The diagnostic and treatment costs, including selective chemotherapy, targeted MDA and water, 
sanitation and hygiene (WASH) have been estimated in previous research and shown to be affordable 
(Gordon et al., 2017, Beknazarova et al., 2017b). 
It was estimated in US citizens that presumptive preventive intervention would decrease DALYs 
caused by intestinal parasites, including Strongyloides, by up to 1976 - saving USD 16.4 million 
(Muennig et al., 1999). 

8 Preventability 4/4 = preventive measure 
with high efficacy/low side 

Adequate sanitary and hygiene conditions including safe water supply, proper toileting and hygiene 
facilities would provide long term sustainable prevention and elimination of strongyloidiasis (Grove, 
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effects/high acceptability 
and uptake 

1982). This should be combined with health education and research to determine the gold standard 
for strongyloidiasis diagnosis. 
Treatment of chronic strongyloidiasis prevents hyperinfection. Currently, ivermectin is the drug of first 
choice to treat human strongyloidiasis, followed by albendazole (Henriquez-Camacho et al., 2016). 
Ivermectin and albendazole, given according to therapeutic guidelines for strongyloidiasis (Holt et al., 
2017), have been shown to eliminate the disease in 70% to 85% of those with chronic strongyloidiasis. 
Both drugs have negligible side effects. Ivermectin requires only one to two administrations.  
Albendazole requires two courses of daily doses for three days. A single dose is ineffective (Kearns 
et al., 2017, Page et al., 2006). 

9 Level of public 
concern and/or 
political interest 

2/4 = low to medium public 
concern or political interest 
or 
3/4 = medium to high public 
concern or political interest 

Strongyloidiasis is an overlooked, neglected disease (Olsen et al., 2009). However, when people are 
made aware of the disease, there is high public concern. This is illustrated by a recently published 
article on strongyloidiasis in “The Conversation” which received a large number of responses by the 
general public showing their interest and concern about the disease (Whiley et al., 2017). 
Closing the Gap (the health inequity gap between Indigenous and non-Indigenous Australians) is a 
high priority in mainstream Australia (Hoy, 2009). The fact that locally-acquired infection in Australia 
is almost exclusively seen in Indigenous communities should be of great public and political concern.  

Feasibility of 
collection  

  

10 A case is 
definable 

4/4 = Case has an 
acceptable laboratory 
definition with or without a 
clinical definition 

A strongyloidiasis case is definable and we propose to notify strongyloidiasis by the laboratories based 
on positive serology or parasitological diagnosis (Speare et al., 2014).   
In disseminated and hyperinfective strongyloidiasis, faecal examination has higher sensitivity due to 
large numbers of viable larvae and the patient is usually in a hospital setting at the time of diagnosis. 
In immunocompetent persons, chronic strongyloidiasis might not always be detected by microscopy 
due to low and irregular larval load, and serology has the highest sensitivity and is recommended 
(Page and Speare, 2016).   

11 Data 
completeness is 
likely to be 
acceptable 

2/4 = Data represent a 
proportion of community 
cases with a known 
undercount 

Data on the prevalence of strongyloidiasis is limited. 
Studies suggest that up to 60% of the population in Indigenous rural or remote communities is infected 
with strongyloidiasis. A study in North Queensland found that 10% of the non-Indigenous population 
has strongyloidiasis (Eager, 14 July 2011). It is believed that the disease is likely to be more 
widespread in Australia that the current data suggest. .  

12 Alternative 
surveillance 
mechanisms 

4/4 = No alternative 
surveillance mechanisms in 
place. 

 
There is no surveillance mechanism available to monitor and report on strongyloidiasis.   

Total score: 28-30
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However, screening has not yet been introduced to policy or systems for endemic Aboriginal 

communities in Australia. Immigrants and refugees from South East Asia also have high 

prevalence rates as do returned travelers (Caruana et al., 2006, De Silva et al., 2002). In a South 

Australian study, 11.6% of Vietnam veterans tested seropositive for S. stercoralis (Rahmanian et 

al., 2015). Four non-Indigenous cases of strongyloidiasis acquired through occupational 

exposure were reported in Central Australia (Soulsby et al., 2012).  

It is difficult to estimate mortality rates associated with strongyloidiasis as it is responsible for 

several fatal clinical manifestations, each of which may be attributed to other causes (Hutchinson, 

25-26 June, 2003). For example, during hyperinfective strongyloidiasis, larvae migrate from the 

gastrointestinal system to other organs, transporting enteric bacteria with them. This can result 

in community-acquired septicaemia or meningitis, or local sepsis, which are then registered as 

cause of death on death certificates, despite the underlying cause of death being strongyloidiasis 

(Einsiedel and Fernandes, 2008). Additionally, acute strongyloidiasis can also cause severe 

gastrointestinal (intestinal obstruction), or respiratory (pulmonary strongyloidiasis) disease that 

can be potentially fatal if the strongyloidiasis is not diagnosed and treated (Shields et al., 2014, 

Mukerjee et al., 2003, Byard et al., 1993).  

3.6 Socioeconomic impact caused by strongyloidiasis 

Due to the chronic nature of most NTDs, their burden is usually estimated using disability-

adjusted life years (DALYs) lost. One DALY equals one year of life lost by a healthy person due 

to a disease. A study in the United States of America compared the costs and benefits of no 

preventive intervention and preventive intervention of 1996 people that were at risk of intestinal 

parasite infections, including S. stercoralis (Muennig et al., 1999). Preventive intervention 

included presumptive treatment with 400 mg of albendazole daily for five days and data was 

analysed using a decision-analysis model. It was estimated that presumptive preventive 

intervention against human parasites would decrease DALYs by 1976 and save up to 16.4 million 

USD. While it is difficult to estimate treatment efficacy for an individual parasite due to complexity 

of the tests used in this study, strongyloidiasis was shown to cause the highest number of deaths 

and hospitalization costs (Muennig et al., 1999). Notably, DALYs do not describe the complete 

story of harmful consequences of strongyloidiasis, such as an economic impact from productivity 

loses, and social impact on individuals and the community (Hotez et al., 2014). DALYs are also 

not appropriate to use when estimating the burden of strongyloidiasis due to the underestimated 

prevalence and in cases of asymptomatic strongyloidiasis.  

Under-diagnosis, under-treatment and a neglected approach to this disease cause chronic 

strongyloidiasis cases to develop, which is costly to the health system with expensive imaging 

and investigations being undertaken before diagnosis. Currently, effective treatment of 

strongyloidiasis is available and available information technology can be used to establish a 
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notification database. Health promotion and community engagement are also required and need 

to be incorporated into public health and population health strategies, which can make a 

difference in disease detection and treatment and ultimately, closing the gap.  

3.7 Recommendation to make strongyloidiasis a notifiable disease 

Notifiable disease data are collected to estimate the prevalence of the disease, identify hotspots 

of infection, and determine any susceptible populations. These data will then be used by the 

public health institutions and authorities to implement prevention and control measures and/ or 

interventions at local, regional and national levels. Notification of the disease allows estimates of 

the effectiveness of the treatment and/ or control strategies that would result in a systematic 

evidence-based approach to addressing this public health issue (Speare, July 2011). 

Strongyloidiasis represents a chronic, possibly widespread, potentially debilitating, and life-

threatening disease endemic in Australia, which affects Indigenous communities and new 

Australian populations at a rate far in excess of the general population. Extra-intestinal 

strongyloidiasis is now listed as a notifiable disease by the Centre for Disease Control in the 

Northern Territory. The logical next step of national notification, and thus registration, of cases of 

strongyloidiasis would allow public health authorities the critical information they need to 

implement relevant prevention, control actions, and regulations. 

Globally, it has been noted that strongyloidiasis is an underreported disease and information on 

at-risk and affected populations is missing (Schär et al., 2013b). This review found that 

information on incidence is virtually non-existent, and without this information we lack insight into 

“how often and how quickly people are re-infected after successful treatment”, “how often first-

time infections are sustained over a longer period”, and knowledge of risks for infection for 

children and adults is missing. They argued for supporting longitudinal studies, especially at a 

community level, to address these knowledge gaps about an important infectious disease.  

There is a compelling justification for strongyloidiasis to be made notifiable in order to establish 

prevalence data, identify the most severely affected regions and groups and subsequently 

implement and monitor public health interventions to control this important disease. Based on 

this, it is recommended that strongyloidiasis is made nationally notifiable and added to the 

Australian NNDL as a matter of priority.  
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4. VALIDATION OF DESS AS A DNA PRESERVATION METHOD 
FOR THE DETECTION OF STRONGYLOIDES SPP. IN CANINE 

FAECES   

This chapter describes the development, validation and optimisation of the Strongyloides DNA 

preservation method in faecal samples. The research conducted throughout the PhD required the 

collection of faecal samples from remote communities and transportation interstate for further 

processing. The main aim was to prevent DNA from degrading using methods that are applicable 

for field-collected samples.  
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4.1 Abstract 

Strongyloides stercoralis is a gastrointestinal parasitic nematode with a life cycle that includes free-

living and parasitic forms. For both clinical (diagnostic) and environmental evaluation, it is important 

that we can detect Strongyloides spp. in both human and non-human fecal samples. Real-time PCR is 

the most feasible method for detecting the parasite in both clinical and environmental samples that have 

been preserved. However, one of the biggest challenges with PCR detection is DNA degradation during 

the postage time from rural and remote areas to the laboratory. This study included a laboratory 

assessment and field validation of DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCL) 

preservation of Strongyloides spp. DNA in fecal samples. The laboratory study investigated the capacity 

of 1:1 and 1:3 sample to DESS ratios to preserve Strongyloides ratti in spike canine feces.  It was found 

that both ratios of DESS significantly prevented DNA degradation compared to the untreated sample. 

This method was then validated by applying it to the field-collected canine feces and detecting 

Strongyloides DNA using PCR. A total of 37 canine feces samples were collected and preserved in the 

1:3 ration (sample: DESS) and of these, 17 were positive for Strongyloides. spp. The study shows that 

both 1:1 and 1:3 sample to DESS ratios were able to preserve the Strongyloides spp. DNA in canine 

feces samples stored at room temperature for up to 56 days. This DESS preservation method presents 

the most applicable and feasible method for the Strongyloides DNA preservation in field-collected feces. 

4.2 Introduction 

Strongyloides stercoralis is a gastrointestinal human parasitic nematode whose lifecycle includes both 

free-living and parasitic forms (Toledo et al., 2015). The environmental phase comprises of one free-

living generation with long-lived infective larvae (L3) (Toledo et al., 2015). Globally, it is estimated that 

there are 370 million people infected with Strongyloides spp. (Bisoffi et al., 2013). However, there is 

limited knowledge regarding the parasites’ survival in the environment and limited public health 

strategies for controlling the disease (Beknazarova et al., 2016a). For both clinical (diagnostic) and 

environmental evaluation, it is essential to have a reliable method for Strongyloides spp. detection in 

both human and non-human fecal samples.   

The real-time polymerase chain reaction (PCR) is a nucleic acid detection-based technique which has 

been shown to have high sensitivity and specificity for pathogen detection (e.g., Strongyloides spp.) in 

fecal samples (Verweij et al., 2009, Sultana et al., 2013). The ability to use preserved or frozen samples 

for PCR makes it a convenient method for field-based samples (Steinmann et al., 2007, Verweij et al., 

2009) and preferable to culture detection which relies on live organisms (Sato et al., 1995). The success 

of PCR as a detection method is generally dependant on whether nuclear or mitochondrial DNA is 

amplified, the number of base pairs targeted by PCR, the presence of PCR inhibitors, and the 

preservation of the targeted DNA in the samples (Frantzen et al., 1998). As such, it is imperative to 
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preserve the DNA and increase the feasibility of using fecal DNA. One of the biggest challenges to this 

method is DNA degradation during postage time from rural and remote areas to the laboratory. This 

degradation is due to components of feces that rapidly degrade DNA (Schrader et al., 2012), and is 

compounded by the fact it is unfeasible to  refrigerate samples during the travel time from rural locations 

and it is often impossible to post liquids with alcohol-based preservatives. 

DNA in biological samples degrades as cells lyse due to decomposition processes, and free DNA is 

hydrolyzed by DNAses produced by microorganisms in the sample (Alaeddini, 2012, Nsubuga et al., 

2004). Studies suggest that positive PCR results in fecal samples significantly decline after three days 

from collection, which is well below the expected collection and transport time for field-collected 

samples (Santini et al., 2007). While a number of reasonably successful DNA preservation methods 

currently exist, their applicability to field-based collection and transportation from rural areas is lacking. 

An ideal DNA preservative will be easy, safe, and inexpensive to utilize, transport, and store (Yoder et 

al., 2006). Cryopreservation is considered to be the most effective method for long-term DNA 

preservation, but it is difficult to acquire the equipment to achieve this in rural areas, and strict 

regulations prevent cryopreserved samples being transported by air (Yoder et al., 2006, Gray et al., 

2013). Ethanol is cheap and readily available, but does not preserve optimally at room temperature 

(Santini et al., 2007, Kilpatrick, 2002), and may require additional processing such as sample 

homogenization, subsampling, and changing the ethanol after a few days of storage, which may be 

unfeasible when dealing with large numbers of samples (Yoder et al., 2006). Furthermore, ethanol is a 

hazardous substance and restrictions apply when transporting by air (Kilpatrick, 2002). Other methods 

are either ineffective, or prohibitively expensive—as is the case with proprietary solutions (Gray et al., 

2013). A field-applicable method, which is effective, easy, safe, and inexpensive should be developed 

for studies involving environmental samples collected from rural areas. 

DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCl) has been previously shown to be highly 

effective in long-term DNA preservation of different tissues at room temperature (Frantzen et al., 1998, 

Yoder et al., 2006, Kilpatrick, 2002, Gray et al., 2013, Seutin et al., 1991). However, this is the first study 

that has developed and validated a method of DNA preservation using DESS for the subsequent 

detection of Strongyloides spp. in fecal samples. The method was first tested in the laboratory using 

fresh non-infected dog feces spiked with Strongyloides ratti, as a model organism used to determine 

the effectiveness of 1:1 and 1:3 sample: DESS ratios for DNA preservation at room temperature. This 

was then validated by using the method on field-collected dog fecal samples for Strongyloides spp. 

detection.  

4.3 Materials and methods  
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DESS protocol 

100 mL of deionized water was added to 46.53 g EDTA disodium salt and stirred. Then, 1 M NaOH was 

added while heating at 30 °C until the pH reached 7.5 and the EDTA disodium salt had dissolved. A 

400-mL aliquot of the solution was created and 100 mL of DMSO was added for a final DMSO 

concentration of 20% and EDTA disodium salt concentration of 0.25 M. Finally, 50 g NaCl was 

added to the solution 

Assessing the ability of DESS to preserve Strongyloides ratti DNA in faeces 

Fresh dog fecal samples were collected from a non-infected dog and utilized within 24 h of collection. 

Fresh feces from rats infected with S. ratti via subcutaneous penetration were collected 7–10 days post 

infection and donated by the Center for Infectious Diseases and Microbiology, Westmead Hospital, 

NSW, Australia; this was used to spike the canine feces at a 1:9 rat to canine feces ratio.  

The spiked feces (canine and rat combined) was then aliquoted and either treated with 1:1 or 1:3 sample 

to DESS ratio or no DESS (for the no-treatment control). All samples were conducted in duplicate for 

each treatment/control and DNA extraction time point (day 0, 3, 7, 14, 28 and 56). A negative control 

was also included containing non-infected fresh canine feces dissolved in DESS solution at a 1:1 ratio. 

The negative controls were conducted in duplicate for each DNA extraction time point (day 3, 14 and 

56). All samples were stored in sealed containers at room temperature prior to DNA extraction using 

the method described below.  

PCR positive and negative controls 

PCR positive controls were created using fresh dog fecal samples spiked with feces from rats infected 

with S. ratti, and PCR negative controls were created using non-infected canine feces. The DNA from 

these positive and negative controls were extracted immediately. 

DNA extraction 

Prior to DNA extraction, samples containing DESS were centrifuged for 3 min a t  3000× g rpm at 

the Orbital 400 Clements (Phoenix, Lidcombe, NSW,  Australia). The supernatant was removed, and 

approximately half a milligram of the remaining pellet was exposed to further DNA extraction using the 

PowerSoil DNA extraction kit as per the manufacturer’s protocol (QIAGEN, Hilden, Germany). A slight 

modification to the methods was introduced, comprising an incubation of the sample at 56 °C overnight, 

after the cell lysis step (Sitta et al., 2014, Alonso et al., 2011). 

Field collection of canine faeces 
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A total of 37 canine samples were collected from eight different locations across Australia. Two grams 

of dog feces were collected into the plastic tube containing 6 mL of DESS solution. The samples were 

kept at room temperature up to 30 days until being processed at the laboratory.  

The sample collection was approved by the Social and Behavioral Research Ethics Committee # 6852.  

Real-time PCR conditions for Strongyloides spp.  

The real-time PCR assay was adopted from Verweij et al. (2009) and Sultana et al. (2013), using the 

S. stercoralis species-specific primers and probes (the F primer is 100% homologous to other 

Strongyloides species) targeting a 101 base pair region of 18S rRNA gene (GenBank accession No. 

AF279916) (Verweij et al., 2009, Sultana et al., 2013). The 20 µL reaction contained 10 µL of Supermix 

(SSoAdvanced, Universal Probes Supermix, Foster City, CA,  USA), 1 µL of primers and probe mixture 

(Stro18S-1530F 5′-GAATTCCAAGTAAACGTAAGTCATTAGC-3′; Stro18S-1630R 5′-

TGCCTCTGGATATTGCTCAGTTC-3′ and probe Stro18S-1586T FAM-5′-

ACACACCGGCCGTCGCTGC03′-BHQ1) (Verweij et al., 2009), 4 µL of deionised H2O, and 5 µL of 

DNA template. The cycling conditions included an initial hold at 95 °C for 15 min, followed by 40 cycles 

consisting of 95 °C for 15 s and 60 °C for 30 s. All PCR reactions were performed in triplicate using the 

Corbett Rotor-Gene 6000 machine (QIAGEN, Germany). Each PCR run contained a positive, negative, 

and non-template control (NTC). To determine the presence of environmental inhibitors, all samples 

were tested at pure and 1 in 10 dilution of the DNA extract into nuclease-free water. If the cycle threshold 

(Ct) value for the pure DNA extract was 3.3 higher the Ct value of the 1 to 10 dilution of DNA extract, 

then the pure DNA was assumed to be inhibited by the environmental inhibitors and the diluted DNA 

extracts were used (Livak and Schmittgen, 2001).  

A sample was considered positive when the Ct value was lower the mean negative Ct minus 2.6 

standard deviations of a mean negative control Ct. Positive samples were amplified in every PCR 

reaction (Ct 20.50–24.65).  

Statistical analysis 

Statistical analysis was performed using SPSS (SPSS Inc., Chicago, IL, USA). Related Samples 

Wilcoxon Signed Rank Test was performed to compare the means of replicates within each treatment. 

One-Sample Kolmogorov-Smirnov Test was used to check the data distribution. Paired-sample t-test 

was performed to compare the DESS-treated samples with control samples, and DESS 1:1 to DESS 1:3 

treatments.  

The means of duplicates of each treatment sample (DESS 1:1, DESS 1:3, and control) were not 

statistically significantly different (p > 0.05). This shows the replicability of the PCR runs and rules out 
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experimental errors associated with pipetting. One-Sample Kolmogorov-Smirnov Test was further 

performed for each of the treatments (duplicates) at each measured day. The data distribution was 

found normal within the treatments and means of the treatments were further used for the graphs.  

4.4 Results 

Effect of DESS solution on the preservation of Strongyloides ratti DNA over time 

DESS-treated samples preserved DNA better than no-treatment controls for 56 days. Control and 

DESS-treated groups were statistically significantly different (p = 0.0005), while there was no significant 

difference between DESS 1:1 and DESS 1:3 treated samples (p = 0.752). Figure 4 . 1 shows the mean 

Ct values for 1:1 and 1:3 sample to DESS ratios and a no-treatment control for each DNA extraction 

time point.  

 
Figure 4.1 Performance of 1:1 and 1:3 ratios of Strongyloides ratti spiked fecal sample to  
DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCl) and a no-treatment control over 
time. 
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Undiluted DNA extracts were consistently amplified better (corresponding to lower Ct values) compared 

to 1 to 10 DNA dilutions, indicating that there was no inhibition observed. DESS negative control 

samples appeared to be negative consistently over the incubation period, indicating that there was no 

cross-contamination between the samples during the incubation period.  

Significant degradation of the S. ratti DNA in no-treatment samples was observed after two weeks of 

storage at room temperature. The 1:3 treated samples showed Ct values slightly and steadily 

decreasing from day 7 to day 28. The heterogeneity of the feces matter with uneven distribution of 

different inhibitors (bilirubins, bile salts, complex carbohydrates) (Schrader et al., 2012) might affect the 

DNA amplification by PCR.  

DESS preservation effect in field-collected canine faeces 

From the 37 canine fecal samples collected and stored in a 1:3 sample: DESS ratio for up to 30 days 

at room temperature, there were 17 positive for Strongyloides DNA. 

4.5 Discussion 

This study demonstrated that DESS in both 1:1 and 1:3 sample to DESS ratios could preserve S. ratti 

DNA in canine feces for up to 56 days at room temperature. It was important to identify the optimum 

concentration of DESS, as higher concentrations might result in its active components releasing 

inhibiting properties and interfering with PCR amplification. However, no statistically significant 

difference was observed with the two different DESS concentrations. Being a nonproprietary solution, 

cost-effective, not resource intensive, and non-flammable, DESS presents a feasible option for DNA 

preservation in field-based samples, particularly from rural areas (Gray et al., 2013). This study tested 

the DESS and optimum sample to DESS ratios to preserve S. ratti DNA in canine feces for up to 56 

days in the laboratory setting.  

The 1:3 sample to DESS ratio was further validated through the preservation of field-collected canine 

fecal samples stored at room temperature for a maximum of 30 days until being processed. The 

subsequent PCR results identified 17 canine fecal samples positive for Strongyloides spp. out of a total 

of 37 field-collected samples. The study demonstrated that DESS can preserve DNA in fecal samples, 

which presents a more challenging matrix containing complex polysaccharides, bile salts, urate, and 

lipids compared to soil or other tissues (Schrader et al., 2012).  

One of the limitation to this study was that it was not feasible to have comparable field-collected samples 

not treated with DESS for comparison of DNA degradation. However, the laboratory based study 

demonstrated the DESS DNA preservation effect compared to no-treatment, S. ratti spiked fecal 
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samples. In the preliminary study, no feces were autoclaved to prevent any change in the amount of 

DNAses and RNAses present in the sample which would impact on the total amount of DNA 

degradation, thus making these samples comparable to the field-collected non-autoclaved fecal 

samples. 

DESS presents a non-toxic preservative method for Strongyloides spp. DNA, and can be used for the 

detection of Strongyloides spp. DNA in fecal samples in both animal and human models. Studying the 

environmental phase of the parasite is important to be able to apply a combined approach of disease 

treatment, including environmental as well clinical control. The first step would be to look at the potential 

environmental sources of Strongyloides spp. such as canine feces, wastewater, or sewage. As such, it 

is important to be able to use DESS, a non-toxic, easy to apply method, to preserve the Strongyloides 

spp. DNA in the samples collected from remote or rural areas.  

The DESS method for the storage of fecal samples to prevent the degradation of DNA could also be 

applied to clinical samples to improve sensitivity. Given that microscopy tests are not always sensitive 

enough (Ericsson et al., 2001, De Silva et al., 2002), and serology can result in false positives due to 

the risk of cross-reactivity with other antibodies (Ahmad et al., 2013, Buonfrate et al., 2012), PCR 

detection should be conducted to avoid misdiagnosis. This is particularly important in settings where 

culture techniques are not possible or impractical. In fact, in a personal communication with a clinical 

diagnostic laboratory worker, there was a hyperinfection strongyloidiasis case where a human stool 

sample was collected and transported from a rural area, resulting in DNA degradation. The subsequent 

laboratory results for PCR returned high Ct values that would not have been treated as a positive result, 

were it not for the fact that the serology was also positive and there was significant eosinophilia, but 

negative microscopy, which can be due to low larval output in feces. This suggests that DNA 

degradation in human feces as a result of long postage times may result in potential false negative 

results and misdiagnosis (Robertson, 2016). 

4.6 Conclusions 

S. stercoralis is a parasitic nematode of public health concern, which is able to reproduce in both the 

environment and in a host. Real-time PCR is the most feasible method for its detection in both clinical 

and environmental samples. However, the sensitivity of the PCR method can be affected by DNA 

degradation, which is particularly an issue when the majority of samples are coming from rural and 

remote locations. This study demonstrated that both 1:1 and 1:3 sample to DESS ratios can preserve 

DNA in fecal samples for up to 56 days at room temperature prior to the subsequent real-time PCR 

detection of Strongyloides spp. The method was validated using field-collected canine fecal samples, 

which were stored at room temperature for up to 30 days. The DESS preservation method requires no 
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additional kits or certain storage temperatures and is cost-effective, which presents a feasible method 

for DNA preservation in field-collected animal feces, and potentially can be applied in detecting S. 

stercoralis in human feces for clinical diagnostics. 
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5. STRONGYLOIDES STERCORALIS GENOTYPES IN HUMANS 
AND DOGS IN AUSTRALIA   

This chapter describes the role of dogs in human strongyloidiasis. It presents work that used molecular 

genotypes of Australian human and dog Strongyloides stercoralis to assess the potential of dogs to 
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transmit strongyloidiasis to humans. This work was done in response to the high prevalence of S. 

stercoralis infections in Australia and a recently growing interest in the genetics of S. stercoralis. This 

is the first molecular study conducted on Australian human and dogs S. stercoralis. It is the third study 

on genotyping human and dog S. stercoralis strains following studies conducted in Cambodia and 

Japan. Furthermore, for the first time this study has employed deep sequencing techniques to sequence 

DNA extracted from the faecal samples and discover classic and cryptic Strongyloides genotypes.  

