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Abstract 

Schistosomiasis is a water-based tropical disease that affects millions of people in marginalised 

communities. It is acquired through contact with freshwater that contains cercariae, the parasite larvae 

that lead to schistosomiasis. Whilst treatment with the drug praziquantel is effective, it does not prevent 

reinfection which is common among communities living in endemic regions. These often have no 

choice but to rely on cercaria-contaminated freshwater for their daily water activities. Water treatment 

for schistosomiasis control seeks to eliminate viable cercariae, thereby providing safe alternative water 

supplies for recreational and domestic activities. 

This research explored what is known about the effectiveness of water treatment processes against 

schistosome cercariae. A systematic review concluded that currently available information was 

insufficient for providing evidence-based water treatment design recommendations, and that standard 

protocols for assessing cercaria viability did not exist. Therefore, a novel fluorescence assay was 

developed that can determine the viability of cercariae in water with an accuracy of at least 92.2% and 

be used to quantify the effectiveness of water treatment processes. Furthermore, the effectiveness of 

chlorine against S. mansoni cercariae was tested in laboratory and field settings. The results have 

unveiled that cercariae are sensitive to chlorine (CT2-log of 30 mg·min/l) and that their sensitivity to 

chlorine increases with age, i.e. the time since being shed from the host snail. The research has 

documented the physical effect of chlorine on cercariae, shedding light on how these parasite larvae are 

inactivated. The recommended CT value can be used to disinfect cercaria-infested water in communities 

that lack safe alternative water sources, potentially after application of safety factors where needed. The 

design, implementation and sustainable use of safe water infrastructure will require strong 

interdisciplinary collaborations in the future, but if successful, has the potential for contributing towards 

the elimination of this disease as a public health concern. 
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1 Introduction 

Schistosomiasis is a water-based disease that affects approximately 200 million people, primarily in 

sub-Saharan Africa [1]. It is caused by parasitic worms of the genus Schistosoma. Three species are the 

main cause of morbidity in humans: Schistosoma mansoni (S. mansoni), S. haematobium, and S. 

japonicum [2]. Infection occurs through contact with freshwater infested with cercariae, the parasite 

larvae. This can occur during domestic (e.g. laundry), recreational (e.g. swimming) and occupational 

(e.g. fishing) water contact activities. These cercariae burrow through the hosts’ skin to develop into 

schistosome worms, leading to schistosomiasis infection. Adult worms produce eggs which are released 

through the urine or faeces. Upon contact with freshwater, the eggs hatch into miracidia which infect 

aquatic snails living in freshwater bodies such as rivers or lakes. Infected snails release cercariae, 

thereby completing the lifecycle. 

Schistosomiasis is treatable with the deworming medication praziquantel. However, this does not 

prevent re-infection which is inevitable if communities are reliant on cercaria-infested freshwater for 

daily water activities (e.g. bathing, laundry). Other control measures include snail control which reduces 

the number of intermediate host snails and is commonly applied through molluscicides. Although snail 

control has been shown to reduce disease burden, there are environmental risks associated with 

molluscicides [3-5]. Universal sanitation aims to prevent eggs found in human faeces from entering 

water bodies. The positive effect of sanitation may only be realised when the entire community adopts 

the sanitation infrastructure as only a few eggs are needed to maintain the schistosome lifecycle [6]. 

Increased hygiene may also impact schistosomiasis control due to the toxicity of soaps [7]. Similarly, 

access to safe water has been found to reduce schistosomiasis prevalence (safe water implying cercaria-

free water), as it reduces skin contact with contaminated water [8-10]. However, there is often no 

alternative source of water, and therefore water treatment infrastructure is required to produce safe 

water. 

Schistosomiasis is one of 20 communicable diseases (transmissible by contact with infected person, 

vector, contaminated surface, or by consumption of food or water) termed a neglected tropical disease 

(NTD) by the World Health Organization (WHO) [11]. NTDs are defined by their spread in tropical 

and subtropical regions, and the fact that they have received inappropriate financial funding given their 

vast health and economic burden they carry. It is estimated that NTDs affect more than one billion 

people, often leading to disabilities rather than mortalities, thereby placing immense burden on family 

members, communities, and the economy. Marginalised populations living in poverty, often in close 

contact with vectors (e.g. snails, mosquitoes) and without safe water and sanitation, are the most 

vulnerable [12, 13]. 
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1.1 Global Agenda 

Elimination of schistosomiasis as a public health problem is currently defined as less than 1% heavy 

intensity infections (> 400 eggs per gram (EPG) of faeces or >50 eggs per 10 ml of urine) at sentinel 

sites [14, 15]. Schistosomiasis has been eliminated in numerous countries including Japan and Tunisia, 

with many other countries (e.g. China, Morocco) nearing elimination or control in humans [16-18]. On 

the other extreme, the disease has spread to areas that were previously not endemic at an increasing rate 

due to the construction of water projects such as dams, as well as climate change, which extend snail 

habitats [19-22]. 

The start of the global fight against NTDs was marked by the formation of the Great Neglected Diseases 

of mankind network (GND) in 1977, supported by the Rockefeller Foundation [23]. Since then, great 

progress has been made seeing increased funding and a bigger voice in governmental health agendas. 

The 2020 WHO roadmap for NTDs targets 100% of schistosomiasis endemic countries to be validated 

for elimination as a public health problem by 2030 [14]. The WHO is working with member states to 

achieve these goals. 

A crucial part of the fight against helminths has been the formation of public-private partnerships. 

Helminthiases, including schistosomiasis and soil-transmitted helminths, are preventable and 

simultaneously treatable [12]. The high cost-effectiveness of this integrated helminth control has 

attracted policy makers and donors, leading to the formation of numerous disease control initiatives 

(e.g. Schistosomiasis Control Initiative Foundation, Partnership for Parasite Control), some of which 

rank among the most cost-effective non-profit initiatives [12, 24]. Their work has been enabled by the 

pharmaceutical industry, Merck KGaA in particular, which has been donating hundreds of millions of 

deworming medications, and thereby represents the largest drug donation program in history [12]. This 

collaboration between governments, funding agencies (e.g. the Department for International 

Development), pharmaceutical companies, control initiatives and philanthropic funds (e.g. End Fund) 

has enabled the implementation of largescale schistosomiasis control programs in many endemic 

countries [25]. Despite the surge of funding, drug donations and advocacy, more than 229 million 

people still require preventive treatment [26, 27]. 

Water, sanitation and hygiene (WASH) is one of the key interventions of the WHO’s global NTD 

roadmap, published in 2020 [28]. As a results, the WHO developed a global strategy on WASH for 

accelerating and sustaining progress on NTDs which aims to mobilise the two communities, including 

funders and implementers, to work together [29]. Unlike previous roadmaps, this strategy puts cross-

cutting actions on NTDs at the heart; it advocates for increased awareness of co-benefits of joint WASH 

and NTD actions, and strengthening evidence on how to deliver effective WASH interventions for 

NTDs [28]. The same people affected by schistosomiasis are lacking access to WASH, and therefore 

these communities must work together. In 2016, the BEST framework was developed which puts 

Behaviour, Environment, Social Inclusion, and Treatment and Care on equal parts in reaching the 
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control and elimination of NTDs [30]. WASH plays a role in all four of these areas. Overall, there is 

increasing momentum building towards the integration of WASH in schistosomiasis control, especially 

in complementing chemotherapy. 

All three pillars of WASH are important for attaining sustainable control of schistosomiasis. Numerous 

studies have shown that interventions associated with water may play the most significant role in 

reducing transmission, as a reduction in water contact reduces the risk of contracting schistosomiasis 

[8, 10, 31]. Disease control programs with a WASH component generally install new water sources 

such as wells [32]. Whilst this is not possible everywhere given location and resource-availability, new 

water sources may also fail to address socio-cultural factors such as the desirable social aspects 

associated with doing laundry together at a lake [33]. The alternative to providing a new, safe water 

source is treating water. Cercaria-infested water can be abstracted, treated, and used in water 

infrastructure such as laundry stations or showers. However, no water treatment recommendations exist 

for treating cercaria-infested water, and previous water treatment studies showed significant variation 

and limitations [34]. 

1.2 The WISER project 

The ‘Water Infrastructure for Schistosomiasis Endemic Regions’ (WISER) project was set up to address 

exactly this research gap. WISER was funded by the UK Government's Global Challenges Research 

Fund (GCRF) through the Engineering and Physical Sciences Research Council (EPSRC) with grant 

reference EP/P028519/1. It was a collaboration between four research institutions: Imperial College 

London, the Natural History Museum (NHM) in London, the National Institute for Medical Research 

(NIMR) in Tanzania, and Addis Ababa University (AAU) in Ethiopia. The project had three objectives 

which were (1) to determine how effective different water treatment processes are against schistosome 

cercariae, (2) to develop a biosensor for detecting cercariae in water, and (3) to evaluate both the impact 

of behaviour change interventions as well as social barriers to implementing safe water infrastructure. 

This thesis addresses part of Objective 1 of the WISER project: how effective is water treatment, 

specifically chlorination, in inactivating cercariae.  

1.3  Research aim and objectives 

The overall aim of this PhD was to determine the effectiveness of chlorine against viable schistosome 

cercariae in water. This was achieved through a systematic review, the development of a method for 

measuring cercaria viability, and finally, chlorination experiments. 

These three objectives and their respective research questions can be summarised as follows: 

1. Systematic review:  

a. Review all literature regarding water treatment and schistosome cercariae. What 

knowledge exists about the effectiveness of storage, heat, chlorination, filtration and 

ultra-violet disinfection against cercariae? 

https://www.epsrc.ac.uk/
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b. Based on all existing studies, what range of treatment level is required to produce 

cercaria-free water? Do results align, and are they reliable? 

c. Is there enough reliable data to frame design recommendations for each of the 

treatment processes? 

Expected Outcome: Range of treatment level required to inactivate cercariae for each of the 

treatment methods, based on literature. 

2. Cercaria viability experiments: 

a. Which dual stain most accurately predicts cercaria viability? 

b. What is the relationship between cercaria numbers and fluorescence? 

c. What is the optimal dye contact time? 

d. How does the accuracy of the fluorescence assays compare to microscopy? 

Expected Outcome: Protocol for determining the viability of cercariae in a water sample, 

which can be used to assess the effectiveness of water treatment methods 

3. Chlorination experiments: 

a. How sensitive are S. mansoni cercariae to chlorine (log-inactivation)?  

b. What are CT values for inactivation of schistosome cercariae? 

c. How does the chlorine residual level and water matrix (specifically pH and 

temperature) affect the required CT values?  

d. Are lab grown and field cercariae equally sensitive to chlorine? 

e. What is the mechanism of inactivation of cercariae by chlorine? 

Expected Outcome: CT table and design guidelines for different log inactivation levels of S. 

mansoni cercariae 

1.4 Publications and research dissemination 

Much of the work detailed in this thesis has been published in three scientific publications: 

Braun L, Grimes JET, Templeton MR. (2018) The effectiveness of water treatment processes 

against schistosome cercariae: A systematic review. PLoS Negl Trop Dis.12(4):e0006364.  

Braun L, Hazell L, Webb AJ, Allan F, Emery AM, Templeton MR. (2020) Determining the 

viability of Schistosoma mansoni cercariae using fluorescence assays: An application for 

water treatment. PLoS Negl Trop Dis. 14(3):e0008176.  

Braun L, Sylivester YD, Zerefa MD, Maru M, Allan F, Zewge F, Aidan M Emery, Safari 

Kinung’hi, Michael R Templeton. (2020) Chlorination of Schistosoma mansoni cercariae. 

PLOS Neglected Tropical Diseases. 14(8):e0008665. 

I also contributed to the WHO’s factsheet on schistosomiasis which will include results of this thesis 

(to be published in 2021), as well as the following publication: 
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Hazell L, Braun L, Templeton MR (2019). Ultraviolet sensitivity of WASH (water, sanitation, 

and hygiene) -related helminths: A systematic review. PLoS Neglected Tropical Diseases. 

13(9):e0007777-e. 

Some of this research was presented at international conferences: 

2017 Annual Meeting, American Society of Tropical Medicine and Hygiene (ASTMH), 

Baltimore, USA. Water treatment for the removal of Schistosome cercariae: A review and 

identification of research needs. 

2018 Annual Meeting, ASTMH, New Orleans, USA. Comparison of Methods for Evaluating 

the Motility, Infectivity and Viability of Schistosome Cercariae in Water. 

2019 Health-Related Water Microbiology Symposium, International Water Association, 

Vienna, Austria. Chlorination for Preventing Transmission of Schistosomiasis 

At this conference I was awarded the Huw Taylor Prize for exceptional scientific contribution 

to water and sanitation solutions in emergency and developing settings by the International 

Water Association 

2019 Water & Health Conference, University of North Carolina at Chapel Hill, USA. Water 

Treatment Processes for Preventing Transmission of Schistosomiasis. 

2019 Annual Meeting, ASTMH Washington D.C., USA. Water Treatment Processes for 

Preventing Transmission of Schistosomiasis. 

1.5 Thesis structure 

Chapter 2 presents a background to schistosomiasis and WASH and provides information on the 

schistosome cercarium in more detail. Chapter 3 systematically reviews the existing knowledge about 

water treatment against schistosome cercariae. It also highlights the research gap of rapidly and 

accurately quantifying the effectiveness of water treatment processes. This led to the development of a 

high-throughput viability method, which is presented in Chapter 4. Chapter 5 outlines the effectiveness 

of chlorine against schistosome cercariae using laboratory and field results. Finally, the discussion is 

presented in Chapter 6 and conclusions are drawn in Chapter 7. References and appendices are at the 

end of the thesis. 
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2 Background and Literature Review 

2.1 Schistosomiasis  

2.1.1 Schistosome Lifecycle 

Schistosomiasis is contracted through contact with cercaria-infested freshwater such as rivers or lakes. 

Cercariae penetrate the host’s skin (human or animal) and develop into adult worms. These worms mate 

to produce eggs that exit the body through urine or faeces. Upon contact with freshwater, the eggs hatch 

into miracidia which go on to infect aquatic snails, the intermediate hosts of the disease. Finally, the 

snails start shedding cercariae thereby completing the lifecycle. The next sections explore each lifecycle 

stage in more detail. 

 
Figure 2.1: Stages of the S. mansoni lifecycle. Development of an egg to adult worms. 

2.1.1.1 Schistosomes 

Schistosomiasis is caused by parasitic worms called schistosomes. These are a type of helminth also 

known as trematodes [12]. They are defined by having two hosts: a vertebrate host where the fluke 

reproduces sexually and a mollusc host in which asexual reproduction occurs. Unlike other flukes, 

schistosome worms have two separate sexes [35]. The males measure between 6-13 mm and females 

between 10-20 mm in length, depending on species [36]. The worms circulate in the blood vessels until 

they find a mate. The male forms a gynaecophoric canal, or groove, which holds the female and enables 

production and fertilisation of eggs (Figure 2.2) [35]. The monogamous pairs often remain permanently 

embraced and live on average 3-5 years, though in extreme cases up to 40 years [35, 37, 38]. S. mansoni 

and S. japonicum worms live in the mesenteric venules, and S. haematobium worms in the perivesicular 

venules (surrounding the bladder) [2]. Schistosomes digest red blood cells and regurgitate waste 

products into the bloodstream, as they have no excretory system [35]. Some diagnostic assays are based 

on detecting these waste products in blood or urine [2].  

 

cercaria 
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Figure 2.2: Pair of adult schistosome worms. The male is shown holding the female in the gynaecophoric canal. 

 Adapted with permission from Beltran & Boissier (2008) [39]. 

2.1.1.2 Egg production 

Female worms produce between hundreds to thousands of eggs per day, depending on species (Table 

2.1). The fecundity (egg production) of the schistosomes is density-dependent, meaning that fewer eggs 

are produced per worm pair in heavier infections (more worms and worm pairs) [40]. S. mansoni and 

S. haematobium eggs are roughly 150 µm in length, whereas S. japonicum eggs are only 90 µm long 

(Figure 2.3). About half the produced eggs get trapped in the host’s tissue; in the bladder and urogenital 

system (S. haematobium) or intestines or liver (S. mansoni, S. japonicum) [2, 41]. The lodged eggs lead 

to inflammation and enlargement of the liver and spleen, as discussed further in 2.1.4 Health impact 

and morbidity. It is therefore the eggs, not the worms, that cause the majority of the morbidity. The 

untrapped eggs exit the body through urine (S. haematobium) or faeces (S. mansoni and S. japonicum) 

[2]. 

 

Figure 2.3: Eggs of the three most common human Schistosoma species.  

Adapted with permission from Global Health (2016) [42]. 

Schistosomiasis is most commonly diagnosed by detecting and quantifying the number of eggs in 

excreta under a microscope. Eggs can be differentiated by their differing size and morphology, as seen 

in Figure 2.3. A study in an endemic village in Senegal found that an entire stool yielded on average 

2,500 S. mansoni miracidia (i.e. at least 2,500 viable eggs) [43]. Eggs remain viable (i.e. infective and 
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able to develop into next lifecycle stage) between one to two weeks in the body and natural environment, 

though in dry environments and desiccated stools eggs may lose viability within hours [2, 44]. 

2.1.1.3 How eggs reach water 

Eggs reach freshwater bodies through various mechanisms. S. haematobium eggs expelled through 

urine are most commonly deposited through direct urination into water, especially for children [43]. 

Direct defecation into waterbodies is, however, unacceptable in many cultures, and therefore S. mansoni 

eggs are hypothesised to reach water in different ways [45]. In the rainy season, stools deposited along 

riverbanks and shores get washed into the water [46]. A study that mapped defecation sites showed that 

a high proportion of stools were deposited meters from water bodies, even if latrines were available. 

These locations often provide privacy along vegetation, though this vegetation is often also inhabited 

by host snails [47]. However, transmission occurs year-round and eggs must therefore reach water 

through other means. Hygiene plays a crucial role as eggs are washed off during hand washing, 

swimming, or anal cleansing [48]. Hygienic anal cleansing post defecation is a common cultural and 

religious practice, and is likely a major contributor to S. mansoni transmission [45, 49]. A full anal wash 

releases the same number of miracidia as 2 g of stool [43]. The moist peri-anal area enables egg survival, 

thereby further increasing the risk of transmission through this practice [43]. Another hypothesis is that 

stools may be trodden into waterbodies by livestock such as cattle, though there are no data to support 

this [43, 45]. 

2.1.1.4 Miracidia, snails, and cercaria production 

Upon water contact, the eggs release ciliated miracidia which follow light and chemical stimuli to find 

their intermediate host, freshwater snails [35, 50]. Each species has a specific range of suitable snail 

hosts. The three most common human schistosome species are shed by Biomphalaria spp. (S. mansoni) 

Bulinus spp. (S. haematobium) and Oncomelania spp. (S. japonicum), depicted in Figure 2.4 [51, 52]. 

The free-swimming and non-feeding miracidia are approximately 160 μm in length and can survive up 

to 16 hours, depending on the temperature [53]. They penetrate the snail and undergo asexual 

reproduction to produce up to 600 sporocysts. These sporocysts move to the snails’ digestive glands, 

where they develop into cercarial larvae. The infection in the snail remains pre-patent (i.e. snail is 

infected but not shedding parasite larvae) for several weeks, species and temperature dependent (Table 

2.1). At 35°C cercariae can develop in as fast as 17 days, but the lower the temperature, the longer the 

pre-patent period [51]. Schistosome infection causes a decline in snail survival and fecundity (egg 

production). Infected snails produce up to eight times fewer eggs than healthy snails. Survival and 

fecundity are also affected by miracidia dose, age of infection, snail feeding and overall environmental 

(or lab maintenance) condition [54, 55]. 
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Figure 2.4: Oncomelania hupensis, Biomphalaria glabrata and Bulinus truncates snails (left to right).  

With permission from Imperial College London (2020) [56]. 

2.1.1.5 Cercariae to schistosomula 

The transition to a patent infection is marked by the shedding of cercariae, especially during daytime 

when exposed to light. Schistosome cercariae are free-swimming parasite larvae approximately 400 µm 

in length and up to 64 µm in width, depending on species (Table 2.1) [51, 52]. They are non-feeders 

and can survive up to 72 hours in water, temperature dependent [57-59]. Snails can shed hundreds of 

cercariae a day – approximately 200 for S. haematobium, 250–600 for S. mansoni, and 15–160 for S. 

japonicum [60, 61]. Schistosome cercariae are attracted to the human host through skin chemicals, 

temperature gradient, and turbulence [62-65]. They use their forked tail to propel towards the host and 

attach to skin. The cercariae penetrate human skin by secreting the content of their glands, such as the 

enzyme elastase, which degrades the elastin and other skin proteins [66]. Penetration can lead to a red 

rash, also known as swimmer’s itch [67]. 

 
Figure 2.5: S. mansoni cercaria 

Following skin penetration, cercariae develop into schistosomula within six hours [51]. Schistosomula 

burrow through the skin to reach veins or lymphatic vessels, which transport them through the 

circulatory system to the liver. There, they spend up to five weeks to develop into adult schistosomes 

(for S. mansoni and S. japonicum) and up to seven weeks for S. haematobium [51], thereby completing 

the lifecycle. Over a snail’s lifespan, one miracidium can produce more than 20,000 cercariae [6]. Given 

the schistosomes’ lifespan and fecundity, one schistosome pair can therefore lead to the production of 

600 billion schistosomes [35]. 
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Table 2.1: Species-dependent parameters of schistosomiasis transmission. These values vary with environmental conditions 

and level of infection [68]. 

 S. mansoni S. haematobium S. japonicum 

Snail host Biomphalaria spp. Bulinus spp. Oncomelania spp. 

Schistosomula to adult worm 

development [51] (weeks) 

4-5  4-5  6-7  

Egg production per day 250-550 [69] 500-1500 [6] 3500 [69] 

Eggs trapped in [2] Intestines, liver [2] Bladder/urogenital Intestines, liver 

Cercaria production/day 250-600 [6] 200 [6] 15-160 [70] 

Miracidium to cercaria development 

[71] (days) 

28-30 28-30 90 

Cercaria length x width (µm) [72] 374 x 60 398 x 64 250 x 40 

Cercaria tail length (µm) [72] 213 208 100 

Head length (µm) [72] 161 190 100 
 

2.1.2 Schistosome cercariae 

2.1.2.1 Anatomy of cercariae 

This thesis explores the effectiveness of water treatment processes against schistosome cercariae, and 

this section therefore explores the schistosome cercaria in more detail. Cercariae consist of a head 

(body) and a muscular forked tail. The main function of the tail is locomotion, to propel towards the 

host and penetrate the host skin. The tail contains an excretory duct which empties through excretory 

pores at the end of the two forked tail tips. The tail is often considered a temporary organ, as it is lost 

in the development to schistosomula [73]. The main features in the head are the oral sucker, mouth and 

acetabulum (or ventral sucker) (Figure 2.7). The oral sucker and acetabulum are both required for skin 

exploration and penetration. They help the cercaria attach to the skin and once attached, the acetabulum 

acts as an anchor while the oral sucker penetrates the skin layers [74]. The two pre- and three post- 

acetabular glands release secretions required for skin penetration and adhesion, respectively [75, 

76]. Together with strong muscle contractions of the tail and body, the cercaria is able to attach to 

and penetrate the skin. 

The entire organism is covered by a glycocalyx, a 2 µm thick meshed membrane which helps regulate 

the water balance and thereby enables the cercaria to survive in water [71, 73, 77]. Underneath the 

glycocalyx lies the tegument (0.2-0.5 µm thick), a protective layer that connects to cells within the 

cercariae. Its surface membrane is 0.7 nm thick and covers the entire cercaria [73]. Cercariae are covered 

by spines which are part of the tegument and help pierce through skin layers (Figure 2.6) [74]. The 

surface of the cercaria is covered in over 70 papillae, primarily near the oral sucker and head, though 

also on the tail [78]. They are nerve endings that are in contact with the environment and thereby act as 

photo- and chemoreceptors. Cercariae consist of approximately 1000 cells, most of which are muscle 

cells. However, most of the cercarial volume is consumed by the acetabular glands. The organs found 

in adult worms are already formed in cercariae, some of which are only fully developed at the 

schistosomula or schistosome stage, such as the alimentary canal [73].  
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Figure 2.6: Surface of a cercaria. The tegument (T) and spines (SP) are covered by the glycocalyx (GC).  

Adapted from Dorsey et al. (2002) [73]. 

 

Figure 2.7: Anatomy of a S. mansoni cercaria. Adapted from Dorsey et al. (2002) [73]. 
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2.1.2.2 Initial energy reserves 

Cercariae are non-feeding and are programmed to live for only a brief time in water. They rely on their 

internal energy, in the form of glycogen, for movement, host finding, host invasion and maturation [79]. 

Initial glycogen reserves have been found to vary significantly between cercariae, ranging from 4.78 ng 

to 14.15 ng [80-83]. This variation is hypothesised to result from differences in snail infection (e.g. 

miracidia dose) and nutrition [81]. The initial glycogen content is greater in the tail than in the head of 

S. mansoni cercariae, averaging to 64%. The rate of decline is however also greater in the tail, leading 

to glycogen levels in the head quickly surpassing those in the tail [83]. This is to be expected as the tail 

is the main organ of propulsion and hence uses more energy. 

2.1.2.3 Cercarial movement 

Cercariae use their tail to propel themselves at a speed of up to 2 mm/s [84]. This often appears as a 

circular motion due to the fast contractions. S. mansoni cercariae swim discontinuously, resting for a 

few seconds before moving again, whereas S. japonicum cercariae swim to the water surface and 

remain still for minutes before moving again, yet they are fully infective [71]. In general, older, non-

swimming cercariae can still be infective. They lack sufficient glycogen for spontaneous swimming, 

especially in their tail, but have enough energy in the head to penetrate skin if they get in contact with 

the host [85]. 

2.1.2.4 Host finding 

When schistosome cercariae are close to humans, they orient themselves towards the skin by following 

thermal and chemical gradients, as well as shadows and turbulence [64, 65]. This host-finding behaviour 

differs between cercarial species and the stage of host penetration, and may reflect adaptations to 

distinct ecological conditions of transmission [65, 86]. Overall, S. haematobium cercariae respond 

primarily to thermal changes, whereas S. mansoni cercariae prefer chemical host signals [65]. The main 

chemical attractants released by the skin are fatty and amino acids such as arginine, oleic acid and 

linoleic acid [71]. S. haematobium cercariae can detect temperature changes as small as 0.03°C/mm 

[65]. 

2.1.2.5 Host infection 

In the first stage of host infection, cercariae attach to the skin and creep to entry sites. These are 

primarily skin wrinkles (74%) but also smooth skin (22%) or hair follicles (4%). This is followed by 

skin penetration, which was found to take on average 7 minutes for S. mansoni cercariae, though varying 

between 1.5 to more than 13 minutes [87]. The cercaria’s ability to penetrate and infect the host 

decreases linearly with age, and hence glycogen depletion. Lawson and Wilson (1983) found that over 

20% of initial glycogen was lost during skin penetration [88]. Therefore, if cercariae have depleted most 

of their glycogen prior to host finding, they will not succeed in infection. 
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Cercariae often shed their tail during or after skin penetration, thereby developing into schistosomula 

[89]. The content of the pre- and post-acetabular glands is secreted in the process, releasing enzymes 

for skin lysis. The secretion is triggered by chemicals such as hydrophilic skin extracts and fatty acids 

[90]. The release has however also been stimulated by toxic chemicals, possibly to enable damaged 

cercariae to attach and penetrate [90]. Once in the skin, the schistosomula migrate in the epidermis 

parallel to the skin surface by following chemical gradients of skin and blood compounds [86, 91], and 

enter deeper layers of the skin such as the dermis, before entering the blood vessels [91].  

2.1.2.6 Cercarial concentrations in water 

Schistosome cercariae are generally shed by snails during daylight. The concentration of cercariae in 

natural waters shows both seasonal and diurnal fluctuation. Seasonal variation is linked to rainfall and 

temperature, as significantly higher concentrations of cercariae are found in the rainy season likely 

linked to larger snail populations [92]. Diurnal variation is linked to many factors including species, 

locality, time of day, water flow, depth of water, proximity to vegetation and the shore (and hence to 

the snail habitat) [92]. Numerous studies have quantified the concentrations of cercariae in natural water 

bodies by filtering water, shown in Table 2.2. However, results are hugely variable due to reasons 

mentioned above. S. haematobium concentrations are generally lower than S. mansoni due to the snails’ 

lower cercaria production. 

Table 2.2: Cercarial concentrations at various schistosomiasis endemic regions. 

Species Location Cercariae/l in water Reference 

S. mansoni St. Lucia 0.01 [93] 

 Kenya 0.016-4.244 [94] 

 Puerto Rico 0.05-35.6 [95] 

 Guadeloupe 0.57 [96] 

S. haematobium Kenya 0.01-0.52 [97] 

 Egypt, Nile 0.029 [98] 

2.1.3 Distribution 

Schistosomiasis is a widespread disease that has been reported in 78 countries, primarily along the 

tropics in sub-Saharan Africa, Central and South America, and South-east Asia (Figure 2.8). Moderate 

or high transmission has been reported in 52 countries, though it is estimated that 80-90% of infections 

occur in Africa [99]. The geographical distribution is dependent on the presence of water bodies, host 

snails, and suitable environmental conditions (e.g. temperature, vegetation) to enable the survival of 

snails, miracidia and cercariae [100-102]. This is often influenced by human activity such as agriculture 

(e.g. rice patties) or development projects (e.g. dams, irrigation) [103-105]. 
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Figure 2.8: Proportion and number of people requiring schistosomiasis preventive chemotherapy in 2018. Data and map 

adapted from the WHO PCT Databank [27]. 

There are more than 20 Schistosoma species, though only five of these infect humans (excluding hybrids 

which may also infect humans); S. mansoni, S. haematobium, S. japonicum, S. mekongi, S. intercalatum 

[71]. Animals, such as cattle, dogs, rodents and primates also act as reservoir hosts for schistosomes, 

specifically S. japonicum and S. mekongi, which significantly complicates the control efforts [2]. 

Hybrids between human and animal infecting schistosomes are occurring more frequently, such as S. 

haematobium x S. bovis, x S. curassoni, x S. mattheei found in West Africa and Corsica [106]. As 

shown in Figure 2.9, by far the most common species are S. mansoni and S. haematobium, followed by 

S. japonicum. S. haematobium is only present in Africa and the Middle East, whereas S. mansoni is 

additionally found in the Caribbean [2]. Every species has specific snail hosts, and the geographical 

distribution of the species is therefore dependent on the host snails’ habitat range.  

 

Figure 2.9: Global distribution of the most common Schistosoma species infecting humans. With permission from Ferari & 

Moreira (2011) [107]. Modified data from [67, 99]. 
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2.1.4 Health impact and morbidity 

Schistosomiasis infection can cause significant health damage if left untreated. The first stage of 

infection occurs when cercariae penetrate human skin. The parasite larvae can lead to a temporary skin 

rash that manifests itself as itchy red lesions. It is caused by the body’s immune response to cercariae. 

This cercarial dermatitis, or swimmer’s itch, often goes unnoticed and is most common in people 

exposed to Schistosoma spp for the first time [108]. The reaction is not exclusively caused by human 

Schistosoma species, as any schistosome cercariae can penetrate the skin and cause cercarial dermatitis, 

even those that cannot develop past this stage in humans. The next stage in infection may be a 

symptomatic acute infection, or Katayama fever, several weeks after infection. Fever, fatigue and a 

cough may be symptoms which are caused by the body’s reaction to antigens released during migration 

of schistosomula [109, 110]. Generally, the acute infection stops spontaneously after 2-10 weeks [35]. 

