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SUMMARY

Soil-transmitted helminths are a major health concern, especially in tropical and sub-tropical
regions. Poor sanitation and poverty are major pre-disposing factors contributing to increase in
infections. Infection with STH is mainly through exposure to water, soil and food contaminated
with the eggs of these parasites. Accurate detection and quantification of STH eggs in
environmental samples is therefore critical for the determination of infection risks from exposure.
Accurate detection of these eggs is also important in the adoption of risk reduction strategies. This
thesis presents the development of a revised method for the accurate detection and quantification
of STH eggs in different environmental matrices, such as wastewater, sludge etc. It further presents
the application of this method in the comparative determination of STH egg reduction efficiencies
of centralized wastewater treatment plants and decentralized wastewater treatment (DEWATS)
plants in Durban, South Africa and Maseru, Lesotho. The concentration of viable STH eggs in
dried sludge from Durban, South Africa and Dakar, Senegal was also determined and compared
with both WHO guidelines and South African national standards for sludge reuse. The risks of
infection with STHSs for different populations exposed (directly and indirectly) to wastewater,
wastewater contaminated surface water and sludge were determined using both quantitative
microbial risks assessment and epidemiological approaches.

Despite the plethora of methods available for the detection and quantification of STH eggs in the
environment there is no internationally accepted method, however the most commonly used
methods are based on the principles of sedimentation, differential flotation and microscopy. These
are mainly adaptations of the WHO and USEPA methods. These methods were found to be similar
with a few differences which affected the recovery rates reported. However, the major challenges
with the conventional methods are the time needed for sample analysis and the use of reagents that
could possibly affect the recovery of viable STH eggs. A new revised method was developed based
on review of literature and laboratory experiments. In this method the heterogeneity of
environmental samples was accounted for by the development of different pre-processing steps,
involving the use of detergents to aid in the separation of eggs from particles in samples such as
sludge, UD waste and untreated wastewater. Additionally, the use of sieves of different pore sizes
ensured that the number of debris on the microscope slides was reduced considerably. The use of
these sieves also reduced the time need for sample analysis, due to the elimination of the
spontaneous sedimentation step, which is commonly used. This spontaneous sedimentation step
takes between 12-24 hours therefore prolonging the time needed for sample analysis. Reagents
such as acetoacetic acid and ethyl acetate were found to result in considerable loss of egg viability
after just 5 minutes of exposure. This new method therefore does not involve their usage. The
elimination of the use of acetoacetic acid and ethyl acetate step also reduces the number of steps
involved in sample analysis. This reduces room for error as well as helping in fast analysis of
samples. In addition to a much faster sample analysis the method has recovery percentages of
80.25% to 97.63% in sludge and wastewater samples respectively, with sensitivity of 2-3 eggs per
liter in wastewater samples and 5-7 eggs per 20 gram of sludge.

Exposure to STH eggs in the environment is mainly through wastewater, either treated or
untreated, this exposure could therefore be eliminated through wastewater treatment. Centralized
wastewater treatment systems are the most favored treatment options globally. These centralized
treatment systems incur high cost of construction, maintenance and operations which may hamper
the robustness in developing countries and rural areas. One of the most widely used alternative
means of wastewater treatment is the anaerobic baffled reactors (ABRS) and planted gravel filters
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(PGFs) (collectively referred to as DEWATS in this thesis), which have been considered as low
cost, effective wastewater treatment options. However, there is lack of comparative assessment of
the STH egg removal efficiency of these two different wastewater treatment approaches. Eggs of
Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara spp were the commonly recorded
STH eggs in the untreated wastewater at the inlets of the centralized wastewater treatment plants
as well as the DEWATS plants (except for Toxocara spp). There was variation in STH egg
concentrations between and within the study areas, indicating difference in STH infections among
the populations both in Durban and Maseru. STH egg removal varied between and within the
different wastewater treatment plants as well. The DEWATS plants achieved 95-100% STH egg
removals as compared to the 67 to 100% in the centralized wastewater treatment plants. This could
be attributed to the difference in treatment processes. Among the different STHs, reduction in
Ascaris spp eggs was significantly higher, irrespective of the type of treatment, which is attributed
to the high relative density of the egg resulting in a higher settling velocity than the other STH
eggs.

Reduction or elimination of STH eggs through wastewater treatment is achieved by removing the
eggs from the wastewater into the sludge. STH egg concentration in sludge is therefore mostly
higher than in the wastewater. Sludge from Durban and Dakar after 60 days of drying under
ambient environmental conditions contained very high concentration of viable STH eggs. Ascaris
spp, hookworm, Trichuris spp, Taenia spp and Toxocara spp were the commonly recorded STH
eggs, except for Dakar were Taenia spp and Toxocara spp were not detected in the sludge. STH
egg concentrations were higher in Dakar than in Durban, with viable STH egg concentrations
exceeding both the USEPA regulatory value (<0.25 eggs/g TS) and the WHO guideline value (<1
eggs/g TS). This variation in egg concentration could be attributed to the difference in prevalence
and intensity of STH infections in the two study areas. Over a ten-month study period
concentration of viable eggs in the sludge from Durban varied considerably, probably influenced
by the environmental conditions. A decay rate of 0.0056 per day was calculated for egg die-off
during drying. The rate of decay is low therefore drying alone cannot produce sludge meeting both
local and international standards and guidelines for sludge reuse.

Determination of STH infection risks due to exposure to wastewater and sludge either directly or
indirectly is critical in the prevention of infection. Exposure to the effluents during wastewater
irrigation is one major route of infection. STH egg concentrations in the final effluents from the
centralized and DEWATS wastewater treatment plants were consistently higher than the WHO
recommended guideline for unrestricted agricultural use (< 1 helminth egg/L), whereby the direct
reuse of the effluents for agriculture was found to pose a higher risk than the WHO tolerable risk
of infection (1 %102 pppy) for farmers and consumers. Annually the use of effluents from the
DEWATS plants poses the least risk of infection (1.9 x102 (+2.4x10)), which is marginally
higher than the WHO tolerable risk value. Well maintained DEWATS plants are more efficient in
removing or reducing the concentration of STH eggs in wastewater and therefore pose the least
risks of infection compared to centralized wastewater treatment plants. Consumers of vegetables
from these farms are also at considerable risks of STH infections.

Probabilistic assessment of the STH infection risks showed that farmers applying sludge from
Durban and Dakar without adequate protective measures had risks of infections higher than the
WHO tolerable risks figure (1x102 pppy). Based on the estimated risks of infection after decay,
exposure to farm soil after 40-50 days of sludge application may reduce the risks of infection to
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levels lower the WHO tolerable risks value. However, this may not be practical due to the need
for farmers to attend to their crops frequently. Incorporation of the decay of the eggs into the risks
assessment also indicated that, using lettuce as a representative vegetable, harvesting of vegetables
in Dakar could be done after 40 days of sludge application to reduce the risks of infection to the
WHO tolerable value but in Durban harvesting after 30 days ensures that consumers are protected.
Therefore, to protect both the farmers and consumers exposed to STH eggs through
wastewater/sludge reuse in agriculture the implementation of the WHO multi-barrier approach to
risk reduction is required.

Risks of STH infections could be directly estimated using epidemiological approaches. By using
this approach, the concept of STH infection risks for farmers using wastewater was assessed
through direct measurements of the concentration of STHs both in wastewater used for irrigation
and the farm soil, as well as the actual load of STHs ova in the stool of farmers and their family
members. In Kumasi, Ghana, wastewater used for irrigation of vegetables and the farm soil
contained high concentration of STH eggs. There was positive correlation between STH
concentrations in the wastewater/soil and STH eggs load in stool of the exposed farmers. Stool
analysis after 3 months, following deworming, showed a fast re-infection rate. Farmers exposed
to the wastewater were three times more likely as compared to the control group of non-farmers
to be infected with Ascaris spp (OR = 3.9, 95% ClI, 1.15-13.86) and hookworm (OR = 3.07, 95%
Cl, 0.87-10.82). These risks of infection were higher in the rainy season than the dry season. This
corresponds to a higher egg concentration in wastewater used for irrigation during this period. This
indicates a relationship between STH infection and egg concertation in the environment. This
study therefore contributes to the evidence-based conclusion that wastewater irrigation contributes
to a higher incidence of STHs infection for farmers.

In conclusion, this thesis therefore presents a new revised method that can be used to determine
the STH egg concentration in different environmental samples. The development of this method
also provides an opportunity to comparatively assess the STH egg reduction/removal efficiency of
the more commonly used centralized wastewater treatment plants and DEWATS plants. The
accurate quantification of viable STH eggs provide inputs for the probabilistic assessment of STH
infection risks for different populations exposed to effluents from these two wastewater treatment
approaches. This assessment of risks provides a public health perspective to the wastewater
treatment. Additionally, it was concluded with the used of this method that drying of sludge for 60
days in Durban or Dakar does not produce sludge of good quality for agricultural application. This
was confirmed by the estimates of STH infection risks determined using quantitative microbial
risks assessment. This thesis therefore shows the importance of accurate quantification of STH
eggs in the determination of infection risks either though QMRA or epidemiological approaches.
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This work is dedicated to my family

You don't choose your family. They are God's gift to you, as you are to them.

Desmond Tutu
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1.0 INTRODUCTION

1.1 Background
Soil-transmitted helminths (STHs) are a group of parasitic nematode worms infecting humans

globally. Infection is through ingestion of parasite eggs in faecally contaminated water, soil and
food (Keraita and Amoah, 2011) or skin penetration by infective larvae (hookworms). These
eggs/larvae survive mostly in warm and moist soil of tropical and subtropical regions (Katakam et
al., 2014). The roundworms (Ascaris lumbricoides and Strongyloides stercoralis), whipworms
(Trichuris trichuira) and the hookworms (either Ancylostoma duodenale or Necator americanus)
cause the major STH infections globally (Strunz et al., 2014). The individual infection figures
reported are 771.7-891.6 million people for ascariasis (A. lumbricoides infections), 429.6-508.0
million people for trichuriasis (T. trichuira infections) and 406.3-480.2 million people for
hookworm infections (Pullan et al., 2014). The majority of these infections occur in tropical and
subtropical countries (Stolk et al., 2016), mainly in sub-Saharan Africa, the Americas, China and
East Asia (WHO, 2015). Poverty and poor sanitation are major predisposing conditions for
infections (Strunz et al., 2014). One of the major routes of exposure through is through the use of
wastewater and sludge in agriculture, which exposes farmers as well as consumers to the parasite
eggs/larvae leading to infections (WHO, 2006a; WHO, 2006b; Pham-Duc et al., 2013).
Additionally, consumers of the farm produce as well as the communities close to irrigation sites
are also at risks of infections (Drechsel et al., 2010; WHO, 2017). In endemic areas, wastewater
could contain up to 3000 helminth eggs/L (Kamizoulis, 2008; Mara and Sleigh, 2010) and there
are a number of reports demonstrating the link between wastewater reuse in agriculture and STHs

infections (Seidu et al., 2008; Blumenthal et al., 2001; Pham-Duc et al., 2013; Rutkowski et al.,
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2007; Trang et al., 2006; Habbari et al., 1999). Paper V contributes to the knowledge on

wastewater irrigation and STH infections within an informal setting.

Wastewater/sludge reuse exposes farmers to high concentration of STH eggs and relatively high
infection figures have been reported (Fuhrimann et al., 2016; Pham-Duc et al., 2014; Yajima 2009;
Blumenthal et al., 2001). The WHO has developed guidelines for wastewater reuse in agriculture
in order to protect the health of farmers and consumers. These guidelines include target values for
helminths in wastewater for unrestricted agricultural use, of <1 helminth egg per liter to reduce the
risk of STHs infections to below tolerable target values. (WHO, 2006). Accurate detection and
quantification of STH eggs in environmental samples (such as the irrigation water) is therefore
important in determining these STH infection risks. Several methodological variants have been
developed over the years, some of which are; hollow-fiber ultrafiltration (HFUF) (Simmons et al.,
2001; Ferguson et al., 2004; Hill et al., 2005; Hill et al., 2007), filtration (Maya et al., 2006; Alli
etal., 2011) and flotation (Bowman et al., 2003; de Victorica and Galvan, 2003; Bastos et al.,
2013). The most widely used methods are the USEPA (USEPA, 1999) and WHO methods (Ayres
and Mara, 1996) with several variations depending on the sample matrix and user preference
(Yaya-Beas et al., 2016; Yen-Phi et al., 2010; Moodley et al., 2008; Maya et al., 2006; Mes, 2003).
Although these methods have similar analytical steps, there are major differences (discussed in
Paper I) that may affect the number of eggs recovered (Collender et al., 2015). Additionally, some
of the chemicals/reagents used in the detection process might affect the viability of the eggs
recovered, which could potentially affect the concentration of viable eggs reported. Paper |
provides a comprehensive review of existing methods with reference to the different sample
matrices. This paper also discusses new and emerging methods that are either being used or could

be used for the detection of STH eggs in the environment. Despite the perceived effect of different
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chemicals/reagents (such as diethyl ether, ethyl acetate, acetoacetic buffer etc.) on the viability of
STH eggs, quantitative assessments of the effects of the various reagents are sparse. Therefore
Paper Il provides a quantitative analysis of the effect of some of these reagents on viability of
STH eggs. A revised method, presented in Appendix I, was developed based on the results and

conclusions drawn from Paper | and Paper I1.

One of the ways to reduce STH infections is to limit the fecal contamination of surface waters and
soils. Several researchers have established that wastewater/sludge reuse in agriculture plays a
major role in increasing the risks of STH infections (Habbari et al., 2000; Pham-Duc et al., 2013;
Fuhrimann et al., 2016). In addition to STH eggs, wastewater contains several other types of
pathogenic microorganisms which make treatment before release into the environment imperative.
Wastewater treatment must be done for a specified purpose — for example, to produce an effluent
suitable for agricultural or aqua-cultural reuse (or both), or to produce an effluent that can be safely
discharged into other water bodies (Sanchez-Ramos et al., 2015; Asano, 2002). There are different
types of wastewater treatment technologies, generally categorized into centralized and
decentralized treatment systems (Eggimann et al., 2016). The main bottlenecks in the
establishment and operation of centralized wastewater treatment plants is the requirement for
constant supply of energy, the need for pumps to move the wastewater from source of production
to the treatment facility, the need for regular maintenance and a high operational cost (Massoud et
al., 2009). An alternative is the low cost decentralized wastewater treatment technologies, some of
which are constructed wetlands, anaerobic baffled reactors, waste stabilization ponds, aerated
lagoons, oxidation ditches etc. (Masi et al., 2015; Istenic et al., 2014; Elmitwalli et al., 2002). The
use of the anaerobic baffled reactor (ABR) has increased over the last ten years due to its low

maintenance requirements, simple and inexpensive construction and stable operations (Tilley et
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al., 2014; Reynaud and Buckley, 2016). Despite the increase in the use of these alternative
treatment technologies their pathogen reduction efficiencies are not well documented. A few
studies have reported reduction efficiencies for selected microorganisms in different types of
decentralized wastewater treatment technologies (Teh et al., 2015; Battilani et al., 2010; Foxon et
al., 2004) but there is not enough data on the removal of STH eggs by ABRs. Paper 111 presents
the STH egg removal efficiencies of selected decentralized wastewater treatment plants (ABRS

and planted gravel filters) as compared to selected centralized wastewater treatment plants.

The STH infection risks for different populations exposed to the effluents from these decentralized
and centralized wastewater treatment plants are very important especially in settings where
wastewater/sludge reuse in agriculture is encouraged. These infection risks may be estimated
through; microbiology laboratory analysis, epidemiological studies and Quantitative Microbial
Risk Assessment (QMRA) (Haas et al., 2014). Quantitative microbial risk assessment (QMRA)
is emerging as a useful tool for developing standards for human exposure to pathogens (Haas et
al., 2014). This technigue can be used to determine the risk involved in exposure to final effluents
from different wastewater treatment technologies and provide the framework for determination of
the best treatment option depending on the required effluent quality. This approach has been used
extensively in the estimation of STH infection risks associated with wastewater/sludge reuse
(Cutolo et al., 2012; Navarro and Jiménez, 2011; Navarro et al., 2009; O’Connor et al., 2017;
Kundu et al., 2014; Schonning et al., 2007; Mara and Sleigh, 2010; Seidu et al., 2008a). One of
the main steps in QMRA is exposure assessment which involves the determination of the “amount
or number of organisms that correspond to a single exposure (termed the dose) or the total number
of STHs eggs that will constitute a set of exposures” (Haas et al., 2014). The correct estimation of

risk of infection requires accurate data on the concentration of STHs eggs in the different exposure
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mediums (wastewater or sludge in this instance). Using the method developed in this study and
presented in Appendix I, the STH egg reduction/removal efficiencies of selected centralized
wastewater treatment plants was compared with decentralized wastewater treatments (Paper 111).
STH egg concentration in sludge from selected wastewater treatment plants in South Africa and
Senegal was also determined with this revised method (Paper 1V). Using the concentrations of
STH eggs detected in the wastewater and sludge the risks of STH infections with their reuse was
determined (using QMRA and epidemiological approaches) and compared with the WHO
guidelines for wastewater reuse in agriculture. Therefore, by the development of accurate
techniques for the detection and quantification of STH eggs in environmental samples such as
wastewater, sludge, soil etc., this thesis established the importance of STH egg detection methods

as well as different risks determination methods.

1.2 Objectives
The thesis has two broad main objectives, where each have further sub-objectives. These

objectives are;

Objective 1: To assess the helminth reduction efficiency of wastewater treatment plants using a
developed methodology

la. To develop and validate adequate methodologies from conventional methods
(sedimentation and flotation) to advance molecular methods (QPCR, BacLight Live/Dead
Technique) for detection of STHs in spiked environmental samples (Paper I, Il and
Appendix I).

1b. To undertake a comparative assessment of the STHs reduction efficiency of the DEWATS
plant at Newlands, Durban and other DEWATS plants in Lesotho (Paper I11).

1c. To undertake a comparative analysis of the efficiency of DEWATS system, constructed
wetlands and conventional wastewater treatment systems in reducing STH eggs in
wastewater (Paper I11).
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Objective 2: To determine the risk of infection with STHSs for different exposed populations

2a. To determine the risk of STHs infections for workers in the DEWATS plants and
constructed wetlands, farmers using the effluents and sludge and consumers of irrigated

crops using the Quantitative Microbial Risk Assessment (QMRA) framework (Paper 111
and V).

2b. To determine the risk of STHs infection associated with the use of surface water for
agricultural irrigation by QMRA and epidemiology (Paper IV and V).

1.3 Thesis framework
The framework for this thesis is presented in Figure 1, where the link between the objectives of

this study is related to the outputs (publications).
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Assessing the STH egg reduction efficiency of wastewater
treatment plants using a developed methodology

(Objective 1)
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Paper I: Review of existing and Paper II: Tests effects of various
emerging methods chemicals/reagents on STH egg viability

(Objective 1a) (Objective |la)
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To determine the risk of mfection with STHs for different exposed populations
(Objective 2)

Paper IV: Concentrz*ion of STH eggs in
sludge: A probabilistic estimation of

|

V |

Paper III: Removal of STH eggs by |

|
: infection risks associated with agricultural

|

|

|

centralized and decentralized WWTPs:
Health implications for direct and ndirect

exposure to the effluents
(Objective 2a)

application
(Objective 2a)

\
Paper V: Assessment of the epidemiological lmk between exposure

to STH eggs and mfections (Objective 2b)

Fig. 1: Layout and interconnectedness of each publication in the thesis.
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2.0 LITERATURE REVIEW

2.1 What are helminths and soil-transmitted helminths?
The term “helminth” generally refers to multi-cellular worms, with sizes ranging from 1 mm to

several meters in length (Jimenez-Cisneros and Maya-Rendon, 2007). Helminths can be
categorized into two groups as illustrated in Figure 2. These worms develop through egg, larval
(Juvenile stage) and adult stages and knowledge of these different stages is critical in understanding
the epidemiology and pathogenesis, diagnoses and treatment of helminth diseases (Castro, 1996;
Jimenez-Cisneros and Maya-Rendon, 2007). Additionally, it is important in the diagnosis and
treatment of infections that these may cause. Parasitic helminths belong to the Phylum
Platyhelminthes (flatworms) with Taenia spp, Hymenolepis spp, Schistosoma spp, Fasciola
hepatica as major disease causing members (Figure 2). Class Nematoda of the Phylum
Aschelminthes (the roundworms) contains the majority of parasitic helminths where Ascaris
lumbricoides, hookworms (Ancylostoma duodenale and Necator americanus), Trichuris trichiura,
etc are some of the common parasitic nematodes (Hotez et al., 2008). The life cycle of these
different helminth groups varies, with further variation in the infective stages as well. Adult
helminths in the Class Cestoda (Cestodes) release eggs from their gravid segment into the
environment where they undergo embryonation and become infective to the intermediate host
(organisms supporting the non-reproductive form of the worms) when ingested (Castro, 1996).
The embryonated eggs (referred to as oncospheres) then penetrate the tissues of the intermediate
hosts and develop into encysted larvae (Castro, 1996; Jimenez-Cisneros and Maya-Rendon, 2007).
The encysted larvae (metacestodes) excyst when eaten by a definitive host (organisms supporting
the adult or sexually reproductive forms) and develop into adult tapeworms. Eggs of the flukes
(trematodes) hatch into free-swimming miracidia upon release into aquatic environments and

infect snails (intermediate hosts). The miracidia mature into cercariae and are released back into
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the aquatic environments where they either infect new definitive hosts or form encysted
metacercariae (Bogitsh and Cheng, 1990). The nematodes (roundworms) release unembryonated
eggs in faeces, which undergo development under normal temperature and in moist soil to become
infective (embryonated). The duration of environmental exposure required for embryonation
varies between the different nematodes, for instance it takes approximately 8-37 days for Ascaris
spp eggs and 2-14 days for hookworm eggs to reach this infective stage (Brooker et al., 2006;
Steinbaum et al., 2016). The embryonated eggs upon ingestion by a definitive host develop and

hatch into larvae that matures into adult worms (Jimenez-Cisneros and Maya-Rendon, 2007).

Helminths that release eggs in the unembryonated stage and require periods of development in soil
to become infective are referred to as soil-transmitted helminths (STHSs). For these STHSs, the soil
plays a major role in their life cycle and infection is through ingestion of soil, or contaminated
water/food (Ziegelbauer et al., 2012). The majority of STHSs are found in the Class Nematoda, with
Ascaris spp (roundworms), hookworms (Necator americanus and Ancylostoma duodenale) and
Trichuris spp (whipworms) as the most prevalent of these (CDC, 2013). Hookworms are different
from the other common STHs. These release eggs that hatch in the environment into an infective
larva that penetrates the skin of humans upon contact (Bogitsh and Cheng, 1990; Jimenez-Cisneros
and Maya-Rendon, 2007). Additionally, larvae of A. duodenale can also infect through oral

ingestion (Bogitsh and Cheng, 1990).
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Diphyllobothrium

Class Cestoda_ - Hymenolepis nana

(tapeworms) Hymenolepis diminuta
Taenia spp (saginata and solium)
Phylum
Platyhelminthes— Clonorchis sinensis
(flatworms) ~ Tissue . Fasciola hepatica
Class Flukes Fasciolopsis buski
_ Trematoda— Paragonimus westermani
(flukes)
. Blood .
Helminths — — F|3|?ES—~.: Schistosoma spp
Ascaris lumbricoides
Phylum Class Nematoda Ancylostoma c'fuodena.-‘e lr P
. Aschelminthes - (roundworms/ . Necator americanus -
(roundworms) threadworms) Capillaria

Enterobius vermicularis
Strongyloides stercoralis
Trichuris trichiura

Toxocara spp (cati and canis)

Figure 2: Classification of common helminths of public health importance.

2.2 Global Distribution of soil-transmitted helminth infections
STH infections were historically prevalent in many parts of the world, including Europe, Japan,

South Korea, Taiwan, the Caribbean and the southern states of America (Starr and Montgomery,
2011; Pullan and Brooker, 2012). Sustained control efforts have resulted in a decrease and in some
instances elimination of infections (Kobayashi et al., 2006; Tikasingh et al., 2011; Pullan and
Brooker, 2012). STH infections are still widely distributed in the tropics and subtropical regions
of the world. In many parts of sub-Saharan Africa and South and Southeast Asia there has been
little change in the prevalence of STH infections over the last half of the 20" century (Brooker et

al., 2000; Pullan and Brooker, 2012). Warm temperatures and soil moisture are very essential for
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the development of the infective larvae (Bethony et al., 2006), hence the high prevalence in tropical

and sub-tropical regions.

STH infection is still potentially endemic in 166 countries, with all countries in Asia, Oceania,
Latin America and the Caribbean, North Africa, the Middle East and sub-Saharan Africa included
(Pullan et al., 2014) (Figure 3). Many sub-Saharan African countries are endemic with STH
infections, although their contribution to the global infection rates is low (between <0.1-5%) as
compared to the proportion of infections from Asia (Figure 3.B). The total number of people
infected with STHs globally has varied over the years. Bundy (1994) estimated 2.52 billion
infections, de Silva et al., (2003) 2.15 billion by and Pullan et al., (2014) reported a global
prevalence of 1.45 billion. This sequence of numbers indicates a substantial reduction over the last
20 years. The increase in political and financial support for the control of these infections may
have contributed significantly to this reduction.

Despite a higher proportion of global STH infections from Asia, countries in sub-Saharan Africa
are among those with the highest prevalence of STH infections (Figure 3A), (Bethony et al., 2006;
de Silva et al., 2003). Socioeconomic determinants such as inadequate water supplies, sanitation
and poor hygiene play an important role (Strunz et al., 2014; Dunn et al., 2016). Poverty is another
important factor in STH infections, either as a cause or a consequence of these infections (Ngui et

al., 2011; Ngui et al., 2012).
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Figure 3: Distribution of STH infection in 2010. (A) Combined prevalence of all STH
infections (B) The proportion of the global population infected by country. Source: Pullan et
al., 2014.

Overall estimates show that out of the over 800 million people in sub-Saharan Africa, 117.7
million, 117.9 million and 100.8 million are infected with hookworms, A. lumbricoides and T.
trichiura respectively (Pullan et al., 2014). Hookworm infections are most prevalent in Togo and
Sierra Leone, while A. lumbricoides and T. trichiura infections are the highest in Gabon and

Rwanda (Karagiannis-Voules et al., 2015).

12| Page



Approximately 54% of South Africans live in poverty (StatsSA, 2014) where their living
conditions increases their risk of STH infections. For instance, in the province of KwaZulu-Natal,
a significant proportion of the people live in environments where there is a lack of adequate
sanitation (22.7%) and safe water supplies (15.8%) (StatsSA, 2014). With these generally poor
living standards, the prevalence of STH infections is high (Mkhize et al., 2017). Overall STH
infections in KwaZulu-Natal are between 20% (Kwitshana et al., 2008) to 39% (Mkhize et al.,
2017; Molvik et al., 2017) where A. lumbricoides, T. trichiura and hookworms are the most
prevalent (Appleton et al., 1999; Kwitshana et al., 2008; Gwetu et al., 2015; Molvik et al., 2017).
Approximately, 10.7-32.3%, 3.2-6.7% and 1.8% of people in the province are infected with A.
lumbricoides, T. trichiuris and hookworm respectively (Kwitshana et al., 2008; Gwetu et al.,

2015).