The chapter contains two papers published during the course of the PhD.  
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Strongyloides stercoralis is the causative agent of strongyloidiasis, which affects more than 300 million 

people worldwide (Bisoffi et al., 2013). Canine strongyloidiasis is also caused by the same species, S. 

stercoralis of an animal origin with up to 50% worldwide prevalence (Júnior et al., 2006, Umur et al., 

2017, Wang et al., 2015, Thamsborg et al., 2017). It is known that human S. stercoralis strains can 

infect dogs in laboratory settings (dogs have to be immunosuppressed to maintain infection) (Grove 

and Northern, 1982, Genta et al., 1986, Lok, 2006). Increasing evidence suggests that S. stercoralis 

could be a potential zoonotic pathogen (Júnior et al., 2006, Goncalves et al., 2007, Georgi and Sprinkle, 

1974, Schär et al., 2014b, Thamsborg et al., 2017). 

A study by Goncalves et al. (Goncalves et al., 2007) examined 181 kennels and 11 dog keepers 

responsible for kennel cleaning in the southeastern region of Brazil. The serological analysis (ELISA) 

found that 24.3% (44 out of 181) and 33% (3 out of 9) of dogs and humans were infected with S. 

stercoralis, respectively (Goncalves et al., 2007). In another study, stool examination identified 

rhabditiform larvae in the feces of an animal handler. Examination of his wife and his domesticated pet 

dog found no larvae present in their stools. However, one-third of the dogs under his charge had S. 

stercoralis larvae in their feces (Georgi and Sprinkle, 1974). Another recent study identified S. 

stercoralis in dog using the S. stercoralis species-specific primers and probes commonly used to identify 

human S. stercoralis identification (Buonfrate et al., 2017). These studies suggest that dogs may play 

a role in human strongyloidiasis and/or that humans may play a role in canine strongyloidiasis.  

There are a few studies describing the role of dogs in the spread of human strongyloidiasis. A study 

from Anima Islands, Japan, assessed more than 600 humans and their dogs and found no 

strongyloidiasis cross-contamination (Takano et al., 2009). However, further studies are needed to 

explore the effect of differing interactions and behaviours between humans and dogs in different 

communities and cultures. 

Genetic studies are useful for exploring the differences between dog and human S. stercoralis strains 

and provide insight into the potential for cross infection. The whole genome S. stercoralis sequence 

(accession number PRJEB528) described by Hunt et al. (Hunt et al., 2016) was from a canine fecal 

sample. There are 2 regions of S. stercoralis that have been of a particular interest for nucleotide 

sequencing. Hyper-variable regions ([HVR] I-IV) in 18s ribosomal DNA and a cytochrome c-oxidase 

subunit 1 gene (cox1) region in mitochondrial DNA (mtDNA) are generally considered to be inter and 

intraspecific and are used to examine S. stercoralis populations of different geographic locations or 

hosts (Hasegawa et al., 2009, Hasegawa et al., 2010). A study by Hasegawa et al. (Hasegawa et al., 

2009) evaluated the HVR-I-IV regions among different species of Strongyloides. They found that for the 

HVR-I-III regions, multiple species frequently shared the same sequence. In HVR-I they describe minor 
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sequence variations within S. stercoralis sampled from different hosts and locations. These differences, 

however, did not indicate the host of origin of the particular worm. HVR-IV appeared more species-

specific, but did not show intra-specific variations in some Strongyloides spp., including S. stercoralis. 

In a following study Hasegawa et al. (Hasegawa et al., 2010)6 sequenced the HVR-IV and the mtDNA 

cox1 gene in S. stercoralis and S. fuelleborni isolated from different hosts (humans, dogs, apes, and 

monkeys) and from different geographical locations. The HVR-IV region was again found species-

specific. In the study by Hasegawa et al. [16], 7the authors described 1 within species polymorphism, 

which, however, occurred within the worms isolated from humans and, therefore, provided no indication 

of a separation of human and dog derived S. stercoralis. In contrast to this, in their earlier study, 

Hasegawa et al. (Hasegawa et al., 2009) had noticed that based on a preliminary genetic analysis of 

the mtDNA, dog-derived S. stercoralis appeared phylogenetically distant from those of primate 

(including human) derived S. stercoralis. In the second study, (Hasegawa et al., 2010) the mtDNA cox1 

gene was found to be more conserved within S. stercoralis compared to S. fuelleborni. Nevertheless, 

based on the cox1 nucleotide sequences, S. stercoralis from dogs appeared phylogenetically separated 

from those isolated from humans. Further, there was 1 amino acid substitution identified, which 

consistently separated the admittedly rather small number of dog derived S. stercoralis from human 

derived S. stercoralis (Hasegawa et al., 2010). Genetic studies of human S. stercoralis from different 

geographic zones suggested that climatic conditions, such as temperature and moisture, may coincide 

with genetic changes (Pakdee et al., 2012, Kikuchi et al., 2016, Schär et al., 2014a). More research 

examining the DNA sequences of dog and human S. stercoralis has to be done in order to improve our 

understanding of animal S. stercoralis infectivity to humans. 

Presently, there is limited evidence regarding the role of dogs in human strongyloidiasis; however, there 

is enough to suggest that further research is needed to investigate this potential route of infection. Dogs 

carrying S. stercoralis in communities could possibly explain the limitations of previous Mass drug 

administration (MDA) programs; this is another area requiring further research. A study by Kearns et 

al. (Kearns et al., 2015) investigated the prevalence of human strongyloidiasis and scabies in remote 

Australian Aboriginal communities to evaluate the efficacy of ivermectin MDA. The study demonstrated 

that ivermectin MDA reduced prevalence but failed to eliminate strongyloidiasis and scabies in the 

community (Kearns et al., 2015). Reappearance of strongyloidiasis could potentially be due to helminth 

resistance development or reinfection from environmental reservoirs (such as dogs, soil, etc.). Control 

of environmental reservoirs would also reduce reliance on MDA targeting humans as S. stercoralis 

ability to autoinfect in humans can compromise the success of the MDA, leading to potential helminth 

resistance development to a drug (Beknazarova et al., 2016a). However, this would not be a concern 

 
6 In a following study Hasegawa et al. (2010) 
7 Hasegawa et al (2010) 
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for MDA of dogs as S. stercoralis tend to lose autoinfection ability in healthy dogs (Thamsborg et al., 

2017, Genta, 1989b). 

Anecdotally, animal management strategies are already being undertaken in many remote 

communities, and as such, concurrent treatment with anthelmintic drugs would minimise costs. Mass 

vaccination of dogs, including oral drug treatment targeting stray dogs, have been successfully 

practiced over the years to significantly decrease the rabies prevalence among humans (Chomel et al., 

1988, Cleaveland et al., 2006). The rabies elimination model has been estimated to cost between US$2 

to $5 for a single dog vaccination, suggesting that treatment of dogs presents an economically suitable 

option (Fishbein et al., 1991, Cleaveland et al., 2006). Drug treatment of water buffaloes is another 

successful example of MDA when applied to a potential animal reservoir to control human 

schistosomiasis (Guo et al., 2006). Future MDA programs should consider treating both humans and 

dogs to fight strongyloidiasis. Given that the relative cost of treating dogs is low, this potentially could 

provide a low cost and low-risk mechanisms to reduce the risk of reinfection. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.2 Detection of classic and cryptic Strongyloides genotypes by deep amplicon 
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5.2.1 Abstract 

Strongyloidiasis is caused by the human infective nematodes Strongyloides stercoralis, Strongyloides 

fuelleborni subsp. fuelleborni and Strongyloides fuelleborni subsp. kellyi. The zoonotic potential of S. 

stercoralis and the potential role of dogs in the maintenance of strongyloidiasis transmission has been 

a topic of interest and discussion for many years. In Australia, strongyloidiasis is prevalent in remote 

socioeconomically disadvantaged communities in the north of the continent. Being an isolated continent 

that has been separated from other regions for a long geological period, description of diversity of 

Australian Strongyloides genotypes adds to our understanding of the genetic diversity within the genus. 

Using PCR and amplicon sequencing (Illumina sequencing technology), we sequenced the 

Strongyloides SSU 18S rDNA hyper-variable I and hyper-variable IV regions using Strongyloides-

specific primers, and a fragment of the mtDNA cox1 gene using primers that are broadly specific for 

Strongyloides sp. and hookworms. These loci were amplified from DNA extracted from Australian 

human and dog faeces, and one human sputum sample. Using this approach, we confirm for the first 

time that potentially zoonotic S. stercoralis populations are present in Australia, suggesting that dogs 

represent a potential reservoir of human strongyloidiasis in remote Australian communities.  

5.2.2 Author summary 

Strongyloides stercoralis is a soil-transmitted nematode that causes the disease strongyloidiasis. Due 

to the autoinfective nature of this parasite, it can re-infect a host causing chronic infection. If not 

diagnosed and treated it can be highly detrimental to human health and has a high mortality rate. 

Strongyloidiasis is common in remote communities in the north of Australia and has been an issue for 

decades. Despite various successful intervention programs to treat human strongyloidiasis, the disease 

remains endemic in those communities. Here for the first time we looked at the Australian dogs’ potential 

to infect humans and found that they carry two genetically distinct strains of Strongyloides spp., one of 

which also infects humans. This supports the hypothesis that dogs are a potential source for human 

strongyloidiasis. We also found that dogs in Australia might be carrying unique haplotypes. Whether 

these new haplotypes are also human infective is to be confirmed by further research.  

5.2.3 Introduction 

Strongyloidiasis is caused by the human infective nematodes Strongyloides stercoralis, Strongyloides 

fuelleborni subsp. fuelleborni and Strongyloides fuelleborni subsp. kellyi (Grove, 1996). Worldwide, 

Strongyloides spp. are estimated to infect up to 370 million people, predominately in socioeconomically 

disadvantaged communities (Olsen et al., 2009, Bisoffi et al., 2013, Beknazarova et al., 2016b). While 

S. stercoralis is a globally distributed nematode, S. f. fuelleborni has thus far only reported in Africa and 
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Southeast Asia and S. f. kellyi from Papua New Guinea (PNG) (Thanchomnang et al., 2017, 

Pampiglione and Ricciardi, 1971, Ashford et al., 1992)8.  

In Australia, strongyloidiasis is prevalent in remote communities located across the Northern Territory, 

Queensland, Western Australia, northern South Australia and northern New South Wales (Page et al., 

2016). Current estimates of infection rates in some communities are up to 41% or 60% based on 

microscopy or serology respectively (Heydon and Green, 1931, Sampson et al., 25-26 June 2003, 
9Miller et al., 2018, Holt et al., 2017). Despite initially successful intervention programs targeting 

treatment to eliminate human strongyloidiasis in remote Australian communities, the disease remains 

endemic (Kearns et al., 2017, Page et al., 2006). Reappearance of the infection could possibly be as a 

result of zoonotic transmission from dog reservoirs given that dogs and humans share a close and 

intimate cultural bond in rural and remote Indigenous communities of Australia (Constable et al., 2010). 

The zoonotic potential of S. stercoralis infected dogs and their potential role in the maintenance of 

strongyloidiasis transmission has been a topic of interest and discussion for many years (Beknazarova 

et al., 2017b, Goncalves et al., 2007, Takano et al., 2009). Molecular investigation of human and dog 

derived S. stercoralis is useful for understanding the nature of cross infection. There are two regions of 

the S. stercoralis nuclear and mitochondrial genome that are considered to be conserved within the 

Strongyloides genus and can be used as markers for molecular typing of S. stercoralis. Hyper-variable 

regions (HVR) I and IV of the small Subunit (SSU) 18S ribosomal DNA and the cytochrome c-oxidase 

subunit 1 (cox1) gene of the mitochondrial DNA (mtDNA) have been widely used to study relationships 

between S. stercoralis from different hosts and different geographic locations (Hasegawa et al., 2009, 

Hasegawa et al., 2010, Jaleta et al., 2017, Nagayasu et al., 2017, Basso et al., 2018). Based on genetic 

analysis of these loci, it has been recently found that there are two genetically different S. stercoralis 

strains, one is dog and human infective, and the other is dog specific. These data were collected from 

dogs and humans in Cambodia and Japan10 (Jaleta et al., 2017, Nagayasu et al., 2017). 

Being an isolated continent that has been separated from other regions for a long geological period, 

Australia could represent an interesting addition to our understanding of the genetic diversity within S. 

stercoralis and the Strongyloides genus more generally. Indigenous Australians have inhabited the 

continent for at least 40,000 years and dogs (in the form of dingoes) were likely introduced up to 12,000 

years ago (Clutton-Brock, 1995). Given this long period of relative isolation, it might be expected that 

 
8 Pampiglione and Ricciardi, 1971, Ashford et al., 1992, Thanchomnang et al., 2017 
9 Sampson et al., 2003. 
10 dogs and humans in Cambodia and Myanmar (not Japan) 
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Australia could harbor unique endemic genotypes or unique sub-species of S. stercoralis that have 

evolved within dog and human populations over this period. 

Using PCR and amplicon sequencing (Illumina sequencing technology), we sequenced the 

Strongyloides SSU 18S rDNA hyper-variable I and hyper-variable IV regions using Strongyloides-

specific primers, and a fragment of the mtDNA cox1 gene using primers that are broadly specific for 

Strongyloides sp. and hookworms. This approach was applied to DNA extracted from human and dog 

faeces, and one human sputum sample. The main focus of this study was to genotype Australian human 

and dog S. stercoralis strains to see whether dogs carry human S. stercoralis strains and/or vice versa. 

To our knowledge this is the first time human and dog S. stercoralis have been studied in Australia on 

a molecular level.  

5.2.4 Methods  

Study area and faeces collection 

Dog faecal samples were collected from communities in the Northern Territory, Australia. Dog faeces 

were collected from the environment (i.e., the ground) in the selected communities and stored in the 

DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCL) solution to preserve the DNA 

(Beknazarova et al., 2017a). For those dog faeces that were collected from privately owned land, the 

consent forms were received to collect the samples. The preserved faecal samples were express 

posted to the Environmental Health laboratory, Flinders University, South Australia, for further analysis.  

Human faecal and sputum samples were provided by our colleagues at the Royal Darwin Hospital, NT, 

AusDiagnostics Pty Ltd, NSW, and Townsville Hospital, Queensland. While the personally-identifying 

information of the patients was de-linked from our analyses, their infections are known to have been 

locally acquired. Ethics approval from the Social and Behavioural Research Ethics Committee (SBREC) 

No 6852 dated 1st June 2015 was obtained for collecting dog faeces from the remote communities. 

Human ethical approval from the Southern Adelaide Clinical Human Research Ethics Committee (SAC 

HREC) No 309.17 dated 24th January 2018 was obtained for comparing S. stercoralis DNA extracted 

from human and dog tissues. CDC investigators were not engaged with sample collection and their 

participation did not include engagement with human or animal subjects.  

DNA extraction 

Prior to DNA extraction, faecal samples containing DESS were centrifuged for three minutes a t  

3000 x g rpm using an Orbital 400 Clements (Phoenix, Lidcombe, Australia). The supernatant consisting 

of the preservative solution was removed. The remaining faecal sample was washed with sterile saline 
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solution. DNA was extracted using the Power Soil DNA isolation kit (QIAGEN, Hilden, Germany) 

following the manufacturer’s instructions with slight modifications that included incubating samples at 

56ºC overnight after the cell lysis step, followed by vortexing of samples for three minutes. 

Approximately 250 milligrams of the pellet was placed into a PowerBead tube containing lysis buffer 

(included in the Power Soil DNA extraction kit). The remainder of the extraction process was performed 

according to the manufacturer’s instructions. Approximately 100 µL of extracted DNA was stored at -

20°C prior to real-time PCR (qPCR) analysis.  

Real-time PCR  

The samples (273 dog and 4 human DNA samples) were first screened for Strongyloides spp. using 

qPCR in the Environmental Health laboratory at Flinders University, SA, Australia. The real-time PCR 

assay was adopted from Verweij et al. (2009) using S. stercoralis - specific primers targeting a 101 

base pair region of 18S rRNA. The 20 µL reaction contained 10 µL Supermix (SSoAdvanced, Universal 

Probes Supermix, Foster City, Bio-Rad Laboratories, CA, USA), 1 µL primers and probe mixture (1x) 

(Stro18S-1530F, Stro18S-1630R and Stro18S-1586T FAM) (Sto 18S PrimePCR probe assay, Bio-Rad 

Laboratories, CA, USA), 4 µL deionised H2O, and 5 µL DNA template. All qPCR reactions were 

performed in triplicate on the Corbett Rotor-Gene 6000 machine (QIAGEN, Hilden, Germany) (Verweij 

et al., 2009).  S. stercoralis primers and probes and qPCR conditions used are shown in Table 5.1. A 

sample was considered positive when the Ct value was lower than the mean negative Ct minus 2.6 

standard deviations of a mean negative control Ct. Positive samples were amplified in every qPCR 

reaction. 

Conventional PCR for amplification of SSU HVR-I and HVR-IV, and cox1 sequences  

Extracted DNA from samples that were qPCR positive for Strongyloides spp. (47 dog and four human 

DNA samples) was shipped on dry ice to the Centers for Disease Control and Prevention (CDC), 

Georgia, USA for conventional PCR, sequencing and bioinformatics analysis. Hyper-variable regions 

(HVR) I and IV in the small Subunit (SSU) 18S ribosomal DNA and a fragment of the mitochondrial 

cytochrome c-oxidase subunit 1 (cox1) gene were amplified using conventional PCR and then 

sequenced using Illumina technology. All PCR reactions were performed on a GeneAmp PCR System 

9700 Thermo Cycler, version 3.12 (Applied Biosystems, USA). S. stercoralis primers and PCR 

conditions used for qPCR and conventional PCR are shown in Table 5.1. For the cox1 gene, PCR 

reactions were performed in a total volume of 50 µL containing 10 µL NEB 5X Q5® Buffer (New England 

BioLabs, USA), 10 µL NEB 5X Q5® High GC Enhancer (New England BioLabs, USA), 4 µL NEB 

Deoxynucleotide Solution Mix (10 mM each nt) (New England BioLabs, USA), 1 µL Q5® High-Fidelity 

DNA Polymerase (New England BioLabs, USA), 2.5 µL 10 µM forward primer (SSP_COX1_F), 2.5 µL 
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10 µM reverse primer (SSP_COX1_R), 18 µL deionised H2O, and 2 µL DNA template. For the HVR-I 

and HVR-IV regions, PCR reactions were performed in a 25 µL reaction containing 12.5 µL of 

NEBNext® Q5® Hot Start HiFI PCR Mastermix, MO543L (New England BioLabs, USA), 1.5 µL 10 µM 

forward primer (NEW_HVR_I_F or NEW_HVR_IV_F), 1.5 µL 10 µM reverse primer (NEW_HVR_I_R 

or NEW_HVR_IV_R), 7.5 µL deionised H2O, and 2 µL DNA template.  

The amplified PCR products were separated by 1.5% agarose gel electrophoresis and stained with 

ethidium bromide. The stained DNA bands were visualised by UV illumination using a Ugenious 3 

(SYNGENE, Japan).  For quality control, each PCR run included a positive control containing 

Strongyloides genomic DNA as template, a non-template control containing autoclaved sterile water 

instead of template, and a negative control containing DNA extracted from a parasite-free specimen. 

Amplicons for each of the three markers were also generated for Strongyloides ratti as an additional 

control for the sequencing and in silico analysis steps. 

Next Generation Sequencing (NGS)  

Ten microliters of PCR amplicon was purified and normalized for concentration prior to library 

preparation using a SequalPrep Normalization Plate Kit (Thermo Fisher Scientific, USA). DNA libraries 

were prepared using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England BioLabs, USA), 

and NEBNext Multiplex Oligos for Illumina Index kit (New England BioLabs, USA). The NEBNext Ultra 

DNA Library Prep Kit was used as it does not include a tagmentation step. Consequently, adapters and 

indices are added to the ends of the amplicon without fragmenting the DNA. This produces paired reads 

with each mate spanning approximately 250 bases up each end of the amplicon, so that when 

overlapping reads are merged, the entire length of our short amplicons is covered (Table 5.1). The 

sequencing reactions were prepared using the MiSeq reagent Nano Kit v2 (PE250bp), and performed 

on the Illumina MiSeq platform (Illumina). The Illumina MiSeq reads generated for successfully 

sequenced specimens were uploaded to NCBI and are available under BioProject accession number 

PRJNA531959. 
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Table 5.1 Primers and probes and PCR conditions 
 

Primer 
 

Amplicon 
 

Sequence 
 

Reaction conditions 

Stro18S-1530F 

Stro18S-1630R 

Stro18S-1586T FAM 

 

rDNA 101 bp 

5’-GAATTCCAAGTAAACGTAAGTCATTAGC-3’ 

5’-TGCCTCTGGATATTGCTCAGTTC-3’ 

5’-ACACACCGGCCGTCGCTGC-3’-BHQ1 

Step 1: 95°C for 15 min, Step 2:  95°C for 15 s, 

Step 3: 60°C for 30 s. Repeat steps two and 

three 40 times. 

SSP_COX1_F * 

SSP_COX1_R * 
mtDNA 270 bp 

5’-TTTGATCCTAGTTCTGGTGGTAATCC-3’ 

5’-GTAGCAGCAGTAAAATAAGCACGAGA-3’ 

Step 1: 98°C for 30 s, Step 2: 98°C for 10 s, 

Step 3: 60°C for 10 s, Step 4: 72°C for 10 s, 

Step 5: 72 °C for 2 min. Repeat steps two to 

four 45 times. 

NEW_HVR_I_F 

NEW_HVR_I_R 
rDNA 500 bp 

5’-GCTCATTATAACAGCTATAGACTACACGGTA-3’ 

5’-CCACAACAATCATTTTATGCACTTGG-3’ 

Step 1: 98°C for 30 s, Step 2: 98°C for 10 s, 

Step 3: 60°C for 10 s, Step 4: 72°C for 10 s, 

Step 5: 72 °C for 2 min. Repeat steps two to 

four 45 times. 

NEW_HVR_IV_F 

NEW_HVR_IV_R 
rDNA 320 bp 

5’-CGGGCCGGACACTATAAGG-3’ 

5’-ATCTCTAAACAGGAACATAATGATCACTAC-3’ 

Step 1: 98°C for 30 s, Step 2: 98°C for 10 s, 

Step 3: 63°C for 10 s, Step 4: 72°C for 10 s, 

Step 5: 72 °C for 2 min. Repeat steps two to 

four 45 times. 
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In silico analysis 

The Illumina reads were analyzed using Geneious (www.geneious.com) by means of a workflow that 

performed read quality control, assembly of contigs and genotype assignment. As part of this 

workflow, quality trimming to a minimum phred score of 20 and removal of adapter sequence was 

performed using BBDuk (v 37.64). Reads less than 50 bases in length were discarded. Paired reads 

were then merged using BBMerge (v 37.64) and all reads (merged and unmerged) were mapped to 

a reference sequence. For cox1 amplicons, reads were mapped to a S. stercoralis sequence with 

the GenBank (GB) accession number LC050212.1. For SSU HVR-I and SSU HVR-IV, reads were 

mapped to a S. stercoralis with the accession AF279916.2. Prior to mapping, each reference 

sequence was trimmed to the length of the amplicon, excluding the primer sequences. Mapping was 

performed using the Geneious mapper under the Medium sensitivity / Fast default settings. This 

mapping served as a read filtering step to exclude reads derived from spurious PCR artifacts, off 

target amplifications, or DNA from the fecal extract. Merged reads (and their corresponding mates 

for reads that could not be merged) that successfully mapped were retained for de novo assembly. 

These reads were assembled using the Geneious de novo assembler with the following customized 

parameters; minimum overlap: 50 bases, minimum overlap identity: 100%, maximum number of 

mismatches per read: 0%, and the maximum number of ambiguities: 1. Contigs were split if coverage 

fell below 50 bases and sub-variants with coverage less than 50 were not considered. The short 

amplicon lengths facilitated generation of merged reads that spanned the entire amplicon in most 

cases. Consequently, these de novo assembled contigs represent a consensus of large numbers of 

identical reads. To identify multiple haplotypes within a single specimen using these reads, the option 

to merge contigs with coverage less than 100 was selected during de novo assembly. According to 

Geneious documentation, setting this value to 100 requires that at least 100 reads, each with a Phred 

base quality score of 30 at a potential variant site, map to that variant site before a new variant is 

considered real and used to construct a new contig (i.e., a new haplotype). Consequently, variant 

bases were supported by a cumulative Phred quality score of greater than 3,000 before a new 

haplotype was generated. If some reads supporting a variant site had a Phred quality score less than 

30 at this site, more reads were required to support the variant and call the new haplotype (i.e., until 

the cumulative Phred quality score exceeded 3,000). Contigs were trimmed to the primer sequence 

using the ‘Trim Ends’ function in Geneious. These high-quality contigs were validated further by 

taking the trimmed and merged reads and mapping them back to the contigs generated using the 

Geneious mapper, using the following custom parameters: minimum mapping quality: 30 bases, 

minimum overlap: 150 bases, minimum overlap identity: 100%, maximum number of mismatches: 

0%, and the maximum number of ambiguities: 1. Contigs were split or discarded if the coverage fell 

below approximately 300 to 500 depending on the depth obtained for a particular specimen (~500 

for specimens that obtained >10k reads, ~300 bases for specimens with <10k reads). Following 

mapping, each alignment was manually examined in Geneious for misalignments and gaps. Contigs 

http://www.geneious.com/
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were considered valid if the coverage obtained approached or exceeded these thresholds, and if 

misalignments and gaps were absent upon manual examination. The number of merged reads that 

mapped back to each contig during this final validation step are listed in Table 5.S1. Finally, 

haplotypes were assigned by performing a local BLASTN search (within Geneious) against a 

database constructed from all unique Strongyloides sp. 18S and cox1 sequences available in 

GenBank and the DNA Databank of Japan. The cox1 sequences used to construct this BLAST 

database are provided in Table 5.S2 and GenBank accession numbers for sequences used to 

construct the 18S database are listed in Tables 5.3 and 5.4. A set of homologous sequences from 

several other roundworms (parasitic and free-living) were also included in this database. Sequences 

were only added to the BLASTN database if they overlapped our 217 bp cox1 amplicon by more 

than 95%. This included several previously published cox1 haplotypes that had matching SSU HVR-

I and HVR-IV haplotypes assigned (Jaleta et al., 2017).  

