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ABSTRACT 

Cryptosporidium is a protozoan parasite which can be transmitted via food and water. Some 

studies have shown irrigation water to be routes of transmission for Cryptosporidium into the 

food chain, however, little information is known about Cryptosporidium levels in water used for 

irrigation in the Kumasi Metropolis. The purpose of this study was to evaluate Cryptosporidium 

contamination and risk associated with the irrigation of lettuce with contaminated water in the 

Kumasi Metropolis of Ghana. The study considered Cryptosporidium detection and enumeration 

in water and on lettuce samples using light microscopy, fluorescent microscopy and molecular 

identification using nested polymerase chain reaction (PCR). A total of 54.10% of all water 

samples tested positive by using microscopy or nested PCR (HSP70) approach. A comparative 

assessment for microscopy and nested PCR (HSP70) showed that 37.5% of all water samples 

were positive for Cryptosporidium using microscopy whilst 41.67% showed positive presence 

using nested PCR approach. The study revealed that water samples from irrigation water 

contaminated with hospital waste upstream had the highest number of oocyst with a total of 

263.15±0.92 oocysts /10 L on all rounds of sampling. Water contaminated with effluent from a 

waste stabilization pond had no detectable number of oocysts on all rounds of sampling. All 

irrigation water with the exception of water contaminated with effluent from a waste stabilization 

pond exceeded the recommendation of WHO/FAO for protozoan parasites (1 egg/L); however, 

there was no statistical difference between oocysts counts from the various water samples from 

the farms. Temperature had an inverse relationship with oocyst concentration from the farms 

whilst pH and turbidity had no significant relationship with oocyst concentration. Molecular 

detection of Cryptosporidium using nested PCR (HSP70) showed that 50.00% of all lettuce 
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samples analysed were positive for Cryptosporidium. Risk analysis indicated that all water 

sources for irrigation posed risk as possible sources of human infection through direct contact 

with these water sources. The risk was higher than the WHO accepted threshold 

of                threshold. However, risk analysed using the E. coli conversion for 

Cryptosporidium distribution resulted in an underestimation of risk. Based on the risk 

assessment, measures should be put in place to reduce pathogen concentration in water sources 

in order to reduce risk posed to farmers. 
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CHAPTER ONE 

1.0. INTRODUCTION 

The United Nations estimate that 54% of the world‟s population lives in the urban areas and this 

is expected to increase to about 66% by the year 2050 (United Nations, 2014). The reports 

indicate that increasing population increases the competition for already scarce resources such as 

food and water. While agriculture was previously known as a rural phenomenon, it is becoming 

increasingly popular in urban areas and has improved access to fresh vegetables, fruits and 

animal products (Amoah et al., 2007). Urban agriculture (UA) is defined as the production of 

crop and livestock goods within cities and towns (Zezza and Tasciotti, 2010). This has become 

sufficiently important in developing countries where there are heavy losses in transit of food 

products which increases scarcity and cost of agricultural products (FAO, 2010). Urban 

agriculture has become an important means of attaining a balanced local food supply and food 

security creating employment and income (Mensah et al., 2002).  

In Kumasi, farming systems are usually situated in lowlands where the land is not suitable for 

immediate construction purposes and are usually in close proximity to water bodies. Most farms 

in Kumasi cultivate food items with low shelf lives mainly vegetables. About 59 hectares of 

urban lands in Kumasi are invested in vegetable farming in the dry season and 48 hectares in the 

rainy season with lettuce being the commonest vegetable (Cornish and Lawrence, 2001; Keraita 

et al., 2014). 

About 85% of wastewater generated from urban centres ends up in the environment untreated 

with most grey water ending up in streams, rivers and ocean (Obuobie et al., 2006). Due to 

limited water resources, most farmers rely on this untreated surface water for irrigation. A study 

in Kumasi, it was identified that about 70% of farmers used polluted rivers and streams as the 
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main sources of water for irrigation but none of the farmers interviewed in that study used (raw) 

effluent directly from the source or a sewage treatment plant (Obuobie et al., 2006). The authors 

further revealed that there was also an extensive use of shallow dug wells on valley bottoms in 

the urban areas, which are generally more accessible, reliable and inexpensive (Obuobie et al., 

2006). Polluted irrigation water can serve as a source of pathogen entry into the food chain with 

these pathogenic organisms contaminating the food chain through their deposit on the surface of 

crops or vegetables during irrigation (Robertson and Gjerde, 2001). Consumption of 

contaminated vegetables could cause gastro enteric diseases commonly diarrhoea. Diarrhoeal 

causing micro-organisms could be of viral, bacterial, protozoan and parasitic origins such as 

Norovirus, Rotavirus, E. coli and Giardia. Studies in Ghana on wastewater and other 

contaminated water sources have been limited to faecal coliforms and helminths (Obuobie et al., 

2006). Investigations of vegetable consumption related to diarrhoeal prevalence have identified a 

range of organisms which include Rotavirus (Reither et al., 2007) and some Salmonella spp, E. 

coli and Cryptosporidium (Adjei et al., 2004). Research conducted in certain parts of the world 

have also implicated wastewater irrigated plants as a potential source of transmission of 

protozoan diseases particularly cryptosporidiosis (Ajonina et al., 2012; Koompapong and 

Sukthana, 2012). Cryptosporidium is widely associated with diarrhoeal diseases and like other 

protozoans such as Giardia and Entamoeba, has thus been used in quantitative microbial risk 

assessment (Mara et al., 2007; WHO, 2009). 

Food products, especially leafy vegetables, are becoming sources of pathogens such as 

Cryptosporidium (Millar et al., 2002) with C. parvum being responsible for the majority of 

gastrointestinal parasitic infections. Cryptosporidium has been recognized as a human pathogen 

since 1976 and was initially associated with individuals with compromised immune systems but 
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has now been recognized to be an important source of diarrhoea in both immune compromised 

and immune competent individuals (Duffy and Moriarty, 2003). 

Improved, efficient and highly sensitive diagnostic tools however are able to detect 

Crytosporidium infection in relatively immune competent individuals. Cryptosporidiosis in 

immune competent individuals is an acute, self-limiting diarrhoeal illness often characterized by 

nausea, abdominal cramps and low-grade fever, however, the disease is more severe and usually 

chronic in immune compromised individuals (Chalmers and Katzer, 2013). 

Over the last two decades, increasing numbers of cryptosporidiosis (in particular water related) 

outbreaks have been recorded in developed countries like Denmark and the United States of 

America (Craun et al., 2007). In 1993, the largest recorded Cryptosporidium outbreak in the 

history of United States of America was registered in Milwaukee, Wisconsin, where 403 000 

people were infected through contaminated drinking water (MacKenzie et al. 1994). This 

outbreak was caused by C. hominis (Peng et al., 1997; Xiao et al., 2006) and the total cost of 

outbreak-associated illness was estimated at a total of $96·2 million; $31·7 million in medical 

costs and $64·6 million in productivity losses (Corso et al. 2003).  

Although outbreaks of food related cryptosporidiosis are less recorded as compared to 

waterborne outbreaks, Cryptosporidium which does not multiply in foods has the ability to retain 

their viability and thus infectivity under favourable moist and cool conditions for several months. 

Beyond a temperature of 65
o
C, Cryptosporidium oocysts lose their infectivity (Dawson et al. 

2004) and thus pasteurized foods do not pose risk. Studies on infectivity and dose have suggested 

that a single oocyst is capable of causing an infection (Rose et al., 2002), however; the infective 

dose is species dependent.  
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Evidence that food products aid the mechanical transmission of Cryptosporidium to humans has 

been hindered by the lack of enrichment culture methods for determining small numbers of 

oocysts. Detection and prevalence of Cryptosporidium oocysts on vegetables like lettuce is 

dependent on the laboratory technique used to isolate the pathogen. Various methods have been 

developed and described for the detection of C. parvum in foods (Chalmers and Katzer, 2013). 

These methods have been categorized into two, namely; separation techniques and diagnostic 

techniques. Separation techniques include density centrifugation, immunomagnetic separation 

(IMS) and flow cytometry. Diagnostic techniques include immunofluorescent microscopy (IFA), 

fluorescent in situ hybridization (FISH) and polymerase chain reaction (PCR) (Chalmers and 

Katzer, 2013). Identification of Cryptosporidium may make use of agitation in detergents or 

mobilization of oocysts from solid matrices using immunomagnetic separation (IMS) for 

concentration of oocysts coupled with detection by immuno-fluorescent microscopy or 

polymerase chain reaction (Jiang et al., 2005). Limitations in the use of these methods for 

isolation and detection of Cryptosporidium spp from food products include variations in recovery 

levels and difficulties resulting from the breakdown of the food product during detachment of the 

oocysts from the food matrix. This causes the aggregation of food debris which can interfere 

with IMS recovery processes, leading to an overall reduction in the final purified oocyst recovery 

rate (Robertson and Gjerde, 2001). 

 

1.1 PROBLEM STATEMENT 

The rise in non-communicable diseases such as obesity has a general increase in consumption of 

fresh and less processed fruits and vegetables (Zink, 2009). Food borne infection outbreaks 

associated with the consumption of raw vegetables have however been increasing worldwide 
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(Lynch et al., 2009). For instance, about 2.2 million people get sick annually from eating 

contaminated leafy vegetables and this represents about 23% of the 9.6 million cases of food-

borne illness each year in United States of America (Painter et al., 2013). This has consequently 

resulted in an increase in the awareness and realization that fresh fruit or vegetables can be 

mechanical reservoirs of disease causing bacteria, viruses, protozoa and helminths. Irrigation 

with poor quality water is one way that vegetables can become contaminated with food borne 

pathogens. Cryptosporidium is one of the most chlorine resistant waterborne parasites that infect 

humans and can be transmitted via contaminated food and water. They cause morbidity in 

healthy individuals and more severe consequences among immune compromised individuals. 

Since Cryptosporidium oocysts cannot grow or multiply on the surface of vegetables, any oocyst 

present at the time of consumption is likely to have been transmitted through irrigation, 

fertilisation, contaminated soil on the farm or contamination during processing and handling 

(Millar et al., 2002).  A recent study showed the prevalence of cryptosporidiosis to be 8.20% in 

patients visiting the Komfo Anokye Teaching hospital in Kumasi, Ghana (Acquah et al., 2012). 

Possible routes of these infections would possibly include contaminated water and food. With 

regards to food, contaminated vegetables are a notable cause for concern as they are most likely 

to be eaten raw. Oboubie et al., (2006) indicated that most farmers utilise untreated surface 

waters for irrigation, nonetheless, little information is available on the levels of Cryptosporidium 

in surface water and wastewater used for irrigation in Kumasi which could serve as sources of 

vegetable contamination. This study was therefore designed to assess the possible contamination 

of lettuce through irrigation.  
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1.2 JUSTIFICATION 

Studies on surface waters used for irrigation in the United States of America, Mexico and South 

Africa showed that 28.00%, 48.00% and 43.00%, respectively of the samples analysed were 

positive for Cryptosporidium (Thurston-Enriques et al., 2002; Chaidez et al., 2006; Duhain, 

2011). A study done on some rivers and irrigation waters in Kumasi showed that 75% of water 

samples were positive for Cryptosporidium (Boel-Peterson, 2013). The study by Boel-Peterson 

(2013), focused on only farms whose source of irrigation water were streams and all study sites 

had similar potential sources of contamination and recommended that other sources of irrigation 

water should be investigated for the presence of Cryptosporidium spp. In line with the 

recommendations that have been outlined in past studies, this study was designed to estimate the 

oocyst levels in multiple irrigation water sources and also the lettuce cultivated on the farms that 

use these water sources for irrigation purposes. Public health studies generally have focussed on 

sources of drinking water in estimating quantitative microbial risk assessment because of the 

notion that drinking water provides the most feasible route for human infection. Results obtained 

from this study therefore will present evidence of possible risk of irrigation water in to 

Cryptosporidium infection routes in medical and veterinary contexts and application of 

Quantitative Microbial Risk Assessment (QMRA) model in this study will provide useful 

information the level of risk of infection associated with such farming, which is essential for 

policy formulation. Accurate identification of risks levels thus provides the foundation for the 

implementation of effective measures and control programmes that could potentially lower the 

risk and rate of infection and reduce the disease burden and invariably promote good health 

status of the populace.  
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1.3 HYPOTHESES 

1. Sources of irrigation water can be potential route for Cryptosporidium transmission to lettuce 

2. Water contaminated with hospital waste has higher concentration of Cryptosporidium than 

other sources of irrigation water. 

3. Vegetables irrigated with water contaminated with hospital wastewater pose a higher risk to 

consumers as compared to other sources of irrigation water.  

1.4 STUDY OBJECTIVES 

1.4.1 Main objective 

The main objective of this study was to establish Cryptosporidium spp. contamination in low 

quality water used for irrigation of lettuce and the health risks associated with such farming 

system. 

  

1.4.2 Specific objectives 

The specific objectives of this study were to 

1. Establish the presence of Cryptosporidium spp. in low quality water for lettuce farming 

and the influence of selected water physical parameters on the levels of contamination 

2. Determine the potential health risks associated with  farmers‟ exposure to 

Cryptosporidium spp. contaminated irrigation water using the quantitative microbial risk 

assessment  
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

This chapter deals with related research works on the study matter and identifies certain 

knowledge gaps in works done on Cryptosporidium spp. in relation to irrigation water and 

vegetable contamination. This study will seek to address some of these gaps thus creating new 

knowledge. The chapter covers urban agriculture, irrigation water and the protozoan, 

Cryptosporidium. 