In the Western Cape Province, especially around Cape Town, the median school-based STH
prevalence of 41% has been reported (Adams et al., 2004; Adams et al., 2005; Fincham et al.,
2001). This is enhanced in slum-like areas of the city of Cape Town where more than 90% of
children were infected with Ascaris spp and/or Trichuris spp 15-20 years ago (Adams et al., 2005).
The combined prevalence of STH infections in South Africa, with high percentages reported along

the coastal and rural areas of Kwazulu-Natal as well as the Western Cape are illustrated in Fig 4.
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Figure 4: Combined prevalence of STH infections in South Africa. Source: Global Atlas of
Helminth Infections (http://www.thiswormyworld.org/).

2.3 Impact of STH infections
STH infections mainly cause morbidity and disability and their global burden is well addressed

by the disability-adjusted life years (DALYS) (Bethony et al., 2006). Despite the differences in the
DALY estimates quoted since the use of this tool started, human helminthiases are ranked as the
largest burden of the neglected tropical diseases (NTDs) in terms of DALYs (GBD, 2010; Hotez

and Herricks, 2015). Globally, 5.18 million DALYs are attributed to STH infections, with
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hookworm, A. lumbricoides and T. trichiura contributing 3.23 million DALYs, 1.31 million
DALYs and 0.64 million DALY s respectively (Pullan et al., 2014).

Generally, STH infections have been associated with growth impairment (Brooker et al., 1999), in
addition to other health impacts. For instance, hookworm infections are a known threat to maternal
and child health, contributing to moderate and severe anaemia in school-age (Crompton et al.,
1990; Smith and Brooker, 2010; Casmo et al., 2014) and pre-school children (Brooker et al., 1999;
Stoltzfus et al., 2000). Approximately 30-54% of moderate to severe anaemia in pregnant women
from Africa and Asia is caused by hookworm infections (Stoltzfus et al., 1997; Navitsky et al.,
1998). In Kenya, Ascaris spp infections were found to be associated with a decrease in weight of
6 month old children (LaBeaud et al., 2015). The target group for anthelminthic treatment is also
school age children (Bethony et al., 2006).

To reduce the morbidity caused by STH infections, the World Health Organization (WHO) has set
a target of reducing infections in pre-school aged and school aged children to an acceptable level
by 2020 (WHO, 2012). Similarly, the 2012 London Declaration on NTDs has set a target to achieve
preventive chemotherapy coverage of 75% for all pre-school and school aged children by 2020

(WHO,2013; Dunn et al., 2016).

2.4 Risk factors for STH infection
Preventive chemotherapy has been shown to greatly reduce the morbidity from STH infections

(Strunz et al., 2014), but in endemic areas re-infection is rapidly occurring (Jia et al., 2012). This
highlights the need to identify the risk factors for STH infections for long-term control and
potential elimination. Water, sanitation and hygiene (WASH) has been shown as the main
determinants for human STH infections (Bartram and Cairncross, 2010), confounded by poverty

(Vandemark et al., 2010; Alemu et al., 2010; Ziegelbauer et al., 2012). Data from the United States
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of America, Korea and Japan, shows that improvement in WASH together with deworming was
instrumental in the elimination of STH infections (WHO, 2006; Hong et al., 2006; Kobayashi et

al., 2006).

2.4.1 Effect of access to water on STH infections
Access to potable water generally result in lower risk of STH infections (Strunz et al., 2014).

Access to piped-water decreased the odds of infections with A. lumbricoides (OR 0.40, 95% ClI
0.39-0.41) and T. trichiura (OR 0.57, 95% CI 0.45-0.72) as compared to the use of surface water
(Strunz et al., 2014). In Malaysia children with access to clean water had less infections with
hookworm (Nasr et al., 2013), whereas inadequate water supply in schools increased STH
infection of school children (Hughes et al., 2004). Additionally, the collection of water in dirty and
open receptacles is associated with significantly higher risks of STH infections (Quintero et al.,
2012; Worrell et al., 2016). The impact of access to potable water on STH infections is mainly due
to improved hygiene, for instance handwashing is associated with lower transmission of ascariasis
(Bartram and Cairncross, 2010; Fung and Cairncross, 2009). Handwashing before eating and after
defecating is associated with lower odds of 0.38 (95% CI 0.26-0.55) and 0.45 (95% CI 0.35-0.58)

for A. lumbricoides infections (Strunz et al., 2014).

Information on the location of water sources in relation to STH infections is limited, but in Ethiopia
Belyhun et al., (2010) showed that the use of an outside water pipe resulted in higher infections of
infants than indoor taps. In western Tajikistan, collection of water from rivers/streams gave higher
odds of helminth infections as compared to individuals with tap water within their yards (Matthys
et al., 2011). Association between the sites/location of water collection points, such as springs or

dug wells, and hookworm infections has been established. Infection with hookworm was
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significantly higher for individuals collecting water from points far from their households (Echazu
et al., 2015). Walking barefooted could result in exposure to the infective larvae of hookworms
and thereby increasing the risks of infections (Bogitsh and Cheng, 1990; Jimenez-Cisneros and
Maya-Rendon, 2007). Wearing shoes has also as expected been associated with lower odds of

hookworm infections (OR 0.29, 95% CI 0.18-0.47) (Strunz et al., 2014).

2.4.2 Sanitation and STH infections

Access to sanitation is associated with reduced STH infection and is a key component of integrated
STH control programs (Bartram and Cairncross, 2010; Mara et al., 2010; Ziegelbauer et al., 2012).
The likelihood of STH infections with access to sanitation was found to be lower (OR 0.66, 95%
C10.57-0.76) (Strunz et al., 2014). The highest reduction in STH infection with access to improved
sanitation has been reported for A. lumbricoides, and T. trichiura (Ziegelbauer et al., 2012; Oswald
et al., 2017) but did not result in lower hookworm infections (Strunz et al., 2014), which may be

due to the different mode of transmission.

In Kenya it was found that the location of toilet facilities outside the household premises led to a
significantly higher prevalence of STH infection (Worrell et al., 2013) as compared to facilities
within the household premises. Oswald et al., (2017) found no protective association between
community sanitation usage and STH infections in Ethiopia and concluded that the association
between shared sanitation and STH infections is complex and require further studies. Poorly
maintained toilet facilities have been shown to be a focal point for re-infections (Campbell et al.,
2014). Therefore, despite the importance of availability of sanitation facilities the transmission

could still be high. In Vietnam prevalence of STH was found to be high due to the use of “night
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soil” (human excreta) as fertilizer in agriculture, despite a sanitation coverage of about 98.1%

(Yajima et al., 2009).

2.4.3 Contamination of soil with STH eggs
Soil contamination with STH eggs presents a potential health hazard, due to the resistant nature of

these eggs. Soil contamination has been established as one of the direct ways of STH infections
(Rai et al., 2000; Mabaso et al., 2004). Due to the important role that soil plays in the transmission
of STH infections, several studies have concentrated on the prevalence and concentration in soil
from public areas, such as parks, playgrounds, sandpits, beaches, backyards and gardens, farmyard
and other urban and rural defined soil related areas (Blaszkowska et al., 2011). The prevalence of
the STH eggs in soil varies greatly depending on the study area, as well as the type of STHs
(Steinbaum et al., 2016; Blaszkowska et al., 2011; Horiuchi et al., 2013; Baker and Ensink, 2012).
Toxocara spp is the most prevalent (Oge and Oge, 2000; Ferré and Dorchies, 2000; Giacometti et
al., 2000; de Ybanez et al., 2001) mostly found in parks frequented by animals while in human
settlements most infections are caused by Taenia spp and Ascaris spp (mainly A. lumbricoides)
(Mabaso et al., 2004). Most of these studies focused on public areas in urban centers but there is
evidences of high risks of infections (especially toxocariasis) in rural areas as well (Holland et al.,
1995; Uhlikova and Hubner, 1998; Luo et al., 1999; Borecka et al., 2010). These STHs (Toxocara
spp) are zoonotic infections, infecting dogs, cats and humans, so the presence of animal feces is a
major human health concern (Rai et al., 2000). The prevalence of Toxocara spp eggs in public
areas ranges from 1-78% (Mizgajska, 1997; Matsuo and Najashio, 2005; Dubné et al., 2007;

Tavassoli et al., 2008; Klapec, 2009).
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The prevalence of STH eggs in soil is also dependent on the type of soil, where studies in
KwaZulu-Natal by Appleton and Gouws (1996), Appleton et al., (1999) and Mabaso et al., (2003)
found that infections with hookworm were higher in areas with sandy soils of the coastal plains in
the region. Although data on the concentration of eggs in the soil were lacking in the above
referenced studies, it was assumed that the infection prevalence could be attributed to the

suitability of the soil type for development of the eggs.

Contamination of soil with faecal matter (both human and animals) is the main cause for STH egg
prevalence in soil but additionally the use of wastewater and sludge in agriculture could also
contribute significantly to the contamination of farm soil with STH eggs. Accumulation of STH
eggs in farm soil occurs due to multiple applications of wastewater and sludge on the same parcel
of land (Amoah et al., 2016; Blaszkowska et al., 2011). Coupled with the persistence of these eggs
in the environment, STH egg concentration on farm soils could be higher than concentrations in
the wastewater or sludge resulting in higher infection risks (Seidu et al., 2008a; Amoah et al.,

2016).

2.5 Wastewater/sludge reuse in agriculture
Wastewater and sludge reuse in agriculture has been promoted as a concept of sustainable

development (van der Hoek et al., 2002). Wastewater may be used for agriculture either directly
or indirectly through the use of wastewater contaminated surface water. Contamination of surface
water with wastewater may occur due to poor infrastructure, such as leaking sewage pipes and
faulty wastewater treatment plants, (Rutkowski et al., 2007). Rapid urbanization, especially in
cities of developing countries, is one of the major drivers for wastewater irrigation (Drechsel et

al., 2006). Increasing water shortage globally, especially in arid regions (van der Hoek et al., 2002),
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has also created conditions under which farmers have to find alternative sources of water.
Approximately 330 km? of municipal wastewater is produced per year (Mateo-Sagasta et al., 2015)
which makes wastewater a valid available alternative for irrigation if just volume is accounted for
(Rutkowski et al., 2007). This practice is linked to improved livelihood for farmers in urban areas
and also contributes to the urban food basket (Amoah et al., 2011). Although wastewater irrigation
IS most prevalent in developing countries, its use has also been documented in developed countries
in Northern America, Europe and Australia (Angelakis et al., 1999; Crook, 2003; Lallana et al.,

2001; Rutkowski et al., 2007).

Approximately 5-20 million hectares are irrigated with wastewater worldwide, with China
constituting the largest share of this estimate (Drechsel and Evans, 2010). In Mexico alone,
approximately 350,000 hectares are irrigated with wastewater (Peasey et al., 2000). Inadequate
treatment of wastewater, which results in large-scale pollution of surface water suggest that these
areas covered by wastewater irrigation schemes could be substantially larger (WWAP, 2017).
Additionally, municipal wastewater alone could potentially irrigate about 40 million hectares of

agricultural lands (representing 15% of all irrigated lands) (WWAP, 2017).

Sludge contains high nutrient content and organic material (Pompeo et al., 2016) and is therefore
used extensively in agriculture as a soil amendment (Julca-Otiniano et al. 2006). Additionally, it
is used to rehabilitate degraded, exhausted and burnt soils (Jiménez and Alvarez 2005; Guerrero
et al. 2007). Sludge use has also been reported to help improve water holding capacity of soils
(Navarro-Pedrefio et al. 2003; Almendro-Candel et al. 2002) and has therefore found widespread

application in agriculture to improve crop yields.
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2.5.1 Wastewater/sludge reuse and the health implications
Despite the many benefits of wastewater and sludge in agriculture, their use can have adverse

impacts on human health (WHO, 2006a; WHO, 2006b; Pham-Duc et al., 2013). Wastewater may
contain several contaminants, such as metalloids/metals (Castells, 2012; Lam et al., 2015), excess
nutrients, hormones (Burkholder et al., 2007; Dalsgaard,2007; Lam et al., 2015), organic
compounds such as pesticides, components of consumer products, pharmaceuticals and personal
care products (Yang etal., 2016; Arvaniti et al., 2015; Semblante et al., 2015; Harrison et al., 2006)
and most importantly pathogenic microorganisms (Krzyzanowski Jr etal., 2016; Gerba and Smith,

2005; Jiménez et al., 2007; Pepper et al., 2008; Navarro et al., 2009).

STH infections are the most important health concern in wastewater and sludge reuse (WHO,
2006), especially in endemic regions, mainly due to their persistence in the environment and the
low infectious dose (Melvin et al., 2001; Nelson and Darby, 2001; Toze, 2006; Crompton and
Nesheim, 2002; Stephenson et al., 2000). Concentration of STH eggs in wastewater/sludge is an
indication of the health hazard for their application (Zdybel et al., 2015: Gaspard et al., 1995). The
prevalence and concentration of these eggs in wastewater and sludge is largely influenced by the
infection and carrier-ship status of the population. These concentrations vary between locations
(Table 1), with high concentrations generally reported in developing countries where STH

infections are endemic.

Direct contact with the wastewater and sludge during the application stage therefore increases the
risks of STH infections for farmers, farm workers and communities living close to the application

sites (Lam et al., 2015).
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Table 1: Concentration of STH eggs in wastewater and sludge from different locations

Country Wastewater Sludge (eggs/g)  References
(eggs/L)
Egypt 6-42 Mean: 67 Stott et al., 1997
Maximum: 735

Ghana 12.9-15.1 13-94 Jimenez and Wang, 2006; Sengupta et
al., 2011; Koné et al., 2007

Morocco 840 3.3-13.3 Jimenez-Cisneros and Maya-Rendon,
2007; Moubarrad and Assobhei, 2007

South Africa 772 25-185 Pillay et al., 2005; Amoah et al., 2018

Tunisia 15-30 0-4 Jimenez-Cisneros and Maya-Rendon,

2007; Saddoud et al., 2007; Riahi et
al., 2009; Khouja et al., 2010

Brazil 166-202 75 Jimenez and Wang, 2006; Bastos et al.,
2013
United States  1-16 2-776 Jimenez and Wang, 2006; Rose et al.,

1996; Bowman et al., 2003; Engohang-
Ndong et al., 2015

Mexico 6-98 73-177 Jimenez and Wang, 2006; Pecson et
al., 2007

Peru 115-273 60-260 Yaya-Beas et al., 2016; Jimenez-
Cisneros and Maya-Rendon, 2007

Japan 80 1-51 Jimenez-Cisneros and Maya-Rendon,
2007

China 840 2300 Jimenez-Cisneros and Maya-Rendon,
2007

Syria 800 Jimenez-Cisneros and Maya-Rendon,
2007

Vietnam 450-16000 Yen-Phi et al., 2010

Pakistan 142-558 Ensink et al., 2007

Ukraine 60 No data Jimenez-Cisneros and Maya-Rendon,
2007

France 9 5-7 Jimenez and Wang, 2006; Gantzer et
al., 2001

Germany No data <1 Jimenez and Wang, 2006

Great Britain  No data <6 Jimenez and Wang, 2006

Spain 0-1 867 Molleda et al., 2008; Abreu-Acosta

and Vera, 2011; Reinoso et al., 2008;
Reinoso and Becares, 2008

Indirect exposure to wastewater/sludge through the consumption of crops (especially vegetables)

fertilized and irrigated with these may also lead to STH infections (Drechsel et al., 2010).

22| Page



Contamination of vegetables with STH eggs has been reported extensively, especially from
wastewater irrigated fields (Al-Megrin, 2010; Adamu et al., 2012; Said, 2012; Adanir and Tasci,
2013; Fallah et al., 2016; Rostami et al., 2016). The consumption of these vegetables, if
contaminated, is therefore an exposure route that increase the risks of STH infections for larger

populations.

The association between wastewater/sludge use in agriculture and STH infections has been
reported by several researchers (Pham-Duc et al., 2013; Yajima et al., 2009; Trang et al., 2007,
Ugaetal., 2009). Wastewater/sludge reuse is shown to result in significantly higher STH infections
(Pham-Duc et al., 2013; Trang et al., 2007; Nguyen et al., 2006; Van der Hoek et al., 2003; Amoah
et al., 2016). Some studies have however failed to document an increase in STH infections
associated with wastewater/sludge reuse (Pham-Duc et al., 2013; Trang et al., 2006; Trang et al.,
2007). Yajima et al., (2009) concluded that direct exposure to sludge does not lead to an increase
in STH infections but rather the consumption of vegetables fertilized with faeces. Table 2
summarizes selected studies on the association between wastewater/sludge use in agriculture and

STH infections.
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Table 2: Studies reporting on the association between wastewater/sludge use in agriculture and STH infections

Author/Year Target group Practice Health risk and Conclusions

Pham-Duc et Farming Wastewater and Contact with wastewater was a significant risk factor for helminth

al., 2013 households excreta infection (OR = 1.5, 95% CI 1.1-2.2) and Ascaris lumbricoides
infection (OR = 2.1, 95% CI 1.4-3.2). Significant risk factors for
Trichuris trichiura infection include the use of human excreta (OR =
1.5,95% CI 1.0-2.3).

Yajima et al.,, Community Human excreta Consumption of vegetables fertilized with human excreta resulted in

2009 members only high helminth infection rate.

Trang et al. Farming Wastewater No significant association was found between wastewater exposure

2006 households and helminth infections.

Trang et al. Adults and children  Wastewater and ~ Wastewater exposure did not pose a significant risk for helminth

2007 human excreta infection.

Nguyen et al., Women Excreta The use of untreated feces as fertilizer was significantly associated

2006 with A. lumbricoides (OR = 1.2, 95% CI 1.0-1.6).

van der-Hoek et  Community Human excreta The use of human excreta as fertilizer was a significant risk factor

al., 2003 members only for hookworm infection, especially among adult women.

Pham-Duc et Community Wastewater and Personal hygiene factors determined infection with E. histolytica,

al.,2011 members excreta rather than exposure to human and animal excreta in agricultural
activities.

Ugaetal, 2009 Community Excreta Vegetables purchased at a market in Vietnam were highly

members contaminated with parasite eggs excreted by animals and humans

Habbari et al., Children Wastewater Significant increase in prevalence of ascariasis for exposed children.

2000

Bouhoum and Children Wastewater Higher prevalence among exposed of any helminth infection (73%

Schwartzbrod, exposed vs. 30% unexposed), Ascaris infection (33% vs. 2%), and

1998 Trichuris infection (17% vs. 2%)

Blumenthal et Agricultural Wastewater higher prevalence of Ascaris infection among exposed compared to

al., 2001 workers and their unexposed for children

family members
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Cifuentes etal., Agricultural Wastewater higher prevalence of diarrheal disease (30% vs. 23%) and Ascaris
1994 workers and their infection (15% vs. 3%) for exposed children
family members
Amoah et al., Agricultural Wastewater Increased odds of infection for farmers for both Ascaris spp and
2016 workers and their hookworm for farmers and family members as compared to
family members unexposed populations
Fuhrimann et Community Wastewater High prevalence of intestinal parasite infections for peri-urban
al., 2016a members farmers, using wastewater for irrigation, as compared to other

groups
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2.6 Quantification of STH infection risks associated with wastewater/sludge use in
agriculture
Health risks associated with wastewater/sludge reuse in agriculture may be assessed either directly

(e.g epidemiological studies) or indirectly (e.g quantitative microbial risks assessments) (Dickin
et al., 2016). It is important to differentiate between potential risks as well as actual infections
when conducting health risk assessments. For instance, individuals involved in wastewater/sludge
reuse in agriculture may be exposed to contaminants but not all exposed individuals will be
infected and not all infections will lead to illness. Development of illness in infected individuals
is dependent on a number of factors, such as, the hosts (e.g. vulnerability, behavior etc.), the
environment (e.g., sanitation, provisions of safe water or disposal of excreta) and agent factors

(e.g., infectious dose, infection causes disease or furthers transmission) (Lam et al., 2015).

2.6.1 Epidemiological approach
Epidemiological investigations are used to determine the direct link between exposure to

wastewater/sludge and the risks of STH infections. Different epidemiological approaches have
been applied for the quantification of STH infections risks associated with wastewater/sludge reuse
in agriculture (See Table 3 for a summary of these studies), making it an essential tool for
quantification of risks. Epidemiological studies are generally more readily understood and
accepted by the general public than using theoretical models for risk prediction (Sinclair et al.,
2010) but are limited by study design and sensitivity (O'Toole et al., 2012). Additionally, these

studies are much more expensive as compared to indirect estimations of risks (Lam et al., 2015).

26| Page



Table 3: Epidemiological studies used to estimate risks of STH infections associated with wastewater/sludge reuse.

Authors Location Health risks Contamination pathways Study design
Amahmid and  Marrakech Helminth infection  Children living in wastewater Cross-sectional study of an exposed group
Bouhoum,2005 Morocco (Ascaris, irrigation areas, water, sanitation and
Trichuris) and hygiene, occupational parents)  control group children (n = 610)
Blumenthal Mezquital Ascariasis and Occupational (workers and Cross-sectional survey with 850 agricultural
etal., 2001 Valley, Mexico diarrhoeal household), water, sanitation and households using untreated wastewater for
disease hygiene, consumption of market irrigation, 950 households using wastewater
vegetables stored in a reservoir, and 930 control
households (rain-fed agriculture), with a total
of 10,489 children and adults
Ensink et al., Faisalabad, Hookworm Occupational (farmers and their Cross-sectional survey of wastewater
2005 Pakistan infection children), water sanitation and farmers, textile laborer’s and farmers using
hygiene, accidental ingestion of regular irrigation water, with children
those living in the area, cattle assigned to their fathers’ exposure group (n =
ownership 1,704)
Ensink et al., Hyderabad, Intestinal nematode  Occupational (entire household), Cross-sectional survey with 3 exposure
2008 India infection water, sanitation and hygiene, cattle groups of farmers exposed to untreated, and
ownership partially treated wastewater and river water
(n=1,078)
Gumbo etal.,,  Malamulele, A range of parasitic Occupational (entire household), Cross-sectional survey of farmers and their
2010 South Africa infections including  consumption of contaminated children exposed to wastewater irrigation
hookworm and vegetables, water, sanitation and (n = 194) and those not using wastewater for
Giardia hygiene irrigation (n = 249)
lamblia infection
Habbari etal.,,  Beni-Mellal, Helminth infection  Children living near wastewater Cross-sectional survey of 740 children in
2000 Morocco (Ascaris, Trichuris) irrigated areas, water, sanitation communities using wastewater, and 603
in children and hygiene, occupation of parents  children in communities not using
wastewater irrigation
Trang et al., Nam Dinh city, Helminth infection  Occupational (rice cultivation), Cross sectional survey, 202 households in a
2006 Vietnam (Ascaris, Trichuris  water, sanitation and hygiene, use ~ commune where wastewater was used for

and hookworm)

of human excreta for agriculture

irrigation and 201 households in a commune
that used river water, with a total of 1,088
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individuals >15 years

Trang et al., Hanoi, Vietnam  Helminth infections Occupational (workers and A cross-sectional study with 400 agricultural
2007 (Ascaris, Trichuris  children) water, sanitation, and households (620 adults and 187 children)
and hookworm) hygiene, use of human excreta for
agriculture, animal husbandry
Fuhrimann et Kampala, Intestinal parasites  Urban farmers, slum dwellers at A cross-sectional study with 915 adults
al., 2016a Uganda (Trichuris, Ascaris,  risks of flooding and slum dwellers
hookworm) at no risk of dwelling
Fuhrimannet  Hanoi, Vietnam Intestinal parasites  Workers at wastewater treatment A cross-sectional survey of people aged
al., 2016b (hookworm, facilities, urban farmers using above 18 years
Trichuris) wastewater and urban dwellers at

risks of flooding

28| Page



2.6.2. Quantitative Microbial Risk Assessment
Quantitative Microbial Risk Assessment (QMRA) is a modelling process that estimates the

potential human health risks from exposure to different pathogens (e.g. human pathogenic viruses,
protozoa, and bacteria) (Haas et al., 2014) especially through food and/or water (Beaudequin et
al., 2015). This is a structured approach that integrates information and data with mathematical
models to examine exposure and spread of microbial pathogens and in this process to characterize
the human health risks (CAMRA, 2013; Havelaar, 2012). QMRA is comprised of four interrelated

steps as presented in Table 4, where each component is explicitly quantified.

Table 4: Steps involved in Quantitative Microbial Risk Assessment (QMRA) (WHO, 2016.)

Step Description

Problem formulation ~ The overall context (reference pathogens, exposure pathways, hazardous
events and health outcomes of interest) of the risk assessment is defined
and constrained in order to successfully target the specific risk
management question that must be addressed

Exposure assessment  The magnitude and frequency of exposure to each reference pathogen
via the identified exposure pathways and hazardous events are

quantified.
Health effect Dose-response relationships (linking exposure dose to probability of
assessment infection or illness) and probability of morbidity and mortality

(depending on the health end-point of the assessment) are identified for
each reference pathogen.

Risk characterization ~ The information on exposure and health effects assessment are
combined to generate a quantitative measure of risk.

QMRA could follow two formats or processes. The forward process, most commonly used,
involves the selection of a reference pathogen to represent different classes of pathogens that are
envisaged to have potential health impacts or prevalent in the study area. In the exposure
assessment, all exposure points are considered, for instance, ingestion of wastewater/sludge during
the application, consumption of farm produce etc. A dose response model is then chosen to

estimate the probability of infection per exposed individual. The final step, risk characterization,
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which is the resulting predicted risks is compared to a benchmark probability of infection or
converted to DALY's (Murray and Acharya 1997). QMRA could also be conducted in the reverse
process, where a health target (either a tolerable risk value or DALY) is the starting point and the
dose of pathogen is related to this health target. This reverse approach has been used by the World
Health Organization (WHO) and the Australian government (NRMMC, 2004; NRMMC et al.,
2006; WHO, 2006) to determine pathogen reductions needed to achieve a health target of 10 5
DALYs per person per year (ppy) (Schoen and Garland, 2017). QMRA has been used extensively
in the risk estimation of STH infection for different exposed groups related to wastewater reuse
and/or sludge application in agriculture (Cutolo et al., 2012; Navarro et al., 2009; Navarro et al.,
2008; O’Connor et al., 2017; Kundu et al., 2014; Schénning et al., 2007; Seidu et al., 2008a; Seidu
et al., 2008b). The risk estimates from these studies vary, mainly due to differences in the
concentration of viable STH eggs ingested by the exposed populations. Additionally, the
volume/weight of wastewater/sludge ingested by the different populations also contributes to the

variation in risk estimates.