Any specimens for which Strongyloides ratti sequences were detected as part of this workflow were 

considered to be at risk of contamination from our positive control and potentially from other 

specimens included in the study. Any contaminated specimens were excluded from further analysis.  

Construction of a cox1 cluster dendrogram 

Sequences of cox1 were exported from Geneious as a fasta file and were aligned using the ‘msa’ 

package in R. The ‘dist.alignment’ function from the ‘seqinr’ package was used to compute a pairwise 

identity matrix, considering gaps in the identity measure. The resulting matrix was clustered using 

the agglomerative nested clustering approach performed with the ‘agnes’ R package, using 

“euclidean” distances and the “average” clustering method. A cluster dendrogram was generated 

using the ‘ggtree’ R package. Vector images (i.e. graphics) used for annotation of the dendrogram 

were either generated in house at CDC or obtained from PhyloPic (http://phylopic.org). 

5.2.5 Results 

Real-time PCR, conventional PCR and sequencing  

We screened 273 dog and four human samples using real-time PCR. Forty seven (47) dog and four 

human samples that were positive or presumed positive (higher Ct values) by qPCR were selected 

for conventional PCR with further sequencing of their cox1, SSU HVR-I and HVR-IV regions. Out of 

47 dog samples, there were samples with lower CT values, and in some cases, useable sequences 

were not generated due to poor amplification of the PCR product. Sequence data was obtained for 

24 specimens including four human specimens and twenty dog specimens. The complete set of 

amplified sequence variants (ASVs) of all specimens analyzed in this study is shown in Figure 5.1 

and summarized in Table 5.2. 
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Figure 5.1 Dendrogram of clustered cox1 amplicons from Australian dog and human specimens 
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This dendrogram includes cox1 sequences generated in this study and a selection of previously 

published cox1 sequences that overlap with our 217 base pair cox1 amplicon by 100%. Specimens 

analyzed as part of this study are shaded according to their site of collection. Branches are color 

coded according to their identity; either a species assignment, a proposed genus assignment, or 

their S. stercoralis genotype. When available, Strongyloides sp. cox1 sequences are annotated with 

their associated SSU haplotypes, with their HVR-I type shown in blue and their HVR-IV type shown 

in black. Specimens for which a cox1 sequence was not obtained are shown in a table embedded in 

the figure (bottom right), which includes two specimens possessing unique 18S haplotypes; dog 13 

(HVR-IV, type G) and dog 45 (HVR-I, type X). A dash (-) shown in this table indicates failed 

amplification and/or sequencing of that marker. ‘Sputum’ refers to the sole sputum sample from a 

human patient (human 4) included in this study. Sequences published in previous studies that are 

not from S. stercoralis are labelled with their GenBank and/or DNA Data Bank of Japan accession 

numbers followed by their species name. Strongyloides stercoralis sequences from previous studies 

are labelled with their accession number, host species, and country of origin. Note that ‘CAR’ means 

Central African Republic. Names of specimens collected as part of this study begin with a host name 

and a unique number assigned in this study, followed by a percentage similarity to (~) a near 

BLASTN hit identifiable by its accession number. 
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Table 5.2 Human and dog samples analyzed in this study and their haplotypes 

Sample HVR-I haplotype HVR-IV haplotype Cox1 
Accessions 

Human 1  Haplotype II Haplotype A MK434219† 

Human 2  NA (excluded due to S. ratti 
contamination)  Haplotype A NA 

Human 3  Haplotype II Haplotype A MK434218 
Sputum (Human 4) Haplotype II Haplotype A NA 

Dog 4 NA NA MK434258† 

Dog 6 Haplotype II and Haplotype IV Haplotype A and Haplotype B 
MK434255 

MK434256† 
MK434257† 

Dog 7 Haplotype IV Haplotype B MK434254 

Dog 10 NA NA 
MK434251 

MK434252† 

MK434253† 

Dog 12 NA NA MK434249 
MK434250 

Dog 13 NA Haplotype A and Haplotype G* 
MK434246 
MK434247 
MK434248† 

Dog 14 NA (excluded due to S. ratti 
contamination) NA MK434244† 

MK434245† 
Dog 15 NA NA MK434240† 

   
MK434241† 

MK434242† 

MK434243† 

Dog 16 NA NA MK434238† 

MK434239† 

Dog 18 Haplotype II and  
Haplotype VI 

Haplotype A and  
Haplotype E*  MK434237† 

Dog 19 NA NA 

MK434233 

MK434234 

MK434235† 

MK434236† 

Dog 20 NA NA 
MK434230 

MK434231† 

MK434232† 

Dog 21 NA NA MK434228 

MK434229† 
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Dog 22 Haplotype VIII*  Haplotype F*  MK434226† 

MK434227† 
Dog 28 NA NA MK434225† 
Dog 32 NA Haplotype A NA 
Dog 37 NA NA MK434224† 
Dog 41 NA NA MK434223† 

Dog 43 NA NA 
MK434220† 

MK434221† 

MK434222† 
Dog 45 Haplotype X* Haplotype I* NA 

 
* Novel SSU haplotypes, †Novel cox1 sequences 
Note: All GenBank Accession numbers associated with the sequences generated in this study are provided in Table 5.S1 
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SSU HVR-I haplotypes detected among S. stercoralis from Australian dogs and humans 

Jaleta et al. (2017) previously sequenced the SSU HVR-I region of S. stercoralis worms from 

Cambodian dog and human specimens and identified five different haplotypes (HVR-I haplotypes I-V) 

(Jaleta et al., 2017). A recent study of European dogs identified a new haplotype from the HVR-I region 

(haplotype VI) (Basso et al., 2018), which was previously mentioned in the Hasegawa et al. (2009) 

study (AB453316.1 and AB453314.1) (Hasegawa et al., 2009) (Table 5.3). In our Australian samples 

we found haplotype II in both human and dog samples and haplotype IV in dog samples only, which is 

consistent with the findings from Jaleta et al.(Jaleta et al., 2017). We also identified haplotype VI in a 

single Australian dog. Following the haplotype nomenclature developed by Jaleta et al. (2017) and 

Basso et al. (2018), we discovered two new HVR-I haplotypes; haplotypes VIII and X (Figure 5.2, Table 

5.2), in addition to these six haplotypes previously described (Jaleta et al., 2017, Basso et al., 2018), 

Due to the existence of noteworthy similarities (> 99% in all cases) between sequences of S. stercoralis, 

Strongyloides procyonis, a sequence assigned to Strongyloides sp. Okayama (GB: LC038066.1), and 

our novel dog sequences, we expanded the Jaleta et al. typing scheme to include these sequences 

(Jaleta et al., 2017). This involved inclusion of haplotypes that could not be confidently assigned to S. 

stercoralis given the information on hand, yet are highly similar to known S. stercoralis 18S haplotypes. 

This adjustment was also required because a sequence attributed to S. procyonis (GB: AB272234.1) 

possesses HVR-I haplotype IV, which is identical to an S. stercoralis haplotype assigned to a 

Cambodian dog (GB: KU724124.1). For details, refer to Figure 5.2, and Tables 5.2 and 5.3. 
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Figure 5.2 Schematic detailing the proposed modifications to the previously described Strongyloides 

stercoralis genotyping scheme 

A graphical representation of the novel Strongyloides haplotypes discovered in this study compared to 

haplotypes identified in previous reports. The location of sites that were genotypically informative based 

on the original genotyping method described by Jaletta et al. (2017) and Basso et al. (2018) are 

indicated, as well as new SNP/indel sites that have been incorporated into the typing scheme based on 

the results of this study (Jaleta et al., 2017, Basso et al., 2018). For hypervariable region I, we introduce 

two novel types (VIII and X), and assign new haplotype names to published sequences that had not 

been previously considered in this typing scheme (VII and IX). For hypervariable region IV, we introduce 

three novel types (E, F, G and I), and assign new haplotype names to published sequences that had 

not been previously considered in this typing scheme (C, D and H) (see Tables 5.3 and 5.4 for details).
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Table 5.3 HVR I haplotypes assigned to Strongyloides sp. based on current data 

Haplotypes GenBank Accession/s Notes 

I 
AB923888.1, 

AF279916.2, AJ417023.1  
Found in dogs and humans. 

II 

KF926659.1, MK468655, 

MK468656, MK468657, 

MK468658, MK778085 

Found in dogs and humans. 

III AB453315.1 Found in dogs and humans. 

IV 
AB272234.1, 

KU724124.1, MK468663 

This haplotype has been detected in dogs though not in humans. It has also been described in a 

badger where it was assigned to S. procyonis. 

V Jaleta et al. (2017) 
Described by Jaleta et al. (2017) but the sequence of this type was not available in GenBank prior 

to this study. This is potentially a dog-specific haplotype. 

VI 

AB453316.1, 

AB453314.1, MH932098.1, 

MH932099.1, 

MH932100.1, MK468660 

Assigned only to S. stercoralis. Identified in dog 18 from this study. Described predominantly in 

dogs but also in a chimpanzee (AB453314.1). 

VII AB205054.1 A S. procyonis sequence greater than 99% similar to S. stercoralis Haplotype I and Haplotype IV. 

VIII MK468661 Novel Strongyloides sp. sequence from Dog 22 most similar to Haplotype VII. 

IX LC038066.1 

Strongyloides sp. Okayama isolated from a Japanese striped snake. This sequence is greater than 

99% identical to sequences of S. stercoralis and S. procyonis. Similar to Haplotype X (see below) 

identified in an Australian dog. 

X 
MK468662 

 

Sequence identified in dog 45 in present study. Most similar to Strongyloides sp. Okayama 

(Haplotype IX). 
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SSU HVR-IV haplotypes detected among S. stercoralis from Australian dogs and humans 

In the Australian samples we identified HVR-IV haplotype A in both humans and dogs, and haplotype 

B only in dogs, as previously observed (Jaleta et al., 2017). Supporting the findings of Jaleta et al. 

(2017), our results also showed that haplotype II of HVR-I is found in combination with haplotype A of 

HVR-IV, and haplotype IV of the HVR-I region is only found in combination with haplotype B of the HVR-

IV region (Jaleta et al., 2017). We observed that a unique sequence attributed to S. stercoralis had 

been submitted to GenBank in 1993, and this was assigned to haplotype C (GB: M84229.1). Next, given 

the strong similarity between HVR-IV sequences of S. procyonis and S. stercoralis and the fact that 

HVR-I haplotype IV (Jaleta et al. 2017) is also found in S. procyonis SSU sequences, we assigned the 

HVR-IV sequence from S. procyonis SSU DNA to haplotype D (GB: AB272234.1 and AB205054.1) 

(Table 5.4). A HVR-IV haplotype 99% similar to the Strongyloides sp. Okayama (GB: LC038066.1) was 

detected in dog 45. Therefore, the HVR-IV sequence of Strongyloides sp. Okayama was assigned to 

haplotype H, and the sequence from dog 45 was assigned to Haplotype I. Consequently, four new 

haplotypes detected in four Australian dog samples were assigned to HVR-IV haplotypes E, F, G and I 

(Figure 5.1, Table 5.2 and 5.4). 

Clustering of Strongyloides stercoralis based on cox1 sequences 

A 217 base pair fragment of cox1 was sequenced from 20 Australian specimens including those from 

18 dogs and two humans, plus the S. ratti control (21 cox1 sequences in total). Multiple cox1 types 

were obtained from a single specimen in many cases, revealing infections caused by multiple helminth 

species and multiple S. stercoralis genotypes in a single host (Figure 5.1). Dendrogram construction by 

agglomerative nested clustering revealed three distinct S. stercoralis clades, including one occupied 

predominantly by worms possessing the II/A SSU genotype, which constituted sequences obtained 

from dogs and humans. Four cox1 sequences obtained in this study (one from each of human 1, human 

3, dog 6, and dog 18), were assigned to the dog and human-infecting S. stercoralis clade. A S. 

stercoralis clade occupied mostly by specimens possessing the I/B and V/B SSU genotypes was also 

apparent (one specimen possessed the IV/B genotype), representing dog infections only (dog clade 1). 

None of the Australian specimens were assigned to this clade (Figure 5.1). A final S. stercoralis clade 

containing cox1 sequences obtained from only dogs (dog clade 2) was also dominated by specimens 

possessing the I/B and V/B genotypes, though two specimens were also assigned the IV/B. A single 

cox1 sequence from each of dogs 6 and 7 was assigned to this clade (Figure 5.1)
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Table 5.4 HVR IV haplotypes assigned to Strongyloides sp. based on current data 

Haplotypes GenBank Accession/s Notes 

A 

KY081221.1, KU724128.1, KU724125.1, LC085483.1, 

LC085482.1, LC085481.1, KU962182.1, KU962181.1, 

KU962180.1, KU962179.1, AB923888.1, KF926662.1, 

KF926661.1, AF279916.2, MH932097.1, MH932097.1, 

MH932095.1, KY081223.1, AB526826.1, AB453316.1, 

AB453315.1, AB453314.1, MK468664 - MK468671  

Identified in dogs, humans and chimpanzees. A S. stercoralis- specific 

haplotype 

B KU724129.1 Identified only in dogs. Consistently assigned to S. stercoralis 

C M84229.1 

This sequence was published in GenBank in 1993 and assigned to S. 

stercoralis. It has not appeared in the literature since based on our 

knowledge, though we assigned to haplotype C for its historic value. It shares 

one SNP difference to type A (Figure 2). 

D AB272234.1, AB205054.1 
Includes two sequences assigned to S. procyonis. This type is 99% similar to 

Haplotype B. 

E MK468674 Novel haplotype identified in dog 18. Most similar to Haplotype A. 

F MK468675 Novel haplotype identified in dog 22. Most similar to Haplotype D. 

G MK468676 Novel haplotype identified in dog 13. Most similar to Haplotype A. 

H LC038066.1 Strongyloides sp. Okayama isolated from a Japanese striped snake. 

I MK468677 Novel haplotype identified in dog 45. Most similar to Haplotype H. 
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Cryptic cox1 sequences potentially from Strongyloides sp. helminths that could not be 
assigned to a genus or species 

Sequences were obtained from two dog fecal specimens (dogs 22 and 43) that potentially belong to a 

Strongyloides sp. helminth but could not be confidently assigned to a species given the information 

available. Two cox1 sequences were obtained for dog 22. One of these clustered with a cox1 

sequences from Strongyloides mirzai (GB: AB526307.1), a helminth that infects a Japanese pit viper. 

The second sequence from dog 22 clustered between the S. mirzai clade and the S. fuelleborni clade 

yet also clustered in a position immediately basal to all hookworms (Figure 5.1). This sequence also 

obtained a nearest BLASTN hit to a Necator sp. sequence (GB: AB793563.1), though its next best hit 

based on an online BLASTN search was to a sequence from S. stercoralis (GB: LC179452.1). Three 

unique cox1 sequences were obtained from dog 43 (GB: MK434220, MK434221; MK434222), one 

clustering with S. mirzai and a second clustering with two sequences of the Strongyloides sp. ‘loris’ 

clade (GB: LC197958.1, LC197946.1). When submitted to an online BLASTN search, the sequence 

clustering alongside S. mirzai also obtained top hits to free living nematodes (Ektaphelenchus sp. and 

Bursaphelenchus populi, GB: JX979197.1 and HQ699854.1 respectively), yet several of its top hits 

were also to S. fuelleborni cox1 sequences. The third sequence from dog 43 clustered between the 

Strongyloides sp. ‘loris’ clade and a clade containing all S. stercoralis sequences (Figure 5.1). 

Mixed genotype infections with Strongyloides stercoralis 

In two samples, dog 6 and dog 18, a complete set of ASVs was obtained (a sequence for cox1, HVR-

I and HVR-IV), indicating mixed S. stercoralis infections. When examining the number of reads that 

mapped to each haplotype for these specimens (Table 5.S1), for dog 6 approximately 20% of reads 

were assigned to haplotype II and 80% to haplotype IV for the HVR-I region. For the HVR-IV region, 

approximately 20% of reads were assigned to haplotype A and 80% to haplotype B. With this 

information it can be assumed that this dog was infected with two strains of S. stercoralis, one from the 

human / dog clade (genotype II/A) and another from a dog-specific clade (genotype IV/B). However, it 

should be noted that the assays for amplification of HVR-I and HVR-IV could possess different 

amplification efficiencies, though this is difficult to confirm. Interestingly, two cox1 sequences were 

obtained from this dog, one assigned to the human / dog clade and another assigned to dog clade 2, 

supporting our deduction. Dog 18 was also infected with two types of S. stercoralis, with a genotype of 

II + VI / A + E assigned to this specimen. Given that the number of reads assigned to each of these 

types fell between 40% and 50%, it is difficult to link the HVR-I types identified here to their 

corresponding HVR IV type. While the specimen from dog 18 possessed two 18S haplotypes for HVR-

I and HVR-IV, evidence was only found for a single cox1 sequence. There were two S. stercoralis 



82 
 

strains found in the HVR-IV region of the dog 13. Approximately 50% of reads were assigned to the 

haplotype A and 50% to a new haplotype G.  

Detection of non-Strongyloides sp. cox1 sequences in remote Australian communities  

Dog samples were collected from seven remote communities in Australia. While all specimens included 

in this study tested positive or presumed positive for S. stercoralis using a published real-time PCR 

assay (Verweij et al., 2009), deep sequencing found no evidence of S. stercoralis infection in several 

cases where instead, an infection with another helminth (usually Ancylostoma spp.) was confirmed 

based on cox1 sequences. Some of these sequences clustered closely to A. ceylanicum yet appeared 

to be distinct. However, it should be noted that these sequences were identical to a published sequence 

assigned to A. caninum (GB: AJ407962.1) which did not overlap completely with our amplicon (50 

bases short), so we cannot be sure they possess the same sequence type. This necessitates the 

conservative assignment of these sequences to Ancylostoma sp.  

Twenty-three cox1 sequences were attributed to Ancylostoma spp. and one dog (dog 6) was infected 

with an Ancylostoma sp. clustering closely with Anyclostoma ceylanicum (Figure 5.1, cyan clade), and 

two distinct types of S. stercoralis. Sequences were obtained from dogs 14, 15 and 16 that belong to 

a Metastrongylus-like helminth, possibly Metastrongylus salmi. Two sequences attributed to 

Ancylostoma caninum were also obtained from dog 15, and a fourth sequence belonging to an 

Ancylostoma sp. was also detected in this dog. A sequence was obtained from dog 37 that obtained 

BLASTN hits to S. fuelleborni sequences (e.g., GB: AB526303.1, 86.2% identity). Agglomerative 

nested clustering placed this sequence in a position basal to all Strongyloides and hookworm 

sequences included in this analysis. This cox1 sequence also obtained close BLASTN hits (87% 

identity) to Aphelenchoides sp. (GB: KX356839.1) and Bursaphelenchus luxuriosae (AB097863.1) 

which are free living mycophagous and/or potentially plant parasitic nematodes. The cox1 sequence 

from dog 28 does not appear to be helminth in origin and most closely resembles a cox1 sequence 

from a rotifer; Macrotrachela quadricornifera (GB: JX184003.1), which served as a convenient outgroup 

for the clustering analysis (Figure 5.1). 

Two dogs from community 2 were also infected with S. stercoralis while in one dog from community 5, 

a cryptic Strongyloides sp. possessing a unique SSU haplotype for both HVR-I and HVR-IV was 

detected (dog 22, genotype VIII/F). Interestingly, a Metastrongylus-like cox1 sequence was detected 

in all dogs from community 3 that were tested, and a single dog (dog 15) from this same community 

was infected with A. caninum and at least one other Ancylostoma sp. (Figure 5.2, cyan clade). We 

propose that sequences obtained from community 6 are from environmental organisms, possibly 

representing extraneous contaminants given that one represents a rotifer-like sequence (dog 28) (GB: 
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MK434225) and the other obtained BLASTN hits to free-living nematodes (dog 37) (GB: MK434224). 

Community 4 and community 7 are each represented by a single typed specimen each (dog 18 and 

dog 45 respectively), that include unique sequences from a helminth that we can confidently assign to 

the genus Strongyloides (Figure 5.1). 

5.2.6 Discussion and conclusions 

In our study we observed that HVR-IV haplotype A is associated with strains infective for both humans 

and dogs, while HVR-IV haplotype B is restricted to strains that are only infectious to dogs. The same 

was discovered in a recent study on S. stercoralis from humans and dogs in Cambodia, where two 

genetically distinguishable S. stercoralis populations were identified based on the HVR-IV region. The 

HVR-IV haplotype A strain was found to be dog and human infective, while HVR-IV haplotype B strain 

was shown to be dog specific (Jaleta et al., 2017). Supporting earlier findings, our results also showed 

that haplotype II of HVR-I is found in combination with haplotype A of the HVR-IV region, and haplotype 

IV of the HVR I region is only found in combination with haplotype B, which is specific to dogs. One 

dog had a mixed S. stercoralis infection, presumably with worms of the genotype II/A (a type infectious 

to dogs and humans) and others with the genotype IV/B (a dog specific type). The detection of two 

cox1 sequences that cluster in the dog / human and dog specific clades respectively supports this 

assessment. In an Australian dog, we also identified HVR-I haplotype VI which has only been 

previously reported in European dogs. Interestingly, this dog (dog 18) also had a mixed gentoype 

infection that included a novel S. stercoralis HVR-IV haplotype (haplotype E), that was linked to a cox1 

sequence clustering in the dog / human S. stercoralis clade. 

In agreement with previous reports, the current study demonstrated that the SSU HVR IV region in the 

SSU rDNA can be used to detect within species differences that correspond with the genetic clades 

that appear when the same specimens are analyzed at the cox1 locus (Hasegawa et al., 2016, Jaleta 

et al., 2017) (Figure 5.1). To support analysis of the cox1 locus by deep sequencing, the cox1 PCR 

assay described here was designed so that merged paired-end Illumina reads span the entire length 

of the amplicon. This greatly reduces the complexity of in silico analysis when mixed cox1 haplotypes 

are encountered. A trade-off of using a short amplicon for this analysis is that it may capture less 

diversity. Additionally, short sequences are of limited use in phylogenetic analysis. However, 

phylogenies are only truly relevant for constructing the evolutionary history of taxa and because 

evolutionary analysis was not the objective of this study, agglomerative nested clustering was used to 

group cox1 sequences based on their pairwise sequence identity. Despite its limitations, our cox1 

assay clearly resolved the dog and human infective S. stercoralis types into a clade that is distinct from 

the dog-specific types, which was our primary objective, and allowed us to compare our results to those 

obtained in previous studies. Furthermore, we show that the cox1 fragment amplified here clearly 
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distinguishes S. stercoralis-derived cox1 amplicons from other helminth species including S. fuelleborni 

and multiple species of hookworm. 

As part of this study, we included certain SSU sequences previously published in GenBank in order to 

accommodate our novel haplotypes. A sequence published in 1993 by Putland et al. (1993) (GB: 

M84229.1) has been assigned Haplotype C at its HVR-IV region in this study, differing from HVR-IV 

haplotype A by one SNP at position 125 (Figure 5.2) (Putland et al., 1993). This sequence was later 

found to be a PCR induced hybrid sequence with the HVR-I region derived from a fungal contaminant 

(Dorris et al., 2002, Putland et al., 1993). Our analysis confirmed that its HVR-I sequence is so 

drastically different to that of other S. stercoralis haplotypes (and to that of any other Strongyloides spp. 

in general), and was not added to the typing scheme. Next, we observed that S. stercoralis HVR-I 

haplotype IV (reportedly a dog-specific type) is also found in sequences assigned to S. procyonis from 

a Japanese badger (GB: AB272234.1). To reconcile this observation, we incorporated the HVR-IV 

region of sequences assigned to S. procyonis into the typing scheme, referring to them as haplotype 

D (Table 5.4, GB: AB272234.1 and AB205054.1). This also meant that the HVR-I sequence of the S. 

procyonis SSU (GB: AB205054.1) became HVR-I haplotype VII. Hence, the new SSU HVR-I haplotype 

from dog 22 (GB: MK468661) became SSU HVR-I haplotype VIII. A novel SSU HVR-I haplotype from 

dog 45 was also discovered as part of this study (GB: MK468662), and its sequence was most similar 

to the SSU HVR-I region from Strongyloides sp. Okayama, isolated from a Japanese striped snake 

(GB: LC038066.1). As this sequence was already in GenBank prior to the commencement of this study, 

the HVR-I region of LC038066.1 was assigned to haplotype IX, while the novel sequence obtained 

from dog 45 was assigned to haplotype X (GB: MK468662). As haplotypes A to D for HVR-IV had been 

assigned to other sequences, the novel haplotypes discovered in dogs 18, 22 and 13 were assigned 

to HVR-IV haplotype E, F and G respectively (GB: MK468674, MK468675, and MK468676). Finally, 

the HVR-IV sequence from Strongyloides sp. Okayama (GB:LC038066.1) was assigned to haplotype 

H because it obtained a nearest match to the HVR-IV regions sequenced from dog 45, which was 

consequently assigned to haplotype I (GB: MK468677). Also note that all HVR-I and HVR-IV types 

discussed above (both novel and previously published) are more similar to each other than they are to 

the corresponding SSU regions from S. ratti. Consequently, they do not provide enough information on 

their own to make confident species assignments (Figure 5.2). 