 

2.1 URBAN AGRICULTURE IN KUMASI 

Urban agriculture is the production, processing and distribution of food items ranging from 

animals to crops in and around a town or city (Obuobie et al., 2006). Urban agriculture is in two 

main forms namely; open space production for urban market and backyard gardens (Obuobie et 

al., 2006). In Kumasi, such farming systems are usually located in lowlands where the land is 

unsuitable for construction purposes. Approximately 41 hectares of land in Kumasi are used for 

vegetable farming (Cornish and Lawrence, 2001), and these lands favour urban farming due to 

the availability of groundwater and their proximity to surface water bodies (Obuobie et al., 

2006). Majority of these farmers are involved in the production of food items that have low shelf 

life periods with the commonest leafy vegetable being lettuce (Keraita et al., 2014). Lettuce as 

well as other vegetables‟ consumed as salads is becoming a popular trend in urban areas and 

some studies have shown these salads to be of poor microbiological quality (Fung et al., 2011) 
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Fung et al. (2011) showed a high contamination of salads with thermotolerant coliforms, 

Salmonella and helminth eggs. 

 

2.2 WATER RESOURCES AND AGRICULTURE 

Irrigation is an important factor in food security. About 17.00% of total arable land worldwide is 

irrigated and this contributes to 34.00% of crops that are produced (Jimenez, 2006). 

Approximately 192 million hectares of irrigated land is found in developing countries and as 

such there is high dependence on water for food production (United Nations, 2003). The demand 

on water resources in Ghana is increasing due to urban and agricultural development (Keraita et 

al., 2014) and thus scarcity is imminent. 

Due to the scarcity of fresh water and accessibility constraints, the use of low quality water in 

irrigation has become increasingly popular. According to Jimenez (2006), about 12,000 hectares 

of land in Ghana are irrigated with low quality water. In urban areas, surface water used for 

irrigation are rarely unpolluted as most waste generated in these areas ends up polluting rivers 

and streams (Obuobie et al., 2006). This raises the concern of the use of low quality water and 

food safety. Low quality water as defined by FAO (1992) is water that possesses certain 

characteristics which has a potential to cause problems when used for its intended purposes. This 

includes wastewater, polluted surface water and storm water that are used for irrigation  

 

2.2.1 Quality of irrigation water 

Wastewater and faecal sludge produced in Ghana are rarely treated before their release into the 

environment. International Water Management Institute (IWMI) recorded a total of 63 
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wastewater treatment plants and eight faecal sludge treatment plants across Ghana but this is 

awfully inadequate taking into consideration the per capita waste production according to 

Murray and Drechsel (2011). This implies that most of the waste generated ends up in the 

environment untreated and the situation will be worse in urban areas where population is dense 

and continues to increase. Keraita et al. (2014) have proposed a strong link between the lack of 

wastewater treatment and the use of polluted water for irrigation in urban agriculture. 

Wastewater-polluted streams and dug outs are the most common sources of irrigation in urban 

farming in Ghana (Sengupta et al., 2012). In a study conducted in Kumasi, most farmers did not 

use waste stabilization pond effluent directly; however, in situations where there were no 

alternative sources of water, farmers used effluent from the waste stabilization pond and 

wastewater from other drains (Obuobie et al., 2006). Additionally, some farmers use shallow 

hand dug wells in urban irrigation.  

Major health risks are associated with the use of wastewater or polluted irrigation water and have 

been traced to viral, bacterial and parasitic origins. Farm-based methods such as the use of 

sedimentation ponds, sand filters and enhanced pathogen die-off on crops through cessation of 

irrigation before harvest have been found to be effective interventions for reducing risk 

associated with the use of contaminated water for irrigation. Careful collection of irrigation water 

without disturbing the sediment at collection point in hand dug or stream have also been found to 

reduce concentrations of pathogens such as helminths and Cryptosporidium (Searcy et al., 2006; 

Keraita et al., 2008). Some risk assessments done in urban agriculture in Ghana have reported 

faecal and helminth contamination levels in irrigation water (Amoah et al., 2011), however, most 

studies done in Kumasi have been focused on faecal coliforms and helminths, with few studies 

on parasitic protozoa such as Cryptosporidium (Boel-Peterson, 2013) .  
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Putignani and Menichella (2010) stated that the most important enteric diseases in humans are 

caused by enterotoxigenic and enteropathogenic E-coli, Rotavirus, Giardia lamblia and 

Cryptosporidium and that approximately more than 58 million diarrhoea cases detected per year 

in children worldwide were associated with intestinal protozoa. Cryptosporidiosis is less 

recorded particularly in children thus the global burden of the disease is underestimated. This 

influenced the addition of Cryptosporidium to the WHO Neglected Diseases Initiative in 2004 

(Savioli et al., 2006).  

 

2.3 CRYPTOSPORIDIUM 

Cryptosporidium originally described by Tyzzer (1912) is an enteric pathogen which is 

considered a major agent of diarrhoeal diseases in man, farm animals and wild animals and has 

gained importance over the last twenty five years (Smith and Nichols, 2009; Ryan, 2010). They 

contaminate different sources of water such as drinking water, raw water, surface water, storm 

water, groundwater, wastewater, sewage and irrigation water (Steele and Odumeru, 2004). 

Cryptosporidium is responsible for many diarrhoeal outbreaks in the United States, the United 

Kingdom and other countries (Wohlsen et al., 2004). Although person-to-person contact and 

domestic animals are some infection transmission routes, the environmental route of 

transmission especially through water, soil and food is becoming increasingly popular and 

gaining research attention. Research conducted in various geographical regions have implicated 

wastewater or contaminated surface water used for irrigating plants as a major potential source of 

transmission of protozoan diseases particularly cryptosporidiosis (Koompapong and Sukthana, 

2012). 
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Cryptosporidium infects the epithelial cells in the digestive tract of humans, other mammals, 

birds and fish. The parasite forms thin-walled oocysts that are relatively small (4-6 µm) and 

almost spherical. Thin walled oocysts may encyst within the host resulting in severe diarrhoea 

whereas thick walled oocysts are easily shed by infected host into the environment (Fayer et al., 

2000). Faecal matters that contain oocyst end up in the environment and can contaminate foods 

by direct contact or contaminated surface water used for irrigation. Dose studies and models 

have suggested that as low as a single oocyst or cyst is capable of causing an infection (Rose et 

al., 2002), however, the infective dose is species dependent.  The oocyst stage is a critical stage 

for the dispersal, survival and infectivity of the parasite. Therefore the detection of the oocyst is 

particularly important. 

 

2.3.1 Life cycle of Cryptosporidium 

The life cycle of Cryptosporidium comprises of asexual, sexual and transmissive stages which 

are completed within one host. It takes 12 to 14 hours for the completion of the maturation per 

generation. Cryptosporidium is endogenous and occurs within the gastrointestinal tract of the 

host. It develops into a thin walled oocyst which is released and retained in the gut, developing 

and releasing sporozoites to auto infect the host (Caccio, 2003). This notwithstanding, about 

20.00% of Cryptosporidium oocysts develop into an encysted stage, which has a thick two-

layered resistant oocyst wall and escapes from the host gut within faecal matter to contaminate 

other sources and to infect a new host. The oocyst wall consists of an inner and an outer layer 

with a distinctive suture at the end of its structure. Due to their small size, difficulty in 

differentiating internal structures and similar morphological features, it is more difficult to 

differentiate between different species of Cryptosporidium as opposed to bacteria (Fayer et al., 
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2000). The oocyst formation helps the organism to persist in the environment and later infect a 

new susceptible host. Relatively little information is known about the chemical composition of 

oocyst and how this affects their survival (Moore et al., 2007). 

Each oocyst has four infective units called sporozoites which have the ability of exiting through 

the suture and restart the process of infection once it is taken up by the host (Fayer, 1997; 

Caccio, 2003). The carbohydrate amylopectin has been shown to be responsible for production 

of energy used for excystation and penetration of host cells (Harris and Petry, 2003). Therefore 

Cryptosporidium is unable to infect the gastrointestinal cell wall once amylopectin is depleted 

(Vetterling and Doran, 1969; Harris and Petry, 2003; Duhain, 2011). The incubation period for 

Cryptosporidium is between 3 and 7 days (Tzipori and Ward, 2002).  

 

2.3.2 Classification, taxonomy and host range 

The genus Cryptosporidium is classified in the Phylum Apicomplexa just like Plasmodium, 

Toxoplasma and Eimeria. Cryptosporidium species are all intracellular parasites of vertebrates. 

There are two main sub-groups in the genus; the gastric and intestinal group. The gastric group 

consists of C. muris, C. serpentis and C. andersoni whereas the intestinal group consists of all C. 

parvum genotypes, C. hominis, C. canis, C. felis, C. wrairi and C. meleagridis (Fayer et al., 

2000). 

Cryptosporidium parvum (C. parvum) infects a number of mammalian hosts whereas C. hominis 

infects only humans (Leav et al., 2003). Despite their identical morphology, the two can be 

distinguished by molecular methods. Some studies have also shown a lot of heterogeneity among 

the genotype 1 (C. hominis) isolates. The heterogeneity is seen at the Cpgp40/15 (also known as 
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gp60/45/15) locus which encodes for surface glycoproteins present during the invasive stages of 

the parasite (Strong et al., 2000). 

Species that are zoonotic are also of major health importance. Cryptosporidium meleagridis is 

cross infectious between birds and a wide range of mammals. Naturally, C. meleagridis infects 

birds but cross-infection transmission routes occur when bird droppings are used as fertilizer in 

vegetable farming (Akiyoshi et al., 2003). Cryptosporidium parvum is capable of infecting 152 

mammalian species  including cattle, dogs, goats (Quilez et al., 2008) but C. hominis and C. 

parvum primarily infect humans (Insulander et al., 2013). A study done in the United Kingdom 

showed that 96.00% of infection that were reported was caused by C. hominis (51.40%), C. 

parvum (44.00%) and C. meleagridis (0.60%) (Elwin et al., 2012). Table 1 shows various 

species of Cryptosporidium and their host. Cryptosporidium parvum has also been known to be 

the most dominant species in contaminated surface waters where potential sources of 

contamination included human and cattle (Xiao et al., 2001). The multi-host specificity of 

Cryptosporidium spp. increases their chances of transmittance in the environment thus aiding 

their potential widespread of infection to humans. 
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Table 1: List of Cryptosporidum species and their natural hosts 

 

 

 

 

 

 

 

 

 

(Courtesy: Health Canada, 2012) 

 

2.4 CRYPTOSPORIDIUM OCCURRENCE IN WATER 

Cryptosporidium has been associated with waterborne outbreaks and have been found in surface 

waters, ground water, irrigation water, treated drinking water, recreational water and bottled 

water worldwide (Franco and Neto, 2002; Steele and Odumeru, 2004; WHO, 2008). It is an 

important enteric protozoan which is considered a major causal agent of diarrhoeal diseases in 

humans and farm animals (Xiao and Fayer, 2008). According to Chaidez et al. (2006) irrigation 

water can be a potential transmission route for Cryptosporidium entry into the food chain. 

Studies done by Gracenea et al. (2011) supports this claim as 18.40% of major irrigation 

channels in Spain were found to be contaminated with Cryptosporidium spp. with concentration 

Cryptosporidium species (genotype)  Major host  

C. andersoni  Cattle  

C. baileyi  Poultry  

C. bovis  Cattle  

C. canis  Dogs  

C. fayeri  Red kangaroos  

C. felis  Cats  

C. frageli  Toads  

C. galli  Finches, chickens  

C. hominis (genotype H, I or 1)  Humans, monkeys  

C. macropodum  Eastern grey kangaroos  

C. meleagridis  Turkeys, humans  

C. molnari  Fish  

C. muris  Rodents  

C. parvum (genotype C, II or 2)  Cattle, other ruminants, humans  

C. ryanae  Cattle  

C. scophithalmi  Fish  

C. serpentis  Reptiles  

C. suis  Pigs  

C. varanii  Lizards  

C. wrairi  Guinea-pigs  
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ranging from 3 – 82 oocysts per Litre. Thurston-Enriquez et al. (2002) showed that 36% of 

irrigation water in Central America tested positive for Cryptosporidium spp. with a mean count 

of 227 oocysts per 100 L. Studies by Chaidez et al. (2006) in Mexico however, showed a higher 

prevalence in surface water (48%) with a lower concentrations ranging from 17 – 200 per 100 L. 

Other studies done in South Africa, showed a Cryptosporidium spp. prevalence of 43.00% in 

surface waters which were used for irrigation purposes (Duhain, 2011). 

Transmission through the environment is facilitated by various factors. In natural waters, oocyst 

may occur in a freely suspended form, however due to large particle concentrations in 

wastewater and surface water, high proportion of oocyst in surface water could be attached to 

particles like clay, sand, algae and bioflocs (Medema et al., 1997) and this could reduce the 

recovery rate when immuno magnetic separation is used to concentrate oocysts from water 

samples. 

The extent of survival is also dependent on the characteristics of the water. Transport of 

infectious oocyst from source of water contamination to areas of exposure of oocyst to possible 

host is dependent on some hydro dynamical, chemical and biological factors. These factors 

include water flow, attachment of suspended oocyst to particles, sedimentation, re-suspension of 

free and attached oocyst and survival of the oocysts (Medema et al., 1997). Very high turbid 

waters are known to have oocyst present and as such some studies have correlated turbidity to 

concentration of oocyst (House, 2011; Swaffer et al., 2014). Studies by Lee et al. (2010) 

however, showed no correlation between turbidity and oocyst concentration. Other studies have 

revealed minor viability loss and inactivation of oocyst at pH below 4 and greater than 11. It has 

also been shown that ammonia can enhance inactivation at low and high pH and thus mostly 

employed in wastewater treatment (Kniel et al., 2003). 
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The oocyst stage is stable and can survive in the environment from weeks to months. Oocysts 

have been shown to withstand a variety of environmental stress including freezing (Duhain, 

2011). Cryptosporidium is resistant to disinfection by chlorine and can only be removed from a 

contaminated water source by filtration, inactivation by ozone, ultraviolet radiation and chlorine 

dioxide (Chen et al., 2002). The structure of the oocyst wall which is made up of a double layer 

of protein-lipid-carbohydrate matrix makes the oocysts resistant to chlorine (Templeton et al., 

2004). 