2.7 Guidelines and Regulations to protect public health associated with wastewater/sludge
reuse
As discussed previously, the use of wastewater/sludge in agriculture may lead to proliferation of

helminthiases and has an adverse effect on public health. The WHO has recommended limits for
helminth eggs in wastewater/sludge intended for agricultural purposes, with a limit of 1 viable
helminth egg per liter in wastewater and the same number of helminth eggs per gram of total dry
solids for sludge as the guidelines (WHO, 2006). The United States Environmental Protection
Agency (USEPA) has stricter standards with 0.25 eggs per gram of total dry solids for sludge used

in unrestricted agriculture (Class A sludge) (USEPA, 1993). Additionally, wastewater and sludge

30| Page



regulations have been set by several countries following the WHO guidelines and USEPA
standards, as summarized in Table 5. The South African guidelines for wastewater/sludge reuse

published in 2009 adopted guideline values as set by the USEPA (Herselman and Moodley, 2009).

Table 5: Regulation and guideline limits for wastewater and sludge reuse in different
countries (adopted from Jiménez et al., 2017).

Country/  Regulation standard guidelines Class/type Helminth egg
Body limit, eggs per
liter/g TS
WHO WHO, 2006 - <1 egg
USA Department of Health Services (DHS), N/A (wastewater) 0 egg/L
California, 1918. (wastewater); Class A (sludge) 0.25egg/g TS

CFR 40 Part 503 /1993(sludge)

Mexico NOM-001-SEMARNAT-1996 (wastewater); U(wastewater) <1l egg/L
NOM-004-SEMARNAT-2002(sludge) R (wastewater) <5 egg/L
Class A (Sludge) <1egg/g TS
Class B (Sludge) <10egg/g TS
Class C (Sludge) <35egg/g TS

Brazil CONAMA 375/2006 Class A(Sludge)  0.25egg/g TS
Class B(Sludge)  10egg/g TS
Chile No. 123 (30/08/2006) (sludge); Class A(Sludge) 0.25egg/g TS
Norma 1333 (1978) (wastewater) U(wastewater) -
R(wastewater) <1 egg/L
France Directive 86/278 - 0.3egg/g TS
New Guidelines for the safe application of Class A(Sludge) 0.25egg/g TS
Zealand biosolids to land in New Zealand
Norway Regulations for the treatment, use and - Absent
disposal of sewage sludge
South Guidelines for the utilization and disposal of  Class A(Sludge)  0.25egg/g TS
Africa wastewater Class B(Sludge)  1egg/g TS

sludge (Vol. 2)

U: Unrestricted irrigation: For agricultural irrigation of all kinds of crops, including those that are
eaten uncooked (lettuce, onion); R: Restricted irrigation: For agricultural irrigation of all kinds of
crops, except that are eaten uncooked (highly mechanized, labor intensive).
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2.8 Removal/inactivation of STH eggs during wastewater/sludge treatment
The development of wastewater/sludge reuse guidelines makes it imperative for treatment of these

to meet the set limits before reuse. Unlike many other microorganisms, STH eggs are very resistant
(Jiménez et al., 2017) and cannot be inactivated with chlorine, UV light or ozone, which are the
processes conventionally used for disinfection (Jiménez et al., 2017).

STH eggs form part of the total solids in wastewater and their removal during wastewater treatment
is mainly through sedimentation, flotation and coagulation-flocculation (Jimenez-Cisneros, 2006;
Jimenez-Cisneros and Maya-Rendon, 2007). The main approach is to remove the eggs from the
wastewater and inactivate them in the sludge (Jimenez-Cisneros, 2006), to achieve the respective
guideline values/standards for the respective countries. The STH egg removal efficiencies for
different wastewater treatment processes are summarized in Table 6 as removal percentages

reported in literature.

Table 6: Wastewater treatment processes and the percentage of STH eggs
removed/inactivated (Adopted from Jimenez-Cisneros and Maya-Rendon, 2007)

Treatment Process Removal percentage
Primary sedimentation 0-<1
Chemically enhanced primary treatment 90-99
Trickling filters + secondary sedimentation 80-90
Activated sludge + secondary sedimentation 85-95
Aerated lagoon or oxidation ditch + settling pond 85-90
Coagulation/flocculation as tertiary treatment 99
High-rate granular or slow-rate sand filtration >909
Membrane bioreactors >09,99
Waste stabilization ponds 78-99
Anaerobic up flow sludge blanket reactors 75-96
Wastewater storage and treatment reservoirs 90-99
Constructed wetlands 90
Dual-media filtration 99
Sand dunes infiltration 100
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The percentage of eggs removed varies between the different species of STH eggs, largely
depending on the sedimentation rate (Mara and Horan, 2003). Generally, Ascaris spp eggs have a
higher settling velocity (0.77 m/h) compared to the other types of STH eggs, mainly due to a higher
specific gravity, 1.2 g/cm® as compared to 1.15 g/cm® and 1.055 g/cm?® for Trichuris spp and
hookworm respectively (Medema et al., 1998; David and Lindquist, 1982; Shuval et al., 1986 and
Pike, 1990). Therefore, removal efficiency of Ascaris spp eggs during treatment, with most of the

conventional technologies may be assumed to be higher than the other common STH eggs.

STH eggs accumulated in sludge during the wastewater treatment must be inactivated to ensure
public safety. This inactivation is generally achieved through high temperatures, low moisture
content and sometimes the addition of disinfectants (Jimenez-Cisneros and Maya-Rendon, 2007).
To achieve the WHO guideline value of 1 helminth egg/g TS, sludge in developing countries will
need to undergo treatment processes which inactivate between 98.6 to 99.9% of all viable eggs
(Jimenez-Cisneros and Maya-Rendon, 2007). For instance, with STH egg concentrations ranging
from 25-185 eggs/g, sludge in South Africa will require further treatment to achieve the 0.25
eggs/g TS for Class A or 1 egg/g TS for Class B sludge. This further treatment could be a
combination of treatment technologies or a single technology that can inactivate the viable STH
eggs to the required standard value. Table 7 presents some of the sludge treatment processes and

the STH egg inactivation achievable.
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Table 7: Sludge treatment processes and the STH inactivation percentages achievable.

Process

STH egg inactivation

Reference

Lime post-stabilization

100% from an initial value of
8 HO*/L

Keller et al., 2004

Lime Stabilization

100% with slaked lime heated
to 50°C during 48 min

with an initial content of 70
Ascaris/g TS

Capizzi-Banas et al., 2004

Quick Lime post-stabilization

At pH 12 for 2 hours
65-92% using 20-40% lime in
wiw

Mendez et al., 2002

Mesophilic digestion

With 15 days retention time at
35-55°C or 60 days at
20°C less than 30 %

Jimenez and Wang, 2006

Thermophilic aerobic
digestion

at48 °C

Reduction from4,5+3,2to <1
viable ovum/10g TS in

30 days, an average efficiency
of 78%

Gantzer et al., 2002

Thermophilic anaerobic
digestion at 45-65°C

75 to 78% with HO of around
80 eggs/g TS

Rojas-Oropeza et al., 2002

Thermal treatment at 108°C

90-93% with an initial content
of 9,5 HO/gTS

Gantzer et al., 2002

Irradiation at 750 Gy#

100% inactivation with an
initial content of up to 100
HOg-1TS

Capizzi et al., 1999

Irradiation at 1000 Gy

100% inactivation with an
initial content of 88 HO g-1
TS

Capizzi and Schwartzbrod,

2001

Pasteurization at 70°C

100% with an initial value of
8HOQ-1TS

Keller et al., 2004

Acid treatment with peracetic
acid

95% with an initial content of
upto 100 HO g-1 TS

Barrios et al., 2004

Thermal Dry of Sludge
Anaerobic Digested

100% sludge with initial high
helminth ova content from
Brazil

Andreoli et al., 2000

Co-composting

70-100% from initial content
of 22-83 eggs/gTs, eggs
have 20% viability

Gallizzi, 2003

*HO: Helminth ova

#Gy: Gray (the adsorption of one joule of radiation energy per kilogram of matter)
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2.9 Accurate detection and quantification of STH eggs in the environment
The accurate detection and quantification of STH eggs in environmental samples, such as

wastewater, sludge and soil, is critical to ensure that the regulatory guidelines are met.
Additionally, accurate methods are essential to determine the efficiency of different treatment
technologies. Varying amount of moisture, solids and soil particles introduce heterogeneity to
environmental samples posing a challenge for accurate detection of STH eggs (Collender et al.,
2015). An additional challenge in the detection of STH eggs in environmental samples is the need
to recover small number of eggs from large sample volumes (Maya et al., 2006; Mes, 2003).
Over the years different analytical methods have been used (Collender et al., 2015; Bowman et al.,
2003; Amoah et al., 2016). These methods are mainly modifications of the USEPA (USEPA, 1999)
and WHO methods (Maya et al., 2006) and are largely based on the principles of sedimentation
and/or flotation, involving the separation and concentration and a final microscopical identification
of the eggs (Amoah et al., 2017; Collender et al., 2015). Despite the plethora of methods available,
there is no international standardized method for the detection and quantification of STH eggs in
environmental samples. This is mainly due to the lack of quality assurance/quality control
(QA/QC) data on the various methods or method variants in use (Bowman et al., 2003). The choice
of method is therefore dependent on the type of sample, availability of reagents, skills of the
researcher and personal preferences. Most of these conventional or traditional methods (flotation
and sedimentation based methods) are time consuming and may possibly lead to false results
especially during the microscopy stage.

STH egg detection through microscopy requires trained personnel for correct identification of the
eggs (Collender et al., 2015). Debris on the microscope slides may also introduce a further
challenge for egg identification. Identification of the different species of STH eggs based on egg

morphology is also a major challenge (Collender et al., 2015) but can be solved with the use of the
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more advanced molecular techniques. Polymerase chain reaction (PCR)-based methods have made
the identification of STH eggs to the species level much easier (Gyawali et al., 2015), by targeting
specific gene sequences (Gordon et al., 2011). The high cost involved in most of these PCR-based
techniques is the major challenge with their applicability, especially in resource constrained
regions. Nucleic acid extraction from environmental samples is another challenge for the
applicability of PCR-based techniques. Some of the STH eggs, for example Ascaris spp, have
tough protective shells, which makes the destruction of the eggs and release of the nucleic material
difficult (Salonen et al., 2010). Commercially available DNA extraction kits have been used in the
extraction of DNA from STH eggs but these are not optimized for STH eggs. Additionally,
environmental samples may contain substances and materials including proteins, lipids etc. which
have been shown to be PCR inhibitors (Tebbe et al., 1993; Sgrensen et al., 2002; Fortin et al.,
2004; Zhou et al., 2002).

To solve the numerous challenges with the more traditional microscopy-based approaches or the
PCR-based methods, new techniques such as the Baclight staining assay and image analysis
software have been developed (Dabrowaska et al., 2014; Karkashan et al., 2015). Despite the
reported applicability of these techniques, they are yet to be widely used and may require further
validation. Table 8 bears reference and are included from the comprehensive review paper (Paper
1) on the various methods and method variants used in the detection and quantification of STH
eggs in the environment. This article evaluated the various methods in relation to the different
environmental matrices (wastewater, sludge, soil etc.), comparing the advantages and
disadvantages in each methodological approach. Based on assessments made in this thesis my

recommended method is the one attached in Annex 1.
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Table 8: Comparison of different techniques for detection of STHs in environment.

Method Techniques Advantages Disadvantages Remarks
category
Traditional WHO, Easy to use, Time These methods mostly
methods USEPA, does not require  consuming and  consist of sedimentation
AMBIC, sophisticated laborious. and flotation using
TULANE and equipment Leaves too different flotation solutions
several other  hence less much for errors  (e.g. Zinc sulphate,
variations of  expensive. magnesium sulphate,
these methods Sodium chloride) and a
final microscopy step
Molecular PCR, gPCR, Rapid, Expensive and  Nucleic acid based
Techniques LAMP quantitative (for requires techniques are very
gPCR), specific  skilled specific and can provide
to species level  personnel species level identification
identification that was difficult with
conventional techniques.
These techniques are
laboratory based and can’t
be used for onsite
detection of pathogens
Emerging  digital PCR More specific, Expensive and  Digital PCR is new
techniques quantitative, no  requires technique for absolute
need of skilled quantification, highly
reference personnel prone to PCR inhibitors.
standards as is This technique needs to be
the case in optimized for
other PCR environmental samples
techniques
BacLight Microscopic Expensive and  Initially developed for
assay method to requires enumerating viable
detect viability  skilled bacteria but can be applied
of STHs eggs personnel for STHs. Need to validate

for different environmental
samples
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ment of imaging soft-ware for the detection and quantification of STHs shows promise to further reduce
human error associated with the analysis of environmental samples. It may be concluded that there is
a need to comparatively assess the performance of different methods to determine their applicability in
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vegetables etc.).
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1. Introduction

It is estimated that over 1.5 billion people are infected with
at least one species of soil-transmitted helminths (STHs) world-
wide (WHO, 2015), with the majority of these infections caused by
the roundworms (Ascaris lumbricoides and Strongyloides stercoralis),
whipworms (Trichuris trichiura) and hookworms (Necator ameri-
canus or Ancylostoma duodenale) (Strunz et al., 2014). Ascariasis is
reported in 771.7-891.6 million people, while 429.6-508.0 million
people have trichuriasis and 406.3-480.2 million are infected with
hookworm (Pullan et al., 2014). Most of these infections occur in
tropical and subtropical regions of the world where poverty results
in poor sanitary conditions (Stolk et al., 2016). STHs infections are
mostly caused by exposure to faecally contaminated water, soil or
contaminated food (Keraita and Amoah, 2011). Wastewater and
sludge reuse is reported to contribute significantly to the high risk
of infections. In endemic areas, wastewater is estimated to contain
up to ~3000 eggs/L (Kamizoulis, 2008; Mara and Sleigh, 2010).

The association between ascariasis and wastewater use among
farmers has been reported by several studies (Seidu et al., 2008;
Blumenthal et al., 2001; Pham-Duc et al., 2013; Rutkowski et al.,
2007; Trang et al., 2006; Habbari et al., 1999), where consumers
of the farm produce are also at risk of infection. The highest health
risks for consumers of wastewater irrigated produce are with crops
which are eaten raw, for example, salad crops and some root crops
or crops grown close to the soil surface (e.g. lettuce) (WHO, 2006).
Wastewater for unrestricted reuse in agriculture should contain
<1 helminth egg per liter to reduce the risk of STHs infections to
below the WHO guidelines target level (WHO, 2006). This requires
sensitive detection and a consistent quantification of STHs eggs
in wastewater, sludge or other sample matrices. Accurate detec-
tion and quantification of STHs eggs in environmental samples is
challenging. The heterogeneity of the occurrence of STHs in envi-
ronmental samples is problematic for laboratory testing due to
varying amounts of moisture, solids, quantity of samples and soil
particles (Collender et al., 2015). Another challenge with environ-
mental

samples is the need to recover small numbers of STHs eggs from
large volumes of samples (Maya et al., 2006; Mes, 2003).

Over the last few years, different techniques for detecting and
quantifying the total number and the viable and non-viable frac-
tions of STHs eggs in environmental samples has been developed
and applied. The choice of technique used is largely influenced
by the different types of samples (Maya et al., 2006). One reason
for this may be the lack of published quality assurance/quality
control (QA/QC) data on the various methods (Bowman et al.,
2003). In addition to the more traditional methods based on sedi-
mentation and/or flotation, which mainly involves the separation
and concentration of eggs and the microscopical identification
and quantification of these eggs, several new techniques have
been developed. These new techniques make the identification
and quantification of helminth eggs more efficient and sensi-
tive. The advent of genomic sequencing and the wealth of data
generated have markedly increased the feasibility of develop-
ing polymerase chain reaction (PCR)-based methods as diagnostic
tools for helminth parasites (Gyawali et al., 2015). Defined gene
sequences of STHs eggs can be detected with PCR, quantitative PCR
(gPCR) and other nucleic acid based methods from small quanti-
ties of samples (Gordon et al., 2011). These techniques can also
identify STHs eggs to species level (Gordon et al., 2011). Further-
more advanced nucleic acid based techniques (like multiplex PCR)
makes it possible to target more than one species at a time (Pontes
et al.,, 2002). The reliable quantification of viable eggs is essential
both related to risk based target values and for the validation of
sanitation system performance.

The lack of a globally accepted method for the detection and
quantification of STHs eggs in environmental samples poses a chal-
lenge for comparative assessments of egg concentrations both in
different sample matrices as well as between locations. This article
presents a review of commonly used methods for the detection and
quantification of STHs eggs in environmental samples, with a com-
parison of the advantages and disadvantages of each technique. We
also review new and emerging techniques that may be applied for
the detection and quantification of STHs eggs in the environment.
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2. Methodology
2.1. Search strategy

The review is based on a literature search using PubMed and
Science Direct, with the following keywords and strings (soil-
transmitted helminths OR intestinal parasites OR Ascaris spp OR
hookworm OR Trichuris spp OR Toxocara spp OR Taenia) AND
(wastewater OR water). The organism search-string were repeated
with AND (sludge OR compost); AND (vegetables OR crops OR
plants); as well as with AND (soil OR urine diversion (UD) toilet
waste OR biosolids). Original research articles were selected and
the methodology section of each article was assessed to determine
the method used in the detection and quantification of the STHs.
All articles were considered irrespective of the year of publication.

Methodological studies on the concentration of STHs in environ-
mental samples were included but articles and publications related
to clinical STHs infections and drug efficiency/administration
reports were excluded. All geographical areas were considered for
the review, however only articles in English were included. A total
of 195 articles were reviewed and information from 164 used, based
on a clear method for detection of the STHs. Publications reporting
the same method were assessed in relation to methodological vari-
ations and the type of sample matrices. When variations were not
evident, one major reference to the methodology was considered
and the other was captured as an additional method.

3. Conventional methods

Most methods used for the detection and quantification of STHs
in environmental samples involve the recovery of STHs eggs from
the sample matrix and quantification of STHs eggs or larvae using
microscopy. These methods are collectively referred to as ‘con-
ventional methods’ due to the application of basic techniques that
includes sedimentation, followed by an extraction phase and then
flotation with zinc sulphate (Ayres and Mara, 1996) before viewing
under a microscope. The methods reviewed are categorized based
on the major steps involved in the analysis. These steps mostly
are the source of method variability, relating to sample types and
quantity, pre-treatment, separation of STHs eggs, microscopy and
viability determination.

3.1. Sample types and quantity

This section is focused primarily on the sample volumes stud-
ied and reported in the reviewed literature, with the subsequent
sections below dealing with the various method variations and the
influence of the different steps on the recovery of STHs eggs from
the various sample matrices.

3.1.1. Wastewater/water

Helminth egg concentrations in wastewater (especially treated
wastewater and water) are normally very low (Mara and Silva,
1987; Schwartzbrod et al., 1987; Ayres et al.,, 1991), mainly due
to the dilution of egg concentration in the environment. Therefore,
most methods use large sample volumes for detection. The con-
centration of the eggs is largely dependent on the prevalence of
infection in a study area (see Table 1 below). When the prevalence
of STH infections in a study area is low larger sampling volumes
applies, where volumes up to 200L has been reported (Levantesi
et al., 2010). Most methods used for the detection of STHs eggs
in environmental samples are a modification of the United States
Environmental Protection Agency (USEPA) (Schwartzbrod, 1998)
and the World Health Organization (WHO) methods (Ayres and
Mara, 1996). These methods recommend the use of one liter sam-
ples (Yaya-Beas et al., 2016; de Souza et al., 2011; Sengupta et al.,

2011; Ajeagah 2013). However, there are reports of the use of 10L
samples (Abreu-Acosta and Vera, 2011; Molleda et al., 2008). Fur-
thermore, the volume of water analyzed is directly related to the
level of detection achieved (Bowman et al., 2003). For instance, the
WHO guidelines for wastewater reuse in agriculture recommends
<1 viable helminth egg/Liter for unrestricted irrigation (WHO,
2006). Therefore methods that aim to determine the quality of
wastewater for irrigation must consider volume sufficient to reach
the limit of detection. High solid content in the sample may resultin
lower rates of egg recovery due to interference of the solids (Rocha
etal., 2016). Data presented in Table 1 below shows that even when
sample volumes are the same, the amount of helminth egg in the
wastewater differs greatly from one region to the other, which is
dependent on prevalence of infection in the study area.

3.1.2. Sludge/Compost/Biosolids

Sludge, biosolids and compost may contain high concentration
of STHs eggs since these will attach and concentrate together with
particulate material and accumulate in the sludge (Shamma and
Al-Adawi, 2002) during wastewater treatment. Eggs of STHs settle
much easier into sludge during primary treatment than bacteria
and viruses due to their larger sizes (Yeager and O’'Brien, 1983).
The concentration of STHs eggs in sludge samples varies greatly
depending on the prevalence of infection in the relevant popula-
tion. Table 2 shows concentration of eggs in sludge from different
locations, with a higher concentration in sludge samples from
developing countries irrespective of the sample size. The amount
of sludge sampled is often related to the dry weights, which are in
the interval from 2 g (Scaglia et al., 2014; Pecson et al., 2007; Nelson
and Darby, 2001) to 5g (Bowman et al., 2003). This contrasts with
the USEPA method that recommends 300 g as a dry weight sample
size (Cappizzi-Banas et al., 2004; Maya et al., 2012; Gantzer et al.,
2001). The variation in the weight of solid sample, as well as is the
case for liquid samples, is mainly influenced by prevalence of the
STHs in the study area based either on literature or past experi-
ences. Large samples of sludge have been found to lower the rate
of egg recovery, mainly due to the interference of solids. Bean and
Brabants (2001) observed that the recovery of Ascaris spp eggs from
a 50 g sludge sample was twice as high as from a 300 g of sludge
and biosolids. It is generally recommended that samples should
contain between 5g (Reimers et al., 1989) to 50g (USEPA, 2003)
of total solids. Table 2 contains information of the sample weight
and the study area which may play a critical role in the amount of
eggs recovered. Studies performed in developed countries (France,
Italy etc.) reported lower concentration of STHs eggs (Scaglia et al.,
2014; Gantzer et al., 2001), as compared to studies in developing
countries (Ghana, Mexico, Burkina Faso) (Buitron and Galvan, 1998;
Koné et al., 2007; Bastos et al., 2013). With larger sample sizes the
concentration of reported STHs egg is high irrespective of the loca-
tion of study (Reinoso and Becares, 2008; Engohang-Ndong et al.,
2015; Bowman et al., 2003).

3.1.3. Soil

The concentration of STHs eggs in soil can be very high depend-
ing on the sampling site especially in unsanitary environments
or where open defecation is practiced. Soil sampling for other
helminths in addition to STHs eggs is important due to the possibil-
ity of zoonotic infections from infected animals, particularly dogs
and cats (e.g. Toxocara canis, Toxocara cati and Ancylostoma can-
inum). Direct contact with dogs or cats that harbor adult Toxocara
worms is unlikely to cause an infection in humans because once
shed, the eggs must undergo a period of development in the envi-
ronment before they can become infective (Paquet-Durand et al.,
2007). The sample size for soil is measured in dry weights, with
sample sizes between 10 and 50 g of dry soil (Paquet-Durand et al.,
2007; Muna et al., 2009; Oge and Oge, 2000; Lindgren et al., 2008;
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Table 1
STHs egg concentration in wastewater/water/septage from different countries and volume of sample analyzed.
Matrix Volume STHS Concentration (eggs/L) Location Reference
Wastewater 1L All STHs 194+79 Peru Yaya-Beas et al., 2016
Wastewater 1L All STHs 15+4 Tunisia Saddoud et al., 2007
Wastewater 1L All STHs 15+0.3 Tunisia Riahi et al., 2009
Wastewater 10L All STHs <1 Spain Molleda et al., 2008
Wastewater 20L All STHs 2 Europe Levantesi et al., 2010
Wastewater 500 mL All STHs 16 USA Rose et al., 1996
Wastewater 5L Ascaris spp 142 (Ascaris spp) Pakistan Ensink et al., 2007
Hookworm 558 (Hookworm)
Wastewater 10L All STHs 0 Spain Abreu-Acosta and Vera, 2011
Wastewater 10L All STHs 0.96+£0.10 Spain Reinoso et al., 2008
Irrigation water 1L All STHs 12.9-15.1 Ghana Sengupta et al., 2011
Irrigation water 10L All STHs 0 Italy, Serbia Forslund et al., 2010
Stream Water 1L Ascariss pp 11 Cameroun Ajeagah, 2013
Septage sludge 1L All STHs 16000 Vietnam Yen-Phi et al., 2010
Untreated septage 1L All STHs 450 Vietnam Yen-Phi et al., 2010
Table 2
STHs egg concentration in sludge/compost from different countries and sample weights analyzed.
Matrix Weights STHs? Concentration (eggs/g) Location Reference
Sludge 2-5g All STHs 0 Italy Scaglia et al., 2014
Sludge 5g Ascaris spp 776+13.4 USA Bowman et al., 2003
Sludge 2g All STHs 173.5 Mexico Pecson et al., 2007
Sludge 4g Ascaris spp Trichuris 13-94 (Ascaris spp) Ghana Koné et al., 2007
spp 2-24 (T. trichiura)
Sludge 500 mL Ascaris spp 312+24 USA Engohang-Ndong et al., 2015
Sludge 10g All STHs 0.27+£0.15 France Gantzer et al., 2001
Sludge 100g Ascaris spp 52.2 (Ascaris spp) Czechoslovakia Horak, 1992
Toxocara spp 27.2 (Toxocara spp)
Trichuris spp 12.4 (Trichuris spp)
Sludge 100g Ascaris spp 1.8-9.3 (Ascaris spp) Morocco Moubarrad and Assobhei, 2007
Hymenolepis spp 1.5-6 (Hymenolepis
spp)
Sludge 100g Ascaris spp 3.79+1.96 Brazil Bastos et al., 2013
Slurry 75mL All STHs 2910 eggs/L Mexico Buitrén and Galvan, 1998
Pig slurry 500¢g All STHs 867 Spain Reinoso and Becares, 2008
Compost 10g All STHs 0.15+0.20 France Gantzer et al., 2001
2 Although the main focus was on STHs, other helminths were added for additional information.
Table 3
STHs egg concentration in soil/sand from different countries and sample weights analyzed.
Matrix Weights STHs? Concentration (eggs/g) Location Reference
Sand 20¢g Toxocara spp. 0.8% (16 samples) Costa Rica Paquet-Durand et al., 2007
Soil 40¢g All STHs 3.25 (Toxocara spp) Poland Mizgajska, 1997
2.9 (T. vulpis)
1.75 (Ascaris spp)
0.2 (Trichuris spp)
Soil 2g Toxocara 2 Philippines Fajutag and Paller, 2013
Soil 2g All STHs 454.5 (A. lumbricoides), Philippines Horiuchi et al., 2013
150.5 (Toxocara spp)
120 (Trichuris spp)
Soil 100g All STHs 99 Brazil Rocha et al., 2016
Soil 50g Toxocara spp 5.8+2.6 Czech Republic Dubna et al., 2007
Soil 20g All STHs 1.1 Iraq Nooraldeen, 2015
Soil 20¢g All STHs 0.063 Poland Blaszkowska et al., 2013
Soil 30¢g All STHs 3.3% Brazil Mandarino-Pereira et al., 2010

2 Information regarding Toxocara has been included as a references.

Mizgajska, 1997; Fajutag and Paller, 2013). Samples mostly repre-
sent the top 0-5cm layer of the soil (Paquet-Durand et al., 2007;
Mizgajska, 1997; Fajutag and Paller, 2013; Nooraldeen, 2015).
Important factors that influence the recovery of helminth eggs
from soil include soil type and texture (Nunes et al., 1994). Sand and
sandy soils are reported to result in higher recoveries of helminths
than from clay, silt and silty clay-soils (Oge and Oge, 2000). Sandy
soils also result in less variation in the number of eggs recovered,
which might be due to the homogeneity of sandy soils based on the
greater particle sizes held loosely together compared to other soil
types (Oge and Oge, 2000). In addition to the investigated soil type,

the study location also plays a critical role in the determination of
soil weight to sample, as shown in Table 3. Since the prevalence
of STHs eggs in soil samples vary from one location to the other,
sampling should account for the local prevalence of the STH where
possible.