Schistosomiasis then enters the active stage which is marked by the worms’ release of eggs. Half of the 

eggs exit the body through urine or faeces, and the remaining eggs become trapped in organ tissue, 

anchored using their spines. These trapped eggs release antigens to help with the migration into the 

organs, but this also leads to inflammation, lesions and granulomas (accumulated cells such as 

neutrophils and lymphocytes) [111, 112]. Eggs get lodged in different organs, such as the liver, spleen, 

lungs or genitals, depending on the species and location of worms. For intestinal schistosomiasis, eggs 

are primarily trapped in the intestines or liver which leads to lesions and enlargement of the liver and 

spleen. These lesions cause diarrhoea, stomach pain, and bloody stool [35]. Urogenital schistosomiasis, 

on the other hand, manifests trapped eggs in the bladder and urogenital organs [2]. This can lead to 

haematuria (bloody urine), which may be confused with menstruation or coming of age. Lesions and 

granulomas can heal after treatment with praziquantel, but if untreated the lesions can calcify, thereby 

resulting in kidney failure, bladder cancer, organ damage and death [113]. 

Primarily S. haematobium, but also S. mansoni, can lead to genital schistosomiasis, eggs being lodged 

in the reproductive organs. The lesions caused by trapped eggs can facilitate the transmission of sexually 

transmitted diseases, such as HIV, and they have been linked to infertility in women [114, 115]. The 

high costs of diagnosing vaginal lesions caused by schistosomiasis, as well as highly invasive 

procedures and requirement for trained personnel, makes female genital schistosomiasis among the 

most underestimated gynaecological disorders in the tropics [116]. 

Schistosomiasis also leads to numerous under-recognised morbidities, including anaemia, fatigue, 

stunting, exercise intolerance and malnutrition [117, 118]. These in turn can lead to reduced school 

attendance and worker productivity, adding to the cycle of poverty [119, 120]. These unspecific 

morbidities are difficult to associate to one specific disease, especially as many NTDs cause similar 

effects [120]. Overall, the disabling effects of schistosomiasis have been far less researched and 

quantified, and this has in turn contributed to the large variation in estimated morbidity due to 
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schistosomiasis [120]. Given the numerous stages of the disease, it is both the presence and intensity 

(number of worms) of infection that lead to morbidity [121]. 

2.1.5 Water activity risk 

The risk of infection increases with water contact frequency and duration, as well as time of day and 

area of body exposed [122, 123]. The time of highest cercarial concentration in freshwater has been 

assessed by numerous studies, finding that highest shedding coincides with the peak water activity of 

the definitive host [124]. Studies in Puerto Rico, Gabon and Kenya found that the highest cercariae 

concentration occurred between 11:00 – 13:00, correlating to bathing and laundry activities during the 

hottest times of the day [94, 95, 125]. Similarly, a field study on St. Lucia found that S. mansoni 

cercariae concentrations were lowest before 9:00 [93]. Cercariae have been shown to adapt their 

shedding pattern to the peak activity of their host. In a fishing community in Benin, the circadian 

shedding rhythm has evolved into a shedding pattern with three peaks; a peak at noon, with secondary 

peaks at dawn and dusk coinciding with peak fishing times [126]. Furthermore, both S. mansoni and S. 

japonicum cercariae have been shown to adapt to the presence of other hosts, such as the rodent Rattus 

rattus. Peak shedding shifted to the evening, and in extreme cases switched to a nocturnal pattern when 

the rodent was most active [127-129]. 

Bathing, laundry and swimming are often considered the most important recreational and household 

water activities in terms of infection risk, given the frequency and duration of the activities, and time of 

day [130-136]. These activities have been significantly linked to infection, and bathing has been found 

to be the main water activity among adolescents. [133, 137]. Most observational studies have found 

men to have more water contact than women [130-132, 137, 138], highlighting the importance of local 

and cultural contexts in water patterns. Water collection is not considered a significant infection risk as 

it only exposes a small amount of the body for a short period of time, and is often done in the mornings 

when cercarial concentration is low [139, 140]. In addition, schistosomiasis cannot be transmitted by 

swallowing drinking water, however it can be contracted if cercariae can attach to the lips or mouth 

while drinking, as has been shown by animal studies [141]. 

2.1.6 Resistance and age-dependence 

Intensity and prevalence of Schistosoma infection are primarily dependent on immunology and water 

contact behaviour [142]. Schistosomiasis is most prevalent in children aged between 8-15 years (Figure 

2.10) [111]. Both the rate and intensity of infection increase in early years and decrease as children 

enter adulthood. The decline has been shown to be linked to increased acquired immunity from 

childhood infections [35, 143]. Adults living in endemic countries often have a protective immune 

response that has developed from previous infections, over the course of 10-15 years [144]. The longer 

a body has been exposed to schistosome antigens, the stronger the recognition and hence immunity 

[145]. This immune response may partially be provoked by antigens released by dead worms. As adults 
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have been exposed to more dead worms, their immune response is likely more developed [146]. The 

decline in adult infection intensity may also be due to changes in water activities, as children are 

generally more exposed to recreational water activities linked to prolonged water contact, as well as 

changes in skin thickness [130, 137, 147]. Fishing communities are often the exception, as adults have 

more water contact than children [148]. 

Schistosoma infection also follows gender-dependent patterns, with males having heavier infections 

than women [138, 149]. This relates to behavioural and socio-cultural factors (e.g. the professions that 

women practice) [148]. Whilst age-related patterns are strongly linked to immunity, gender-related 

patterns are mostly associated with water contact [138, 150, 151]. However, infection studies on mice 

have found that females were less resistant to infection than males. Females harboured higher parasitic 

loads potentially due to lower testosterone levels which may inhibit Schistosomal enzymes [152, 153]. 

Furthermore, ethnic differences in infection have been observed and mainly linked to occupational and 

cultural factors, though there is some evidence that certain genes are linked to higher immunity [154, 

155]. 

 

Figure 2.10: Age-prevalence and age-intensity curves of schistosomiasis infection (S. haematobium in A and S. mansoni in 

B). Reproduced with permission from Colley et al. (2014) [2]. 
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2.1.7 Burden of Disease and DALYs 

Schistosomiasis is one of the most disabling NTDs, ranking second in terms of years lived with 

disability (YLD) after soil-transmitted helminths. The Global Burden of Disease (GBD) study estimates 

that schistosomiasis leads to 1.9 million Disability-Adjusted Life Years (DALY) [156]. Of the 200 

million people infected with schistosomiasis, 20 million have severe symptoms and approximately 

24,000 die annually (though estimates vary up to 380,000 deaths in Africa alone) [99, 157, 158]. These 

numbers highlight that schistosomiasis is primarily a disabling disease, not a killer [159, 160]. 

In addition to millions of infected people, approximately 700 million people are at risk of infection, a 

number that is increasing as populations are growing in endemic countries and snail habitats are being 

created through dam reservoirs and irrigation canals [99, 161]. In 2006 it was estimated that almost 

14% of at risk populations were living by dams or irrigation schemes, highlighting the role of water 

infrastructure developments [161]. 

2.1.7.1 Variations in DALY calculations 

Significant variations in mortality and DALY estimates have been seen for many NTDs, especially 

schistosomiasis. DALY estimates from the past 10 years have ranged between 1.9 million and 56 

million [159, 162-164]. This variation is partially due to the high number of people being affected by 

schistosomiasis which amplifies any small changes in disability weights or methodologies for burden 

estimation [1, 165, 166]. The variation is further magnified by data scarcity and understanding of 

disease impacts, such as the links between morbidity and acute and chronic infections, or the impact of 

childhood infection on later life [1, 162]. The impact of genital lesions caused by S. haematobium 

(increased HIV risk, pain, infertility) nor the chronic blood loss and cognitive impairment caused by S. 

mansoni infection were included in the GBD’s latest DALY calculations [166]. Although DALYs are 

an important measure of health burden, they only measure the direct health loss. Stigma, school 

attendance or economic productivity are not included [167].  

2.1.8 History 

Schistosomiasis in an ancient disease with calcified schistosome eggs having been documented in 5000-

year-old mummies [168-170]. In 1847, Asiatic schistosomiasis (caused by S. japonicum) was 

discovered by Katayama in Japan. Four years later, Theodor Bilharz discovered schistosome worms in 

autopsies and linked them to haematuria, bloody urine [171]. However, it was not until 1908 that the 

full schistosome lifecycle was first described [172], and until 1915 when Robert Leiper, a 

helminthologist from the London School of Tropical Medicine, differentiated between S. mansoni and 

S. haematobium [173]. Interest grew subsequently as troops fighting on African territory were becoming 

infected with schistosomiasis [174]. The disease was widespread in Egypt, where 10% of hospital 

admissions in Cairo between 1907 and 1909 were suffering from severe schistosomiasis [175]. 
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Once the lifecycle was understood, control measures were being developed. With treatment being 

unavailable and water contact unavoidable, Leiper suggested that snail control and water treatment 

would be the most impactful interventions [173]. Both these measures were described in the War 

Memoranda in 1919 [176]. The enthusiasm for snail control led to the development of molluscicides 

which were used to kill all lifecycle stages of schistosomiasis in water [3]. Researchers initially believed 

the disease could be eradicated by destroying the molluscan intermediate hosts, but later realised this 

was not possible [177]. Environmental control measures were also promoted, such as clearing canals of 

vegetation, or siting villages away from irrigation canals [173]. 

In his 1915 report, Leiper specifically recommended water treatment to kill cercariae. He was the first 

researcher to test the effectiveness of chlorine against the parasite larvae. He also suggested storing 

water for 24 hours to inactivate cercariae, collecting water from wells, or, if unavailable, from the centre 

of streams and ponds where there was little vegetation [173]. Sanitation improvements were also 

encouraged, as seen in Egypt where local councils were specifically instructed to build latrines in the 

1920’s to reduce schistosomiasis prevalence [178]. The role of education and behaviour change was 

also becoming recognised, especially through religious teachings and hygiene education at schools. 

Posters were used to illustrate the symptoms of schistosomiasis, as shown in Figure 2.11. Researchers, 

including Leiper and Khalil, also advocated for inter-sectoral control programs, such as public health 

departments working with both zoologists and irrigation departments [178, 179]. 100 years later, control 

programs are still struggling to achieve this. 

 

Figure 2.11: Illustration from the 1920’s showing the effects of schistosomiasis. A patient is suffering from renal colic 

[179]; with permission from Khalil (1924) [178]. 

In 1918, tartar emetic was the first medication administered to kill adult worms in humans. It relieved 

patients of symptoms and halted egg production. Being effective and low-cost, it remained the most 

common treatment for decades, both as preventive chemotherapy and morbidity control. However, the 
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drug had significant side effects [180]. In the late 1970’s, the effective orally-administered drug 

praziquantel was developed [3, 174]. Ever since, chemotherapy using praziquantel has been the focus 

of schistosomiasis control programs [181]. Ironically, just a year before praziquantel was approved for 

use in humans, the Alma-Ata Declaration was signed which called for a holistic approach in preventing 

schistosomiasis [182, 183].  

2.2 Controlling the lifecycle 

It is remarkable that the control measures employed in the early 20th century are little different to those 

recommended nowadays. The schistosome lifecycle can be cut through chemotherapy, snail control, 

WASH, and education (Figure 2.12). 

2.2.1 Praziquantel 

Praziquantel kills adult worms in the human host and is effective against all Schistosoma spp. infecting 

humans, achieving cure rates between 77% (S. haematobium and S. mansoni) and 95% (S. japonicum) 

[184]. The drug can be taken by children above four years old, and a paediatric formula is being 

developed by the paediatric praziquantel consortium [185]. Praziquantel reduces the risk of developing 

chronic schistosomiasis and the associated mortality and morbidity, the optimal egg reduction rate being 

set to 90% [186]. Although MDA using praziquantel has been effective in reducing prevalence, intensity 

of infection (egg per gram ) and morbidity in many regions [117, 187-192], effectiveness has varied 

significantly between programs as infection hotspots remain [193-195]. This variation can occur at local 

level, for example between neighbouring villages, and may be due to species, drug-tolerant genetic 

variation, the age and infection level of the population [196], as well as differences in treatment 

campaigns (frequency and compliance) [197]. This variation can be further exacerbated by the recent 

finding that the efficacy of praziquantel can decrease with increased MDA exposure [198], meaning 

that communities who have undergone several rounds of treatment could show lower egg reduction 

rates. It is important to note that praziquantel does not prevent re-infection and egg production can 

commence within months following treatment, due to reinfection and surviving juvenile worms [199, 

200]. As a result, models have suggested that MDA alone is unlikely to interrupt transmission, and 

prevalence would re-emerge after MDA is stopped [197]. 

Since 2007, pharmaceutical company Merck KGaA (formerly Merck Serono) has been donating 

praziquantel tablets to the WHO, who administers these tablets through preventive chemotherapy (PC). 

This large-scale, periodic (frequency depending on prevalence in area) treatment in endemic areas is 

the WHO’s primary control strategy. Generally, PC campaigns focus on school-aged children as they 

are the age group with highest prevalence, and treatment can be easily administered at schools. Since 

2007, over one billion tablets have been donated by Merck, treating more than 75 million school-age 

children and 19 million adults in 2018, an overall 5 million increase since 2016 [26, 201]. Despite this 

impressive donation program, a lack in drugs has meant that only 42% of individuals in need of 
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treatment are reached, and a reservoir of infection always remains [202]. The lack of drugs and high 

rate of absenteeism seen in PC campaigns means that disease transmission can easily continue [203]. 

Schistosomiasis is an over-dispersed disease with few people harbouring most worms. One heavily 

infected person that goes untreated can produce enough eggs to maintain transmission in a community 

[162, 204]. As infected people often do not know they are infected, or fear treatment or are misinformed 

about treatment campaigns, absenteeism or missing of treatment is likely [205]. Without environmental 

interventions, reinfection can occur shortly after treatment, and therefore chemotherapy campaigns 

alone are deemed unsustainable [206]. However, they are without a doubt pivotal in combination with 

other interventions (e.g. WASH, education, snail control) for reducing the disease burden of infected 

people [25, 206]. The large-scale administration of this mainstay treatment against schistosomiasis also 

reveals the vulnerability to drug resistance [207]. Although resistance is deemed unlikely (given the 

lifecycle and mode of action) by some researchers [205] and has not widely developed in humans, it 

has been induced in the laboratory [208, 209]. Alternative drugs and more effective ways of 

administration are therefore needed [12]. Additionally, several schistosomiasis vaccines have entered 

clinical trials, however these candidates are far from being licenced [210]. 

 

Figure 2.12: Interventions that intercept or kill adult worms (A), eggs (B), snails (D), or cercariae (E). Adapted with 

permission from Colley et al. (2014) [2]. 

Treatment with the 
drug praziquantel 
effectively kills 
adult worms in the 
human host 

Vector control reduces the snail population. e.g. 
molluscicides, biological control, snail habitat 
destruction 

Safe water supplies can 
reduce contact with water 
bodies. Safe water can be  
produced by treating 
cercaria water, or  
using ground- or  
rainwater. 
The use of soaps  
during water  
activities can kill  
cercariae, and  
thereby reduce  
infection. 

Sanitation can contain eggs in urine and 
stool, and prevent eggs from reaching 
freshwater 

Health education can amplify the success of 
all interventions e.g. by explaining the 
importance of using sanitation and adhering to 
preventive treatment plans, or the advantage 
of using safe water sources. It can create 
awareness and willingness to change. 
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2.2.2 Snail control 

Snail control reduces the number of intermediate host snails, thereby reducing the number of cercariae 

in water. It is commonly applied through mollusciciding with chemicals such as niclosamide. Although 

snail control has been shown to reduce disease burden, molluscs can quickly re-populate the habitat. 

There are also environmental risks associated with molluscicides, especially bioaccumulation in larger 

animals such as fish [3, 5, 211]. Spraying molluscicides is time consuming and expensive, though the 

use of drones has been implemented in China [111, 212]. Other snail control methods include clearing 

of vegetation along water bodies and introducing snail predators such as river prawns [213]. One snail 

can shed up to 20,000 cercariae over its lifetime, which highlights the disproportionate relationship 

between snails and cercariae [6]. Furthermore, snails are hermaphroditic and therefore snails can 

repopulate without finding a host. 

2.2.3 WASH 

WASH is often considered under one umbrella in NTD control. However, different WASH aspects are 

more relevant for specific diseases and local contexts. Therefore, the pillars of WASH – water, 

sanitation and hygiene, are considered as separate interventions below.  

2.2.3.1 Sanitation 

Universal sanitation aims to prevent eggs found in human excreta from entering water bodies, thereby 

lowering the number of miracidia available to infect snails. Epidemiological models attempting to 

predict the effect of interventions on the schistosome lifecycle found that sanitation had an insignificant 

effect on worm load (assuming sanitation leads to a 5000 fold reduction in excreta reaching water) [214, 

215]. This is because there are far more miracidia than snails, and a significant reduction in miracidia 

will therefore still lead to an insignificant overall change in number of infected snails. One miracidium 

is enough to infect a snail, which as a result will shed thousands of cercariae in its lifetime. Therefore, 

only few miracidia are needed to give rise to thousands of new infections and maintain the schistosome 

lifecycle [61]. 

The non-linear relationship between faecal contamination (i.e. number of eggs and miracidia in water) 

and infection risk (i.e. number of cercariae) highlights the difficulty of controlling this disease through 

sanitation. The positive effect of sanitation can only be realised if the entire community adopts the 

sanitation infrastructure and thereby fully prevents the defecation and urination into water bodies. Even 

in such cases, eggs may still reach waterbodies through anal cleansing. A national survey in Ethiopia 

assessing the impact of WASH on schistosomiasis infection found no significant association between 

school sanitation adequacy and S. mansoni infection intensity [31]. These results are partially why 

sanitation remains under-prioritised in schistosomiasis control programs.  

That said, sanitation should not be ignored in control programs. Improved sanitation is crucial for a 

community’s health, as it reduces exposure pathways to faeco-oral diseases [216, 217]. It also 
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contributes to health through improved wellbeing. Sanitation systems increase privacy, reduce 

embarrassment when using the toilet, reduce rape, avoid dangers of the bush, and if provided at schools, 

can enable girls to attend school during menstruation [218-220]. Whilst the impact of sanitation on 

helminths may have been undermined by recent studies, it must be kept in mind that with high levels 

of access and usage covering the entire community, the protective effect of sanitation can be achieved 

[221-223]. 

2.2.3.2 Water 

Access to and usage of safe, cercaria-free water can cut schistosomiasis transmission by reducing 

contact with infested water [9, 10, 224]. The options for providing cercaria-free water are either 

developing an alternate uncontaminated source of water (such as boreholes or rainwater) or treating 

unsafe water. In endemic regions, there is often no safe alternative water source, and hence water 

treatment is required to provide a safe water supply. Whilst “safe” water in terms of schistosomiasis 

means cercaria-free, there are no guidelines or commonly accepted design values for producing 

cercaria-free water [34]. Access to safe water can reduce the contact (both frequency and duration) with 

cercaria-water. It may also reduce the risk of water being contaminated with human excreta, as 

communities are spending less time in transmission sites. This solution needs careful planning to ensure 

the water treatment infrastructure fulfils the community’s needs and is sustained by the community 

(more in section 2.3.5 Barriers to uptake of water supply infrastructure). 

Numerous studies have found a direct link between access to piped water and schistosomiasis 

prevalence, attributed to reduced water contact [136, 225-227]. A recent study found that for every 

percentage increase in piped water coverage, there was a 4.4% decline in S. haematobium re-infection 

intensity [225]. A seven yearlong study in Kenya found that communities without piped water had 

higher prevalence, more frequent and longer water contact, and higher transmission despite complying 

with drug administration and parasitological screening [136]. Similarly, access to improved water 

infrastructure such as laundry facilities, showers, or recreational pools have been linked to reduced 

infection [8, 10, 226, 228]. This is explained by the reduced reliance on natural water bodies for daily 

activities such as washing or doing laundry [229]. In Saint-Lucia, the provision of laundry and shower 

units significantly reduced both the contact time and frequency of visiting infected water bodies [226, 

230]. The importance of providing water facilities such as showers or laundry stations as opposed to 

simply providing water stations was demonstrated by the installation of boreholes in Kenya, which 

failed to reduce schistosomiasis prevalence as the community continued to use infected ponds for 

bathing and washing clothes [231]. Overall, it is water contact that plays a pivotal role in influencing 

infection rates [10, 31, 232]. 
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2.2.3.3 Hygiene 

Increased hygiene can reduce the risk of schistosomiasis infection due to the toxicity of some types of 

soap to miracidia and cercariae. Use of hand soap has been linked to lower prevalence, especially in 

women who are more exposed to activities such as doing laundry with soap [7]. The naturally occurring 

endod (Phytolacca dodecandra) soapberry plant kills both cercariae and snails. The plant is used to 

make soap for washing and a suspension applied as a molluscicide. Endod is primarily used in Ethiopia 

where the anti-Schistosomal effect of the plant was discovered [7, 233]. 

Hygienic cleansing after defecation has been shown to contribute significant number of miracidia [43] 

and providing communities with bathing stations could therefore reduce the number of eggs reaching 

freshwater. Health education about hygienic bathing that respects local customs and cultures may also 

reduce anal cleansing directly in freshwater bodies (whilst not discouraging cleansing altogether) and 

thereby help reduce transmission [47]. 

2.2.4 Health education 

Health education plays a crucial part of all aforementioned interventions and is often considered 

essential for elimination [162, 234]. By educating people about the disease (e.g. its symptoms, health 

consequences, treatment options, benefits of WASH), health education influences knowledge, practices 

and attitudes related to schistosomiasis infection. It can also demystify peoples’ common 

misconceptions of schistosomiasis control (e.g. that bloody urine in adolescents is a rite of passage) 

[235, 236]. Therefore, health education can be a form of advocacy for the intervention and disease 

program. 

Several reviews have summarised the knowledge and research gaps of behaviour science in 

schistosomiasis control, aiming to understand the social and cultural context of infection (e.g. water-

contact patterns, the social context and significance of water-related activities, local understanding of 

disease, and the intersection of economic and social water activities) [237-239]. Such research can 

inform the focus of behaviour change interventions. Numerous studies have linked health education 

with improved schistosomiasis knowledge and practices [240-242], which in turn has demonstrated 

higher uptake of preventive chemotherapy [243]. Education can also reduce water contact at high-risk 

locations and times of day, and has been shown to encourage canal weeding and WASH improvements 

amongst the community [242, 244]. As with other interventions, health education alone may only have 

a limited impact on prevalence as the community is still exposed to unsafe water bodies as no or limited 

alternatives are available. This further highlights the need for improved water sources and an integrated 

approach. 

2.2.5 Integrated approach 

Whilst none of the interventions alone are likely to control and eliminate schistosomiasis, an 

intersectoral approach can be more successful, as already suggested by Leiper in 1915 [173]. This 
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approach could see preventive chemotherapy combined with affordable snail control and improvements 

to WASH infrastructure, alongside education and behaviour change [5]. Furthermore, accurate and 

affordable diagnostics and surveillance response systems could facilitate the right strategy of 

interventions. Interventions should be guided by local epidemiology and available resources. 

A recent resolution from the World Health Assembly (WHA 65.21), the decision-making body of the 

WHO, emphasized the need for multi-sectoral rationale [245], as has the WHO roadmap published in 

2020 [246]. This has been echoed by many researchers and is supported by the repeated success of 

multifaceted control programs [181, 247-252]. However, intersectoral interventions require close 

collaboration between different stakeholders (such as WASH and NTD control teams) and must be 

viewed over long-term, often beyond the planning cycle of NTD programs. WASH interventions are 

often beyond the financial capabilities of endemic countries, especially when compared to free drug 

donations [25, 253]. It is however not only an issue of amount of funding, but also quality of funding. 

WASH and NTD programs have different funding, making it difficult develop a comprehensive plan of 

action. WASH and NTD budgets could be combined, thereby facilitating the funding and co-ordination 

of intersectoral interventions. 

2.2.6 Examples of WASH and schistosomiasis collaboration 

Ethiopia has made significant effort to bring the two communities together by establishing WASH and 

NTD co-ordinators both on a federal (Ministry of Health) and regional level and developing a national 

WASH and NTD framework. Cambodia has implemented the CL-SWASH approach, which stands for 

“Community-Led initiatives to eliminate Schistosomiasis by combining deworming with WASH 

interventions”. The initiative, which educates communities about water contamination, access to safe 

water and construction of latrines, has resulted in healthier communities, lower disease transmission, 

and improved nutrition [246, 254]. 

2.3 Water, Sanitation and Hygiene 

2.3.1 Definition of WASH 

Water, sanitation and hygiene constitute the pillars of public health protection. Access to safe water, 

sanitation and adequate hygiene is crucial for population health, welfare, and development. “Water” is 

defined as drinking water and water used for cooking, bathing, laundry, washing etc. In the case of 

schistosomiasis, the emphasis is on non-drinking water. “Sanitation” is the provision of facilities and 

services required for safe management and disposal of urine and faeces, and “hygiene” refers to 

practices needed for good health and prevent the spread of diseases, including regular handwashing 

with soap [255]. Sustainable Development Goal 6 aims to ensure “availability and sustainable 

management of water and sanitation for all” by 2030 [256]. The Joint Monitoring Program (JMP) for 

water and sanitation at the United Nations Children’s Fund (UNICEF) has defined improved water 

sources as accessible, available when needed, and free of contamination. In general, this includes public 
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taps, standpipes, rainwater, wells, boreholes, and piped water. Unimproved sources include lakes, 

rivers, canals, dams and irrigation channels [257]. 

WASH is considered a pillar of global health, as shown by the Pyramid of Health model (Figure 2.13). 

This places nutrition and WASH at the base, followed by preventive care (including vaccination, health 

education, medication), and curative care on top. The pyramid demonstrates that health care will not 

have long-lasting effects if there are underlying issues with WASH. Similarly, global health can only 

be achieved if public health approaches are combined with preventive and curative care, delivered 

locally, and directed by local health burdens. This very much applies to schistosomiasis where curative 

care has been dominating control programs. 

 
Figure 2.13: Pyramid of Health. Adapted from International Red Cross and Red Crescent Movement (2013) [258]. 

This thesis researches water treatment, and the next sections therefore specifically focus on the water 

component of WASH. 

2.3.2 Global access to improved water sources 

In 2017, 29% of the global population lacked access to an improved water source, of which 144 million 

were dependent on surface water for drinking water. 1.4 billion people rely on basic services, meaning 

an improved water source that is located within 15 minutes of their premise. However, more than 200 

million people need to travel more than 15 minutes to the nearest improved water source, primarily in 

rural areas in low- and middle-income countries where schistosomiasis is endemic [259]. These 

numbers give an overview of the global water situation, but do not represent how many people have 

access to improved drinking water sources but still use contaminated surface waters for water 

household, occupational and recreational activities. 

The areas lacking safe sanitation and water services, and with high rates of open defecation coincide 

with the highest burden of schistosomiasis, as seen when comparing the global distribution of 

schistosomiasis (Figure 2.9) to Figure 2.14 below. Especially the sub-Saharan region still relies heavily 
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on unimproved sources or surface water. This is another indication that WASH and NTDs should be 

tackled together. As shown in Figure 2.15, accessibility is the main element that is lacking in safe 

drinking water, meaning that water is not available on premises. This is pivotal for schistosomiasis 

control, because the lack of water access on premises may promote people to use nearby freshwater 

bodies for daily water activities. It should be noted that accessibility does not equate to usage. 

Communities may continue using contaminated water sources even if a safe water source is provided, 

especially if sociocultural factors are not considered in the design of the infrastructure (more in section 

2.3.5 Barriers to uptake of water supply infrastructure). 

 
Figure 2.14: Proportion (%) of people using safely managed drinking water services (left) and practicing open defecation 

(right) in 2017. Adapted from WHO (2019) [260]. 

 

Figure 2.15: Proportion (%) of rural and urban population in 2017 with access to improved drinking water sources that are 

accessible, available, and free from contamination. Adapted from WHO (2019) [260]. 

2.3.3 Disease classification and transmission routes 

The environmental transmission routes of diseases can be classified according to the Bradley 

classification: waterborne, water-washed, water-based, and water related, as described in Table 2.3. 

Schistosomiasis is a water-based disease as it is caused by aquatic snails that shed cercariae, pathogens 
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that spend their lifecycle in water. Public health interventions must be specific to the disease 

classification, if not the specific disease. When assessing WASH interventions, it is important to keep 

these classifications in mind, as they inform us how to best cut transmission. For water-based diseases 

this primarily means reducing water contact through the provision of safe water supplies. 

Table 2.3: Bradley classification of water-related diseases (adapted from White et al. [263]). 

Disease 

classification 

Description Examples Environmental intervention 

Water-borne Caused by ingestion of 

contaminated drinking water. 

Water is contaminated with 

excreta containing pathogens 

Diarrhoea, 

polio, typhoid 

fever  

• Improve drinking water quality 

• Improve sanitation 

Water-washed Caused by poor hygiene due to 

lack of water, can include 

person-to-person transmission 

Trachoma, 

lice, scabies 
• Increase water quantity 

• Improve hygiene by increasing 

access to and availability of 

water 

Water-based Caused by pathogens that spend 

part of lifecycle in water, often 

via an aquatic host (e.g. snail). 

Transmission occurs through 

ingestion or skin penetration 

Guinea worm, 

schistosomiasis 
• Reduce contact with 

contaminated water 

• Adequate water supply 

• Control aquatic animals 

• Reduce excreta entering 

environment 

Water-related 

insect vector 

Caused by insects which breed 

in or near water, e.g. mosquitoes 

Malaria, 

yellow fever, 

dengue 

• Eliminate breeding site 

• Netting, keep people away from 

breeding site 

 

2.3.4 Quantification of WASH impact on schistosomiasis 

It is estimated that 9.1% of the global disease burden and 4% of deaths could be prevented by improving 

access to WASH and management of water resources [261, 262]. The impact of WASH on 

schistosomiasis has been quantified by numerous researchers. White, Bradley and White estimated that 

access to “excellent” water supply could reduce urinary and intestinal schistosomiasis by 80 and 40%, 

respectively [263]. Esrey et al. (229) calculated a 70% reduction in morbidity and mortality of 

schistosomiasis, which was based on previous studies that provided extensive water supply and washing 

facilities to communities, as well as one study that provided latrines [226-229, 264]. The WHO 

estimated in 1992 the potential reduction in schistosomiasis-related morbidity as result of improvements 

in WASH to be 60-70% [265]. 

Despite these promising calculations, WASH interventions often focus on preventing transmission of 

waterborne diarrheal diseases first because the total deaths of these diseases outweigh those of water-

based or water-washed. This is seen in the WHO and JMP’s focus on drinking water quality, and their 

water treatment guidelines which fail to include water for household activities [257, 266]. However, the 

data suggest that water supply can achieve greater morbidity and mortality reductions for water-based 

or water-washed diseases than for waterborne disease [229, 263, 267]. 
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2.3.5 Barriers to uptake of water supply infrastructure 

The provision of safe water cannot prevent all contact with freshwater bodies, as many communities 

depend on these for their income. Fishing, animal washing, canal clearing, and sand harvesting are only 

a few occupational activities that require water contact [268, 269]. Furthermore, crossing streams has 

also been statistically associated with schistosomiasis infection in areas lacking footbridges [134, 270]. 

Even if communities have access to a safe water supply, they may not use it for household purposes. 