While the typing scheme developed by Jaleta et al. (2017) was originally designed to consider S. 

stercoralis haplotypes alone, the detection of several novel cryptic haplotypes that: (1) cannot be 

confidently assigned to a species, (2) are nonetheless greater than 99% similar to each other and to 

known S. stercoralis haplotypes and (3), are haplotypes detected in the same host (dogs), means that 

the adjustments made here represent the most straightforward solution to the issue at hand (Jaleta et 
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al., 2017). Being an isolated continent, it is possible that Australian dogs might be infected with 

genetically distinct S. stercoralis strains (Cawood and Korsch, 2008). Consequently, it is not 

unreasonable to suggest that some of the cryptic dog Strongyloides types described herein (i.e., from 

dogs 18, 22, 13 and 45) might be attributable to truly novel S. stercoralis genotypes restricted to 

Australia. We also propose that some of the cryptic Strongyloides sp. haplotypes we discovered in this 

study are potentially unique to the Australian continent and may have diverged from Southeast Asian 

Strongyloides populations as a result of vicariance. Discovery of a cox1 sequence that clusters most 

closely to a Strongyloides sp. identified from a slow loris might support this (dog 43, GB: MK434221), 

given that lorises are endemic to southeast Asia, yet the lack of any SSU sequences associated with 

this specimen makes it difficult to draw any solid conclusions in that regard. A larger sample number is 

needed along with additional sequences and morphological analysis of multiple specimens before 

these sequences can be assigned to a species of helminth. 

This study employed an alteration of the Jaleta et al. (2017) genotyping assay developed at the Centers 

for Disease Control and Prevention for adaptation to NGS technologies (Jaleta et al., 2017). The assay 

was designed to genotype Strongyloides sp. and potentially detect mixed helminth infections (e.g., 

hookworm and Strongyloides) when applied directly to DNA extracted from faeces and other biological 

specimens. This method has great advantages over previous genotyping techniques in that it can be 

undertaken directly from faecal DNA extracts and does not require culture of larvae for extraction of 

DNA from individual worms. Furthermore, the depth of sequencing provided by NGS allows the 

detection of all genotypes in a single sample (Zahedi et al., 2017). However, it is also worth mentioning 

that no information about the genotype of individual worms is obtained using this method. If two 18S 

haplotypes are found in one sample it remains unclear if they occur in the same individuals 

(heterozygous) or if they represent different populations. Also, if multiple variants are detected for more 

than one of the genotyping loci analysed here (i.e., SSU and cox1), it remains unclear which SSU 

sequence belongs to which cox1 sequence.  

This study had a number of limitations including the collection of dog stool samples from the 

environment where they could have possibly become contaminated with extraneous environmental 

organisms or their DNA. As noted in Table 5.1, the cox1 PCR employed in this study also detects 

multiple hookworm species, and was even found to amplify the cox1 sequence of a Metastrongylus-

like helminth. This may represent an advantage of the method if simultaneous detection and genotyping 

of multiple pathogenic intestinal nematodes from dogs and humans is required. However, these results 

should be viewed with caution. Given the sensitivity of deep sequencing, we suspect that detection of 

cox1 sequences resembling those of Metastrongylus salmi could be attributable to the consumption of 

pig offal by dogs in community 3. While Metastrongylus sp. are known to occasionally infect other 
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species including humans (Calvopina et al., 2016), the genus is generally thought to be specific to pigs. 

We also note that the haplotypes from dog 45 closely resembles that of a reptile-infecting Strongyloides 

sp. and its presence in a dog could be due to consumption of reptiles or reptile feces by the dog.  

Consequently, these cases may represent incidental findings rather than true infections with a 

Metastrongylus-like helminth or a Strongyloides sp. resembling those found in reptiles. Similarly, the 

cox1 assay described here detected DNA from potentially free – living nematodes. A sequence 

obtained from dog 37 received a BLASTN hit to S. fuelleborni (GB: AB526306.1), though with only 

86.2% identity. However, agglomerative nested clustering placed this sequence in a position basal to 

all Strongyloides and hookworm sequences included in this analysis. This sequence also obtained 

close BLASTN hits (87% identity) to Aphelenchoides sp. (GB: KX356839.1) and Bursaphelenchus 

luxuriosae (AB097863.1) which are mycophagous and/or potentially plant parasitic nematodes. This 

sequence could therefore represent a free-living nematode that came into contact with the fecal 

specimens in the environment between when the stool was passed and collected. Surprisingly, a 

sequence similar to one obtained from a rotifer; a free-living, extremely distant relative of nematodes, 

was detected in the specimen from dog 28 using this assay. This also likely represents contamination 

of the stool specimen from the local environment prior to its collection. 

Our study was able to independently support previous reports of at least two genetically distinct groups 

of S. stercoralis; one infecting both dogs and humans and another group that is specific to dogs. While 

this study does not demonstrate direct transmission of the S. stercoralis from dogs to humans or vice 

versa, it supports the hypothesis of zoonotic transmission in remote Australian communities. As 

discussed previously and with respect to the One Health approach (Rock et al., 2009), we suggest that 

humans and dogs should be treated concomitantly in these communities to control strongyloidiasis 

(Beknazarova et al., 2017b, Jaleta et al., 2017). Ultimately, we confirm for the first time that potentially 

zoonotic S. stercoralis populations are present in Australia and suggest that dogs might represent a 

potential reservoir of human strongyloidiasis in remote Australian communities.  
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Supporting Information Legends  

Table 5.S1 GenBank accession numbers for the SSU and cox1 haplotypes and their mapping statistics.  

The GenBank accession numbers are provided for the SSU HVR I and IV haplotypes generated in this study (MK468654-MK468677). The 

GenBank accession numbers are provided for the cox1 haplotypes generated in this study (MK434217- MK434258). Read mapping statistics 

are also provided to support the validity of each sequence. 

CoxI sequencing metrics 

Specimen 
Name 

# Paired 
End 

Reads 
Generated 

# Reads 
after 

adapter 
and 

quality 
trimming 

# 
Reads 

merged 

# 
Reads 

that 
could 
not be 

merged 

# Merged 
and 

unmearged 
reads 

mapped 
back to 
contig 
(100% 

identity, 
overlap of 
150 bases) 

Name on Dendrogram GenBank 
Accession Organism 

Human 3 28930 25210 12405 400 6561 Human 3 - 100.0% ~ LC085498.1 MK434218 Strongyloides stercoralis 

Human 1 11270 9314 2847 3620 929 Human 1 - 99.5% ~ KU962163.1 MK434219 Strongyloides stercoralis 

Dog 43 17068 14684 6963 758 1760 Dog 43 - 91.7% ~ GU367865.1 MK434220 Unknown nematode 

Dog 43 17068 14684 6963 758 2120 Dog 43 - 91.2% ~ LC197946.1 MK434221 Unknown nematode 

Dog 43 17068 14684 6963 758 358 Dog 43 - 90.3% ~ KY081230.1 MK434222 Unknown nematode 

Dog 41 157320 152594 74595 3404 65917 Dog 41 - 91.2% ~ KY640299.1 MK434223 Ancylostoma sp. 

Dog 37 17796 15610 7146 1318 4764 Dog 37 - 86.2% ~ AB526306.1 MK434224 Unknown nematode 

Dog 28 43854 38986 14430 10126 3567 Dog 28 - 93.1% ~ JX184003.1 MK434225 Unknown eukaryote 

Dog 22 11928 11082 5385 312 1558 Dog 22 - 90.8% ~ AB526307.1 MK434226 Unknown nematode 
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Dog 22 11928 11082 5385 312 2373 Dog 22 - 89.4% ~ AB793563.1 MK434227 Unknown nematode 

Dog 21 137434 132270 64024 4222 9394 Dog 21 - 100.0% ~ AP017673.1 MK434228 Ancylostoma caninum 

Dog 21 137434 132270 64024 4222 34524 Dog 21 - 91.2% ~ KY640299.1 MK434229 Ancylostoma sp. 

Dog 20 42410 38378 18753 872 956 Dog 20 - 100.0% ~ AP017673.1 MK434230 Ancylostoma caninum 

Dog 20 42410 38378 18753 872 827 Dog 20 - 91.2% ~ KY640299.1 MK434231 Ancylostoma sp. 

Dog 20 42410 38378 18753 872 536 Dog 20 - 91.2% ~ AP017673.1 MK434232 Ancylostoma sp. 

Dog 19 44336 41544 19989 1566 824 Dog 19 - 100.0% ~ FJ483518.1 MK434233 Ancylostoma caninum 

Dog 19 44336 41544 19989 1566 3335 Dog 19 - 100.0% ~ AP017673.1 MK434234 Ancylostoma caninum 

Dog 19 44336 41544 19989 1566 1063 Dog 19 - 91.2% ~ KY640299.1 MK434235 Ancylostoma sp. 

Dog 19 44336 41544 19989 1566 4381 Dog 19 91.2% ~ KY640299.1 MK434236 Ancylostoma sp. 

Dog 18 8526 6658 3276 106 422 Dog 18 - 99.5% ~ LC085498.1 MK434237 Strongyloides stercoralis 

Dog 16 29664 27054 13189 676 3812 Dog 16 - 97.7% ~ GQ888715.1 MK434238 Metastrongylus sp. 

Dog 16 29664 27054 13189 676 2170 Dog 16 - 96.3% ~ GQ888715.1 MK434239 Metastrongylus sp. 

Dog 15 14546 12574 6100 374 363 Dog 15 - 98.6% ~ AP017673.1 MK434240 Ancylostoma caninum 

Dog 15 14546 12574 6100 374 855 Dog 15 - 97.7% ~ GQ888715.1 MK434241 Metastrongylus sp. 

Dog 15 14546 12574 6100 374 1189 Dog 15 - 91.2% ~ KY640299.1 MK434242 Ancylostoma sp. 

Dog 15 14546 12574 6100 374 554 Dog 15 - 91.2% ~ AP017673.1 MK434243 Ancylostoma sp. 

Dog 14 5684 5388 2604 180 346 Dog 14 - 98.2% ~ GQ888715.1 MK434244 Metastrongylus sp. 

Dog 14 5684 5388 2604 180 1021 Dog 14 - 96.3% ~ GQ888715.1 MK434245 Metastrongylus sp. 

Dog 13 20416 18802 9012 778 1021 Dog 13 - 100.0% ~ FJ483518.1 MK434246 Ancylostoma caninum 
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Dog 13 20416 18802 9012 778 1216 Dog 13 - 100.0% ~ AP017673.1 MK434247 Ancylostoma caninum 

Dog 13 20416 18802 9012 778 615 Dog 13 - 91.7% ~ KY640299.1 MK434248 Ancylostoma sp. 

Dog 12 39494 34354 15449 3456 3506 Dog 12 - 100.0% ~ FJ483518.1 MK434249 Ancylostoma caninum 

Dog 12 39494 34354 15449 3456 4265 Dog 12 - 100.0% ~ AP017673.1 MK434250 Ancylostoma caninum 

Dog 10 23224 21386 10417 552 3822 Dog 10 - 100.0% ~ FJ483518.1 MK434251 Ancylostoma caninum 

Dog 10 23224 21386 10417 552 2288 Dog 10 - 99.1% ~ AP017673.1 MK434252 Ancylostoma caninum 

Dog 10 23224 21386 10417 552 457 Dog 10 - 97.7% ~ AP017673.1 MK434253 Ancylostoma caninum 

Dog 7 52918 45836 22568 700 

293 (551 
reads if 
unmerged)** Dog 7 - 100.0% ~ KX226377.1 MK434254 Strongyloides stercoralis 

Dog 6 29822 25880 12544 792 2417 Dog 6 - 100.0% ~ KX226377.1 MK434255 Strongyloides stercoralis 

Dog 6 29822 25880 12544 792 1742 Dog 6 - 99.1% ~ AJ558163.1 MK434256 Strongyloides stercoralis 

Dog 6 29822 25880 12544 792 2786 Dog 6 - 91.2% ~ KY640299.1 MK434257 Ancylostoma sp. 

Dog 4 50144 45480 22504 472 881 Dog 4 - 91.2% ~ KY640299.1 MK434258 Ancylostoma sp. 

         
**Indicates a contig with coverage just below the threshold set in this study. When reads that were not merged were mapped to the original de novo assembled 
contig using the mapping parameters described (150 bases and 100% identity), 551 reads mapped with no misaligned reads or gaps and the contig generated 
was identical to that generated using merged reads. Consequently, this contig was considered valid and was retained for downstream analysis. 
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18S HVR-I sequencing metrics 

Specimen 
Name 

# Paired End 
Reads 
Generated 

# Reads 
after 
adapter 
and 
quality 
trimming 

# 
Reads 
merged 

# Reads 
that could 
not be 
merged 

# Merged and 
unmearged reads 
mapped back to 
contig (100% 
identity, overlap of 
150 bases) 

GenBank 
Accession Haplotype Organism 

Dog 18 69378 62120 2881 56358 20962 MK468657 II Strongyloides stercoralis 
Dog 18 69378 62120 2881 56358 21526 MK468660 VI Strongyloides stercoralis 
Dog 22 10252 7004 1657 3690 2656 MK468661 VIII Strongyloides sp. 

Dog 45 1826 1524 308 908 
251 (354 if 
unmerged)** MK468662 X Strongyloides sp. 

Dog 6 54312 49260 5116 39028 7555 MK778085 II Strongyloides stercoralis 
Dog 6 54312 49260 5116 39028 26260 MK468659 IV Strongyloides stercoralis 
Dog 7 7638 4546 2081 384 379 MK468663 IV Strongyloides sp. 
Human 1 10522 6856 2385 2086 1433 MK468655 II Strongyloides stercoralis 
Human 3 2916 2142 318 1506 1183 MK468656 II Strongyloides stercoralis 
Human 4 5196 4108 771 2566 736 MK468658 II Strongyloides stercoralis 

**Indicates a contig with coverage just below the threshold set in this study. When reads that were not merged were mapped to the original de novo assembled 
contig using the mapping parameters described (150 bases and 100% identity), 354 reads mapped with no misaligned reads or gaps and the contig generated 
was identical to that generated using merged reads. Consequently, this contig was considered valid and was retained for downstream analysis. 
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18S HVR-IV sequencing metrics 

Specimen 
Name 

# Paired End 
Reads 

Generated 

# Reads 
after 

adapter 
and 

quality 
trimming 

# Reads 
merged 

# 
Reads 

that 
could 
not be 

merged 

# Merged 
and 

unmearged 
reads 

mapped 
back to 
contig 
(100% 

identity, 
overlap of 
150 bases) 

GenBank 
Accession Haplotype Organism 

Dog 13 8648 7866 3684 498 484 MK468668 A Strongyloides stercoralis 
Dog 13 8648 7866 3684 498 516 MK468676 G Strongyloides sp. 
Dog 18 12498 11334 5299 736 2139 MK468665 A Strongyloides stercoralis 
Dog 18 12498 11334 5299 736 1643 MK468674 E Strongyloides sp. 
Dog 22 10318 9166 4363 440 3031 MK468675 F Strongyloides sp. 
Dog 32 7998 7284 3402 480 2393 MK468669 A Strongyloides stercoralis 
Dog 45 5008 4510 2110 290 1253 MK468677 I Strongyloides sp. 
Dog 6 10436 9350 4437 476 503 MK468667 A Strongyloides stercoralis 
Dog 6 10436 9350 4437 476 2217 MK468672 B Strongyloides stercoralis 
Dog 7 10976 9878 4625 628 3254 MK468673 B Strongyloides stercoralis 
Human 1 13968 12784 6132 520 4532 MK468666 A Strongyloides stercoralis 
Human 2 9686 8598 3999 600 2757 MK468670 A Strongyloides stercoralis 
Human 3 4918 4422 2039 344 1249 MK468664 A Strongyloides stercoralis 

Human 4 4068 3644 1683 278 1051 MK468671 A Strongyloides stercoralis 
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Table 5.S2 Sequences included in cox1 BLAST database 

>AB526282.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: HumJPImported-1 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>AB526282|AB526282.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: HumJPImported-1. 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>AB526283.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: ChimpTanzXP-1 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATCTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>AB526284|AB526284.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: ChimpTanzCE-8. 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATCTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>AB526287|AB526287.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: ChimpGabon-1. 
TTTAATTTATCAACATTTATTTTGATTCTTTGGACATCCTGAAGTATATATTTTAATTCTTCCTGCTTTTGGTATCATTA
GGCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTCTTTGGTACCTTAGGTATAATTTATGCTATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTATGGGCTCATCATATGTATACCGTTGGTATAGATATTGAT 

>AB526288|AB526288.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: ChimpGabon-2. 
TTTAATTTATCAACATTTATTTTGATTCTTTGGCCATCCTGAGGTATATATTTTAATTCTTCCTGCTTTTGGTATCATTA
GGCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTCTTTGGTACCTTAGGTATAATTTATGCTATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTATGGGCTCATCATATGTATACCGTTGGTATAGATATTGAT 

>AB526290.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: MacaqueOita-1 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526290|AB526290.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: MacaqueOita-1. 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526291.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: MacaqueShodoshima-1 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAGGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526292|AB526292.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: MacaqueShodoshima-2. 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAGGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526293.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
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isolate: MacaqueYamaguchi-1 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526293|AB526293.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: MacaqueYamaguchi-1. 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526294.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: MacaqueYaku-1 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTGACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526294|AB526294.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: MacaqueYaku-1. 
TTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAAAGTACTCTTTATTTGACTGGTAAAAAGGAAGTTTTTGGTACTTTAGGTATGATTTATGCTATTTTAAGAATTGG
TTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526295|AB526295.1|DDBJ_Strongyloides planiceps mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: RaccoondogWakayama-1. 
TTTAATCTATCAACATCTTTTTTGATTTTTTGGTCATCCCGAAGTTTATATTTTAATTTTGCCTGCATTTGGGATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAAGAAGTATTTGGTACTTTAGGTATAATCTATGCTATCCTAAGTATTGG
TTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATTTAGAC 

>AB526296|AB526296.1|DDBJ_Strongyloides planiceps mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: RaccoondogYaku-1. 
TTTAATCTATCAACATCTTTTTTGATTTTTTGGTCATCCCGAAGTTTATATTTTAATTTTGCCTGCATTTGGGATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAAGAAGTATTTGGTACTTTAGGTATAATTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATCTAGAC 

>AB526297.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: HumTanz-1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>AB526298.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: HumJPTokyo-1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 

>AB526298|AB526298.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: HumJPTokyo-1. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 

>AB526299.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: HumJPOkinawa-1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 

>AB526299|AB526299.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: HumJPOkinawa-1. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 
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>AB526300.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: HumJPOkinawa-2 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGCACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>AB526300|AB526300.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: HumJPOkinawa-2. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGCACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>AB526302.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: DogJP-1 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGCCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>AB526302|AB526302.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: DogJP-1. 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGCCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>AB526304.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: ChimpJPCaptive-1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCCTTCGGTATTATTA
GTCAATGCACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>AB526304|AB526304.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: ChimpJPCaptive-1. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCCTTCGGTATTATTA
GTCAATGCACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>AB526305.1|NCBI_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: ChimpTanzCE-2 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTCGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGAATAGATTTTGAT 

>AB526305|AB526305.1|DDBJ_Strongyloides stercoralis mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: ChimpTanzCE-2. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTCGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGAATAGATTTTGAT 

>AB526306.1|NCBI_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: YelBaboonTanz-1 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526306|AB526306.1|DDBJ_Strongyloides fuelleborni mitochondrial Cox1 gene for cytochrome oxidase subunit 1, 
partial cds, isolate: YelBaboonTanz-1. 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGTCATCCTGAGGTATATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTTTATATTTAACTGGTAAAAAGGAGGTCTTTGGTACTTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>AB526307.1|NCBI_Strongyloides mirzai mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial cds, isolate: 
Habu-1 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGGCATCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GCCAAAGAACTATATATTTAACAGGTAAGAAAGAAGTATTTGGAACTCTTGGAATAGTTTATGCTATTTTAAGAATTG
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GTTTGATTGGTTGTGTAGTTTGGGCTCATCATATATATACTGTTGGAATAGATTTAGAT 

>AB526307|AB526307.1|DDBJ_Strongyloides mirzai mitochondrial Cox1 gene for cytochrome oxidase subunit 1, partial 
cds, isolate: Habu-1. 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGGCATCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GCCAAAGAACTATATATTTAACAGGTAAGAAAGAAGTATTTGGAACTCTTGGAATAGTTTATGCTATTTTAAGAATTG
GTTTGATTGGTTGTGTAGTTTGGGCTCATCATATATATACTGTTGGAATAGATTTAGAT 

>AB793537.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-1 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGGCATCCTGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793538.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-2 
GTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793540.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-3 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTGTATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTCGGTATGGATTTAGAT 

>AB793542.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-5 
GTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793543.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-6 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793548.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-1 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCTACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793549.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-2 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCACCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793550.1|NCBI_Necator sp. HH-2013e mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type C-5 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGACATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTGGGTATGGTGTATGCAATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGGATGGATTTAGAT 

>AB793551.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-3 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTATATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793555.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-7 
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ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTGACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793556.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-8 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTATATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793557.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-9 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGGATAGATTTGGAT 

>AB793558.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-10 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793559.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-11 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCCGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTATATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793561.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-13 
ATTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793562.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-14 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>AB793563.1|NCBI_Necator sp. HH-2013d mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type B-15 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTGGAT 

>AB793565.1|NCBI_Necator sp. HH-2013e mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type C-1 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGGCATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACATTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTGTATGCGATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 

>AB793566.1|NCBI_Necator sp. HH-2013e mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type C-2 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGACATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTGGGTATGGTGTATGCAATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACACCATATGTATACTGTTGGAATGGATTTAGAT 

>AB793567.1|NCBI_Necator sp. HH-2013e mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type C-3 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGGCATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTGTATGCGATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 
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>AB793568.1|NCBI_Necator sp. HH-2013e mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type C-4 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGGCATCCAGAGGTTTATATTTTGATTTTACCGGCTTTCGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTGTATGCGATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 

>AB793569.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-11 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793570.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-12 
GTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAGAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AB793571.1|NCBI_Necator americanus mitochondrial Cox1 gene for cytochrome c oxidase subunit 1, partial cds, 
haplotype: Type A-13 
ATTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCACCATATGTATACTGTTGGTATGGATTTGGAT 

>AJ417719.2|NCBI_Necator americanus complete mitochondrial genome 
GTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTCTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>AJ558163.1|NCBI_Strongyloides stercoralis complete mitochondrial genome 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>AJ558163|AJ558163.1|DDBJ_Strongyloides stercoralis complete mitochondrial genome. 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>AP017673.1|NCBI_Ancylostoma caninum mitochondrial DNA, complete sequence 
TTTGATTTATCAACATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTGTTA
GACAGTCTACTTTATATTTAACTGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTATACGCTATTTTAAGAATTG
GTTTGATTGGTTGTGTGGTTTGAGCACATCATATGTATACGGTGGGTATGGATTTAGAT 

>AP017674.1|NCBI_Ancylostoma ceylanicum mitochondrial DNA, complete sequence 
TTTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTGTAA
GACAGTCTACTTTGTATTTAACAGGTAAAAAAGAGGTGTTTGGATCTTTGGGGATGGTTTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCACCATATGTATACTGTAGGGATAGATTTAGAT 

>AP017676.1|NCBI_Ancylostoma duodenale mitochondrial DNA, complete sequence 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCACCCTGAAGTTTATATTTTGATTTTACCAGCTTTTGGTATTGTTA
GTCAATCTACTTTATATTTAACAGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTTTATGCAATTTTAAGTATTGG
TTTGATTGGTTGTGTTGTGTGAGCTCATCATATGTATACTGTGGGTATGGATTTGGAT 

>BI324166|BI324166.1|DDBJ_kt54e11.y3 Strongyloides ratti L1 pAMP1 v3 Chiapelli McCarter Strongyloides ratti cDNA 
5' similar to SW:COX1_ASCSU P24881 CYTOCHROME C OXIDASE POLYPEPTIDE I, mRNA sequence. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGACATCCTGAGGTTTATATTTTAATTTTGCCTGCTTTTGGAATTATTA
GACAGAGGATTTTATATTTGACTGGTAAGAAGGAAGTTTTTGGAGTTTTGGGGATGGTTTATGCAATTTTGAGTATT
GGATTGATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>BI741952|BI741952.1|DDBJ_kt83c11.y1 Strongyloides ratti L1 pAMP1 v3 Chiapelli McCarter Strongyloides ratti cDNA 
5' similar to SW:COX1_ASCSU P24881 CYTOCHROME C OXIDASE POLYPEPTIDE I, mRNA sequence. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGACATCCTGAGGTTTATATTTTAATTTTGCCTGCTTTTGGAATTATTA
GACAGAGGATTTTATATTTGACTGGTAAGAAGGAAGTTTTTGGAGTTTTGGGGGATGGTTTATGCAATTTTGAGTAT
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TGGATTTGATTGGTTTGTGTAGTTTGAGCTCATCATATGCATACTGTTGGAATAGATTTGGAT 

>FJ483518.1|NCBI_Ancylostoma caninum mitochondrion, complete genome 
TTTAATTTATCAACATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTGTTA
GACAGTCTACTTTATATTTAACTGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTATACGCTATTTTAAGAATTG
GTTTGATTGGTTGTGTGGTTTGGGCACATCATATGTATACGGTGGGTATGGATTTGGAT 

>GQ888715.1|NCBI_Metastrongylus salmi mitochondrion, complete genome 
TTTGATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCAGAGGTATATGTTTTAATTTTGCCGGCTTTTGGTATTATTA
GTCATTCGGCTTTATATTTAACTGGTAAAAAGGAAATTTTTGGTTATTTAGGGATGGTGTATGCTATTTTGAGAATTG
GTATGATTGGTTGTGTGGTTTGGGCCCATCATATGTATACGGTAGGGATGGATTTGGAT 