3.1.4. Plants

With an increase in the use of wastewater for irrigation of crops,
as well as the use of sludge, biosolids and compost as fertilizers
or soil conditioners in agriculture, there is an enhanced likelihood
of plants becoming contaminated with pathogens with the further
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Table 4
STHs egg prevalence (%) in grass/vegetables in different countries and weights of sample analyzed.
Matrix Weights STHs Prevalence Location Reference
Vegetables 250g All STHs 50 (of 96) imported Iran Daryani et al., 2008
vegetables
71 (of 45) native
vegetables
Vegetables 200g All STHs 3.5(0f 1130) Nigeria Adamu et al., 2012
Vegetables 250¢g All STHs 16.2 (of 270) Saudi Arabia Al-Megrin, 2010
Vegetables 200-300g All STHs 14.9 (of 772) Iran Rostami et al., 2016
Vegetables 250¢g All STHs 57.8 (of 199) Nigeria Maikai et al., 2012
Vegetables 100g All STHs 6.3 (of 111) Turkey Adanir and Tasci, 2013
Vegetables 250¢g All STHs 25.2 (0f 453) Iran Fallah et al., 2016
Vegetables 200g All STHs 31.7 (of 300) Egypt Said, 2012
Vegetables 100g All STHs 58 (of 126) Libya Abougrain et al., 2010
Vegetables 200g Toxocara spp. and 5.9 (of 203) Turkey Kozan et al., 2005
Ascaris lumbricoides
Vegetables 100g All STHs 44.2 (of 172) India Gupta et al., 2009
Vegetables 200g All STHs 32.6 (of 304) Iran Fallah et al., 2016
Vegetables and fruits 100g Ascaris spp 1-12 eggs/100 g Turkey Erd@rul and Sener, 2005
Grass 41g Toxocara spp., 68 (of 69) Costa Rica Paquet-Durand et al., 2007

Ancylostomidae

transmission of STHs to consumers (WHO, 2006). Different types of
plants irrigated with wastewater or fertilized with sludge have dif-
ferent likelihoods for transmission (e.g. differences between salad
crops and foliage plants). This may be reflected in the sampling
strategy as well as in the contamination levels. The amount/weight
of vegetable sampled or analyzed varies between methods. Pre-
ferred weights of plant samples normally falls between 100 and
250¢g (Adamu et al., 2012; Maikai et al., 2012; Adanir and Tasci,
2013; Fallah et al., 2016). These weights are mostly of vegeta-
bles, with lower weights for grass (Paquet-Durand et al., 2007;
Robertson et al., 2002). Several reported studies fail to report on
the weight of plant material analyzed (Su et al., 2012; Hassan et al.,
2012; Said, 2012; Rostami et al., 2016). The specific weight is essen-
tial for risk calculation for quantitative microbial risk assessment
(QMRA) and risk of infections based on consumption. However,
the concentration of STHs eggs reported from different studies is
largely influenced by the quality of wastewater used for irrigation,
as well as the STHs egg concentration in sludge or compost used
as fertilizers. Table 4 presents the prevalence of positive STHs in
vegetable or plant samples from different countries.

3.2. Eggrecovery

The variation in recovery is influenced by methodological
approaches in each of the analytical stages as well as the sam-
ple matrix, type of STHs eggs, available reagents/materials and the
discretion of the researcher. Table 5 summarizes some of these vari-
ations reported in literature. The sampling strategy for STHs eggs
should reflect the uneven distribution in the environment. Their
recovery will be enhanced through homogenization. Homogeniza-
tion is most relevant for solid samples such as sludge, biosolids,
compost and the solid waste fraction from source separation toi-
lets (Bowman et al., 2003). It is usually achieved through blending
or mixing (Bowman et al., 2003; Cappizzi-Banas et al., 2004; Pecson
et al., 2007). Blending also breaks down coarse materials into finer
particles which improves the recovery of the eggs (Koné et al.,
2007).

3.2.1. Separation of eggs from particles

Separation of STHs eggs from solids in the sample is of
major concern especially when considering sludge, compost and
biosolids, due to their heterogeneity. Samples with a high con-
centration of particles (including soil particles) could easily trap
the eggs, or become attached to the eggs which will result in
lower recovery. Different solutions have been used to recover eggs

from particulate matter. These solutions are mainly anionic deter-
gents that break the bonds between the STHs eggs and particles
in the samples. The most commonly used detergent solutions are
Tween 80, Triton X-100 (Molleda et al., 2008; Forslund et al.,
2010), 7X (Sengupta et al., 2011; Saddoud et al., 2007; Konaté
et al.,, 2013) and ammonium bicarbonate (Moodley et al., 2008;
Tronnberg et al., 2010). Although most researchers favor the use
of detergents for dissociation, some have reported a lower recov-
ery for treated versus untreated samples (Rocha et al., 2016). Earlier
reports showed that the use of detergents reduced egg viability due
to damage of egg integrity (Jaskoski, 1954).

Although there is a lack of comparative data to determine the
best detergent for dissociation of helminth eggs from environ-
mental samples, the use of 7X has been reported to give better
recoveries (Bowman et al., 2003). This detergent is water soluble
at all concentrations and comprises of anionic surface active agent
and special solvents which may account for the improved recov-
ery. In addition 7X does not form precipitates when in contact with
salt solutions used during the flotation step (Rocha et al., 2016).
The first report of the recovery of STHs eggs from soil was in 1928
by Caldwell and Caldwell (David, 1977), where antiformin resulted
in a good recovery (especially in clay soils) (David, 1977). Satu-
rated ammonium bicarbonate has been used to improve recovery
of eggs from samples with a high content of soil (Moodley et al.,
2008; Collender et al., 2015). A variety of solutions have been used
in the analysis of vegetable or plant samples. Table 5 includes the
different separation solutions used in the analysis of wastewater
or sludge. Solutions such as physiological saline (Adanir and Tasci,
2013; Maikai et al., 2012; Hassan et al., 2012; Adamu et al., 2012),
phosphate buffered saline (PBS) (Said, 2012), Tween 80 (Kozan
etal., 2005; Pacquet-Durand et al., 2007) and water (Su et al., 2012;
Ktapec, 2009) are commonly used in contrast to Tween 80/20 or 1%
7X that is more common in other sample matrices. Again, due to a
lack of comparative data on the best solutions to use for washing of
plant samples, the choice is mostly reliant on the discretion of the
researcher.

3.2.2. Filtration of samples

After dissociation of eggs from larger particles within samples,
there is a need to separate the eggs from these particles. One step
used to achieve this separation is filtration or the use of sieves to
retain larger particles whiles allowing the eggs of interest to pass
into the filtrate for further analysis (Bowman et al., 2003; Katakam
et al., 2014; Engohang-Ndong et al., 2015). The choice of pore size
for this step is the most important factor to consider. Most parasite
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Table 5
STHs species reported with different dissociation solutions, pore sizes and flotation solutions of sieves from different sample matrices.
Matrix Dissociation Filtration/pore size (um) Flotation (S.G)* STHs recovered? References
Wastewater None None NaCl (1.18) All STHs Yaya-Beas et al., 2016
Wastewater None 500, 212, 90, 38, 35,31.5 NaCl (1.27) Ascaris spp., Trichuris spp. Sengupta et al., 2011
and 30
Wastewater None None ZnS04 (1.18) Ascaris spp. de Souza et al.,, 2011
Wastewater 1% 7X 500, 212, 90, 38, 35, 31.5 MgS04 (1.20) Ascaris spp. Trichuris spp Sengupta et al., 2011
and 30
Wastewater 1% 7X 50 and 20 MgSO4 (not stated) Ascaris spp. Hymenolepis spp. Verbyla et al., 2016
Wastewater 1% 7X 400 MgSO4 (1.20) Ascaris spp, Trichuris spp Riahi et al., 2009
Wastewater Triton X-100 or Tween None ZnS04 (1.18) Trichuris Molleda et al., 2008
80,
Wastewater 1% 7X 400 MgSO4 (1.20) All STHs Saddoud et al., 2007
Wastewater Triton X-100 or Tween None ZnS04 (1.18) All STHs Garcia et al., 2013
80,
Wastewater Triton X-100 or Tween None ZnS04 (1.18) All STHs Reinoso et al., 2008
80,
Wastewater Triton X-100 or Tween None NacCl (not stated) All STHs Forslund et al., 2010
80,
Wastewater Triton X-100 or Tween None ZnS04 (1.18) All STHs Abreu-Acosta and Vera, 2011
80,
Wastewater 1% 7X None ZnS0Oy4 (not stated) Ascaris spp. Ajeagah, 2013
Wastewater 1% 7X 160 ZnS0y4 (1.3) All STHs de Victorica and Galvan,
2003
Wastewater 1% 7X 400, 50 and 20 MgSO4 (1.20) Ancylostoma spp. Ascaris spp. Konaté et al., 2013
Trichuris spp.
Wastewater Triton X-100 or Tween None ZnS04 (1.18) Ascaris spp. Hymenolepis spp. Yen-Phi et al., 2010
80, Hookworm.
Sludge 1% 7X 400, 50 and 20 MgSOy4 (1.20) All STHs Bowman et al., 2003
Sludge 1% 7X 20, 50 and 400 MgSO4 (1.20) All STHs Cappizzi-Banas et al., 2004
Sludge 1% 7X 20, 50 and 400 ZnS04 (1.20) All STHs Pecson et al., 2007
Sludge 1% 7X 80 MgSO4 (1.29) Ascaris spp. Trichuris spp. Koné et al., 2007
Sludge 1% 7X 35and 20 ZnS0y4 (1.20) Ascaris spp Toxocara spp, Maya et al., 2012
Trichuris spp, Hymenolepis
spp
Pig Slurry None 500, 212,90 and 36 ZnS0y4 (1.20) Ascaris spp. Katakam et al., 2014
Sludge 0.1% Tween 80 160 ZnS0y4 (1.20) Ascaris spp. Nelson and Darby, 2001
Sludge 0.1% SDS 500 and 100 NaCl (1.19) Ascaris spp. Toxocara spp. Gaspard et al., 1996
Sludge 1% 7X 20, 50 and 400 MgSOy4 (1.20) Ascaris spp Engohang-Ndong et al., 2015
Sludge 1% 7X 20, 50 and 400 ZnS04 (1.30) Ascaris spp. Trichuris spp. Gantzer et al., 2001
Toxocara spp.
Sludge None 90 and 32 ZnS04 (1.33) Ascaris spp Gaasenbeek and Borgsteede,
1998
Sludge 1% 7X 20, 50 and 400 MgSO4 (1.20) All STHs Reinoso and Becares, 2008
Soil None 2mm NaNOs3 (1.39) Toxocara spp. Ascaris spp. Mizgajska, 1997

Archeological samples
Soil

Soil
Soil

Soil

Soil
Soil

Soil
Vegetables
Vegetables
Grass
Vegetables
Vegetables
Vegetables

Vegetables
Vegetables

Vegetables
Fruits and vegetables

Vegetables

0.5% trisodium
phosphate
Tween-80

Tween
5% NaOH

Tween 80

Triton-X100
Tween 80

None

physiological saline
physiological saline
Tween 20

normal saline

None

PBS and Tween 80

physiological saline
physiological saline

physiological saline
physiological

saline

physiological saline

300, 160 and 20
150

None
4mm

None

None

Gauze (pore size not
specified)

0.1 mm

None

None

None

None

None

Gauze (pore size not
specified)

None

None

None
None

None

None

sucrose
solution (1.20)
NaNOj3 (1.30)
NaNOj3 (1.30)
NaNOj (1.22)

ZnS0y (1.45)
NaNOj3 (1.20)

Not specified

sucrose (1.21)

None

Hyper saturated sugar
solution.

Sucrose solution (1.21)
None

None

None
None

None
None

None

Trichuris spp.
Trichuris spp. Ascaris spp.

Ascaris spp, Trichuris spp,
Toxocara spp,

Toxocara spp

Toxocara spp. Trichuris spp .

Ascaris spp . Ancylostoma spp.

Toxocara spp . Trichuris spp.
Ancylostoma spp.

Ascaris spp, Trichuris spp,
Toxocara spp.

Toxocara spp. Trichuris spp.
Toxocara spp. Strongyloides
spp . Ancylostoma spp.
Trichuris spp.

Toxocara spp. Ascaris spp.
Toxocara spp. Toxascaris spp.
Trichuris spp.

Ascaris spp . Strongyloides
spp. Toxocara spp.

Ascaris spp . T. trichiura,
hookworm

Ascaris spp. Toxocara spp.
Hymenolepis spp.

Ascaris spp . Toxocara spp,
Ascaris spp . T. trichiura,
Hookworms

Ascaris spp ., Toxocara spp.
Enterobius. vermicularis
Ascaris spp,

Ascaris spp.

Yeh et al., 2015
Horiuchi et al., 2013

Dubna et al., 2007
Blaszkowska et al., 2013

Mandarino-Pereira et al.,
2010

Wang and Bundy, 1990
Rosa Xavier et al., 2010
Zenner et al., 2002

Maikai et al., 2012

Adanir and Tasci, 2013
Paquet-Durand et al., 2007
Fallah et al., 2016

Suetal, 2012

Said, 2012

Abougrain et al., 2010
Gupta et al., 2009

Fallah et al., 2016
Erdgrul and Sener, 2005

Amahmid et al., 1999

2 S. G. values given in this table refer to stated values in the respective paper.
b Helminth species other than the STHs have been retained, since the method recover these as well.
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eggs have dimensions between 25 pum-150 pm (Yeh et al., 2015;
Bouchet et al., 2003). Therefore, to allow eggs to pass through, pore
sizes from 4 um to125 pm (sizes varying based on the helminth
egg of interest), are commonly used (Gaspard et al., 1995; Gantzer
et al,, 2001; Mizgajska, 1997; Blaszkowska et al., 2013; Horiuchi
et al., 2013; Fajutag and Paller, 2013). In some instances the inter-
est is to retain the eggs on the sieves instead and therefore smaller
pore sizes such as 20 wm (Maya et al., 2010; Landa-Cansigno et al.,
2013)orevenaslowas 8 wmare chosen (Buitron and Galvan, 1998).
In instances where the STHs of interest are restricted to nematodes,
sieves of pore sizes between 32 and 36 pm are used (Katakam et al.,
2014; Mayaetal.,2010; Gaasenbeek and Borgsteede, 1998). Table 5
gives examples of pore sizes of sieves that have been used to ana-
lyze different samples. It is evident that the variation in the pore
size is mostly influenced by the helminth species of interest, as well
as the sample matrix. For instance, most researchers working with
vegetable or plant samples do not include this step due to decreased
amounts of particulate matter. The influence of pore sizes of sieves
on the recovery of eggs from different sample matrices has not
been reported but filtration may reduce particulate material in the
sample which would make the microscopy step easier, while also
enhancing the accuracy in identification and quantification of the
eggs. Efficiency in microscopy stage is improved due to a reduction
in the particles that may obstruct the eggs on the slides. However,
filtration may also result in a lower recovery of eggs due to the
trapping of particle associated eggs or clumped eggs.

3.3. Concentration

3.3.1. Sedimentation

The eggs in the filtrate need to be separated from the liquid
phase. Separation of the solid particles (which includes the eggs) in
samples from the liquid phase is mostly achieved through sedimen-
tation. Sedimentation could be passive or with the use of centrifuge
where different speeds are applied. This difference in the centrifu-
gation speeds may introduce variation to the concentration of eggs
recovered, however there is no data to ascertain the best speed.
The time used for passive sedimentation varies between methods
applied with setup time ranging from 1h (Molleda et al., 2008;
Reinoso et al., 2008; Yen-Phi et al., 2010) to overnight (Riahi et al.,
2009; Saddoud et al., 2007; de Victorica and Galvan, 2003). The
effect of passive sedimentation on the recovery of eggs could be
influenced by several factors. These include the sample matrix and
volume, the dimension of the container used for the sedimentation
and the duration of the sedimentation. A high solid content in the
sample may interfere with the settling of the eggs with a poten-
tial loss of some eggs (Rocha et al., 2016). The sedimentation rate
is also greatly influenced by the dimension of the container used
(Shuval et al., 1986). The WHO method (Ayres and Mara, 1996) rec-
ommends the use of an open-topped, straight-sided container of at
least 10 L volume, aimed at making the removal of the supernatant
easier and to permit thorough rinsing. In addition, the duration of
the sedimentation is crucial and the sedimentation rates differ from
one helminth species to the other. Adequate time is necessary for
the settling of the eggs, accounting for the viscosity of the sample
as well as the dimension of the container. For instance, Ascaris spp
eggs (relative density of 1.13) have a settling velocity of 0.65 m/h,
Trichuris spp eggs (relative density of 1.15) of 1.53 m/h while Tae-
nia spp eggs (relative density of 1.23) will have a settling velocity of
almost 2 m/h (David and Lindquist, 1982; Dryden et al., 2005). Inad-
equate time for sedimentation would result in the loss of some eggs,
whereby overnight sedimentation as with the USEPA and Tulane
methods would be an advantage (Mara and Sleigh, 2010).

3.3.2. Flotation

A critical step that results in method variation is the flotation
step, where the main aim is to separate eggs from other mate-
rials in the sample that were not removed during the filtration
or sedimentation steps. Flotation achieve separation by creating
a gravity gradient that allows particles of interest (in this case the
eggs) to float while heavier particles (like soil or other heavier par-
ticles) settle and are discarded. In this step the loss of STHs eggs
relates to the specific gravity of the solution versus the density
range for eggs, ranging from 1.05 to 1.23 (David and Lindquist,
1982). A variety of flotation solutions used include zinc sulphate
(Trénnberg et al., 2010; Zamudio-Pérez et al., 2013; Amahmid et al.,
2002), magnesium sulphate (Karkashan et al.,2014), sodium nitrate
(Blaszkowska et al., 2013,) and sucrose solutions (Kouraa et al.,
2002). For the recovery of all STH eggs, independent of species,
the flotation solutions used should be heavier than 1.25 specific
gravity (s.g) (David, and Lindquist, 1982). Since some methods use
flotation solutions of specific gravity lower than 1.3 only some of
the STHs species eggs will be recovered in consistent numbers. For
example the USEPA and the Tulane method both use magnesium
sulphate of specific gravity of 1.2 (Bowman et al., 2003; Saddoud
et al., 2007; Konaté et al., 2013; Sengupta et al., 2011). Flotation
solutions (e.g. sodium chloride and zinc sulphate) with lower spe-
cific gravity (1.18) are used in other methods (Yaya-Beas et al.,
2016; Molleda et al., 2008; Garcia et al., 2013). In addition to the
STHs, Taenia spp eggs, with a specific density of 1.23 (David and
Lindquist, 1982) is of main interest in environmental sampling and
may not be recovered with low specific gravity solutions. Other
adverse effects with flotation solutions are found with the use of
sucrose, where increased viscosity has been shown to hinder the
recovery of eggs. This interferes with the movement of the eggs
as well as other particles (Bowman et al., 2003). Saturated sucrose
has been shown to deform STHs eggs (Collender et al., 2015), and
sodium nitrate forms crystals that would interfere with the quan-
tification (Santarém et al., 2009).

Nunes et al. (1994) found that sodium dichromate gave the best
recovery ratio, which most certainly is due to the high specific grav-
ity (s. g=1.34) of the sodium dichromate used. Quinn et al. (1980)
found magnesium sulphate (s. g=1.27) plus 5% potassium iodide
(KI) to be the most efficient solutions in the recovery of helminth
eggs. Dada and Lindquist, (1979), found that zinc sulphate gives a
better recovery of STHs eggs than sodium dichromate of the same
specific gravity (1.20). This was later confirmed by Oge and Oge
(2000). Table 5 shows some of the flotation solutions used and the
variation in specific gravity and the corresponding STHs eggs that
were recovered.

3.3.3. Phase extraction

Some recovery methods include a phase extraction step after
the flotation. This aims at removing lipid-soluble and ether-soluble
material from the sample. It results in the partitioning of the sam-
ple into acidic aqueous and lipophilic phases (Beaver et al., 1984),
where a plug of waste (remaining particles) material is formed
at the interphase between these. Pellets containing the eggs are
deposited at the bottom of the centrifuge tubes. The commonly
used reagents for the lipophilic extraction include ethyl acetate and
diethyl ether (Bornay-Llinares et al., 2006; Horiuchi et al., 2013;
Verbyla et al,, 2016; de Victorica and Galvan, 2003; Ayres and
Mara, 1996; Gaspard et al., 1996; Rude et al., 1987; USEPA, 1999).
Reagents for the hydrophilic extraction include a mixture of sul-
furic acid and acetoacetic buffer (Verbyla et al., 2016; de Victorica
and Galvan, 2003; Ayres and Mara, 1996; Fuhrimann et al., 2015).
Satchwell (1986) found that the inclusion of a phase extraction step
removes about 40% of contaminants (such as proteins and lipids)
but results in the loss of 95% of the eggs. This may be due to distor-
tion of the eggs or toxic effects. Several studies have documented
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the detrimental effects of some of these chemicals, such as ethyl
acetate and acetoacetic buffer, on egg integrity and subsequently
viability (Nelson and Darby, 2001; Rocha et al., 2016). Amoah et al.
(submitted manuscript) found acetoacetic acid to result in the loss
of egg viability. Due to the effect of this step on egg integrity it
has been recommended to replace it with a sieving step, to remove
proteins, lipids and other contaminant molecules (USEPA, 2003).
However if the step is still used, then the exposure of the eggs to
the chemicals must be within the shortest time possible in order to
reduce their adverse impact (Nelson and Darby, 2001).

3.4. Viability determination

For the purposes of risk estimation and in accordance with some
international and national standards and guidelines (USEPA, 2003;
WHO, 2006), it is important to determine the number of viable STH
eggs per amount of sample. This is, however, excluded in some
studies which did not differentiate between viable and non-viable
eggs (Fugazzola and Stancampiano, 2012; Bornay-Llinares et al.,
2006; Pacquet-Durand et al., 2007; Hassan et al., 2012; Maikai et al.,
2012). Viability assessment was excluded from these studies due
to difficulties in the assessment process and time constraints. The
most widely used viability assessment method is the time consum-
ing incubation to achieve the development of the larvae. Other
authors report viability based on morphological integrity of the
eggs and their response to staining with vital dyes. The viability
assessment method is influenced by factors such as materials and
available equipment, experience of the researcher and personal
preferences. The morphological determinations include size, shape
and the presence of visible larvae and are used as a criterion for
viability of eggs during microscopy. Viability determination based
on the presence of visible motile larvae could be subjective based
on the experience of the microscopists.

Incubation of recovered eggs could reduce these errors, but
selection of the incubation solution also varies between method
applications. Solutions such as sulphuric acid (Maya et al., 2012;
Katakam et al., 2014; Nordin et al., 2009; USEPA, 1999; Reinoso
and Barnes, 2008) and formalin (Bowman et al., 2003; Eriksen et al.,
1995; Shamma and Al-Adawi, 2002) are frequently used, with incu-
bation temperatures varying between 22 °C and 26 °C and duration
of incubation period between 21 and 30 days (Bowman et al., 2003;
Buitrén and Galvan, 1998; Pecson et al.,2007). Sulphuric acid (0.1N)
has been found to be the best incubation solution reporting 83-92%
(Yanko, 1987) or 75-80% viability (USEPA, 2003) followed by for-
malin (75-80%) (Reimers et al., 1989; Bowman et al., 2003). The use
of 0.1% formalin has however also been reported to show retarded
development compared to those incubated in water or sulfuric acid
(Oksanen et al., 1990).

The limitation with the incubation to determine viability is due
to its time consuming nature. When applied as part of verification
monitoring, for example, in instances such as the reuse of wastewa-
ter or sludge in agriculture, the time lag for data may be a deterrent.
This warrants the use of stains differentiating viable and non-viable
eggs based on the permeability of the egg shells. Commonly used
stains include Lugol’s iodine (Benti and Gemechu, 2014; Ajeagah,
2013; Adanir and Tasci, 2013; Suetal.,2012), safranin O (Koné et al.,
2007; Konaté et al., 2013) trypan blue (Maya et al., 2012; Buitrén
and Galvan, 1998) and eosin Y (de Victorica and Galvan, 2003).
Karkashan et al. (2015) compared different stains against conven-
tional incubation and found that conventional incubation detects
86% of viable eggs which is lower than the viable eggs determine
through safranin stain (97%), crystal violet stain (92%) and methy-
lene blue (87%). The use of BacLight stain gave between 78 and 85%
viability and the lowest viability (39%) was reported with trypan
blue staining (Karkashan et al., 2015). The use of vital stains there-
fore presents an opportunity to determine viability of eggs without

the prolonged incubation time required. Despite their potential
advantages, some stains are toxic to embryos and require sample
examination within a few minutes of application (Karkashan et al.,
2015). Karkashan et al. (2015) found that only the BacLight stain is
not toxic to helminth eggs.

3.4.1. BacLight Dead/Live method

This method is based on the BacLight LIVE/DEAD Bacterial Via-
bility Kit (Molecular Probes, Invitrogen, Eugene, USA) and was
initially developed for the enumeration of viable bacteria. It is based
on detecting the difference in the membrane integrity of viable and
non-viable cells. These have a differential intake of two specialized
membrane permeable DNA-labelling dyes, Syto 9 which fluoresces
green with a maximum emission of 498 nm and propidium iodide
(PI) which fluoresces red with a maximum emission of 617 nm. The
detection of viable eggs using this technique is based on the differ-
ential staining of viable eggs with Syto 9 whiles the PI stains the
non-viable eggs (Lisle et al., 1998). Dabrowaska et al. (2014) found
58% live, 38% dead and 3.7% as insufficiently stained eggs of Ascaris
spp, Toxocara spp and Trichuris spp in sludge samples. The authors
concluded that the method was suitable for viability determination.
These results were obtained from seeded samples and its perfor-
mance was not compared with other methods. However Karkashan
et al. (2015) reported between 78 and 85% viability of Ascaris spp
eggs using the BacLight LIVE/DEAD staining technique. They also
concluded that staining with this kit was the only procedure that
does not affect the viability of eggs after analysis. Therefore, the
use of the BacLight LIVE/DEAD staining is emerging as a rapid way
of determining of the viability of STHs eggs without the need for
incubation.