The water source may be overcrowded, especially if the water is only provided intermittently, or it may 

be located further away than the unsafe water source [135]. In such instances, safe water may only be 

collected for drinking purposes. Furthermore, there are also numerous socio-cultural factors that may 

lead individuals to visit natural water bodies over improved water sources or water infrastructure such 

as bathing stations. These include: 

• Water bodies provide a place for social interaction e.g. while doing laundry, swimming [33, 

134] 

• Preference of using natural washing stones found by water bodies [134] 

• Groundwater may be hard, requiring more soap for laundry [231, 269] 

• Groundwater may be oily and stain clothes [269] 

• Recreational swimming pools quickly become cloudy from mud from children’s feet, and hence 

considered dirty [33] 

• Water infrastructure (e.g. showers, laundry stations) may be dirty or muddy  

• Washing or bathing infrastructure may not provide enough privacy 

• Weight of carrying water as opposed to transporting clothes and dishes 

• Rivers and streams are considered cleaner by certain cultures [271] 

• Routine of visiting natural water body [272] 

• Convenience of bathing or doing laundry in a water body with unlimited water 

These barriers should not prevent the implementation of safe water sources and infrastructure. They 

may be overcome by tailoring the infrastructure to local contexts. For example, if communities 

primarily use a lake for doing laundry for social reasons, then a communal laundry station embedding 

natural washing stones may provide an alternative. This again highlights that no one solution fits all 

communities. Solutions must be context specific and consider the communities’ needs, beliefs, and 

desires. This can only be achieved by involving the community in the solution. 
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3 Systematic review of the effectiveness of water treatment 

processes against schistosome cercariae 

3.1 Introduction 

Schistosomiasis control currently focuses on PC with praziquantel, which is effective, safe, and 

inexpensive. However, this treatment does not prevent subsequent reinfection which can occur rapidly 

if people are in contact with cercaria-infested water. Water treatment for schistosomiasis control seeks 

to eliminate viable schistosome cercariae from water, thereby providing a safe alternative water supply 

for domestic and recreational water activities. This can reduce contact with infested water and thereby 

slow reinfection following chemotherapy.  

The options for providing cercaria-free water are either treating the water or providing an alternate safe 

source of water (such as boreholes or rainwater). In endemic regions, there is often no safe alternative 

water source, and hence water treatment is required to provide a safe water supply. This involves 

specialized treatment to inactivate or remove the disease-producing cercariae [273]. However, there are 

no guidelines for treating cercaria-water, and an initial review showed that results from previous studies 

varied significantly. The WHO guidelines for drinking water state that the availability of safe drinking 

water can reduce infection by replacing the use of unsafe water, and that source water contamination 

should be prevented. Furthermore, it specifies that cercaria-infested water can be treated using filtration 

or chlorination, however no design guidelines (e.g. filter type, filtration rate, chlorination conditions) 

nor references are specified [266]. The guidelines for recreational water recommend avoiding 

swimming or wading in freshwater, wearing full-length boots, and vigorous towel drying following 

water contact [274]. Therefore, research is needed to determine which water treatment processes are 

effective at removing or inactivating cercariae.  

This systematic review summarises the existing knowledge on the effectiveness of water treatment 

against cercariae by processes including heating, water storage, filtration, chlorination, and UV 

disinfection. This is the first review of its kind and provides a concise summary of what is known to-

date regarding water treatment against cercariae of different human Schistosoma species. The review 

also identifies gaps in knowledge and provides crucial and timely guidance for the control and 

elimination of schistosomiasis by highlighting the requirements for effective and sustainable water 

infrastructure for schistosomiasis-endemic regions. 

3.2 Methods 

The systematic review follows the guidelines of the Preferred Reporting Items for Systematic reviews 

and Meta-Analyses (PRISMA) [275]. Four databases were searched for the review: Web of Science, 

PubMed, The British Library, and Google Scholar. All languages and document types were included in 

the searches, which took place between 7 – 9th April 2017. Given the nature of the topic, many old 

papers dating from the early 20th century are relevant to this review. However, the oldest paper found 
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in the first three databases dated from 1930. Therefore, Google Scholar was searched from inception to 

1950 to ensure that all documentation was included since the discovery of the full disease cycle in 1908. 

The search dates and results are summarized in Table 3.1. 

Table 3.1: Summary of databases, search limits and paper counts 

Database Timespan searched Oldest paper Number of results 

Web of science Inception – present 1970 282 

Pubmed Inception – present 1946 189 

British library Inception – present 1930 592 

Google scholar 1900 – 1950 1922 25 

The databases were searched for any combination of common schistosomiasis and water treatment 

terms in the title. The schistosomiasis terms were Bilharz*, Cercaria*, haematobium, japonicum, 

mansoni, Schistosom*, Snail fever. The water treatment terms were Disinfect*, Water treatment, 

Purification, Calcium hypochlorite, Chlorin*, Chloramine, Filtration, Filter, Flocculation, Iodine, 

Sunlight, SODIS, Solar disinfection, Temperature, Storage, UV, Ultra-violet, Ultraviolet. The asterisk 

was used as a wildcard to find variations of the exact phrase (i.e. Bilharz* returned searches including 

Bilharzia, Bilharziasis etc.). The search term Rhizobium was excluded, as it produced many unrelated 

results.  

For reference, a search example for the database Web of Science was:  

TI=(Bilharz* OR Cercaria* OR haematobium OR japonicum OR mansoni OR Schistosom* OR Snail 

fever) AND TI=(Water treatment OR Purification OR Calcium hypochlorite OR Chloramine OR 

Chlorin* OR Filtration OR Filter OR Flocculation OR Iodine OR Potassium permanganate OR Sunlight 

OR SODIS OR Solar disinfection OR Temperature OR Storage OR UV OR Ultra-violet OR Ultraviolet) 

NOT TS=Rhizobium 

3.2.1 Classification criteria  

The papers were independently classified by former post-doctoral researcher Dr Jack Grimes and me. 

A classification system that assigns a code to each paper was developed to reduce bias in the 

classification process. Table 3.2 depicts the flow diagram of the selection process. First, duplicates were 

removed. Then, titles were classified, and papers were excluded when titles indicated that they were not 

about water treatment or cercariae (such as code 4 – this paper is about diagnostic tests). Abstracts of 

the remaining papers were read, and excluded abstracts were classified (such as code 11 – this paper is 

primarily about shedding cercariae, not the survival of cercariae). Finally, the remaining papers were 

read in full and classified. Papers with code 13–19 were used for the systematic review as these papers 

discuss the effect of water treatment on schistosome cercariae. Full texts were sought from the Imperial 

College London Library, The Wellcome Library, or the British Library. Papers in Portuguese were 

translated by Imperial College London student Liliane Auwerter and key messages were discussed. 

Papers in German, French and Spanish were translated by me. Papers in other languages either had an 
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English abstract or were translated using Google Translate. Dr Jack Grimes and I compared and 

discussed the classifications, and any discrepancies were resolved. 

Table 3.2: Classification system for papers, read as a flow diagram. First, titles were assessed, then abstracts, and finally 

the full paper. 

A: Title  
 

Code 

Is this paper a duplicate of another → yes 1 

↓no 
 

  

Is this paper not about trematodes → yes 2 

↓no 
 

  

Is this paper about UV attenuated cercariae → yes Go to B 

↓no 
 

  

Is this paper primarily about diagnostic test (e.g. Urine filtration, CCA) → yes 4 

↓no 
 

  

Is this paper about treating (i.e. Extracorporal filtration, praziquantel) or developing 

a vaccine against schistosomiasis 

→ yes 5 

↓no 
 

  

Is this paper about snails, miracidia, eggs or schistosomes, but not cercariae → yes 6 

↓no 
 

  

Is this paper about the genetics or biochemistry of trematodes (e.g. DNA, antigens, 

calcium-binding) 

→ yes 7 

↓no 
 

  

Is this paper about the effect of temperature on cercarial shedding or on the 

distribution/transmission of schistosomiasis (e.g. Effect of climate change) 

→ yes 8 

↓no 
 

  

Read abstract and move to column B 
 

  

B: abstract 
  

Is this abstract not about the effect of chemicals/temperature/filters on cercariae → yes 9 

↓no 
 

  

Is this abstract primarily about shedding cercariae, not the survival of cercariae → yes 10 

↓no 
 

  

Is this study about vaccines using UV-irradiated cercariae, but the effect of UV on 

cercariae is not discussed 

→ yes 11 

↓no 
 

  

Read full paper and move to column C     

C: full paper      

Excluded - not about water treatment and cercariae → 12 

Included for treatment with:   

UV → 13 

Chlorine → 14 

Filtration → 15 

Storage → 16 

Temperature → 17 

Chemicals → 18 

Various treatment processes discussed in paper → 19 

3.2.2 Data extraction 

The assessors summarized the papers and extracted specific information regarding each treatment 

method. To ensure that the same data were extracted, a table with variables relating to each water 

treatment method was developed (Appendix A). This gave an overview of the information available in 

each publication. The assessors reviewed each other’s summaries to ensure the correct information was 

captured. Based on this, papers were revisited, and further data were extracted  



47 

 

3.3 Results 

In total, 1108 papers were found by searching the four databases. After removing duplicates, the 

remaining 520 studies were classified according to the codes in Table 3.2. After reading the titles and 

abstracts, 76 studies were classified to be read in full, however 11 studies could not be acquired. 

Additional papers were added to the review if they were referenced in the original papers in a way that 

suggested that they were about human schistosomiasis and water treatment. Ten papers were added in 

this way. Finally, 67 papers were used for the results of this review. The flowchart in Figure 3.1 

summarizes the classification process. A list of included and excluded papers is presented in Appendix 

A. 

 

Figure 3.1: Flowchart showing the process for selecting relevant studies to be included in this review. 

1108 records from searches in PubMed, Web of 

Science, British Library and Google Scholar 

Read titles of 520 studies 

Read abstracts of 110 studies 

Obtained full papers of remaining 87 studies 

Added 10 studies after 

reviewing citations of read 

studies  

Read 76 studies in full 

588 duplicates removed 

410 studies removed 

23 studies removed 

11 studies not available in 

full 

19 studies excluded  

67 studies included in 

qualitative synthesis 

86 studies read in full 
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3.3.1 Assessing presence, motility, infectivity, and viability of schistosome cercariae in water 

samples 

The studies in this review evaluated the effect of water treatment processes on cercariae, however the 

measure of effectiveness varied significantly between papers. There were four main aspects that authors 

assessed – the presence, motility, infectivity or viability of cercariae. A range of methods exist to 

evaluate these aspects, summarised in Table 3.3. 

Table 3.3: Summary of methods used to assess the effectiveness of water treatment methods 

Cercarial aspect Technique Definition 

Presence Microscope Used in filtration studies to examine if cercariae 

can pass filter medium.  

Motility Microscope Evaluates movement of cercariae. Time of 

complete cessation is taken as time of death. 

Infectivity Microscope (examine skin 

attachment/ penetration), biosensor 

Ability to attach to and penetrate skin. Infective 

cercariae do not necessarily develop into 

schistosomes.  

Viability Perfusion of adult worms  

fluorescence microscopy method 

Ability to penetrate skin and develop into 

schistosomes, thereby causing schistosomiasis.  

Presence of cercariae is used to assess the effectiveness of filtration. Microscopes are used to detect 

cercariae in the filter effluent (water exiting the filter) or on a recovery filter. Cercariae may be stained 

with a dye prior to being filtered to aid with the detection. Some studies fixed cercariae before filtration 

to facilitate the counting [276, 277]. This may affect results as cercariae are highly mobile and may be 

able to move through pores that dead cercariae would not pass through [277]. In addition, fixatives have 

been found to make cercariae sticky, thereby increasing the effectiveness of the filter [277]. 

For water treatment methods besides physical filtration, the motility of cercariae was most commonly 

used to assess the effectiveness of water treatment. Cercarial movement is observed under the 

microscope, often with dyes to facilitate observations. Initially, cercariae in treated water slow their 

movement, sink, and turn opaque and fluffy. They may lose their tail before the complete cessation of 

movement [278]. Eventually they may disintegrate. Although most authors used motility as a measure 

of death, it has since been found that motionless cercaria heads may still be infective [279], suggesting 

that the death of cercariae may have been determined prematurely with the motility measure. 

Conversely, it is also possible that cercariae that are motile are no longer infective. Cercariae of varying 

human schistosome species were found to have a functional longevity (time that cercariae are alive but 

not infective) of 50% of their survival time [280]. This would affect experiments that run longer than 

the functional longevity. 

Infectivity can be used as a measure for testing the cercarial ability to penetrate skin. It is crucial to note 

that infective cercariae may die before developing into schistosomula or schistosomes, and thereby not 

necessarily lead to schistosomiasis infection. The attachment of cercariae to skin is visually evaluated 

under the microscope, or cercariae are counted before and after exposure to the host, the difference 

assumed to have penetrated the skin. Animal testing on mice, rats and guinea pigs is common, but 
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cultured cells and human skin donors have also been used. Cercariae are able to determine between 

different types of skin, and hence the results may differ depending on the skin used [281]. Bartlett et al. 

showed that cultured primary keratinocytes are an alternative to animal testing, as the attachment rate 

is similar to that of human skin [282]. A promising method for assessing cercarial infectivity is a 

biosensor, as has been developed by Webb et al. [283]. Schistosome cercariae secrete elastase when 

penetrating the host skin, and the biosensor communicates the detection of this elastase through a loss 

of colour. 

By definition, only viable cercariae can complete the lifecycle and therefore transmission is cut if 

cercariae are rendered non-viable. Viable cercariae can infect the human host and develop into fertile 

schistosomes. Animal testing is often used to determine if cercariae developed into worms. The number 

of worms and severity of infection can only be determined by perfusing animals for worm counts [284]. 

Fluorescent dyes that independently stain live or dead cells can also be used to test the viability of 

cercariae. This method has been applied to schistosomula [285] and should in theory work on cercariae, 

however no assays have been developed and verified. The development of a dual-stain viability assay 

is presented in Chapter 4. 

Ultimately, cercarial viability is of greatest interest as this determines if cercariae can infect a human 

host with schistosomiasis. Immobile cercariae may still be infective if in direct contact with human skin 

[279]. Similarly, infective cercariae may not develop into schistosomula or schistosomes and hence are 

not viable [279]. However, if cercariae are not viable, schistosomiasis will not be transmitted. 

3.3.2 The effect of water storage and water temperature on schistosome cercariae 

Leiper (1915) was the first researcher to study the longevity of schistosome cercariae and found that 

they could survive up to 36 hours in water [173]. A more conservative estimate was used by the Great 

Army Medical Services in 1919 who suggested that troops fighting in tropical areas should store water 

for 48 hours to render it safe [176]. More recent studies found that cercariae live between 10 and 40 

hours in natural conditions where water temperature varies between 20 and 30°C [79, 286, 287], but at 

lower temperatures their lifespan has been shown to exceed 100 hours [278]. It is now commonly 

accepted that cercariae can survive up to two to three days in environmental conditions [2]. Cercariae 

are non-feeders and depend on internal, non-renewable glycogen levels. As a result, their glycogen 

content decreases exponentially post-emergence [79]. However, energy levels do not correlate directly 

with infectivity: Whitfield et al. demonstrated that cercariae remain highly infective (90% infectivity at 

25°C) for up to nine hours, despite glycogen levels decreasing continually [288]. If cercariae are shed 

in the morning, this indicates that they remain highly infective for the remaining daylight. Differences 

in cercarial survival may be due to water temperature, water quality or differences between cercariae 

(e.g. glycogen reserves). 
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In 1966, Frick and Hillyer tested the effect of various water media on cercariae, and found that cercariae 

were immobile in four hours in deionized and steam-distilled water [289]. Mecham et al. tested 

synthetic waters to see which could maintain cercarial life the longest [290]. Soft and distilled water 

had the fastest cercarial die-off, aquarium water followed, and synthetic hard water could support 

cercarial life for up to 50 hours (pH, temperature and dissolved oxygen were controlled). Similarly, 

Asch showed that cercarial lifespan decreases with the addition of sodium chloride, and increases when 

adding glucose [286]. Overall, these studies demonstrate that the water matrix (the components of the 

water) can significantly affect results. 

In 1911, the impact of temperature on schistosome transmission was first described. Studies found that 

schistosomiasis was acquired from thermal springs in Gafsa that reached temperatures of 45°C, but not 

from nearby hot springs that were at least 50°C [173, 178, 291]. Since this discovery, it has been shown 

that the lifespan of cercariae decreases with temperature, when considering the same storage times [79, 

292]. This can be due to thermal intolerance or energy depletion. At temperatures exceeding 45°C, 

extreme temperature causes direct cercarial mortality, known as the thermal death point. The thermal 

death points for different schistosome species are summarized in Table 3.4. The point of death was 

visually examined through cessation of movement. At lower temperatures (below 45°C), increased 

cercarial death is a consequence of energy depletion. Cercarial lifespan is dependent on glycogen 

reserves and the rate of utilization, which is affected by temperature [293]. As temperature rises, 

cercariae become more active, indicated by greater displacement [294] and hence deplete their glycogen 

levels faster, resulting in shorter lifespans [79]. 

Overall, it can be concluded that the time needed to reach zero cercarial survival decreases exponentially 

with temperature, as shown in Figure 3.2. An exponential regression model was fit to the data with an 

R2 of 0.81, indicating a moderately good fit. Cercarial survival is expected to decrease exponentially 

with temperature, as the depletion of glycogen is also exponential, and the rate of biological processes 

often increases exponentially with increasing temperature [295]. However, only 14 data points were 

found and therefore more data are needed to improve the regression model. Cercariae died within 

minutes at 50°C, and within hours at temperatures below 44°C, though there may be some variation 

between species. In 1938, Porter carried out the only detailed experiments on S. haematobium cercariae 

survival with temperature [296]. The limited results indicate that the species is more resistant at 45°C 

than S. mansoni, however more data are needed to verify these results [296]. External factors such as 

darkness, oxygen or pH (pH 4.6 – 10) did not appear to affect cercarial longevity [278, 292]. 
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Table 3.4: Thermal death points for cercariae of human Schistosoma species 

Author (year) Species Water temperature °C Time until 0 surviving cercariae 

Krakower (1940) [278] S. mansoni 40 6 hours 

42 2 hours 

45 30 minutes 

Lawson and Wilson (1980) 

[79] 

S. mansoni 45 30 minutes 

Takaka (1924) [297]  S. japonicum 45–46 5 minutes 

Porter (1938) [296] S. haematobium 45 4 hours 

S. haematobium 50 Instant 

Leiper (1915) [173] - 50 Instant 

Khalil (1924) [178] - 50 Instant 

Jones and brady (1947) [292] S. japonicum 

and S. mansoni 

50 3 minutes 

55 1 minute 

 
Figure 3.2: Water temperatures and storage times required to reach zero cercarial survival (measured when all cercariae 

are immobile). Species are listed in Table 3.4. 

The effect of temperature on cercarial infectivity (ability to penetrate host skin) and viability (ability to 

develop into schistosomes) follows a similar trend. It has been shown that significantly more cercariae 

die during host penetration at extreme temperatures (below 10°C and above 40°C) than at 25–27°C for 

S. mansoni and S. haematobium [298]. Similarly, worm recovery increased with temperature to a 

maximum at 24–28°C for S. mansoni, followed by a steep decrease [299, 300]. In 1964, Foster was the 

first to study the relationship between temperature and infectivity, and found that in environmental 

conditions (18–30°C) temperature did not affect skin penetration and maturation to schistosomula [301]. 

Similarly, Lee et al. found that attachment is more dependent on cercarial age than environmental 

temperature (20–30°C) [63]. The effect of temperature on the functional longevity of cercariae remains 

to be studied. 



52 

 

3.3.3 The effect of water filtration on schistosome cercariae 

Filtration is an effective water treatment method that works by physically retaining particles while 

allowing water to pass. Filters can retain solid matter much smaller than the pores of the filter material 

due to mechanical and biological processes. Granular filters, which use sand or other granular material, 

are suitable for use in less developed areas as the filtering media is generally locally available. No 

external power input is required to pass the water through the filter, yet power will be required to collect 

influent water (e.g. manually or with a pump). 

Initial studies on sand filters from 1915 found that they were unable to remove cercariae from water, 

and war troops were advised to use Doulton candles instead [173, 176, 302]. Nonetheless, Kawata 

showed that cercariae can be removed from water using sand with an effective size of 0.3 mm or less, 

and sand depth of 1.2 m [303]. Two studies confirmed that vertical sand filters are effective, however 

the discrepancy with earlier studies may be due to the heavy dependence on experimental conditions 

[304, 305]. Primarily, the depth of the filters varied significantly. Kawata and Fadel tested filter depths 

up to 1.2 m and 1.4 m respectively with positive results [303, 305], whereas Witenberg and Yofe tested 

filters up to 0.75 m depth, which could explain the passing of cercariae [302]. Studies found that slow 

filtration (0.04–0.19 m/h) retained more cercariae than more rapid filtration (0.27–0.4 m/h), as cercariae 

were not washed through the filter [303, 305]. However, the filtration rate was often not stated. These 

studies also showed that conditioning of filters, which develops a biologically active Schmutzdecke 

(biological layer formed on the surface of a sand filter), can improve the overall efficacy of sand filters. 

The filtration results are summarized in Table 3.5. 

Table 3.5: Summary of experimental conditions in filtration studies. All studies used S. mansoni cercariae and 

examined the presence of cercariae in the effluent 

Author (year) Filter medium Grain 

size (mm) 

Filter 

depth 

(m) 

Flow 

rate 

(m/h) 

Cercaria 

density  

(l-1) 

Filter 

conditioning 

Cercariae 

recovered in 

effluent 

Leiper (1915) 

[173] 

Sand Desert 

sand 

0.10 - - No Yes 

Leiper (1916) 

[177] 

Sand Fine sand 0.76 - - Yes Yes 

Wagner and 

Lanoix (1959) 

[304] 

Sand Fine sand 0.60 0.22 -  No 

Kawata (1982) 

[303] 

Sand 0.20–0.30 1.2 0.12–0.4 2000 1–2 hours No 

Fadel (1993) 

[305] 

Sand 0.18–0.37 0.80–

1.40 

0.19–

0.27 

10,000 Up to 40 

days 

No 

Witenberg and 

Yofe (1938) 

[302] 

Sand - 0.10–

0.75 

- - Yes  Yes 

Benarde and 

Johnson (1971) 

[306] 

Sand 0.19–0.35 0.95 0.36–1.8 290–

15,800 

No No 

Jones and 

Brady (1946) 

[307] 

Diatomaceous 

silica 

-  - 2–39 Up to 

4200 

No No 
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In vertical filters, water flows from top to bottom as opposed to horizontal sand filters in which water 

moves laterally downwards from one side to the other. Benarde and Johnson tested horizontal sand 

filters, which are often constructed in channels filled with sand [306]. Cercariae were unable to pass 

horizontal sand filters with 0.35 mm effective grain size and 0.9 m bed length. These filters seem to 

achieve better results than vertical sand filters, the hypothesis being that the natural movement of 

cercariae is vertically up and down, so using a filter where water flows horizontally helps filter out 

cercariae [306]. Further research is needed to confirm this hypothesis. 

Generally, filters used one grain size, but a filter with layers of different sized sand may prove to be 

beneficial and reduce the overall depth of the filter. Pre-filters would also reduce clogging and allow 

the filters to be used in the field with turbid water. Further research is needed to test the effect of sand 

size, flow rate, filter depth, filtration volume and water quality on sand filtration as a method to 

completely remove cercariae from water. 

Other filter materials that have been tested include diatomaceous silica, fossilised remains of diatom 

algae that is often used in filtration as a powder. Jones and Brady tested three types of diatomaceous 

silica filters and recovered no cercariae from the effluent, although no filter material sizes were specified 

[307, 308]. Diatomaceous silica has small, irregular pores which helps prevent cercariae from passing 

through the filter. 

Membrane filters have been used for cercariometry to determine the density of cercariae in water. 

Micro-fabrics with pore sizes of 23–30 µm have successfully filtered out cercariae [93, 96, 276, 277, 

309-312]. When filtering natural water, several pre-filters were used to prevent the clogging of the 

membrane. While a slow filtration rate was shown to be beneficial in sand filtration, more rapid flow 

rates achieved better results in membrane filtration. The fast flowing water immobilized cercariae and 

prevented them from moving through the membrane [277]. Although experiments varied in cercaria 

numbers, water volume, water quality, filtration rate and time, the results are consistent. 

3.3.4 The effect of chlorination on schistosome cercariae 

Chlorination is an effective water treatment process that kills most bacteria and viruses. Chlorine is an 

oxidizing agent and disintegrates the cell wall of pathogens, rendering them unviable. The three main 

chlorine-based disinfectants are elemental chlorine gas, liquid sodium hypochlorite or solid calcium 

hypochlorite [273]. The chlorine dose is the mass of chlorine added to a volume of water. This 

concentration is reduced as chlorine reacts with organic and inorganic constituents in water (including 

pathogens) and decays over time. The amount of chlorine consumed by these constituents is termed the 

chlorine demand; the more organic and inorganic material, the higher the chlorine demand of the water. 

The residual chlorine concentration is the remaining chlorine concentration after a given contact time. 

It therefore accounts for the reaction of chlorine with other water constituents. In chlorination, a “CT 

value” is used as a comparative measure to indicate how sensitive organisms are to chlorine. It is the 
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product of the residual chlorine concentration (C) and contact time (T) required to inactivate a pathogen. 

If a pathogen requires a higher CT value to be inactivated to the same log inactivation as another 

pathogen, this indicates higher chlorine tolerance of the pathogen. In general, higher CT values are 

needed at lower temperature and higher pH. This is because of the chemical reactions that occur; when 

sodium hypochlorite is added to water, it dissociates to form hypochlorous acid and hypochlorite ion. 

The latter is favoured under alkaline conditions and is a much weaker disinfectant. As a result, more 

chlorine is needed at higher pH to achieve the desired level of disinfection. The chemical reactions of 

disinfection are slower at lower temperatures, making chlorination less effective. More details about 

chlorination, in particular its chemistry and kinetics of inactivation, are presented in Chapter 5.  

CT values have been determined for many waterborne pathogens (see Table 3.6), and can be used as a 

process monitoring parameter, i.e. simply ensuring that the required CT is being achieved means that 

constant pathogen monitoring is not required. Higher CT values indicate a higher chlorine tolerance. 

Table 3.6: Chlorine CT values for selected pathogens, adapted from Centers for Disease Control and 

Prevention (2012) [313]. 

Pathogen Residual chlorine 

concentration (mg/l)  

Contact time 

(min) 

CT value 

(mg-min/l) 

Log 

reduction 

Temperature 

(°C) 

pH 

Escherichia coli 0.5 <0.5 <0.25 4-log 23 7 

Salmonella typhi 0.05 20 1 2-log 20–25 7 

Vibrio cholerae 

(rugose strain) 

2.0 20 40 4-log 20  7 

Cryptosporidium 

parvum 

  15,300 3-log 25 7.5 

Hepatitis A 0.41 <1 <0.41 4-log 25 8 

The effect of chlorine on schistosome cercariae has been researched throughout the past century, with 

varying conclusions. Magath found that a residual chlorine concentration of 0.2 mg/l after 30 minutes 

was sufficient to kill all cercariae [314], whereas Mahnson-Bahr and Fairley found that some cercariae 

(unknown proportion) were still alive after 150 minutes in water containing 4 mg/l of chlorine [52]. The 

WHO states in their drinking water guidelines that all schistosome cercariae species have a moderate 

chlorine sensitivity, which represents 1-30 mg·min/l for a 2-log inactivation [266]. The most 

conservative value of 30 mg·min/l is used in this analysis. Table 3.7 summarises the chlorination results 

found in this review. Note that the contact time is the time until inactivation of all cercariae (100% kill), 

which in all studies was measured by complete cessation of movement of all cercariae in the sample. 
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Table 3.7: Chlorine concentrations and contact times required to kill all schistosome cercariae in water 

(measured by cessation of movement). 

Author (year) Species Chlorine 

form 

Chlorine 

dose 

(mg/l) 

Residual 

chlorine 

(mg/l) 

Contact 

time 

(min) 

Calculated 

CT value 

(mg-min/l) 

Water type 

Leiper 

(1915) [173] 

- - 11 - Instantly - - 

- - 6 - 3  - - 

Leiper 

(1916) [177] 

- - 2 - 30 -  

Manson-

Bahr, Fairley 

(1920) [52] 

- - 
No cercaricidal effect noticed at  

4 mg/l and 150 minutes 
- - 

Blackmore 

(1928) [315] 

S. mansoni Chloramine 1  - 5  - Tap water 

S. mansoni Bleach 1  - 15 - Tap water 

S. mansoni Bleach 1  - 5  - Unclarified 

Nile water 

S. mansoni - - 1 30  30 - 

Griffiths-

Jones et al. 

(1930) [316] 

S. mansoni, 

S. 

haematobium 

- 1 - 180 - Filtered 

water 

Witenberg 

and Yofe 

(1938) [302] 

S. mansoni, 

S. 

haematobium 

- 1  - Instantly - Clarified 

river water 

S. 

haematobium 

- 0.8  - 27 - Clarified 

river water 

Braune 

(1942) [317] 

S. mansoni - 1.5  - 15  - Tap water 

Magath 

(1942) [314] 

S. mansoni Calcium 

hypochlorite  

- 0.2 30 6 Rainwater 

S. mansoni Calcium 

hypochlorite 

1  - 6  - Rainwater 

González et 

al. (1945) 

[318] 

S. mansoni Calcium 

hypochlorite 

1  - 7  - Redistilled 

water 

S. mansoni Calcium 

hypochlorite 

0.5 - 18 - Redistilled 

water 

S. mansoni Calcium 

hypochlorite 

- 0.5 20 10 - 

Jones and 

Brady (1947) 

[308] 

S. mansoni Chloramine 1  - 10 - Raw surface 

water 

S. mansoni Calcium 

hypochlorite 

- 1.67 10 16.7 Buffered 

distilled 

water 

S. japonicum  Calcium 

hypochlorite 

1.3  0.5 10 5 Buffered 

distilled 

water 

S. japonicum Calcium 

hypochlorite 

1.4 0.75 10 7.5 Aquarium 

water 

Wagner and 

Lanoix 

(1959) [304] 

- Chloramine - 1 mg/l at 

1 min 

10 - Filtered 

water 

- Calcium 

hypochlorite 

- 0.75 mg/l 

at 30 min 

20 - Unfiltered 

water 

Frick and 

Hillyer 

(1966) [289] 

S. mansoni Sodium 

hypochlorite 

0.3 - 30 - Tap water 

pH 5 

S. mansoni Sodium 

hypochlorite 

0.6 - 30 - Tap water 

pH 7.5 

S. mansoni Sodium 

hypochlorite 

5 - 30 - Tap water 

pH 10 

World Health 

Organization 

(2017) [266]  

- - - - - 1-30 - 
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The data sets of all studies have been plotted in Figure 3.3 to show the effect of varying chlorine doses 

on cercariae. A more detailed graph is shown in Figure 3.4. Note that these are doses of chlorine (the 

chlorine added to the water), not residual chlorine concentrations in the water; the lack of reporting of 

the chlorine residual concentration is a major weakness of many studies. Whilst the chlorine dose gives 

some indication of cercarial sensitivity to chlorine, it is impossible to accurately compare studies nor 

develop reliable guidelines. This is because the water quality varied between studies, and neither the 

chlorine residual nor the chlorine demand were recorded. As a result, the chlorine residual that led to 

the inactivation of cercariae cannot be confidently identified based on the existing literature. 

 

Figure 3.3: Lethal chlorine doses for killing 100% of schistosome cercariae. All studies used motility as a measure of death 

and recorded the time at which all cercariae were motionless. Chlorine doses are plotted here because most studies did not 

report the residual chlorine concentrations. Species are listed in Table 3.7. 