>GU367861.1|NCBI_Aphelenchoides sp. US02 cytochrome c oxidase subunit I (COI) gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCTGAAGTATATATTTTAATTCTTCCTGCTTTTGGTATTGTAA
GTCAAAGAACACTATATCTTACTGGAAAGAAAGAGGTGTTTGGTTCTTTGGGTATGGTTTATGCAATTTTGAGGATT
GGTTTAATTGGTTGTGTAGTTTGAGCTCACCATATATATACTGTTGGTATGGATTTAGAT 

>GU367862.2|NCBI_Aphelenchoides sp. US01 cytochrome c oxidase subunit I (COI) gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCTGAAGTATATATTTTAATTCTTCCTGCTTTTGGTATTGTAA
GTCAAAGAACACTATATCTTACTGGAAAGAAAGAGGTGTTTGGTTCTTTGGGTATGGTTTATGCAATTTTGAGGATT
GGTTTAATTGGTTGTGTAGTTTGAGCTCACCATATATATACTGTTGGTACGGATTTAGAT 

>GU367863.1|NCBI_Aphelenchoides sp. KP cytochrome c oxidase subunit I (COI) gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTATTTTGATTTTTTGGTCATCCTGAAGTTTATATTTTAATTCTTCCTGCTTTTGGGATTATTA
GTCAGAGAACTTTGTTTCTGACTGGGAAAAAAGAAGTATTTGGTAATTTGGGAATAGTTTATGCTATTTTAAGAATTG
GTTTGATTGGTTGTGTAGTTTGGGCTCATCATATGTATACTGTTGGGATGGATTTGGAT 

>GU367865.1|NCBI_Aphelenchoides paradalianensis isolate HR3 cytochrome c oxidase subunit I (COI) gene, partial 
cds; mitochondrial 
TTTAATTTATCAACATTTATTTTGATTTTTTGGTCATCCTGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTAG
ACAAAGTACTTTATTCTTAACTGGTAAAAAAGAAGTTTTTGGTAATTTAGGTATAGTTTATGCTATTTTAAGGATTGGT
TTAATTGGTTGTGTAGTTTGAGCTCATCATATATACACAGTTGGTATAGATTTAGAT 

>GU367866.1|NCBI_Aphelenchoides sp. US03 cytochrome c oxidase subunit I (COI) gene, partial cds; mitochondrial 
TTTAATCTATCAACATTTATTTTGATTTTTTGGTCATCCTGAAGTTTATATTTTAATTCTTCCTGCTTTTGGAATTATTA
GTCAGAGAACTTTGTTTCTGACTGGGAAAAAAGAAGTATTTGGTAATTTGGGAATAGTTTATGCTATTTTAAGAATTG
GTTTGATTGGTTGTGTAGTTTGGGCTCATCATATATATACTGTCGGGATGGATTTGGAT 

>GU367867.1|NCBI_Aphelenchoides sp. Be cytochrome c oxidase subunit I (COI) gene, partial cds; mitochondrial 
TTTAATTTATCAACATTTATTTTGGTTTTTTGGTCACCCAGAAGTTTATATTTTAATTTTACCAGCTTTTGGAATTATTA
GTCAAAGAACTCTTTTTTTAACTGGTAAAAAGGAGGTTTTTGGAAATTTAGGAATAGTTTATGCAATTTTAAGAATTG
GTTTGATTGGTTGTGTTGTATGGGCCCATCATATATACACAGTTGGTATAGACCTTGAT 

>GU367868.1|NCBI_Aphelenchoides sp. DG cytochrome c oxidase subunit I-like (COI) gene, partial sequence; 
mitochondrial 
TTTAATTTATCAGCATTTATTTTGATTTTTTGGGCATCCAGAGGTTTATATTTTGATTTTGCCAGCTTTTGGTATTGTCA
GACAAAGTACTTTGTTTTTGACAGGTAAAAAAGAGGTGTTTGGAAATTTAGGTATAGTTTACGCTATTTTAAGAATTG
GGTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACAGTAGGTATAGATTTGGAT 

>JX184003.1_NCBI_Macrotrachela quadricornifera isolate MQ cytochrome c oxidase subunit 1 (COX1) gene, partial 
cds; mitochondrial 
TATTTTATATCAACATTTATTTTGATTTTTTGGGCATCCTGAAGTTTATATTTTAATTGTTCCTGGTTTTGGAATAATTT
CTCAAATTGTAATTAGAATTTCTAAAAAAGGTGAGATTTTTGGTTATTTAGGAATAGTTTATGCTATAATTTCTATTGG
TTTATTAGGATTCATTGTTTGAGCTCATCATATATTTACTGTTGGAATAGATGTAGAT 

>KU962139.1|NCBI_Strongyloides stercoralis isolate SsLC17 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962139|KU962139.1|DDBJ_Strongyloides stercoralis isolate SsLC17 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
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GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962141.1|NCBI_Strongyloides stercoralis isolate SsLC35 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KU962141|KU962141.1|DDBJ_Strongyloides stercoralis isolate SsLC35 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KU962143.1|NCBI_Strongyloides stercoralis isolate SsLC58 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KU962143|KU962143.1|DDBJ_Strongyloides stercoralis isolate SsLC58 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KU962156|KU962156.1|DDBJ_Strongyloides stercoralis isolate SsLCP cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTGATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962157.1|NCBI_Strongyloides stercoralis isolate SsLN1 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATATATTTTGAT 

>KU962157|KU962157.1|DDBJ_Strongyloides stercoralis isolate SsLN1 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATATATTTTGAT 

>KU962158.1|NCBI_Strongyloides stercoralis isolate SsLN10 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GCCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962158|KU962158.1|DDBJ_Strongyloides stercoralis isolate SsLN10 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GCCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962160.1|NCBI_Strongyloides stercoralis isolate SsLN21 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962161.1|NCBI_Strongyloides stercoralis isolate SsLN24 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
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mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTCTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962161|KU962161.1|DDBJ_Strongyloides stercoralis isolate SsLN24 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTCTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962163.1|NCBI_Strongyloides stercoralis isolate SsLN39 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962171|KU962171.1|DDBJ_Strongyloides stercoralis isolate SsLS31 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962172.1|NCBI_Strongyloides stercoralis isolate SsLS62 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962172|KU962172.1|DDBJ_Strongyloides stercoralis isolate SsLS62 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962175.1|NCBI_Strongyloides stercoralis isolate SsLS87 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTAACTGGTAAAAAAGAAGTTTTTGGGTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KU962175|KU962175.1|DDBJ_Strongyloides stercoralis isolate SsLS87 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTAACTGGTAAAAAAGAAGTTTTTGGGTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KX226367.1|NCBI_Strongyloides stercoralis isolate HumKHRovieng-1 cytochrome oxidase subunit I (cox1) gene, 
partial cds; mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KX226371.1|NCBI_Strongyloides stercoralis isolate HumKHRovieng-5 cytochrome oxidase subunit I (cox1) gene, 
partial cds; mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTGATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KX226376|KX226376.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-3 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTAATTTATCAACATTTGTTTTGGTTTTTCGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATCTTAAGTATTG
GATTGATTGGTTGTGTGGTTTGGGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 
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>KX226377|KX226377.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-4 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTAATTTATCAACATTTGTTTTGGTTTTTCGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATCTTAAGTATTG
GATTGATTGGTTGTGTAGTTTGGGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>KX226378|KX226378.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-5 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTGG
ATTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>KX226380|KX226380.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-7 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAGAAAGAGGTTTTTGGTTATTTAGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTCGAT 

>KX226381|KX226381.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-8 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TCTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAGAAAGAGGTTTTTGGTTATTTAGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTCGAT 

>KX226382|KX226382.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-9 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTAACTGGTAAGAAAGAGGTTTTTGGTTATTTAGGAATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTTGAT 

>KX226384|KX226384.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-11 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAGAAAGAGGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTCGAT 

>KY070315.1|NCBI_Ancylostoma tubaeforme mitochondrion, complete genome 
TTTGATTTATCAACATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTGTTA
GTCAGTCAACTTTATATTTAACAGGTAAAAAAGAAGTATTTGGTTCTTTAGGTATGGTTTATGCAATTTTAAGTATTGG
TTTAATTGGTTGTGTTGTGTGAGCCCATCATATGTATACTGTTGGTATAGATTTGGAT 

>KY081224|KY081224.1|DDBJ_Strongyloides stercoralis isolate MA3 cytochrome oxidase subunit 1 (cox1) gene, partial 
cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>KY081230.1|NCBI_Strongyloides stercoralis isolate MA77 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KY081230|KY081230.1|DDBJ_Strongyloides stercoralis isolate MA77 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTAATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGTATGGTTTATGCTATTCTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KY081233.1|NCBI_Strongyloides fuelleborni isolate UD33 cytochrome oxidase subunit 1 (cox1) gene, partial cds; 
mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTCTATTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 
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>KY081233|KY081233.1|DDBJ_Strongyloides fuelleborni isolate UD33 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTCTATTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATAGATATTGAT 

>KY081234|KY081234.1|DDBJ_Strongyloides stercoralis isolate UD38 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>KY081242|KY081242.1|DDBJ_Strongyloides stercoralis isolate UD72 cytochrome oxidase subunit 1 (cox1) gene, 
partial cds; mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>KY548505|KY548505.1|DDBJ_Strongyloides stercoralis isolate DogKHRovieng-12 cytochrome oxidase subunit I (cox1) 
gene, partial cds; mitochondrial. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTATGCTATCTTAAGTATTGG
ATTGATTGGTTGTGTAGTTTGGGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>KY640299.1|NCBI_Ancylostoma ceylanicum mitochondrion, complete genome 
TTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTGATTTTACCTGCTTTTGGTATTGTAA
GACAGTCTACTTTATATTTAACAGGTAAGAAAGAGGTGTTTGGATCTTTGGGAATGGTTTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCACCATATGTATACTGTAGGGATAGATTTAGAT 

>LC036566.1|NCBI_Necator americanus mitochondrial COI gene for cytochrome c oxidase subunit 1, partial cds, isolate: 
ThakhekLao1 
GTTGATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCGATTNTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>LC050210|LC050210.1|DDBJ_Strongyloides papillosus mitochondrial DNA, complete genome, isolate: LIN. 
CAGCATTTATTTTGATTCTTTGGTCATCCTGAGGTATATATTTTAATTTTACCTGCTTTTGGTATTATTAGTCAATCTTG
TTTATACTTGACTGGTAAGAAGGAAGTATTTGGAACACTAGGAATGGTATATGCTATTCTTAGAATTGGTTTAATCGG
TTGTGTAGTATGGGCTCATCATATATATACTGTTGGTATGGATATTGATTCTCGTGCTTAT 

>LC050213|LC050213.1|DDBJ_Strongyloides venezuelensis mitochondrial DNA, complete genome, isolate: HH1. 
CAACATTTGTTTTGGTTTTTTGGACATCCTGAGGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTTCTCAAAGAA
CTTTGTATTTAACTGGTAAAAAGGAGGTTTTTGGAACCCTTGGGATGATTTATGCAATTTTAAGAATTGGATTAATCG
GTTGTGTTGTTTGAGCACATCATATGTATACAGTTGGTATGGATTTAGACTCTCGTGCTTAT 

>LC085498.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: 4AStr4 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC085500|LC085500.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: 3EStr6. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC085501|LC085501.1|DDBJ_Strongyloides fuelleborni mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: 4AStr3. 
TTTAATTTATCAACATTTATTCTGATTCTTTGGTCATCCTGAAGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GACAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACCTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTAGTATGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>LC085503|LC085503.1|DDBJ_Strongyloides fuelleborni mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
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partial cds, isolate: 2AStr2. 
TTTAATTTATCAACATTTATTCTGATTCTTTGGTCATCCTGAAGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GACAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTTTTTGGTACCTTAGGTATAATTTATGCTATTTTAAGAATTGG
TTTAATTGGTTGTGTAGTGTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>LC085509|LC085509.1|DDBJ_Strongyloides fuelleborni mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: Gor46Str2. 
TTTAATTTATCAACATTTATTTTGATTCTTTGGTCATCCCGAAGTATATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GGCAAAGTACTCTTTATTTAACTGGTAAAAAGGAAGTCTTTGGTACCTTAGGTATAATTTATGCTATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTATGGGCTCATCATATGTATACCGTTGGTATAGATATTGAT 

>LC088303.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: D425-H1 
TTTGATTTATCAACATTTGTTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTGATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAAGAGGTTTTTGGTTCTTTAGGTATAGTATATGCAATTTTAAGAATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATATATACTGTTGGGATAGATTTGGAT 

>LC088305.1|NCBI_Necator americanus mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: G5-H4 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTGTATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>LC088307.1|NCBI_Necator americanus mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: TSG3-H9 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCCGAGGTTTATATTTTAATTTTACCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATGGTATATGCGATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCACCATATGTATACTGTTGGTATGGATTTGGAT 

>LC088308.1|NCBI_Necator americanus mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: SG5-H2 
GTTAATTTATCAGCATTTGTTTTGATTTTTTGGTCATCCTGAGGTTTATATTTTAATTTTGCCAGCATTTGGTATTATTA
GGCAATCAACTTTATATTTAACTGGAAAAAAAGAAGTGTTTGGTTCTTTAGGTATAGTATATGCAATTTTAAGAATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATGGATTTGGAT 

>LC088310.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: D3-H1 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACGTTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>LC088311.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: D3-H2 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGACATCCAGAGGTTTATATTTTGATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTGGGTATGGTGTATGCAATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 

>LC088313.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: SG5-8-24-HD 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGCCATCCAGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>LC088314.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: SG5-24-HA 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCATCCAGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCATCATATGTATACTGTTGGAATAGATTTGGAT 

>LC088317.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: SG5-24-H4 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGACATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACGTTATATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTGGGTATGGTGTATGCAATTTTGAGGATTG
GTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 
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>LC088320.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: TS-H7 
TTTAATTTATCAACATTTGTTTTGATTTTTTGGACATCCAGAGGTTTATATTTTGATTTTACCGGCTTTTGGTATTATTA
GTCAGTCAACGTTGTATTTAACGGGTAAAAAAGAAGTATTTGGTTCTTTGGGTATGGTGTATGCAATTTTGAGGATT
GGTTTAATTGGTTGTGTAGTTTGAGCACATCATATGTATACTGTTGGAATGGATTTAGAT 

>LC088321.1|NCBI_Necator sp. HH-2015 mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: TS-H8 
ATTAATTTATCAGCATTTATTTTGATTTTTTGGTCACCCTGAGGTTTATATTTTAATTTTACCAGCTTTTGGTATTATTA
GTCAGTCAACATTGTATTTAACTGGAAAAAAGGAGGTTTTTGGTTCTTTAGGTATGGTGTATGCAATTTTAAGGATTG
GTTTAATTGGTTGTGTGGTTTGAGCTCACCATATGTATACTGTTGGAATAGATTTGGAT 

>LC179093.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: HTB080_5 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179094|LC179094.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: HTB080_7. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179138.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: HTB176_1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATCGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179138|LC179138.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: HTB176_1. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATCGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179209.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: MGD167_1 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179209|LC179209.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: MGD167_1. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179211.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: MGD167_3 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179211|LC179211.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: MGD167_3. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179218.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: MGD191_2 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
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TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC179223|LC179223.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: MGD221_8. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC179226.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: MIE001_3 
TTTGATTTACCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC179229|LC179229.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: MIE001_7. 
TTTGATTTACCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATGGATTTTGAT 

>LC179237|LC179237.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: NDA009_1. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTCTAAGTATTG
GGTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179296.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: PSU033_01 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAGTGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179301|LC179301.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: PSU033_10. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAGTGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179304.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: PSU034_3 
TTTGATTTATCAGCATTTGTTTTGGTTTTTCGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>LC179304|LC179304.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: PSU034_3. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTCGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>LC179397|LC179397.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT028_4. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTCTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTATGCTATTTTAAGTATTGG
GTTGATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179409|LC179409.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT032_7. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGAATGGTTTACGCTATTTTAAGTATTG
GGTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179418|LC179418.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT041_4. 
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TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179420|LC179420.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT041_8. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAC 

>LC179421|LC179421.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT043_2. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTCTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTATGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179424|LC179424.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT046_6. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGAATGGTTTATGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179428|LC179428.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT047_4. 
TTTAATCTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179430|LC179430.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT047_7. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTACTTAGGAATGGTTTATGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179433|LC179433.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT054_3. 
TTTAATTTATCAACATTTGTTTTGGTTTTTCGGTCATCCAGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAGAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTG
GATTGATTGGTTGTGTAGTTTGGGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179439|LC179439.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT055_7. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTACTTAGGAATGGTTTACGCTATTTTAAGTATTG
GGTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179455|LC179455.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: SCT085_6. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATCA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGGATGGTTTATGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179460.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: TBN026_6 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 

>LC179460|LC179460.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: TBN026_6. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTGG
TTTAATTGGTTGTGTAGTTTGGGCTCACCACATGTATACTGTTGGTATAGATTTTGAT 
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>LC179493|LC179493.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: TLD166_4. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTATGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTTGAT 

>LC179496|LC179496.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: TLD166_7. 
TTTAATTTATCAACATTTGTTTTGGTTTTTTGGTCATCCGGAAGTTTATATTTTAATTTTGCCTGCTTTTGGTATTATTA
GTCAGTGTACTTTATATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTAGGAATGGTTTACGCTATTTTAAGTATTGG
GTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGAATGGATTTCGAT 

>LC179527.1|NCBI_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, partial cds, 
isolate: UGL001_09 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTCGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>LC179532|LC179532.1|DDBJ_Strongyloides stercoralis mitochondrial COX1 gene for cytochrome c oxidase subunit 1, 
partial cds, isolate: UGL001_14. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACTTTGTATTTGACTGGTAAAAAAGAAGTTTTCGGTTATTTGGGTATGGTTTATGCTATTTTGAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCATATGTATACTGTTGGTATAGATTTTGAT 

>LC197946.1|NCBI_Strongyloides sp. Str_loris mitochondrial cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: Nmenagensis75-L01 
TCTTATTTATCAACATCTTTTTTGGTTTTTTGGACATCCTGAGGTTTATATTTTGATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTCTTTATTTAACTGGTAAAAAGGAGGTTTTTGGTTATCTTGGTATGGTTTATGCTATTTTAAGTATTG
GTTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATTTTGAT 

>LC197958.1|NCBI_Strongyloides sp. Str_loris mitochondrial cox1 gene for cytochrome oxidase subunit 1, partial cds, 
isolate: Nmenagensis75-L13 
TCTTATTTATCAACATCTTTTTTGGTTTTTTGGGCATCCTGAGGTTTATATTTTGATTTTACCTGCTTTTGGTATTATTA
GTCAGTGTACTCTTTATTTAACTGGTAAAAAGGAGGTTTTTGGTTATCTTGGTATGGTTTATGCTATTTTAAGTATTG
GTTTGATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATTTTGAT 

>LM523328.1 2|NCBI_Parastrongyloides trichosuri genome assembly P_trichosuri_KNP ,scaffold 
PTRK_scaffold0000122 
TTTAATTTATCAGCATTTGTTTTGATTTTTCGGTCATCCTGAGGTTTATATTTTGATTTTGCCTGCTTTTGGTATTATTA
GTCAGAGTACTCTTTATTTAACAGGAAAAAAAGAAGTATTTGGGGTTTTGGGTATGGTTTATGCAATTTTAAGTATTG
GTTTGATTGGTTGTGTAGTTTGGGCTCACCATATATACACTGTTGGTATGGATTTGGAT 

>MG995852.1|NCBI_Strongyloides stercoralis cytochrome c oxidase subunit I (COX1) gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACCTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGAATGGATTTTGAT 

>MG995852|MG995852.1|DDBJ_Strongyloides stercoralis cytochrome c oxidase subunit I (COX1) gene, partial cds; 
mitochondrial. 
TTTGATTTATCAGCATTTGTTTTGGTTTTTTGGTCATCCAGAAGTTTATATTTTAATTTTACCTGCTTTCGGTATTATTA
GTCAATGTACCTTGTATTTGACTGGTAAAAAAGAAGTTTTTGGTTATTTGGGTATGGTTTATGCTATTTTAAGTATTG
GTTTAATTGGTTGTGTAGTTTGAGCTCATCACATGTATACTGTTGGAATGGATTTTGAT 

>MH049699.1|NCBI_Strongyloides fuelleborni isolate K23 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTGACTGGTAAGAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049702.1|NCBI_Strongyloides fuelleborni isolate K58 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTCTATTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049703.1|NCBI_Strongyloides fuelleborni isolate K94 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
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TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTGACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049704.1|NCBI_Strongyloides fuelleborni isolate K95 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049710.1|NCBI_Strongyloides fuelleborni isolate S15 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTACTTGACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049719.1|NCBI_Strongyloides fuelleborni isolate S58 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTACTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049720.1|NCBI_Strongyloides fuelleborni isolate S66 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTACTTAACTGGTAAAAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049722.1|NCBI_Strongyloides fuelleborni isolate L2 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTGACTGGTAAGAAGGAGGTGTTTGGTACTTTAGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATCGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049723.1|NCBI_Strongyloides fuelleborni isolate L3 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTAACCGGTAAAAAAGAGGTATTTGGTACTTTAGGTATGATTTATGCGATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049725.1|NCBI_Strongyloides fuelleborni isolate L9 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTAACTGGTAAAAAGGAGGTATTTGGTACTTTAGGTATGATTTACGCGATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049726.1|NCBI_Strongyloides fuelleborni isolate L13 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTGATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTAACCGGTAAAAAGGAAGTATTTGGTACTTTAGGTATGATTTACGCGATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049727.1|NCBI_Strongyloides fuelleborni isolate L16 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTAATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTATTTAACCGGTAAAAAGGAGGTATTTGGTACTTTAGGTATGATTTACGCGATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGGGCTCATCATATGTATACTGTTGGTATGGATATTGAT 

>MH049729.1|NCBI_Strongyloides fuelleborni isolate L27 cytochrome oxidase subunit 1 gene, partial cds; mitochondrial 
TTTGATTTATCAGCATTTATTTTGGTTTTTTGGTCATCCTGAGGTTTATATTTTAATTCTTCCTGCTTTTGGTATTATTA
GTCAAAGTACTCTTTACTTGACTGGTAAAAAGGAGGTGTTTGGTACTTTGGGTATGATTTATGCAATTTTAAGTATTG
GTTTAATTGGTTGTGTTGTTTGAGCTCATCATATGTATACTGTTGGTATGGATATTGAT 
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6. OPPORTUNISTIC MAPPING OF STRONGYLOIDES 
STERCORALIS AND HOOKWORM SPECIES IN DOGS IN 

REMOTE AUSTRALIAN COMMUNITIES   

This chapter describes the prevalence of S. stercoralis and hookworm species in dogs living in 

remote Indigenous communities in Australia. This is the first large-scale study that assessed the 

prevalence of these zoonotic parasites in dogs and mapped the cases across remote communities 

in the north parts in Australia. The findings of this study emphasise the need for applying a One 

Health approach to protect animal and public health.  
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6.1 Abstract 

Both Strongyloides stercoralis and hookworms are common soil-transmitted helminths in remote 

Australian communities. As well as infecting humans, S. stercoralis and some species of hookworms 

infect canids and therefore both environmental and zoonotic sources of transmission to humans. 

Currently, there is limited information available on the prevalence of hookworms and S. stercoralis 

infecting dogs living in communities across the Northern Territory in Australia.  In this study, 274 dog 

faecal samples and 11 faecal samples of unknown origin were collected from the environment and 

directly from animals across 27 remote communities located in northern and central Australia. 

Samples were examined using real-time PCR for the presence of S. stercoralis and four hookworm 

species; Ancylostoma caninum, Ancylostoma ceylanicum, Ancylostoma braziliense and Uncinaria 

stenocephala. The prevalence of S. stercoralis in dogs was found to be 21.9% (60/274). A. caninum 

was the only hookworm detected in the dog samples with a prevalence of 31.4% (86/274). This study 

provides an insight into the prevalence of S. stercoralis and hookworm in dogs and informs future 

intervention and prevention strategies aimed at controlling these parasites in both dogs and humans. 
A One Health approach is crucial for the prevention of these diseases in Australia. 

6.2 Introduction 

Soil-transmitted helminths (STHs) are estimated to infect up to 2 billion people worldwide with high 

prevalence levels recorded in Southeast Asia (Bethony et al., 2006, Pullan et al., 2014, Jex et al., 

2011). Australia as a whole, has a relatively low prevalence of STHs due to access to adequate 

hygiene and sanitation as well as clean water (Gordon et al., 2017). Strongyloides stercoralis, 

distributed throughout the tropics, is estimated to infect up to 370 million people worldwide, 

predominantly in socioeconomically disadvantaged communities (Olsen et al., 2009, Beknazarova 

et al., 2016b). Strongyloidiasis is a major health concern in Australian remote communities with up 

to 60% of Indigenous populations found seropositive to infection (Adams et al., 2003, Gordon et al., 

2017, Johnston et al., 2005). S. stercoralis can infect humans chronically and in 

immunocompromised individuals, develop into severe hyperinfective or disseminated 

strongyloidiasis, which has a mortality rate of up to 90% (Geri et al., 2015).  

Genetic studies worldwide and in Australia have shown that there are at least two genetically 

different strains of S. stercoralis, one that is zoonotic, infecting both humans and dogs, and the other 

restricted to infecting dog only (Jaleta et al., 2017, Nagayasu et al., 2017, Beknazarova et al., 2019). 

There is sufficient evidence to suggest that dogs can act as potential reservoirs for human 

strongyloidiasis and that controlling the parasite in dogs may play a role in preventing the disease in 

humans. 