 

2.5 OCCURRENCE OF CRYPTOSPORIDIUM IN FOOD AND FOOD BORNE 

TRANSMISSION 

Despite the fact that water is a well-recognized vector of Cryptosporidium, it has recently 

emerged that food may also play a more significant role in the transmission of Cryptosporidium 

to humans (Caccio, 2003). Studies on the occurrence of Cryptosporidium oocysts on food items 

have been performed in developing countries and most raw vegetables were found to be 

contaminated (Eraky et al., 2014). Similar surveys conducted in Norway and Israel also showed 

contamination of fruits and vegetables. This goes to show that the contamination is not restricted 

to developing countries only (Robertson and Gjerde, 2001; Armon et al., 2002). Table 2 shows 

some of the studies that have been done on the presence of Cryptosporidium on foods. 
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Table 2: Incidence of Cryptosporidium in vegetables from different countries

(Courtesy: Caccio, 2003) 

 

Regardless of some of these findings, reports on food borne cryptosporidiosis are scarce mostly 

due to difficulty in detection and documentation. Limited numbers of oocyst found in suspected 

samples and also the lack of sensitive methods of detection in food contribute to under-reporting 

of the disease are the predominant constraints. 

Recent studies by Macarisin et al. (2010) proved the adherence and internalization of 

Cryptosporidium oocyst in spinach after contact with contaminated water. This study was the 

first to show attachment of oocyst on leafy vegetables thus pre-suggesting that oocyst could 

attach to other leafy vegetables such as lettuce. Factors such as presence of hairy structures are 

Food type Country Detection 

method 

Identified 

pathogen(s) 

Mean 

concentrations 

Reference 

Basil, 

Cabbage, 

Celery, 

Cilantro, 

Green onions, 

Leeks, 

Lettuce, 

Parsley, Yerba 

Buena 

Lima, Peru Acid fast 

staining 

/IFA 

Cryptosporidium Not done Ortega et 

al., (1997) 

Dill, Lettuce, 

Mug bean 

sprouts, 

Radish sprouts 

Norway 

(including 

imported food) 

IMS/IFA Cryptosporidium

, Giardia 

3 oocysts per 

100 g produce 

Robertson 

and Gjerde 

(2001) 

Carrot, 

Cilantro, 

Cucumber, 

Lettuce, 

radish, 

Tomato 

Costa Rica  Cryptosporidium Not done Monge and 

Arias 

(1996) 

Zucchini Israel IFA Cryptosporidium

, Giardia 

80 - 10,000 

oocysts/0.5 kg 

Armon et 

al., (2002) 
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thought to increase the amount of oocyst retained on vegetables (Armon et al., 2002). Other than 

irrigation water, animal manure, presence of cattle near farms, unhygienic practices by farmers 

are all potential source of contamination of vegetables with Cryptosporidium.  The moist and 

cool surfaces of vegetables such as lettuce could also enhance the survival and persistence of 

oocyst on their surfaces. 

 

2.5.1 Foodborne outbreaks due to cryptosporidiosis 

Outbreaks of cryptosporidiosis have been documented around the world with the greatest 

incident in the US and UK (Slifko et al., 2002). Most of these outbreaks have implicated 

contaminated surface water and a significant amount with groundwater. In the United States, 

more than 10,000 people had contracted cryptosporidiosis before the year 2000 (Slifko et al., 

2002). The first outbreak of the disease occurred in 1984 in Texas and the source was suspected 

to be from an unfiltered ground water supply (D‟Antonio et al., 1985). 

Although outbreaks of waterborne cryptosporidiosis are more common, some food related 

outbreaks have been recorded. Cryptosporidium parvum was identified as the causative organism 

for an outbreak in England and Wales between 1996 and 2000 (Adak et al., 2005). 

Cryptosporidium was the fourth most common causative agent of food related infections in 2004 

in the United States of America (CDC, 2006). In 2005, an outbreak was recorded in Denmark 

with 99 infected cases. Source of outbreak was attributed to salad bar (whole carrot, grated carrot 

and red pepper) (Insulander et al., 2008). In 2008, similar findings were recorded in Finland and 

Sweden with sources being salad and parsley respectively (Ponka et al., 2009; Ethelberg et al., 

2009)  
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2.5.2 Food and Vegetable Quality 

The range of microorganisms associated with outbreaks linked to fresh produce encompasses 

bacteria, viruses and parasites (CDC, 2006). Most of the reported outbreaks have been associated 

with bacterial contamination, particularly members of the Enterobacteriaceae. Of these, 

Salmonella and Escherichia coli O157 in sprouted seeds and fruit juices are of particular 

concern. The viruses involved in outbreaks have a human reservoir (e.g. Norwalk-like and 

Hepatitis A) and can be associated with intact products grown in contact with the soil and/or 

water. Outbreaks linked to protozoa (e.g. Cryptosporidium, Cyclospora, Giardia) have been 

associated more with fruits than with vegetables (Adak et al., 2005). Protozoa and viruses are 

most often associated with contaminated water or food handlers (Ponka et al., 2009). 

Fruits and vegetables normally carry a non-pathogenic epiphytic microflora. However, there are 

certain factors, which contribute to the microbiological contamination of these products with 

pathogens. Contamination can arise as a consequence of treating soil with organic fertilisers such 

as manure and sewage sludge and from irrigation water. Another aspect contributing to the 

microbial risk for the consumer is the increasing consumption of new products (e.g. sprouted 

seeds) or fruits and vegetables imported fruits and vegetables. Additionally, the application of 

technologies such as cutting, slicing, skinning and shredding will remove the natural protective 

barriers of the intact plant and open the possibility for providing a suitable medium for the 

growth of contaminating microorganisms (Garg et al., 1990). Beuchat (1995) referred to 

outbreaks of Shigella flexneri and hepatitis A which could be traced back to infected people 

working on the fields or in the packaging facility. 

Some pre-harvest measures will reduce the microbial contamination of fruits and vegetables. 

However, the relative contribution of these measures is not always equal in terms of efficacy or 
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the level of safety achieved. Manure, bio-solids and irrigation water should be of a quality that 

does not introduce pathogens to the treated commodity. Special concern has to be taken to the 

risk with droppings from wild and domestic animals entering the production area and from fresh 

manure used as fertiliser. The potential of organic farming to contaminate fruits and vegetables 

with pathogens has to be investigated. 

Harvesting at the appropriate time and storing the harvested products under controlled conditions 

will help retard growth of post-harvest spoilage and pathogenic microorganisms. Humid and 

warm storage conditions encourage the growth of microbial contaminants. The use of additional 

post-harvest procedures could reduce the contamination level of fruits and vegetables. Washing 

with water of potable quality can reduce the microbial load. Although a wide range of different 

agents is available for disinfecting/sanitizing fresh produce their efficacy is variable and none are 

able to ensure elimination of pathogens. 

2.6 PATHOGENESIS OF CRYPTOSPORIDIOSIS 

Cryptosporidiosis is produced by ingestion of food and water contaminated with oocysts.  The 

disease is self-limiting in healthy individuals but chronic and potentially fatal in immune 

compromised individuals (Duffy and Moriarty, 2003; Chalmers and Katzer, 2013). The clinical 

manifestation varies from person to person but it is often characterised by watery diarrhoea. The 

diarrhoea is normally presented with abdominal pains and sometimes fever, malaise, nausea, 

vomiting and loss of appetite. Symptoms may take 5 -14 days after ingestion of oocysts and is 

dose-dependent. The period of illness is also variable and can last days to 5 weeks. The 

gastrointestinal epithelium generally recovers after symptoms cease but there are some 

indications showing that other diseases may arise. For instance C. hominis was associated with 

joint and eye pains, headaches and fatigue for about 2 months following infection (Chalmers and 
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Katzer, 2013). Many healthy individuals are asymptomatic (DuPont et al., 1995; Chalmers and 

Katzer, 2013). Population with increased risk of infection includes children, immune 

compromised individuals and malnourished individuals (Fayer et al., 2000). Other sources of 

immunodeficiency such as organ transplantation, x-linked hyper-IgM syndrome, severe 

combined immunodeficiency, selective IgA deficiency and IFN-γ deficiency are also believed to 

increase risk of infection with Cryptosporidium species (Leav et al., 2003). The peak of the 

incidence of cryptosporidiosis occurs in children under the age of two particularly malnourished 

children (Ayuo, 2009). In Brazil, cryptosporidiosis and persistent diarrhoea was correlated with 

subsequent impairment physically and reduced cognitive function (Leav et al., 2003). People 

with serological evidence of previous infection are more resistant to the disease (Leav et al., 

2003). 

 

2.6.1 Epidemiological indicators of cryptosporidiosis 

The disease in developing countries is endemic and one of the most common causes of diarrhoea 

in children (Leav et al., 2003). The number of reported cases increased between - 2006 and 2008 

with majority being reported in summer than winter (MMWR, 2010). A study in South Africa 

estimated a Cryptosporidium incidence of 18.00% in school going children and hospital patients 

(Samie et al., 2006). According to statistics, 32.00% of all AIDS patient develop 

cryptosporidiosis at one stage or another in their lifetime (Hunter and Nichols, 2002). In 

developing countries, diarrhoea accounts for 30.00 - 50.00% of all death cases for children less 

than five years and studies have shown that C. canis, C. felis and C. meleagridis have higher 

prevalence (Mak, 2004). In a study conducted at the Komfo Anokye Teaching Hospital, 

Cryptosporidium accounted for 19.00% (95/500) among HIV and AIDs patients in 2008 
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(Boaitey et al., 2012). A similar study done in primary school children in Kumasi showed a 

prevalence of 8.50% (Walana et al., 2014). 

 

2.7 CRYPTOSPORIDIUM DETECTION METHODS 

2.7.1  Clinical Diagnosis of cryptosporidiosis 

Diagnosis of Cryptosporidium infections in diarrhoeal patients is not a routine laboratory test in 

both developed and developing countries because rehydration and electrolyte balance is more 

crucial (Farthing et al., 2008). Before the 1980s, an expensive, invasive and time consuming 

histological diagnosis was carried out to find small spherical life cycle stages of 

Cryptosporidium in the microvillous region of the intestinal mucosa or in tissue obtained by 

necropsy. A variety of diagnostic methods have subsequently evolved to identify Crytosporidium 

oocysts mainly by examination of faecal specimens. Sputum and bile specimen have also been 

shown to alternative samples in the identification of oocysts (Current & Garcia, 1991). 

Acute cryptosporidiosis is self-limiting and identification would be necessary in the event of an 

outbreak or if diarrhoea persist or becomes chronic. Reliance on the quality of stool samples, 

experience and skills of the microscopists and the resources available for stool evaluation is 

crucial in effective diagnosis of diarrhoea (O‟Ryan et al., 2005). In developed countries where 

accurate and various diagnostic tests are available, underdiagnosis occur mostly because most 

laboratories do not examine faecal specimen for Cryptosporidium oocysts infections (Kosek et 

al., 2001). Alternative technologies for diagnosing cryptosporidiosis include ELISA, flow 

cytometry, UV-visible spectroscopy and PCR. Identification of various species and genotypes 

have been addressed by PCR base RFLP and DNA sequencing  
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2.7.1.1 Microscopy 

Microscopic detection of Cryptosporidium in faecal specimens is the gold standard and widely 

used method in laboratory diagnosis. It is used to confirm suspected illnesses based on signs and 

symptom or clinical history of a patient. Techniques in microscopy include direct faecal smear, 

concentration techniques by flotation and sedimentation, conventional staining including faecal 

examination of smears by acid-fast stains such as modified Ziehl-Neelsen or auramine-

rhodamine stains (Garcia et al., 1983; Scott, 1988; Current & Garcia, 1991). However, because 

microscopy is labour intensive, time consuming and requires expertise, misdiagnosis can occur 

especially in resource limited regions like Africa where there is the lack of adequate human 

resource and laboratory equipment (Ndao, 2009). This notwithstanding, microscopy is less 

expensive in comparison to other diagnostic techniques and very specific in identifying oocysts 

in faecal specimens but its sensitivity depends on infection intensity and specimen freshness 

(Pawlawski et al., 2009). Acid-fast staining method in particular is common in developing 

countries because it is relatively inexpensive and easy to use. Modified acid-fast staining is 

frequently used in developing countries because of its low cost, ease of use, and availability and 

ability to use a standard microscope for detection. The use of other methods together with 

microscopy to confirm diagnosis is significant for disease identification, treatment and disease 

surveillance.  

2.7.1.2 Immunological Techniques  

Immunological techniques used in clinical diagnosis of Cryptosporidium include the Enzyme 

Linked Immunosorbent Assays (ELISA), the enzyme immuno-assays (EIA) and immuno-

fluorescent assays (IFA). Antigen capture ELISA for detecting Cryptosporidium antigen in 

faecal specimens offers a diagnostic substitute to direct microscopy. It saves time as many 
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samples can be tested at a time. Ungar (1990), achieved a specificity of 96.7% and sensitivity of 

82.3% for the detection of Cryptosporidium antigen in faecal specimens in comparison with 

microscopy. ELISA may fail to detect infections in specimens fewer than five oocyst per 0.01 ml 

of concentrated faecal specimen because the antigen in the specimen was inaccessible to or not 

recognized by the polyclonal antibodies meaning the antigen level was lower than the detection 

limits of the assay (Ungar, 1990). On the other hand, ELISA is very sensitive and might detect 

Cryptosporidium antigens in microscopically negative samples which might suggest a real 

infection, or detection of disintegrating organism or their products which means individuals 

might have been previously exposed to infections.  ELISA becomes an important technique in 

disease transmission because it is able to identify individuals who are not actively shedding 

oocysts during specimen collection. Isolates of Cryptosporidium may differ geographically; 

therefore the ELISA antisera prepared in one location and used in another may reduce sensitivity 

of detection. Immuno-flourescent assays and EIA kits have become commercially available for 

the detection of Cryptosporidium spp. These methods detect oocyst surface antigens but cannot 

differentiate between oocyst of different species. 