57 

 

 

Figure 3.4: Detailed graph of lethal chlorine doses for killing 100% of schistosome cercariae. Data from studies up to 6 

mg/l chlorine dose and 30 minutes contact time is shown. Studies used motility as a measure for viability. 

It is evident that in all studies the lethal effect of chlorine increased with chlorine dose. This is to be 

expected, as the Chick-Watson law of disinfection predicts that chlorine concentration and inactivation 

time are inversely proportional, for a given inactivation [394]. High doses, generally above 1.5 mg/l, 

killed all cercariae within minutes. The data follow a clear trend and can be fit to an exponential 

regression model with R2 of 0.68 (Figure 3.3). A low coefficient of determination is expected as the 

data come from different experimental conditions (species, pH, temperature, water condition, chlorine 

form). Data is consistent at low lethal chlorine doses, but there are discrepancies at short inactivation 

times. This is particularly the case for inactivation times less than 30 minutes (Figure 3.4: Detailed 

graph of lethal chlorine doses for killing 100% of schistosome cercariae. Data from studies up to 6 mg/l 

chlorine dose and 30 minutes contact time is shown.) where the lethal chlorine dose at 3 minutes, for 

example, varies between 1.1 mg/l and 5 mg/l. This is enforced by the variation of calculated CT values 

in Table 3.7, which vary from 3 to 30 mg-min/l. The variation may be due to differing experimental 

conditions, such as pH, temperature, water quality (e.g. organic matter which will react with chlorine), 

the form of chlorine used, chlorine measurement techniques, and schistosome species, or because of 

incomplete mixing of the chlorine into the water at very short contact times. 

The type of water and water quality used in the experiments varied greatly. This is noteworthy, as water 

temperature and pH significantly affect the CT value (higher CT values are needed under low 

temperature and high pH). In 1942, Braune tested ways to increase the efficiency of chlorine against 

cercariae [317]. He found that the addition of citric acid heavily accelerated the chlorine disinfection 
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process and suggested adding 100 mg/l of citric acid to the water. Frick and Hillyer followed in 1966 

with a detailed study on the effect of chlorination on cercariae with respect to water temperature and 

pH [289]. They found that pH had a much greater effect on chlorine efficiency than temperature; in tap 

water at 20°C, S. mansoni cercariae were inactivated in 30 minutes with chlorine concentrations of 0.3 

mg/l at pH 5, 0.6 mg/l at pH 7.5, and 5 mg/l at pH 10. The higher efficiency under acidic conditions is 

due to the favouring of hypochlorous acid which is a stronger disinfectant. 

The chlorine demand is the difference between the amount of chlorine added to water and the residual 

chlorine after a given contact time. Generally, turbid water has a higher chlorine demand than clear 

water due to higher organic content. Pathogens may attach to particulate matter in the water, which may 

encapsulate them. For this reason, CT values are usually calculated for low turbidity water, and values 

are then doubled in the field to account for the variability in water quality [313]. Experimental studies 

should account for the chlorine demand of the waters that they are testing and not simply report the 

chlorine dose added to the water. It is critical to measure the residual chlorine levels as chlorine 

decomposes rapidly, and when added to water reacts with chemicals, organic matter, and pathogens. 

These reactions remove some of the chlorine that is available for disinfection, hence the residual 

chlorine is lower than the chlorine dose added. Water that is highly contaminated therefore requires 

more chlorine to inactivate pathogens, to overcome the chlorine demand of the water matrix. Some 

authors did reference the available chlorine residual, but the time of measurement did not always 

coincide with the inactivation time [316, 317]. 

The form of chlorine used in experiments included liquid sodium hypochlorite, chloramine, chlorine 

gas, bleaching powder, and calcium hypochlorite. Calcium hypochlorite generally contains between 25-

70% of chlorine whereas sodium hypochlorite contains between 10-15% [273]. These may have 

differing cercaricidal effects, even when used in equal available chlorine doses. Authors have reported 

that chloramines were less effective than chlorine, but more powerful than gaseous chlorine, and that 

the method of preparing chlorine also affected the results [302, 316]. Similarly, the stability of 

chloramines varied depending on how the disinfectant solution was prepared. The Great Britain Army 

Medical Services advised against using water chlorination as a means to disinfect cercaria-infected 

water because chlorinated lime degraded too quickly, and the presence of sufficient free chlorine could 

not be ensured [176]. In addition, the method for measuring residual chlorine may be a source of error, 

as the methods used in studies (e.g. colorimetric test kit and orthotolidine method) have varying 

accuracies [319]. 

The species appear to impact the chlorination results. S. haematobium has been found to be more 

sensitive to chloramines, and S. mansoni more sensitive to gaseous chlorine [302, 316]. Out of the 12 

chlorine studies identified in this systematic review, only three experimented with S. haematobium or 

S. japonicum cercariae, stressing the need to research these Schistosoma species. In addition, it was 

only these three studies that simultaneously tested two species [302, 308, 316]. They found that S. 
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haematobium and S. mansoni had differing sensitivities to chlorine, which highlights the need to 

conduct further research on all species under a variety of water matrix conditions. 

The age of the cercariae may also play an important role in their sensitivity to chlorination, but no 

research has evaluated this. Generally, studies used freshly shed (<1 hour) cercariae. Sproule stated that 

fresh cercariae were more resistant to chlorine than cercariae older than 1 hour [320]. This could be due 

to cercariae hatching within mucus from the snail [288], which may act as a protective layer. 

All authors used motility as a measure of death, and the points on Figure 3.3 show the time until the 

last cercaria stopped moving. As previously mentioned, cessation of movement does not necessarily 

indicate death, so the values in Figure 3.3 may be an underestimation of lethal chlorine doses. 

In water disinfection studies, log-inactivation is commonly used to indicate what proportion of 

pathogens has been inactivated. As the lethal chlorine doses were recorded in previous studies when all 

cercariae were dead, the experiments reported a 100% kill. However, due to the small cercaria samples 

used (i.e. 100 or fewer cercariae), the highest log-inactivation that could be claimed was a 2-log (99% 

inactivation). Samples exceeding 1000 cercariae would need to be tested to claim a 3-log inactivation 

(99.9% kill), which is challenging if the motility is visually assessed. Also, survival curves for cercariae 

follow a reverse-sigmoid form [79], which suggests that if a small sample is used, the results may be 

less reliable. This could explain the differences between Witenberg and Yofe, and Frick and Hillyer, 

who tested up to 200 cercariae [289], and as little as 20 cercariae [302], respectively. 

3.3.5 The effect of ultraviolet disinfection on schistosome cercariae 

UV disinfection uses radiation in the UV wavelength range to inactivate microorganisms. This range is 

often referred to as germicidal, and spans wavelengths of 200–300 nm. UV is absorbed by the DNA and 

RNA of microorganisms, damaging cell membranes and thereby inhibiting reproduction. The 

sensitivity of microorganisms to UV is determined by the UV fluence (mJ/cm2) – the product of the 

fluence rate and exposure time [321]. 

In this review, two types of UV studies were found: immunisation studies and water treatment studies. 

Immunisation studies research the possibility of using UV-attenuated cercariae to develop a vaccine 

against schistosomiasis. The process is as follows: cercariae are irradiated with UV to a level that 

damages them but that does not prevent host penetration. Irradiated cercariae infect the host by 

penetrating the skin, but due to the UV damage are unable to develop into adult worms. Nonetheless, 

antibody production is triggered, and as a result, the host builds up immunity. Lighter, succeeding 

infections is proof that partial resistance is induced [322, 323]. The other type of UV studies found in 

this review was water treatment studies. These aim at using UV to disinfect cercaria-infested water and 

kill or inactivate cercariae. Both types of studies therefore use UV to damage cercariae, their protocol 

is however very different. Immunisation studies irradiate cercariae so that their movement is not 
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impaired, and they are still able to penetrate the host, whereas water treatment studies generally use 

higher UV fluences to instantly kill cercariae. 

The effect of UV on cercariae and worm burden is summarised in Table 3.8. Cercariae were irradiated 

with fluences between 3 mJ/cm2 and 1890 mJ/cm2, all at 254nm, but the direct effect (motility, 

infectivity) on cercariae was often not evaluated as the focus was on worm burden (viability). Krakower 

was the first to research the effect of UV radiation on schistosome cercariae and found that cercariae 

appeared physically injured after 30 minutes, and motionless after 60 minutes exposure to sunlight when 

kept in a shallow container [278]. UV fluences as low as 3 mJ/cm2 have been shown to damage 

cercariae, slow their movement and reduce their survival [324, 325]. Higher fluences were tested in a 

series of experiments aimed to identify the UV fluence that triggers the highest level of host immunity 

[324]. The authors tested fluences up to 60 mJ/cm2 and found that 54 mJ/cm2 instantly reduced cercarial 

motility and damaged their physiology by inhibiting glycoprotein synthesis. A further increase to 60 

mJ/cm2 made cercariae immotile and not infective. It was determined that the appropriate UV fluence 

for immunisation studies was 18–24 mJ/cm2, as it does not inhibit cercarial penetration but results in 

significantly lower worm burden, as confirmed by numerous other studies [326-328]. In addition, the 

migration potential of adult worms and schistosomula is reduced, hampering their ability to migrate 

from skin to organs [324, 329]. Overall, cercarial movement, infectivity and viability decreased with 

UV fluence. 
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Table 3.8: Effect of UV disinfection on cercariae and worms. *All fluences at 254nm 

Author Species UV 

fluence* 

(mJ/cm2) 

Time 

(min) 

Effect on cercariae Effect on worm burden 

Krakower 

(1940) [278] 

S. mansoni Sunlight 30 Severely injured Not assessed 

S. mansoni Sunlight 60 Killed Not assessed 

Ariyo and 

Oyerinde 

(1990)  

[325] 

S. mansoni  - 0.05 After 4h, moving 

cercariae reduced from 

69% (control) to 17% 

Not assessed 

S. mansoni - 0.17 After 4h, moving 

cercariae reduced from 

69% (control) to 9% 

After 4 weeks, worm 

burden reduced to 11% of 

control. After 8 weeks no 

worms recovered 

Standen and 

fuller (1959) 

[330] 

S. mansoni - 4 Killed Not assessed 

Ghandour and 

Webbe (1975)  

[322] 

S. mansoni, s. 

haematobium 

- <0.3 No effect on 

movement.   

Mortality during skin 

penetration more than 

doubled compared to 

control 

No worms recovered 

S. mansoni, s. 

haematobium 

- 0.5 Sluggish appearance, 

severely damaged 

- 

S. mansoni,  

S. 

haematobium 

- 3 Killed (no movement) - 

Ruppel (1990)  

[324] 

S. mansoni,  

S. japonicum 

3  Not assessed 50% survival from 

cercaria to worm 

S. mansoni,  

S. japonicum 

12  Not assessed 1% survival from cercaria 

to worm 

S. mansoni,  

S. japonicum 

60  Killed - 

Kumagai et al. 

(1992) [326] 

S. mansoni 5 
 

Not assessed Disturbs migration 

potential 

S. mansoni 10 
 

Not assessed Hampers migration from 

skin to lungs 

S. mansoni 18  Not assessed No worms recovered in 

lung and liver 

Kamiya et al. 

(1993) [329] 

S. mansoni 18 0.67 Not assessed Migration reduced to skin 

Dean et al. 

(1983) [327] 

S. mansoni 19.8 3 Not assessed No worms recovered 

Lin et al. 

(2011) [328] 

S. japonicum 24 1 Not assessed 59% reduction in worm 

burden 

Shi et al. (1990, 

1993) [331, 

332]  

S. japonicum 24 1 Viability reduced to 

0.1% 

Reduced by 89%. 

Survival rate of cercaria to 

worm is 0.01% 

Tian et al. 

(2010) [333] 

S. japonicum 24 1 Not assessed Worm burden reduced by 

63.84% 

Nakamura et al. 

(1990) [334] 

S. japonicum 300 
 

Not assessed No worms recovered 

Moloney et al. 

(1985, 1987)  

[335, 336] 

S. japonicum, 

S. mansoni 

1890 0.75 Not assessed No worms recovered 

host 70% resistant for 40 

weeks 

The study by Ghandour and Webbe clearly demonstrates the importance of evaluating the different 

aspects of cercariae (motility, infectivity, viability) [322]. Irradiation for less than 0.3 minutes showed 



62 

 

no effect on cercarial movement. However, the impact was visible when cercariae were exposed to skin; 

increased mortality rates during skin penetration resulted in reduced cercarial infectivity. Furthermore, 

the authors studied cercarial viability by examining schistosomula migration and worm burden. Most 

schistosomula were not viable; they died within days or did not develop into schistosomes [322, 337]. 

Similarly, Ariyo and Oyerinde showed that the damaging effect of radiation may not be immediately 

apparent at low UV fluences [325]. Within the first hour post-radiation, there was no effect on cercarial 

movement, and the attachment rate ranged between 93% and 100%, similar to the control. Nonetheless, 

the effect of UV became apparent in the stages following host penetration. Significantly fewer cercariae 

developed from schistosomula into schistosomes, and those that did had reduced fecundity, indicated 

by the decrease in egg load and egg viability. 

The increased cercarial death associated with UV irradiation may be partially due to the increased water 

temperature. At the time of the studies, UV lamps emitted significant amounts of heat, easily able to 

increase the temperature of a water sample within the running time of the experiment. The risk of 

temperature affecting results is especially high for studies that used small water samples and long 

irradiation times. This could explain the positive results by Dean et al. who recovered no worms at 

fluence 19.8 mJ/cm2 and 3 minutes [327], whereas other studies using higher UV fluences but shorter 

exposure times simply achieved a worm reduction [328, 331]. The heat production and changes in 

temperature of the water were not recorded in the studies. 

It appears that S. mansoni and S. japonicum are equally sensitive to UV, which may be explained by 

similar distribution of cercariae in water columns; their cercariae accumulate at the water surface, 

whereas S. haematobium cercariae prefer to remain beneath the surface [293]. This characteristic could 

lead to S. haematobium cercariae being less damaged by UV radiation, as accumulating at the bottom 

of the water column provides a protective water layer. Only one study tested S. haematobium, and three 

studies simultaneously tested two species, making it difficult to compare the results of all species. 

UV radiation has been shown to inhibit the migration within the host, hampering the schistosomula’s 

ability to migrate from skin to organs [322, 326]. This may be due to the physical damage of worms 

that develop from irradiated cercariae. One study examined the physical effect of UV on S. mansoni 

worms and found that worms developed from cercariae that were irradiated for 1 minute with a 

Mineralight lamp (unknown fluence) had lesions, torn tubercles, and lost their spikes. This resulted in 

sexual anomalies and sterility [338]. 

The experiments generally irradiated cercariae in a shallow container with tap or distilled water. 

Therefore, the UV fluence measured at the surface of the water was assumed to be the UV fluence 

reaching the cercaria surface. This is however not the case since suspended particles and water itself 

absorb UV light, reducing the depth of UV penetration. The turbidity and depth of a water sample 

increase the UV fluence needed to kill cercariae, and this needs to be considered in future research. 
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The studies demonstrate that UV radiation damages cercariae, however the lack of measurements and 

controlled variables makes it difficult to draw concrete conclusions. Numerous studies did not measure 

the UV fluence or irradiation time, as seen in Table 3.8. Generally, the fluence was measured at the 

surface of the water with a UV meter. However, occasionally the distance at which the fluence was 

measured did not correspond to the surface of the water, and was hence not applicable [330]. The time 

of taking UV measurements may also affect the accuracy of UV fluences. Some authors took UV 

readings instantly after turning on the lamp, whereas others allowed the bulb to warm up for 15-30 

minutes before taking measurements. Cercariae were irradiated in a variety of containers which 

included quartz cuvettes, glass slides and well plates, which may also affect the level of UV radiation. 

The concentration of cercariae varied greatly between experiments. This can affect results as cercariae 

may shield each other in high densities. It is crucial to carry out experiments under properly controlled 

experiments and measured UV fluences to truly determine the UV-sensitivity of schistosome cercariae. 

A more detailed review about the UV-sensitivity of schistosome cercariae and other helminth eggs was 

published by the research group of Professor Michael Templeton [339], and current PhD student 

Lucinda Hazell is researching the effect of UV on cercariae in the laboratory. 

3.4  Discussion 

The results of this systematic review indicate that there are many differences in assessing the effects of 

water treatment processes on schistosome cercariae (i.e. motility, infectivity, viability), making it 

difficult to directly compare the results of studies that have used different criteria of death. It is 

necessary to determine at what level of motility cercariae stop being infective and viable. Methods like 

the biosensor and fluorescence assays described in this review may prove to be useful, as they assess 

the viability of cercarial populations in a water sample, not of each individual cercaria. All treatment 

methods should be evaluated with the same criterion that ensures cercariae are not infective or viable. 

This research gap is addressed in Chapter 4. 

The level of variability in results differs between treatment processes. Previous studies on the effect of 

water storage and temperature are relatively in agreement and indicate that water quality and pH do not 

greatly affect these two treatment methods. Cercariae are killed when storing water for more than one 

to three days, depending on temperature. The results of other water treatment processes (filtration, 

chlorination, and UV) are much more variable because the processes are heavily affected by 

experimental conditions and require further research to obtain reproducible information. It is evident 

that the water matrix used in experiments hugely impacts cercaria survival. Most studies conducted 

experiments using lab-hatched cercariae and tap or filtered water. This builds a foundation for 

understanding the effect of water treatment processes on cercariae. However, it is essential to also 

conduct experiments under real water matrix conditions. In addition, water treatment processes should 
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be tested individually as well as in succession of each other, such as filtration followed by chlorination, 

as this may achieve higher levels of cercaria removal than the treatments applied in isolation. 

The variability in findings is likely also due to differences in experimental protocols and discrepancies 

in measuring key parameters. Chlorination studies often measured different chlorine values, such as 

chlorine dose, free chlorine at one-minute, or free chlorine at point of cercarial death. As there is no 

conversion between these measurements, the studies are incomparable. UV fluence measurements were 

inadequate and often did not correspond to the fluence reaching cercariae in the water. Filtration studies 

varied immensely in terms of scale and running time, making it difficult to compare the results. 

Experiments for all treatment processes should measure the variables needed to reliably design water 

treatment infrastructure. 

The review has highlighted the lack of water treatment studies testing S. haematobium and S. japonicum. 

The majority of studies (57%) tested S. mansoni, 15% S. japonicum, and 3% tested S. haematobium. 

Only 12% of the studies tested more than one species (either S. mansoni and S. haematobium, or S. 

mansoni and S. japonicum), making it difficult to draw conclusions regarding their relative resistance 

to water treatment processes. The remaining 13% did not indicate which species were being tested, 

primarily older studies. 

This review focused on the three main human Schistosoma species and no studies about water treatment 

processes and animal reservoir hosts were found in this review. The only studies involving animals 

were immunisation trials using UV-attenuated cercariae. Animal reservoirs, including domestic 

livestock, can play a critical role in schistosomiasis transmission, especially of S. japonicum [331, 332]. 

Using treated water for livestock water use may contribute to lower infection rates in both humans and 

animals and is therefore of medical and veterinary importance. 

3.5  Conclusion 

This review found only 67 studies about water treatment and schistosomiasis published in the past 116 

years, stressing the need for more research. In addition, it has highlighted the many factors that influence 

the results of water treatment experiments. The variation in these factors limit the comparability of 

existing studies. Overall, this systematic review has identified three primary research priorities, which 

are addressed in the following chapters. 

1. Determine a sensitive and specific measure for cercarial viability (Chapter 4) 

2. Determine the effectiveness of water treatment processes against schistosome cercariae 

under lab and field conditions (Chapter 5) 

3. Develop water treatment guidelines based on the results from water treatment experiments 

(Chapter 5). 
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4 Development of an effective measure of cercarial death 

       Assessing the viability of schistosome cercariae in water  

4.1 Introduction 

The systematic review presented in Chapter 3 highlighted that no water treatment guidelines have been 

developed for treating cercaria-infested water. This is partially due to the lack of appropriate methods 

for rapidly and reliably measuring how effective a water treatment process is against cercariae; namely 

assessing the motility, infectivity or viability of cercariae. This has impeded the research into water 

treatment processes against schistosome cercariae. This is especially the case for treatment methods 

such as chlorination and UV-disinfection, unlike filtration where the presence of cercariae is sufficient 

to assess the effectiveness of the filter. 

Microscopy is the most common method for assessing if cercariae are alive and involves observing 

parasite movement. It assumes that immotile cercariae are dead and moving cercariae alive. Although 

often considered the “gold standard” [340], microscopy is subjective, time-consuming, and requires 

knowledge of parasite morphology [341, 342]. Other methods, such as smart-microscopy using 

automated image analysis to assess parasite motility or morphological damage, and impedance-based 

real time cell platforms, have been developed for schistosomes and other parasites, and may prove 

useful for cercarial viability measurements [343-347]. 

Bioassays use living tissue or animals to quantify the effect of water treatment processes on cercariae. 

These include the skin attachment method (observing if cercariae can penetrate skin) or host-infection 

experiments (exposing animal hosts to cercariae, followed by worm perfusion to observe the resulting 

level of infection) [284]. As these bioassays do not observe the effect on each cercaria, but rather the 

effect on the overall infectivity or viability of the sample, they can be used to assess larger samples. 

This means that animals or skin samples can be exposed to thousands of cercariae at once, achieving 

much higher log inactivations than when observing samples under the microscope, for example. 

However, bioassays are labour intensive, time-consuming (if considering the time taken for infection 

to develop), and require animal testing and ethical approval [348, 349].  

Other techniques, such as colorimetry or fluorimetry, may enable a more reliable, ethical and quicker 

way to measure viability. These methods use vital and non-vital dyes that exclusively stain live or dead 

cells. The change in the dye’s intensity can be used to quantify the sample’s viability (visually under a 

microscope, or automated using spectrophotometers, flow cytometers or plate readers) [342]. These 

methods have significant advantages in terms of standardisation, accuracy, simplicity of experiments, 

and replicability [350]. Colorimetric and fluorescence assays for determining parasite viability have 

been reviewed by Keiser [349] and Peak and Hoffmann [342], but these methods have only been tested 
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on part of the schistosome lifecycle (for example MTT formazan on adult worms [351, 352] or 

methylene blue on schistosomula [353]) and have yet to be verified on cercariae. 

Water treatment studies should focus on rendering cercariae non-infective or non-viable, as this 

determines if cercariae can infect a human host with schistosomiasis. Hence, there is a need to develop 

and verify accurate, high-throughput assays for quantifying cercarial infectivity or viability. To address 

this research need, I developed and validated two dual-staining, high-throughput fluorescence assays 

for quantifying cercarial viability in water samples. These methods were adapted from previous 

schistosome viability studies [354, 355]. The two assays use a combination of vital and non-vital dyes 

that are widely available, have short incubation periods, and separate emission wavelengths: Hoechst 

33258 (Hoechst), Propidium Iodide (PI) and Fluorescein Diacetate (FDA).  

Hoechst is a cell-permeable dye that fluoresces blue when bound to DNA and is used as an indicator of 

membrane integrity, as fluorescence increases if cell membrane integrity is impaired [355]. PI is a non-

vital, red fluorescent DNA stain, which is unable to cross intact cells and can only enter if there is a 

breach in the membrane [356, 357]. FDA is a cell-permeable vital dye that is hydrolysed to green 

fluorescein by the enzyme esterase [358]. The fluorescence is only retained in cells with intact 

membranes, thereby staining viable cells. These three dyes are used to double-stain cercariae, namely 

FDA and PI (FDA-PI) and FDA and Hoechst (FDA-H). The FDA-PI assay has been shown to accurately 

determine schistosomula viability by Peak et al. (354). However, other researchers have struggled to 

replicate these results [340, 350], and limitations of the assay have been found in other fields of research 

[358]. I therefore chose to also test the FDA-H dual stain, since Hoechst has been used to determine 

cercarial viability [359]. Using a combination of vital and non-vital dyes, instead of using a single dye, 

may increase the accuracy and validates that differences in fluorescence and dye uptake result from 

differences in viability [354]. 

The aim of these fluorescence assays is to facilitate the testing of water treatment processes against 

cercariae, specifically by reducing labour time, increasing accuracy, and enabling high-throughput 

screening. 

4.2 Materials and Methods 

4.2.1 Snail Handling 

S. mansoni infected Biomphalaria glabrata snails were obtained from the Biomedical Research Institute 

(BRI) in Rockville, MD, USA and kept at the Schistosomiasis Collection at the Natural History 

Museum (SCAN) in London, United Kingdom. Snails were kept in 3 litres of artificial spring water in 

5 litre plastic trays covered with a clear glass plate [360]. Up to 25 snails were kept in one tray, and the 

room temperature was controlled at 27°C. The light exposure was controlled via a timer to mimic the 

natural light conditions, providing 14 hours of light and 10 hours of darkness. Snails were fed dried 

lettuce and fish flakes every other day, and aquarium water was changed every three weeks. Trays were 
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inspected every day and dead snails were removed using laboratory forceps. Occasionally, snail water 

became contaminated with rotifers which fed on the snails’ shell (Figure 4.1). These commensals can 

limit cercarial release and should therefore be removed [361]. Rotifers were directly removed by 

cleaning the snail shell with a cotton swab, taking care not to crush the shell [361]. Snails were rinsed 

with artificial spring water and examined under a stereo microscope to ensure there were no remaining 

rotifers. This was repeated every day until the rotifer population was reduced. In addition to the daily 

tray inspection, snail shells were more closely examined under a stereo microscope once a week. 

4.2.1 Cercaria preparation and enumeration 

Snails started to produce cercariae three to four weeks post infection. Prior to experiments, 15 snails 

were placed in the dark for 38 hours to induce heavier cercarial shedding. The snails were then rinsed 

twice in bottled spring water (Volvic pH 7.0), placed in a beaker with 20 ml water and exposed to light 

(11W LED lamp) for 60 minutes. Snails were removed and the cercaria-infested water was filtered 

through a 200 µm polyester filter to remove snail faeces and debris. To estimate the number of cercariae 

(per 100 µl), three 100 µl aliquots were taken by pipette. 10 µl of Lugol iodine solution was added to 

kill and stain the cercariae, which could then be easily counted under a microscope. If the cercaria 

concentration was below <55 cercariae/100 µl, the experiment was stopped and repeated two days later 

when the infection in the snail had matured. When there were sufficient numbers of cercariae, the 

solution was diluted with bottled spring water to achieve the desired parasite concentration of 55 

cercariae/100 µl. This equates to 100 cercariae per well. The cercariae were used immediately so that 

all experiments used fresh cercariae (<2 hours old). 
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Figure 4.1: Snail shell infested with rotifers, the white coral-like organisms (A), snail shell being cleaned with a cotton swab 

(B), cleaned snail shell (C), snail shells heavily damaged by rotifers, the white marks are the sites of previous rotifer 

infestation (D and E). 

A 

B 

 

C 

 

D 

 

E 
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4.2.2 Sample preparation 

Unless otherwise stated, an estimated 100 cercariae were used per well in a 96-well plate. Based on 

aliquot data and applying a measure of uncertainty, cercaria numbers varied by ±4 cercariae per well. 

182 µl of cercaria water was aliquoted into black-sided, optically-clear, flat-bottomed, 96-well 

microtiter plates (ThermoFisher Scientific). For experiments involving non-viable samples, cercariae 

were heat-killed in a glass universal bottle placed in a 60°C water bath for 5 minutes. This is above the 

maximum temperature and contact time found to kill cercariae in the systematic review. The universal 

bottle with heat-killed cercariae was examined under the microscope to ensure all cercariae were non-

moving. The sample was allowed to cool to 27°C before being aliquoted into 96-well plates. For mixed 

samples, 50% live and 50% dead cercariae were added together. Media (water without cercariae) were 

produced by passing cercaria-water through a 20 µm polyester filter. This removed cercariae, while 

allowing smaller particles and dissolved organic matter to pass. In those experiments that quantified 

viabilities, samples with the desired viability were produced by mixing the respective proportions of 

live and dead cercaria solutions (e.g. 25% viability was produced by mixing 75% heat-killed cercariae 

with 25% untreated cercariae). All experiments were run in triplicate and repeated at least three times. 

All dyes were purchased from Sigma-Aldrich, and catalogue numbers are shown in Appendix B. Stock 

solutions of FDA, PI and Hoechst were prepared according to Table 4.1. and stored in the dark at 4°C 

for up to 3 months. The Hoechst stock solutions was freshly diluted to a working solution on each day 

of the experiment as the dye is not stable at lower concentrations. FDA and PI were not further diluted. 

The stock (FDA and PI) and working (Hoechst) solutions were added to cercaria samples to obtain final 

dye concentrations shown in Table 4.1. These concentrations are based on the Method development and 

previous literature [340, 354, 355, 362]. 

Table 4.1: Emission and excitation wavelengths used to visualise stained cercariae and measure their fluorescence. PBS = 

phosphate buffered saline. 

Dye Dissolved 

in 

Stock 

concentration 

(µg/ml) 

Working solution 

concentration 

(µg/ml)  

Final dye 

concentration 

(µg/ml) 

Microscope 

filter cube/ 

excitation (nm) 

Plate reader 

excitation/ 

Emission (nm) 

Hoechst PBS 5000 20 1  A/UV 340-380 355/460 

FDA Acetone 25 25 0.5  N2.1/515-560 485/520 

PI PBS 20 20 2 I3 / 450-490 544/612 

 

Stained cercariae were examined under a Leica CTR 5000 fluorescence microscope at 20X 

magnification equipped with filter cubes A, N2.1 and I3 used to visualise Hoechst, FDA and PI stains, 

respectively. Images were captured with a Leica DFC310 FX digital colour camera that was connected 

to the microscope, and photos were overlaid with the open-source GIMP software. 

4.2.3 Fluorescence measurements 

Cercariae were aliquoted into the 96-well plates in triplicate, and dyes (FDA-H, or FDA-PI) were added. 

The microplate was sealed with a polyester film and loaded into a BMG Labtech FLUOstar Optima 

plate reader. Fluorescence measurements were taken with an orbital scan diameter of 4 mm, at excitation 
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and emission wavelengths shown in Table 4.1. Plates were programmed to shake for 5 seconds at 150 

rpm before each cycle in the double orbital shaking mode to encourage even dispersion of cercariae. 

The temperature of the plate reader was set to 32°C to promote enzymatic hydrolysis of FDA (thereby 

producing the green stain), while at the same time not reducing the cercarial lifespan [354, 363]. The 

wells were examined under the microscope at the end of experiments to confirm that the temperature 

and dyes did not affect cercariae. 

4.2.4 Data handling and statistical analysis  

The cercarial viability was calculated using the equation below: 

% 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑎𝑙𝑖𝑣𝑒

𝑑𝑒𝑎𝑑 + 𝑎𝑙𝑖𝑣𝑒
𝑥100 

Alive and dead represent the proportion of live and dead cercariae in the sample and are calculated 

with the following equations [354]:  

𝐴𝑙𝑖𝑣𝑒 (𝑢𝑠𝑖𝑛𝑔 𝐹𝐷𝐴 𝑓𝑙𝑢𝑟𝑜𝑒𝑠𝑐𝑒𝑛𝑐𝑒) =
(𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑛𝑜𝑛𝑣𝑖𝑎𝑏𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)

(𝑣𝑖𝑎𝑏𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑛𝑜𝑛𝑣𝑖𝑎𝑏𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)
 

𝐷𝑒𝑎𝑑 (𝑢𝑠𝑖𝑛𝑔 𝑃𝐼 𝑜𝑟 𝐻𝑜𝑒𝑐ℎ𝑠𝑡 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) =
(𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑒𝑑𝑖𝑎)

(𝑛𝑜𝑛𝑣𝑖𝑎𝑏𝑙𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝑒𝑑𝑖𝑎)
 

The viable sample and non-viable sample are the fluorescence (RFU) of untreated (100% viable) and 

heat-killed (0% viable) cercariae, respectively. Sample is the fluorescence (RFU) of the well whose 

viability is being determined, and media is the fluorescence (RFU) of the well containing only media 

(produced by filtering cercaria-water through a 20 µm filter). The mean and standard error of the mean 

(SEM) of the fluorescence data were calculated. A one-way analysis of variance (ANOVA) and post-

hoc least significant difference test (p<0.05 and p<0.01) were used to determine if, and between which 

samples (live, mixed or dead), there was a statistically significant difference in fluorescence. 