4. Nucleic acid based techniques

Advances in molecular technology provide an opportunity for
an accurate and fast detection and quantification of STHs eggs in
different sample matrices. PCR techniques have emerged as very
specific, sensitive and rapid methods for the detection of differ-
ent pathogens in a variety of matrices, from wastewater to soil
and food items (Gomez-Couso et al., 2004; Ishiwata et al., 2004;
Le Cann et al., 2004; Deisingh and Thompson, 2004). Several dif-
ferent PCR based methods are available for detection of pathogens,
for example quantitative polymerase chain reaction (qPCR), multi-
plex polymerase chain reaction (mPCR), droplet/digital polymerase
chain reaction (ddPCR). Despite the advancements in the area of
molecular diagnostics only a few studies have considered their
use for the detection of STHs eggs in environmental samples, even
though they have found widespread use in clinical settings (Rocha
et al,, 2016; Pecson et al., 2006; Raynal et al., 2012).

4.1. Nucleic acid extraction

One of the main hindrances for the effective use of molecular
methods in the detection of STHs eggs is the extraction of nucleic
material of good quantity and quality. The extraction is hindered by
the tough egg shell (van Frankenhuyzen et al., 2011). Furthermore
the presence of high amounts of suspended solids in most of the
sample matrices also impedes nucleic acid extraction (Bass et al.,
2015) and may inhibit PCR reactions. Separation of eggs from these
solid particles is mostly done before the extraction of DNA (Bass
etal., 2015) using flotation and/or sedimentation steps. The method
of choice for DNA extraction varies between studies (Raynal et al.,
2012; Khoujaetal.,2010; Mugambi et al.,2015; Loreilleetal.,2001).
Table 6 presents commonly used nucleic acid extraction methods,
including commercial nucleic acid extraction kits and the molecular
application of the product. The main component in these commer-
cial kits is a proteinase enzyme which helps in the lysis of the egg
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Table 6
Common nucleic acid extraction methods and molecular techniques used.
Matrix Extraction method Technique STHs? References
Sludge DNeasy Blood and Tissue Kit (Qiagen) real-time PCR Ancylostoma Gyawali et al., 2015
MO Bio Power Soil” caninum
DNA Kit (Mo Bio, Carlsbad, CA)
Wastewater MO Bio Power Max" Soil DNA Extraction Kit gPCR Ancylostoma Gyawali et al., 2015
caninum
Wastewater UltraClean microbial DNA and RNA Kits qPCR Ascaris suum Pecson et al., 2006
(MoBio Laboratories, Carlsbad, CA)
Archeological samples Ultra-sonication, DNA extracted with PCR Ascaris spp Loreille et al., 2001

phenol/chloroform/isoamyl alcohol
Sand UltraClean Soil DNA Isolation
kit (MoBio Laboratories, USA)
FastDNA SPIN Kit for Soil (Qbiogene, Irvine, CA,
USA)

Wastewater and Sludge

Water QIAamp DNA mini kit (Qiagen, Valencia, CA)
and Mobio Ultraclean Fecal DNA isolation kit
(Mo

Bio Laboratories, Inc. USA,)

PSP Spin Stool DNA Plus extraction Kit (Invitek,

Berlin, Germany)

Copro samples

Water QIAamp DNA stool Mini kit (Qiagen, Hilden,
Germany)
Water EZNA DNA extraction kit (Omega Bio-Tek,

Norcross, GA, USA)

real-time PCR Baylisascaris Gatcombe et al., 2010

procyonis
nested PCR Ascaris spp., Khouja et al.,, 2010
Enterobius.
vermicularis,
Hymenolepis nana,
Taenia saginata
qPCR Ascaris spp Raynal et al., 2012
LAMP Enterobius Salant et al.,, 2012
granulosus
mPCR and Taenia spp Nkouawa et al., 2009
LAMP
qPCR Fasciola hepatica Rodriguez et al., 2012

3 Where helminths other than STHs are mentioned it is done since the combined matrix, extraction method and technique have been considered to add valuable

supplementary information.

shell and finally an elution in different solutions depending on the
manufacturer. Most of these kits are optimized for extraction of
bacterial genome but the egg shells of STHs eggs are much tougher
than the cell walls of bacteria. Therefore the use of such kits may
result in a lower nucleic acid yield. Destruction of the egg shells
to release the nucleic material could result in a higher nucleic acid
yield, which has been reported with methods using sonication steps
(Loreille et al., 2001) and beads (Raynal et al., 2012; Gyawali et al.,
2015; Gatcombe et al., 2010).

4.2. Polymerase chain reactions

The development of PCR has transformed the detection of
microorganisms in different sample matrices. However, the major
limitation with conventional PCR is its inability to quantify the
microorganisms detected (Zhang and Fang, 2004). There are other
interferences with PCR analysis, some of which include the quality
of the samples (purity, quantity and integrity of DNA); the inad-
equate homogenization of reagents used; the inaccurate setting
of the baseline and calibration curves; and pipetting and dilution
of standards (Rocha et al., 2016). Despite the limitations of PCR
methods, they have proven to be more sensitive than microscopy
based methods in detecting low numbers of eggs (Oliveira et al.,
2010; Guy et al., 2003). Since PCR methods are based on species or
group specific gene sequences, the outcome is more specific than
morphological methods. The latter sometimes limit species differ-
entiation, for example of hookworm or Ascaris eggs (Valero et al.,
2009; Ai et al., 2010). Advances in PCR technology has also made it
possible to detect multiple parasites using multiplex PCR by ampli-
fying more than one target of interest using multiple primer pairs
(Henegariu et al., 1997). The design and selection of the multiple
primer pairs can make the reaction specific for the target organism
(Gordon et al., 2011). gPCR has the ability to amplify and simul-
taneously detect and quantify the DNA amplification in real time
(Bass et al., 2015) which is a major advancement over conven-
tional PCR. This real-time detection, important for the absolute
quantification of targeted DNA sequences, depends on the flores-

cence generated as the reaction proceeds. The level of fluorescence
is directly proportional to the quantity of target amplicons accumu-
lated (van Frankenhuyzen et al., 2011). There are several reagents
or chemicals available such as intercalating dyes, hydrolysis and
hybridization probes (Gyawali et al., 2015), that could be added to
facilitate the detection of the end product and aid in the quantifica-
tion of the parasites. The main advantages associated with qPCR are
its sensitivity, specificity, reproducibility and wide quantification
range (Gyawali et al., 2015).

Although qPCR emerged as a suitable and powerful method for
quantification, its use in environmental sample analysis has limi-
tations. The quantification of low concentration of STH eggs from
environmental samples is a challenge and the potential presence of
PCR inhibitors in the samples may interfere with the PCR reactions
(Toze, 1999; Shannon et al., 2007). Specificity of group-specific
primers, florescent probes and nucleic acid extraction efficiency are
also critical points (Durant et al., 2012). In addition, the quality of
template nucleic acid and amplification of DNA of non-viable STHs
eggs are also important factors that affect the analysis (Zeehaida
etal, 2011).

Despite the advantages, there are limited environmental stud-
ies that have utilized qPCR for detection of STHs. A qPCR method
was developed by Pecson et al. (2006) to determine the levels of
total and viable Ascaris eggs using the first internally transcribed
spacer (ITS-1) region of ribosomal DNA (rDNA) and rRNA. The
transcription product of the ITS-1 region is short lived within the
cell due to rapid enzymatic degradation and absent in non-viable
eggs resulting in an estimate of viability (Pecson et al., 2006). The
detection limit of the rDNA-based method was approximately one
larvated egg or 90 single-celled eggs whereas the detection limit
for the rRNA-based method was 968 single-celled eggs. This is a
limitation in areas where the prevalence of infection is very low.
This study promotes the applicability of the qPCR method in the
detection of viable STHs eggs due to its ability to detect a single
larvated egg. Gyawali et al. (2015) also reported a qPCR method for
the rapid concentration, sensitive and specific detection of hook-
worm (Ancylostoma caninum) eggs from wastewater matrices. The
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morphological similarity of A. caninum to the human hookworms
(Ancylostoma duodenale and Necator americanus) makes it a pre-
ferred choice to determine the specificity of qPCR in quantification
of closely related STHs eggs. The detection limit of this developed
PCR was found to be less than one A. caninum egg per 1L of sec-
ondary treated wastewater, four A. caninum eggs per 1L of raw
wastewater and per ~4 g of treated sludge. A duplex qPCR assay tar-
geting the ribosomal RNA gene internal transcribed spacer (ITS2)
for the detection and differentiation of the eggs of Toxocara canis
and Toxocara cati (Nematoda, Ascaridoidea) in soil and fecal sam-
ples was reported by Durant et al. (2012). The detection limit of the
assay in spiked samples was 2 eggs/g of soil. This study reported
that the duplex qPCR could be used for the detection of T. canis
and/or T. cati eggs in fecal samples as well as in soil samples. Sev-
eral other studies have shown that qPCR is much more sensitive
than the conventional microscopy based methods in the detection
of helminths from different environmental samples (Zeehaida et al.,
2011; Sultana et al., 2013; Saugar et al., 2015; Kramme et al., 2011;
Schar et al., 2013).

4.3. Loop-mediated isothermal amplification

LAMP is a nucleic acid amplification method with extremely
high sensitivity and specificity, able to discriminate between single
nucleotide differences (Parida et al., 2008). It is characterized by the
use of a DNA polymerase that has low sensitivity to inhibitors and
a set of four primers specially designed to recognize six different
sequences on the target gene (Paris et al., 2007). In this technique
amplification occurs only when all primers bind, thus forming a
product. It can amplify a few copies of genetic material to 10° within
an hour (Notomi et al., 2000) thereby reducing the time required for
analysis. LAMP is based on an isothermal reaction and only a heat-
ing block or hot water bath is required for the reaction to progress as
outlined in Fig. 1. There is no need for a thermocycler. Additionally,
using white magnesium pyrophosphate results in precipitation of
the DNA fragments (Mori et al., 2001) and the turbidity caused by
this reaction is proportional to the amount of DNA synthesized. As
aresult, it is possible to evaluate the reaction in real time by mea-
suring the turbidity or, more importantly, by visualization with
the naked eye, making it a suitable candidate technique for field
applications (Nkouawa et al., 2009). As illustrated in Fig. 1, LAMP
is a simple method that does not require sophisticated equipment
and is therefore a cheaper alternative than other nucleic acid based
methods (especially the PCRs). It could have potential in develop-

ing regions of the world where laboratory resources are scarce. The
LAMP method has been used in the detection of T. saginata, T. solium
and T. asiatica DNAs in human faecal samples with higher sensitivity
(88.4%) than multiplex PCR (37.2%) (Gordon et al.,2011). Liang et al.
(2009) also reported a success rate of 92% in using LAMP method
to detect Entamoeba histolytica in faecal samples as compared to
nested PCR. The method has been applied in other applications in
the detection of different parasites in a variety of sample matrices,
such as Necator americanus in faecal samples (Mugambi et al., 2015)
and detection of Echinococcus granulosus (Salant et al., 2012).

5. Emerging techniques
5.1. Digital PCR

Droplet digital PCR (ddPCR), a third generation PCR technology,
was introduced to provide absolute quantification of targeted genes
applicable for pathogens. Digital droplet PCR uses microwells or
microfluidic chambers, which are simply referred to as wells, that
split samples into several nanoliter partitions (Hindson et al.,2013).
The advantages of ddPCR over qPCR-based assays are that ddPCR
is based on endpoint PCR (efficiency of primer/probe annealing is
minimized) and does not require the use of standards for accurate
quantification. Most importantly, ddPCR is a high throughput assay
with an approximate 15,000-20,000 PCR reactions per well (Baker
and Ensink, 2012).

Baker and Ensink (2012) described commercially available dig-
ital PCRs based on either a chip or on droplets. The application of
droplet digital PCR in the detection of zoonotic pathogens in poultry
processing water samples was reported by Rothrock et al. (2013).
The results showed that ddPCR out-performed qPCR and culture
based methods used for processing poultry zoonotic pathogens.
The frequent application of digital PCR (chip-based or droplets) for
detection of STHs in environmental samples has not been explored
yet. Further research is needed to optimize this method in terms
of sensitivity and precision for detection of STHs in environmental
samples.

5.2. Parasite identification using image analysis software

The final step involved in most conventional methods is
microscopy which may be time consuming and dependent on the
technician/microscopists’ experience. The identification of STHs
eggs including all the processing steps and microscopy takes
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Table 7
Comparison of different techniques for detection of STHs in environment.
Methodological category  Techniques Advantages Disadvantages Remarks
Conventional Techniques ~ WHO, USEPA, Easy to use, does not require Time consuming and These methods mostly consist of

AMBIC, TULANE
and several other
variations of these
methods

PCR, qPCR, LAMP

expensive.

Molecular Techniques
to species level identification

Emerging techniques digital PCR More specific, quantitative, no need of
reference standards as is the case in
other PCR techniques

BacLight assay Microscopic method to detect viability

of STHs eggs

sophisticated equipment hence less

Rapid, quantitative (for qPCR), specific

laborious. Leaves too
much for errors

sedimentation and flotation using different
flotation solutions (e.g. Zinc sulphate,
magnesium sulphate, Sodium chloride) and a
final microscopy step

Nucleic acid based techniques are very specific
and can provide species level identification
that was difficult with conventional
techniques. These techniques are laboratory
based and can’t be used for onsite detection of
pathogens

Digital PCR is new technique for absolute
quantification, highly prone to PCR inhibitors.
This technique needs to be optimized for
environmental samples

Initially developed for enumerating viable
bacteria but can be applied for STHs. Need to
validate for different environmental samples

Expensive and requires
skilled personnel

Expensive and requires

skilled personnel

Expensive and requires
skilled personnel

approximately 2-5 h for samples with high suspended solids con-
tent (TSS) (wastewater sludge, biosolids, or excreta) or 30-60 min
for clean samples (less than 15mg/L TSS) (Jiménez et al., 2016).
Recently, an automated microscopy step has been developed,
where the use of software to identify and count the number of
STHs eggs is included (Jiménez et al., 2016; Gomes et al., 2015).
This automation technique still requires the separation and con-
centration of the eggs from the environmental samples although
they eliminate human involvement in the final detection and quan-
tification of eggs. In addition, the images of these eggs must be
captured with cameras with good resolution for easy analysis with
the software’s. Jiménez et al. (2016) reports sensitivities between
80 and 100% and close to 100% specificity, while in an earlier publi-
cation using software called Parasitology DSS, Gomes et al. (2015)
reported that false results may occur. The study by Gomes et al.
(2015) reported that 81.86% of parasites were correctly identified
by the software and 18.13% could not be identified. The image
analysis technique needs further validation with different sample
matrices as the presence of debris and poor picture qualities were
found to be the main issues leading to false reports (Gomes et al.,
2015). An alternative approach that uses fluidic geometries to con-
centrate eggs into a single field of view (FOV) and combining it with
amobile phone (Nokia Lumia 1020) with digital photo-microscopy
has been reported by Sowerby et al. (2016). Combined with an
additional objective lens, this photo-microscopy system provided
sufficient resolution for single FOV images of nematode eggs due
to the extended field of depth which enhances the quality of the
images. However, these software identification systems still relies
on effective sample processing just as is the case in the more con-
ventional methods. In addition, improved optics are needed to be
able to provide good images that would make the use of mobile
phones a feasible option in the detection of STHs eggs, which nat-
urally would be very beneficial for low income areas.

6. Future prospects
6.1. Flow cytometry

Flow cytometry simultaneously measures and analyzes mul-
tiple physical properties of a single particle, such as cells and
potentially eggs/cysts, as they flow in a fluid stream through a beam
oflight. Properties such as relative size, relative granularity or inter-
nal complexity and relative fluorescence intensity are used in the
differentiation of one cell from the other. Any suspended particle or
cell from 0.2-150 micrometers in size is suitable for analysis (Vesey
et al., 1997). STHs eggs could be analyzed using flow cytometry,

but there is no report of its use in the detection of STHs eggs either
from clinical or environmental samples. However, flow cytometry
has been used in the detection of Cryptosporidium parvum oocysts in
water samples (Vesey et al., 1994; Hoffman et al., 1997; Poweretal.,
2003) to determine experimental parasite loads in mice (Arrowood
et al.,, 1995) and to enumerate viable oocysts (Vesey et al., 1997;
Campbell et al., 1993).

Since STHs eggs fall within the cell sizes that could, in theory,
be analyzed with flow cytometry, it may be possible to use this
technique in the detection and quantification of these eggs. Flow
cytometry is able to analyze cells based on size whereas the dif-
ferent STHs species could be differentiated based on their sizes.
In addition, it may be possible to determine the viability of eggs.
This technique is able to differentiate between cells based on com-
plexity which is dependent on the internal structures of the cell.
As STHs eggs mature there is an increase in cell numbers in each
egg. This increases the complexity and it may be possible to esti-
mate the stage of development of the egg and therefore predict its
viability. Further analysis could be achieved through staining with
fluorescent dyes (El-Kowrany et al., 2015; Beers et al., 2015), which
could make it possible to differentiate viable eggs from non-viable
eggs through differential staining. The BacLight Live/Dead stain-
ing procedure has been coupled with flow cytometry to determine
viability of bacterial cells (Schumann et al., 2003; Kramer et al.,
2009; Berney et al., 2007), and since this technique has been used
in the determination of viable STHs eggs, (Dabrowaska et al., 2014;
Karkashan et al., 2015) it could be coupled with flow cytometry to
adequately determine the viability of STHs eggs. The main limita-
tion to the widespread use of flow cytometry is the cost involved in
the purchase and use of the equipment which hinders its routine
use especially in developing countries.

7. Conclusion

Environmental samples pose a challenge for the detection
and quantification of STHs eggs. The development of meth-
ods/techniques which are applicable to the variety of sample
matrices is imperative for uniformity. Many of the methods in use
have analytical steps that are similar from method to method. It
can be concluded from this review that some of the major steps that
influence egg recovery are, but not limited to, filtration/sieving, egg
recovery from particles, sedimentation, flotation and microscopy.
Microscopy which is the last step in most conventional methods
could also introduce an element of variability due to human sub-
jectivity and experience. Other main challenges of conventional
methods as presented in this review is the time needed to process
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and analyze samples, the additional identification of STHs eggs of
similar species or differentiation of eggs of the same genus into
different species. The development of molecular techniques has
shown the potential to solve many of the challenges of the con-
ventional techniques, but these techniques have shortfalls as well.
The high cost involved in sample analysis is the main challenge
with the use of molecular techniques for routine use. However
the LAMP method promises to be a fast and cost-effective tech-
nique for the molecular detection of STHs eggs in environmental
samples. In addition, there are new and emerging techniques that
potentially could be used for the efficient and sensitive detection
and quantification of STHs eggs in environmental samples. Some
of these new techniques are flow cytometry, LAMP, digital droplet
PCR and the use of image analysis softwares. There is the need to
validate and compare all techniques to determine their applicabil-
ity in environmental samples. For instance, the use of conventional
methods is cheap and more suited to laboratories found in low-
income countries. However, the conventional methods as shown
in Table 7 are time consuming, laborious and may result in sys-
tematic errors, which could be reduced with molecular methods.
These can be rapid, sensitive and identify the STHs down to species
level; a feature that is difficult with conventional methods. Despite
the aforementioned advantages of the molecular methods, these
are expensive due to the high cost of equipment and consumables
and the need for constant supply of electricity, which is a chal-
lenge in developing countries. The improvements in the molecular
techniques such as the LAMP method could considerably reduce
the cost involved in analysis and provides an opportunity for more
rapid, sensitive and cheap means of analysis.

The validation and subsequent comparison of techniques would
help determine the most cost-effective and efficient technique for
uniform detection and quantification of STHs eggs in environmen-
tal samples.
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Effect of reagents used during detection and
quantification of Ascaris suum in environmental
samples on egg viability

Isaac Dennis Amoah, Poovendhree Reddy and Thor Axel Stenstrom

ABSTRACT

Soil-transmitted helminths (STHs) are a major health concern globally. Infection is mostly through
contact with contaminated water, food or soil. Therefore to break the cycle of transmission STH eggs
must be quantitatively detected in the environment. The effect of different reagents on the viability of
Ascaris suum eggs during laboratory detection and quantification was assessed and different
incubation solutions compared. Sulfuric acid gave a slightly higher recovery percentage of viable
eggs (91.2%) than distilled water (90.0%) and 0.5% formalin (87.6%), although the difference was not
statistically significant (p > 0.05). Acetoacetic acid, ethyl acetate, ammonium bicarbonate, zinc
sulphate, magnesium sulphate and Tween 80, are reagents widely used in test protocols for the
detection and quantification of STH eggs. Eggs were exposed to these reagents for different time
durations. Acetoacetic acid resulted in the highest loss of viability (3.4 + 0.7% viable), while
magnesium sulphate resulted in the least effect (88.5 + 1.2% viable). In conclusion the use of the
selected reagents in the detection of these eggs in was found to affect the viability of exposed eggs
especially during prolonged exposures. Therefore we recommended that eggs be exposed for
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<5 minutes, to reduce the risk of viability loss.

Key words

INTRODUCTION

In soil-transmitted helminth (STH) infection endemic
regions it is estimated that wastewater may contain up to
~3,000/L (Kamizoulis 2008; Mara & Sleigh 2010) of STH
eggs, while documented counts in faecal sludge from
public toilets are between 2,500 to 60,000 eggs/L (Yen-Phi
et al. 2010). From septic tanks the concentrations are
reported to be from 600 to 16,000 eggs/L (Yen-Phi et al.
2010). Tronnberg et al. (2010) assessed the concentrations
of STHs in the fecal vaults of urine-diverting (UD) toilets
in the KwaZulu Natal Province of South Africa. Counts
varied from below detection limit to a maximum of 1,425
eggs per gram (EPG) of faeces for Ascaris lumbricoides,
147 EPG for Trichuris trichiura and 703 EPG for Taenia
spp. These STH eggs can survive for a long period of time

This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited
(http://creativecommons.org/licenses/by/4.0/).
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in the environment, where fertilized eggs of Ascaris spp
for instance have been reported to survive for up 7 years
under favorable temperatures of 25 °C and humidity greater
than 55% (WHO 2016). Due to the highly varying numbers,
the detection and quantification of STHs eggs is important
for the determination of health risk due to exposure
during the collection, conveyance, treatment and possible
reuse of faecal waste. It is also important in the validation
of wastewater treatment technologies (Peterson et al. 2011).
Ingestion of fertilized eggs of STHs may result in asymp-
tomatic diarrhea (Brownell & Nelson 2006). The most
common STH infection is ascariasis, infecting between
771.7-891.6 million people worldwide (Strunz ef al. 2014),
with the majority of these infections occurring in tropical
and subtropical countries (Stolk ef al. 2016). Although infec-
tion with STH is not lethal it may result in impairment of
physical and cognitive development (Naidoo ef al. 2016).
The greatest risk to public health in relation to STHs
infection is the reuse of wastewater, sludge, compost etc.
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in agriculture (Habbari ef al. 1999; Amahmid & Bouhoum
2005; Ensink et al. 2005). To ensure public safety several
international and national agencies have recommended
guidelines for wastewater reuse in agriculture (USEPA
1992; WHO 2006). These guidelines have been adopted by
various national and regional bodies, such as the Union of
National Associations of Water Suppliers and Waste
Water Services from countries within the EU (Angelakis
& Bontoux 2001). The guidelines do not only account for
the quality for reuse but also the treatment steps needed to
achieve the desired quality. The World Health Organization
(WHO 2006) recommends <1 helminth egg per liter for
unrestricted agriculture as against no detectable helminth
egg per litre of irrigation water by the US Environmental
Protection Agency (USEPA 1992). To determine the suit-
ability of wastewater or sludge etc. for reuse or the
validation of treatment technologies there is the need for
accurate determination of viable STHs eggs in the various
samples. However there are a variety of methods, with the
major ones being the United States Environmental Protec-
tion Agency (USEPA) (Schwartzbrod 1998) and the World
Health Organization (WHO) methods (Ayres & Mara
1996), or variants of these (Amoabh ef al. 2017).

The variety in the techniques used is influenced by sev-
eral factors, with key among these being the variability in the
sample matrices, reagents available and personal prefer-
ences of the researcher (Mes 2003). Sludge, compost and
UD wastes are often blended with a detergent solution,
which could be Tween 20 or Tween 80, ammonium bicar-
bonate or others with the intention to increase the
separation of the egg from solid materials in the samples
(Zenner et al. 2002; Tronnberg et al. 2010). In addition to
these detergents, there are several other reagents used with
different purposes. For instance flotation solutions, such as
zinc sulphate, magnesium sulphate, sodium chloride, are
used to further separate the eggs from other particulate
matter based on differential flotation of these materials
(Maya et al. 2006; Rosa Xavier et al. 2010). A phase extrac-
tion step is included in some of the methods for the
removal of lipid-soluble and ether-absorbing material from
the samples (Rude et al. 1987; Nelson & Darby 2001). Diethyl
ether, ethyl acetate and acetoacetic buffer are commonly
used for this purpose.

This variety of reagents used may inadvertently affect
the viability of the STHs eggs. Long-term exposure to
ZnS0O, has been shown to be toxic to STHs eggs (Gaspard
et al. 1996) as well as soaking eggs in MgSO, overnight
that may also inactivate embryonated eggs (Smith 1991).
One percent (1%) of formalin is mainly used as incubation

solution for STHs eggs but Oksanen et al. (1990) stated
that it retarded their development as compared to water or
0.1 N H,SO, (Nelson & Darby 2001). Phase extraction
with acid-alcohol and diethyl ether also decreases egg viabi-
lity (Nelson & Darby 2001). Inactivation of eggs may be due
to the damage of the egg shell of the parasites, which protect
the egg and enhance the survival ability of STHs. A change
in the permeability of the cell-wall layer of eggs may result in
the loss of viability (de Souza et al. 201).

Despite the perceived effect of different chemicals/
reagents on the viability of helminth eggs, few quantitative
assessments of the effects of the various reagents have
been made. As part of an ongoing project aimed at develop-
ing a uniform method for the detection and quantification of
STH eggs in environmental samples, a series of experiments
were carried out to determine the effect of selected reagents
(commonly used) on the viability of STH eggs, using Ascaris
suum eggs as a surrogate.

METHODOLOGY
Preparation of stock solution

Ascaris suum eggs were purchased from Excelsior Sentinel
Inc. (Ithaca, N.Y.). The eggs were collected from the intesti-
nal contents of infected pigs and concentrated through
series of sieves. A working egg solution with approximately
1,000 eggs/mL was prepared by suspending the eggs in dis-
tilled water. Stock solution of eggs was stored at 4 °C to
prevent any egg development. Individual samples were pre-
pared by placing 1.0 mL of the working solution in 50-mL
centrifuge tubes.

Initial screening and comparison of incubation solutions

Viability of the eggs was determined, after initial screening,
to ascertain their stage of development. Initial viability was
determined by incubation in three different solutions; dis-
tilled water, 0.5% formalin and 0.1 N sulfuric acid. Eggs
were viewed microscopically (X40) after 28 days of incu-
bation and categorized as potentially viable or non-viable
based on morphology. Undeveloped (at different cell
stages) and embryonated eggs with a visible motile larva
were considered potentially viable. Eggs with broken egg
shell, visible internal globules and necrotic or immotile
larvae were considered to be potentially non-viable (Mood-
ley et al. 2008). Percentage viability was calculated for
each incubation solution by dividing viable eggs by the
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total eggs counted and multiplied by 100, based on a mini-
mum of 200 eggs counted per each microscopic reading.
The solution that gave the highest percentage viability was
then selected for the inactivation tests (Section 2.3).