Hookworms infect up to half a billion people worldwide (Forouzanfar et al., 2016). The most prevalent 

hookworms in humans in southeast Asia and the Pacific are Necator americanus, Ancylostoma 
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ceylanicum and Ancylostoma duodenale (Holt et al., 2010, Palmer et al., 2007).  Hookworms in 

humans can contribute to iron deficiency anemia and impact on maternal and child health (Hotez 

and Whitham, 2014). Hookworm infection in humans used to be considered a widespread public 

health problem in parts of Australia until intervention campaigns successfully eradicated it from the 

mainstream population (Bearup, 1931, Bradbury and Traub, 2016, Prociv and Luke, 1995, Holt et 

al., 2017, Davies et al., 2013). Only a single autochthonous case of A. ceylanicum in humans was 

reported in Western Australia and an imported case reported in an Australian soldier returning from 

the Solomon Islands (Koehler et al., 2013, Speare et al., 2016). Recent studies found that 

hookworms, in particular A. duodenale (Smout et al., 2017) remain sporadically reported in the 

remote communities in far north Queensland, northern parts of New South Wales, Western Australia 

and Northern Territory. In the Northern Territory hookworm prevalence in humans is reported 

significantly lower than that of S. stercoralis (Koehler et al., 2013, Bradbury and Traub, 2016, Davies 

et al., 2013, Hopkins et al., 1997). Overall, there has been reduction seen in both S. stercoralis and 

hookworm infections in humans in the remote communities in the NT attributed to the deworming 

programs (Holt et al., 2017). However, neither strongyloidiasis nor hookworm has been eradicated 

completely from the remote communities despite various intervention programs.  

In Australia, like other regions of the Asia Pacific, dogs are considered a potential zoonotic reservoir 

for STH infections including strongyloidiasis and hookworms. Within Indigenous Australian 

communities, the risk of transmission might be increased given that dogs tend to live in close contact 

with humans (Constable et al., 2010).  

The most common hookworms in dogs in Australia are Ancylostoma caninum, A. ceylanicum, 

Ancylostoma braziliense, and Uncinaria stenocephala (Palmer et al., 2007). These hookworm 

species are zoonotic and all are capable of causing cutaneous larva migrans in humans (Traub et 

al., 2004a). A. ceylanicum and A. caninum are of particular interest, as A. ceylanicum larvae can 

develop into the adult stage in humans and is now recognised as the second most common species 

of hookworm infecting humans in the Asia Pacific (Traub, 2013, Bradbury et al., 2017, Inpankaew et 

al., 2014). While A. caninum infection in humans is non-patent and strongly associated with 

eosinophilic enteritis (Prociv and Croese, 1990, McCarthy and Moore, 2000). Recent data show high 

prevalence of both A. caninum and A. ceylanicum in dogs, dingoes and soil in the remote 

communities in Western Australia and north-east Queensland. (Rusdi et al., 2018, Smout et al., 

2018a). Both A. ceylanicum and A. caninum are considered neglected zoonotic parasites and 

accurate data on their prevalence in dogs and humans residing in Indigenous communities of 

northern Australia is largely lacking (Palmer et al., 2007, McCarthy and Moore, 2000, Walker et al., 

1995, Traub, 2013, Smout et al., 2017).  
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The aim of this study was to map the distribution of zoonotic S. stercoralis and hookworm species in 

dogs in remote communities in the northern Australia. To our knowledge this is the first large scale 

molecular study of dogs in the remote communities for the presence of S. stercoralis and hookworm.  

6.3 Materials and Methods 

Ethical Considerations 

The project was registered with the Animal Welfare Committee Research Development and Support. 

The research was approved by the Social and Behavioural Research Ethics Committee (SBREC) 

(No 6852 dated 1st June 2015). For dog faeces collected from the residential or private land, consent 

from the owners of dogs or local managers of the communities was obtained.   

Study area and population  

Two hundred and eighty-five faecal samples presumed to be from dogs were collected from the 

remote communities across the Northern Territory, Central Australia, Western Australia, and north-

west of South Australia during 2016 – 2019. The samples were collected from total 27 locations 

including 23 communities in the Northern Territory, two communities in the northern parts of Western 

Australia, one community in the north-west of South Australia and surroundings in Alice Springs. 

Specimen collection and DNA extraction 

Faeces were either collected by the Flinders University researchers, NT Health Environmental 

Health Officers (EHOs) or veterinarians primarily from the Animal Management in Rural and Remote 

Indigenous Communities (AMRRIC).  

In the cases where samples were collected by EHOs or representatives of the AMRRIC they would 

do so during their routine inspection or dog treatment. A sampling package containing the project’s 

information sheet, risk assessment and consent forms, sampling instructions and sampling 

equipment was provided to them in advance. 

Permission from the community elders, Traditional Owners or community managers was obtained 

prior to collecting samples from private or residential land. Approximately 2-3 g faeces were collected 

and preserved immediately in 6 mL DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCl) 

and kept at room temperature (Beknazarova et al., 2017a). The samples were shipped to 

Environmental Health laboratory, Flinders University, within 30 days after collection for further 

sample processing. The genomic DNA was extracted using the PowerSoil DNA Isolation Kit 

(QIAGEN, Hilden, Germany) as described previously  (Sultana et al., 2013, Beknazarova et al., 

2019). 
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Real-time PCR assays 

The real-time PCR assay was adopted from Verweij et al. (Verweij et al., 2009) using S. stercoralis 

specific primers, Stro18S-1530F and Stro18S-1630R, and a probe, Stro18S-1586T, targeting 101 

bp region of the 18S rRNA, and conducted as described previously (Beknazarova et al., 2019). All 

qPCR reactions were performed in triplicates on the two channel Corbett Rotor-Gene 6000 machine 

(QIAGEN, Hilden, Germany). The primers and a probe and qPCR conditions are shown in the Table 

6.1. It should be noted that while this this primer/probe set is considered specific for S. stercoralis, it 

can also amplify other species of Strongyloides, including Stronglyoides ratti.  

Positive, non-template and negative control samples were included in each qPCR run. The Cq 

threshold value for S. stercoralis was 0.02-0.03.  A sample was considered positive when the Ct 

value was lower than the mean negative Ct minus 2.6 standard deviations of a mean negative control 

Ct (Beknazarova et al., 2017a). Positive samples were amplified in every qPCR reaction.  

Multiplex quantitative qPCR assays for detection of A. ceylanicum, A. caninum, A. braziliense and 

U. stenocephala using primers and probes targeting internal transcribed spacer 1 (ITS1) gene were 

adopted and performed as described by Massetti et al (unpublished).  

Synthetic block gene fragments (IDT Technologies, Skokie, Illinois, USA) of ITS1 genes targeted by 

the PCRs primers and probes for A. ceylanicum, A. caninum, A. braziliense and U. stenocephala 

were used as positive controls in the PCR runs (Table 6.2). Nuclease-free water was used as the 

non-template or negative control, synthetic block gene fragment (IDT Technologies, Skokie, Illinois, 

USA) of a herpes virus (Equine herpesvirus type 4, accession number KT324745.1) was used as an 

internal control, and primers and a probe to amplify a region of the dog mtDNA (Canis lupus familiaris 

or Canis lupus dingo) was used as DNA extraction controls in all runs. Primers and probes and qPCR 

conditions are shown in Table 6.1. The GenBank Accession numbers and sequences of the synthetic 

block gene fragments used as controls in this study are presented in the Table 6.2. All hookworm 

qPCR reactions were performed in duplicates on the multiplex channel Corbett Rotor-Gene 6000 

machine (QIAGEN, Hilden, Germany).  
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Table 6.1 Primers and probes and PCR conditions 
 

Primer/Probe 

 

Amplicon 

 

Sequence 

 

Reaction conditions 

Stro18S-1530F 
Stro18S-1630R 
Stro18S-1586T FAM 

 

rDNA 101 

bp 

5’-GAATTCCAAGTAAACGTAAGTCATTAGC-3’ 

5’-TGCCTCTGGATATTGCTCAGTTC-3’ 
5’-FAM-ACACACCGGCCGTCGCTGC-3’-BHQ1 

Step 1: 95°C for 15 min, Step 2:  95°C for 15 s, 
Step 3: 60°C for 30 s. Repeat steps two and three 
40 times. 

A. cancey F  

A. cancey R  

Ahumanceylanicum 
probe 

Acantub probe  

ITS1 
region 

5’- GGGAAGGTTGGGAGTATCG-3’ 

5’- CGAACTTCGCACAGCAATC-3’ 

5’- Cy5/ CCGTTC+CTGGGTGGC/3IABkRQSp/-3’ 

5’-HEX/ AG+T+CGT+T+A+C+TGG/3IABkRFQ/-3’ 

Step 1: 95°C for 2 min, Step 2: 95°C for 15 s, Step 
3: 60°C for 60 s. Repeat steps two and three 40 
times. 

Uncbraz F  

Uncbraz R  

Unc Probe  

Abra probe 

ITS1 
region 

5’- GAG CTT TAG ACT TGA TGA GCA TTG-3’ 

5’- GCA GAT CAT TAA GGT TTC CTG AC-3’ 

5'-/5HEX/CAT TAG GCG /ZEN/GCA ACG TCT GGT G/3IABkFQ/-3’ 

5'-/56FAM/TGA GCG CTA /ZEN/GGC TAA CGC CT/3IABkFQ/-3' 

Step 1: 95°C for 2 min, Step 2: 95°C for 15 s, Step 
3: 64°C for 60 s. Repeat steps two and three 40 
times. 

EMV F 

ENV R 

ENV probe 

Equine 
herpesvir
us type 4 

5’-GATGACACTAGCG-ACTTCGA-3’ 

5’-CAGGGCAGAAACC-ATAGACA-3’ 

5’-TEX-TTTCGCGTGC-CTCCTCCAG-IBRQ-3’ 

Step 1: 95°C for 2 min, Step 2: 95°C for 15 s, Step 
3: 60°C for 60 s. Repeat steps two and three 40 
times. 

Dog F 

Dog R 

Dog probe  

mtDNA 

5’-CGACCTCGATGTTGGATCAG-3’ 

5’-GAACTCAGATCACGTAGGACTTT-3’ 

5’-FAM/ CCTAATGGT/ ZEN/ GCAGCAGCTATTAA/ LABKFQ-3’ 

Step 1: 95°C for 2 min, Step 2: 95°C for 15 s, Step 
3: 60°C for 60 s. Repeat steps two and three 40 
times. 
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Table 6.2 Synthetic block gene fragments used for positive controls  
 

Species 
 

GenBank 
Accession number 

 
Sequence 

Ancylostoma ceylanicum DQ780009.1 
CGTGCTAGTCTTCAGGACTTTGTCGGGAAGGTTGGGAGTATCGCCCCCCGTTACA
GCCCTACGTGAGGTGTCTATGTGCAGCAAGAGCCGTTCCTGGGTGGCGGCAGTGA
TTGCTGTGCGAAGTTCGCGTTTCGCTGAGCTTTAGACTTGAG 

Ancylostoma duodenale/ 
Ancylostoma caninum 

EU344797.1 
 

CGTGCTAGTCTTCACGACTTTGTCGGGAAGGTTGGGAGTATCGCCCCCCGTTATAG
CCCTACGTAAGGTGTCTATGTGCAGCAAGAGTCGTTACTGGGTGACGGCAGTGATT
GCTGTGCGAAGTTCGCGTTTCGCTGAGCTTTAGACTTGAT 

Ancylostoma braziliense  JQ812692.1 

 

TGTACGAAGCTCGCGGTTTCGTCAGAGCTTTAGACTTGATGAGCATTGCTAGAATG
CCGCCTTACCTGCTTGTGTTGGTGGTTGAGCGCTAGGCTAACGCCTGGTGCGGCA
CCTGTCTGTCAGGAAACCTTAATGATCTGCTAACGCGGACGCCAGCACAGCAAT 

Uncinaria stenocephala HQ262054.1 

 

GCTGTGCGAAGTTCGCGTTTCGCTGAGCTTTAGACTTGATGAGCATTGCTGGAATG
CCGCCTTACTGTTTGTGTTGGTGGTTGGGCATTAGGCGGCAACGTCTGGTGCGAC
ACCTGTTTGTCAGGAAACCTTAATGATCTGCTCACGTGGACGCCAATACAGCACT 

Equid herpesvirus KT324745.1 

 

ATGAAAGCTCTATACCCAATAACAACCAGGAGCCTTAAAAACAAAGCCAAAGCCTC
ATACGGCCAAAACGACGATGATGACACTAGCGACTTCGATGAAGCCAAGCTGGAG
GAGGCACGCGAAATGATCAAATATATGTCTATGGTTTCTGCCCTGGAAAAACAGGA
AAAAAAGGCAATGAAGAAAAACAAGGGGGTTGGACTTATTGCC 
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The Cq threshold value for A. ceylanicum and A. caninum was 0.05 and a cut off level at Ct 32 was 

established. The Cq threshold values for A. braziliense and U. stenocephala were 0.08 and 0.1 

accordingly a cut off level was at Ct 32.  

Also, synthetic block gene fragments of hookworm were spiked with negative dog DNA and run by 

the qPCR to check for any inhibitors the might be contained in dog DNA. All spiked hookworm 

synthetic block gene fragments were amplified by the qPCR.   

Statistical analysis  

A chi-square independence test was performed to determine whether there was an association 

between hookworm and S. stercoralis infection. Data were analysed using SPSS (SPSS for 

Windows, Version 23, IBM) and Excel 2016 (Microsoft).  

6.4 Results  

Dog DNA origin  

There were 285 fresh presumed dog faeces collected from communities across Northern Territory, 

Central Australia, northern parts in Western Australia and north-west of South Australia and 

screened for Canis familiaris. Two hundred and seventy-four (274) out of 285 DNA samples 

extracted from the faeces were confirmed to be of a dog origin (Canis lupus familiaris or Canis lupus 

dingo) by PCR based amplification of the partial mtDNA.   

Prevalence of S. stercoralis and hookworm 

The prevalence of Strongyloides spp. among 285 environmental faecal samples was 21.1% (60/285) 

as determined by PCR based on amplification of the partial 18S rRNA. The prevalence of S. 

stercoralis among 274 dog faecal samples was 21.9% (60/274) (Figure 6.1). 

Out of four hookworm species tested, only A. caninum was detected.  The prevalence of hookworm 

infection (A. caninum) among 285 environmental faecal samples was 30.2% (86/285) by PCR based 

on amplification of the partial ITS gene. The prevalence of hookworm infection (A. caninum) among 

274 dog samples was 31.4% (86/274) (Figure 6.1). 

Maps showing sample locations and S. stercoralis and hookworm prevalence in dogs are shown in 

Figures 6.2 and 6.3.  
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Figure 6.1 Dog faecal samples that were positive and negative for Strongyloides stercoralis and 

Ancylostoma caninum  

Association of hookworm with strongyloidiasis  

The chi-squared analysis did not identify any statistically significant association between S. 

stercoralis and A. caninum (x2 (1) = 0.003, p – 0.958, n = 274, phi = 0.003). Of the 274 dog faecal 

samples, 6.9% (19/274) were positive for both S. stercoralis and A. caninum, and 53.6% were 

negative for either parasite (Figure 6.2).  

There was no non-dog faecal sample that was infected with S. stercoralis or A. caninum. 

6.5 Discussion and conclusion  

This study used qPCR to detect zoonotic S. stercoralis and hookworms in dog faecal samples 

collected from the remote communities in northern and central Australia. The prevalence of S. 

stercoralis in dogs was 21.9% and the prevalence of A. caninum was 31.4%. All samples were 

negative for A. ceylanicum, A. braziliense and U. stenocephala, which support previous studies 

demonstrating that A. caninum is the most common hookworm in dogs living in the remote 

communities in Australia (Palmer et al., 2007, Rusdi et al., 2018, Smout et al., 2018b).  
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Figure 6.2 Opportunistic mapping of Strongyloides stercoralis in dogs in the remote communities    
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Figure 6.3 Opportunistic mapping of Ancylostoma caninum in dogs in the remote communities    
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A. caninum is known to cause eosinophilic enteritis in humans. Although infection is asympotmic in 

most cases, some individuals may suffer  strong abdominal pain with or without peripheral 

eosinophilia, nausea, diarrhoea, anorexia, and/or allergic reactions (Prociv and Croese, 1996). In 

case of the infection being patent, the impact on nutritional status and immunocompetence caused 

by hookworm might be associated with other health problems, including greater susceptibility to other 

helminth infections (Fleming et al., 2006).   

Although A. ceylanicum is the predominant hookworm of dogs and cats in Asia, it was only recently 

reported in dogs in Australia (Traub, 2013), although its presence in a cat from far north Queensland 

was retrospectively dated back to 1994 (Traub et al., 2008). A. ceylanicum was detected for the first 

time in Australia in 6.5% dogs from rural and urban areas in Broome, Brisbane, Sunshine Coast, 

Melbourne and Alice Springs (Palmer et al., 2007). More recently, A. caninum and A. ceylanicum 

infections reported for the first time at a prevalence of 98.4% (62/63) and 1.6% (1/64) respectively 

in domestic dogs in far north Queensland (Smout et al., 2017). The same study discovered 25% to 

100% prevalence of A. ceylanicum in the soil in different communities in far north Queensland 

(Smout et al., 2017). Further, a study on dingoes and dogs in the north-east Queensland reported 

100% (35/35) and 11% (4/35) prevalence of A. caninum and A. ceylanicum respectively in dingoes, 

and 92% (78/85) prevalence of A. caninum in dogs  based on both necropsy and faecal examination 

(Smout et al., 2018a). A very recent study found 66% (93/141) camp dogs in remote communities in 

Western Australia infected with A. caninum based on molecular examination (Rusdi et al., 2018). 

The absence of A. ceylanicum in this study is likely owing to the climactic conditions of the study 

area such as dry weather at the time of sampling. A. ceylanicum doesn’t have the biological 

advantage of undergoing “arrested development”, in which larvae undergo a period of hypobiosis in 

host tissue only to re-develop to adults in the intestinal track when climatic  conditions favour 

transmission (Schad and Page, 1982).  

The absence of U. stenocephala in the samples is supported by its association with lower 

temperatures (Beveridge, 2002). Predominately, U. stenocephala is found in the southern regions of 

Australia, as the optimum temperature conditions for U. stenocephala larvae development to the 

infective stage is 7.5 ºC to 27 ºC and the ideal temperature for the free-living stages is 20 ºC (Gibbs 

and Gibbs, 1959). Likewise, previous studies have only detected A. braziliense from dogs located in 

north Queensland (Stewart, 1994, Palmer et al., 2007). 

Molecular detection methods have been shown to be highly effective in detection of S. stercoralis 

and hookworm in faecal samples (Schär et al., 2013a, Verweij et al., 2009, Gasser et al., 2008, Hii 

et al., 2018) (Massetti, et al., unpublished). It has been however that the sensitivity of PCR for the 

detection of S. stercoralis is decreased when there they can amplify S. ratti as was shown previously 

(Sultana et al., 2013), meaning that for environmental samples we can only assume that positive 

samples contain Strongyloides spp. As for the dogs,  we know from the previous genotyping study 
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on dogs living in remote communities in Australia that they are infected with S. stercoralis strains 

(Beknazarova et al., 2019). However, owing to the potential for hunting coprophagia, we cannot rule 

out the possibility of mechanical ingestion of other species of Strongyloides, including human 

sourced.  

Normally, increased humidity and temperature are associated with the presence of Ancylostoma 

spp. and S. stercoralis. Tropical climates have been shown to be associated with multiple parasite 

infections in humans, (Brooker et al., 2000, Fleming et al., 2006). Hookworm infection intensity has 

been also associated with multiparasitism, as co-infection with hookworm weakens the immune 

system of the host. The intensity of strongyloidiasis infection is in turn highly dependent on the 

immune status of the host (Fleming et al., 2006, Brooker et al., 2000). This emphasises the 

importance of detecting and differentiating parasite infections. Moreover, indiscriminate use of 

anthelmintic drugs may cause development of anthelmintic resistance (Thompson and Roberts, 

2001). A study conducted in Brazil showed a strong association between hookworm and other 

helminth infection (but not S. stercoralis) in humans (Fleming et al., 2006). In our study we did not 

find any significant association between Strongyloides spp. and A. caninum in dogs (Figure 6.S1). 

Non-infected dogs might be a result of dog health programs targeted at desexing and deworming 

dogs in the communities that are run by the AMRRIC.  

Infection of both S. stercoralis spp. and hookworm occurs through exposure to soil contaminated 

with free-living infective stages of a parasite (Bethony et al., 2006). In the studied locations, dogs 

live in close proximity with their owners. Climate, sanitation and hygiene, environmental 

contamination with human or dog faeces and lack of STH disease knowledge are the main factors 

for the disease persistence and can influence transmission (Olsen et al., 2009, Traub et al., 2004b, 

McCarthy and Moore, 2000). The findings of this study emphasise the importance of the One Health 

initiative, which considers veterinary and public health interventions together. One Health approach 

should be central in developing methods to eliminating S. stercoralis and hookworms. In order to 

maintain health of both dogs and humans, veterinarians and pet owners are encouraged to 

coordinate and work in partnership (Willis and Ross, 2019). 

The findings of this study need to be interpreted in light of its limitations. The faeces were collected 

from the ground rather than directly from the rectum of a dog. Therefore some of the samples that 

were collected were found to not be from dogs. Samples collected from the environment might have 

been contaminated with extraneous environmental organisms or their DNA, which could have 

caused further inhibition of the DNA of the target organisms (Strongyloides spp. or hookworm) 

(Alaeddini, 2012, Schrader et al., 2012), or  researchers could have accidentally collected faeces 

that were old enough for parasites’ DNA to degrade. Both limitations could have resulted in false 

negatives. Furthermore, the potential of fogs to hunting and coprophagia could lead to false positives 

results. The opportunistic sampling method did not let us take into account risk factors associated 
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with the parasite prevalence such as seasonal variation, climate conditions or anthelmintic use. 

Furthermore, there was significant variation in the number of samples from each geographical area.  

The aim of this study was to map the prevalence of S. stercoralis and hookworm in dogs in remote 

communities in Australia based on molecular screening of dog faeces. The objective was to develop 

and optimise detection methods that can be applied in similar environmental settings without 

laboratory facilities and in respectful and non-intrusive manner. This study detected 21.9% and 

31.4% of S. stercoralis and A. caninum in dog faeces respectively collected from the remote 

communities. Future research is needed to examine parasite prevalence in both dogs and humans 

from the same communities to determine whether there is an association to assess the zoonotic 

potential of dogs to transmit the diseases. Given the zoonotic nature of these parasitic species, the 

findings of this study can be used to develop control measures to maintain dog and human health.  
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Figure 6.S1 Chi-square test association between Strongyloides stercoralis and Ancylostoma 

caninum infection in dogs  
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7. GENERAL DISCUSSION, RECOMMENDATIONS AND 
CONCLUSION   

This research examined Strongyloides stercoralis in Australia and was conducted in four sections: 

• The first phase of the research was to assess the global prevalence of S. stercoralis in 

relation to its presence in subtropical, tropical and temperate zones with mild and cold 

winters, and to explore socioeconomic and corresponding sanitary and hygiene conditions of 

these regions. Current treatment method of strongyloidiasis that includes administration of 

anthelminthic drugs was then explored. Additionally, the potential of nematicide application 

as an alternative or additional way of controlling S. stercoralis in the environment was also 

reviewed. 

• The second part was research to determine whether there was a case for making 

strongyloidiasis a notifiable disease in Australia. The 12 criteria required for a disease to be 

included in the Australian National Notifiable Disease List were addressed.   

• In the third part the dogs’ role in human strongyloidiasis was examined. Firstly, a DNA 

preservation method was developed and validated that would prevent Strongyloides DNA in 

the dog faeces from degrading during transportation. Then, the literature was reviewed on 

the association of dog and human strongyloidiasis, and lastly, Australian dog and human S. 

stercoralis were genotyped and compared. 

• Finally, the last part was an opportunistic mapping study of the zoonotic parasites S. 

stercoralis and hookworm species detected in faeces from dogs living in the remote 

communities in Australia.  

7.1 Sanitary and hygiene factors associated with strongyloidiasis and control of S. 
stercoralis in the environment 

In the first part of the research, the existing data on strongyloidiasis cases around the world, 

published from 1990 to 2016, were collected, reviewed and summarized. A review assessing the 

existing treatment options of strongyloidiasis was then conducted. 

Socioeconomic factors and associated sanitary and hygiene conditions in the areas 
prevalent with strongyloidiasis. 

In this review strongyloidiasis was shown to be predominantly found in tropical and subtropical 

regions such as Southeast Asia, Africa, Central and South America (Genta, 1989a, Ahmad et al., 

2013, Repetto et al., 2013, Paula and Costa-Cruz, 2011, Babatunde et al., 2010). However, it was 

further shown that reported endemic areas are countries with developing economies and low 

socioeconomic status resulting in inadequate living and poor sanitary and hygiene conditions. Given 
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the life cycle of S. stercoralis and the route of exposure to the parasite, improper toileting systems, 

lack of an access to clean water, and overcrowding are the main factors relating to disease 

transmission (Steinmann et al., 2007, Paula and Costa-Cruz, 2011). Therefore, it was concluded 

that in tropical and subtropical regions, the disease is most likely to occur in areas with poor hygiene 

and living conditions. 

Next, it was demonstrated that while strongyloidiasis is predominantly found in the tropics and 

subtropics, it had also been reported in continental climate zones with temperatures reaching below 

zero such as Appalachia regions in the USA and North Caucasus in Russia (Safdar et al., 2004, 

Prokhorov and Golovan, 1983). The studies demonstrated that larvae can survive in lower 

temperatures and infect humans. Further analysis showed that these reported regions belonged to 

populations with low socioeconomic status. This again demonstrated that strongyloidiasis is not 

strictly linked to climatic conditions but is instead influenced by poor sanitation hardware.  