4.2.5 Method development 

4.2.5.1 Determination of dye suitability and concentration 

Prior to testing and validating the fluorescence assays, numerous experimental constants had to be 

optimised and determined, such as concentration of dyes and plate reader settings. This work was started 

together with MSc student Eric Ho (MSc 2018). Based on literature, the three fluorescent dyes were 

selected. The first step was to test if the dyes stained live or dead cercariae within two hours (which is 

the time within which cercaria viability should not change). First, 10 live and dead cercariae were 

pipetted onto a glass slide and each stained with one of three dye concentrations. The average 

concentration recommended by literature was used as a baseline, and a 2.5x higher and 2.5x lower 

concentration was also tested (Figure 4.2). The slides were photographed under the fluorescence 

microscope at 15, 30 and 45 minutes (Figure 4.3). Only photos of stained cercariae are shown (i.e. dead 

samples for PI and Hoechst, and live samples for FDA). 
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Figure 4.2: Cercariae stained at different concentrations of PI (A-C), Hoechst (D-F) and FDA (G-I) after 15 minutes 

incubation time. PI and Hoechst stained cercariae shown are heat-killed, the FDA stained cercariae are alive. 

 

Figure 4.3: Stained cercariae at 15, 30, and 45 minutes incubation time. PI (A-C) and Hoechst (D-F) stained cercariae are 

heat-killed, and FDA (G-I) stained cercariae are alive. 
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This visual examination determined that the dyes stain live or dead cercariae with all concentrations 

tested. It also confirmed that the concentrations used in literature adequately stained cercariae, and that 

all the dyes stained cercariae within 1 hour. Therefore, all dyes were considered for experiments, and 

the baseline concentrations were used from hereon. 

4.2.5.2 Determining plate reader settings 

The plate reader settings were initially based on literature. The temperature within the chamber plays 

an important role as it affects the hydrolysis of FDA. This is required for successful staining and is 

promoted at optimum enzyme temperature around 37°C, though temperature used to stain FDA in 

literature generally varies between 32-37°C [354, 363]. The lowest acceptable temperature of 32°C was 

selected, as this has the least effect on cercarial lifespan. Furthermore, this temperature is closer to the 

temperature of the laboratory the snails were kept in. To select the orbital scan diameter, which is the 

diameter within the well at which measurements are taken, live and dead cercariae were observed in the 

well. Live cercariae tended to swim close to the edge of the well, whilst dead cercariae sank to the 

bottom centre of the well. Therefore, an orbital of 4 mm was selected, which is between the centre and 

edge of the well, thereby capturing both live and dead cercariae. To promote cercariae from moving 

away from the side of well, plates were programmed to shake for 5 seconds at 150 rpm before each 

cycle (the lowest rotation). The effect of this rotation was tested by comparing fluorescence 

measurements of samples with and without shaking. Three samples with live (FDA) and dead (Hoechst 

and PI) cercariae were prepared according to the methodology. Dyes were added and the plate loaded 

into the reader. A fluorescence measurement was taken at 15 minutes without prior rotation. Then, a 

second measurement was taken after 5 seconds of 150 rpm rotation. The process was repeated three 

times. The results in Table 4.2 show that there is less variation in plate reader measurements with prior 

shaking, most likely due to a more even dispersion of cercariae. 

Table 4.2: Average fluorescence measurements and standard deviation of plates with and without shaking. Measurements, 

given in relative fluorescene units (RFU), are for dead cercaria samples for PI and Hoechst, and live cercariae for FDA. 

Dye Average RFU without shaking Average RFU with shaking 

PI 2151 ± 146 2116 ± 110 

Hoechst 745 ± 37 764 ± 26 

FDA 8228 ± 727 8323 ± 301 

4.2.6 Determining effect of dyes on cercariae 

Lastly, it was confirmed that the dyes and methodology did not affect the viability of cercariae within 

the timeframe of the experiment (<60 minutes). Three live cercaria samples were prepared according 

to the methodology and separately stained with one of the three dyes, in triplicate. The samples were 

placed in the plate reader for 60 minutes and read every 5 minutes. Then, the content of the wells was 

carefully pipetted onto five glass slides and examined under the microscope to check that the plate 

reader settings (temperature, shaking) and dyes did not affect cercariae. The movement, activity and 

physical appearance of cercariae was compared to a negative control containing unstained live cercariae 
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left at room temperature for the duration of the experiment. All cercariae were still alive, highly active, 

and overall no difference was found between the two samples by visual examination. 

In the first round of experiments (data excluded) there was significant variation in fluorescence 

measurements between replicates of different days. At times, the fluorescence from one day to the next 

would vary by 50%, although the same number of cercariae were used. This was possibly due to two 

reasons. First, I did not control the number of snails I placed under the light. I would shed half the 

available snails and reserve the other half for experiments on the following day. However, this number 

changed as snails started to die off. When more snails were shed, the water contained more snail excreta 

and other natural compounds released by snail, and hence more stainable material, even though the 

number of cercaria was controlled. The other reason was that the duration of light exposure was not 

strictly controlled. If the cercaria concentration did not reach 55 cercariae/100 µl after 60 minutes, the 

snails were shed for further 30 minutes to increase the concentration. This however also increased the 

amount of snail excreta in the water, which in turn increased the fluorescence measurements. For this 

reason, the snail number was controlled at 10 snails, and the shedding duration at 60 minutes. This 

significantly reduced variation between experiments. To further reduce variation, snails were rinsed 

twice before experiments. 

4.3 Results 

4.3.1 Microscopy 

Fluorescence microscopy was used to determine the dyes’ ability to independently label live and dead 

cercariae. To this end, 10 live and 10 dead cercariae were stained separately with the dyes, incubated 

for 10 minutes and examined under a microscope. All experiments were run in triplicate. The results 

show that 100% of live cercariae were FDA-stained (Figure 4.4F), and 100% of dead cercariae were 

stained with PI or Hoechst (Figure 1A and B, respectively). The latter two dyes fluoresced primarily in 

the cell nuclei of dead cercariae, indicated by red (Figure 4.4A, Figure 4.5A) and blue (Figure 4.4B, 

Figure 4.5B) dots. Both PI and Hoechst-stained tails fluoresced strongest at the head-tail junction 

(Figure 4.4A and B), resulting from the tail shedding induced by the heat treatment. Cercariae are 

covered by a single unit membrane [84], and the head and tail are connected by a thin muscle layer that 

encloses the excretory vesicle which is ruptured during tail loss [364]. PI and Hoechst did not visibly 

stain live cercariae (Figure 4.4D and E). FDA however did partially stain dead cercariae, though at a 

lower intensity than live cercariae (Figure 4.4C). As seen in Figure 4.4F and Figure 4.5C, FDA-

fluorescence in live cercariae was brightest at the acetabular glands and dorsal to the acetabulum, where 

strong cellular activity is present [365]. 
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Figure 4.4: Individually PI (A and D), Hoechst (B and E) and FDA (C and F) stained cercariae. The PI and Hoechst-stained 

dead cercarial tails (A and B) show the staining of the nucleic acid. Both tails fluoresce strongest at the tail-head junction, 

as this is where most ruptured cell membranes are found resulting from the tail separation. The FDA-stained whole live 

cercaria (F) fluoresces strongest in the acetabular glands. Image D, E show a live cercaria stained with PI and Hoechst, 

respectively. Image C shows an FDA-stained dead cercaria. 

 

Figure 4.5: Higher magnification images of PI (A), Hoechst (B) and FDA (C) stained cercariae. Dead cercariae are stained 

with PI and Hoechst, and live cercariae stained with FDA. A and B show strong cell nucleus staining, and C displays the 

staining of acetabular glands. 

To assess whether combinations of vital and non-vital dyes will enable an accurate measurement of 

cercarial viability, a mixture of 10 live and 10 dead cercariae was stained with two fluorophores, in this 

case FDA-PI, and FDA-H. Stained cercariae were incubated for 10 minutes and examined under the 

microscope. Experiments were run in triplicate. The overlaid images shown in Figure 4.6B and D 

confirm that FDA exclusively stained live cercariae, and PI and Hoechst dead cercariae. It can be seen 

that no cercariae fluoresced in both fluorophores (using either filter cubes), or in yellow or cyan, 

indicating that the dyes stain different areas of cercariae. This confirms that there is no co-localization, 

meaning that no cells are labelled with two fluorescent dyes [366]. These results are comparable to the 

non-cercaria studies of Yan et al. (367), Peak et al. (354) and Jiajia et al. (368), and therefore all three 

fluorophores are suitable for determining cercarial viability. 
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Figure 4.6: Cercariae double stained with FDA-PI (B) and FDA-H (D). Live, whole cercariae fluoresce green, whereas 

dead cercariae (often with their tail separated) fluoresce blue (Hoechst) or red (PI). Respective bright-field images of 

cercariae (A and C) shown for reference. 

4.3.2 Determination of incubation time using plate reader 

To determine the optimal dye incubation time, fluorescence measurements of stained cercariae (100 

cercariae/well) were taken every 5 minutes for 60 minutes. Live, dead, a mix of live and dead cercariae, 

media, and a blank were examined at each time point. A short incubation time is desirable to minimise 

natural cercarial die-off, whilst ensuring that there is a statistically significant difference between the 

fluorescence of live, mixed, and dead cercariae. 

PI-stained dead cercariae fluoresced the strongest, live cercariae the weakest, and mixed cercariae 

fluoresced evenly between live and dead samples (Figure 4.7A). The fluorescence of PI increased over 

time for dead and mixed samples and remained relatively constant for live samples. These results are 

in line with results of Peak et al. (354) for schistosomula. The fluorescence of media and blank samples 

was significantly lower than that of cercaria samples. There was a statistically significant difference 

between PI fluorescence emissions of live, dead, and mixed samples (p<0.05 from 20 min, and p<0.01 

from 50 min), and overall the statistical significance increased over time. Therefore, an incubation time 

of 20 minutes was selected for PI experiments. 
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Figure 4.7: Fluorescence of PI (A), Hoechst (B) and FDA (C) stained cercariae over time. Each sample contains 100 ± 4 

cercariae. Dead cercariae were heat-killed at 60°C for 5 minutes, and mixed samples contain 50% alive and 50% dead 

cercariae. Data points and error bars show the mean and SEM of nine wells (experiments run in triplicate and repeated 

three times). 
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Similarly, Hoechst-stained dead cercariae fluoresced strongest, followed by mixed and live cercariae, 

as expected for a non-vital dye (Figure 4.7B). Media samples fluoresced significantly less, and the blank 

exhibited the lowest fluorescence. The post-hoc test shows that there is a significant difference (p<0.05) 

between all samples as of 20 minutes, yet the difference between alive and mixed samples never drops 

below a p-value of 0.01. The high standard error in the media, likely due to varying amounts of naturally 

fluorescing compounds released by cercariae and snails, is possibly the source of the error in the live 

and mixed samples. 

FDA-stained live cercariae fluoresced very strongly, with mixed and dead samples fluorescing 

proportionately less (Figure 4.7C). The fluorescence of all cercaria samples increased significantly over 

time, though live cercariae showed the greatest increase. These also exhibit the highest standard error, 

potentially due to moving cercariae. Interestingly, the media (cercaria-free water) fluoresced more 

strongly than dead cercariae, indicating that the media contains stainable natural compounds such as 

proteins released by cercariae, or dissolved snail faeces. To confirm this hypothesis, media was heated 

at 60°C for 5 minutes, which reduced fluorescence to almost that of the blank (Figure 4.7C). Overall, 

there is a significant difference between all cercaria samples after 5 minutes (p<0.05) and 10 minutes 

(p<0.01). 

Based on these results, the fluorescence of Hoechst and PI samples should be read after 20 minutes 

incubation and FDA samples after 5 minutes. For simplicity, all samples were read after 20 minutes at 

which point alive, dead and mixed samples of all dyes still have a statistically significant difference of 

p<0.05. 

4.3.3 Determination of minimum parasite concentration 

To assess the sensitivity of the assays and to determine the correlation between number of cercariae and 

fluorescence, cercariae were serially diluted from 128 to 1 cercaria/well. An additional sample of 160 

cercariae was prepared, as this was the maximum concentration of cercariae that could be continually 

achieved, given the number of snails available in the laboratory. Live cercariae were stained with FDA, 

and dead cercariae with Hoechst and PI. Overall, the results (Figure 4.8) show a strong linear correlation 

between cercaria numbers and fluorescence (R2 exceeding 0.97 for all dyes), and are in line with results 

found by the schistosomula-focused study by Peak et al. (354). However, both PI and Hoechst samples 

exhibit non-linear relationships when containing fewer than 32 cercariae. The absolute minimum 

number of cercariae that should be used per well is therefore 32 parasites, however higher 

concentrations are recommended to ensure a more significant difference between fluorescence of live 

and dead samples. The required parasite concentration is significantly lower than found by Peak et al. 

(354) when testing schistosomula, potentially due to cercariae being larger in size. 
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Figure 4.8: Fluorescence compared against cercaria number for the dyes considered in this study. Live (FDA) and dead (PI 

and Hoechst) cercariae were serially diluted from 128 to 1 cercaria/well, with an additional well containing 160 cercariae. 

Fluorescence measurements were taken at 20 minutes. Data points and error bars show the mean and SEM of nine wells 

(experiments run in triplicate and repeated three times). 

4.3.4 Quantifying cercarial viability using double-staining fluorescence assays  

To determine if the two dual-stains can accurately measure the cercarial viability, and which 

combination of dual-stains is more accurate, samples with known proportions of live and dead cercariae 

were examined. Five viabilities ranging from 0% to 100% were tested (0%, 25%, 50%, 75%, 100%), 

and these represent the “actual” viability. As the number of live and dead cercaria could not be entirely 

controlled, the true viability may in fact be different to the “actual” viability (e.g. an actual viability of 

50% was produced by mixing equal volumes of live and dead cercariae, but due to pipetting and 

experimental errors the sample contains 48 live cercariae and 52 dead cercariae, hence a true viability 

of 48%). The measured viability was calculated using fluorescence data collected at 20 minutes. 
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The assays could determine the viability with an average accuracy of 93.1% ± 5.5% (FDA-PI) and 

92.2% ± 6.3% (FDA-H), as shown by Figure 4.9. FDA-H is less accurate and less precise, indicated by 

the higher standard errors. However, there is no statistically significant difference between the 

viabilities determined by the assays. FDA-H consistently underestimated the viability, potentially 

caused by inadequate assay conditions (e.g. incubation time or dye concentration). 

 

Figure 4.9: Measured versus actual viability of cercariae as determined by the dyes used in this study. Samples contained 

100 ± 4 cercariae (ranging from 0-100% viable) and were stained with FDA-PI and FDA-H. Data points and error bars 

show the mean and SEM of nine wells (experiments run in triplicate and repeated three times). “Actual” viabilities are the 

known proportions of live and dead cercariae in each well, and “measured” viabilities are those quantified with the 

fluorescence data. 

4.3.5 Comparison of microscopy and fluorescence assays as a means to quantify cercarial 

viability 

A stereo microscope was used to assess cercarial viability based on movement, and the resultant data 

were compared to the fluorescence assay data. Samples containing 30% viable cercariae (with an 

uncertainty of ± 2%) were tested for analysis by the two methods. The viability of 30% was randomly 
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chosen and consisted of approximately 30 live and 70 dead cercariae. As before, cercariae were not 

individually aliquoted into the well, but instead the respective volumes of live and dead (heat-treated) 

cercaria suspensions were aliquoted. After the fluorescence of the samples was measured in the plate 

reader, the content of the well was pipetted onto a counting chamber. 20 µl of bottled water were added 

to the empty well and gently mixed with the pipette tip before also being pipetted onto the counting 

chamber (this washed away any remaining cercariae in the well). The number of viable and non-viable 

cercariae was counted under the microscope after gently shaking the chamber to promote movement. 

Viable cercariae were considered as moving and non-viable cercariae as non-moving cercariae. If 

cercariae did not move within five seconds, they were deemed non-viable along with non-moving 

separated cercariae. To avoid double counting, only whole cercariae or separated heads were counted. 

The viability of each sample (i.e. well) was calculated by dividing the total number of live cercariae by 

the total number of cercariae in the well. The time taken to count cercariae was recorded with a 

stopwatch (Table 4.3). Similarly, the time required to carry out the fluorescence assay was recorded, 

including the dye preparation, aliquoting dyes, incubation time, and plate reader measurement. 

Table 4.3: Required labour time for quantifying cercarial viability using fluorescence assays and microscopy. 

Activity Fluorescence assay Microscopy 

Dye preparation 5.0 minutes - 

Aliquoting dyes (/96-well plate) 1.8 minutes - 

Incubation time 20.0 minutes - 

Plate reader measurement (/96-well plate) 3.2 minutes  

Counting cercariae (/well containing 100 cercariae) - 0.85 minutes 

Total/sample containing 100 cercariae 25.1 minutes 0.85 minutes 

Total/96-well plate 30.0 minutes 81.6 minutes 

Total/96-well plate (excluding incubation time) 10.0 minutes 81.6 minutes 

 

As seen in Table 4.3, the time measurements show that microscopy is more time-efficient than the 

fluorescence assay when assessing only one sample, though this includes an incubation time of 20 

minutes. As more samples are assessed, the benefit of the fluorescence assay becomes apparent. If 

measuring the viability of 96 samples in a well plate, the fluorescence assay is almost three times faster 

than microscopy (30.0 vs 81.6 minutes). If the incubation time is excluded, the fluorescence assay is 

more than eight times faster per well plate. Therefore, the fluorescence assays can provide significant 

reduction in labour time. 

The results in Figure 4.10 show the average viabilities, quantified as 32.1% and 30.0% for FDA-PI and 

FDA-H assays, and 37.2% and 34.9% for the respective microscopy. There is no statistically significant 

difference between the measured viabilities. The fluorescence assays were on average more accurate 

(closer to the “actual” viability of 30% ± 2%) yet less precise, indicated by the higher standard errors. 

This is to be expected as the assays also analyse the media which increases the uncertainty in the data, 

unlike microscopy which only evaluates cercariae. The microscopy method overestimated the viability 
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which indicates that cercariae were classified as viable when they were non-viable. However, without 

running host-infection experiments, it is difficult to know the exact viability of the sample. 

 

Figure 4.10: Comparing the viability quantified with fluorescence assays and microscopy. Samples containing 100 ± 4 

cercariae with a viability of 30% ± 2% were stained with FDA-PI and FDA-H. Measurements were taken at 20 minutes. 

Three 50 µl aliquots of each sample were then examined under the microscope, and cercarial viability was recorded by 

counting moving (viable) and non-moving (non-viable) cercariae. Average quantified viabilities and SEMs are shown on the 

bar graph. The “actual” viability is the known proportion of live and dead cercariae in each well, chosen as 30%. 

4.4 Discussion  

To confirm that the three dyes, Hoechst, PI and FDA, exclusively stain live or dead cercariae, images 

of stained parasite larvae were taken on a fluorescence microscope. These showed some minor variation 

in cercaria fluorescence which has also been observed in other studies [355, 369]. This may be due to 

natural variation in dye-uptake, or differences in the focus or camera settings. To minimise variation, 

images were taken within 30 seconds after turning on the microscope, as long periods of excitation can 

lead to quenching and bleaching of the dye. However, these issues do not affect plate reader 

measurements. 

Experiments examining parasite fluorescence over time confirm that live and dead cercariae fluoresce 

at significantly different intensities after short incubation times of 20 minutes. Furthermore, there is a 

 ±5.6% ±4.2% ±8.2%   ±4.4% 
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strong correlation between number of cercariae and fluorescence. This study used 100 parasite larvae 

per well to ensure high sensitivity, however the results indicate that the assay may also be accurate for 

concentrations as low as 32 cercariae/well. Lower concentrations did not present a linear correlation, 

potentially due to pipetting variability at such small volumes. To achieve a strong correlation between 

cercariae and fluorescence, it is suggested to test a high concentration of parasites which also helps 

minimise the effect of variation in media measurements. 

Overall the results show that both assays could accurately quantify cercarial viability. FDA-H 

consistently underestimated the viability, suggesting that the procedure may need to be amended to 

reduce the measured proportion of dead cercariae (e.g. reducing the Hoechst concentration, or adjusting 

the plate reader gain or incubation time). Future studies could investigate the use of other dyes such as 

Hoechst 33342 or DAPI (4′,6-diamidino-2-phenylindole) in place of Hoechst 33258, as these dyes 

might improve the accuracy of the assay. Hoechst 33342 has been shown to have increased cell-

permeability compared to Hoechst 33258 [370, 371], which could reduce the underestimation in 

viability caused by Hoechst 33258. Overall, there was no statistically significant difference between 

viability results of two fluorescence assays. As the procedures of the two assays are essentially identical, 

both the FDA-PI and FDA-H assays are recommended for the assessment of cercarial viability.  

Differences between viabilities measured with microscopy and fluorescence assays may arise from 

separated cercariae. Tail loss has been shown to make the separated cercaria head (i.e. schistosomulum) 

more permeable and water intolerant than intact cercariae [372], potentially affecting dye uptake. The 

separation also causes cercariae to empty their acetabular gland and duct material [373], which could 

further affect staining. In microscopy, cercariae that have lost their tail but are still moving are classified 

as viable. In the fluorescence assay, however, the point of separation on the head and tail may already 

be stained with PI or Hoechst, as the cell membrane is ruptured and exposing DNA at this point, thereby 

decreasing the measured viability. Cercariae should only lose their tail if killed by the heat treatment, 

and hence be classified as non-viable in both assays. However, moving tail-less cercariae were observed 

under the microscope, potentially caused by pipetting or mixing the cercaria solution. 

4.4.1 Standard errors 

Standard errors were calculated in all experiments, likely arising due to varying cercaria numbers 

(calculated as ±4 cercariae per well) and the non-homogenous nature of samples. Samples containing 

live cercariae had especially high variances, possibly due to uneven distribution or moving cercariae. 

When observing live cercariae under the microscope, it was clear that they were attracted to the edge 

of the well. For this reason, the well plate was programmed to shake prior to each reading to excite the 

cercariae and encourage movement through the well, thereby increasing well-to-well precision [374]. 

Shaking must be kept constant, as it has been shown to influence the rate of hydrolysis of FDA [363]. 

In addition, the plate reader was set to measure at an orbital scan diameter of 4 mm, spaced between the 
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centre and side of the well. Other plate reader settings such as temperature must also be controlled as 

they can affect fluorescence readings. Although the plate reader was set to a constant temperature, inter-

chamber temperature varied by ±0.2°C. 

Errors may also be due to variations in the water media. Sometimes other microorganisms such as 

rotifers or paramecia were shed from snails and it was difficult to remove or control these. To minimise 

variations in the media, the number of snails and shedding time was controlled. Media was produced 

by filtering the cercaria water through a 20 µm mesh. Although this produced cercaria-free media, it 

also filtered out larger particles and organisms which contributed to fluorescence in unfiltered samples 

(alive, dead and mixed). It is difficult to get an exact fluorescence measurement of the water media, as 

this requires removing cercariae without removing other particles. Alternative methods for producing 

media should therefore be considered, potentially incubating non-infected snails in the same conditions 

as infected snails and using this water to determine the fluorescence of the media. This will be especially 

relevant if testing real water samples and snails collected in the field, since these will likely carry other 

planktonic animals and be infected with non-human Schistosoma species. The use of the assays under 

these conditions will need to be tested. 

4.4.2 Drawbacks of plate readers 

Although the three dyes are widely available and cheap, the assays require a high-sensitivity plate reader 

that can measure the fluorescence of non-homogeneous samples. Plate readers have a significant cost, 

and the additional requirement for black-sided microplates designed for fluorescence assays increases 

the overall cost of the assays. Some studies found that simpler, less advanced machines could not 

measure the fluorescence accurately enough when quantifying schistosomula viability [340, 350]. The 

assays should therefore be verified for cercariae using less-advanced plate readers, e.g. for use in low-

income laboratory settings. 

4.4.3 Application to different water treatment processes 

The application of these dual-stains in water treatment experiments must also be tested. This study used 

heat-killed cercariae, however the accuracy must be validated for each water treatment process. For 

example, PI may not stain cercariae inactivated using ultra-violet (UV) disinfection, as the treatment 

inhibits protein synthesis and modifies the surface membrane of cercariae, such as the concentration of 

glycocalyx that surrounds cell membranes [375, 376]. UV may therefore not cause a breach in 

membrane which is required for staining. Furthermore, chemical (e.g. chlorination) or photochemical 

(e.g. UV disinfection) processes may interact with dyes and thereby affect results. 

The assays are limited to an incubation period of 20 minutes, which is especially restricting for chemical 

water treatment processes where the chemical concentration is strongly time dependent. This is the case 

for chlorination, where the residual chlorine rapidly decreases with contact time in a water sample 

containing organics (e.g. lake water). In such cases, the assays could only be used to test the 
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effectiveness of chlorine for contact times greater than 20 minutes. However, the assays should be 

sensitive enough for other treatment methods such as storage, and for the design of water treatment 

processes in low-resource areas which are unlikely to control the treatment processes on a greater level 

of accuracy. 

4.5 Conclusion 

This series of experiments tested the use of two fluorescence assays for quantifying S. mansoni cercarial 

viability in a sample of water. The results indicate that both dual-stains, FDA-PI and FDA-H, can be 

used to accurately measure the viability of cercariae using a plate reader. Despite the requirement for 

advanced plate readers and microplates, these assays for quantifying the viability of cercariae after 

water treatment are a significant improvement in terms of labour-time and subjectivity, when compared 

to microscopy. They thereby provide the potential for bringing the knowledge of water treatment for 

schistosomiasis up to speed with the level of our knowledge of how to control other waterborne and 

water-based diseases. In the future, this will hopefully promote the development of water treatment 

guidelines and the design of effective water infrastructure and associated treatment process monitoring 

for schistosomiasis-endemic regions. 
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5 Chlorination of Schistosoma mansoni cercariae 

      Determining the sensitivity of S. mansoni cercariae to chlorine under laboratory and  

      field conditions 

5.1 Introduction 

Schistosomiasis infection is inevitable if daily water activities are reliant on contact with contaminated 

water (e.g. bathing, laundry) [2]. So far, no country has successfully broken the transmission cycle with 

treatment alone [377]. This supports the crucial role that the provision of clean water plays in 

schistosomiasis control. As discussed in previous chapters, no water treatment guidelines for 

schistosomiasis-endemic regions exist to-date, and the systematic review in Chapter 3 found that there 

was insufficient data to develop recommendations [34]. This presents an additional barrier to 

implementing safe water infrastructure in endemic areas. Hence, there is a need to develop water 

treatment recommendations by rigorously testing the effectiveness of water treatment processes to 

remove or inactivate schistosome cercariae. This chapter presents the results of chlorination 

experiments that tested the effectiveness of chlorine against S. mansoni cercariae in both laboratory and 

field settings. The resulting chlorination recommendations can be used to treat cercaria-infested water 

and provide endemic communities with safe water facilities.  

Unfortunately, the fluorescence assay that was developed in Chapter 4 is not used to measure the 

viability of cercariae following chlorination. This is because the dyes require incubation periods 

exceeding 15 minutes which would significantly affect the chlorine contact time. Quenching the 

chlorine at the start of the assay using sodium thiosulphate was considered, however this chemical 

visibly changed the cercariae, making them swollen and slow-moving. It is therefore likely that sodium 

thiosulphate affects cercarial viability and may influence the results of the fluorescence assays. 

Although the fluorescence assay provides significant advantages in terms of labour time and 

subjectivity compared to microscopy, the results in Chapter 4 showed that the two methods did not have 

statistically significant different accuracies. Therefore, microscopy was used to assess the viability of 

cercariae following chlorination. 

5.1.1 Types of chlorine and dosing 

Water chlorination is an effective chemical water treatment process used anywhere from small-scale 

emergency settings (e.g. chlorination tablets) up to large-scale municipal water treatment plants. Since 

its first use in public water supplies in the early 1900s, it has contributed to significant reductions in 

water-borne diseases such as typhoid, dysentery and cholera [273, 378]. The three main chlorine-based 

disinfectants are elemental chlorine gas, liquid sodium hypochlorite (NaClO) and solid calcium 

hypochlorite [273]. Chlorine gas contains the highest percentage of chlorine, up to 99%, which requires 

high safety standards for transport and storage. Calcium hypochlorite can contain between 25-70% of 

chlorine, is relatively stable (loss of 2% per year) but is corrosive and flammable. Sodium hypochlorite 
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contains between 10-15% chlorine but can lose up to 4% per month, depending on storage (heat, light, 

pH). It is especially used in emergency response as it is available, cost-effective, easy to use and verify, 

and effective against many pathogens [273, 379]. Sodium hypochlorite solutions intended for water 

disinfection generally provide instructions; one cap should be added to a standard sized container of 

clear water (or two caps in turbid water), and at least 30 minutes contact time [380].  

Chlorine can be dosed using solid tablets, manual dosing and stirring, or chemical dosing pumps. 

Commercially available bleach containing on average 3-6% chlorine is sometimes used as a water 

disinfectant in developing countries. However, care must be taken as poorly produced bleach may lose 

stability due to improper packaging, exposure to heat and light during transportation or storage, or lack 

of pH stabilisers (pH should be 11-13) [381, 382]. A study evaluating the chlorine concentration in 

commercially available bleach in developing countries found that the advertised chlorine concentration 

deviated by an average 35% of the labelled concentration, highlighting the importance of quality control 

testing [381]. 

5.1.2 Chlorine disinfection mechanisms 

Chlorine kills pathogens through oxidation which disintegrates the cell wall. It can thereby alter the 

permeability of the cellular envelope and leak cell components. It interferes with membrane functions 

such as phosphorylation, which is the first step to catabolising sugars. Chlorine can also impair the 

function of enzymes and proteins, and denature nucleic acid [383]. The predominant disinfection 

mechanism is pathogen-specific and could be a combination of all these processes. On the other hand, 

physiochemical factors can impair the chlorine’s inactivation ability. Physical protection shields 

microorganisms from chlorine through particles such as silt, plankton, and clays, which collectively 

determine the water’s turbidity [384, 385]. Protection increases inversely with organism size. 

Interfering chemicals such as iron or sulphur can also impair chlorination by chemically reducing the 

disinfectant and increasing the chlorine demand [386-388]. 

5.1.3 The chemistry of chlorination 

When chlorine is added to water, numerous chemical reactions occur. When added in the form of 

sodium hypochlorite, chlorine reacts to form hypochlorous acid (HOCl) and sodium hydroxide  

(NaOH-). Hypochlorous acid can react further to produce hypochlorite ion (OCl-), depending on pH. In 

pure water, these reactions would occur straight away. 