Inactivation tests

Acetoacetic acid (Sigma Aldrich, Germany), ethyl acetate
(ACS reagent, >99.5%; Sigma Aldrich, Germany),
ammonium bicarbonate (ACS reagent, >99.5%;Sigma
Aldrich, Germany), zinc sulphate (99.9%; Promark Chemi-
cals, South Africa), magnesium sulphate (>99.0%;Promark
Chemicals, South Africa), Tween 80 (Promark Chemicals,
South Africa) and a combination of acetoacetic acid and
ethyl acetate as well as a combination of acetoacetic acid
and formalin, were the reagents and combinations selected
for the experiments. These were chosen based on their wide-
spread use in several methods for the detection and
quantification of STH eggs in environmental samples
(Bornay-Llinares et al. 2006; Horiuchi et al. 2013; Fuhrimann
et al. 2015; Rocha et al. 2016; Verbyla et al., 2016). The con-
of these reagents
recommended by the various methods. These are, 100%
for acetoacetic acid and ethyl acetate, 0.5% Formalin, zinc
sulphate of specific gravity of 1.3 (56.8%), saturated
ammonium bicarbonate at 11.9% and 0.1% of Tween 80.
These concentrations were not varied so as to determine
their effect on A. suum viability based on the recommended
concentrations in the methods.

Approximately 1,000 A. suum eggs were exposed in
20 mL of each reagent for 5, 10, 30, 60, 90 and 120 minutes
(each treatment was in triplicates). After the duration of
exposure, the solution, containing the eggs, was poured
through a 20 um sieve and the eggs washed four (4) times
with distilled water to remove any remaining residues of
the reagents. The contents collected on the sieve were
then washed into 50 mL centrifuge tubes. Eggs where incu-
bated at room temperature (with temperature ranging from
20°C to 26 °C), using 0.1 N sulfuric acid, based on the
results of the incubation tests stated above. Viability was
determined after 18 days and finally confirmed after 28
days of incubation. For enumeration, an aliquot from each
well-mixed sample was placed on a glass microscope slide
with coverslip and a minimum of 200 eggs counted under
the microscope and categorized into potentially viable or
non-viable based on the criteria above (Section 2.2). A vis-
ible egg shell without a larvae or egg contents was
considered as potential viable based on the assumption
that the eggs may have hatched during the course of the

centrations were the same as

incubation. Percentage viability for eggs exposed to each
reagent or combination of reagents was calculated by divid-
ing the number of viable eggs by the total number of eggs
observed and multiplying by 100.

Spiking of wastewater and sludge with A. suum eggs

Approximately 100 mL of raw untreated wastewater and
30 g of sludge were sampled from the inlet of a wastewater
treatment plant for spiked exposure assessment. The stock
solution containing 1,000 eggs was inoculated into
containers containing the wastewater and sludge samples.
For the sludge samples, 100 mL distilled water was added
and mixed thoroughly before spiking. A control tests was
run with wastewater and sludge samples without exposure
to the reagents, by spiking eggs into the respective
volumes and weights of wastewater and sludge. Samples
were then filtered through a 100um sieve, washed
thoroughly with running water, unto a 20 um sieve. The
process was thereafter continued as detailed in Section
2.3 above.

Statistical analysis

Descriptive analysis was undertaken to assess the mean
percentage viability of eggs for each treatment (Stata, Stata-
corp, Texas, USA). One tail ttest was performed to
determine the statistical difference between mean percen-
tage viability for each of the treatments used against the
percentage viability as determined for the untreated
A. suum eggs, as well as between eggs spiked into the
different sample media. Pearson correlation analysis was
done to determine the effect of duration of exposure on
the viability. Data from reagents that were found to corre-
late negatively with longer duration of exposure was then
used in regression analysis to determine the association
between reagent and duration of exposure (GraphPad Soft-
ware, Inc. USA). The best regression model for each
treatment was chosen using the Akaike Information Cri-
terion (AIC) and r-squared values.

RESULTS AND DISCUSSION

Effect of different incubation solutions on viability
of A. suum eggs

Initial microscopic analysis of the eggs showed that the
eggs generally were in the pre-larval stage prior to any
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Figure 1 | Images of potentially viable at different stages of development; (a) Egg at the one cell stage; (b) Decorticated egg undergoing embryonation; (c) Decorticated egg at multicellular

stage (>7 cells); (d) Eggs with visible larvae (indicated by the arrow).

experiment. After 28 days of incubation viable eggs
were quantified based on stated criteria (Section 2.2).
Figures 1 and 2 shows the stages of egg development. Incu-
bation with the three solutions (distilled water, 0.5%
formalin and 0.1 N sulfuric acid) gave viability between
90.0 to 91.2% of the analyzed eggs. The highest percentage

of viability after the 28 days of incubation was recorded
with 0.1 N sulfuric acid (91.2 = 0.6%), followed by distilled
water (90.0 = 3.7%) and the least percentage viability was
recorded with 0.5% formalin solution (87.6 + 0.5%)
(Figure 3). The difference in the percentage viabilities
between these three solutions was not statistically

Figure 2 | Images of non-viable eggs after incubation; (a) Decorticated eggs with visible globules (indicated by arrows); (b) Dead egg.
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Figure 3 | Viability of A. suum eggs with different incubation solutions (n = 6).

significant at 95% confidence level (p > 0.05). These results
are in line with results obtained by other researchers earlier
(Nelson & Darby 2001; Karkashan et al. 2015). Investi-
gations by Pecson & Nelson (2005) also showed that only
5% of A. suum eggs were inactivated during incubation
in sulfuric acid. Oksanen et al. (1990) reported a decrease
in egg viability when formalin is used as an incubation
solution, which might be due to the ability of formalin to
penetrate into cells by diffusion. The penetration of forma-
lin and other chemicals into the eggs may be enhanced
during hatching of the eggs, when an increase in
permeability of the eggs occurs (Clarke & Perry 1988).
The egg shell of Ascaris spp has four layers, the outermost
uterine layer (a glycoprotein), followed by a thin vitelline
layer, a chitinous layer and then the innermost lipid layer
(termed ascaroside membrane) (Quiles et al. 2006), which
becomes permeable during hatching.

Distilled water showed a good performance as an incu-
bation solution, although sulphuric acid gave a slightly
higher percentage of viability, however not statistically sig-
nificant. The results confirm the findings by Nelson &
Darby (2001). Distilled water, thus, could replace other sol-
utions that are more expensive and toxic. However the use
of distilled water as an incubation solution could also, on
the other hand, result in the loss of egg viability due to
growth of bacteria and fungi which may result in egg inacti-
vation (Ciarmela et al. 2002).

Sulfuric acid is very corrosive and therefore poses health
concern for laboratory personnel, especially when there is
direct exposure to sufficient concentrations (PHE 2015).
Exposure to formalin may also result in irritation and cor-
rosive effects (Pandey ef al. 2000). Therefore their
replacement with distilled water as an incubation solution
would result in accurate viability results whiles ensuring
health safety of laboratory personnel.

Effect of reagents on viability of A. suum eggs spiked
into distilled water

Exposure of A. suum eggs to the different reagents had effect
on the viability of the egg as determined by incubation. Out
of the nine reagents or combination of reagents, the highest
negative effect in viability was observed due to exposure to
acetoacetic acid, with only 3.4 (+1.68) % of the eggs remain-
ing viable, followed by combination of acetoacetic acid and
ethyl acetate (13.2 + 14.4%). Ethyl acetate as well as the
combination of acetoacetic acid and formalin also gave stat-
istically significant loss in viability as compared to the mean
viability determined by incubation in sulphuric acid without
any treatment (Table 1). Statistically, ethyl acetate, acetoace-
tic acid, combination of ethyl acetate and acetoacetic acid
and then the combination of acetoacetic acid and formalin
resulted in mean percentage viabilities that were signifi-
cantly lower than the mean percentage viability of
untreated (un-exposed) eggs (Table 1). This might be due
to the effect of the acid on the lipid layer of the eggs thereby
increasing permeability of the egg shell which subsequently
lead to the inactivation (Clarke & Perry 1988). Although for-
malin and ethyl acetate did not significantly affect the
viability of the eggs as individual components, their combi-
nations with acetoacetic acid lead to a significant
reduction in viability. However, the individual effect of acet-
oacetic acid was higher. Table 1 shows that the reagents
used as detergents for the dissociation of eggs from particu-
late matter (Tween 80 and ammonium bicarbonate) as well
as solutions used for the flotation steps (magnesium sulphate
and zinc sulphate) did not significantly affect the viability of
the A. suum eggs. However reagents used during the phase
extraction step (ethyl acetate and acetoacetic acid) signifi-
cantly affected the egg viability. These phase extraction
reagents are mostly lipid soluble and ether-absorbing chemi-
cals and their negative effect might be due to the
degradation of the lipid layer of the egg (which is the last
defense for the eggs) thereby inactivating them.

The dose of a toxic substance that an organism is
exposed to, as well as the duration of exposure to the said
substance, is very important in the determination of the
dose-response relationships (Nelson & Darby 200r1). This is
used here to evaluate the inactivation of A. suum eggs as
a result of prolonged exposure to these reagents. With a
fixed concentration of these reagents the duration of
exposure is the main factor in the inactivation of A. suum
eggs. It was found that prolonged exposure had a destructive
effect on the viability of the A. suum eggs. There was a
negative correlation for ethyl acetate, acetoacetic acid,
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Table 1 | Detailed descriptive analysis of the mean percentage of viable eggs for each treatment (N = 200)

Water Science & Technology | in press | 2017 ‘

Ethyl Acetoacetic Ammonium Zinc Magnesium Tween Acetoacetic acid + Acetoacetic acid +
acetate acid Formalin  bicarbonate  Sulphate  Sulphate 80 Ethyl acetate Formalin
Minimum 60.8 1.8 75.0 1.8 83.1 84.9 82.8 22 52.6
25% Percentile 67.5 1.9 86.0 50.9 83.5 85.3 84.5 29 53.1
Median 75.9 33 90.6 88.1 85.9 89.1 89.0 5.6 55.5
75% Percentile 80.4 4.2 95.5 90.4 94.9 90.7 90.8 29.7 68.8
Maximum 83.3 6.5 97.2 90.8 98.2 92.3 92.6 34.9 72.9
Mean (SD) 744 (83) 34(17) 89.7(7.8) 71.1(35.1) 885 (6.3) 88.5(2.8) 879 (3.6) 13.2(14.4) 59.1 (9.3)
95% Confidence 64.1-84.7 1.6-5.2 81.5-97.8 34.2-107.9 80.7-96.4 85.5-91.5 83.4-92.4 -1.8-28.3 44.3-73.9
Interval of mean
T test* 0.0109 <0.0001 0.6878 0.2228 0.4329 0.0818 0.1343 <0.0001 0.0064

*p value < 0.05 was considered as statistically significant.

magnesium sulphate, Tween 80 and then the combination of
ethyl acetate and acetoacetic acid as well combination of
acetoacetic acid and formalin with percentage viability
(shown in Table 2). Although Tween 80 and magnesium sul-
phate did not show any significant reduction in mean
percentage viability, an increase in the duration of exposure
results in a reduction in viable eggs. This makes it necessary
to reduce the exposure of eggs to the reagents to the shortest
time possible. The best correlation between duration of
exposure and inactivation was found for the combination
of acetoacetic acid and ethyl acetate, probably due to the
individual effect of acetoacetic acid, as treatment with this
reagent alone resulted in the highest loss of viability, with
only 3.4 (+1.68) % of eggs remaining viable. This is con-
firmed by the correlation results presented in Table 2.
Although ethyl acetate recorded a mean percentage of
viable eggs of 73.4 (+8.3%), which was not significantly

Table 2 | Correlation between duration of exposure and the mean percentage viability

different from the untreated eggs (determined during the
initial screening phase with sulfuric acid, formalin and dis-
tilled), an increase in the duration of exposure lead to a
greater reduction in viability. Increase in duration of
exposure correlated negatively with percentage viability
(—0.63), which was the highest negative correlation for all
the reagents studied.

This shows that although exposure for short periods (<5
minutes) might not affect the viability of exposed eggs, pro-
longed exposure (>30 minutes) might result in the loss of
viability. The loss in viability might be due to the increase
in permeability during the hatching of the eggs. Permeability
of egg shells increases during hatching which might be the
reason for the increase in the inactivation effect of the
reagents with prolonged duration (Clarke & Perry 1988).
Similar relationship between prolonged exposure and per-
centage viability was seen for exposure to the combination

Ethyl Acetoacetic Ammonium Zinc Magnesium Tween :cid + Eth;l :Cid + N
Time acetate acid Formalin bicarbonate Sulphate Sulphate 80 acetate Formalin
Time 1
Ethyl acetate -024 1
Acetoacetic acid -047 0.54 1
Formalin 0.15 086 0.19 1
Ammonium bicarbonate 035 —0.04 0.24 -011 1
Zinc Sulphate 028 -0.13 0.30 -0.27  0.98 1
Magnesium Sulphate —0.18 —-0.05 0.58 -0.11 043 0.43 1
Tween 80 -0.28 -0.31 0.37 -0.70  0.30 0.49 0.06 1
Acetoacetic acid + Ethyl acetate —0.72 0.62  0.93 0.21 —-0.05 0.02 0.37 033 1
Acetoacetic acid + Formalin —0.61 043 0.80 0.05 —0.28 -0.15 0.14 048 0.89 1
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Table 3 | Percentage viability (=SEM) of A. suum eggs spiked into wastewater samples

Wastewater samples

Acetoacetic Acetoacetic

Ethyl Acetoacetic Ammonium zZinc Magnesium Tween acid + Ethyl acid +

acetate acid Formalin bicarbonate  Sulphate Sulphate 80 acetate Formalin
5 80.5+15 85+12 92.1+6.1 925+5.1 92.5+52 92.1+4.6 92.6 + 6.4 56.6 +4.3 79.1+4.9
10 81.2+26 6.8 2.0 91.3+3.6 90.2+52 91.6+4.6 89.2+7.6 90.1+6.1 55.1+3.2 64.2 +6.4
30 79.5+1.6 6.0+x14 91.2+45 90.6 + 4.6 946+ 7.8 88.6 x84 93.1+42 559+42 57.6 +5.7
60 77.6 2.8 54+13 904 +7.1 90.8 £6.5 97.8+6.9 90.5+6.1 90.1+5.3 452 6.2 55.6 +8.7
90 769+ 3.6 55+12 90.9+55 89.9+8.7 92.5+84 89.6+29 89.9+64 40.1 £4.8 56.7 £ 6.7
120 76.2+54 49=+3.1 91.5+42 89.5+94 97.9+64 90.5 +4.6 90.1 +4.6 28975 549+29

of acetoacetic acid and formalin with acetoacetic acid seen
as the main contributor to the effect. This is based on the
correlation between the effects of the combined treatment
against treatment with the reagents individually (Table 2).
Although the exposure to magnesium sulphate did not
show a significant loss in viability as compared to the
untreated eggs, prolonged exposure negatively correlated
with the percentage of viability (—0.53) which means that
as duration of exposure increases there is a decrease in the
percentage of eggs that retain their viability. Magnesium sul-
phate is used as a flotation solution in most literature as
recommended by the USEPA method (USEPA 1999), but
there is no maximum time of exposure recommended. In
this case the duration of exposure of samples (which pre-
sumably contains the Ascaris spp eggs or other helminths)
is left to the discretion of the researcher. The results
obtained indicate that with prolonged exposure there is a
decrease in the number of viable eggs recovered thereby
resulting in false results. The same trend was seen for
Tween 80, but its influence was very weak (—0.0027). Acet-
oacetic acid exposure for 5 minutes (the minimum time of
exposure studied) resulted in only 3.4 (=1.7) % of the eggs
remaining viable and the prolonged exposure had a negative
correlation with the percentage of viable egg recovered.
Based on this the use of acetoacetic acid or reagents that
contain this chemical should not be recommended for use
as it results in the loss of over 95% of viable eggs, which
might result in inaccurate results if viability is determined
after exposure of eggs.

For every one minute increase in duration of exposure
the viability of the exposed A. suum eggs reduces. The great-
est decrease in percentage viability with every one minute
increase in exposure time was for the combined exposure
to acetoacetic acid and ethyl acetate (—0.72), followed by
exposure to acetoacetic acid (—0.47), then a combined

exposure to acetoacetic acid and formalin (—0.61). The
reduction in percentage viability for the six treatments with
negative correlation between duration of exposure and
reduction in percentage viability are shown in Figures 4-6.

The exponential regression model was the best fit
model for treatments with acetoacetic acid and the com-
bined treatment with acetoacetic acid and ethyl acetate
(Figure 4). Exponential models are best in describing a pro-
cess where the rate of an event occurring depends on the
amount present (Shestopaloff 2010). Therefore inactivation
of A. suum eggs with prolonged exposure to these two
reagents (acetoacetic acid and the combination of acetoa-
cetic acid and ethyl acetate) may depend on the amount
of these remaining at a given time. This exponential rate
of inactivation of the eggs might be due to reduction in
the potency of the reagents as a result of evaporation or
other unknown factors. Polynomial regression models
were found to be the best fit model for treatments with
ethyl acetate (cubic), magnesium sulphate (4th order),
Tween 80 (cubic), and combined treatments with acetoace-
tic acid and formalin (cubic). Polynomial models best
predict relationship between variables based on data pre-
sent but they have poor interpolatory properties
(Shestopaloff 2010). However none of the regression
models fitted for the data as explained above were statisti-
cally significant at 95% confidence level.

Inactivation of eggs spiked into wastewater and sludge

The percentage of viability for eggs spiked into the waste-
water samples as compared to the eggs spiked into the
distilled water was not significantly different (at 95% confi-
dence interval), except for exposure to acetoacetic acid
(p value was 0.0001). The eggs in wastewater would thus
be affected in a similar manner as eggs in the distilled
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Figure 4 | Reduction in percentage viability of eggs after prolonged exposure to treatments of acetoacetic acid (AA) and combination of acetoacetic acid and ethyl acetate (AA + EA).

water. Acetoacetic acid was found in the previous sections
to result in the highest loss of viability (Table 1), but the
results from the wastewater spiking tests indicates that its
effect there was due to the properties of the wastewater.
Wastewater contains a lot of particles (Bougrier ef al.
2005) that might have had a shielding effect against the
impact of this reagent. In addition there might be com-
ponents within the wastewater that may be antagonistic to
the effect of acetoacetic acid. For instance, wastewater
from domestic sources, as well some industrial sources,
may contain basic compounds, such as soaps and other
detergents (Lajeunesse et al. 2008; Gracia-Lor et al. 2010)
that react with the acetoacetic acid.

A major shielding effect was seen for eggs spiked into
the sludge samples, with a higher percentage of viable egg
in these samples as compared to distilled water spiked
eggs. Reagents that had a negative impact on egg spiked in
distilled water, such as ethyl acetate, acetoacetic acid, com-
bination of these two and combination of acetoacetic acid
and formalin still resulted in the loss of egg viability but
not as much as was seen in the distilled water (Table 4).
The impact of these reagents was mostly severe when
exposure time exceeded 30-60 minutes. After 30 minutes
of exposure to acetoacetic acid, about 64.2 (+£6.1) of the
eggs were still viable which is higher than the viability of
eggs in the distilled water (See Table 4 below).
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]
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& 50 & 50
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£ 40 T 40-
o 3
K 30 E 30
20 20 |
10 * EA 10 - + T8
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Figure 5 | Reduction in percentage viability of eggs after prolonged exposure to treatments of ethyl acetate (EA) and tween 80 (T8).
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Figure 6 | Reduction in percentage viability of eggs after prolonged exposure to treatments of magnesium sulphate (MS) and combination of acetoacetic acid and formalin (AA +F).

Table 4 | Percentage viability (=SEM) of A. suum eggs spiked into sludge samples

Sludge

Acetoacetic Acetoacetic

Ethyl Acetoacetic Ammonium zZinc Magnesium Tween acid + Ethyl acid +

acetate acid Formalin bicarbonate  Sulphate Sulphate 80 acetate Formalin
5 92.6+7.8 782+34 93.0+6.1 912+43 95.6 +6.1 93.1+23 92.6 +6.2 80.1+23 842 +46
10 90.5 6.5 74.6 +5.2 91.3+3.2 915+5.1 942+ 1.6 91.2+19 90.1+6.1 68.5+4.1 86.2+5.1
30 89.6 +4.2 65.6 + 3.2 91.6 + 1.8 90.3 +2.6 93.1+54 90.1+52 93.1+4.1 73.5+2.1 72.0=x7.1
60 88.8+21 66.1 +2.8 92.1+25 91.0+ 4.6 92.1+1.2 90.3+4.2 90.1+2.1 70.5+3.5 63.0+ 1.6
90 90.2+3.1 64.2 +6.2 91.1+6.1 90.1 +8.1 93.5+3.8 90.2+6.2 899=+3.1 72.3+49 56.7+29
120 87.6+1.6 355+1.5 90.1+4.3 899=+7.0 95.6+74 91.2+7.6 90.1+2.6 64.2 +5.6 55.1+24

A similar trend was seen for almost all the other
reagents indicating a shielding effect. The shielding effect
found in the sludge tests could be attributed to several fac-
tors, one major factor could be the presence of larger
particles within the samples (Shimizu et al. 1997; Zorpas
et al. 2002; Bougrier et al. 2005) with the potential to protect
the eggs from the reagents limiting their impact. In addition,
the heterogeneity of sludge means that there may be par-
ticles within the sludge that might absorb the reagents
(Horsing et al. 2011; Stevens-Garmon et al. 2011) thereby
reducing the concentration of these in the samples. A com-
parison of the number of viable eggs for each exposure time
for eggs spiked into the wastewater and sludge showed that,
sludge has a much higher shielding effect than wastewater.
Eggs spiked into wastewater and sludge and exposed to

ethyl acetate, acetoacetic acid, combination of these two
and combination of acetoacetic acid and formalin recorded
significantly different percentage of viable eggs after incu-
bation (p values <0.05). The increase in loss of viability
with increase in exposure time might be attributed to the
assumption that as the time of exposure increase more of
the eggs got exposed to the reagents therefore resulting in
greater impact.

CONCLUSION

Even though sulphuric acid had the best performance and
was used in the further inactivation tests, it is important to
note that the difference in percentage viability as assessed
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by sulphuric acid and distilled water were not statistically
significant. Distilled water performed very well (90.0 +
3.7%) as an incubation solution, better than 0.5% formalin
(87.6 = 0.5%) which is widely used. However there could
be the loss of egg viability due to bacterial or fungal
growth when distilled water is used but this effect was not
determined in the current study. Therefore in conclusion dis-
tilled water may be used to reduce the cost involved in STHs
analysis without compromising results.

Exposure to some of the reagents used in the detection
and quantification of A. suum eggs in environmental
samples may affect egg viability. Acetoacetic acid was
found to result in the highest loss of egg viability upon
exposure, however eggs in wastewater and sludge were
shown to be least impacted. This therefore indicates that
direct exposure of eggs in these samples may not result in
the viability loss, however the use of these reagents, as rec-
ommended by many of the methods (Ayres & Mara 1996;
Schwartzbrod 1998; Collender et al. 2015; Amoah et al.
2017), is after the eggs have been concentrated from the
samples therefore the shielding effect might be lower than
was seen.

Techniques that require the use of acetoacetic acid
should therefore be modified to ensure that helminth eggs
are not inactivated. This is especially important if quantity
of viable eggs is needed. The best approach would be to
select methods that do not make use of this chemical.

Although most of the reagents studied did not affect egg
viability within short time frames (5 minutes) of exposure,
an increase in the duration of exposure adversely affected
the percentage of viable eggs recovered at the end. Therefore
the use of reagents such as ethyl acetate, magnesium sul-
phate and Tween 80 should be limited to the shortest
possible time (ideally 5 minutes or below). In situations
where these reagents are used, care must be taken to limit
the exposure time. Exposure may be reduced by thoroughly
rinsing the eggs after steps involving these reagents so as to
completely remove any residual concentration of the
reagents on the eggs before incubation.
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Abstract

Wastewater may contain contaminants harmful to human health; hence, there is the need for treatment before discharge.
Centralized wastewater treatment systems are the favored treatment options globally, but these are not necessarily superior in
reduction of pathogens as compared to decentralized wastewater treatment systems (collectively called DEWATS). This study
was therefore undertaken to assess the soil-transmitted helminth (STH) and Taenia sp. egg reduction efficiency of selected
anaerobic baffled reactors and planted gravel filters compared to centralized wastewater treatment plants in South Africa and
Lesotho. The risk of ascariasis with exposure to effluents from the centralized wastewater treatment plants was also assessed
using the quantitative microbial risk assessment (QMRA) approach. Eggs of Ascaris spp., hookworm, Trichuris spp., Taenia
spp., and Toxocara spp. were commonly detected in the untreated wastewater. The DEWATS plants removed between 95 and
100% of the STH and Taenia sp. eggs, with centralized plants removing between 67 and 100%. Helminth egg concentrations in
the final effluents from the centralized wastewater treatment plants were consistently higher than those in the WHO recommend-
ed guideline (< 1 helminth egg/L) for agricultural use resulting in higher risk of ascariasis. Therefore, in conclusion, DEWATS
plants may be more efficient in reducing the concentration of helminth eggs in wastewater, resulting in lower risks of STH
infections upon exposure.

Keywords Wastewater treatment - South Africa - Lesotho - Wastewater irrigation - Soil-transmitted helminths - QMRA

Introduction

Municipal wastewater contains a variety of pathogens,
reflecting the carrier state and infection levels in the commu-
nity (Carr et al. 2011; Hanjra et al. 2012). The contamination
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of surface water with untreated or partially treated wastewa-
ter may as a consequence lead to adverse health implications
(Ahmed et al. 2016; Petterson et al. 2016). There is an epi-
demiological link between gastro-intestinal diseases and
contact with fecally contaminated surface water (Thurston
et al. 2001; Amoah et al. 2016). Treatment of wastewater
before discharge into surface water bodies will therefore
function as a barrier; efficiency of treatment however differs
impacting on the reduction of risks achievable (Hussain
et al. 2001; Hussain et al. 2002; Qadir et al. 2015).
Centralized wastewater treatment plants (WWTPs) are the
main wastewater treatment option globally, especially in
developed countries. The major bottleneck in the establish-
ment of these centralized WWTPs is the exorbitant costs
associated with their construction, operation, maintenance
(Massoud et al. 2009), and cost of transportation of the
wastewater (UN-Water 2015). According to the UN World
Water Development Report 2015, these costs could be re-
duced considerably by treating wastewater close to the
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source using simple technologies. The issue of costs of con-
structing and operating of wastewater treatment plants is
mainly a challenge in poor settings (Massoud et al. 2009);
access to finance for these investments therefore acts as the
main stumbling block (Hanjra et al. 2015; Duchin 2016).