2.7.1.3 Molecular Techniques 

The major molecular technique that has proved effective in the identification and 

characterization of several Cryptosporidium genotypes is the Polymerase Chain Reaction (PCR) 

method and its variations. Methods such as PCR-restriction fragment polymorphism (PCR-

RFLP), PCR-randomly amplified polymorphic DNA and PCR DNA sequencing have been used 

in identifying both human and animal transmissions of cryptosporidiosis. 
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2.7.1.3.1 Polymerase Chain Reaction (PCR) for the Detection of Cryptosporidium Oocysts 

PCR, invented by Kary Mullis and colleagues in the 1980s, uses the enzyme DNA polymerase, 

primers and a DNA template to make copies of a defined DNA region (Mullis et al., 1986). 

Furthermore, heat stable polymerases such as Taq polymerase from the Thermus aquaticus 

bacterium are now being used for the separation of DNA strands. Although PCR is a more 

sensitive technique for detecting oocysts in faecal specimen than conventional microscopic and 

immunological assays, they are mostly restricted to research and specialized laboratories in 

developing countries. 

Faecal specimen may contain PCR inhibitors that hamper the success of this technique. Bile 

salts, haemoglobin degradation products, polyphenolic compounds, heavy metals and complex 

polysaccharides are common PCR inhibitors in faecal specimen which exert their effects by 

either preventing amplification or block enzyme activity (Lantz et al., 1997; Stauffer et al., 

2008). Purification of DNA is the best method for removing PCR inhibitors from faecal 

specimens and several commercial kits are available for the extraction and purification DNA 

which have proved to eliminate these inhibitors. The choice of DNA polymerase is also 

important in overcoming the effects of inhibitors that were not eliminated during extraction 

(Wiedbrauk et al., 1995; Stauffer et al., 2008). 

Modifications have evolved over the years from the basic PCR technique give rise to methods 

that improve performance and specificity. Among these is the nested PCR which uses 2 sets of 

primers for a primary and secondary PCR and increases the sensitivity (detects small amounts of 

the target DNA) and specificity (DNA amplification that hybridize within the amplified fragment 

in the first PCR) (Johnson et al., 1995). Genus specific and species specific primers have been 
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developed to target cryptosporidium presence in faecal specimen and specific species 

respectively.   

2.7.1.3.2 Nested-PCR based Restriction Fragment Length Polymorphism (RFLP) and DNA 

Sequencing for the Identification of Cryptosporidium Genotype  

This is one of the genotyping techniques used to identify Cryptosporidium species in faecal 

specimen. Species identification and genotyping is important to identify sources of infection. 

Different genetic loci are targeted for genotyping techniques. Some of the gene loci targeted for 

amplification and detection include the Small Subunit ribosomal RNA (SSU rRNA; GenBank 

accession no. L16996), 70k-Da Heat Shock Protein (HSP) 70; GenBank accession no. 

AF221528), and 60k-Da glycoprotein (GP60; GenBank accession no. AF164489) (Ferguson et 

al., 2006) The SSU rRNA gene is a hyper-variable gene which improves sensitivity and is a 

preferred locus for genotyping because it has the largest historical database and has been targeted 

for most phylogenic analyses. For all species and over 30 genotypes described, there are genus 

specific primers that amplify the SSU rRNA gene, 

2.7.2 Detection of Cryptosporidium species in environmental samples 

Detection of Cryptosporidium oocysts in environmental samples such as water and soil mainly 

relies on methods that are used in clinical diagnosis such as microscopy, immunological 

techniques and molecular identification. However, the major difference is the sample processing 

method. Mostly in environmental samples, it is important to apply methods that enable the 

concentration or isolation of oocysts before detection. The most widely used method for 

detection is the detection of oocysts in environmental samples using the Modified Ziehl Neelson 

method (acid fast stain), Auramine O staining or Kinyoun stain (Rossle and Latif, 2013) and this 

requires experience in the identification of Cryptosporidium oocyst. Other detection tools such as 
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the enzyme immuno-assays (EIA) and immuno-fluorescent assays (IFA) have also been 

employed in the detection of Cryptosporidium oocysts. The PCR based technique have been used 

to accurately detect oocyst in environmental samples, however, like their use in clinical 

diagnosis, they are yet to be standardised and used for routine clinical use and as such are used 

generally for research purposes (Leav et al., 2003). Molecular detection of Cryptosporidium has 

not been adopted for regulatory purposes because only oocyst containing sporozoite DNA is 

detected. Small oocyst numbers in environmental samples presents a challenge in quantification 

of oocysts. Standard methods of identification such as microscopy and PCR do not give reliable 

information about virulence of oocyst, as such in water monitoring; all oocysts detected are 

assumed to present a public health risk (Chalmers and Katzer, 2013). Again, the approach of 

sequencing DNA from nested PCR products of the SSU rRNA gene, or using limiting PCR 

primers according to Chalmers and Katzer (2013) tends to improve differentiation of multiple 

species or genotypes in a single sample. This approach is however technically demanding.  

 

2.8 PREVENTION AND TREATMENT 

In the absence of effective specific therapy against infection, preventive measures are essential 

especially among children and immune-compromised individuals. Preventive measures that need 

to be practiced to prevent cryptosporidiosis infection are generally related to keeping good 

personal hygiene and thus bad hygienic practice during production, transport preparation and 

handling of vegetables like lettuce spread cryptosporidiosis (El Said Said, 2012; Walana et al., 

2014). With infection route of Cryptosporidium being predominantly faeco-oral, it is important 

to ensure that ingested substances are safe and not contaminated.  
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No drug therapy had been useful in the treatment of cryptosporidiosis and thus treatments were 

merely aimed at symptomatic manifestations (Fayer et al., 2000). However, an anti-parasitic 

drug with broad spectrum known as Nitazoxanide was introduced in 2002 in the United States as 

a treatment for cryptosporidiosis (MMWR, 2010). This drug is effective in immune competent 

individuals, however, its efficiency in immune compromised individuals is not clear (CDC, 

2006). Symptomatic therapy includes fluid replacement, proper nutrition and treatment of 

diarrhoea. Anti-diarrhoeal drugs like loperamide, diphenoxylateatropine, somatostatin analogues 

or opiate are often used in combination with anti-parasitic drugs (Ayuo, 2009). Due to the 

absence of chemotherapeutic agents that are directed at asymptomatic infections, it is important 

that preventive measures outline above are given much more importance since they are relatively 

cheaper and inexpensive and poses less risk in comparison with treatment for symptomatic 

infections. 

Cryptosporidium studies in irrigation water which can serve as a route for transmission into the 

food chain is limited. Methods used in this study will provide additional baseline information of 

Cryptosporidium contamination in surface water and their produce. 

 

2.9 WATER QUALITY 

Natural ground water sources (such as rivers, lakes, springs, waterfalls etc.) in its natural state 

are generally considered to be of good quality because rocks and their derivatives such as soils 

act as bio-filters and reduce the microbial load quality. However, not all soils are equally 

effective in this respect and therefore pathogens contained in human excreta such as parasites, 

bacteria and viruses are likely to be transmitted through the soil and aquifer matrix to water 

bodies (Lewis et al., 1982). In Ghana, the major source of water to majority of the urban centres 
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is by the purification of naturally occurring water and transported as tap water (Mintah, 2011) 

Natural water sources can be contaminated and outbreaks of disease such as Cryptosporidiosis 

and Giardiasis have reported from countries at all levels of economic development (Lewis et al., 

1982). Some water sources naturally contain constituents of health concern such as arsenic and 

fluoride. However, understanding the impact of natural occurring ground water on public health 

is often difficult and the interpretation of health data is complex due to various factors. These 

include limited surveillance mechanisms and difficulty in identifying the primary cause of the 

outbreak. Throughout the world, there is evidence of contaminated groundwater leading to 

outbreaks of disease and contributing to background endemic disease in situations where 

groundwater sources used for drinking have become contaminated. However, diarrhoeal disease 

transmission is also commonly due to poor excreta disposal practices and the improvement of 

sanitation is a key intervention to reduce disease transmission (Curtis et al., 2000). Furthermore, 

water may be re-contaminated during withdrawal, transport and household storage. This may 

then require subsequent treatment and safe storage of water in the home (Sobsey, 2002). 

Several chemical contaminants which are potentially toxic to human and other animals have 

been identified in natural water sources. Water quality suffers significantly due to several 

anthropogenic fluxes such as discharge of industrial wastes, excessive use of fertilizers, 

pesticides, spillage of oil and gases, mine wastes, and landfills (Howard et al., 2006). On the 

other hand, natural geochemical reactions in the aquifers may release metals and other toxic 

chemicals in groundwater, and result in health risk when present at high levels. There are a 

number of naturally occurring contaminants in the ecosystem such as arsenic, lead, zinc, copper, 

cadmium, radium, radon, uranium, selenium, barium, thallium, iron, manganese, fluoride, 
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sulphate, chloride, boron, microbial contaminants, and many others which are potentially toxic 

for humans (Jacks and Bhattacharya, 2009) 

2.9.1. pH of water  

The pH is a measure of the activity of the hydrogen ion [H+]; also, it is the reciprocal of the 

logarithm of the hydrogen ion concentration (Silberberg, 2000). The pH scale ranges from 0 to 

14. In general, water with a pH less than 7 is considered acidic, soft and corrosive. pH more than 

7 is considered basic (Mintah, 2011).  

The pH of pure water is 7 at 25 
o
C (Silberberg, 2000), but when exposed to the carbon dioxide in 

the atmosphere, equilibrium results in the pH of approximately 5.2. The WHO optimum limit of 

pH values is between 6.5 and 8.5. Because of the association of pH with atmospheric gases and 

temperature, it is strongly recommended that the water be tested as soon as possible.  

Water with a low pH could contain elevated levels of toxic metals, cause premature damage to 

metal piping, and have associated aesthetic problems such as a metallic or sour taste, staining of 

laundry and the characteristic "blue-green" staining of sinks and drains. Water with a pH more 

than 8.5 could indicate that the water is hard. Hard water does not pose a health risk, but can 

cause aesthetic problems. These problems include formation of a "scale" or precipitate on piping 

and fixtures causing water pressures and interior diameter of piping to decrease, causes an alkali 

taste to the water and can make coffee taste bitter, formation of a scale or deposit on dishes, 

utensils, and laundry basins, difficulty in getting soaps and detergents to foam and formation of 

insoluble precipitates on clothing (Mintah, 2011).  

The primary method to treat the problem of low pH water is with the use of a neutralizer. The 

neutralizer feeds a solution into the water to prevent the water from reacting with the house 
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plumbing or contributing to electrolytic corrosion; a typical neutralizing chemical is soda ash. 

Neutralizing with soda ash increases the sodium content of the water.  

2.9.2 Turbidity  

Turbidity is an optical property where suspended and dissolved materials such as silt, clay, finely 

divided organic and inorganic cause light to be scattered rather than penetrate in a straight lines. 

Turbidity is a measure the amount of light scattered by suspended particles and can be 

considered as the “cloudiness” of a water sample (Stanistski et al., 2000). Turbidity is 

contributed mainly by suspended sediment and /or plankton, which are solid particles of 

inorganic or biological origin. Human activities, including logging, grazing, agriculture, mining, 

road building, urbanization and commercial construction contribute to periodic pulse or chronic 

levels of suspended sediment in streams and other water bodies (Zoeteman, 1980).  In drinking 

water the higher the turbidity level, the higher the risk that people may develop gastrointestinal 

diseases. This is especially problematic for immuno-compromised people, because contaminant 

like viruses or bacteria can become attached to the suspended solids (Stanistski et al., 2000).  

2.9.3 Temperature 

Temperature is the measure of the warmth and coldness of water with a thermometer in degree 

Celsius or Fahrenheit. The temperature of water to a large extent determines the extent of 

microbial activity. Optimal temperature levels for various organisms may promote the 

survivability of the organisms or render them unviable. For Cryptosporidium oocysts 

temperatures exceeding 65 °C generally inactivates the viability of the organism (Stanistski et 

al., 2000)  

2.9.4 Total Dissolved Solids  
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Dissolved solids refer to any minerals, salts, metals, cations or anions dissolved in water. Total 

Dissolved Solids (TDS) comprises of inorganic salts (principally, calcium, Magnesium, 

Potassium, Sodium, Bicarbonate, Chlorides and Sulphates) and some small amount of organic 

matter that are dissolved in water (EPA, 2006) TDS originate from natural sources such as, 

sewages, urban run-offs industrial waste water and chemicals used in the water treatment 

process. Total Dissolved Solids concentration is the sum of the cations and the anions in the 

water. An elevated TDS concentration is not a health hazard. The TDS concentration is a 

secondary drinking standard and therefore is regulated because it is more of an aesthetic rather 

than health hazard (Nkansah et al., 2010). An elevated TDS also indicate the concentration of the 

dissolved ions may cause the water to be corrosive, salty or brackish taste, result in scale 

formation and interfere and decrease efficiency of hot water heaters. It also shows that it contain 

elevated levels of ions that are above the primary or secondary drinking water standard such as 

an elevated level of nitrate, arsenic, aluminium copper and lead  

2.9 QUANTITATIVE MICROBIAL RISK ASSESSMENT 

The use of contaminated water for irrigation raises concerns about health risks associated; 

however, these concerns cannot be justified through traditional hypothesis testing in science: The 

infection rates through irrigation water are so low that the sample sizes needed for adequate 

statistical power render such studies impracticable (Hamilton et al., 2006). Quantitative 

microbial risk assessment (QMRA) is an impact assessment that draws on the concept of 

chemical risk assessment to estimate the consequences from a planned or actual exposure to 

infectious microorganisms (Haas et al. 1999). It is a powerful tool for estimating order-of-

magnitude risks associated with specific scenarios. QMRA has been extensively applied for 

developing and establishing standards, guidelines and other recommendations regarding 
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wastewater and excreta reuse in agriculture (WHO, 2006). QMRA has been applied to assess the 

occupational health risk associated with wastewater irrigation (Mara et al. 2007). The approach 

involves, hazard identification, exposure assessment, dose-response relationship and risk 

characterization.  