NaClO + H2O ↔ HOCl + NaOH- 

HOCl ↔ OCl- + H+ 

In natural water, however, there are other materials that chlorine reacts with. Chlorine will react with 

both organic (e.g. pathogens) and inorganic (e.g. pipe) materials, which means that chlorine exists in 

different forms (Figure 5.2). Chlorine being an oxidising agent is especially reactive with reducing 
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agents such as hydrogen sulphide (H2S), iron (Fe2+) or sulphite (SO3
2-) [389]. In the presence of 

ammonia and organic material (e.g. vegetation, animals, decaying organic matter, organic nitrogen), 

hypochlorous acid forms monochloramine, dichloramine and nitrogen trichloride. These chloramines, 

also known as combined chlorine residuals, are bound to organic compounds and as a result are weak 

disinfectants and oxidants. As seen in Figure 5.1, chloramines initially increase with chlorine dose, and 

taper off as the ammonia compounds are oxidised, reaching a minimum point termed the breakpoint 

[273]. The addition of a chlorine dose equivalent to the chlorine demand will result in breakpoint 

chlorination; enough chlorine has been added to meet the oxidant demand and to destroy the combined 

chlorine compounds [273]. Any further addition of chlorine will result in the formation of a free chlorine 

residual (hypochlorous acid and hypochlorite ion), which increases with the chlorine dose [383]. Free 

chlorine is approximately a 25 times stronger disinfectant than the combined chlorine residual, and 

therefore the presence of a free chlorine residual is an indication of adequate disinfection [390]. 

 

 

 

Figure 5.2: Chlorination processes when chlorine is added to a water sample. 
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5.1.4 The effect of pH and temperature on chlorination 

The free chlorine residual is the amount of hypochlorous acid and hypochlorite ions in a water sample. 

Hypochlorous acid is a stronger oxidant and disinfectant and is more reactive than hypochlorite ion. 

Furthermore, as it is neutrally charged, it can penetrate negatively charged pathogen surfaces more 

easily [273]. The ratio of these two chlorine species is determined by the water’s pH. Hypochlorous 

acid is preferentially formed under acidic conditions, and hypochlorite ions under alkaline conditions. 

At pH 6.5 and 25°C, 75% hypochlorous acid is present, whereas at pH 7.5 this is reduced to 50% [273]. 

As a result, chlorination is more effective under acidic conditions. Chlorination is also influenced by 

temperature which speeds up the chemical reaction resulting in more effective chlorination at higher 

temperature. A minimum free chlorine residual of 0.2 mg/l is often maintained in distribution system 

to ensure adequate disinfection [391]. From here on, the free chlorine residual will be simply referred 

to as chlorine residual. 

5.1.5 The CT value 

As introduced in Chapter 3, a “CT value” is used as a comparative measure to indicate how sensitive 

organisms are to chlorine. It can also be used as a water treatment process monitoring parameter, 

meaning that pathogen monitoring is not necessary as long as the required CT value is maintained. The 

effectiveness of chlorination (i.e. the CT value) is directly related to water pH and temperature, and 

these variables must therefore be controlled in experiments. The WHO considers a pathogen’s 

resistance to chlorine to be low for CT values <1 mg·min/l, moderate for 1-30 mg·min/l, and high for 

>30 mg·min/l (for 2-log inactivation at 20°C and pH 7-8) [266]. Their guidelines for drinking water 

treatment recommend free chlorine residuals ≥0.5 mg/l after at least 30 minutes, i.e. CT values ≥15 

mg·min/l to treat drinking water of low turbidity (<10 NTU) [266]. The recommended maximum 

residual chlorine concentration is 5 mg/l (i.e. the health-based guideline value). The organoleptic taste 

limit however lies far below this threshold and is generally the limiting factor in drinking water [266]. 

5.1.6 Disinfection by-products 

Chlorination can lead to the formation of carcinogenic disinfection-by-products (DBPs). DBPs are 

formed when the chlorinated water contains DBP precursors, such as natural organic matter or bromide 

ions. Their formation is influenced by water quality (e.g. total organic carbon, pH) and treatment 

conditions (e.g. dose, contact time) [392, 393]. DBPs are not further considered in this study as the 

primary aim is to inactivate cercariae in non-drinking water.  

5.1.7 Kinetics of inactivation 

The rate of chlorine disinfection is dependent on the chlorine species, chlorine concentration, contact 

time, temperature, microorganism, pH and other environmental conditions [383]. Chick and Watson 

were among the first to develop a model for microbial inactivation in 1908 using first-order kinetics 
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[394, 395]. This model, still used today, assumes a log-linear inactivation and incorporates a lethality 

coefficient specific to type and concentration of the disinfectant (Λ):  

  𝑙𝑛
𝑁

𝑁0
= −𝛬𝐶𝑛𝑡                      (Equation  1) 

Where N and N0 are the number of live microorganisms at time t and 0, respectively, Λ is the coefficient 

of lethality, C is the concentration of disinfectant, n is the dilution coefficient and t is time. The resulting 

linear inactivation curve is depicted in Figure 5.3 (A) and shows that higher inactivation is achieved 

with longer exposure time. However, non-linear survival curves have been observed and modelled [396-

398]. Convex-shaped (B) inactivation is often used to represent clumped organisms and shows 

shouldering, meaning that there is an initial delay in inactivation. Heterogenous populations of cells in 

the log growth phase (i.e. period of cell doubling) often take a concave shape (C) marked by tailing at 

higher contact times [399]. A combination of these curves can also occur, resulting in sigmoid curves 

with shouldering and tailing (D). Non-linear inactivation may be due to aggregation of the pathogens 

preventing simultaneous chlorine contact, the time needed for the chlorine to reach target areas, or the 

time necessary for irreversible damage to occur [383, 400].  

There are ongoing discussions about whether the process of disinfection follows mechanistic or 

vitalistic theories [397, 401]. The vitalistic concept suggests that individual organisms in a population 

are not identical and hence have permanent varying degrees of resistance. This typically results in 

concave or sigmoid-shaped survival curves (C or D), which means that most organisms have average 

degrees of resistance, and few have extreme degrees of resistance [402]. The mechanistic theory on the 

other hand argues that the resistance of individuals is similar, but only some of the disinfectant’s 

molecules can be in contact with the microorganism. The resulting disinfection process is therefore a 

first-order reaction, or log-linear (A) [397, 402]. More recently, it has been suggested that the pathogens 

themselves could be the cause of the tailing curves by quenching the chlorine. The decreased chlorine 

concentration decreases the rate of disinfection, resulting in tailing log survival curves [401]. 

 
Figure 5.3: Different types of survival curves. A- linear, B-convex, C-concave, D-sigmoid curve with shouldering and 

tailing. Adapted from Moats (1971) [399]. 
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5.1.8 Inactivation of cercariae 

In the natural environment, cercarial death is primarily linked to glycogen depletion [83, 403]. The 

specific mechanisms by which chemical water treatment inactivates cercariae are however not well 

researched. Cercariae are covered by a glycocalyx which protects against osmotic changes. It is shed 

during host penetration but may be partially lost prior to penetration if the cercariae secrete gland 

content (e.g. under stress or if aggregated) [84]. It is possible that chlorine contributes to glycocalyx 

shedding, thereby exposing the underlying cell membrane. The cell membrane is negatively charged 

and contains unsaturated fatty acids [404]. It is hypothesised that the membrane is targeted by neutrally 

charged hypochlorous acid which can disrupt both the membrane integrity and function until the 

cercaria is inactivated. In addition to extracellular stress, chlorine may also damage intracellular 

components, thereby disrupting the cell metabolism and DNA [404]. 

5.1.9 Experiment overview 

The systematic review presented in Chapter 3 found that CT value recommendations in literature varied 

between 3-30 mg·min/l, depending on cercaria numbers, pH, temperature, water matrix, species and 

chlorine form (Chapter 3, [34]). The lack of reporting of many of these key variables, especially the 

chlorine residual concentration, was a major weakness of most studies. In the present study I have 

therefore run a series of controlled chlorination experiments, evaluating the effect of pH (pH 6.5-7.5) 

and temperature (20 and27°C) on the effectiveness of chlorine against S. mansoni cercariae under 

laboratory conditions (in the UK) and field conditions (in Tanzania). 

5.2  Materials and Methods 

5.2.1 Egg handling 

Due to funding changes by the BRI in 2019, SCAN stopped receiving infected snails from BRI and 

instead infected Biomphalaria glabrata snails (Puerto Rican strain) that were bred in-house. Snails were 

kept under the same conditions as outlined in Chapter 4 Snail handling. Trays were inspected every day 

for snail egg production and parasites (e.g. rotifers) and dead snails were removed using laboratory 

forceps. Snail eggs, which were generally deposited at the side and bottom of the tray, were gently 

scraped off the tray using a knife. With the help of a soft-tipped paint brush, eggs were carefully moved 

to a 50 ml beaker containing 30 ml bottled water and 1% v/v household bleach (Sainsbury’s Basics 

bleach, <5% NaClO). This killed pathogens, especially rotifers, feeding on the eggs. After 10 minutes, 

eggs were moved to a 100 ml beaker containing artificial spring water (prepared according to Ulmer 

[360]) and covered with a glass plate. Eggs were left at the same light and temperature condition as the 

snails. Once the eggs hatched (generally after a few days), snails were fed with a pinch of fish food that 

was ground up using a pestle and mortar, resembling dust rather than fish flakes. After three weeks, 

snails were moved to a plastic tray and started on a diet with lettuce and fish flakes. Adult snails between 

six and ten weeks old (or <1 cm in diameter) were used for infections.  
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5.2.2 Snail infection for laboratory conditions 

S. mansoni infected mouse livers were obtained from the Wellcome Sanger Institute UK (WSI). The 

institute maintains the complete lifecycle of the S. mansoni NMRI (Puerto Rican) strain, under Home 

Office Project Licence No. P77E8A062. Protocols were revised and approved by the Animal Welfare 

and Ethical Review Body (AWERB) of the WSI. The AWERB is constituted as required by the UK 

Animals (Scientific Procedures) Act 1986 Amendment Regulations 2012. Livers were collected from 

mice infected with 250 cercariae and perfused 40 days post infection. Livers were manually pressed 

through an 850 µm sieve with the help of bottled water to break up the tissue. The liver slurry was then 

passed through a Pitchford funnel (40 µm) [405] which retains the eggs at the bottom of the filter while 

allowing water to flow out the sides. The concentrated slurry was then poured into a petri dish and 

exposed to light (11W LED lamp) for 15 minutes, inducing eggs to hatch into miracidia. One snail was 

placed in a beaker with 20 ml water, and 10 miracidia were added with the use of a 10 µl pipette. Snails 

and miracidia were left for 12 hours to ensure each snail was equally infected (as opposed to batch-

infecting snails). To provide enough cercariae and allow for snail mortality, at least 25 snails were 

infected each month. Snails were kept at 27°C at the Natural History Museum (London, UK), and 

cercarial production started three to four weeks post-infection. The process of infecting snails was 

supported by Dr Fiona Allan and Dr Aidan Emery from the Natural History Museum who are 

collaborators on the WISER project. 

5.2.3 Snail handling for field conditions 

Field experiments at the NIMR Mwanza Centre in Tanzania used water and Biomphalaria sudanica 

snails collected from a transmission site at Kigongo Ferry, Lake Victoria, Tanzania (approx. 

2°42'47.6"S 32°53'37.0"E). Snails were collected using a leaf skimmer, made of a 20x20 cm net with 3 

mm meshing, by wading through the marshy vegetation along the shore. Collection took place at three 

sections of the transmission site and was limited to 100 snails per section per week to reduce the impact 

on the snail population as well as other ongoing research at the site. Snails were placed in 250 ml HDPE 

bottles with approximately 100 ml of lake water for transportation. Additionally, 5 L of lake water were 

collected in HDPE bottles and transported in a cooler bag. Once at the laboratory, groups of 2-3 snails 

were placed in 12-well multi-well plates (Corning) filled with 5 ml bottled water. The plates were 

exposed to light for 30 minutes and examined under a stereo microscope for cercariae. Snails in wells 

containing S. mansoni cercariae were separated, exposed to light for 30 minutes and examined 

individually. Snails shedding only S. mansoni cercariae were used for experiments, which equated to 

approximately 1-2% of collected snails. Occasionally, snails were co-infected with different species of 

cercariae, and therefore careful examination of cercariae was required. Infected and uninfected snails 

were kept separately in plastic trays covered with glass plates and filled with water collected from Lake 

Victoria. Neither time nor lighting were controlled as snails were kept at environmental conditions. 

Mwanza has approximately 13 hours of light a day, and the temperature was on average 24±0.7°C. 
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Snails were fed with lettuce every other day. Uninfected snails were again exposed to light in multi-

well plates at one- and two-weeks post collection to check for any developing infection. Any newly 

shedding snails were moved to the infected tray. Snail collections were conducted as part of fieldwork 

in February and October 2019 with the support from undergraduate student Ottilie Shiyong Liu and 

NIMR colleagues Yasinta Daniel Sylivester, Dr Teckla Angelo, Revocatus Alphonce, James Kubeja 

and Reuben Bugumbaat. Yasinta Sylivester, a research assistant at NIMR, continued snail collections 

every six to eight weeks between February and October 2019. 

5.2.4 Water matrices 

Bottled drinking water was used in all experiments. Instead of buffering bottled water to adjust the pH 

(which could potentially affect cercariae), three types of bottled water were selected based on their pH: 

pH 6.5, 7.0 and 7.5 (Buxton, Volvic and Highland Springs, respectively). The chlorine demand of the 

waters was <0.06 mg/l over 30 minutes. The pH of every bottle was measured before experiments and 

varied by pH±0.1 of the value indicated on the label. This water was used for snail handling (rinsing, 

shedding) as well as the respective chlorination experiment. Water temperature was controlled between 

20°C and 27°C which is within the temperature range of optimal schistosome transmission by 

Biomphalaria glabrata snails [406]. Although air temperature in schistosomiasis endemic regions 

fluctuates below the tested range of 20-27°C, water temperatures rarely drop below this. The water 

temperature of Lake Victoria for example ranges between 23.5-29.0°C [407, 408]. Furthermore, 

Biomphalaria glabrata snails have been shown to die if kept at temperatures below 16°C [409]. 

Therefore, water temperatures below 20°C were not tested. To confirm that the water did not influence 

the cercarial lifespan, cercariae were left for 24 hours in the three bottled waters at 20°C and 27°C, after 

which all cercariae were still fully active. 

Experiments using natural water used unfiltered lake water collected from Lake Victoria. The average 

temperature and pH were 24±0.7°C and 7.4±0.2, respectively. The lake water was breakpoint 

chlorinated before the experiment, meaning the chlorine concentration exceeded the oxidant demand of 

the water. This ensured that a free chlorine residual was present at the start of the experiment (though 

this also leads to the formation of combined chlorines). 

5.2.5 Cercarial preparation and enumeration 

Prior to chlorination experiments, cercariae were shed from snails following the method in Chapter 4. 

Only 10 snails were shed (instead of 15) as fewer snails were available. In brief, snails were placed in 

a beaker with 20 ml water and exposed to light for 1 hour. Aliquots were taken to estimate the 

concentration of cercariae. The cercarial solution was then diluted accordingly with water to achieve 

the desired concentration. Unlike in viability experiments, a cercaria concentration of 100 cercariae/3 

ml was selected. Cercariae were used immediately for experiments run at 27°C. For 20°C experiments, 

the cercariae were placed in a 20°C water bath for 10 minutes. All experiments used fresh cercariae 
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(<2.5 hours old), except one set of experiments in which aged cercariae were used. These were produced 

by storing the fresh cercarial solution in a glass-covered beaker at 27°C for 6 hours.  

5.2.6 Chlorination 

Every week, a fresh 50 mg/l sodium hypochlorite solution was prepared by diluting reagent-grade 

sodium hypochlorite (10-15% available chlorine, Sigma-Aldrich) in distilled water. The pH, 

temperature and chlorine dose were controlled in all experiments. pH was controlled by selecting 

bottled water with given pH (6.5, 7.0, 7.5) instead of using pH buffers which may affect cercarial 

lifespan. The pH of the water was not measured again once the chlorine was added. The water 

temperature was controlled with a water bath, and the chlorine dose added to the water (1, 2, 3 mg/l) 

was controlled by adding the required volume of 50 mg/l chlorine solution. In total, 18 conditions were 

tested (three pHs, two temperatures, three chlorine doses). 

First, glassware soaked in a chlorine bath (10 mg/l) for 24 hours was rinsed three times with distilled 

water. Then, bottled water already at 20°C or 27°C (volume depending on chlorine dose) was added to 

a 100 ml beaker. Chlorine was dosed (1, 2 or 3 mg/l) into the beaker and mixed using a glass rod. 3 ml 

of cercaria solution (100 cercariae/3 ml) were added to the beaker, bringing the total volume to 50 ml. 

The water was gently mixed using the rod and the time was started. The beaker was then placed in a 

20°C water bath for experiments run at 20°C or left at the regulated snail culture room temperature for 

27°C experiments. 50 seconds before the end of the respective contact time (5-45 minutes, in 5-minute 

increments), the viability of the sample was assessed by counting the number of live and dead cercariae 

under a stereo microscope (Leica CTR 5000 microscope equipped with a Leica DFC310 FX digital 

colour camera) – namely moving and non-moving cercariae. For example, for a 10-minute contact time, 

cercariae were counted after 9 minutes 10 seconds as it takes on average 50 seconds to count 100 

cercariae. This ensured the most conservative result, as all cercariae will have been exposed to a 

maximum contact time of 10 minutes, given a counting time of 50 seconds. The log-inactivation is 

calculated using Equation 2, and from here on log10 is simply referred to as log. Given a sample of 100 

cercariae, a 1- and 2-log reduction are equivalent to 90% and 99% inactivation, respectively. 

Experiments were omitted if there were too few (<85) or too many (>115) cercariae. 

𝐿𝑜𝑔 𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =  𝑙𝑜𝑔10
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑟𝑐𝑎𝑟𝑖𝑎𝑒

𝑎𝑙𝑖𝑣𝑒 𝑐𝑒𝑟𝑐𝑎𝑟𝑖𝑎𝑒
                  (Equation 2) 

The chlorine residual was measured using the DPD-FAS (N,N-diethyl-p-phenylene diamine - ferrous 

ammonium sulphate) titrimetric method (Standard Method #4500–CL.F [410]) once the desired contact 

time had elapsed. In brief, a pH buffer is added to the sample to keep the pH in the range of 6.2-6.5, 

which is required for the reaction. Then, DPD is added which leads to the formation of a red colour 

complex in the presence of chlorine. This is then quickly titrated with FAS to a colourless endpoint, 

using a micro-burette. The amount of FAS is equivalent to the free chlorine residual. The combined 

chlorine was not measured. 
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The volumes of reagents and sample were scaled by 50% as the sample volume was 50 ml instead of 

100 ml as used in the standard method. All chemicals used to make the reagents were used from existing 

stock in the laboratory or purchased from Sigma-Aldrich (see Appendix B for catalogue numbers). DPD 

was stored in a brown glass bottle at room temperature up to one month, and the phosphate buffer and 

FAS were stored at 4°C for up to three months and one month, respectively. 

This chlorination method was developed by me as no standard protocols for chlorinating cercariae exist 

(see 5.2.9 Method development). Yasinta Sylivester at NIMR and Dr Meseret Dessalegne at AAU were 

trained in the chlorination method, particularly how to perform a DPD-FAS titration and quality control 

checks. Two rounds of experiments under field conditions were conducted in October 2019 together 

with Yasinta Sylivester. Experiments were repeated a third time by Yasinta Sylivester with the support 

of NIMR field technicians in November 2019. 

The DPD titration was chosen as a method for measuring free residual chlorine because it does not 

require specialist equipment electricity, nor extensive training, and it is sufficiently precise (error of 2-

7%, depending on user’s accuracy in measuring volumes and titrating accurately) [391]. This makes it 

easy to use in both laboratories – NHM and NIMR, especially the latter where equipment is limited. 

The chemical reagents used in the titration are unstable and subject to oxidation. Sulfuric acid is added 

to the DPD reagent to lower the pH and thereby retard oxidation, and disodium ethylenediamine 

tetraacetate (Na2EDTA) further slows the deterioration. The ferrous ammonium sulphate reagent is 

standardised once a week against standard potassium dichromate, and all chemicals must not be used 

beyond their shelf life. It is crucial to use pure chemicals, especially for the buffer, as impurities can 

produce a chlorine demand. 

To assess the inactivation kinetics, a sample of 100 cercariae was dosed with 3 mg/l chlorine. The 

survival of chlorinated cercariae was assessed at 2-minute intervals until all cercariae were non-moving. 

The water was controlled at pH 6.5 and 27°C. The process was repeated three times and survival curves 

were plotted based on this data. This experiment was only conducted under lab conditions at the NHM. 

In addition to these experiments, the inactivation process of cercariae was analysed under a microscope 

to further understand how cercariae are inactivated by chlorine. First, live cercariae in a water sample 

(pH 7, 27°C) were pipetted onto a clean glass slide and viewed under a Zeiss compound microscope 

equipped with a Bresser MikroOkular Full HD eyepiece camera. Photographs at 100-400x 

magnification were taken. Next, the process was repeated for a cercaria sample chlorinated with a 3 

mg/l dose. A cercaria was identified under the microscope and photographed once physical change 

occurred. The contact time was recorded, and the residual chlorine of the sample was measured. The 

process was repeated for longer contact times to observe the increasing damage. This experiment was 

only conducted under lab conditions at the NHM.  



95 

 

5.2.7 Quality control 

The ferrous ammonium sulphate (FAS) solution was standardised against potassium chromate solution 

once a week, in duplicate [410]. If one of the test results was not within 10% of the expected value, the 

FAS solution was re-made and re-standardised. For quality control, five random dead cercariae were 

touched using a needle and assessed for movement [403]. Experiments run under the same conditions 

(i.e. pH, temperature, chlorine dose, contact time) were replicated at least five times. 

5.2.8 Uncertainty analysis 

The uncertainty measure is derived from uncertainty in measurements and accuracy of equipment. The 

main uncertainty sources include miscounting alive cercariae, variability in pH or temperature. The 

equipment accuracy is based on the manufacturer’s specification. The “total uncertainty” is then 

propagated from each variable, using Equation 3 or 4. These uncertainties have an effect on chlorine 

residual, time and hence CT value. For some variables, the relationship is direct (e.g. error in titrant 

volume directly affects chlorine residual, or error in time measurement directly affects contact time). 

For other variables (pH, temperature, counting cercariae) the effect on the CT value needs to be 

quantified (e.g. how does an error in pH affect the CT value). The collected data are used to determine 

these relationships. This means that the uncertainty is data-specific, as the effect of counting cercariae, 

pH and temperature changes with the level of inactivation. The worst-case data points i.e. at 2-log 

inactivation were therefore used. 

The total error resulting from measurement uncertainty (error x) and accuracy (error y) is calculated 

using Equation 3 if the measured quantities are added, or Equation 4 if the measurements are multiplied.  

𝑇𝑜𝑡𝑎𝑙 𝑒𝑟𝑟𝑜𝑟 = √𝑒𝑟𝑟𝑜𝑟𝑥
2 + 𝑒𝑟𝑟𝑜𝑟𝑦

2                       (Equation3) 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑟𝑟𝑜𝑟 = 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 ∗ √
𝑒𝑟𝑟𝑜𝑟𝑥

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑥

2
+

𝑒𝑟𝑟𝑜𝑟𝑦

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑦

2
                  (Equation 4) 

5.2.9 Method development 

5.2.9.1 Chlorination and titration 

From the systematic review it was evident that there is no standard method for assessing the sensitivity 

of cercariae to chlorine. None of the studies that measured the residual chlorine provided a detailed 

method that could be used as a basis for this study. Therefore, this method was developed. The standard 

DPD FAS method is based on 100 ml sample, and I therefore took the approach of chlorinating a 100 

ml sample. It is extremely time-consuming and difficult to accurately count the number of cercariae in 

a 100 ml volume, as the cercariae are present throughout the volume of the water. Therefore, three 5 ml 

aliquots were taken to count the live and dead cercariae. However, these aliquots never had sufficient 

cercariae to achieve 2-log inactivation. By increasing the cercarial dose, I could only run a handful of 

experiments a day due to the lack of cercariae. Instead, I scaled the solutions to using a sample volume 
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of 50 ml. Although this increased the cercaria numbers in the aliquots, the number was still low. Whilst 

running experiments, I noticed that all dead cercariae were always at the bottom of the beaker along 

with dying cercariae that could not move quickly enough to keep them suspended in the water. 

Therefore, the cercariae could be counted by mainly examining the bottom layer of the sample, and 

quickly scanning through the remainder of the volume to check for any alive, suspended cercariae. This 

way, instead of taking aliquots, all cercariae in the sample were counted. 

5.2.9.2 Number of cercariae and counting time 

The number of cercariae was determined through experimental trials. There is a trade-off between 

achieving high log inactivations (i.e. using many cercariae per sample) and inaccuracy of time 

measurement (i.e. it takes longer to count more cercariae). At high chlorine doses, cercariae died quickly 

which meant that by the time all cercariae were counted some of the live cercariae had died. Therefore, 

the aim was to count the cercariae within1 minute. This also ensured that the contact time, and hence 

CT value, more accurately portrayed the achieved inactivation, as greater variation in the contact time 

leads to less accurate inactivation. Samples of different proportions of mixed live and dead cercariae 

were prepared and the time taken to count them was recorded. Samples with less than 105 cercariae 

could be counted within 1 minute. Overall, it took longer to count samples of equally mixed live and 

dead cercariae than samples with mostly dead or live cercariae. After careful consideration, 100 

cercariae were chosen as a sample size. This achieved both a 2-log inactivation and less than 1 minute 

counting time, thereby having less impact on the CT value. It also enabled running at least 10 

experiments a day, given the cercarial output of the snails.  

The average time to count 100 cercariae was 50 seconds. Therefore, it was decided that the counting 

would be started 50 seconds before the end of the contact time to ensure all cercariae have been counted 

by the contact time. This is the most conservative approach, though likely overestimates the viability. 

This is demonstrated through following example. A sample is being assessed for a contact time of 10 

minutes. The cercariae can be counted at 9’ 10” (i.e. 50 seconds before the end of the contact time) or 

at 10’ 00”, though the contact time will be recorded as 10 minutes for both.  

A. Cercariae counted at 9’10”: 60 alive, 40 dead. The chlorine residual at 10’00”= 2.0 mg/l.  

Therefore, a CT of 20 mg·min/l achieves 40% inactivation. 

B. Cercariae counted at 10’.00”: 55 alive, 45 dead. The chlorine residual at 10’45” = 1.95 mg/l. 

Therefore, a CT of 19.5 mg·min/l achieves 45% inactivation. 

This demonstrates that if cercariae were counted at 10 minutes (option B), a lower CT value would be 

obtained for a higher inactivation. However, all the cercariae would have had at least 10 minutes contact 

time, so it should be stated that CT≥19.5 mg·min/l achieves an inactivation of 45%. Contrary for A, 

CT≤20 mg·min/l achieves an inactivation of 40%. Whilst the difference is marginal in this example, 
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the more conservative approach (A) was selected, and hence cercaria counting was completed by the 

contact time. 

The cercaria number was a limiting factor in running in experiments, as most days there were not 

enough cercariae to run a full day of lab work. It was considered to chlorinate a 50 ml sample, and after 

the 5-minute intervals, removing a small aliquot (e.g. 1 ml) to measure the residual chlorine. The same 

sample could have therefore been used to run numerous time intervals. However, the titration method 

cannot be run with such small volumes (i.e. ml) of sample. Other chlorine measurement equipment was 

considered, but not available in the laboratory. 

5.2.9.3 Volume of cercaria water 

The volume and concentration of cercaria water that was added to the bottled water was determined by 

analysing the cercarial output. At least 1000 cercariae were produced each day in 10 ml of water. The 

solution was diluted to 30 ml so that at least 10 experiments with 100 cercariae/3 ml could be run. 

5.2.9.4 Chlorine dose 

The three chlorine concentrations were chosen by testing various chlorine doses. First, the average 

chlorine demand of water samples containing 100 cercariae was determined after 30 minutes. Then, 

chlorine doses exceeding the chlorine demand were chosen, namely 1 mg/l, 3 mg/l and 5 mg/l, to ensure 

that the breakpoint dose was passed. The aim was to select three chlorine doses that would achieve 

cercarial death within 10-30 minutes. Below this time would mean that not enough measurements can 

be taken as counting takes too long so affects results. 30 minutes was the upper limit as many chlorine 

guidelines assume 30-minute contact time. The chlorine dose should also produce a chlorine residual 

after 30 minutes, otherwise the chlorine demand exceeds the chlorine dose. 5 mg/l killed cercariae 

within minutes, and therefore only a measurement at 0 and 5 minutes could be taken. It was decided 

that 1, 2 and 3 mg/l would be suitable chlorine doses that achieves a chlorine residual and kills cercariae 

within 10-30 minutes. 

5.2.9.5 Scanning electron microscopy 

Scanning electron microscopy (SEM) was used in an attempt further understand the physical changes 

in chlorinated cercariae, specifically the membrane. Images were taken of a cercaria inactivated with a 

chlorine dose of 3 mg/l and contact time of 10 minutes (Figure 5.4). As the cercaria sample must be 

kept in water, it has to be frozen as to not damage the microscope. The Hitachi TM4000plus microscope 

at the Imperial College Centre for Infrastructure Materials was used. It is operated with a Deben 

Coolstage at -25°C which is a relatively low freezing point compared to SEM that uses cryogenic 

freezing which rapidly freezes samples to -196°C. This low freezing to -25°C visually deformed the 

cercaria and made it difficult to examine the surface and membrane. As a result, the use of SEM to 

evaluate the damage to cercariae was not continued. 
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Figure 5.4: SEM image of a whole chlorinated cercaria (A) and chlorinate cercaria head showing spikes (B). The cercaria 

had to be frozen to -25°C before photographing. 

5.3 Results 

5.3.1 Visual assessment of inactivation 

Initially, chlorinated cercariae swim as normal, taking pauses of no movement followed by moving the 

tail rapidly from side to side which appears like a rotating movement due to the speed (Figure 5.5A). 

The movement slows so that individual tail thrusts are visible, whilst the movement is still regular. The 

slow movement cannot keep cercariae suspended in water, leading them to sink. The thrusts slow down 

A 



99 

 

further so that cercariae are no longer propelling themselves forward. When poked with a needle, the 

head of the cercariae appears to be stuck to the glass, though their tail still moves in the water. This 

could be due to secretions from the head. Next, cercariae start to contract by shortening and elongating 

the body and creeping along the surface (Figure 5.6). The contractions are continuous without breaks 

and then slow until movement stops completely. Sometimes the head is separated, and often appears as 

a broken neck, perpendicular to the body (Figure 5.5B). The head may continue to move, even if 

separated from the body. Dead cercariae generally have a relaxed body that is not curled up. Upon 

examining the surface of dead cercariae more closely, it is evident that the glycocalyx and membrane 

of the head have ruptured (Figure 5.7C and D). These are the first images, to my knowledge, to show 

how chlorine physically affects cercariae. Furthermore, secretions by the mouth, head-tail junction and 

tail are visible (Figure 5.8). Rupturing of the membrane and fluid secretions were seen in all inactivated 

cercariae examined under the microscope. 

 

Figure 5.5: Moving cercaria, thrusting the tail from side to side (A). Inactivated cercaria with head separation that appears 

as broken neck (B). 

 

Figure 5.6: Chlorinated cercariae contracting (A) and stretching (B). 

A B 

A B 
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Figure 5.7: Cercaria 

heads chlorinated 

with a dose of 3 mg/l. 

The mouth of 

cercariae faces left. 

As the CT value is 

increased by 

increasing the contact 

time, the damage to 

the cercariae 

increases. 