Some of the widely used decentralized wastewater treat-
ment technologies are constructed wetlands, anaerobic baffled
reactors (ABRs), upflow anaerobic sludge blankets (UASBs),
waste stabilization ponds, aerated lagoons, and oxidation
ditches (Elmitwalli et al. 2002; Istenic et al. 2014; Masi
et al. 2015). The use of ABRs has increased over the last
10 years due to their low maintenance requirements, simple
and inexpensive construction, and stable operational condi-
tions (Tilley et al. 2014; Reynaud and Buckley 2016).
Although decentralized wastewater treatment plants, such as
the ABRs, have the potential to eliminate some of the chal-
lenges associated with centralized wastewater treatment, there
is limited information on the achievable pathogen reduction,
especially the soil-transmitted helminths (STHs) and other
helminths (von Sperling et al. 2003; Foxon et al. 2004; Nasr
et al. 2009). In fact, STHs are recognized as a major public
health problem affecting over 1.5 billion people worldwide
(WHO 2015), with Ascaris spp., hookworm, and Trichuris
spp. infections the most common (Pullan et al. 2014). These
infections are associated with low-income countries, mainly
occurring in Sub-Saharan Africa, Asia, and South America
(WHO 2015).

The increasing reuse of wastewater is making it very
important to determine the concentration of these pathogens
in effluents from ABR systems. An essential public health
concern with wastewater reuse is the health treat from STH
infections (WHO 2006) especially in endemic regions. The
WHO guidelines for wastewater reuse proposed a guideline
value of <1 helminth egg/L for wastewater intended for
unrestricted agriculture, aimed at reducing risks of infec-
tions (WHO 2006). Reuse of wastewater and sludge has
been associated with elevated STH infections globally
(Fuhrimann et al. 2014; Fuhrimann et al. 2016; Contreras
et al. 2017; Gyawali 2017). In South Africa, Gumbo et al.
(2010) reported a higher prevalence of hookworm infec-
tions among farmers using wastewater for irrigation. STHs
are a major health concern due to their long periods of per-
sistence in the environment, from a few months up to years
(Bethony et al. 2006).

In this study, the STH and Taenia spp. egg reduction effi-
ciency of selected centralized and decentralized (ABR
coupled with planted gravel filters (PGFs)) plants in South
Africa and Lesotho was assessed and compared. In addition,
a comparison of the risk of Ascaris spp. (as a surrogate for
STHs) infections for different exposed populations was esti-
mated to provide a public health perspective to the choice of
treatment approach, especially within the context of water
reuse.

@ Springer

Material and methods
Study area and sampling points
Centralized wastewater treatment plants

Wastewater samples were taken from three (3) centralized
wastewater treatment plants (WWTPs), all within the
eThekwini Municipality of KwaZulu-Natal province in South
Africa. This municipality is known globally for its achievements
in the field of water and sanitation; therefore, the results from
this study will add to the efforts of the municipality in the pro-
vision of safe sanitation. The treatment steps within these
WWTPs are similar, with the main stages being mechanical grit
removal trap, flow division chamber, raw sewage pump station,
reaction tank/biological reactor/biological filters, clarifiers, chlo-
rine contact tank, and chemical dosing facilities. Table 1 sum-
marizes the characteristics of the centralized WWTPs studied.

Decentralized wastewater treatment plants

The decentralized treatment plants are ABRs, with planted
gravel filters (PGFs) for final treatment and collectively re-
ferred to as decentralized wastewater treatment system
(DEWATYS). The South African DEWATS plant is at an ex-
perimental site in Durban, designed to treat domestic waste-
water from about 80 households, with a design capacity for a
total of 462 persons. The DEWATS plant is part of a research
site managed by the eThekwini municipality; this is aimed at
studying the performance of DEWATS systems in treating
domestic wastewater under different hydraulic conditions.
This plant has an initial two-chamber settling step (also serv-
ing as a biogas collection point), and from this, the wastewater
is distributed into three parallel ABR treatment trains. Two
chambers of anaerobic filters (AFs) follow each ABR train.
The final polishing steps are planted gravel filters (PGFs),
both vertical and horizontal. Samples were taken from the
inlet, after the AFs and finally after the PGFs.

Sampling

Approximately five (5) liters of wastewater was taken from
each sampling point within the WWTPs studied. Composite
samples (in triplicates) were taken based on consecutive sub-
samples at intervals till the required volume is reached. For a
five (5)-liter sample, samples were taken ten times in approx-
imate volumes of 500 mL each.

Sampling at the centralized WWTPs and the DEWATS
plant in Durban was done monthly from January to October
2016, and sampling of the DEWATS plants in Lesotho was in
June 2015 (five plants) and August 2016 (ten plants). Ten
samples were taken from each treatment step for each of the
plants to account for variability.
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Table 1 Characteristics of centralized wastewater treatment plants studied
Plant Capacity Size of population Characteristics of Sampling points
(mL/day) served population served

WWTP A 10.98 30,200 Low- and middle-income Influent, outlet of rotating biological filters (RBF), outlet of
individuals settling tank and outflow of the maturation ponds

WWTP B 4.69 13,800 High- and middle-income Influent, outlet of clarifier and effluent (after chlorination)
households

WWTP C 10.08 29,800 Middle-income households Influent, outlet of clarifiers, outlet of the chlorination tanks,

and outflow of the maturation ponds

Laboratory analysis

Sample analysis for the STH eggs was carried out using a new
revised methodology (developed in our laboratory) based on the
principles of sedimentation and flotation. Briefly, samples were
poured through a 100-pum sieve onto a 20-um sieve (Wirsam
Scientific ad Precision Equipment (Pty) Ltd). The contents on
the 20-um sieve were carefully washed into 50-mL centrifuge
tubes and centrifuged for 10 min at 3000 rpm. The supernatants
were discarded and ZnSO, solution (specific gravity of 1.30)
added to a total volume of 50 mL. After resuspension, the mix-
ture was then centrifuged again at 2000 rpm for 10 min. The
supernatant was poured through the 20-um sieve, and the con-
tents of the sieve washed under running water into a 50-mL
centrifuge tube and centrifuged at 3000 rpm for 10 min.
Supernatants were discarded and the pellets incubated in 0.1 N
sulfuric acid for 28 days. The pellets were re-suspended after
incubation screened under the microscope at x 100 magnifica-
tion and further examined at X 400 to determine the stage of
development (necessary for the determination of potential via-
bility). Only potentially viable eggs, based on morphology and
presence of motile larvae, were counted.

Statistical analysis

Descriptive analysis to assess the mean concentration and distri-
bution of eggs in the samples was performed using
GraphPadPrism version 7.0 (GraphPad Software Inc). Analysis
of variance as well as ¢ test was performed to determine the
statistical difference between the concentrations of the STH eggs
and removal efficiencies between/within the WWTPs at 95%
confidence interval. Probability distribution functions (PDFs)
were fitted to the concentration of STH eggs detected in the
different samples analyzed using @Risk version 4.5.2 profes-
sional edition (Palisade Corporation) added on to Microsoft
Excel. The best PDF that described the data was determined by
assessing the Akaike information criteria (AIC). The STH re-
moval efficiencies were calculated using the following formula:

where “Cinf” is the concentration of eggs in the influent and
“Ceff” is the concentration of eggs in the effluent of the respec-
tive plants.

Assessment of risk of Ascaris sp. infection

The quantitative microbial risk assessment (QMRA) approach
was used to estimate the infection risks associated with direct
and indirect exposure to effluents from the centralized
WWTPs. This was performed for only the centralized
WWTPs due to limited data for accurate assessment of risks
for the DEWATS systems. The approach involved the inter-
link steps of the following: (a) hazard identification, (b) expo-
sure assessment, (c) dose-response assessment, and (d) risk
characterization (Haas et al. 2014).

Hazard identification

Ascaris spp. was chosen as the main organism for the assess-
ment of risk of infections associated with exposure to the
effluents. Several studies have shown a significant relation-
ship between direct/indirect exposure to wastewater (e.g.,
wastewater irrigation and consumption of wastewater irrigat-
ed vegetables) and STH infections (especially ascariasis)
(Navarro and Jimenez 2011; Amoah et al. 2016; Amoah
et al. 2018). Ascaris spp. eggs can survive for long periods
of time under adverse environmental conditions (Feachem
et al. 1983) and has therefore been suggested as the index
organism for QMRAs in developing countries by the WHO
(2006). In addition, Ascaris spp. is the only STH with a dose-
response model.

Exposure assessment

Exposure assessment involves the determination of the
“number of organisms that correspond to a single exposure
(termed the dose) or the total number of Ascaris spp. eggs that
will constitute a set of exposures” (Haas et al. 2014). In this
study, two main exposure groups were assessed, namely, (a)
occupational exposure and (b) community exposure.

@ Springer
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Occupational exposure scenario Irrigation of crops especially
vegetables, on small scale/household level, could expose the
farmers to Ascaris spp. eggs in the irrigation water (treated
wastewater). The risk of infection for the farmers using the
effluent from these WWTPs for irrigation was therefore quan-
tified and compared between the WWTPs. In this study, the
volume ingested was assumed to be uniformly distributed
from 1 to 5 mL per irrigation event (WHO 2006). The dose
of Ascaris spp. eggs ingested by the farmers per day (“\”) was
therefore determined using the following formula:

A=Craw XV

where “C,,,” is the concentration of Ascaris spp. eggs per
milliliter of the final effluents (irrigation water) and “V” is
the volume (mL/day) of water accidentally ingested by
farmers. Frequency of exposure was also assumed to be uni-
formly distributed from 120 to 140 days per year based on
information from farmers in the study area.

Community exposure scenario Community exposure to the
final effluents from the investigated WWTPs could also lead
to STH infections through the following exposure routes:

1) Recreational/accidental exposure to the effluents:
Exposure to the final effluents either intentionally or unin-
tentionally was considered assuming eggs are in the infec-
tive stage. Immersion in the maturation ponds (in the case
of some of the centralized WWTP) was the main exposure
scenario. In some of the WWTPs, the maturation ponds are
not fenced and therefore accessible by the general commu-
nity. In addition, the final effluents are discharged into
surface water bodies that run through communities where
exposure might occur. In this instance, it is assumed that
the concentration of the STH eggs remains constant irre-
spective of dilution or egg die-off (assuming a worst case
scenario). The different exposure scenarios and the volume
of water ingested are presented in Table 2.

2) Consumption of wastewater irrigated vegetables: The risk
of STH infection for consumers of crops irrigated with
effluents from the WWTPs was modeled using lettuce
as a surrogate for all vegetables. The dose (M) of Ascaris
spp. eggs (A; no. ingested per person per day) resulting
from consumption of the effluent irrigated lettuce was
modeled as follows:

A= Vic

where “V” is the volume of effluent (irrigation water) caught
on the surface of the lettuce plant following irrigation (mL g "),
“I” is the mean per capita intake of lettuce (g person ' day ™),
and “c” is the concentration of Ascaris spp. eggs in the final
effluents being used for irrigation (no. mL ™). There is a large
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variation on the volume of irrigation water caught on the sur-
face of vegetables following irrigation, and for this study, this
volume was assumed to be normally distributed as reported by
Hamilton et al. (2006). In addition, it was assumed that there
would not be any reduction in the concentration of these eggs
either through natural die-off or washing.

Dose-res ponse assessment

The Ascaris spp. infection risk associated with the different
exposure pathways was assessed using the exponential dose-
response model (Westrell 2004, Seidu et al. 2008), which is
given as follows:

Py =1-¢"

where P;,¢is the Ascaris infection risk associated with the inges-
tion of d number of infectious Ascaris spp. and 7 is a dimension-
less infectivity constant. In this study, » value of 0.039 was used
(Navarro et al. 2008). The dose of Ascaris spp. egg per exposure
scenario was modeled by fitting probability distribution functions
(PDFs) to the concentration of these eggs as determined in this
study. Table 8 in the Appendix describes the various PDFs that
best described the Ascaris spp. egg concentrations in the effluents
from the WWTPs.

Risk characterization

In the risk characterization, all the outcomes of the hazard iden-
tification, exposure assessment, and dose-response assessment
were combined to characterize the severity of Ascaris spp. infec-
tion. The annual infection risk (P,) associated with multiple
exposures was determined using the following formula:

Pa = 1-(1-Pyp)"

where Pj,¢ is the risk of infection from a single exposure to a
dose d of Ascaris spp. and n being the number of days of
exposure to the single dose d (Sakaji and Funamizu 1998).
For the scenario of farmers’ ingesting both irrigation water
and crops, the combined annual risk of infection was deter-
mined by using the following formula:

m = 1=(1-m)(l-7x)

where “m;” is the combined annual risk of infection from ex-
posures to irrigation water and crops, “m;” is the Ascaris spp.
infection risk resulting from accidental ingestion of irrigation
water, and “r,” is the Ascaris spp. infection risk resulting from
consumption of wastewater irrigated crops (Haas et al. 2014).
All risk models were subjected to Monte Carlo simulations of
10,000 iterations for probability of infections. These models
were constructed in Microsoft Excel using the @Risk 7.5
(Palisade Corporation) software add-on to Excel.



Environ Sci Pollut Res

Table 2

Points of exposure with assumptions based on volume ingested and frequency of exposure

Exposure scenario/assumptions for dosage

Volume ingested (mL or g)

Frequency Reference

(Un)intentional immersion/swimming at
maturation ponds or effluent contaminated
surface water

Volume caught on lettuce

Daily per capita intake of vegetables

Uniform distribution (10, 15)

Normal distribution (0.108, 0.019)
Pert distribution (25, 50, 75)

Uniform distribution (64,128)* Dorevitch et al. 2011

Hamilton et al. (2006)

Uniform distribution (156,160)* Sant’Ana et al. 2014

* Assumption
Results

Occurrence and removal of STHs and Taenia spp.
in centralized WWTPs and DEWATS

Concentration of STH and Taenia sp. eggs in raw wastewater
at the centralized WWTPs

Different species of STHs at varying concentrations were de-
tected in the influent of the centralized WWTPs (Table 3).
Ascaris spp. was the most prevalent STH detected, with con-
centrations ranging from 0 to 201 eggs/L (Table 3). Samples
from WWTP A had higher concentrations of almost all the
STH eggs (except for Trichuris spp.) than the other two
WWTPs. Concentration of Ascaris spp. eggs did not vary
statistically between the WWTP A and WWTP B; same trend
was observed for the non-STH, Taenia spp. (Table 3).
However, concentrations of Ascaris spp. and hookworm var-
ied significantly between WWTP B and WWTP C.

Variation in the mean concentration of eggs was recorded
for the various months throughout the study. Irrespective of
the WWTP, these variations followed a similar trend with no
significant difference between the WWTPs (p value > 0.05) at
a said month. Therefore, the concentrations were combined
and the mean values are presented in Fig. 1a, b. Ascaris spp.
and hookworm eggs recorded high concentrations in January
and October (Fig. 1a), with the other STH and Taenia spp.
eggs peaking in January and again steadily from July to
October. However, Taenia spp. egg concentrations reduced
in October (Fig. 1b).

Table 3

Concentration of STH and Zaenia spp. eggs in raw wastewater
at the DEWATS treatment plants

Raw wastewater at the DEWATS plant in Durban only
contained eggs of Ascaris spp. and hookworm. These were
only detected during one (September) month throughout the
10-month study period, in relatively low concentrations.
These as well as the corresponding concentrations for the
Lesotho treatment plants, for the occurrence of Ascaris spp.,
hookworm, Taenia spp., and Trichuris spp., are given in
Table 3. During the first sampling in June 2015, in Lesotho,
only two out of the five DEWATS plants contained Ascaris
spp. and hookworm eggs in the raw wastewater. In the second
sampling in August 2016, additional plants were included
with STH eggs occurring more in the raw wastewater. A direct
comparison of mean concentrations in the original five (5)
DEWATS plants did not give any statistical differences (p
value > 0.05) between the two sampling rounds. Ascaris spp.
egg concentrations varied significantly between the raw
wastewaters from Durban and Lesotho, except for hookworm
concentrations that did not show any statistical significant
difference (Table 3). STH egg concentrations varied between
the individual DEWATS plants in Lesotho, but the differences
were not statistically significant here either.

Concentration of STH and 7aenia spp. eggs in effluents
from centralized wastewater treatment plants

All helminth species detected in the raw wastewater
(“Concentration of STH and Taenia spp. eggs in raw

Concentration of STH and Taenia spp. eggs in the influent and effluent of the wastewater treatment plants studied

WWTP A WWTP B WWTP C DEWATS—Durban DEWATS—Lesotho

Influent Effluent Influent Effluent Influent Effluent Influent Effluent Influent Effluent
Ascaris spp.* 91 (£101.5) 2.2 (x84) 16(£24.8) 2.4 (x8.0) 55(*452) 38(x26) 04(x09) N/D 87 (£96) 2.3 (+1.5)
Hookworm 61 (£52.1) 3.8(122) 15(16.2) 2.5(x52) 18(x18.5) 2.6(*+45) 13(234) N/D 26 (£32)  0.19(£0.19)
Trichuris spp.* 16 (x12.2) 1.6 (x8.0) 4.6(*1.2) 12(£1.0) 23(*21.7) 13(£6.0) N/D N/D 12 (£8) 0.25 (£0.25)
Taenia spp 29.6 (£9.8) 84(+80) 64(+24) 14(=*21) 9.8(x88) 32(+8.0) N/D N/D 23(£24) 0.25(*0.17)
Toxocara spp 14 (£20.1) 13 (*3.1) 78 =6.1) 13(*22) 92(*89) 3.0(*80) ND N/D N/D N/D

*Significant difference in egg concentrations (p < 0.05)
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Fig. 1 a Variation in mean Ascaris spp. and hookworm egg
concentrations in the raw wastewater at the centralized WWTPs over
the study period (n=10). b Variation in mean Toxocara spp., Trichuris
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wastewater at the centralized WWTPs”) were recorded in the
final effluents of the centralized WWTPs. However, the con-
centrations varied between the plants, exemplified by Ascaris
spp. with the highest values in effluents from WWTP C (3.8
(£2.6) eggs/L), while effluents from WWTP A contained the
highest concentrations of both hookworm (3.8 (+12.2)
eggs/L) and Taenia spp. (8.4 (+8.0) eggs/L). Although there
were differences in the concentration of STH eggs in the final
effluents between the WWTPs, these were not significant ex-
cept for Trichuris spp. concentrations (p value <0.05)
(Table 4). Within the individual WWTPs there was variation
in the concentrations of the various STH eggs detected
(Table 3). The difference in the STH egg concentrations be-
tween the influent and effluent was statistically significant (p
value <0.05).

Concentration of STH eggs in effluents from the DEWATS
plants

There were no STH eggs detected in the final effluents from the
DEWATS plant in Durban. However in Lesotho, eggs of all the
STH groups, except Toxocara spp., which occurred in the un-
treated wastewater, were found in low numbers, in the effluents
(Table 3). For instance, the highest STH egg found was Ascaris
spp- (2.3 (£ 1.5) eggs/L). These concentrations varied between
the various DEWATS plants in Lesotho, but during June 2015
sampling, there was no STH egg in the final effluents. The mean
concentrations in the final effluents (Table 3) are from the ten
DEWATS plants sampled in August 2016. There was no statis-
tically significant variation in the STH egg concentrations in the
final effluents from the individual DEWATS plants that had pos-
itive samples in the second sampling.

STH and Taenia sp. egg removal efficiency of the wastewater
treatment plants

The overall removal efficiency for the various centralized
WWTPs and DEWATS varied greatly, with difference in the
removal achieved for the different STHs and Taenia spp. as well.
WWTP A had mean removal percentages from 80 (£9.9) % to
96 (£1.8) %, 72 (£ 12.0) % t0 96 (£ 3.7) % for WWTP B, and 56
(£8.7) % to 90 (£3.5) % for WWTP C. The DEWATS in
Lesotho recorded removal efficiencies from 98 (=2.1) % to
100 (0.29) %; a complete removal of STH and Taenia spp.
eggs in the DEWATS plant in Durban was recorded.

The percentage of the individual helminth eggs removed
varied; however, Ascaris spp. egg removal was consistently
high irrespective of the treatment plant. For instance in
WWTP A and C, removal of Ascaris spp. eggs was the highest
(96 (£1.8) % and 90 (3.5) % respectively). In WWTP B,
removal of Trichuris spp. eggs was highest (96 (£3.7) %)
(Table 4). Within the DEWATS plants with positive samples,
the removal percentages varied. Plants with accumulation of

biogas within the treatment system reported significantly low-
er helminth egg removals. However, the DEWATS plants
achieved a consistently higher STH and Taenia spp. egg re-
moval than the centralized WWTPs (Table 4), with removal of
Ascaris spp. being the highest (99 (£0.35) %).

The efficiency of the various WWTPs in removing STH
and Taenia spp. eggs varied within the WWTPs depending on
the treatment step. In WWTP A, the highest egg removal oc-
curred in the maturation ponds for Ascaris spp. (86 (+19) %).
The settling tanks (both primary and secondary) also contrib-
uted to the removal of the STH and Taenia spp. eggs, with 44
(£38) % and 51 (£44) % removal of Taenia spp. and
Trichuris spp. respectively in the primary settling tanks. The
secondary settling tanks removed 44 (= 38) % and 51 (£44) %
of hookworm and 7Zoxocara spp. eggs respectively. For
WWTP B, the highest reduction was achieved during the clar-
ifier stage with 50 (£40) % of hookworm eggs. Additionally,
Ascaris spp. and Taenia spp. eggs were best removed at the
post-clarifier stage, with 48 (£47) % and 30 (£ 48) % removal
respectively. STH egg removal in WWTP C maturation ponds
ranged from 44 (£43) % for hookworm to 53 (£50) % for
Toxocara spp. The secondary settling tanks also resulted in an
additional egg removal, with 50 (+29) % for Ascaris spp.
eggs, 57 (£36) % for hookworm and 63 (£34) % for
Trichuris spp.

In the DEWATS plants, the highest reduction was achieved
during the anaerobic treatment step (ABR section), with re-
movals ranging between 72 (+24) % (Taenia spp) to 90 (+ 38)
9 (Ascaris spp).

Quantitative risk assessment according to exposure
scenarios

Probability of Ascaris sp. infection for farmers using treated
wastewater for irrigation (occupational exposure)

Reuse of the effluents from the centralized WWTPs for irri-
gation poses risks of Ascaris sp. infections, with effluents
from WWTP C giving the highest mean risks of 4.8 x 10~
(9.9 x 10°®). The variation in infection risk from one-time
exposure during irrigation was found to be statistically insig-
nificant (p <0.005) (Table 5). Multiple/annual exposure/s to
the effluents would result in increased risks of infections
(Table 5), using the assumptions stated in Table 2. This risk
of infection due to annual or multiple exposures was not sig-
nificant for reuse associated with the different WWTPs
(p>0.005).

Probability of Ascaris spp. infection for communities exposed
to the treated wastewater directly and indirectly

Direct exposure to the final effluents from the centralized
WWTPs either through (un)intentional immersion or
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Table 4 Mean percentage (= SD) removal of STH and Taenia spp. eggs from the wastewater treatment plants studied

Ascaris spp. Hookworm Trichuris spp. Taenia spp. Toxocara spp.

Mean (+SD) Range  Mean (+SD) Range Mean (+SD) Range Mean (+SD) Range  Mean (=SD) Range
WWTP A 96 (+1.8) 88-100 86 (£ 6.4) 33-100 80 (+9.9) 20-100 96 (+4.4) 60-100 89 (+6.1) 40-100
WWTP B 89 (+4.4) 67-100 72 (x12) 0.0-100 96 (+3.7) 67-100 82 (+8.8) 20-100 82 (+9.6) 25-100
WWTP C 90 (£3.5) 67-100 83 (£8.7) 20-100 56 (£11) 0.0-100 73 (x10) 25-100 71 (=11) 20-100
DEWATS Lesotho 99 (£0.35)  95-100 100 (£0.29) 95-100 98 (£2.1) 67-100 100 (£0.15) 98-100 - -

SD standard deviation

swimming poses a high risk of infection. The highest mean
risk of infection (2.0 x 107 (3.7 x 10™°)) was recorded with
exposure to effluents from WWTP C, as was the case for the
risk of infection for the farmers. Immersion in effluents from
WWTP A resulted in the least probability of infection (9.6 x
107 (1.8 x 107%)). With multiple exposures, the risk of in-
fection increased for each of the WWTPs, where the annual
risks ranged from 8.3 x 1072 (1.4 x107%) (WWTP A) to
1.6x 107" (£2.5x 107°) (WWTP C) (refer to Table 6).

Combined probability of infection for farmers exposed
to treated wastewater as well as consumption of vegetables

Exposure to the effluents during irrigation and consumption of
the vegetables (lettuce) from the farm annually would result in
a much higher probability of infection (Table 7). Combined
risks were higher in populations using effluents from WWTP
C (1.0 (£5.6 x 102)), with the least probability (7.3 x 107! (&
2.4x102)) with exposure to effluents from WWTP B. This
difference in probability of infection was statistically signifi-
cant (p <0.05). Based on these estimations, farmers using ef-
fluents from WWTP C who also consume their own produce
are all at risk of infection with Ascaris spp.

Discussion

Ascaris spp., hookworm, Trichuris spp., and Toxocara spp.
(except in Lesotho) were the soil-transmitted helminth
(STH) eggs detected in this study, including the non-STH,
Taenia spp., with Ascaris spp. and hookworm the most prev-
alent. These are the most common helminth infections in
South Africa (Appleton et al. 2009; Mkhize-Kwitshana and
Mabaso 2014; Molvik et al. 2017). Toxocara spp. are mainly
infections of animals such as dogs and cats (Chen et al. 2012;
Pereira et al. 2016; Kostopoulou et al. 2017); their presence in
the wastewater may therefore be from animal feces. A high
prevalence and level of infection of helminths exacerbated by
poor sanitation, poverty, and low water usage per capita (Chan
1997; Mara and Horan 2003) and the potentially high number
of eggs excreted per day by infected individuals (10°—10*
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eggs/g) (Smith and Rose 1998) all contribute to the occurrence
of high concentration of helminth eggs in untreated wastewa-
ter. The variation in the concentration of these eggs in the
untreated wastewater between the WWTPs is an indication
of the difference in infection patterns within the cities of
Durban and Maseru, mainly influenced by the factors men-
tioned above. Additionally, the temporal variations seen in
helminth egg concentrations may be attributed to the variation
in infection levels influenced by either environmental or hu-
man factors. The areas served by these treatment plants vary in
terms of population size and demographic distribution.
Wastewater from poor neighborhoods is expected to contain
higher concentration of helminth eggs than wastewater from
middle- or high-income areas (Stolk et al. 2016). Untreated
wastewater at the DEWATS plant in Durban contained low
concentration of these eggs, which may be attributed to the
fact that this DEWATS plant treats wastewater from middle-
income households. A similar trend was observed for concen-
trations in untreated wastewater in Lesotho, where the
DEWATS plants are privately financed and treat domestic
wastewater from middle- and higher-income households. A
few plants were treating wastewater from schools and orphan-
ages, and these contained higher concentrations of helminth
eggs, reflecting differences in infection patterns. STH and
Taenia spp. infections are much more prevalent in children
than adults due to different exposure patterns (Anderson
et al. 2015; Lo et al. 2017). The concentrations of STH and
Taenia spp. eggs in this study are in a similar range as those
from other studies in developing countries with similar socio-
economic settings as South Africa and Lesotho. For instance
in Brazil, Ayres (1991) reported concentrations of up to 700
eggs/L for Ascaris spp., 19 eggs/L for Trichuris spp., and 8

Table 5 Mean probability (+£90% CI) of infection for farmers using
final effluents for irrigation

Onetime exposure Multiple exposure

WWTP A 23%x107* (£4.7x10°% 29x102(*5.7x107%
WWTP B 25%x104(*£52%10° 3.1%102(*263%10%
WWTP C 48x10%(£9.9%10° 58x 102+ 1.1x1073)
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Table 6 Mean probability (+ 90% CI) of infection with Ascaris spp. due to (un)intentional exposures to final wastewater effluents

WWTP A WWTP B WWTP C
Onetime Annual Onetime Annual Onetime Annual
exposure exposure exposure
(Un)intentional immersion/swimming 9.6 x 10~* 83x1072 1.0x107° 9.0x 1072 20%x107° 1.6x107"
at maturation ponds or effluent (+1.8%107%) *+14x107%) (+1.9%107% *1.6x107%) (+3.7%107%) *#2.5%107%)
contaminated surface water
Consumption of vegetables 41x107* 6.1x1072 45x107* 6.6%x1072 69x107* 9.7x1072
(+8.0%107% *1.1x107%) (+8.9%107% *12x107%) (*12x107) *1.6%107)

eggs/L for hookworm. In Tunisia, concentrations of 15 eggs/L
were found (Riahi et al. 2009), and in Vietnam, 450 eggs/L
were reported (Yen-Phi et al. 2010).