Hazard identification involves the selection of microbial pathogens for which there is adequate 

information on their epidemiology and spectrum of diseases in the local context In the exposure 

assessment, the size and nature of the population exposed as well as the rout (single or multiple), 

frequency, duration and magnitude of pathogens associated with the routes are assessed. The 

dose-response assessment estimates the probability of infection following exposure to a dose of 

organisms. Infection has been defined as a situation in which the pathogen, after ingestion and 

surviving all host barriers, actively grows at its target site (Haas et al. 1999). The likelihood of 

infection is dependent on two main factors: the probability that the pathogen is ingested and the 

probability that the ingested organism will survive in the host to initiate an infection.  

Risk characterization integrates all these information to obtain a level of risk for different 

exposure scenarios. Here the infection risk can be expressed as daily or annual depending on the 

exposure scenario being modeled (Haas et al. 1999). 
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

This chapter deals with all materials and methods used for the study. This includes the study 

design, sampling methods, laboratory techniques used for various determinations and statistical 

tools used for analysis of the results. 

 

3.1 STUDY DESIGN 

The study was a cross sectional study on irrigational water sources of vegetable farms located in 

Kumasi. The farms were selected based on the common sources of irrigation water used in 

Kumasi. Four rounds of sampling were done for both irrigation water and lettuce with the 

measurement of temperature and pH done each time for water samples. All sampling was done 

over a period of two months in the dry season. 

 

3.2 STUDY AREA 

The study area is the Kumasi Metropolis of the Ashanti region. The Metropolitan area is located 

on latitude (6
o
 35'-6

o
40N) 1'30W and on longitude (1

o
30'-1

o
35') 6W, 40N, with an approximate 

area of 254 km
2
. The area shares boundaries with Kwabre and Sekyere Districts on the North, 

Atwima Nwabiagya district to the west, Ejisu-Juaben district to the east and Atwima Kwanwoma 

Bosomtwi district to the south (KMA, 2014). 
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3.2.1 Study sites 

Four study sites with various sources of irrigation water were selected. The sample sites were 

chosen based on their geographical location and type of vegetable produced. The routines from 

seeding to harvest were similar for all farms selected that are the lettuce seeds were sowed on 

one bed and later transferred to harvest beds, chicken manure was applied as fertilizer once per 

crop life cycle just after the seedlings were transferred to harvest beds. Irrigation was generally 

done in the morning and the evening, given that no rainfall occurred the previous night. In case 

of rainfall, the farmers found it unnecessary to irrigate the following day. Insecticides were 

sprayed on the lettuce once a week, regardless of weather conditions. 

Study site one (1) [6 40 625N 1 36 9W] is a farm (F-1) situated at Ahodwo near the Georgia 

hotel. The farm produces lettuce only. Irrigation water was from a stream where wastewater from 

the Komfo Anokye Teaching Hospital (KATH) joins upstream without any formal treatment. 

Irrigation was performed using a pump as water source is a little far from beds. Water from the 

stream was also stored in a barrel which was sometimes used for irrigation. Site two (2) [6 40 

12N, 1 34 3W] is a farm situated at Chirapatre Estate. Irrigation water was mostly from a stream 

close to the farm where effluent from a waste treatment plant joins upstream hand dug wells 

were also used. Samples were taken from both the hand dug well (F-2A) and stream joined 

upstream by waste treatment plant effluent (F2-B). The areas supplying the dugout with water 

were mainly groundwater, run off from private housing and from nearby green areas. Study site 

three (3) [6 40 24N, 1 32 1W] is situated at Twumduase behind a school facility. Source of 

irrigation water was mainly hand dug wells. A stream was also used but only for beds near it as 

the hand dug wells provided enough irrigation for most of the beds. Two main hand dug wells 

were used and both were sampled from (F-3A and F-3B). The last site, [640 12N 1 32 45W] is 
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located at Boadi. Irrigation water source was a stream (F4) which was joined by various streams 

from surrounding communities such as Oduom and Anwomasi. No hand dug wells were used.  

 

 

Figure 1: The geographical locations of the sample sites  

(Courtesy: Google maps) 

 

3.3 IRRIGATED WATER SAMPLING 

Water samples were taken every week from the four sampling sites over a period of four weeks. 

Twenty (20) litre water samples was collected using two 10 L clean transparent graduated plastic 

containers for each sample site for Cryptosporidium analysis as recommended by Duhain (2011). 

Samples were taken from the water source 20 to 30 cm beneath the water surface and transported 

to the Biochemistry Department of Kwame Nkrumah University of Science and Technology 

(KNUST) under optimal conditions to perform immuno-magnetic separation (IMS) in order to 
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obtain purified oocysts. Purified oocysts were transported to the Parasitology Department of the 

Noguchi Memorial Institute for Medical Research (NMIMR) in thermos flask containing ice 

packs for further analysis. 

 

3.3.1 Determination of physical parameters of water 

The temperature of the water samples were measured on site during sampling using a field 

thermometer. The pH and turbidity of each of the water samples were taken in the laboratory 

using the pH meter (Mettler Toledo) and turbidimeter (Hanna instrument LP 2000), respectively. 

 

3.4 LETTUCE SAMPLING 

Four randomly chosen lettuce plants were collected from each farm per sampling for four weeks. 

Lettuce closest to harvest (3-4 weeks old) were taken. Outer leaves were discarded to reduce 

other contamination by soil. Sterile containers were used for collection and taken to the 

laboratory for analysis and storage. Thirty (30) grams of lettuce from each farm was pulsified in 

200 ml of 0.01% Tween-20 solution. Filtration and IMS were carried out and the purified 

oocysts were then sent to the Parasitology Department of the Noguchi Memorial Institute for 

Medical Research for further analysis. 
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3.5 CONCENTRATION OF CRYPTOSPORIDIUM FROM SAMPLES 

3.5.1 Concentration of Cryptosporidium spp. from water samples 

Cryptosporidium was isolated from water samples using sedimentation, immuno-magnetic 

separation and immunofluorescence assay. The 10L containers were left on the table for 48 hours 

at room temperature, promoting sedimentation as Cryptosporidium spp. oocysts settle (Medema 

et al., 1997). The supernatants were then removed by pump-suction system leaving 

approximately 0.75 L water in the containers. The remaining solutions were transferred to 3 L 

plastic containers, followed by a 3 x 150 ml distilled water cleaning cycle (manual vortexing) of 

the 10 L containers (Boel-Peterson, 2013). The 3 L containers were placed at a 30° angle and left 

on the table to sediment for another 48 hours. Consequently, the supernatants were removed, 

leaving approximately 90 ml in the containers. The remaining solutions were transferred to 50 ml 

tubes, followed by a 3 x 20 ml tap water clean-up cycle of the 3 L containers. The 50 ml tubes 

were centrifuged at 1583 g for 10 min and the supernatant  removed  leaving  approximately 5 

ml. Pellets were  collected in one of the 50 ml tubes followed by a 3 x 5 ml clean-up cycle with 

0.01% Tween-20 in distilled water. The 50 ml tube containing the pellets and clean-up solution 

were centrifuged at 1585 g for 10 min and the supernatant removed leaving approximately 5-10 

ml of filtrate.  

 

3.5.2 Concentration of Cryptosporidium spp. oocysts on lettuce  

Thirty (30) gram portion of inner lettuce leaves were pooled from samples per site. The pooled 

30 g of lettuce was placed in a stomacher bag, covered by 200 ml of 0.01% Tween-20 water and 

pulsified for 1 min (Microgen bioproducts PUL 100 E). This was done in duplicates. The extract 
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was then divided among 15 ml tubes and centrifuged at 1600 g for 10 min. The supernatant was 

then removed to approximately 2 ml and all pellets were collected in four 15 ml tubes, filtering 

through a single layer of gauze to hold back lettuce pieces. The remaining 15 ml tubes were 

subjected to a 3 x 2 ml clean up cycle with 0.01% Tween-20 water and transferred to the 15 ml 

tubes containing the pellets, while rinsing the gauze. The 15 ml tubes containing pellet and 

clean-up solution (water used for cleaning 15 ml tubes), were centrifuged at 1600 g for 10 min 

and the supernatant was removed to approximately 1 ml. The pellets were transferred to a 15ml 

tube and the remaining 15 ml tubes were cleaned with 0.5 ml tap water and transferred to the 

tube containing the pellets according to Robertson and Gjerde (2000) with slight modifications. 

 

3.5.3 Immuno-magnetic separation (IMS) protocol 

Pellets from the water and lettuce samples were transferred to Dynal L10 tubes and 1 ml of 10× 

SL buffer A, 1 ml of 10× SL buffer B and 100 μl of anti-Cryptosporidium bead conjugates (Life 

Technologies) were added. Samples were then rotated for 1 hour at room temperature. The 

magnetic beads (with attached Cryptosporidium spp. oocysts) were recovered from the Dynal 

L10 tube using a magnetic particle concentrator. The recovered bead-bound parasites were then 

re-suspended in 1 ml of 1× SL buffer A and transferred into a 1.5 ml eppendorf tube with further 

separation using a magnetic particle concentrator. The oocyst complexes were dissociated from 

beads using 50 μl of 0.1 N HCl and the magnetic particle concentrator (Dynal beads). 

Dissociated oocysts were transferred to a new 1.5 ml eppendorf tube and the pH neutralized with 

5 μl of 1 N NaOH. The magnetic beads were subsequently washed with 45μl 0.1% Tween-20 

(Merc milipore®) according to the manufacturers‟ protocol. 
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3.6 CLASSICAL IDENTIFICATION OF CRYPTOSPORIDIUM SPP FROM 

SAMPLES USING MICROSCOPY 

3.6.1 Modified Ziehl Nelson 

After IMS, samples (100 μl) were smeared on glass slides and allowed to air dry followed by 

fixation in methanol for 3 min. The slides were then stained in carbol fuchsion for 15-20 minutes 

and later rinsed with tap water. The slides were decolourised in acid alcohol (1% HCl in 

methanol) for about 15-20 seconds followed by thorough rinsing with tap water. Counterstaining 

was done with malachite green for 30 seconds followed by rinsing and air drying. Slides were 

examined under X40 magnification using light microscope (Nikon Eclipse 80i). Each sample 

was done in triplicates. 

 

3.6.2 Immuno-fluorescent assay 

After immuno-magnetic separation (IMS), samples (100 μl) were transferred to 3-well slides (3 

samples per slide) and left to dry, followed by fixation with acetone (20 μl). Anti-

Cryptosporidium spp. fluorescein isothiocyanate (FITS)-labelled antibody mix (Crypto-Cell IF 

test, CellLabs, Australia) was  added to each well (25 μl), the slide was placed in a self-

constructed humidity chamber and incubated for 45 min. at 37 °C. FITS was removed from 

slides and wells by washing twice with a 100 μl of MiliQ water per wash. A 12 μl of mounting 

fluid (Crypto-Cell IF test, CellLabs, Australia) plus a cover was added to the slide and the oocyst 

counted by epifluorescence (Olympus BX 53) at ×200 magnification microscopy (495 nm 

excitation and 519 nm emission wavelength). 
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3.7 MOLECULAR IDENTIFICATION AND CHARACTERIZATION OF 

CRYPTOSPORIDIUM 

3.7.1 Genomic DNA extraction 

Genomic DNA was extracted from processed water and lettuce samples using the Qiagen kit. 

Briefly, 200 μl of Buffer AL (lysis buffer) was added to 100 μl of sample and 20 μl of proteinase 

K and vortexed briefly. The resulting solution was incubated at 70 
°
C for 30 min in a water bath. 

Absolute alcohol (250 μl) was added and vortexed after the incubation period and the resultant 

mixture was transferred to DNeasy spin column and spun at 8000 g for 1 min. The eluted flow-

through was discarded. The spin column was then washed with 500 μl of AW1 (wash buffer 1) 

and spun at 8000 g for a minute and flow-through discarded followed by washing with 500 μl of 

AW2 ( wash buffer 2) and spun at 8000 g for a minute and flow-through discarded. After 

washing, the spin column was made dry by spinning at maximum speed (14000 g) for 5 min to 

ensure all droplets of wash buffer were discarded completely. The spin column was placed in a 

labelled sterile 1.5 ml eppendorf tube and 150 μl of AE (elution buffer) added. This was 

incubated at room temperature for 2 min and spun at 8000 g for 1 min to elute DNA. The eluted 

genomic DNA was stored at -40 
°
C until use.  

 

3.7.2 Polymerase Chain Reaction (PCR) 

For molecular detection of Cryptosporidium (species/genotypes), polymerase chain reaction 

(PCR) amplification of the HSP70 gene (325 bp) was done according to Langkjar et al. (2007) 

with slight modifications. The primer sequence for nest two of the PCR was nested HSP3m 

instead of HSP3. The PCR mix contained 12.5µl of Gotaq and 12.5 pmol of each primer (primer 
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sequences are shown in Table 3) in a total reaction volume of 25 µl. The PCR mix included 5 ml 

of purified DNA as template for primary steps and 1 µl of primary PCR product for secondary 

steps. 