A - intact cercaria 

head (CT 0 mg·min/L) 

 

B- deformed head (CT 

10.4 mg·min/L) 

 

C- head with ruptured 

membrane, shown by 

arrows (CT 23.8) 

 

D- deformed head 

with ruptured mouth 

(CT 28.2 mg·min/L).  

A 

B 

C 

D 
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Figure 5.8: Inactivated cercaria chlorinated with a dose of 3 mg/l, over time. The head-tail junction is ruptured. Over time, 

the content of the glands is pouring out the ruptured membrane by the mouth and head-tail junction (arrows). 

5.3.1 Inactivation kinetics 

The survival of chlorinated cercariae was assessed at 2-minute intervals until all cercariae were non-

moving and dead. The log survival at each time interval was averaged, with error bars (standard 

deviations) shown in Figure 5.9. The results clearly show a sigmoidal shape with the initial tailing and 

shouldering. Looking back at the survival curves in Figure 5.3, the curve matches curve D which is 

8 min 

9 min 

10 min 
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supported by the vitalistic concept, explained by organisms in the population having varying degrees 

of chlorine resistance. Samples contained between 87-110 cercariae. 

 

 

Figure 5.9: Survival curve for cercariae over time. Average log survival is calculated based on three replicates. Error bars 

are standard deviations. Experiments were run at 27°C, pH 6.5, 3 mg/l dose. 

5.3.2 Raw CT vs log inactivation data 

The raw CT and log inactivation data are plotted in Figure 5.10, showing a positive relationship. In 

total, 18 conditions were tested (three chlorine doses, three pH values, two temperatures). These results 

reflect low turbidity (<1 NTU) and chlorine-demand free water conditions. The data show shouldering 

and tailing, and therefore the linear Chick-Watson disinfection model does not apply [401]. Instead, the 

data were fitted with third degree polynomial curves which accounts for the shouldering and tailing, 

achieving R2 values between 0.85-0.95 for all conditions. The tailing at high CT values may be due to 

variations in the population resistance to chlorine. 
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Figure 5.10: Log inactivation of S. mansoni cercariae versus CT values, for chlorine dose of 1, 2, 3 mg/l. 

5.3.3 Relationship between chlorine dose and inactivation 

The chlorine dose was controlled at 1, 2 or 3 mg/l to determine if the resulting CT values and 

inactivations would differ. Figure 5.10 indicates that slightly lower CT values are required at lower 
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chlorine doses. For example, at pH 6.5 and 20°C, for the same inactivation of 1.5 log, CT values of 13, 

14 or 17 mg·min/l are required at chlorine doses of 1, 2 or 3 mg/l, respectively. This suggests that the 

inactivation of cercariae by chlorine is more influenced by the chlorine contact time than the residual 

chlorine concentration. 

To confirm this hypothesis, the time and chlorine residual required to achieve a 2-log inactivation (±0.1) 

were plotted (Figure 5.11). Each subplot contains results from all three chlorine doses. As the slope is 

always less than 1, it confirms that chlorine contact time is more important than chlorine residual. A 

perfectly linear relationship would suggest that chlorine residual and contact time are equally important. 

 

Figure 5.11: Chlorine residual and time required to achieve a 2.0 ± 0.1 log inactivation of S. mansoni cercariae. Results 

include data for all tested chlorine doses (1,2,3 mg/l). 

As mentioned, the raw CT and inactivation data were fitted with third order polynomial curves in 

Matlab. These curves are shown in Figure 5.12 for the different pH and temperature conditions. Figure 

5.12A shows inactivation at 20°C and 5.12B at 27°C. These results are for a 3 mg/l dose as this is the 

highest dose tested and hence produces the most conservative results (i.e. lower chlorine doses of 1 and 

2 mg/l require lower CT values). Comparing Figure 5.12A and 5.12B, it is evident that slightly higher 

CT values are required at a lower temperature for the same log inactivation and pH. This is because 

chemical reactions such as oxidation are faster at higher temperature, and therefore chlorination is 

occurring at a faster rate at 27°C than 20°C. On average, the required CT value increases by 0.34 

mg·min/l per 1°C decrease, assuming a linear relationship. It should be noted that only two temperature 

conditions were tested, and hence linear interpolation may not necessarily be correct. pH on the other 



105 

 

hand has a much larger influence on chlorination, increasing the required CT values by an average 5.54 

mg·min/l per 1.0 pH value increase. As previously explained, under alkaline conditions, sodium 

hypochlorite reacts to form hypochlorite ions which are a weaker chlorine species than hypochlorous 

acid, formed under acidic conditions. Therefore, more chlorine is needed at higher pH. 

 

Figure 5.12: CT values required to inactivate S. mansoni cercariae at 20°C (A) and 27°C (B) in bottled water samples with 

pH 6.5, 7.0 or 7.5. Figure 5.12B also shows CT values under field conditions using water and snails collected from Lake 

Victoria.The graphs show that higher CT values are required at lower water temperature and higher pH. Results from field 

conditions are in line with laboratory-based results. 

CT values required to achieve 0.5, 1.0, 1.5, and 2-log inactivation were interpolated from Figure 5.12, 

and are shown in Table 5.1, rounded up to the nearest whole numbers. Again, the results are for a 

chlorine dose of 3 mg/l, since this condition produced the most conservative (highest) required CT 

values. The chlorine residual concentrations at 3 mg/l dose ranged between 1.3-1.9 mg/l in the bottled 

water experiments, reflecting the chlorine demand exerted by the cercariae themselves. This is within 

the WHO recommended range for drinking water and therefore does not require de-chlorination [266, 

411]. The chlorine residual concentrations are also below the organoleptic thresholds for chlorine in 

water (<2 mg/l for odour) [411]. As expected, the lowest CT values were achieved at pH 6.5 and 27°C, 

and the highest CTs at pH 7.5 and 20°C. Overall, the highest CT value (and hence the most conservative 

CT recommendation) was 26 mg·min/l for a 2-log inactivation of S. mansoni cercariae. The uncertainty 

in measurements at this log-inactivation is estimated at 2.5 mg·min/l, arising from measurement errors 

and the accuracy of equipment (see Experimental uncertainty analysis). The standard deviation is 1.5 

mg·min/l, due to random experimental variability. Therefore, the overall uncertainty in the CT value at 

2-log inactivation is estimated at 4 mg·min/l. 



106 

 

Table 5.1: CT-values (mg·min/l) required to achieve log inactivation, based on 3 mg/l chlorine dose, which corresponded to 

a free chlorine residual in the range of 1.3-1.9 mg/l. 

 20°C  27°C 

Log Inactivation pH 6.5 pH 7.0 pH 7.5  pH 6.5 pH 7.0 pH 7.5 

0.5 12 16 16  11 13 16 

1.0 15 19 20  13 16 19 

1.5 18 22 23  15 19 21 

2.0 20 25 26  17 21 24 

5.3.4 Regression equation 

Chlorination can be expressed as a regression equation:  

𝑇 = 𝑎 × 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑏 × 𝑝𝐻𝑐 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑑                     (Equation 5) 

T represents the time taken to achieve a given log-inactivation, Residual is the free chlorine residual at 

time T, and a, b, c, d are empirical constants (adapted from Clark et al. [412]). Solving the multivariate 

regression using the data for 2-log inactivations at varying water pH and temperature, the equation 

becomes: 

𝑇𝑖𝑚𝑒 = 0.3573 × 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙−0.7454 × 𝑝𝐻3.0257 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒−0.6120                 (Equation 6) 

The fitted equation has an R2=0.92. To predict the CT value, both sides of the equation could be 

multiplied by the chlorine residual, thereby increasing the exponent of the Residual variable by one. 

However, it has been established that the chlorine residual and contact time are not equally important 

in chlorination (not a linear relationship) and therefore the equation is solved again using CT values 

instead. The equation becomes: 

𝐶𝑇 𝑣𝑎𝑙𝑢𝑒 = 0.8271 × 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙0.2203 × 𝑝𝐻2.3605 × 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒−0.4643               (Equation 7) 

The pH constant has the highest value which confirms the variable’s significant effect on the CT value. 

Temperature on the other hand has a much lower, negative, constant, representing the inversely 

proportional relationship with the CT value. The actual CT values are plotted versus the predicted CT 

values (from Equation 7) in Figure 5.13. Overall, the results indicate that the model is a good fit with 

R2 of 0.80. The equation can be used to interpolate CT values within the temperature range of 20-27°C 

and pH 6.5-7.5. 
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Figure 5.13: Actual vs predicted CT values required for a 2.0±0.1 log inactivation. Predicted CT values are calculated using 

equation 7. Actual CT values required for a 2-log inactivation are from raw experimental data (pH 6.5-7.5, temperature 20-

27°C, dose 1, 2 and 3 mg/l). 

To illustrate this fit in more detail, the raw and predicted chlorine residual and time data are plotted in 

Figure 5.14. These data are for 2.0±0.1 log inactivation at pH 7.5 and 20°C. Error bars derive from 

experimental variability in measuring time and residual chlorine (since the chlorine demand varied 

slightly between experiments) and variability in resistance to chlorine.  

 
Figure 5.14: Residual chlorine (mg/l) and time (min) required to achieve a 2.0±0.1 log inactivation of S. mansoni cercariae. 

Data shown are for pH 7.5 and 20°C. Equation 6 was used to yield predicted time values given actual residual chlorine 

values. Error bars show uncertainty in measurements arising from experimental error. 

Predicted     
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5.3.5 Chlorination under field conditions 

The results presented above were derived from experiments with laboratory-bred snails and cercariae 

in bottled waters. To test if the results are valid for field conditions i.e. naturally occurring schistosome 

infected snails and natural water, experiments were replicated at NIMR Mwanza centre, Tanzania. The 

temperature and pH of the lake water was on average 24±0.7°C and 7.4±0.2, respectively. As these 

exact water conditions were not tested in the laboratory experiments, it is difficult to directly compare 

the results. Nonetheless, Figure 5.12B shows that the CT values required under natural conditions are 

in line with those required under laboratory conditions. The results can be fit with a 3rd degree 

polynomial with R2 of 0.89, as the disinfection kinetics show shouldering and tailing at low and high 

inactivations. This indicates that cercarial inactivation under field conditions aligns with the laboratory 

findings. The average CT value required for 2-log inactivation under field conditions is 24 mg·min/l. 

To directly compare the field data and lab data at 2-log, the regression equation can be used to determine 

the expected CT value under lab conditions. With an average chlorine residual of 0.87 mg/l, pH 7.4 and 

temperature 24°C, the rounded CT value calculated with the regression equation is 21 mg·min/l. The 

CT value under field conditions is slightly higher than the predicted value under laboratory conditions. 

However, it cannot be concluded that field cercariae are more chlorine resistant because the field data 

fall within the uncertainty of the lab data, calculated as ±4 mg·min/l. 

5.3.6 Effect of cercaria age on chlorine sensitivity 

To determine if fresh and aged cercariae are equally as sensitive to chlorine, I replicated a set of 

experiments using aged cercariae (6-9 hours old) under the worst-case condition (pH 7.5, 20°C). The 

results in Figure 5.15A show the CT values and log inactivations for the three chlorine doses. The raw 

data were fit with a third-order polynomial, achieving R2>0.88 for all three doses. Again, the 

effectiveness of chlorine was highest for 1mg/l chlorine dose, and a dose of 3 mg/l produced the most 

conservative results. A comparison of CT values and log inactivations for fresh and old cercariae is 

shown in Figure 5.15B, at pH 7.5, 27°C, 3 mg/l dose. Under these conditions, the average CT value 

required to achieve a 2-log inactivation using old cercariae is 16.3 mg·min/l, whereas for fresh cercariae 

22.5 mg·min/l. A t-test confirms that old cercariae require statistically significant lower CT values than 

fresh cercariae (p<0.001).  
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Figure 5.15: A- Chlorination of aged cercariae. 6-9-hour old cercariae were chlorinated with a dose of 1, 2 or 3 mg/l at 

27°C and pH 7.5. The raw data are fit with third order polynomials. B- Comparison of the CT values required to inactivate 

old (6-9h) and fresh (<2.5h) cercariae. Both data curves are for a dose of 3 mg/l, the dose which produced the highest CT 

values.  

5.4 Experimental uncertainty analysis 

5.4.1 Lab conditions 

The uncertainty measure is derived from uncertainty in measurements and accuracy of equipment. The 

main uncertainty sources are outlined in Table 5.2 and include miscounting alive cercariae, variability 

in pH or temperature and the equipment accuracy is based on the manufacturer’s specification. Total 

errors are calculated using equation 3 and 4. 

Table 5.2 Summary of experimental uncertainty analysis. 

Uncertainty source Measurement 

uncertainty 

Accuracy Total uncertainty 

Time measurement ±20 sec N/A ±20 sec = ±0.3 min 

Titrant volume ±0.025 ml 0.03 ml ±0.05 ml 

Counting cercariae ±1 cercaria N/A ±1 cercaria 

pH ±0.04 0.01 ±0.04 

Temperature ±0.5°C 1°C ±1.1°C 

5.4.1.1 Time measurement 

Time measurement varied by ±20 seconds, depending on total number of cercariae and the proportion 

of live to dead (e.g. it is faster to count 99 dead and 1 alive than 60 dead and 40 alive). 

5.4.1.2 Titrant volume 

Uncertainty in the titrant volume derives from equipment accuracy and experimental errors. The 

accuracy of the burette is ±0.03 ml. When measuring volume, there is an error at the beginning and the 
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end. User error comes from errors in performing the titration. This is maximum 1 drop =0.025 ml. The 

total error is therefore √0.032 + 0.032 + 0.0252 = 0.05 𝑚𝑙. 

For the three variables below, the effect that the error has on the CT value must first be determined. 

5.4.1.3 Counting cercariae 

The biggest error associated with miscounting cercariae is at the highest log inactivation, namely 2-log, 

as at this point one miscounted alive cercaria leads to the largest drop in log inactivation. For the purpose 

of this analysis it is assumed that in a sample with 100 cercariae, 1 alive cercaria is counted instead of 

2. The resulting inactivation drops from 2.0 log to 1.7 log, and the respective CT value from 25.7 to 

23.8 mg·min/L = ±1.90 mg·min/l, as shown in Figure 5.16. This is assumed for the worst-case condition 

of pH 7.5 and 20°C. Values were read off the graph using the Matlab find function. 

 
Figure 5.16: Calculating the impact that miscounting cercariae (red) and pH (green) have on the CT value. The worst-case 

condition of 20°C and of 2-log is used. Values were read using Matlab. 

5.4.1.4 pH 

The pH measurements of bottled water varied by pH ±0.04. The equipment accuracy is given as ±0.01. 

The total error is therefore √0.042 + 0.012 = 0.04 pH units. The collected CT value data at 20°C and 

2-log is used to determine a relationship between pH and CT values, as shown in Figure 5.16. The 

values are recorded in Table 5.3.  

If a reduction of 0.5 in pH leads to an average decrease of 3.25 mg·min/l in the CT value, then ±0.04pH 

equates to ±0.26 mg·min/l in CT value (assuming a linear relationship).  

5.4.1.5 Temperature 

The temperature varied by ±0.5°C and the thermometer accuracy is ±1°C. The total uncertainty is 

therefore √0.52 + 12 = 1.1°C. To determine a relationship between temperature and CT value, CT 

values at 2-log are compared for the two temperatures at the three different pHs, read off from Figure 
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5.12A and B (values shown Table 5.3). A linear relationship between temperature and CT value is 

assumed, but again it must be noted that only two temperature conditions were tested and hence a linear 

relationship cannot be validated with this data. 

A drop in 7°C leads to an increase of 2.93 mg·min/l in CT value. Assuming an inversely proportional 

linear relationship, ±1.1°C equates to ±0.46 mg·min/l. 

Table 5.3: Relationship between change in pH and CT, and change in temperature and CT at 2-log inactivation. Values 

were read off Figure 5.12. 

Δ pH  ΔCT (mg·min/l)  Δ Temperature ΔCT (mg·min/l) 

pH 7.0→6.5 24.1-19.2=4.9  27°C →20°C, pH 6.5 19.2-16.2=3.0 

pH 7.5→7.0 25.7-24.1=1.6  27°C →20°C, pH 7.0 24.1-21.0=3.1 

Average ΔCT for Δ0.5 pH 3.25  27°C →20°C, pH 7.5 25.7-23.0=2.7 

ΔCT for ±0.04ph 0.26  Average ΔCT for Δ7°C 2.93 

   ΔCT for ±1.1°C 0.46 

For clarity, the uncertainty sources and resulting effects on chlorine residual, time or CT value are 

summarised in Table 5.4. 

Table 5.4 Summary of uncertainty in terms of chlorine residual, time and CT value. All errors are for 2-log condition. 

Uncertainty in Total uncertainty Effect on chlorine residual Effect on time Effect on CT 

Time measurement ±0.3 min 
 

±0.3 min 
 

Titrant volume ±0.05 ml ±0.05 mg/l 
  

Counting cercariae ±1 cercaria   ±1.90 mg·min/l 

pH ±0.04 
 

 ±0.26 mg·min/l 

Temperature ±1.1°C 
 

 ±0.46 mg·min/l 

5.4.1.6 Propagating uncertainty 

To get the total measurement uncertainty, all errors must be expressed in the same unit. Therefore, 

uncertainties in time and chlorine residual (e.g. titrant volume) are propagated to get the respective 

uncertainty in CT value. The highest CT value is 26 mg·min/l which could result from a contact time 

of 26 minutes and chlorine residual of 1 mg·min/l, for example. In this case the error is: 

  𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑖𝑛 𝐶𝑇𝑑𝑢𝑒 𝑡𝑜 𝑡𝑖𝑚𝑒 𝑎𝑛𝑑 𝐶𝑙 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 26 mg · min/l ∗ √
0.3 min

26 𝑚𝑖𝑛

2
+

0.05 𝑚𝑔/𝑙

1 𝑚𝑔/𝑙

2
=1.33 mg·min/l 

The uncertainties from all variables have now been related to the CT value and can be propagated to 

obtain the overall experimental uncertainty: 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = √1.332 + 1.902 + 0.262 + 0.462 = ±2.38 mg·min/l 

Finally, the total uncertainty can be calculated, which is the sum of the measurement uncertainty and 

the experimental uncertainty (random variation in repeating experiments, or standard deviation). In 

other words, accuracy + precision. The standard population deviation is 1.05 mg·min/l at pH 7.5 20°C, 

2-log. The total uncertainty is therefore 2.38+1.05= ±3.43 mg·min/l and is rounded to ±4 mg·min/l. 

5.4.2 Field conditions 

The analysis is repeated for field data, which bears different temperature and pH errors, though the time 

and titrant volume errors are as for lab conditions. The average chlorine residual at 2-log inactivation 



112 

 

was 0.87±0.13 mg/l, the pH was 7.4±0.2 and temperature 25±0.7°C. As only one set of temperature and 

pH was tested, the previously determined relationship between the variables and the CT value from lab 

data is used. 

Table 5.5: Summary of experimental uncertainty analysis under field conditions. Black values are the same as under lab 

conditions, red values are different. All errors are for 2-log condition (most conservative). 

Uncertainty in Measurement 

uncertainty 

Accuracy Total 

uncertainty 

Effect on 

chlorine residual 

Effect on 

time 

Effect on CT 

Time ±20 sec N/A ±20 sec 
 

±0.3 min  

±1.97 

mg·min/l 
Titrant volume +0.025 ml 0.03 ml ±0.05 ml ±0.05 mg/l 

 

Counting 

cercariae 

±1 cercaria N/A ±1 cercaria   ±2.4 mg·min/l 

pH ±0.2 0.01 ±0.2 
 

 ±1.3 mg·min/l 

Temperature ±0.7°C 1°C ±1.2°C 
 

 ±0.5 mg·min/l 

Overall total ±4.02 mg·min/l 

5.4.2.1 Counting cercariae 

As in the lab-conditions, it was assumed that 1 alive cercaria was counted instead of 2. The resulting 

inactivation drops from 2.0 log to 1.7 log, and the respective CT value from 23.2 to 20.8 mg·min/L = 

±2.4 mg·min/l (from Figure 5.12B). 

5.4.2.2 pH 

The pH measurements in the field varied by pH ±0.2 and the equipment accuracy is given as ±0.01. The 

resulting error is therefore √0.22 + 0.012 = ±0.2 pH units. If Δ0.5 in pH leads to average ΔCT of 3.25 

mg·min/l, then ±0.2pH equates to ±1.3 mg·min/l in CT. 

5.4.2.3 Temperature 

The water temperature in the field varied by ±0.7°C and the thermometer accuracy is ±1°C. The 

resulting uncertainty is therefore √0.72 + 12 = ±1.2°C. It was determined that Δ7°C leads to ΔCT 2.93 

mg·min/l, therefore ±1.2°C equates to ±0.5 mg·min/l in the CT value. 

5.4.2.4 Propagating uncertainty 

Again, the uncertainty in time and chlorine residual are propagated to get the respective uncertainty in 

CT value (using Equation 4). The average CT at 2-log under field conditions is 23.5 mg·min/l which 

results from a contact time of 27 minutes and chlorine residual of 0.87 mg·min/l, for example. In this 

case, the error is: 

  𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑖𝑛 𝐶𝑇𝑑𝑢𝑒 𝑡𝑜 𝑡𝑖𝑚𝑒 𝑎𝑛𝑑 𝐶𝑙 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 = 23.5 mg · min/l ∗ √
0.3 min

27 𝑚𝑖𝑛

2
+

0.05 𝑚𝑔/𝑙

0.87 𝑚𝑔/𝑙

2
=1.38 mg·min/l 

The uncertainties from all variables have now been related to the CT value and can finally be propagated 

to obtain the overall measurement uncertainty (i.e. experimental uncertainty): 

𝑇𝑜𝑡𝑎𝑙 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑢𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = √1.32 + 0.52 + 1.902+1.382 = ±2.73 mg·min/l. 
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The total uncertainty is calculated by adding the total measurement uncertainty and the standard 

population deviation, 0.62 mg·min/l at 2-log. The total uncertainty is therefore =2.73+0.62=±3.35 

mg·min/l and is rounded to ±4 mg·min/l, equivalent to that of the lab results.  

5.5 Discussion 

This chapter presented the results of chlorination experiments that determined the effectiveness of 

chlorine against S. mansoni cercariae. First, visual assessments of chlorinated cercariae demonstrated 

that chlorine physically damages cercariae and leads to rupturing of the outer membrane. Next, 

inactivation kinetics were observed which showed that cercaria inactivation follows a sigmoidal curve 

marked by tailing and shouldering. The final set of experiments tested the effectiveness of chlorine 

under varying pH and temperature conditions for up to 2-log inactivations. As expected, highest CT 

values were required at pH 7.5 and temperature of 20°C, and significantly lower CT values were 

required for cercariae more than 6 hours old. The results were verified under field conditions at NIMR 

using field-collected snails and water, and ambient air temperature. No statistically significant 

difference in chlorine sensitivity was found between lab and field settings. Overall, the recommended 

CT value to achieve a 2-log inactivation is 26±4 mg·min/l (for pH <7.5). 

5.5.1 Inactivation by chlorine 

Chlorine is thought to inactivate cercariae through both extracellular and intracellular stresses which 

disrupt the membrane integrity and cell metabolism. This is supported by the observation that 

inactivated cercariae had disfigured heads and ruptured membranes, suggesting disruption to the 

membrane integrity and osmotic pressure. Pictures of chlorinated cercariae show ruptures in membranes 

at several locations on the head, releasing fluid into water. The damage increased with the CT value 

and the dying process also showed that cercariae contract heavily while being inactivated. This could 

lead to a higher rate of glycogen depletion and contribute to inactivation. 

5.5.2 Variation due to experimental variability 

The standard deviations and variation between experiments are likely due to cercarial concentrations, 

contact timing and the water matrix. At the beginning of experiments, the cercarial solution was diluted 

to ~100 cercariae/3 ml using aliquots. Experiments were omitted if there were too few (<85) or too 

many (>115) cercariae, and therefore the final number of cercariae in the beakers varied between 85-

115 cercariae, most likely due to non-homogenous distribution of the cercariae. The contact time used 

to calculate the CT value included the time taken to count live and dead cercariae. This varied by 20 

seconds depending on number and ratio of live and dead cercariae, thereby influencing the CT value. 

The water matrix contained bottled water and concentrated cercarial water which was produced by 

shedding infected snails. This water was passed through a 200 µm filter to remove snail faeces which 

would exert a chlorine demand and thereby affect the chlorine residuals. 
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5.5.3 Variation due to inter-species variability 

Variation in mortality may also be a result of inter-species variability. Lawson, who studied the survival 

of cercariae in relation to their glycogen content, found that variation in mortality was related to the 

distribution of glycogen in the cercarial populations [83]. Initial glycogen reserves varied significantly 

between cercariae, ranging from 4.78 ng to 14.15 ng, results that are in line with studies published a 

few years prior [80, 82]. This variation has been hypothesised to be a result of the nutritional condition 

of the snail and extent of the infection in the snail [82, 83]. Snails were infected with equal number of 

miracidia and kept in aquaria with sufficient food to feed all snails. This suggests that initial glycogen 

contents of cercariae and therefore survival should be equivalent. Nonetheless, there was a visible 

difference between size of snails; less so at the time of infection, but very visible by the time the 

infection had developed (Figure 5.17). This may be a result of the snails’ age at the time of infection, 

which was not strictly controlled, or the level of rotifer infection which may reduce snail growth. These 

factors may impact the cercariae, such as their initial glycogen content, creating variation in the 

population. Glycogen depletion in cercariae is exponential, therefore cercariae with larger glycogen 

reserves use more energy than those with smaller reserves, over the same time [83]. Glycogen variation 

may explain why the chlorination data are fit with a higher R2 to a third-order polynomial than a linear 

fit. It also supports the vitalistic concept which states that variation in resistance to chlorine is a result 

of variation in the population [402]. 

 

Figure 5.17: S. mansoni infected Biomphalaria glabrata snails six weeks post-infection. The size of the snail shells varies 

significantly, as does the damage to shells by rotifers (white markings). 

5.5.4 Differences between lab and field conditions 

The results indicate that natural and laboratory-cultivated S. mansoni cercariae have similar chlorine 

sensitivities; CT values required under field conditions (water and snails collected from Lake Victoria) 

and those produced with the regression equation for the same pH, temperature and chlorine residual are 

within the standard error. This result is crucial as it further suggests that the laboratory results are also 
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valid under field conditions where this knowledge would be applied in practice. Conditions experienced 

by cercariae in the natural environment are different from those produced in ideal laboratory conditions. 

Growth condition can change a microorganism’s chlorine resistance by altering the cell envelope which 

is especially the case for bacteria [383]. The growth condition is known to significantly affect a snail’s 

cercarial production [413, 414], as it influences the morphology and physiology of cercariae [82]. 

Cercariae are non-feeding and may therefore be less affected by the water composition compared to 

other microorganisms that depend on the water matrix as a growth medium. The results also indicate 

that physiochemical agents found under field conditions do not significantly affect the effectiveness of 

chlorine against cercariae, as long as the chlorine demand is properly taken into account. Such agents 

include clay, detritus or other particulate matter, and can provide physical protection from chlorine. 

This is often seen with bacteria and viruses [383]. Disinfectant protection is enhanced with decreasing 

organism size, since the organisms are better able to be shielded within particles. Given the large size 

of cercariae compared to bacteria or viruses, physical protection is less likely to affect cercarial 

disinfection, however this should be kept in mind when treating water with high turbidity (i.e. 

containing visible suspended particulate matter). 

5.5.5 Clumping 

Although cercariae may be too large to be protected by most particulate matter that would be expected 

to be found in water, cercariae can protect each other from chlorine by clumping together. Rarely, 

cercariae were found agglutinated in large masses at the bottom of the beaker. Cercariae can release 

adhesive material from their acetabular glands, most likely a mucoid secretion from the post-acetabular 

penetration gland [364]. This may be released by cercariae under stress, caused by centrifugation as 

was the case with Howells [364], or by chlorine disinfection. This material has been found to stain 

strongly with both the Periodic Acid–Schiff method as well as the Hale’s dialysed iron technique which 

detect polysaccharides such as glycogen [364]. Clumping has been observed if cercariae are too 

concentrated (>2000 cercariae/ml) [415]. Clumped cercariae did require higher chlorine residuals or 

longer chlorine contact times. This may be due to the clumping reducing the surface area of cercariae 

exposed to chlorine, thereby shielding cercariae at the centre of the agglomeration. The expulsion of 

the glycogen-rich material may also lead to a loss in energy reserves thereby reducing the lifespan of 

cercariae. This occurrence was very rare, only affecting two out of more than 500 experiments, and is 

potentially less likely in natural water where the cercarial concentration is much lower.  

5.5.6 Effect of cercarial age 

The systematic review identified cercarial age to potentially play an important role in chlorination as 

cercariae became more sensitive to chlorine with age since being shed from the host snail (>1hr) [34]. 

This is confirmed by the results which demonstrate that aged cercariae are statistically significantly 

more sensitive to chlorine than fresh cercariae. The effect of age on cercarial disinfection is to be 

expected, as cercariae exhibit age-dependent survival patterns which is common amongst non-feeding, 



116 

 

short-lived parasites [403]. This age-dependence is likely associated with the depletion of their finite 

glycogen contents [53]. Cercariae produce energy from glycogen and the less glycogen that remains, 

the less energy is available for metabolic processes, muscular activity and other functions required for 

survival. When there is insufficient energy for these activities, the cercaria dies. It is hypothesised that 

cercariae do not possess a feedback mechanism to adjust the rate of energy production, and hence the 

rate of glycogen depletion is exponential [83]. A further explanation as to why older cercariae are more 

sensitive to chlorine could be that cercariae are released within mucus from the snail [288] which may 

act as an initial protective layer. However, there may be other age-dependent factors that lead to 

increased mortality. 

5.5.7 Viability assessment 

The viability of cercariae was assessed by counting number of live (moving) and dead (non-moving) 

cercariae post-treatment. As discussed, this is the most common method for assessing cercarial viability 

but can be subjective [342]. To add a level of certainty, cercariae were touched with a needle to assess 

for movement [403]. Other water treatment experiments have used infectivity methods (e.g. suspending 

a mouse’s tail in treated cercarial water and observing infection [416, 417]). These very accurately 

predict the point at which water is safe (i.e. no longer leading to infection), but due to the requirement 

for animal testing this method was not considered. As previously discussed, the fluorescence assay was 

not used as the dyes require an incubation period of 20 minutes. This time was determined by the point 

at which all dyes have a statistically significant difference in fluorescence of alive, mixed and dead 

cercariae. Nonetheless, the assays could have been tested in chlorination experiments using short 

incubation periods of 5 minutes and compared to the viability determined by microscopy.  

5.5.8 Species 

Results presented here are for S. mansoni cercariae, which are among the most widespread human 

schistosome species. S. haematobium and S. japonicum, as well as species that infect livestock and have 

the potential for hybridisation, should be tested in future research to determine inter-species variability. 

In chlorination, the cellular envelope and enzymes are often the primary target in disinfection [383]. 