This work aimed to better understand the factors influencing the strongyloidiasis occurrence. 

Currently, strongyloidiasis is being classified as a neglected tropical disease, and this research 

showed that this is not completely true. While subtropical and tropical conditions favour 

strongyloidiasis transmission, sanitation and hygiene of the areas are the main factors causing the 

disease. Classifying strongyloidiasis based on the climatic conditions is misleading and prevents 

strongyloidiasis from being recognized as a disease of poverty. 

The main conclusion of this study is that strongyloidiasis is a problem of all the countries with low 

socioeconomic status. Improving living conditions, infrastructure, sewerage and wastewater 

systems, and providing access to clean water should be primary approaches in controlling 

strongyloidiasis. 

Control of S. stercoralis in the environment 

In the second review, current treatment methods of strongyloidiasis were explored. It was found that 

they are restricted to administration of anthelminthic drugs. There are two classes of anthelminthic 

drugs that are recommended by the World Health Organisation (WHO, 2006). Benzimidazole class 

that includes albendazole and mebendazole, and macrocyclic lactone class drugs, that include 

ivermectin with the last considered as the drug of choice (Toma et al., 2000). 

In this review, animal studies were examined and it was shown that there has been a high resistance 

reported to ivermectin and benzimidazole class drugs in the Strongyloides species of sheep and 

horse (Kaplan et al., 2004, Maroto et al., 2011, Mohamed and Al-Farwachi, 2008, Molento, 2009). It 

was also found that the same receptors are involved in ivermectin and albendazole resistance. 

These findings, coupled with the small number of drugs that are successful against Strongyloides, 
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leads to the conclusion that there is enough evidence to suggest there is potential for human 

resistance.   

Furthermore, the unique autoinfection feature of S. stercoralis was identified as another issue 

associated with anthelminthic drug treatment. A single remaining larvae can reproduce through 

parthenogenesis, leading to the recrudescence of disease. 

In this review there were two main issues identified in the current treatment of strongyloidiasis that 

relies purely on anthelminthic drug administration.  Potential resistance and reinfection make drug 

treatment alone unreliable in the long term, and other options of controlling the disease should be 

considered. As an example the potential of nematicide application was reviewed. There are around 

20 types of commercially available nematicides in Australia (Authority, 2016). The main chemical 

groups of nematicides, such as organophosphorus, carbamate-methylcarbamate and thiazole, have 

been tested on C. elegans and showed a potential for use on animal and human parasites.  

Based on this research, it was proposed that a combined approach to control S. stercoralis that 

includes drug treatment and environmental control aimed at the prevention of S. stercoralis infection 

is needed. However it cannot be claimed that this is a new idea, indeed, it was more than twenty 

years ago that Grove said the most effective way of fighting Strongyloides is controlling it in the 

environment (Grove, 1990). 

7.2 Making strongyloidiasis a notifiable disease in Australia 

Strongyloidiasis has been endemic in remote communities in Australia since the early 1900s 

(Johnston, 1916, Nicoll, 1917, Willis, 1920). Nowadays, it remains endemic in the remote 

communities predominantly in the Northern Territory (Page et al., 2016). Despite high mortality and 

morbidity, it remains a highly neglected disease. Accurate incidence and prevalence data and an 

understanding of the geographical distribution, and the rate of transmission of the disease are lacking 

worldwide and in Australia. This is partially because of under-diagnosis due to the lack of a gold 

diagnostic standard, and also due to the absence of a mechanism to maintain surveillance data.  

To address these issues strongyloidiasis should be made notifiable in Australia. Notification of the 

disease would allow cases around Australia be registered. Having the national surveillance system 

in place will help identifying susceptible populations, determine hotspots, understand the 

transmission of the disease and implement and assess intervention programs.  

A systematic assessment of strongyloidiasis in Australia was performed to address the 12 criteria 

required for a disease to be included in the Australian National Notifiable Disease List (NNDL) issued 

by the Communicable Disease Network Australia operating under the Australian Health Protection 

Committee (Australia, 2017). Based on this assessment strongyloidiasis scored 28 to 30 fulfilling the 
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requirements for national notification to be recommended. There were six main key arguments 

identified: 

- The disease is important to Indigenous health, and closing the health inequity gap between 

Indigenous and non-Indigenous Australians is a priority for the following reasons; 

- A public health response is required to detect cases of strongyloidiasis and to establish the 

true incidence and prevalence of the disease; 

- There is no alternative national surveillance system to gather data on the disease; 

- There are preventive measures with high efficacy and low side effects; 

- Data collection is feasible as cases are definable by microscopy, polymerase chain reaction, 

or serological diagnostics; 

- Achievement of the Sustainable Development Goal # 6 on clean water and sanitation  

After publishing this work collaboratively with the National Strongyloidiasis Working Group in 

Australia, there was a media release issued based on this case that caught wide media attention. 

As a result we were asked to give interviews through a number of media outlets, including the 

national television channel, on national radio and print media. This showed that there is great public 

concern around this disease as well as lack of general knowledge among general population. 

Following the process of making a disease notifiable, we wrote a letter to the Chief Health Officer of 

South Australia asking for the disease to be nominated. After receiving a negative answer from him, 

we submitted the case to the Chief Health Officer of Western Australia. It is a long process in which 

this systematic review and published manuscript serves as a solid start.  

7.3 Dogs’ role in human strongyloidiasis  

Understanding the role of dogs in human strongyloidiasis was the main part of this research. As 

mentioned earlier in the discussion chapter, strongyloidiasis remains endemic in the remote 

communities predominantly in the Northern Territory in Australia. A study in the remote communities 

in the Northern Territory assessing strongyloidiasis and scabies prevalence and the efficacy of the 

ivermectin mass drug administration (MDA) showed reduction in both parasite prevalence after the 

MDA. However, it failed to eliminate the diseases from the communities. Reappearance of 

strongyloidiasis could potentially be due to exposure and reinfection from the environmental 

reservoirs such as dog faeces or soil. In rural and remote Indigenous communities in Australia dogs 

are generally not treated as pets but humans and dogs have very close and intimate cultural bond 

(Willis and Ross, 2019).  
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This part of the research consisted of three parts. 

Strongyloides spp. DNA preservation method 

In the first study, the capacity of the DESS (dimethyl sulfoxide, disodium EDTA, and saturated NaCl) 

solution to preserve Strongyloides spp. DNA in the faeces was investigated. Collecting dog faecal 

samples from the remote communities for molecular screening was the main part of this research. 

Collected samples had to be shipped interstate to be processed. Therefore the aim was to find a 

method to preserve DNA at room temperature and using a non-ethanol based/non-refrigeration 

preservation method to avoid any complexities with air transportation. 

Firstly, 1:1 and 1:3 sample to DESS ratios of non-infected dog faeces spiked with rat faeces infected 

with Strongyloides ratti at a 1:9 rat to dog faeces ratio were tested. DESS was shown to preserve 

the DNA for 56 days at room temperature with the 1:3 sample to DESS ratio performing better. This 

method was then validated on the field collected dog faeces.  

Although in these experiments DESS showed a slight inhibitory effect on the DNA, it was not 

significant enough to not be amplified by the PCR. The results demonstrated that DNA starts 

dramatically degrading after around two weeks if not preserved, and 1:3 sample to DESS ratio still 

preserved DNA better. In this study, the manufacturer’s protocol for DNA extraction was also 

modified by introducing an incubation step at 56ºC overnight after the cell lysis step, and reducing a 

ten minute shaking step instructed in the protocol to three minutes.   

The DESS DNA preservation method has been subsequently used throughout the research and 

shown to be the most applicable and feasible for the field-collected faeces.  

Australian dog and human S. stercoralis genotypes 

Next, available literature that described the role of dogs in the spread of human strongyloidiasis was 

reviewed. In 2016, when this study commenced, there was no genetic evidence confirming the 

zoonotic potential of dogs to transmit strongyloidiasis to humans in Australia or worldwide. However, 

this review assessed studies that showed strongyloidiasis association between dogs and dog 

keepers (Goncalves et al., 2007, Georgi and Sprinkle, 1974), or laboratory studies showing that 

Strongyloides spp. can be detected in dogs using S. stercoralis primers and probes commonly used 

in humans (Buonfrate et al., 2017). The findings of this review showed that there was enough 

evidence to suggest that further research is needed to explore this potential route of infection.  

Successful examples of MDA programs targeting animals to eliminate human diseases, such as 

treatment of dogs for rabies elimination or treating water buffaloes to control human schistosomiasis, 

were also reviewed as a part of this study. Furthermore, it was addressed in this review that animal 
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MDA programs were estimated to be cost effective presenting a low-cost and low-risk mechanism 

for controlling human disease by reducing the risk of reinfection. Based on this research, it was 

argued that dogs should be concomitantly treated for the prevention human strongyloidiasis.  

Later in 2017, two independent studies conducted in Cambodia and Myanmar assessed S. 

stercoralis isolated from human and dog samples. The researchers studied the SSU markers in the 

18S rDNA (Hypervariable-I (HVR-I) and hypervariable-IV (HVR-IV) region) and cox1 gene in the 

mtDNA. They found that there are at least two S. stercoralis populations, one is dog specific, and 

the other is human and dog infective (Jaleta et al., 2017, Nagayasu et al., 2017).  

So, in the final part of this study, the regions of mitochondrial cox1 gene and nuclear SSU markers 

(HVR-I and HVR-IV regions) of the DNA extracted from Australian human faeces and sputum and 

dog faeces were amplified and sequenced. It was found for the first time that Australian dogs are 

infected with the zoonotic S. stercoralis genotype that also infects Australian humans. The same 

haplotype was also found in Cambodian dogs and humans. There was also a dog specific genotype 

discovered in Australian dogs, which was also reported previously in Cambodian and Myanmar dogs. 

Additionally, it was found that Australian dogs are infected with the genotype that was previously 

shown in a dog in Europe and a dog and chimpanzee in Japan. This genotype has not yet been 

found in Australian humans in this study nor in any other humans in other studies. Whether this 

genotype is zoonotic or not needs to be further confirmed. While the current study did not show the 

direct transmission of S. stercoralis from dogs to humans or vice versa, it confirmed the hypothesis 

of zoonotic transmission of strongyloidiasis. The findings of this work showed that dogs can be a 

potential reservoir for human strongyloidiasis. Mindful of the One Health approach (Rock et al., 2009) 

it is proposed again that dogs should be treated as well as humans to control strongyloidiasis in 

remote Australian communities.  

Furthermore, in this genotyping study few unique S. stercoralis haplotypes were discovered in 

Australian dogs. These were two new SSU HVR-I haplotypes, four new HVR-IV haplotypes and 

several new cox1 gene haplotypes. Given that Australia has been isolated for a long geological 

period, and dogs were at least introduced 12,000 years ago (Clutton-Brock, 1995) it is quite possible 

that some unique genotypes or sub-species could have been harbored in Australian dogs.  

Interestingly, a novel haplotype in the cox1 gene found in Australian dogs in this study was also 

shown to cluster closely to the Strongyloides sp. found in Southeast Asian loris. Another theory for 

unique haplotypes and potentially genotypes and subspecies of Strongyloides sp. in Australia might 

be their divergence from Southeast Asia as a result of a vicariance. However a larger sample size 

and additional sequencing and morphological examination is needed before these haplotypes can 

be assigned to a new genotypes or subspecies.  
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Description of S. stercoralis genotype present in Australian dogs and humans will help our 

understanding of the genetic diversity of the parasite and assessing its zoonotic potential.  

7.4 Prevalence of zoonotic parasites in Australian dogs living in the remote 
communities 

This part of the study was continuous throughout the whole project. During the three years faecal 

samples were collected during the field trips to the Indigenous communities in the Northern Territory 

in Australia. In other cases the samples were collected by others as per instructions and shipped to 

our lab.  

Indigenous communities in the northern parts of Australia have been shown to have endemic 

strongyloidiasis infections for many decades (Adams et al., 2003, Gordon et al., 2017). Hookworm 

infection in humans is used to be a major public health problem in the mainstream population in 

Australia (Prociv and Luke, 1995, Holt et al., 2017, Bradbury and Traub, 2016), and now remains 

sporadically reported in the remote communities in north Queensland, New South Wales, Western 

Australia and Northern Territory (Davies et al., 2013, Hopkins et al., 1997, Koehler et al., 2013). 

These areas are known as low socioeconomic status areas and are associated with inadequate 

sanitary, hygiene and living conditions. The climate in the sampling areas ranges from dry and hot, 

to wet and warm. However, climate as a factor of strongyloidiasis and hookworm prevalence was 

not a focus of this study mainly due to the opportunistic method of sampling areas as a limiting factor.  

Dogs present a potential zoonotic transmission of STHs including S. stercoralis and hookworms, and 

in remote communities in Australia there is a higher risk of such transmission due to the dogs living 

in close contact with humans (Constable et al., 2010). 

The aim of this study was to firstly identify the presence and prevalence of S. stercoralis and 

determine the prevalence of hookworm in dogs living in the Indigenous communities, and secondly 

to map the distribution of these parasite cases. There were no data on the presence and prevalence 

of strongyloidiasis in dogs in remote communities in Australia. The latest data on the hookworm 

prevalence in dogs living in Indigenous communities date back to ten years ago and only covered a 

small number of dogs.  

There were 274 dog faecal samples collected from the 27 remote Indigenous communities mostly in 

the Northern Territory that were screened for the presence of S. stercoralis and four zoonotic 

hookworm species including Ancylostoma caninum, Ancylostoma ceylanicum, Ancylostoma 

braziliense and Uncinaria stenocephala. Of the four hookworm species tested for, there was only A. 

caninum detected, and was found in 31.4% of dogs faeces. This support previous findings showing 

that A. caninum is the most common hookworm in dogs in Australia (Palmer et al., 2007, Smout et 

al., 2018a). S. stercoralis was found in 21.9% of faecal samples. The hookworm prevalence was 
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higher than that of S. stercoralis which is consistent with a human study suggesting that usually 

hookworm is likely to be higher than S. stercoralis, and hookworm infection can work as a proxy for 

S. stercoralis infection (Bisoffi et al., 2013). In this study hookworm infections did not correlate with 

S. stercoralis infection.   

Not detecting A. ceylanicum was not surprising as it is not a very common hookworm in humans or 

dogs in Australia, unlike South East Asia. So,  A. ceylanicum was only reported few times in dogs 

(Palmer et al., 2007, Smout et al., 2017) and dingoes (Smout et al., 2018a) in far north Queensland. 

Likewise, A. braziliense was only once detected in north Queensland, and U. stenocephala is 

associated with lower temperatures and is therefore more common in the southern parts of Australia 

(Beveridge, 2002, Palmer et al., 2007). Not discovering these hookworms in our dog faecal samples 

is consistent with what we know about hookworms. 

S. stercoralis and A. caninum are zoonotic parasites and endemic to Indigenous populations. It is 

therefore important to understand their presence and prevalence in dogs living in these communities. 

The findings of this study can help us understand and control sources of human infection and develop 

appropriate intervention strategies that protect not only animal but also public health.   

7.5 Limitations 

The findings of this research need to be viewed in light of limitations. The main limitation of this study 

was inability to work with S. stercoralis DNA isolated directly from individual worms. Source of DNA 

plays an important factor in producing high quality readable sequencing data. Adaptation of next 

generation sequencing technique in this study was able to perform deep sequencing producing high 

quality reads, however, the quantity of readable sequence data was affected, resulting in a smaller 

number of haplotypes found in our samples. Additionally, whole genome sequencing could not be 

performed due to the absence of the whole organism DNA. Whole genome sequencing of S. 

stercoralis would strengthen our genotyping results.  

Another major limitation was the opportunistic method of sampling. This was the most ethical and 

least intrusive method of collecting dog faecal samples in the remote communities. However, with 

this approach to sampling, seasonal and climate factors that might have an effect on the parasites’ 

prevalence were not able to be considered. Furthermore, for many samples it was not possible to 

know whether and when the dogs had received the anthelminthic treatment. These are important 

factors that would influence S. stercoralis and hookworm prevalence in dogs in these communities. 

Additionally, sampling off the ground introduced a risk of collecting non dog faeces. Indeed, out of 

285 collected faecal samples, 11 were confirmed to be not of a dog origin by the PCR amplification.  

Additionally, other conventional tests such as serology or microscopy were not performed on our 

samples to confirm the molecular test results.  
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Working with Indigenous communities was another limiting factor. Despite the ethical approvals, 

there are multiple informal permissions required to enter the community and sample from the ground. 

Furthermore, a researcher had to be accompanied by people that were known and trusted by the 

community such as a local environmental health officer or veterinarian. This coupled with impaired 

communication with local people significantly slowed down the sampling process. However, showing 

respect and engaging with the communities over the longer-term was the main priority of this 

research. 

The neglected status of the disease around the world and in Australia is illustrated by a limited 

number of studies addressing strongyloidiasis. In Australia, there are not many research groups that 

are interested in studying strongyloidiasis. This has impacted current research as there are fewer 

opportunities for collaboration or exchanging the knowledge.   

7.6 Practical implications  

In this study strongyloidiasis was demonstrated to be a disease of disadvantage. A focus on 

improving sanitary and hygiene conditions of the areas should be a priority to decrease the risk for 

the infection transmission. Furthermore, the limitations of the anthelminthic treatment examined in 

this study suggest the need of combined control of strongyloidiasis that should include drug 

treatment as well as controlling the parasite in the environment. The results of this study contribute 

significantly to the general understanding of the parasite and should be used in developing accurate 

control measures of the disease.  

Next, a detailed assessment of strongyloidiasis in Australia was conducted and addressed the 12 

criteria required for recommending the disease to be included in the Australian National Notifiable 

Disease List. This work demonstrated that strongyloidiasis fulfils the requirements to be 

recommended for its notification. The results of this study provide the foundation for further steps 

towards making strongyloidiasis notifiable in Australia as well as other endemic countries. 

The genotyping research was the first of its kind and resulted in the discovery of the S. stercoralis 

genotypes in Australian humans and dogs. It was demonstrated that dogs living in the Indigenous 

communities in Australia are infected with zoonotic genotypes and present a potential risk for human 

strongyloidiasis. Furthermore, there were few unique S. stercoralis haplotypes discovered in 

Australian dogs. These findings add to our understanding of the genetic diversity of S. stercoralis in 

humans and dogs in Australia and also provide a starting point for future genetic studies. The data 

obtained in this study confirms the zoonotic potential of dogs in Australia and contributes significantly 

to the development of effective control measures targeting both veterinary and public health 

disciplines. It is however recommended to undertake a field intervention study combined with a 

mathematical modelling approach to get a better understanding of dogs’ role in transmitting 

strongyloidiasis. 
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Further, the prevalence of zoonotic S. stercoralis and A. caninum based on the molecular 

examination of the faecal samples in the remote Indigenous communities in the Northern Territory 

were identified and cases were mapped. These data provide a foundation for future research into 

zoonotic diseases in dogs in these endemic communities.  

Finally, this work was able to test and validate the applicability and accuracy of the molecular based 

tests (polymerase chain reaction) for the detection of S. stercoralis and hookworm species in dog 

faecal samples collected in the field.   

7.7 Future research in Australia 

This project investigated S. stercoralis with regard to the socioeconomic status and associated 

sanitary and hygiene hardware in endemic areas, looked at current treatment options, explored the 

status of strongyloidiasis in Australia and assessed the role of dogs in human strongyloidiasis in 

endemic remote Indigenous communities. This work also looked at the zoonotic hookworm 

prevalence in these dogs. The data presented within this thesis call for the following research needs: 

1. The inaccurate association of S. stercoralis with the climatic conditions rather than 

socioeconomic status of the areas calls for studies to describe it more accurately. Studies 

should associate the disease with inadequate sanitary and hygiene conditions of the areas, 

focusing on targeting these primary causes of the spread of strongyloidiasis.  

2. Current anthelminthic treatment of S. stercoralis is not sufficient and research should be 

conducted to look at options to control the parasite in the environment. This should focus on 

environmental health and One Health approaches to prevent the disease. Studies should 

investigate the free-living stage of the S. stercoralis larvae to identify what and how 

environmental factors influence its survival and determine the development cycle of larvae. 

Research looking at different ways of controlling the parasite in the environment would 

contribute significantly in reducing the prevalence of disease. 

3. Strongyloidiasis in Australia should be included in the Australian National Notifiable Disease 

List. Researchers, the general population and government representatives of the country 

should work collaboratively towards making a disease notifiable. 

4. Further molecular studies should be undertaken on a larger number of Australian dogs and 

humans to confirm and investigate further zoonotic and unique S. stercoralis haplotypes and 

genotypes in Australian dogs discovered in this study. Additionally, whole genome 

sequencing and morphological analyses need to be performed along to identify zoonotic 

genotypes and potentially new unique Australian subspecies. 

5. A large scale study should look at the prevalence of zoonotic parasites in dogs and humans 

in endemic areas and perform quantitative analysis of zoonotic transmission in comparison 

to the anthroponotic transmission of the disease. 
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7.8 Conclusion 

Strongyloides stercoralis in Australia is highly neglected and most prevalent in the Indigenous 

communities predominantly in the Northern Territory. Strongyloidiasis is mostly associated with 

inadequate sanitary and hygiene conditions that need to be improved to reduce the prevalence of 

the disease. Current treatment method relying purely on anthelminthic drug treatment is not reliable 

and should be combined with environmental control of S. stercoralis. There are gaps in the current 

knowledge on disease true prevalence, geographical distribution, rate and mode of transmission 

worldwide and in Australia. Making a strongyloidiasis a national notifiable disease will create a 

surveillance system that will help identifying susceptible populations, determine hotspots, 

understand the transmission of the disease and implement and assess intervention programs. It was 

found that dogs living in the Indigenous communities present a potential reservoir for zoonotic 

transmission of strongyloidiasis and shall be treated concurrently with humans to control 

strongyloidiasis and protect public health. Finally, it was shown that dogs in the remote communities 

are infected with another zoonotic hookworm, A. caninum. The results of this thesis stress the 

significance of applying environmental health and One Health approach as well as policy change in 

controlling zoonotic diseases caused by S. stercoralis and A caninum in the remote communities in 

endemic areas in Australia.  

 
 
 
 
 
 
 
 
 
 
 
  



137 
 

APPENDIX A. MATERIALS AND METHODS  

This appendix describes general methods and equipment used throughout the research that have 

not been described elsewhere in the thesis, including publications. The chapter outlines optimisation 

of the real-time PCR assays for the detection of Strongyloides spp. and different DNA extraction 

methods used to extract DNA from faeces, wastewater, and a worm (Strongyloides spp.). It also 

describes microscopy performed during the research including Baermann technique and isolation of 

Strongyloides spp. from faeces.  

1.1 DNA extraction  

Different DNA extraction methods were used depending on the source of DNA. The PowerSoil DNA 

extraction kit was used to extract DNA from faeces, wastewater and human sputum. Freeze and 

thaw technique or lysis buffer solution were used to lyse the cell to extract DNA directly from the 

worm.    

1.1.1 DNA extraction from faecal samples 

DNA extraction from the faeces was performed using the PowerSoil DNA extraction kit (QIAGEN, 

Hilden, Germany).This kit was shown to be the most sensitive in extracting DNA fromfaecal matter 

when compared with other commercially available DNA extraction kits (Sultana et al., 2013). 

Throughout the research project, DNA extraction from the faecal samples and wastewater was 

performed at the Environmental Health Laboratory at Flinders University in Adelaide, SA, Australia 

(Method 1). A DNA extraction from the human sputum was performed at the Parasitic Disease 

Branch Laboratory at the Centers for Disease Control and Prevention (CDC) in Atlanta, Georgia, US 

(Method 2). Although the same commercial DNA extraction kit was used, the methods were slightly 

different and are described below. The DNA extraction protocol used at the CDC laboratory was 

developed by the CDC researchers and adopted for this project.  

Method 1: - Flinders 

Slight additions and modifications to the standard PowerSoil DNA extraction kit protocol were 

introduced to reduce inhibition of the PCR reaction and facilitate breakdown of the helminth’s cell 

membrane. In this method, an incubation step of incubation at 56ºC overnight after addition of a cell 

lysis solution was added to facilitate breakdown of fatty acids and lipids in a cell membrane (Sitta et 

al., 2014, Alonso et al., 2011). Additionally, a ten minute shaking step instructed in the protocol was 

reduced to three minutes to avoid excessive DNA shearing, which can lead to false negative results.  

Washing step – removal of preservative/fixative solutions 

Prior to DNA extraction, faecal samples preserved in DESS (dimethyl sulfoxide, disodium EDTA, 

and saturated NaCL) were centrifuged for three minutes a t  3000 x g at the Orbital 400 Clements 
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(Phoenix, Lidcombe, Australia). The supernatant consisting of the preservative solution was 

removed.  