The PCR was carried out in a Takara thermocycler with an initial hot start (95 °C for 3 min) and 

a final extension (72 °C for 10 min). For the nested PCR of the HSP70 gene, 30 cycles (94 °C for 

30 sec, 58 °C for 20 sec, 72 °C for 30 sec) cycling conditions were used using the HSP4 primers 

for the primary step and 45 cycles (94 °C for 25 sec, 58 °C for 18 sec, 72 °C for 25 sec) using 

HSP3m primers in the secondary step. Positive and negative controls were included in every 

reaction. Both control mix contained Gotaq (PROMEGA) and primer sequences but the positive 

control (oocysts purified from the feaces of calves from a previous study) contained positive 

Cryptosporidium DNA whereas the negative contained distilled water.  

Table 3: Primer sets used and the gene sequence 

Primer Sequence (5’- 3’) 

HSPF4 GGT GGT GGT ACT TTT GAT GTA TC 

HSPR4 GCC TGA ACC TTT GGA ATA CG 

HSPF3m GCT GGT GAY ACT CAC TTG GGW GG 

HSPR3m CTC TTR TCC ATA CCA GCA TCC 

 

3.7.3 Gel electrophoresis 

A 2% (w/v) agarose gel was used for electrophoresis. Each gel was cast by dissolving 2 g of 

agarose in 100 ml of tris-acetate-EDTA (TAE). The resulting solution was microwaved for 2 

minutes to ensure efficient dissolution. The agarose was allowed to cool down and 1µl of 

ethidium bromide added. The gel was then poured into casting tray and allowed to solidify. The 
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gel was transferred into the electrophoresis chamber containing 1× TAE buffer (enough to cover 

gel). The first well of each gel was filled with 3 µl of 100bp hyper-ladder (Bioline) and the 

remaining wells filled with 7 µl of PCR product. A positive and negative control was included in 

each run. The gel was run at constant 100 V for approximately 40 minutes. 

 

3.8 QUANTITATIVE MICROBIAL RISK ASSESSMENT 

3.8.1 Exposure assessment using E. coli conversion 

Exposure assessment was built with the use of stochastic (random) technique for the input 

parameters shown in Table 4. The pathogen dose (number/ml) ingested at each exposure for a 

farmer accidentally ingesting irrigation water assumed to be contaminated was modified from 

earlier work by Mara et al. (2007) represented by  

         
   

            ------------------------------------------------(1) 

 

                

Where     is the number of E. coli per 100 ml of irrigation water, ( 
   

    
 ) is the number per ml 

and 
   

         
  is the number per units of     E. coli per ml), M is the number of oocyst per     E. 

coli. The range of parameter values for conversion of oocyst was 0.01-0.1 Cryptosporidium 

oocyst per     E. coli  as used in a study by Mara et al. (2007). This approach was chosen in line 

with the policy guidelines of the use of wastewater (WHO, 2006).V is the volume of irrigation 

water accidentally ingested by farmers during irrigation. The accidental ingestion of water and 

aerosol by farmers during irrigation was assumed to be 1-5 ml to account for the use of 

improvised equipment for irrigation practices, whiles the total exposure of farmers were also 
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estimated to be a little over 2 months for planting to harvesting of vegetable produces, thus 60-70 

days (Seidu et al., 2008). All input parameters are indicated in Table 4. 

 

3.8.2 Exposure assessment using Cryptosporidium  

Exposure assessment was built with the use of stochastic (random) technique for the input 

parameters shown on Table 4. The pathogen dose (number/ml) ingested at each exposure for a 

farmer accidentally ingesting irrigation water assumed to be contaminated was modified from 

earlier work by Mara et al. (2007) and represented by the formular 

   -----------------------------------------------------------(2) 

Where, C = Craw + [Craw X R] and Craw is the (oocyst) raw detectable in irrigation water, recovery 

efficiency R of the detection method was determined based on Petterson et al. (2007).  

 is the concentration of ((oo)cyst/ml).  

 is the percentage of infectious (oo)cyst.  

 is the volume of irrigation water accidentally ingested by farmers during irrigation. This was 

assumed to be 1-5 ml to account for the use of improvised equipment for irrigation practices, 

whiles the total exposure of farmers were also estimated to be a little over 2 months for planting 

to harvesting of vegetable produces, thus 60-70 days (Seidu et al., 2008). Moreover, as done in 

previous studies (Hamilton et al., 2006; Ryu and Abbaszadegan, 2008; Mota et al., 2009), all 

oocyst detected were assumed to be equally transferrable during accidental ingestion of water. 

Two scenarios were assumed for the infectivity of the detectable oocyst. Firstly, where all oocyst 

were assumed to be infectious (worst scenario) and secondly, where infectivity was taken to be 

0.41 (Ryu and Abbaszadegan, 2008). All input parameters are indicated in Table 4. 

    dose C X V X I

C

I

V

I
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Table 4: Input parameters for dose response model and risk characterisation 

Parameter Distribution 

type 

Notation  Units Reference 

Volume of irrigation water 

accidentally ingested/aerosol 

inhalation 

Uniforml(1,5) 

 

     (Seidu et al., 2008) 

(WHO 2006)  

Total Exposure  60-70             (Seidu et al., 2008) 

 Cryptosporidium constant (r) 0.00419    (Haas, et al., 2014; Ryu 

and Abbaszadegan, 

2008) 

*Recovery Calculated   - (Petterson et al., 2013) 

Infectivity [1, 0.41]    (Ryu and Abbaszadegan, 

2008; Mota et al., 2009) 

*No of Cryptosporidum oocyst/10L of 

irrigation water 

Range < 52 -105 

*Recovery Infectivity and number of Cryptosporidium oocyst /10L of irrigation water were not 

input into model for risk using E. coli conversion 

3.8.3 Dose response assessment 

The dose response model used for Cryptosporidium infection was the exponential model given 

by  

                        ---------------------------------(3) 

Where r is the dose parameter for Cryptosporidium (Haas, et al.,  2014)   (WHO 2006). 

  

3.8.4 Risk characterization 

The annual probability of infection was estimated as  

    ----------------------------------------------(4)  inf,

1

1 1
d

j

j

P P


  
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Where    is the jth probability of infection caused by Cryptosporidium and d is the number of 

events exposure per year (Karavarsamis and Hamilton, 2010) and P, the annual risk of infection. 

All the models were constructed in Microsoft Excel and calculated with Monte Carlo simulation 

at 10,000 iterations using the @ Risk 6.3 (Palisade Corporation) software add-on to Excel. 

 

3.9 STATISTICAL ANALYSIS 

Data obtained was collated and entered into Microsoft Excel and imported into Statistical 

Package for Social Sciences (SPSS) software version 20 for statistical analysis. Descriptive and 

inferential statistics such as percentage calculation of prevalence, correlation of oocyst 

concentrations with physical parameters and Analysis of variance (ANOVA) to determine 

significance difference among the concentration of oocyst in irrigation water used on various 

farms were employed. A recovery rate of 1.9% (Boel-Peterson, 2013) from a previously 

conducted study using a negative binomial distribution model to estimate the number of oocyst 

in each sample of water collected from each farm. 

The negative binomial model which is a derivative of a Poisson distribution model and is given 

as      
 

         
  (Crainiceanu et al., 2003). 

Where C= then defined as the probability of detecting one or more oocysts per assay given that 

oocysts were present. This is equivalent to saying that sensitivity is equal to 1 minus 

the probability that no oocysts were detected  

W = Mass or volume of sample examined 

α = is an ancillary parameter for modeling dispersion. 

e 
n 

= the percent recovery of the diagnostic assay as a function of the covariates,  
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With values obtained from the previously conducted study, the recovery rate percentage was then 

calculated as    
 ⁄  

Where x = the observed number of oocysts counted for each sample and 

k = the total number of oocysts added to the sample. 
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CHAPTER FOUR 

4.0 RESULTS 

This chapter presents the outcome of executing the methodology previously outlined (Chapter 3) 

in order to aid the achievement of the aim and objectives of the study. Four samples were taken 

from the four farms with two of the selected farms having two points of sampling each. Four 

pooled samples of lettuce were taken from all the sampling points. All samples were analysed for 

Cryptosporidium oocyst concentration and identification of the various types/subtypes of the 

Cryptosporidium spp. present. 

 

4.1 PHYSICAL PARAMETERS OF THE IRRIGATION WATER  

Physical parameters such as temperature, turbidity and pH were assessed on all irrigation water 

used on the Farms and the data have been presented in Table 4.  

Temperature of irrigation water measured for all the Farms ranged from 21
o
C - 28

o
C. The 

highest temperature was recorded for Farm-2 on all occasions with a mean temperature of 26.7
o
C 

± 0.96. There was a significant difference (p value ≤ 0.001) between temperatures of the 

irrigation water from the various farms. For multiple comparisons, temperatures of irrigation 

water from Farm-1 was significantly different [p values ≤0.05 (CI=95%)] from Farms 2 and 3.  

Turbidity measured in the units of FTU (Formazin Turbidity Unit) of all irrigation water ranged 

from 7.1 FTU to 230 FTU. Irrigation water from Farm-4 generally had a higher turbidity on all 

occasions compared to the other Farms. Turbidity of water from the various Farms were also 

significantly different with p value of ≤ 0.05 (CI=95%). There was a significant difference 

between the turbidity of irrigation water from Farm-4 compared with the irrigation water from 
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other Farms with p values of =0.01 (F-1), 0.031 (F-2), 0.002 (F-3). The pH of irrigation water 

from the Farms ranged between 5.65 and 6.96 on the pH scale indicating mild acidity (Table 5).  

 

Table 4: Measured physical parameters of irrigation water 

Farm 
Temperature (o C) Turbidity (FTU) pH 

Minimum Maximum  Minimum Maximum  Minimum Maximum 

F1 21 22 36.2 46.1 6.28 6.46 

F2-A 26 28 53.1 63.7 5.59 5.94 

F2-B 25 27 52.8 57.0 6.03 6.96 

F3-A 23 24 7.1 13.3 6.30 6.47 

F3-B 24 24 12.3 14.1 6.30 6.59 

F4 22 23 75.8 230 6.28 6.58 

            

 

Results obtained by analysis of variance between the pH and turbidity measured for the water 

samples on the various farms and the oocysts concentrations showed no significant associations 

(Table 6). However, there was an inverse relationship between temperature and oocysts 

concentrations within and between the different farms. 
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Table 5 : Relationship between physical parameters of water and the oocyst concentrations 

Variable  
Estimated oocyst 

concentrations 

Sum of 

Squares 
F Value P value 

Pearson’s R 

value 

P value 

Temperature 

Between Farms 1-5 10.330 

1.148 0.551 -0.949 0.02 Within Different 

Sampling days on each 

farm 

4.500 

pH 

Between Farms 1-5 0.028 

0.688 0.649 0.5 0.26 Within Different 

Sampling days on each 

farm 

0.020 

Turbidity 

Between Farms 1-5 8156.648 

4.028 0.332 0.21 0.35 Within Different 

Sampling days on each 

farm 

1012.500 

Note: Sampling point F-2B where no oocyst was detected for all sampling rounds was excluded* 

 

4.2 CRYPTOSPORIDIUM OOCYST CONCENTRATION IN WATER  

A total of 24 water samples were collected from irrigation water from the study farms and 

examined for the presence of Cryptosporidium spp. oocysts. Based on microscopic examination, 

nine (37.5%) water samples had detectable numbers of oocysts; with all the farms having 

detectable number of oocyst at one point in the sampling times with the exception of irrigation 

water from the stream on Farm-2 (F-2B). Farm-1 had detectable oocyst count in all rounds of 

sampling. The oocyst recovered ranged from an average of 52 - 105 oocysts per 10L. Recovery 

efficiency and precision of the method used to purify oocysts from water samples used was 1.9% 
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(Boel-Peterson, 2013). Table 6 shows a multiple comparison showed that Farm-1 was 

significantly different from Farm-4 (p=0.36) 

 

Table 6: Estimated oocyst concentration in irrigation water on the different farms 

Irrigation source Week 1 
Oocyst/10L 

 

Week 2 
Oocyst/10L 

 

Week 3 
Oocyst/10L 

 

Week 4 
Oocyst/10L 

 

F1 52 52 52 105 

F2-A ˂ 52 ˂ 52 ˂ 52 52 

F2-B ˂ 52 ˂ 52 ˂ 52 ˂ 52 

F3-A ˂ 52 ˂ 52 52 ˂ 52 

F3-B 105 ˂ 52 105 ˂ 52 

F4 ˂ 52 52 ˂ 52 ˂ 52 

Recovery efficiency = 1.9% 

 

4.3 POLYMERASE CHAIN REACTION (PCR) FOR THE IDENTIFICATION OF 

CRYPTOSPORIDIUM IN IRRIGATION WATER  

A nested PCR was performed to amplify the HSP70 gene band on the Cyptosporidium spp. gene 

sequence from genomic DNA extracted from the water samples. Ten (10) out of the 24 

representing 41.67% were positive with a band size of approximately 325bp corresponding to the 

expected band size (Figure 2).  
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Figure 2: An agarose gel representative of Cryptosporidium based on the HSP70 gene 

(HSP70- 325bp) for some processed water samples 

 

Lane M= 100 base pair ladder (Bioline) Lane 11, 12 and 14 represent samples that showed  positive for 

Cryptosporidium ; F3B (week 3), F3B (week 4), F4 (week 1) and F4 (week 2) respectively 

Lane 15 and 16 represents a positive and negative control respectively 

 

 

4.3.1 Comparison of PCR results and microscopy 

A comparative assessment was done on the two diagnostic methods used for the identification of 

Cryptosporidium spp. Results obtained indicate that, microscopy identified 37.50% of samples as 

positive compared to the 41.67% by PCR. A total of 13 samples tested positive to at least one of 

the diagnostic methods used representing a total prevalence of 54.2 percent. 