All schistosome cercariae are covered by a glycocalyx that controls cell surface properties such as cell 

permeability. This, in addition to the similar morphology of schistosome cercariae, leads me to 

hypothesise that the disinfection mechanism and hence the required CT values will not differ 

significantly for different schistosome species. Nonetheless, three studies that simultaneously tested the 

effect of chlorine on S. haematobium and S. mansoni cercariae found that the two species had differing 

sensitivities to chlorine [302, 308, 316]. Furthermore, S. japonicum and S. intercalatum tend to 

aggregate in clumps due to sticky secretions [418] which could potentially increase the required CT 

value. This highlights the need to conduct further research on all species under controlled conditions. 
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5.5.9 Applying safety factors to chlorination results 

The results presented here can be used as the basis for water treatment guidelines for S. mansoni infested 

water. The raw results show that a CT value of 26 mg·min/l can achieve a 2-log inactivation under the 

most conservative condition (pH 7.5, 20°C). Published guidelines for CT values generally add a safety 

factor to the raw data and account for a degree of uncertainty. The estimated uncertainty in the data of 

4 mg·min/l arises from the standard deviation as well as the variability in counting cercariae, time 

measurements, burette reading, pH and temperature, thereby increasing the recommended CT value to 

30 mg·min/l. Typically, safety factors are additionally applied to raw data to account for variability in 

water composition, chlorine strength, inter- and intra-species chlorine resistance, and user errors in 

performing chlorination. This can be expressed as a percentage or factor of the raw data (e.g. the United 

States Environmental Protection Agency apply a safety factor of three to CT values for hepatitis A virus 

to account for environmental water quality variation), or CTs for a higher log inactivation can be 

proposed for a lower inactivation (e.g. data for 99.9% inactivation used for 99% inactivation) [419]. 

Although larger safety factors improve the log-reduction and hence the control of waterborne 

pathogens, they could lead to higher production of DBPs which have been shown to be harmful to 

humans [392, 420]. This should be kept in mind when producing guidelines, even if the water is 

primarily intended for non-drinking use. 

There are several reasons why safety factors may not be necessary to be applied to the findings of this 

research. Firstly, movement was used as a measure for cercarial viability, but from a public health point 

of view, cercariae only need to be treated to a non-infective stage. Hence, the CT values determined 

from this research to produce ‘safe’ water may be overestimated. Furthermore, the recommendation of 

30 mg·min/l is for a 2-log inactivation, meaning 1 cercaria survives out of a sample of 100. One cercaria 

is sufficient to develop into a schistosome, and two schistosomes are required to produce eggs. 

Therefore, water should be completely free of cercariae. This cannot be guaranteed with a 2-log 

inactivation which is equivalent to a 99% inactivation. However, water samples are unlikely to contain 

as high concentrations of cercariae as tested in these experiments. Therefore, chlorination to levels to 

achieve a 2-log inactivation may be sufficient to inactivate all cercariae. This is unlike wastewater 

treatment where helminth eggs are found in much higher concentrations and therefore require higher 

log inactivations [421]. For example, water with a concentration of less than 1 cercaria/100 L (as found 

in the field on St Lucia [93]) would enable the safe treatment of up to 10,000 L, as this volume would 

contain less than 100 cercariae. Cercarial concentration can vary significantly in and between water 

sources based on the time of day, distance to shedding snails and many other factors [92, 95, 276]. It is 

therefore recommended that water intended for treatment is abstracted early in the morning [95] away 

from vegetation and snail habitats to minimise the initial cercarial concentration (e.g. at the end of a 

jetty in a lake). Furthermore, the CT of 26±4 mg·min/l is based on a sample with only fresh cercariae, 

which is unlikely to occur in the field. Experiments using 6-hour old cercariae suggest that chlorine 
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sensitivity increases with age, and hence the recommended CT value is based on conservative 

assumptions. Ultimately, water quality regulators and practitioners should decide whether additional 

safety factors should be applied to the recommendations based on the local context (e.g. water quality, 

cercarial concentration, water abstraction point). 

5.5.10 Measuring chlorine residuals 

The residual chlorine can be measured using a titration, but also simpler tools such as pool testing kits 

or digital colorimeters [422]. In low-resource settings where schistosomiasis is endemic, such testing 

kits may not be available. It is therefore recommended that chlorination guidelines should also be 

expressed as contact time and chlorine dose, instead of chlorine residual. One option for producing such 

guidelines is measuring the CT values in low turbidity water, and doubling the required chlorine dose 

to account for water quality variability in the field [313]. Alternatively, the chlorine residual can be 

converted to a chlorine dose with knowledge of the raw water’s chlorine demand and the strength and 

form of chlorine present. Disinfection recommendations could be given for a range of chlorine demands 

and chlorine strengths. For example, a CT value of 30 mg·min/l could be achieved with 1 mg/l residual 

after 30 minutes (though it should be noted that the results showed that the effect of residual chlorine 

and contact time is not equal). Assuming the local lake water has a chlorine demand of 5 mg/l over 30 

minutes, the chlorine dose should be 6 mg/l. Chlorinating a 20 L jerry can with household bleach 

(NaClO, 3% available chlorine) would therefore require 4 ml of bleach and a contact time of 30 minutes, 

assuming the bleach is mixed into the water. The dose can be linearly scaled with the available chlorine, 

e.g. a bleach with 1% available chlorine instead of 3% requires three times the dose. It should be noted 

that poorly produced bleach may lose stability due to improper packaging, exposure to heat and light 

during transportation or storage, or lack of pH stabilisers (pH should be 11-13) [381, 382]. A study 

evaluating the chlorine concentration in commercially available bleach in developing countries found 

that the advertised chlorine concentration deviated by an average 35% of the labelled concentration, 

highlighting the importance of quality control testing [381]. The chlorine demand and chlorine 

concentration could be measured by local WASH officials using a pool testing kit, for example, if 

available. 

5.5.11 Other water-related diseases 

These chlorination recommendations can be applied to water infrastructure such as community showers 

or water recreation areas, thereby helping shift the community’s water activities away from lakes and 

rivers and reducing contact with cercaria-infested water. Together with drug treatment, these facilities 

can reduce schistosomiasis incidence, as has been demonstrated by Kosinski et al. [10]. It is crucial that 

operators understand the concept of chlorine dosing to ensure that water is treated appropriately, and 

chlorine is adequately mixed into the water using manual or mechanical dosing. Chlorination is often 

preceded by filtration, such as filtration through a cloth or layer of sand. This removes organic particles, 

thereby reducing the water’s chlorine demand and hence reducing the amount of chlorine that needs to 
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be dosed. Chlorination is effective in inactivating other water-related diseases (e.g. Vibrio cholerae or 

Escherichia coli) found in the same waters as cercariae, as shown in Table 5.6. The similarity in CT 

values to those of other water-related diseases creates potential for providing safe water in a holistic 

approach – tackling several diseases with one treatment. While the provision of safe water and WASH 

facilities targeting schistosome cercariae could help reduce infection rates of other diseases, it may also 

have negative effects, for example if used as breeding sites for disease vectors such as mosquitoes. 

Water decisions should therefore always be made together with other local disease and WASH 

programs while keeping the community’s needs in mind. 

Table 5.6: CT values for selected pathogens, adapted from Centers for Disease Control and Prevention [313]. 

Pathogen CT (mg·min/l) Inactivation Temperature (°C) pH 

Escherichia coli 0.25 4-log 23 7.0 

Salmonella typhi 1 2-log 20 7.0 

Vibrio cholerae (rugose strain) 40 4-log 20 7.0 

Hepatitis A 0.41 4-log 25 8.0 

S. mansoni cercariae (this research) 30 2-log 20 7.5 

5.6  Conclusions 

Chlorination experiments were conducted under varying pH (6.5-7.5), temperature (20-27°C) and 

chlorine dose (1-3 mg/l). The results indicate that S. mansoni cercariae are sensitive to chlorine, with a 

CT value of 26 mg/l achieving a 2-log inactivation under the most conservative conditions (pH 7.5, 

20°C). The findings presented in this chapter can be used by households, water vendors and designers 

of community-scale infrastructure for water contact activities (e.g. laundry and bathing stations, 

showers) to treat infested water and provide safe, cercaria-free water facilities. Improvements to water 

infrastructure are vital for attaining sustained control and elimination of schistosomiasis. Water 

treatment should always be accompanied by sanitation, education and behaviour change to promote 

sustainable use of the infrastructure, as well as preventive chemotherapy, required to reduce disease 

prevalence. Strong collaboration between disease control programs and WASH stakeholders will be 

required to identify the most effective ways of integrating water solutions [14, 377]. Together, these 

interventions can form an integral approach required to tackle this widespread neglected tropical 

disease. 
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6 Discussion 

This thesis started with a systematic review on the effectiveness of water treatment processes against 

schistosome cercariae. The review determined that existing data are insufficient for providing complete 

water treatment design recommendations. It also highlighted a research gap in measuring the viability 

of schistosome cercariae. This gap was addressed by developing a fluorescence assay that can accurately 

determine the viability of a cercaria sample, as presented in Chapter 4. Whilst this assay has some 

constraints, in particular with regards to incubation period which prevented the assay from being used 

in chlorination experiments, it can be applied in water treatment experiments that do not require short 

incubation periods (e.g. storage experiments) as well as in other fields of research that involve cercariae 

(e.g. development cercaria-attenuated vaccines).  

The gap in water treatment data is addressed in Chapter 5 which presents results from chlorination 

experiments using S. mansoni cercariae. The lowest CT value required for a 2-log inactivation was 

found to be 17 mg·min/l at pH 6.5, 27°C and the highest was 26 mg·min/l at pH 7.5, 20°C (Table 5.1). 

Overall, including a safety factor of 4 mg·min/l which accounts for standard deviations and variability 

in measurements, the recommended CT value is 30 mg·min/l for a 2-log inactivation. The systematic 

review included 12 research studies about chlorination, all published between 1915-1966. Whilst most 

studies only reported the lethal chlorine dose, the studies that did measure the CT value showed that S. 

mansoni cercariae can be inactivated with a CT value ranging between 6-30 mg·min/l (pH and 

temperature not reported). The chlorination results presented in Chapter 5 are therefore at the upper 

limit of the CT value range determined by previous studies.  

6.1  Future water treatment research recommendations 

The research presented in this thesis has led to the development of two fluorescence assays for 

quantifying cercarial viability in a water sample, and chlorination recommendations for inactivating S. 

mansoni cercariae. The intention of developing the fluorescence assays was to use them in water 

treatment experiments and thereby determine the effectiveness of chlorination, amongst other treatment 

processes. Unfortunately, the parameters of the assays required a minimum incubation period of 20 

minutes, which meant that the methods could not be used in chlorination experiments which require 

instant assessment of viability. 

Future experiments should compare the existing methods used as a proxy for cercarial death – motility, 

infectivity and viability. The motility would be evaluated by counting live and dead cercariae, and 

impedance-based real time cell platforms. The infectivity would be assessed by counting cercariae 

before and after being exposed to a human skin sample, the difference assumed to have penetrated the 

skin. Viability tests would use the fluorescence assays developed in this thesis and colorimetric assays. 

Each method should be tested on samples containing controlled volumes of alive and heat-killed 
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cercariae (0-100%) under strictly controlled temperatures and water qualities. The measurement should 

be made after the same time (i.e. the longest incubation required, likely 20 minutes for the fluorescence 

assay). The methods should also be tested for inactivation processes that do not cause a breach in 

membrane, for example on samples that have been stored (e.g. stored at 27°C for 48 hours) or UV-

disinfected. These results could then be used as a benchmark for future water treatment experiments 

and development of novel assays such as those using new techniques in synthetic biology [423]. In 

addition, the fluorescence assays could be tested after 5 or 10 minutes of dye incubation to determine 

their accuracy using shorter incubation periods.  

This research rigorously tested the chlorine sensitivity of S. mansoni cercariae. One drawback of the 

experimental design was only testing two temperature conditions. Temperature influences chlorination 

much less than pH, and therefore testing only 20°C and 27°C was deemed appropriate. In addition, the 

relationship between temperature and the effectiveness of chlorination is positive (owing to the catalytic 

effect of temperature on the speed of the chemical reaction), and therefore data was interpolated 

between two temperature points. To improve the validity of experiments, a third temperature point 

should be included in future experiments.  

Chlorination experiments should be replicated using S. haematobium and S. japonicum cercariae. 

Samples of cercariae could be chlorinated following the same protocol as presented in Chapter 5, under 

the same range of temperature and pH. The results should be compared to those of S. mansoni cercariae. 

If a statistically significant difference is found for 2-log inactivation, the remainder of the experiments 

should also be replicated. Although cercariae of different schistosome species have similar anatomies, 

their movement and behaviour are different (e.g. some species aggregate in clumps) which could result 

in different chlorine sensitivities. This research originally intended to validate chlorination results using 

S. haematobium cercariae, however the difficulty in obtaining lab-reared Bulinus spp. snails and rearing 

them to the point of patent infection prevented this work. 

Additionally, other low-cost treatment methods should be evaluated for their effectiveness in removing 

or inactivating schistosome cercariae. Sand filtration experiments should be conducted using three filter 

depths (e.g. 500 – 1000 mm), three grain sizes (e.g. 300 – 600 µm as well as a mix of grain sizes, based 

on cercaria length of 250 - 400µm [72]) and filtration rates. Locally collected sand, e.g. from the shore 

of Lake Victoria, could be used to construct the filters. Experiments should first be run under controlled 

laboratory conditions using low-turbidity water. Then, experiments could be replicated in the field using 

turbid water, to determine how this influences the effectiveness of the filter. The bottom of the filter 

should be lined with a drainage and separation layer (e.g. 5 cm of 5-12 mm sand and 5 cm of 1-6 mm 

sand) to prevent the filtration sand from leaking out, similar to household sand filters implemented in 

low-resource settings and to sand filters tested by other authors [303, 305]. The presence of cercariae 

in the effluent should be used as a measure of effectiveness. Effluent could either be filtered through a 

20 µm polyester filter and then backwashed using a small volume (e.g. 10 ml) of water which would be 



122 

 

examined for cercariae under the microscope. However, this method may lose some cercariae to the 

polyester filter, especially as detached cercariae release sticky mucus. Alternatively, the entire effluent 

could be collected in a large glass beaker and chlorinated using a CT value of 30 mg-min/L. This would 

kill all cercariae, making them sink to the bottom of the container. The top layer of water could then be 

removed using a pipette, and the remaining water examined under the microscope for cercariae. 

Additionally, the filter backwash should be examined for cercariae when the filters are cleaned. 

The effectiveness of individual water treatment processes can be improved by adding a pre- or post-

treatment step. Filtration is especially suitable as a pre-step to chlorination as it physically removes 

particles and is recommended when treating surface water which may contain chlorine-resistant 

pathogens. It is then followed by a disinfection stage using chlorine. Combined treatment experiments 

should determine by how much the efficiency of chlorination is improved by pre-filtering cercaria water 

under field conditions. In this case, both the presence and motility of cercariae should be assessed after 

the disinfection stage. 

6.2 Implementing the research outcomes in practice 

The chlorination recommendation of 30 mg·min/l can be used to provide safe water for household and 

recreational water activities in communities that lack safe alternative water sources. Water 

infrastructure can specifically provide safe water for domestic use such as washing, laundry, and 

bathing, which are all associated with long water-contact periods, and therefore higher risk of 

schistosomiasis contraction. Providing a community with water treatment infrastructure may 

consequently remove household and recreational activities from transmission sites. They can also 

provide safe water for animals which act as reservoir hosts, particularly for S. japonicum, and which 

can play a significant part in transmission [331, 332]. Water treatment for the inactivation of cercariae 

will also inactivate other water-related (especially water-borne) pathogens, potentially rendering water 

safe for drinking (e.g. if chlorination at a sufficient contact time is used). 

The implementation of the chlorination recommendations into sustainable water infrastructure will 

require significant collaboration between fields such as engineering (e.g. to design the chlorine dosing 

system and contact tanks), anthropology (e.g. behavioural aspects of infrastructure implementation, to 

understand what drives behaviour, what are most effective behaviour interventions), economics (e.g. to 

inform financial aspects such as affordability, incentives, cost-benefit) and genetics (e.g. to understand 

where specific age groups are being infected). Importantly, the community must be involved in the 

innovation and implementation process to develop community-focused interventions. Similarly, local 

WASH officers and programs should be consulted who bring significant experience of WASH in 

endemic communities. This will help build contextual, community-led solutions. As a result, small-

scale projects tailored to each community will likely have a bigger impact, even though the cost may 

be higher. It is crucial that educational programs run alongside the implementation to ensure 

understanding of the operation and maintenance needs. The solutions must also address both the people 
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who are being exposed and the people who are transmitting the disease, which may not be the same 

groups of people. It must be stressed that the provision of water treatment infrastructure will not follow 

the same format in every community as schistosomiasis is highly localised [2]. 

The implementation of water infrastructure will not remove all water contact. Occupational activities 

such as fishing and sand harvesting rely on natural water bodies, and exposure to contaminated water 

will not be affected by the introduction of a safe water supply. Alternative preventive measures may be 

needed to reduce such forms of exposure (e.g. boots and gloves for sand harvesters). Even with the 

provision of safe water, the community may continue to access transmission sites for reasons including 

preference for untreated water, overcrowding, or lack of privacy at the safe water source [33, 134]. 

Water infrastructure must therefore be tailored to the community’s needs and requests whilst involving 

the community in the design, construction, operation and maintenance. 

Water treatment infrastructure should not replace other interventions, such as preventive chemotherapy 

or snail control. On the contrary, it should be implemented alongside chemotherapy-based and 

behaviour change programs to reduce water contact and thereby minimise the likelihood of reinfection 

following drug administration. This is crucial as water treatment infrastructure will not prevent all 

contact with contaminated water. Nonetheless, an overall reduction in the population’s exposure to 

contaminated water may result in lower odds of infection and reinfection following chemotherapy, a 

relationship that needs to be more carefully studied and quantified. While eliminating contact with 

infested water bodies completely and forever is unachievable, strategies could at least be targeted at 

reducing this contact during and after PC programs, to reduce reinfection rates and hopefully allow a 

move towards complete elimination of infection in the community. 

Throughout the research period, numerous doctors and tourists travelling to schistosomiasis-endemic 

regions contacted me for advice on treating water to make it safe for their use. For example, a group of 

tourists camping along Lake Victoria in Uganda asked how to treat abstracted water for a camping 

shower. It is therefore crucial to also widely disseminate this research, e.g. via organisations such as the 

WHO, whose guidelines and disease factsheets often inform travel health clinics on treating 

contaminated water. The chlorination results were presented to representatives of the water quality team 

of the WHO in a meeting in April 2020 and as a result will be included in the WHO’s next edition of 

their schistosomiasis factsheet. 

6.3 Research priorities 

This thesis has identified the following research priorities. 

1. Further water treatment research (as discussed in section 6.1). 

2. Develop water treatment guidelines for removing or inactivating schistosome cercariae. Chapter 

5’s chlorination results are to be included in the updated WHO Schistosomiasis Factsheet, and we 

are in conversation with the WHO to publish the data in the WHO water treatment guidelines.  



124 

 

3. Examine the non-technical aspects of implementing water treatment infrastructure in a 

schistosomiasis-endemic region, such as cost, operation, maintenance, ownership and education. 

4. Design and develop sustainable water treatment infrastructure based on the guidelines (1) and the 

social and economic factors (2). This may be on a household scale (e.g. household sand filter) or 

community level (e.g. community storage tank). A set of infrastructure design options could be 

developed that could be used as a basis for designing and implementing localised, community-

tailored water services. 

5. Behaviour research to understand what drives behaviour and what most effective behaviour change 

interventions are. Develop educational programs to run alongside the implementation of water 

treatment. 

6. Incorporate water treatment infrastructure implementation into schistosomiasis elimination 

programs, in collaboration with WASH and NTD control teams. 

7. Quantify the impact of water treatment infrastructure on human water contact and intensity of 

infection and reinfection following chemotherapy (e.g. the odds of reinfection following 

chemotherapy with the introduction of water infrastructure), thereby building an evidence-base for 

intervention studies. 

6.4 WASH implementation 

Praziquantel has been pivotal in reducing schistosomiasis infection. Nonetheless, there are issues 

relating to the sustainability of MDA programs, drug resistance, and even the impact of delayed or 

interrupted drug supply chains, for example caused by global pandemics. Furthermore, the drug 

donation programs currently do not have the capacity to cover adults and pre-school children. Whilst it 

is important to reduce infection, it is also important to tackle environmental transmission.  

WASH interventions are cost-effective health interventions in the long term, and above all provide 

communities with basic human rights: having a safe source of water for their daily needs. However, the 

implementation of WASH interventions is challenging as schistosomiasis has a complex 

epidemiological profile with many different transmission contacts, ranging from recreational bathing to 

seasonal rice farming. Water contact is not only driven by activities but also by social, cultural and 

socio-economic factors. As a result, context-specific water solutions are required. 

In recent years the schistosomiasis and WASH communities have been increasingly working together 

rather than in silos, and there are great opportunities for creating more linkages and collective advocacy. 

NTDs show us where WASH investment should be targeted to ensure no one is left behind. The 

increasing focus on WASH is seen through increased leadership at country level, where Ministries are 

working with NGOs to ensure WASH and NTD co-ordination happens. Large-scale NTD projects 

focusing on WASH are another testimony, for example the Geshiyaro in Ethiopia which assesses the 

impact of different combinations of WASH interventions alongside PC for schistosomiasis control [32]. 



125 

 

In Uganda, Ministries of Health and Environment, the engineering consultancy Arup, and SCIF are 

collaborating to develop a comprehensive approach involving WASH to control schistosomiasis. 

Furthermore, SCIF has published a position paper about an approach to implementing water, sanitation 

and behaviour change for schistosomiasis-endemic communities [424]. It recommends discussions with 

the community and service providers to understand the local contexts. Based on this, specific water and 

sanitation technologies are implemented to meet the community’s need, alongside behaviour 

interventions. The results of this thesis could be used in this approach as a basis for the design of water 

infrastructure. 
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7 Conclusions 

Schistosome cercariae are the human-infectious stage of the Schistosoma parasite. They are shed by 

snail intermediate hosts living in freshwater and penetrate the skin of the human host to develop into 

schistosomes, resulting in schistosomiasis infection. Access to safe water has been found to reduce 

schistosomiasis prevalence (safe water implying cercaria-free water), as it reduces contact with 

contaminated water sources. Safe water can be produced through water treatment; it kills or removes 

cercariae to provide safe water for activities such as bathing or laundry as an alternative to infested 

lakes or rivers. 

7.1 How this research has addressed the research questions 

This thesis aimed to address three objectives. The results are summarised below. 

1. Systematic review:  

a. Review all literature regarding water treatment and schistosome cercariae and determine 

what knowledge exists about the effectiveness of storage, heat, chlorination, filtration and 

ultra-violet disinfection against cercariae? 

b. Based on all existing studies, what range of treatment level is required to produce cercaria-

free water? Do results align, and are they reliable? 

c. Is there enough reliable data to frame design recommendations for each treatment process? 

Outcome: The systematic review demonstrates that all the reviewed water treatment methods have 

the potential to effectively remove or kill cercariae and thereby produce safe water. Overall, the 

review found that cercariae are inactivated when storing water for 10-72 hours (depending on 

temperature), or with chlorination values of 3-30 mg-min/l. UV fluences between 3-60 mJ/cm2 may 

significantly damage or kill cercariae, and sand filters with 0.18–0.35 mm grain size have been 

shown to remove cercariae. The results are highly variable and many studies identified through the 

review lacked rigorous protocols, especially for the quantification of cercaria viability and in terms 

of disinfectant measurement. Therefore, on the basis of the existing literature, it was deemed that 

there was insufficient data to devise design recommendations for water infrastructure for 

schistosomiasis-endemic regions. 

2. Viability experiments: 

a. Which dual stain most accurately predicts cercaria viability? 

b. What is the relationship between cercaria numbers and fluorescence? 

c. What is the optimal dye contact time? 

d. How does the accuracy of the fluorescence assays compare to microscopy? 

Outcome: Two fluorescence dual-stain assays were tested for their ability to accurately determine 

cercarial viability in water samples and consisted of a vital and non-vital dye; FDA and Hoechst, 

and FDA and Propidium Iodide. Both fluorescence assays can detect the viability of a cercaria 

sample to an accuracy of at least 92.2% ± 6.3%. The sample should contain at least 32 cercariae/well 
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and be incubated for 20 minutes. Comparing the assays to microscopy, no statistically significant 

difference was found between the methods’ viability results. However, the fluorescence assays are 

less subjective and less time-consuming than microscopy, and therefore present a promising new 

method for quantifying the viability of schistosome cercariae in water samples. 

3. Chlorination experiments: 

a. How sensitive are S. mansoni cercariae to chlorine (log-inactivation)?  

b. What are CT values for inactivation of schistosome cercariae? 

c. How does the chlorine residual level and water matrix (specifically pH and temperature) 

affect the required CT values?  

d. Are lab grown and field cercariae equally sensitive to chlorine? 

e. What is the mechanism of inactivation of cercariae by chlorine? 

Outcome: Chlorination experiments indicate that S. mansoni cercariae are sensitive to chlorine, and 

higher CT values are required with higher water pH and lower temperature. The most conservative 

results indicate that S. mansoni cercariae can be inactivated up to 2-log with a CT value of 26 

mg·min/l at pH 7.5 and 20°C, though accounting for uncertainties leads to a CT value of 30 

mg·min/l. Additional safety factors may be applicable if local conditions are unfavourable for 

effective chlorination (e.g. high turbidity, higher cercarial concentration, pH>7.5). A regression 

equation has been fit to the laboratory data which can be used to predict CT values within the tested 

pH and temperature range for 2-log inactivation of S. mansoni cercariae. The results did not find a 

significant difference in chlorine sensitivities of laboratory-grown and field cercariae. However, 

other schistosome species remain to be tested. The chlorination recommendation of 30 mg·min/l can 

be used to provide safe water for household and recreational water activities in communities that 

lack safe alternative water sources. 

Experiments examining the process of cercaria inactivation by chlorine have shown that the rupture 

in membrane is likely the cause of death, and for the first time documented this chlorine-induced 

membrane damage. High-magnification photographs illustrate that an increase in CT value leads to 

an increase in membrane damage and fluid secretion. 

This thesis has addressed significant research gaps in the field of water treatment for preventing 

schistosomiasis transmission. The resulting chlorination recommendations can be used to design safe 

water infrastructure which may accelerate progress towards control and elimination of schistosomiasis. 

By being incorporated into PC-based strategies, water infrastructure would serve to reduce the need for 

contact with infested cercaria water. As countries target the control and elimination of schistosomiasis, 

it will be crucial to develop and implement such water treatment guidelines. Activities of the WASH 

sector must be better linked to PC-based control programs. This thesis will hopefully play a small part 

in achieving this and reducing global schistosomiasis prevalence through a holistic approach involving 

WASH. 
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9 Appendix 

9.1 Appendix A: Systematic Review 
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9.2 Appendix B: Laboratory equipment and chemicals 

 

Table 9.3: Providers of purchased equipment and chemicals 

Chemical or equipment Brand Catalogue number 

Viability experiments   

Fluorescein diacetate Sigma F7378 

Propidium iodide Sigma P4170 

Hoechst 33258 Sigma 94403 

Lugol solution Sigma L6146 

Black-sided 96-well plates Thermo-fisher scientific M33089 

   

Chlorination experiments   

Ferrous ammonium sulfate Fisher scientific A/4880/53 

DPD sulfate salt Sigma-Aldrich 07672 

Disodium EDTA Fisher scientific Bp120 

Disodium hydrogen phosphate Acros organics 206515000 

Potassium phosphate BDH chemicals 10203 

Sodium hypochlorite solution Sigma 1056142500 

Barium diphenylamine sulfonate indicator BDH chemicals 1564 

Potassium dichromate BDH chemicals 102024w 

 

 

  



169 

 

9.3 Appendix C: Copyright Clearance 

 



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=396340c4-84f0-4b24-85af-d161f60a1011 1/8

ELSEVIER LICENSE 
TERMS AND CONDITIONS

Dec 14, 2020

This Agreement between Imperial College London -- Laura Braun ("You") and Elsevier
("Elsevier") consists of your license details and the terms and conditions provided by
Elsevier and Copyright Clearance Center.

License Number 4905280836766

License date Sep 10, 2020

Licensed Content Publisher Elsevier

Licensed Content Publication The Lancet Neurology

Licensed Content Title Neuroschistosomiasis: clinical symptoms and
pathogenesis

Licensed Content Author Teresa Cristina A Ferrari,Paulo Roberto R Moreira

Licensed Content Date Sep 1, 2011

Licensed Content Volume 10

Licensed Content Issue 9

Licensed Content Pages 12

Start Page 853

End Page 864

Type of Use reuse in a thesis/dissertation

lb1213
Rectangle



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=396340c4-84f0-4b24-85af-d161f60a1011 2/8

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 1

Format both print and electronic

Are you the author of this Elsevier
article? No

Will you be translating? No

Title Effectiveness of water treatment against schistosome
cercariae

Institution name Imperial College London

Expected presentation date Jan 2021

Portions Figure 1

Requestor Location

Imperial College London 
Imperiall college 
Skempton building 

London, SW7 2BB 
United Kingdom 
Attn: Imperial College London

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions

lb1213
Rectangle



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=db211f88-ed4c-492e-9855-e82634915e1c 1/8

ELSEVIER LICENSE 
TERMS AND CONDITIONS

Dec 14, 2020

This Agreement between Imperial College London -- Laura Braun ("You") and Elsevier
("Elsevier") consists of your license details and the terms and conditions provided by
Elsevier and Copyright Clearance Center.

License Number 4933160919517

License date Oct 20, 2020

Licensed Content Publisher Elsevier

Licensed Content Publication Trends in Parasitology

Licensed Content Title Schistosome monogamy: who, how, and why?

Licensed Content Author S. Beltran,J. Boissier

Licensed Content Date Sep 1, 2008

Licensed Content Volume 24

Licensed Content Issue 9

Licensed Content Pages 6

Start Page 386

End Page 391

Type of Use reuse in a thesis/dissertation

lb1213
Rectangle



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=db211f88-ed4c-492e-9855-e82634915e1c 2/8

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 1

Format both print and electronic

Are you the author of this Elsevier
article? No

Will you be translating? No

Title Effectiveness of water treatment against schistosome
cercariae

Institution name Imperial College London

Expected presentation date Jan 2021

Order reference number worm

Portions Figure 1

Requestor Location

Imperial College London 
Imperiall college 
Skempton building 

London, SW7 2BB 
United Kingdom 
Attn: Imperial College London

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

lb1213
Rectangle



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=3032d8eb-0c5f-4f87-b67d-893886e36700 1/8

ELSEVIER LICENSE 
TERMS AND CONDITIONS

Dec 14, 2020

This Agreement between Imperial College London -- Laura Braun ("You") and Elsevier
("Elsevier") consists of your license details and the terms and conditions provided by
Elsevier and Copyright Clearance Center.

License Number 4905390027942

License date Sep 10, 2020

Licensed Content Publisher Elsevier

Licensed Content Publication The Lancet

Licensed Content Title Human schistosomiasis

Licensed Content Author Daniel G Colley,Amaya L Bustinduy,W Evan
Secor,Charles H King

Licensed Content Date 28 June–4 July 2014

Licensed Content Volume 383

Licensed Content Issue 9936

Licensed Content Pages 12

Start Page 2253

End Page 2264

Type of Use reuse in a thesis/dissertation

lb1213
Rectangle



14/12/2020 RightsLink Printable License

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=3032d8eb-0c5f-4f87-b67d-893886e36700 2/8

Portion figures/tables/illustrations

Number of
figures/tables/illustrations 2

Format both print and electronic

Are you the author of this Elsevier
article? No

Will you be translating? No

Title Effectiveness of water treatment against schistosome
cercariae

Institution name Imperial College London

Expected presentation date Jan 2021

Portions Figure 1, Figure 3

Requestor Location

Imperial College London 
Imperiall college 
Skempton building 

London, SW7 2BB 
United Kingdom 
Attn: Imperial College London

Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions

lb1213
Rectangle


	Thesis_corrected_clean.pdf
	RightsLink Printable License.pdf
	RightsLink Printable License1.pdf
	RightsLink Printable License2.pdf