DNA extraction 

Approximately 250 mg of the remaining pellet was placed into a PowerBead tube containing lysis 

buffer (included in the PowerSoil DNA extraction kit).  The PowerBead tube was then placed into the 

vortex homogeniser and run gently for 20 s to mix the content. Sixty µL of solution C1 (included in 

the Power Soil DNA extraction kit) containing SDS to aid in cell lysis was added to the PowerBead 

tube prior to incubation at 56ºC overnight (Sitta et al., 2014, Alonso et al., 2011). After incubation, 

the tube was vortexed for three minutes (this has been changed from the protocol) followed by 

centrifugation for 30 s at 10,000 x g. Up to 400-500 µL of the supernatant was then transferred to a 

clean 2 mL collection tube (included in the PowerSoil DNA extraction kit). Two hundred and fifty µL 

of solution C2 was added to precipitate humic acids and the tube was then vortexed for 5 s followed 

by incubation at 4 ºC for 5 min and centrifugation for one min at 10, 000 x g. Avoiding the pellet, 

around 600 µL of the supernatant was transferred into another 2 mL tube. Two hundred and fifty µL 

of solution C3 was added to the supernatant to precipitate proteins that might affect DNA, followed 

by brief vortex and another incubation at 4 ºC for 5 min. After incubation the tube was centrifuged 

for one min at 10,000 x g, after which up to 750 µL of the aliquot was transferred into a clean 2 mL 

tube. Twelve hundred µL of the DNA binding salt solution C4 was added to the supernatant to bind 

DNA to the silica. The tube was then vortexed for 5 s, and 675 µL aliquot was transferred onto an 

MB Spin Column tube (included in the PowerSoil DNA extraction kit). The tube was centrifuged for 

one min at 10,000 x g, after which the flow was discarded and a new portion of the sample was 

transferred to the MB Spin Column followed by centrifugation and removal of flow. This was repeated 

three times to process all of the sample. When the sample was processed, 500 µL of the ethanol 

based solution C5 was added to the supernatant to wash DNA from humic acids, salts, and other 

contaminants, and the sample was then centrifuged for 30 s at 10,000 x g. The flaw was discarded, 

and the tube was centrifuged for one min at 10,000 x g. The MB Spin Column was then carefully 

placed into a clean 2 mL tube without splashing of the solution C5. One hundred µL of the solution 

6 containing sterile elution buffer was then added to the center of the white filter membrane to release 

DNA from the silica, and the tube was centrifuged for 30 s at 10,000 x g. The filter membrane was 

then discarded and the tube containing 100 µL of extracted DNA was stored at -20ºC. 

Method 2: - at the Centers for Disease Control and Prevention  

DNA extraction from the faeces was performed using the PowerSoil DNA isolation kit (QIAGEN, 

Hilden, Germany). Slight additions and modifications to the protocol were introduced to reduce 

inhibition of the PCR reaction and facilitate breakdown of the helminth’s cell membrane. In this 

method, the standard kit’s bead beating tubes were replaced with zirconia-silica beads due to the 
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superior performance of the latter in grinding parasites. An incubation step of a sample at 65ºC for 

ten minutes after addition of a cell lysis solution was added to facilitate breakdown of fatty acids and 

lipids in a cell membrane. As in the Method 1, a ten minute shaking step recommended in the 

protocol was reduced to three minutes to avoid excessive DNA shearing, which can lead to false 

negative results.  

 
Washing step – removal of preservative/fixative solutions 
 
Samples that were preserved in ethanol or ethanol containing solution were washed with sterile 

saline solution. Approximately one and a half microliter of an ethanol preserved faecal sample was 

added to a 2 mL tube followed by centrifugation for three minutes at 3,000 x g. All supernatant was 

removed and 1 mL of sterile saline solution was added to the tube. A tube was vortexed with the 

vortex homogeniser for five seconds and left overnight at -4ºC to equilibrate. The next day, a tube 

containing faeces and saline solution was centrifuged for three minutes at 3,000 x g. All supernatant 

was removed and a faecal sample was stored at -4ºC for DNA to be extracted within 12 h.  

 
DNA extraction 

 
Approximately 200 mg of the faecal samples were placed into a 2 mL collection tube and 

resuspended with distilled water to 1.7 mL. The tube was vortexed for 30 sec followed by the 

centrifugation for three minutes at 3, 000 x g. The supernatant was discarded and approximately 200 

mg of the remaining pellet was placed into a 2 mL tube with silica beads and a 370 µL of lysis solution 

(lysis solution is taken from the PowerBead tubes included in the PowerSoil DNA extraction kit). 

Sixty µL of solution C1 (included in the Power Soil DNA extraction kit) containing SDS to aid in cell 

lysis was added to the silica bead tube followed by vortexing for 10 sec to mix the contents. Each 

faecal sample containing solution C1 was then incubated at 65ºC for 10 min. After incubation, the 

tube was vortexed for three min (this differs from the manufacturer’sprotocol) followed by 

centrifugation for one min at 10,000 x g. Up to 500 µL of the supernatant was then transferred to a 

clean 2 mL collection tube (included in the PowerSoil DNA extraction kit). Two hundred and fifty µL 

of solution C2 was added to precipitate humic acids and the tube was then vortexed for 5 sec 

followed by incubation at 4 ºC for 5 min and centrifugation for one min at 10,000 x g. Avoiding the 

pellet, around 600 µL of the supernatant was transferred into another 2 mL tube. Two hundred µL of 

solution C3 was added to the supernatant to precipitate proteins that might affect DNA, followed by 

brief vortex and another incubation at 4 ºC for 5 min. After incubation the tube was centrifuged for 

one min at 10, 000 x g, after which up to 750 µL of the aliquot was transferred into a clean 2 mL 

tube. Twelve hundred µL of the DNA binding salt solution C4 was added to the supernatant to bind 

DNA to the silica. The tube was then vortexed for 5 s, and 675 µL aliquot was transferred onto an 

MB Spin Column tube (included in the Power Soil DNA extraction kit). The tube was centrifuged for 

one min at 10,000 x g, after which the flow was discarded and a new portion of the sample was 
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transferred to the MB Spin Column followed by centrifugation and removal of flow. This was repeated 

three times to process all of the sample. When the sample was processed, 500 µL of the ethanol 

based solution C5 was added to the supernatant to wash DNA from humic acids, salts, and other 

contaminants, and the sample was then centrifuged for 30 s at 10,000 x g. The flaw was discarded, 

and the tube was centrifuged for one min at 10, 000 x g. The MB Spin Column was then carefully 

placed into a clean 2 mL tube without splashing of the solution C5. One hundred µL of the solution 

C6 containing sterile elution buffer was then added to the centre of the white filter membrane to 

release DNA from the silica, and the tube was centrifuged for 30 s at 10,000 x g. The filter membrane 

was then discarded and the tube containing 100 µL of extracted DNA was stored at -20ºC. 

1.1.2 DNA extraction from wastewater 

Briefly, about 700 mL wastewater was poured into a plastic funnel with a tubing and clamp supported 

on a single stand (Figure A.1). Wastewater was left for three to four hours to settle. About 200 mL of 

sediment wastewater was collected into 50 mL tubes and centrifuged for 5 min a t  3000 x g at the 

Orbital 400 Clements (Phoenix, Lidcombe, Australia). Two hundred and fifty milligrams of 

precipitated pellet was then collected into the PowerBead tube for further DNA extraction using the 

PowerSoil DNA extraction kit (QIAGEN, Hilden, Germany), as described in the 1.1.1 (Method 1). 

 
Figure A.1 Wastewater settling apparatus  
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1.1.3 DNA extraction from individual larvae 

DNA extraction from individually isolated S. ratti and S. stercoralis was performed using different cell 

lysis techniques. Both the freeze and thaw method or a lysis buffer to break the cell’s membrane and 

extract DNA from isolated worms were tried. There were two lysis buffers prepared and used with 

slightly different incubation conditions, with only one found to succeed in DNA extraction.  

1.1.3.1 Freeze and thaw technique 

The freeze and thaw technique was adapted from the Al-Warid, 2014 (Al-Warid, 2014).  

Strongyloides spp. larvae were individually isolated from the faeces and collected into separate tubes 

containing 20 µL deionised water. The tubes with a worm were then incubated at -80ºC for 15 min 

followed by thawing at 56ºC for 5 min. This was repeated three times. The tubes were then vortexed 

for five minutes and stored at -20 ºC for further applications.  

1.1.3.2 Lysis buffer  

There were two lysis buffer solutions used with slightly different incubation conditions to extract DNA 

from individual larvae as described below.  

Method 1 

Single larvae were isolated from faeces and collected into tubes containing 10 µL deionised water 

and 10 µL lysis buffer. Lysis buffer was prepared using 20 mM Tris-HCL, pH 8, 100 mM EDTA, and 

1% SDS solution. The tube with an individual larvae was then incubated at 65 ºC for two hours 

followed by incubation at 80 ºC for 20 min (Gasser et al., 1993). However, this solution was not able 

to lyse cell membrane and extract DNA as was shown by qPCR.  

Method 2 

Single larvae were isolated from faeces and collected into tubes containing 10 µL deionised water 

and 10 µL lysis buffer. The lysis buffer recipe was modified and a new one was prepared containing 

20 mM Tris-HCL, pH 8.3, 100 mM KCL, 5 mM MgCL2, 0.9% NP-40 (Tergitol-type NP-40, nonyl 

phenoxypolyethoxylethanol), 0.9% Tween 20 (Polysorbate 20), 0.02% Gelatine, and 240 µg/mL 

Proteinase K. The tube with an individual larvae was then incubated at 65 ºC for two hours followed 

by incubation at 95 ºC for 15 min (Jaleta et al., 2017). These conditions were able to break a cell 

membrane and extract DNA from individual larvae as was shown by qPCR. Extracted DNA was 

stored at -20 ºC for further applications.  

1.2 Real-time polymerase chain reaction for the detection of Strongyloides spp.   

Molecular methods including real-time polymerase chain reaction (qPCR) are being widely used and 

have shown to be highly sensitive and specific in the detection of Strongyloides spp. in faeces. 
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(Sultana et al., 2012, Verweij et al., 2009). Its advantage of being able to amplify a target DNA region 

from small amount of a starting material is particularly useful in environmental sources of the DNA 

(Sultana et al., 2013).  

1.2.1 Optimisation of Strongyloides spp. real-time PCR assays  

There were two qPCR assays for the detection of Strongyloides spp. optimised and tested in this 

study. The first utilised primers and a second primers and a probe. The first assay using the primers 

did not show consistently repeatable results as it was found to be cross reacting with negative 

controls, and was therefore not used further in the research.  

The probe method had been reported as species specific and had higher sensitivity and was chosen 

for further optimisation. This included trialling different annealing temperatures, number of cycles 

and methods to reduce inhibition (BSA and dilution). The optimised probe method was then used for 

the research described in this thesis (chapters 4, 5 and 6) 

1.2.2 Real-time PCR quality control  

For quality control, each qPCR run included a positive control (containing Strongyloides ratti DNA), 

a non-template control (containing double autoclaved sterile water), and a negative control 

(containing Strongyloides negative DNA). Fresh rat faeces were collected from rats subcutaneously 

infected with S. ratti. Rat faeces were collected 7-10 days post infection from the Centre for Infectious 

Diseases and Microbiology, Westmead Hospital, NSW, Australia.  Infected rat faeces were used to 

spike non-infected dog faeces at a 1:9 ratio. DNA from the spiked faeces was extracted using 

PowerSoil DNA extraction kit as described previously and used as a qPCR positive control. DNA 

from non-infected dewormed canine faeces was extracted using PowerSoil DNA extraction kit as 

described previously and used as a qPCR negative control. For the results of a run to be included 

correct melt curves (assay 1) or Ct values (assay 2) of the positive control had to be positive, the 

negative and non-template controls had to be negative.  

1.2.3 Strongyloides spp. real-time PCR assay 1 - with primers  

S. stercoralis specific primers listed in Table A.1 were adopted from Verweij et al. (2009) and 

optimised for the detection of  Strongyloides spp. (Verweij et al., 2009). The reagents used in a qPCR 

reaction are listed in Table A.2. Different qPCR cycling conditions were used to optimise assay as 

shown in Table A.3. For each reaction the melt curve was analysed and a positive S. stercoralis was 

confirmed with a Tm of 84.3 - 84.5 ºC. These primers were not used further throughout the PhD 

research. 

Table A.1 Strongyloides spp. primer sequences 
 

Primer 
 

Amplicon 
 

Sequence 
 

Reference 
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Stro F rRNA, 96bp 5’-TCCAGAAAAGTCTTCACTCTCCAG-3’ (Verweij et al., 
2009) Stro R rRNA, 96bp 5’-TGCGTTAGAATTTAGATATTATTGTTGCT-3’ 

 
Table A.2 Concentrations of reagents used for the Strongyloides spp. qPCR assay and amount of 
working stock added to each 25 µL reaction in order to achieve this concentration 

 
Reagent 

 
Concentration 

of working 
stock 

 
Final 

concentration 

 
Volume added to 25 µL 

reaction (µL) 

Water   8.05   

BSA - 0.1 µg/µL 1 

MgCl2 (Invitrogen) 50 mM 2.5 mM 1.25 

PCR Buffer (Invitrogen) 10 X 1 X 2.5  

dNTP’s (Invitrogen) 10 mM 0.2 mM 0.5 

SYTO9 (BioRad) 25 µM 2.5 µM 2.5 

Platinum Taq DNA polymerase 

(Invitrogen) 

5 U/µL 1 U 0.2 

F Primer  10 µM 0.5 µM 2.5 

R primer  10 µM 0.5 µM 2.5 

DNA sample - - 5 

 
Table A.3 Optimisation of the qPCR cycling conditions for Strongyloides spp. primers  

 

No 

 

Initial 
denaturation 

 

Step 1 

Denaturation 

 

Step 2 

Annealing- 

 

Step 3 

Extension 

 

No 
of 

cycl
es 

 

Melt t 

 

Resu
lt 

1 
temp time temp time temp time temp time 45 83.7-84ºC Did 

not 

work  95ºC 5 min 94ºC 10 s 60ºC 20 s 73ºC 20 s 

 

2 

temp time temp time temp time temp time 45 75-95 ºC 

 

Did 

not 

work  95ºC 5 min 95ºC 15 s 50ºC 30 s 72 ºC 20 s 

3* 
temp time temp time temp time temp time 40 84.3-84.5 

ºC 

Work

ed 

 
95ºC 5 min 94ºC 10 s 60ºC 20 s 73ºC 20 s 
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1.2.4 Strongyloides spp. real-time PCR assay 2 

S. stercoralis species-specific primers and a probe were adopted from Verweij et al (2009) (Table 

A.4), and PCR conditions were developed and optimised for this study (Verweij et al., 2009). The 

forward primer is 100% homologous to other Strongyloides species targeting a 101 base pair region 

of 18s rRNA gene (GenBank accession no. AF279916) (Verweij et al., 2009). Real-time PCR 

reagents and conditions used in the assay are shown in Tables A.5 and A.6. To optimise the assay, 

a qPCR reaction was run with and without bovine serum albumin (BSA), at different cycling 

conditions, and with different concentrations of a template DNA.  

Bovine serum albumin  

BSA was previously shown to improve the amplification of the S. stercoralis DNA using the same S. 

stercoralis primers (Repetto et al., 2013). BSA was tested on different dilutions of a template DNA. 

Briefly, 20 µL reaction contained 10 µL Supermix (SSoAdvanced, Universal Probes Supermix, Bio-

Rad Laboratories, CA, USA), 1 µL primers and probe mixture (Stro18S-1530F, Stro18S-1630R and 

Stro18S-1586T FAM) (Sto 18S PrimePCR probe assay Bio-Rad Laboratories, CA, USA), 1 µL BSA 

(or no BSA), 3 µL deionised H2O (or 4 µL deionised H2O) and 5 µL DNA template. The reagents 

used in qPCR reaction are listed in Table A.5. PCR positive controls containing undiluted DNA 

extract, 1 in 10, 1 in 100 and 1 in 1000 dilution of the DNA extract into nuclease free water were 

tested. The results showed that BSA exhibited an inhibition effect on the DNA amplification, and was 

excluded from the assay. Undiluted and 1 to 10 DNA concertation of a PCR positive control were 

shown to amplify the best. Subsequently, qPCR reactions were performed without BSA and in 

undiluted and 1 to 10 DNA concentrations.  

For each reaction the Ct values were analysed. A sample was considered positive when the Ct value 

was lower the mean negative Ct minus 2.6 standard deviations of a mean negative control Ct. 

Positive samples were amplified in every PCR reaction. 

PCR cycling conditions 

To optimise an assay different cycling conditions were tested as shown in Table A.6.  The reported 

cycling conditions included an initial hold at 95oC for 15 min, followed by 40 cycles consisting of 95 

°C for 15 s and 60 °C for 30 s (Sultana et al., 2013). In our assay annealing temperatures of 50°C 

and 60°C were also tested and compared at 45 cycles.  

The results showed that annealing temperatures of 50°C and 60°C at the 45 cycles caused slight 

amplification of the NTCs. Decreasing the number of cycles to 40, and maintaining the annealing 

temperature at 60°C was demonstrated to be the most optimised cycling conditions for the detection 
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of Strongyloides spp. These PCR cycling conditions were used further throughout the PhD research 

for the detection of Strongyloides spp.  

Table A.4 Strongyloides spp. primer and a probe sequences  
 

Primer/Probe 
 

Amplicon 
 

Sequence 
 

Reference 

Stro18S-1530F rRNA, 101bp 5’-GAATTCCAAGTAAACGTAAGTCATTAGC-3’ (Verweij et al., 
2009) Stro18S-1630R rRNA, 101bp 5’-TGCCTCTGGATATTGCTCAGTTC-3’ 

Stro18S-1586T rRNA, 101bp FAM-5’-ACACACCGGCCGTCGCTGC03’-BHQ1 

 
Table A.5 Concentrations of reagents used for the Strongyloides spp. qPCR assay and amount of 
working stock added to each 20 µL reaction in order to achieve this concentration 

 
Reagent 

 
Final concentration 

 
Volume added to 20 µL 

reaction (µL) 

Water - 4 (3) 

Supermix (SSoAdvanced, Universal 

Probes Supermix, USA 

1x 10 

Mixture of primers and probes  1x 1 

BSA 0.1µg/1µL 0 (1) 

DNA - 5 

Table A.6 Optimisation of the qPCR cycling conditions for Strongyloides spp. primers and a probe 
 

No 

 

Initial 
denaturation 

 

Step 1 

Denaturation 

 

Step 2 

Annealing-
Extension 

 

Number 
of 

cycles 

 

Result  

1 
temp time temp time temp time 45 Did not work 

NTCs amplified 95ºC 15 min 95ºC 15 s 60ºC 30 s 

 

2 

temp time temp time temp time 45 Did not amplify 

NTCs amplified 95ºC 15 min 95ºC 15 s 50ºC 30 s 

3* 
temp time temp time temp time 40 Amplified 

95ºC 15 min 95ºC 15 s 60ºC 30 s 

1.2.5 Environmental inhibitors  
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To determine the presence of environmental inhibitors all samples were run undilutedand 1 in 10 

dilution of the DNA extract into nuclease free water. If the cycle threshold (Ct) value for the pure DNA 

extract was 3.3 higher the Ct value of the 1 to 10 dilution of DNA extract, then the pure DNA was 

assumed to be inhibited by the environmental inhibitors and the diluted DNA extracts were used 

(Livak and Schmittgen, 2001). Figure A.2 demonstrates amplification curves of the neat and 1 to 10 

DNA extracts of Strongyloides positive samples with neat DNA extracts amplifying more efficiently.   
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Figure A.2 Cycling curve of undiluted and 1 to 10 diluted DNA extracts
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1.3 Microscopy tests for the detection of Strongyloides. spp.  

1.3.1 Baermann technique 

The Baermann method is based on active movement of larvae and performed in order to isolate 

worms from faeces or separate live worms from the dead ones. The Baermann technique was 

adopted and performed as described previously (Steinmann et al., 2007). Briefly, approximately 5 – 

10 g of faeces were placed in a centre of a double layer disposable paper. A paper pouch containing 

faecal material was then placed into a funnel fit with tubing and closed with a clamp. The funnel was 

filled with water to cover the faeces and apparatus was left for about three hours to let larvae to crawl 

down the bottom of the funnel (Figure A.3).  After three hours, a few millilitres of fluid from the stem 

of the funnel was collected into a test tube for further use.   

 

 
Figure A.3 Baermann technique 
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1.3.2 Isolation of the Strongyloides ratti from rat faeces 

Individual S. ratti larvae were isolated from the rat faeces followed the Baermann technique (Figure 

A.4). Isolation of the worms was conducted by the researcher, with appropriate biosafety training, in 

a biosafety cabinet in a PC2 room. Closed shoes, lab coat, gloves and eye protection were worn at 

all times. Isolation was performed under the compound microscope using tweezers. This was 

conducted as a training for isolation of individual Strongyloides spp. larvae from collected dog faeces 

potentially infected with S. stercoralis for DNA sequencing purposes. However, the Baermann 

technique on collected dog faeces was never successful, since isolation of individual live worms was 

not performed on dog faeces.  

 

Figure A.4 Isolated Strongyloides ratti, rhabditiform larvae (scale bar – 50 µm)  
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APPENDIX B. STRONGYLOIDIASIS IS A DEADLY WORM 
INFECTING MANY AUSTRALIANS, YET HARDLY ANYBODY 

HAS HEARD OF IT 

Article was originally published in The Conversation and is reproduced here under a Creative 

Commons No Derivatives (CC-BY-ND) licence 

September 5, 2017 12.08pm AEST 

We all know about parasites, like tapeworms that can get into our intestines if we eat 
infected undercooked meat. There are many types of parasitic worms, including flatworms 
and roundworms, and they can all make humans sick. 

But there’s one infection by a parasitic worm that, worldwide, makes more people ill than 
malaria, and yet hardly anybody has ever heard of it. It’s called strongyloidiasis, and 
estimates suggest up to 60% of Indigenous Australians in some communities carry the 
infection. 

What is it? 

Strongyloidiasis is an infection caused by a parasitic worm called Strongyloides 
stercoralis (S. stercoralis), which infects the gastrointestinal system (stomach, intestines 
and other digestive organs). Worldwide, it infects an estimated 370 million people, making 
it more common than malaria. But so few people are aware of it that it has been described 
as the most neglected of all neglected diseases. 
 

Strongyloidiasis is generally considered a disease of developing countries, but we also see it 
in economically disadvantaged areas in the US, Asia and Europe. In Australia, the worm 
can infect anyone, but is most common in Indigenous Australian communities, refugees, 
returning overseas travellers and Vietnam veterans. 

Estimates suggest the prevalence of infection in Indigenous Australiancommunities is 35-
60%. Yet the true incidence in Australia could be much higher as the infection is difficult to 
detect, is often not tested for and is not a nationally notifiable disease. This means there is 
no centralised record of cases. 

How can you get infected? 
 
You can be infected with the worm by coming into contact with contaminated soil or faeces. The 

way it gets into your intestine is quite a process. First it enters your body through skin, normally 

the feet. From there it makes its way into the bloodstream and then the lungs. It is then coughed up 

and swallowed, which is how it ends up in the small intestine. It can live there for decades. 

Infection can be undetected for many years. Patients can show no symptoms or suffer 
vague ones like weight loss, indigestion, abdominal cramps, diarrhoea, coughing, wheezing 
or a rash like hives on the buttocks or waist. Diagnosis can be confirmed by detecting the 

http://theconversation.com/strongyloidiasis-is-a-deadly-worm-infecting-many-australians-yet-hardly-anybody-has-heard-of-it-81687
https://creativecommons.org/licenses/by-nd/4.0/
https://creativecommons.org/licenses/by-nd/4.0/
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0002214
https://www.ncbi.nlm.nih.gov/pubmed/19328508
https://www.ncbi.nlm.nih.gov/pubmed/19328508
https://www.ncbi.nlm.nih.gov/pubmed/27706031
http://www.mdpi.com/1660-4601/13/5/517
http://www.racgp.org.au/afp/2016/januaryfebruary/chronic-strongyloidiasis-%E2%80%93-don%E2%80%99t-look-and-you-won%E2%80%99t-find/
http://onlinelibrary.wiley.com/doi/10.1111/1753-6405.12360/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1440-1584.2005.00710.x/abstract
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005607
https://link.springer.com/chapter/10.1007%2F978-3-319-43148-2_3
http://www.sciencedirect.com/science/article/pii/S0190962203004353
http://journals.plos.org/plosntds/article?id=10.1371/journal.pntd.0005607
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worm in a stool sample or looking for antibodies (which means the immune system has 
developed proteins to fight the infection) in a blood sample. 

However, the detection methods are not foolproof. Stool sample analysiscan result in false 
negatives because the worms can move into the faeces at different times. And blood tests 
can result in false positives due to the detection method reacting to other proteins and 
mistaking them for Strongyloides. 
If infection goes undiagnosed and your immune system becomes compromised, or you are 
given steroids which suppress the immune response, the parasite can enter new phases of 
infection. These are hyperinfection or dissemination. 

Hyperinfection is when the worm reproduces rapidly. The result is an enormous number of 
worms, which is often deadly. 

Dissemination is when the worms spread throughout the body. This is almost always 
fatal as the gut bacteria carried by the worm are moved into other organs, causing massive 
infection. 

How is it treated? 
 
If diagnosed correctly, the infection can be treated by a drug called ivermectin, which is 
typically used against parasitic worms and other parasites including scabies. However, if 
one worm remains, it can reproduce (asexually), causing reinfection. Also, you do not 
develop immunity to the worm, so you can be immediately reinfected once the drug has 
left your system. 

The biggest issue with drug treatment is that we have already started to see ivermectin-
resistant Strongyloides in sheep and horses. Another drug family, called benzimidazoles, is 
sometimes used against human Strongyloides, but we’ve also seen resistance to this in 
infected animals. 
Mass drug administration of ivermectin has been successful in significantly reducing the 
number of infected people in some communities in Australia. However, its roll-out has 
been patchy. Also reinfection can occur, suggesting the environmental part of 
the Strongyloides lifecycle plays an important role. 
 
Controlling the environment 
 
Very little is known about how the worm survives outside a host and little has been done to 
try to control it in the environment. The worm can reproduce once outside a host, but we 
don’t know how long it can survive in the environment, although it is thought to be quite a 
while. 

The worm’s survival in the environment explains the prevalence of strongyloidiasis in 
low socioeconomic areas. Poor infrastructure, living conditions and sanitation result in 
contaminated soil and water where the worm can live and cause infection. 

We must start targeting Strongyloides control in the environment and reduce our reliance 
on drugs. If human Strongyloides becomes resistant to ivermectin, the consequences could 
be devastating. However, the biggest challenge in fighting this disease is that many people 
have not even heard of the Strongyloides worm. 
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APPENDIX D. FLINDERS UNIVERSITY SOCIAL AND 
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APPENDIX E. SOUTHERN ADELAIDE CLINICAL HUMAN 
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