M      1      2       3     4       5     6     7       8     9    10     11    12   13    14   15   16  

1000  

300 

200 

100 

325 bp 
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Table 7: Comparison of PCR and microscopy detection of Cryptosporidium 

Farm Water Source Week Microscopy PCR 

F1 Stream joined 
upstream by waste 

form a teaching 
hospital 

1 + + 

2 + - 

3 + - 

4 + + 

F2A Hand dug well 1 - - 

2 - + 

3 - - 

4 + + 

F2B Stream joined 
upstream by effluent 
of waste stabilization 

pond 

1 - - 

2 - + 

3 - - 

4 + - 

F3A Hand dug well 1 - - 

2 - - 

3 - - 

4 + - 

F3B Hand dug well 1 + + 

2 - + 

3 + + 

4 - + 

F4 Stream 1 - - 

2 + + 

3 - - 

4 - - 
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Table 8: Comparison of sensitivities of Microscopy and PCR 

Method 
Number of 

samples 
examined 

Number of 
positives 
detected 

Sensitivity 

(%)a 

Specificity 

(%)b 

PCR 24 10 76.92 73.33 

Microscopy 24 9 69.23 78.57 

a 
Calculated as follows: 

[number of true positives/(number of true positives + number of false negatives)] × 100 

b
 Calculated as follows: 

[number of true negatives/(number of true negatives + number of false positives)] × 100 

 

4.4 POLYMERASE CHAIN REACTION (PCR) FOR DETECTION OF 

CRYPTOSPORIDIUM IN LETTUCE SAMPLES 

A nested PCR was performed to amplify the HSP70 gene band on the Cyptosporidium spp gene 

sequence from genomic DNA extracted from the lettuce samples. Twelve (12) out of the 24 

representing 50.00% showed positive for the presence of Cryptosporidium as indicated in Table 

9 and the presence of Cryptosporidium spp. in an irrigation water source did not always 

correspond with a detection of Cryptosporidium spp. on lettuce irrigated with the water. The 

Figure 3 also shows a representative of some samples after PCR amplication with a band size of 

approximately 325bp corresponding to the expected band size.  
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Figure 3: An agarose gel representative of Cryptosporidium based on the HSP70 gene for 

processed lettuce samples 

Lane M= 100 base pair ladder (Bioline) 

Lane 2, 5, and 10 represent some samples that were positive for Cryptosporidium; F2B (Week 4), F3A (Week 3) F4 

(Week 2) respectively  

Lane 12 and 13 represent positive and negative control respectively 

 

  

  M         1      2       3      4       5       6        7       8       9     10     11    12    13     14 

1000 bp 

300 bp 

100 bp 

325 bp 
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Table 9: Comparison of PCR detection of Cryptosporidium spp. in irrigation water and 

lettuce being irrigated 

Farm Water Source Week 
PCR 

Water Lettuce 

F1 
Stream joined upstream 
by waste form a teaching 

hospital 

1 + + 

2 - - 

3 - - 

4 + - 

F2A Hand dug well 

1 - - 

2 + - 

3 - - 

4 + + 

F2B 
Stream joined upstream 

by effluent of waste 
stabilization pond 

1 - + 

2 + - 

3 - - 

4 - + 

F3A Hand dug well 

1 - - 

2 - - 

3 - + 

4 + + 

F3B Hand dug well 

1 + + 

2 + + 

3 + + 

4 + - 

F4 Stream 

1 - - 

2 + + 

3 - + 
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4 - + 

(+) is for positive PCR detection   (- ) is for no PCR detection 

 

4.5 IMMUNO FLUORESCENT ASSAY OF WATER AND LETTUCE SAMPLES 

Attempts of verifying the presence of Cryptosporidium spp in water and lettuce samples using 

immuno-fluorescent microscopy were unsuccessful. There was a lot of cross-reactivity and 

possible oocysts could not be easily differentiated from the background of the slide being read. 

4.6  DOSE AND DAILY RISK OF INFECTION 

The dose and probability of infection for the cryptosporidium infection for both with and without 

infectivity constant is as shown in Table 10. In all cases, the lower concentration mean (52 

oocyst/10L) was lower than for the distribution fitted dose (crypto oocyst data distribution), 

whereas the upper mean concentration served the upper limit of the both dose ingestion and 

probability of infection (105 oocyst/10L). The dose ingestion in all scenarios falls within the 

limit of 1.50 × 10
-2 

to 3.29 × 10
-2

 for those without infectivity constant(worst case scenario), 6.15 

× 10
-3

 to 1.35 × 10
-2

 for infectivity constant, whereas for the probability of infection also falls 

within 6.28 ×10-5 for worst case scenario and 2.58 × 10
-5 

to 5.67 ×10
-5

 for those with infectivity 

constant. 
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Table 10: The dose and daily risk of Cryptosporidium spp. infection of farmers associated 

with the accidental ingestion of contaminated irrigation water 

 Scenario Range Cryptosporidium 

spp. Oocyst data 

Distribution   52 oocyst/10L 105 oocyst/10L 

Dose 

Without Infectivity Constant 

(Worst Case) 
   

Infectivity Constant    

Daily risk of 

infection 

Without Infectivity Constant 

(Worst Case) 
   

Infectivity Constant    

 

4.6 ANNUAL RISK OF INFECTION ` 

The median risk of infection of worst case scenario (without inclusion of Cryptosporidium 

oocyst infectivity constant) were            ,             and             for lower limit, 

upper limit and oocyst distribution data, respectively. Moreover, the annual probability of 

infection for farmers exposure model was found to have a medial daily infection of            , 

            and             for lower limit, upper limit mean concentrations and 

Cryptosporidium distribution, respectively as indicated in Table 11. The median estimate of 

annual probaility of infection for the exposures were in all cases found to be of ≤ 1 order of 

magnitude higher than the WHO acceptable threshold as indicated (Fig 4). All the estimated risk 

were within            to            and far above the threshold of           . 

 

21.50 10X  23.29 10X  22.29 10X 

36.15 10X  21.35 10X  39.38 10X 

56.28 10X  41.38 10X  59.58 10X 

52.58 10X  55.67 10X  53.93 10X 
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Table 11: Yearly risk of Cryptosporidium infection of farmers associated with accidental 

ingestion of contaminated irrigation water 

Yearly risk of infection given under Cryptosporidium oocyst in irrigation water in Kumasi Ghana 

Scenario Range Cryptosporidium. oocyst 

data distribution 
 52 oocyst/10L 105 oocyst/10L 

Without Infectivity Constant (Worst 

Case) 

                                   

Infectivity Constant                                     

 

 

Figure 4: Annual Probability of Infection for farmers of Cryptosporidium spp 
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The annual probability of infection for farmers‟ exposure model using the E. coli conversion was 

found to have a medial daily infection of              with the maximum and minimum 

estimated risk of infection as             and              respectively. The mean annual risk 

of infection for exposure was estimated as             which was close to the median risk of 

infection (Figure 5).  

 

Figure 5: Cumulative probability distribution of estimated annual risk of infection for 

farmers’ exposure to Cryptosporidium spp. in irrigation water using the E. coli conversion 

approach 

 

4.6.1 Sensitivity analysis 

The sensitivity analysis was used to identify the model parameters with significant impact on the 

risk output. It was observed that the annual probability of infection  for both models was very 

sensitive to Cryptosporidium spp. (Crypto) concentration in irrigation water. The daily accidental 

ingestion of contaminated irrigation water and the total exposure to contaminated irrigation water 

for each irrigation period did not have significant impact on the risk output whereas the E. coli 
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conversion used for distribution of Cryptosporidium had a significant impact on risk analysis as 

indicated in Figure 6. 

 

Figure 6: Spearman correlation coefficient for sensitivity analysis of models’ input 

parameters 
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CHAPTER FIVE 

5.0 DISCUSSION 

Recent studies have reported Cryptosporidiosis as an ubiquitous health problem and identified 

the premium route for infection to be anthroponotic (Ranjbar-Bahadori et al., 2011). 

Anthroponotic diseases are infectious diseases in which the disease causing agent carried by 

humans is transferable to other animals. The prominent routes for transmission for the disease 

are waterborne and person to person. In recent advanced studies, the consumption of fruits and 

vegetables have also been cited as possible infection routes thus implicating water for irrigation 

water as a possible source of contamination to these fruits and vegetables (Koompapong and 

Sukthana, 2012). 

This study was designed to research into whether or not sources of water for irrigation and 

lettuce cultivated on the selected farms were contaminated with Cryptosporidium spp. The 

physical parameters, turbidity and pH of water used on all farms showed no significant 

correlation with the oocysts concentration in the water. This confirms the outcomes of several 

studies where turbidity and pH did not have any correlation with oocysts concentration (Lee et 

al., 2010). Nonetheless, few studies have stated that high turbidity waters contains high oocysts 

concentrations as oocysts bind to solids during rainfall and eventually end up in surface water 

resources (House, 2011). Swaffer et al. (2014) also showed that there is a positive correlation of 

statistical significance between turbidity levels and Cryptosporidium oocyst levels during rainy 

seasons. This shows that the relationship between turbidity and oocyst concentrations may vary 

with seasonal variation and geographical location. The agricultural activity level and how the 

agricultural waste in proximity to surface water is managed may also affect turbidity and oocyst 

concentration. It is therefore possible to postulate that there could be a possible relationship 
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between turbidity and oocyst concentration in rainy seasons where there is high flow of water, 

however, the actual mechanism underlying this association remains unclear. 

The acceptable pH for irrigation water for most fruits and vegetables are within the range of 6-7 

on the pH scale. All pH values recorded were within the acceptable range with the exception of 

Farm-2 A (hand dug) which was generally slightly lower. Temperature, on the other hand had an 

inverse correlation with oocysts concentration thus oocyst numbers decreased as temperature 

increased. Oocysts are generally inactivated at temperatures above 65 °C and the general 

temperature range of water samples ranged from 21 °C to 29 °C which are observably lower than 

65 °C, thus may promote the persistence of the oocyst in all water samples.  

Results obtained indicated an overall prevalence of 54.17% for detection of Cryptosporidium in 

irrigation water using the two detection methods. Microscopy (classical method) and PCR 

(HSP70), however, recorded individual prevalence of 37.50% and 41.67%, respectively. Further 

analysis revealed that, 12.50% of samples were exclusively positive for microscopy whiles 

16.67% tested positive for PCR (HSP70) exclusively.  

The overall prevalence of Cryptosporidium positive water samples in this study was quite higher 

than other studies, which recorded prevalence as low as 18.4% for irrigation water (Gracenea et 

al., 2011). The disparity in this result could be due to multiple factors such as geographical 

location, seasonal variations, human activities and methods used in oocysts concentration which 

are all known to contribute to variability of the determination of Cryptosporidium prevalence in 

water samples analysis. The study design and sampling frame could also contribute to the 

variations in statistical analysis. In this study, the sampling frame was generally low and this 

might have affected the statistical power of the results obtained. Notwithstanding, the study 

design ensured minimal bias in sampling method and processing of the samples obtained to 
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ensure accurate results. In a study by Ranjbar-Bahadori et al.(2011), as low as 6.60% of all 

irrigation water samples were positive for Cryptosporidium oocyst and noticeably the water 

samples that were negative were mostly found in the industrial areas of Tehran. In a study on 

water samples from irrigation channels in Spain, positive samples were obtained from irrigation 

channels that were close to farmlands and open to contamination water from farm fields whilst 

no positive sample was obtained from reservoirs that had no farming activity in close proximity. 

As high as 50.00% of all samples from the reservoir (Pinyana) which was closest to the various 

farm sites were contaminated (Gracenea et al., 2011). Thus geographical locations and 

differences in oocysts purification methods used for both water and lettuce samples could 

contribute to differences in prevalence. Studies by Robertson and Gjerde (2001) have shown 

different methods to have different recovery rates and this could affect prevalence variation in 

different studies. Liu et al. (2013), also argued that when discussing contamination of water and 

vegetables like lettuce, environmental conditions influenced by geographical area and climate 

should be considered as these factors can influence the genetic, phenotypic and physiological 

characteristics of pathogens that are responsible for contamination. Thus, in the interpretation of 

such results, there must be a contextual basis and careful analysis since the conditions existing in 

other geographical areas can not necessarily be extrapolated to other areas. It must also be noted 

that other multiple factors such as human and animal water contact rate and socio-economic 

activities near the water sources can contribute to the contamination routes (Wells et al., 2015). 

Methods of Cryptosporidium identification have generally relied on microscopy, the classical 

method of identification (Chalmers and Katzer, 2013) but though highly specific, the sensitivity 

is much lower than molecular identification protocols (Chalmer and Katzer, 2013). The 

sensitivity of PCR in this study was higher than microscopy. As expected; however, it (76.92%) 
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was generally lower than other studies where sensitivity as high as 96.00%-100% was reported 

(Xiao et al., 2006). Most studies have also revealed immunologically based methods such as 

immunofluorescence to be as sensitive as PCR based methods. Nonetheless, there have been 

disparities between which of these methods is more sensitive. Reasons for these inconsistencies 

have been attributed to factors such as cross reactivity and antigen variability which affects 

sensitivity of immunofluorescence and PCR inhibitors that affect PCR.  

A variety of PCR primers have been developed for the detection of Cryptosporidium spp in 

environmental samples. In this study, primers specific for HSP70 gene which is a conserved 

region specific for Cryptosporidium spp that infect humans were employed. The HSP70 protein 

functions as molecular chaperones which facilitate the folding of proteins during secretion and 

transport. The expression of the HSP protein is up regulated under environmental stress and is 

involved in the protection of the Cryptosporidium (Sulaiman et al., 2000). HSP70 is thus very 

effective in the detection of possible viable oocyst that infect humans (Cryptosporidium parvum, 

Cryptosporidium hominis and Cryptosporidium meleagridis) as opposed to microscopy that 

detects all Cryptosporidium spp. This could explain why some oocysts were not detected by PCR 

but detected by microscopy.  

The PCR results were not always reproducible when repeated and some samples were positive in 

one PCR cycle but negative in another PCR cycle due to low oocysts concentration. This agrees 

with some studies where samples which were known positives did not produce positive results in 

all replicates of PCR (Xiao et al., 2006). Again, some samples which were positive for 

microscopy were negative for PCR. Although PCR is known to be able to detect a single oocyst, 

studies by Ochiai et al. (2004), shows that the PCR detection limit is dependent on recovery rate 
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and the detectable limit in nested PCR is about 50 oocysts per cycle. Thus below 50 oocysts, 

PCR may give a false negative. 

Again, although immuno magnetic separation (IMS) method increases the chances of retaining 

oocysts number that could increase concentration of DNA extracted from IMS purified oocyst, 

other studies have also shown DNA extracted from IMS purified oocysts to contain residual PCR 

inhibitors (Jiang et al., 2005) which could contribute to false negatives. Methods like quantitative 

real time PCR and Loop mediated isothermal DNA amplification are much more sensitive due to 

increased sensitivity of detection and more amplified DNA respectively and thus can detect 

below the detection limit of conventional PCR. This decreases the number of false negatives that 

can occur (Bakheit et al., 2008; Hadfield et al., 2010). These methods though efficient are 

relatively expensive to be used for routine analysis and epidemiological studies and thus could 

not be used for this study.  

For microscopy staining to be effective, the morphological integrity of the organism should be 

intact; however, this is not a necessity for PCR identification since DNA extraction disrupts the 

cellular integrity of the microbe (Wells et al., 2015). This reason can therefore be adduced as to 

why samples that tested positive for PCR could test negative for microscopy. 

A total of 50% of all lettuce samples showed positive for PCR detection approach. This result 

thus is in conformity to similar studies in Norway and Spain where there was evidence to show 

prevalence of 26.00% and 63.00%, respectively of lettuce samples contaminated with 

Cryptosporidium (Robertson and Gjerde, 2001). A study done in Zaria Metropolis of Kaduna 

State in Nigeria (Maikai et al., 2013) on the contamination of raw vegetables indicated the 

highest contamination of Cryptosporidium on lettuce (48.00%) using sucrose flotation medium 

of 1.21 specific gravity and modified Ziehl Neelsen staining technique. A study by El Said Said 
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(2012) in Egypt on the contamination levels of vegetables with intestinal protozoan parasites ova 

and oocysts revealed that lettuce was second highest (46.70%) contaminated vegetable with 

Cryptosporidium being the most abundant parasite recording a prevalence of 29.30%. 

Centrifugation and modified Ziehl Neelson method of staining were employed in the 

concentration and detection of oocysts (El Said Said, 2012). This confirms that vegetables with 

particular mention of lettuce, could serve as potential routes for Cryptosporidium infection. 

Household consumption of raw salad is less common in the dietary contents of Ghanaian 

cuisines in comparison to its francophone neighbouring countries (Klutse, 2006), however, with 

urbanization and modernization, there is an overwhelming upsurge of fast-food consumption 

especially in urban centres. The so-called “exotic” vegetables, like lettuce, which hitherto were 

uncommon, are today a common feature of urban diets (Amoah et al., 2007). Results obtained 

from this study therefore suggest that there is possible risk of lettuce being a source of 

cryptosporidiosis infection. Further studies on risks assessment on consumers‟ exposure to 

contaminated lettuce are, however, needed to be conducted to ascertain this hypothesis. 

Approximately half of all lettuce samples showed positive for Cryptosporidium after PCR 

(HSP70). Attempts at using the immuno fluorescent assay for the detection of oocysts in water 

samples were, however, unsuccessful due to difficulty in differentiating possible oocysts counts 

from background of slides. Enumerations of oocyst therefore could not be done. This could be 

due to the fact that the integrity of the purified oocysts may have been altered due to freeze and 

thaw processes. There has been evidence to prove that processes that produce stress such as 

freeze and thawing may disrupt the morphology of the oocyst beyond the point of reliable 

identification (Kuczynska and Shelton, 1999). Also studies have shown different temperature 

storage conditions to have an effect on the morphology of Cryptosporidium oocysts and their 
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ability to withstand ultrasonics (Inoue et al., 2005). Due to possible cross reactivity that 

occurred, there were difficulties in distinguishing possible oocysts from the background. 

Farm-1 (irrigation water joined upstream by hospital waste) had oocyst count on all occasions of 

sampling; however, there was no significant statistical difference (p ≥ 0.05) between Farm-1 and 

the other farms with different sources of irrigation water with respect to oocyst counts. This 

suggests that there is not much difference in Cryptosporidium contamination levels in the water 

sources used for irrigation and thus these irrigation sources may pose a fairly equal possible risk 

with respect to contamination of vegetables (lettuce) being irrigated For Farm 1, the relatively 

longer distance between the irrigation point and the point of contamination upstream could 

reduce Cryptosporidium spp concentration as pathogen concentration can decrease with distance 

along stream flow path. 

All farms with the exception of Farm-2 B (water joined upstream by effluent from waste 

stabilization pond) had oocyst counts between 52.63 and 105.26 /10L which is above the 

WHO/FAO recommended threshold (1 egg/L) for protozoan parasites. Farm-2B had no oocyst 

count which could be due to the oocysts numbers that were too low and thus lost along the 

recovery process. Cryptosporidium oocysts due to their small size and low specific gravity are 

thought to have little interaction with sediment. Contrary to this idea, coupling of surface and 

pore water flow has shown a transfer of dissolved and suspended solids across the water-

sediment interface (Elliot and Brooks, 1997; Searcy et al., 2006). This coupling process known 

as hyporheic exchange can result in the high rates of deposition on sediment bed regardless of 

the size and specific gravity (Ren and Packman, 2002). The hyporheic exchange could impact on 

oocysts in surface water and cause accumulation of oocyst on the beds of streams and hand dug 

wells used for irrigation. These sediments thus become a source of pathogen during events that 
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disrupt the water-sediment interface to cause sediment re-suspension. This could be the reason 

for elevated concentration of oocyst after periods of heavy rainfall as reported in some studies 

(Schijven and de Roda husman, 2005). For most farmers from this study, with the exception of 

the few that used pumps, irrigation was done manually using watering cans. Farmers thus walked 

into the water sources frequently to fetch water to irrigate their large farms. This practice when 

done constantly can disturb the water-sediment surface thus sediment serving as a source of 

pathogen distribution into the food chain system by irrigation. 

Farm-1 (stream contaminated upstream with hospital waste) which had the oocyst counts on all 

occasions for irrigation water samples had the least contaminated lettuce samples as compared to 

the rest of the farms. Due to the distance between the stream on Farm-1 and the beds, the water 

from the pump which is put in the stream is sometimes poured into barrels which are then 

fetched into water cans for watering on days that the pump is not used. This kind of system 

improves the sedimentation of parasitic oocyst thereby decreasing the contamination levels. 

Studies have proved that farm-based methods like the use of sedimentation ponds, sand filters, 

enhanced pathogen die-off on crops by cessation of irrigation before harvest are effective 

interventions for reducing risks associated with the use of contaminated water for irrigation 

(Keraita et al., 2008). Farm-2B (stream contaminated upstream with effluent from WSP) had no 

detectable oocyst counts for irrigation water using microscopy but showed the presence of 

Cryptosporidium on the second round of sampling using PCR (HSP70). This could be attributed 

to the higher sensitivity of PCR when PCR inhibitors are low. Despite the low contamination of 

water from Farm-2B, there was parasite detection on two occasions from lettuce sampled from 

this point. This shows that there could be other sources of contamination such as manure, on 



71 
 

farm practices such as raising watering can during irrigation and general hygiene of farmers 

could lead to crop contamination. 

The use of contaminated irrigation water sources raise concerns about the farmers who are in 

direct contact with the water and consumers via contaminated vegetables. It has been impossible 

to justify such concerns via the traditional scientific hypothesis testing as infection rates are low 

and huge sample sizes are needed for such epidemiological studies. Quantitative Microbial Risk 

Assessment (QMRA), a probabilistic tool has thus become important in estimating the order of 

magnitude of risk to both farmers and consumers. 

It is worthy to note that, the QMRA cannot determine whether an individual becomes infected 

more than once per year, through a translation of waning protective effect to become susceptible 

again within the year. Mara et al. (2007) argued that, taking all other points into account, there is 

an agreeable per estimates between QMRA procedure and that of epidemiological studies and 

hence the QMRA provides a confidence when the epidemiological data is not available. In the 

scenarios presented in this study (infectivity constant and worst case scenario), the annual 

probability of infection could not establish the safety of farmers‟ exposure for the lower limit (52 

oocyst/10L), upper limit (105 oocyst/10L) and uniform distribution. All estimated risk was 

within            to            and far above the threshold of            . This implies that 

between 0.10-1.00 percent of farmers were likely to get infected per year. The WHO guideline 

states that, “if the overall burden of diseases from other exposures is very high, setting a less 

stringent level of acceptable risk of 10ˉ
5 

or 10ˉ
4
 threshold may be more realistic as was argued by 

Mara and Hamilton (2010). The updated threshold of       (0.01%) was still not met by any of 

the limits taking into consideration the infectivity constant where 41% of oocyst are infectious 

(Mota et al., 2009) and the worst case scenario where all oocyst accidentally ingested by farmers 
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are infectious, thus all year round exposure cannot be guaranteed for an acceptable level. In 

contrast, the maximum risk of infection of farmers when the E. coli conversion was employed 

was 4.32 x 10ˉ
5 

which fell within the acceptable WHO threshold         for risk. A maximum 

risk level of 0.004% per year using the E. coli conversion is relatively far lower than 0.10% per 

year which is the lower limit for risk range using the actual parasites for distribution. The 

conversion to E. coli for the risk estimate significantly affected risk output as indicated by the 

sensitivity analysis. This finding suggest that, the call for the use of appropriate pathogen of 

interest without conversion in risk modelling is needed to minimise underestimation of risk as a 

result of the use of conversion ratio methodology (Silverman et al., 2013). 

Quantitative microbial risk assessment can help in identifying critical control points (Seidu et al., 

2008). The sensitivity analysis for the model parameters also indicated another key parameter for 

the risk estimate which was the initial level of Cryptosporidium spp. contamination level in 

irrigation water. Accidental ingestion of contaminated irrigation water and total exposure had 

little or no significant impact on risk output. This implies that exposure of farmers to 

contaminated irrigation water did not increase their risk significantly as opposed to the 

concentration of Cryptosporidium spp present in the water. Thus, farmers who are in direct 

contact with Cryptosporidium contaminated irrigation water could be at risk irrespective of the 

exposure times. This risk could probably increase as the concentration of oocysts increase. 

Therefore measures to decrease risk would be more effective if they aim at decreasing pathogen 

concentration. For this study, though the presence of Cryptosporidium spp on lettuce on the 

farms were established, risk posed to consumers as a result of ingestion of these contaminated 

vegetables could not be estimated due to inability to enumerate oocyst numbers on the 

vegetables.   
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CHAPTER SIX 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

This study has confirmed the occurrence of Cryptosporidium spp in water sources used in 

irrigation. There is a high probability that low quality water used in lettuce irrigation contains 

high levels of Cryptosporidium spp. which could be a source of contamination along the food 

chain Water physical parameters such as pH and turbidity are less likely to influence the 

concentrations of Cryptosporidium spp. in low quality water used in lettuce irrigation than 

temperature. 

Cryptosporidium spp. oocysts found in irrigation water with direct contact to farmers are a 

potential risk for infection to both farmers and consumers. Although there was no direct data on 

consumption of raw vegetables in this study, it is assumed that the lettuce would be ingested raw 

because of its uses in Ghanaian culinary. Furthermore, there was no statistically significant 

difference between contamination levels of Cryptosporidium spp in the commonly used sources 

of water for irrigation. This implies that all the water sources used for irrigation purpose could 

pose equal risk with regards to Cryptosporidium contamination. 

The estimate of annual probability of infection for all scenarios presented in this study was 

higher than the updated WHO standard of 1.0 x 10
-4

. Thus low quality water should not be used 

for unrestricted irrigation without prior treatment in order to achieve the WHO acceptable 

pathogen level for unrestricted irrigation as enshrined in the WHO policy document (WHO, 

2006). Since the E. coli conversion model underestimated the risk, it is thus essential to use the 
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appropriate pathogen of interest without conversion in risk modelling in order to minimise the 

uncertainty that could arise as a result of underestimation or overestimation of risk. 

 

6.2 RECOMMENDATIONS 

Further studies on viability and genotyping of oocysts found in both water and on lettuce 

samples would help improve the general knowledge on Cryptosporidium spp. in the area and 

improve the QMRA model. This study can also be extended to other vegetables, consumed in 

their raw state, to provide baseline information about the presence of Cryptosporidium spp. 

oocysts on commonly consumed vegetables in Kumasi.  

Again, the development of standard methods for purification of Cryptosporidium spp. oocysts 

from environmental samples, based on cheap and available materials, would enhance the study 

with a larger sampling frame in other to garner more data that would give a more accurate 

presentation of the Cryptosporidium contamination along the food chain in the Kumasi 

Metropolis. 
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