Performance of the WWTPs in removing STH and Taenia
spp. eggs varied greatly but was expected to be high, due to the
egg sizes, in well performing plants. Removal of Ascaris spp.
was higher than the removal of the other helminth eggs in almost
all the WWTPs with similar results reported elsewhere (Panicker
and Krishnamoorthi 1978; Rose et al. 1996; Jimenez et al. 2000).
The effective removal of Ascaris spp. eggs is probable partly due
to sedimentation (Mara and Horan 2003). Eggs of Ascaris spp.
have a specific gravity of 1.2 g/em® as compared to 1.15 g/cm’
and 1.055 g/em® for Trichuris spp. and hookworm respectively.
This result in a higher settling velocity (0.77 m/h) for Ascaris
spp. eggs than that for Trichuris spp. (0.73 m/h) and hookworm
(0.39 m/h) (Medema et al. 1998; David and Lindquist 1982;
Shuval et al. 1986; and Pike 1990). This differential terminal
settling velocity based on specific gravity and other factors such
as dimensions of the egg and liquid density (and temperature) are
explained by Stoke’s law for discrete particle settling in sedimen-
tation basins (Mara and Horan 2003). Additionally, the eggs may
attach to particles in the wastewater aiding in their rapid sedi-
mentation; this is most common for Ascaris spp. eggs (Capizzi-
Banas et al. 2002; Sengupta et al. 2011). This attachment of the
Ascaris spp. eggs to particles might have contributed to the
higher removal.

In comparison, the removal of the STH and Taenia spp. eggs
was higher in the DEWATS plants, with an average of 95-100%
reduction in Lesotho, and 100% in Durban, compared to that of
the centralized WWTPs where a high variation occurred.
Generally, centralized WWTPs with activated sludge and trick-
ling filter processes remove between 75 and 100% of STH eggs
(Rose et al. 1996; Chaoua et al. 2017) mainly due to sedimenta-
tion. The activated sludge process has no or little effect on egg
viability (Mayer and Palmer 1996; Dowd et al. 1998). In this
study, the removal of viable STH eggs was recorded, resulting in
lower and variable reduction figures. A high removal percentage
in the DEWATS plants may be attributed to several factors.
Influent wastewater is forced through the sludge bed/blanket
due to the upflow baffles, whereby removal of the eggs would
be enhanced by filtration and aggregation (Mara and Horan

2003). The anaerobic digestion processes (especially within the
biogas digesters) may also have contributed to the inactivation of
the STH eggs. Johansen et al. (2013) reported a 0.5 log reduction
in viable Ascaris suum eggs in a mesophilic anaerobic digester at
34 °C. Hailu (2006) also reported a 50-60% reduction in STH
eggs during anaerobic digestion processes from studies in
Ethiopia. Additionally, the planted gravel filters (both horizontal
and vertical) would further contribute to the egg removal where
horizontal subsurface constructed wetlands alone have been re-
ported to remove over 90% of STH eggs (Stott et al. 2002).
The presence of the STH and Taenia spp. eggs in the final
effluents poses potential risk of infections. In this regard, inten-
tional exposures, through swimming or playing nearby, pose
different degrees of risk depending on the efficiency of the
WWTPs. As expected, (un)intentional immersion in the final
effluents from WWTP C resulted in the highest probability of
infection based on the concentrations found. Exposure to the
final effluents might occur in situations where the maturation
ponds or final effluents are easily accessible to the community.
Under such circumstances, children or even adults may swim in
these and therefore exposing them to risk of infections. In other
instances, workers within the WWTPs are exposed to these ef-
fluents during maintenance; for instance, it was observed in
some of the WWTPs that algae and other aquatic plants grow
in the ponds and therefore have to be removed, during which
accidental immersion might occur exposing them to infections.
Exposure to large quantities of the final effluents might not be a
situation in the DEWATS plants since these are household level
WWTPs and are mainly within the compounds of these houses;
however, children may play close to or even within the planted
gravel filters therefore exposing them to the effluents. Ascaris
spp. eggs have a latency period of between 2 and 4 weeks, at
temperatures between 15.5 and 38 °C, before they become in-
fectious (Bogitsh et al. 2012). Therefore, the risk of infections
would differ (considerably lower) from the estimates reported
here. It has even been reported that at temperatures of 25 °C,
Ascaris spp. eggs could reach the infectious stage within 10 days
(Maya et al. 2012). For instance, on-site wastewater treatment
systems, such as the DEWATS, increase the level of exposure to
STH egg contaminated surfaces; therefore, the likelihood of in-
fection as a result of exposure to eggs in their infective stage is
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Table 7 Mean (+90% CI) probability of infection with Ascaris spp.
from combined exposure to irrigation water and consumption of farm
produce

Treatment plant Probability of infection(+ 90% CI)*
WWTP A 88x10' (£83x1073)

WWTP B 73%x1071 (224 %1072

WWTP C 1.0 (5.6x107%)

*»<0.05

enhanced and might increase the risks beyond what we reported
for centralized WWTPs. In addition, the reuse of final effluents
(from both the centralized WWTPs and DEWATYS) for irrigation
may result in the accumulation of STH eggs in the soil (Seidu
et al. 2008) which allows the eggs to develop to the infective
stage under the right environmental conditions, thereby also in-
creasing the risk of infection.

WHO as part of its guidelines for safe wastewater reuse in
agriculture suggested that for unrestricted agriculture, waste-
water should have <1 helminth egg per liter (WHO 2006).
Only final effluents from some of the DEWATS plants met the
guideline. Therefore, the use of the effluents from the central-
ized WWTPs needs to be looked into in line with additional
barriers to reduce the risks of STH infections for farmers as
well as consumers of the farm produce. For instance, further
treatments with storage, elevated pH, etc. may reduce the egg
concentrations to safe limits (Jimenez-Cisneros and Maya-
Rendon 2007).

Despite the low concentrations of STH and Taenia spp.
eggs in the effluents from the DEWATS plants, the infection
risk from the reuse of the effluents may still be higher than that
of the WHO tolerable infection risk of 1 x 10> (Mara et al.
2007). This might be most likely for the few DEWATS plants
where effluent quality was compromised due to system fail-
ures. The frequency and durability of such failures are deter-
minants of the risk. It was observed in some of these plants
that the biogas was not being used which led to its accumula-
tion within the system; this reduces the hydraulic retention
time which in turn reduces the treatment efficiency.

Consumption of farm produce would expose the popula-
tions to additional risk of infections, with varying probability
based on the effluent quality. Except for reuse of effluents
from WWTP C, the rest of the centralized WWTPs gave lower
annual risk of infections as compared to the WHO tolerable
risk figure for consumers. However, the combined exposure to
the wastewater during irrigation and consumption of the farm
produce leads to an increased risk above the tolerable risk
guideline by the WHO. It was observed that wastewater reuse
for irrigation was on a small scale, mainly for household con-
sumption, whereby the possibility of a combined risk of in-
fection due to exposure to irrigation water and consumption of
the farm produce is very high (especially for the farmers). The
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risks of ascariasis due to exposure (either intentionally or un-
intentionally) to the final effluents from these WWTPs vary
greatly depending on the WWTP as well as point of exposure.
This variation is largely dependent on the concentration of the
Ascaris spp. eggs in the exposure medium, which is solely
dependent on the STH egg reduction efficiency of the various
treatment plants and the volume/weight of exposure medium
ingested.

Conclusion

Soil-transmitted helminth and Taenia spp. prevalence and
concentration were found to be consistent with other re-
ports. Wastewater from low-income communities was
found to be high in STH and Taenia spp. eggs; addition-
ally, decentralized wastewater treatment plants located in
schools and orphanages also reported high concentrations
of these eggs. The link between poor communities and
helminth infections needs to be studied further. The re-
moval of STH and Taenia spp. eggs by the different
WWTPs varied greatly depending on the type of treatment
between WWTPs and also type of STH. It can be con-
cluded that wastewater treatment achieves higher removal
of Ascaris spp. eggs as compared to the other STH eggs
reported in this study. The DEWATS plants were also
found to give the highest removal efficiency of STH and
Taenia spp. eggs as compared to the centralized WWTPs,
with some of the DEWATS plants meeting the WHO
guideline for wastewater reuse in irrigation. Direct or in-
direct exposure to effluents from these WWTPs (especial-
ly the centralized treatment plants) would therefore in-
crease the risk of STH infections.

In conclusion, DEWATS plants in addition to their robust,
cost-effective, and easy maintenance are also more efficient in
removing STH eggs from wastewater, therefore making them
a good option for domestic wastewater treatment, especially
where effluent reuse is planned. These findings have impor-
tant implications for public and environmental health protec-
tion and emerging approaches like the WHO sanitation safety
planning (Hanjra et al. 2012; Winkler et al. 2017). The results
obtained calls for continuous monitoring of wastewater treat-
ment systems so as to ensure their efficiency.
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Appendix

Table 8 Probability distribution functions for concentrations of STH eggs in final effluents of centralized treatment plants
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ABSTRACT

The use of sludge in agriculture has been encouraged as a means of increasing soil nutrient content and
improving the water holding capacity. On the negative side, major public health concerns with sludge
application prevail, mainly due to the high concentration of pathogenic microorganisms. Soil-transmitted
helminths (STHs) are of major health concern in this regard, especially in endemic regions, mainly due to
the high environmental resistant of the eggs combined with a low infectious dose. In this study the
concentration of STH eggs in two months dried sludge from Durban, South Africa and Dakar, Senegal was
determined and compared. Sampling was carried out from January to October 2016 and in September
2016 for Dakar. Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara spp were the commonly
recorded STH eggs. STH egg concentrations were higher in Dakar than in Durban, with viable STH egg
concentrations exceeding both local and international guidelines. Due to the high concentration of viable
STH eggs, risks of Ascaris spp infection was very high for farmers applying this sludge on their farms in
both Durban (7.9 x 107! (+1.7 x 1072)) and Dakar (9.9 x 10~ (+1.3 x 107°)). Consumption of lettuce
grown on sludge amended soil will result in probable infections but harvest after 30 days between sludge
application and harvest in Durban gave median probability infection risks with a risk level similar to the
WHO tolerable risk value (10~%). This time period need to be prolonged to harvest in Dakar to 40 days to
reduce the risks of infection to the tolerable risks values. Further treatment of the sludge either through
composting or drying for longer periods of time is thus recommended from a public health perspective.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Pedreno et al., 2003; Almendro-Candel et al., 2014).
Despite the recognition of faecal sludge application globally,

Application of faecal sludge on agricultural lands is a major
component of resource recovery, aimed to ensure that vital plant
nutrients are returned to the soil. Sludge is high in organic matter
and nutrients (Herndandez et al., 2017), making it a valuable
amendment in restoring degraded, exhausted (Jiménez and
Alvarez, 2005) and burned soils (Guerrero et al., 2007), as well as
improving fertility and crop productivity (Bittencourt et al., 2013). It
may also increase the water holding capacity of soil (Navarro-
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Technology, Durban University of Technology, PO Box 1334, Durban, 4000, South
Africa.

E-mail address: amoahkid@gmail.com (L.D. Amoah).

https://doi.org/10.1016/j.jenvman.2017.12.003

there are public health concerns regarding its quality and impact on
human health. The physico-chemical and biological processes
involved in wastewater and sludge treatment will concentrate
several harmful substances, such as metals/metalloids (Castells,
2012) and most importantly pathogenic bacteria (Krzyzanowski
et al, 2016; Pepper et al., 2008; Jiménez et al., 2007) and hel-
minths (Gerba and Smith, 2005; Navarro et al., 2009; Murcia
Navarro, 2013).

The most important microbial health risk when applying sludge
to agricultural soils are the soil-transmitted helminths (STHs)
(WHO, 2006). The presence of these parasite eggs is considered as
an indication of the health hazard of sludge after application, due to
the very high resistance of the eggs (Zdybel et al., 2015: Gaspard

0301-4797/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 1995) to adverse environment conditions (Melvin et al., 2001;
Nelson and Darby, 2001), resulting in long-term environmental
contamination (Johnson et al., 1998). In addition, the occurrence of
these eggs correspond to a very low infectious dose (Toze, 2006;
Crompton and Nesheim, 2002; Stephenson et al., 2000). Poor
sanitation and faecal contamination result in an enhanced trans-
mission and a high prevalence in developing countries, where
faecal sludge is a main contributing factor (67—735 eggs/g total
solids (TS)) (Feachem et al., 1983; Strauss et al., 2003; Jiménez and
Wang, 2006) as compared to more developed countries (2—13 eggs/
g TS) (Jiménez et al., 2002).

To protect humans from the health impact of STH infections as a
result of sludge application in agriculture, many countries have set
up national regulations to treat and reuse sludge (Navarro et al.,
2009). These regulations are adopted from the limits for STH eggs
stated by the United States Environmental Protection Agency
(USEPA) (1993) and expressed as a guideline value by World Health
Organization (WHO) (2006), namely 0.25 and 1 helminth egg/g TS
respectively. Countries such as Brazil, Chile, New Zealand and South
Africa adopted the regulations based on the USEPA limits (Jiménez
et al.,, 2002) for Class A sludge that is intended for use in unre-
stricted agriculture, but monitoring is very rarely done. To meet
these international and national guidelines, sludge undergoes
further treatments, such as air-drying, composting or long-term
storage (O'Connor et al., 2017). However long-term storage (>3
years) results in loss of key plant nutrients (Grant et al., 2012).
Reduction in viable STH egg concentrations during air-drying is
dependent on ambient temperature and duration of drying in
addition to several environmental factors, such as irradiation,
rainfall etc. (Grant et al., 2012).

The regulations proposed by the USEPA and the WHO were
based on sparse epidemiological data rather than risk assessment
estimates (Navarro et al., 2009). The use of the quantitative mi-
crobial risk assessment (QMRA) approach to establish the health
risks involved in the application of sludge in agriculture was done
after the development of these guidelines and have been applied in
Australia (NWQMS, 2006). QMRA is a probabilistic approach to
predict human health risks from exposure to pathogenic microor-
ganisms and it has been used extensively in assessing the trans-
mission of water (Smeets et al., 2010; McBride et al., 2013; Bichai,
and Smeets, 2013) and food borne (Janevska et al., 2010; Romero-
Barrios et al., 2013; Membré and Boué, 2017) infections. QMRA
has also been used in estimating STH infection risks from the reuse
of wastewater and sludge in agriculture (Jiménez et al., 2002;
Navarro and Jiménez, 2011; Navarro et al., 2008; Kundu et al,
2014; Seidu et al., 2008a, 2008b).

This study contributes to the knowledge on STH egg concen-
tration in sludge from different populations by comparing the total
and viable STH egg concentrations in sludge from two large scale
wastewater treatment plants in Durban, South Africa and one plant
in Dakar, Senegal. The suitability of sludge, after approximately 60
days of drying (without mixing) under ambient environmental
conditions, for agricultural application was determined using the
QMRA approach. This study therefore contributes to the evidence
necessary for the revision of sludge application guidelines
depending on the type of treatment.

2. Methodology
2.1. Study area and sampling

Sludge samples were taken from two centralized wastewater

treatment plants (WWTPs) in Durban, South Africa. One has an
operational capacity of 10.98 Ml/d (WWTP A) and the second
smaller one with a capacity of 4.69 Ml/d (WWTP B). Each of these
plants have sludge drying beds were sludge is dried for a duration
of 60—90 days (depending on demand and availability of drying
beds) before disposal. Sludge sampling in Senegal was from a
WWTP treating wastewater in the city of Dakar, which has an
operational capacity of about 13 Ml/d. Composite samples were
taken in triplicates from the drying beds from January to October
2016 for the two WWTPs in Durban and in September 2016 for the
plant in Dakar.

The decay of viable STH eggs during drying over a 90 day period
was also determined by sampling from an experimental bed at
WWTP A, starting from the first day of drying to 90 days. Composite
samples were taken in triplicates from different depths of the same
sludge bed, by dividing the depth into three, top, middle and bot-
tom layers.

2.2. Laboratory analysis

Sludge analysis for STH eggs was performed using a revised
method based on the principles of flotation and sedimentation, as
compared in Amoah et al. (2017). Briefly, samples were homoge-
nized and approximately 20 g sludge portions measured into
250 mL to which 50 mL of ammonium bicarbonate (119 g/L)
(Sigma Aldrich, Germany) was added and allowed to soak for
10 min. The samples were then blended at top speed, with a
laboratory blender (Isolab Laborgerate GmbH) and poured through
a 100 pm sieve onto a 20 pum sieve. The contents on the 100 pm
sieve were washed carefully with tap water under pressure, to
separate all STH eggs from particulate matter and enable the eggs
pass through the pores. The contents collected on the 20 um sieve
were then carefully washed and collected into a 50 mL centrifuge
tube and centrifuged for 10 min at 3000 rpm. The supernatants
were discarded and ZnSO4 (Promark Chemicals, South Africa) so-
lution of specific gravity 1.30 added to the pellets. The pellets were
then re-suspended in the ZnSO,4 by vortexing and centrifuged
again at 2000 rpm for another 10 min. The supernatants was
poured through the 20 um sieve and washed carefully with tap
water, to remove all residual ZnSQ4, and the contents collected
into 50 mL centrifuge tubes and centrifuged at 3000 rpm for
10 min. The supernatants were finally discarded and pellets
viewed under x 10 magnification (Leica DM2000) to determine the
total STH eggs per gram of the sludge analyzed. STH eggs on the
positive slides were carefully washed into a petri dish for incu-
bation at room temperature with 0.1N sulphuric acid (Promark
Chemicals, South Africa) as an incubation solution for 28 days,
after which the viable STH eggs were counted by viewing
under x40 magnification. STH eggs with a visible motile larva
were considered as viable.

2.3. Statistical analysis

Descriptive analysis of the STH egg concentrations and distri-
bution was performed using Excel (Microsoft Corporation). Differ-
ence in concentration of the various types of STH eggs was
determined using the Kruskal-Wallis tests, with the Mann-Whitney
U test used to compare the difference in concentrations between
the total and viable STH eggs as well as difference in egg concen-
trations between the sampling sites. All statistical analysis was
performed in Graphpad Prism 7 software (GraphPad Software, Inc.
USA).
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2.4. Assessment of STH infection risks

Risk of infection with STH was determined using the QMRA
approach, which involves four interrelated steps: a) hazard iden-
tification; b) exposure assessment; c) dose-response assessment
and d) risk characterization (Haas et al., 2014).

2.4.1. Hazard identification

For the purpose of this assessment Ascaris spp was chosen as an
index for STHs. The link between ascariasis and wastewater/sludge
reuse in agriculture has been established by several reports (Ensink
et al, 2008; Fuhrimann et al., 2014, 2016; Amoah et al., 2016;
Contreras et al., 2017), with risks successfully estimated using the
QMRA approach (Seidu et al., 2008a, 2008b; Navarro et al., 2009).
Additionally Ascaris spp is the only STH with a dose-response
model.

2.4.2. Exposure assessment

This step involves the determination of number of Ascaris spp
eggs that will be ingested per single exposure. Accidental ingestion
of the sludge during the application was considered the first point
of exposure. Westrell et al. (2004) used an ingestion weight of 2 g,
but in this study we assumed that the weight of sludge ingested
will be uniformly distributed from 1-2 g. Using lettuce as a surro-
gate for vegetables grown on sludge amended soils, it was further
assumed that the sludge will be spread before each growing season
which translates to 7—12 times per year, considering that most
lettuce varieties take 30—50 days to mature (CTAHR, 2000).

Ingestion of soil amended with sludge was also considered,
where it was expected that there will be a dilution of the sludge in
the soil in addition to decay of the Ascaris spp eggs over time.
Therefore the concentration of STH eggs in the sludge amended soil
on the day of application was calculated using the formula;

No = Csludge x Df (1)

where “N,” is the concentration of STH per gram of soil after
spreading on the day of application, “Csjygge» the concentration of
STH eggs in the sludge, as determined in this study and “Df’ the
dilution factor, which was taken to be 0.001, assuming a sludge to
soil ratio of 1:100 (Schonning et al., 2007). Taking into consider-
ation the decay of the Ascaris spp eggs over time, the concentration
ingested days after application was determined using the formula:

N; = No*e Kt (2)

where N; s the concentration of viable Ascaris spp eggs at time t
(measured in days), N, is the concentration of viable eggs on the
day of sludge application as determined in equation 1 and k is the
decay constant of Ascaris spp eggs, which was calculated to be

Table 1
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0.0056 based on results obtained during the egg decay analysis (See
Table A1 in Appendix for Data).

It was assumed that farmers will ingest 0.03—0.1 g of soil per day
(Schonning et al., 2007). Additionally, frequency of ingestion was
assumed to be uniformly distributed from 64 to 128 days in a year
to account for the labour-intensive nature of agriculture in devel-
oping countries.

We also hypothesized that consumption of the lettuce may
result in Ascaris spp infections. Westrell et al. (2004) used an
assumption of 1 g of sludge per each serving of raw vegetables
grown on sludge amended soils but in this study we assumed that
the amount of sludge ingested through this route would be uni-
formly distributed from 0.5 g to 1 g per serving with an annual
frequency of 156—160 per year. This risk was however calculated for
30—50 days after application of the sludge, to account for time
needed for lettuce to mature. Table 1 below presents the various
assumptions made in the estimation of risk based on the exposure
scenarios.

2.4.3. Dose-response assessment

The exponential dose-response model as proposed by Navarro
et al. (2008) was used. This model has been used in estimation of
Ascaris spp infection risks by other researchers (Westrell et al.,
2004; Seidu et al., 2008a). Therefore the risk of Ascaris spp infec-
tion was assessed using the formula

Ppp=1—e (3)

where “Pjnf” is the infection risk per exposure event, “d” the number
of Ascaris spp eggs ingested per that event and “r” the dimen-
sionless infectivity constant. An “r” value of 0.039 as reported by
Navarro et al. (2008) was used in this study.

2.4.4. Risk characterization

All the outcomes of the hazard identification, exposure assess-
ment and dose response assessment were combined to determine
the severity of Ascaris spp infection from the different exposure
scenarios considered. Risk of infection due to multiple exposures or
annual risk (P4) was determined using the formula:

Pa=1-(1- me)” (4)

Py is the risk of infection from a single exposure event and n being
the frequency of exposure per year (Sakaji and Funamizu, 1998). All
models used for the risk of infection determination was constructed
in Microsoft Excel using @Risk 7.5 (Palisade Corporation) software
add-on to Excel and subjected to Monte-Carlo simulations of 10,
000 iterations.

Points of exposure with assumptions based on weights of sludge ingested and frequency of exposure.

Exposure scenario Weight of sludge

ingested (g) per day

Frequency Reference

Spreading on sludge Uniform distribution (1,2)

Ingestion of sludge amended soil
Ingestion of sludge through raw vegetables

Uniform distribution (0.03,0.1)
Uniform distribution (0.5,1)

Westrell et al., 2004

(Maximum weight of 2 g per event)
Schonning et al., 2007

Westrell et al., 2004

(Maximum weight of 1g per day)

Uniform distribution (7,12)*

Uniform distribution (64,128)"
Uniform distribution (156,160)*

2 Assumptions made in this study.
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Table 2
Mean (+SD) concentration of STH eggs per gram of sludge from Durban, South
Africa.

Mean (+SD)total Mean (+SD)viable

STH eggs/g STH eggs/g

Durban Senegal Durban Senegal
Ascaris spp 722 (+534) 1079(+114) 369(+260) 769(+107)
Hookworm 334(+246) 257(+72) 146(+154) 186(+172)
Trichuris spp 154(+148) 1647(+270) 49(+49) 84(+17)
Taenia spp 54(+62) N/A 20(+27) N/A
Toxocara spp 43(x57) N/A 22(+32) N/A

3. Results
3.1. Concentration of STH eggs in sludge from Durban, South Africa

Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara
spp were detected in sludge from the two wastewater treatment
plants (WWTPs) in Durban. The difference in egg concentrations
between these two WWTPs was not statistically significant,
therefore these were combined and their means used to represent
STH egg concentrations in sludge from Durban. Ascaris spp was the
most abundant (722 (+534)/g), with Toxocara spp being the least
(43(+57)/g) (Table 2). The difference between the total and viable
STH egg concentrations was statistically significant for all the types
of eggs detected except for Taenia spp and Toxocara spp. Table 2
presents the viable STH egg concentrations. Viable egg concentra-
tions varied significantly over the duration of the study. As shown
in Fig. 1, Ascaris spp and hookworm eggs showed the largest vari-
ation, with high concentrations for these STHs (Ascaris spp and
hookworm) in January with decrease in concentrations from
February to March. There was an increase again in Ascaris spp and
hookworm egg concentrations from July to September in the case
of Ascaris spp and August in the case of hookworm.

Ascaris spp, Trichuris spp and hookworm were the only STH egg
detected in the sludge samples from Dakar, with Trichuris spp eggs
the most abundant (1647(+270) eggs/g), the variation in egg con-
centration of these STHs was statistically significant (p

800

value < 0.05). Viable STH eggs were significantly lower (p
value < 0.05) than the total STH egg counts as expected. Table 2
presents the mean concentrations and variation of the STH eggs
recorded.

STH egg concentrations in sludge from Dakar were significantly
higher (p value < 0.05) as compared to concentrations in Durban
for STHs for Ascaris spp and Trichuris spp. However, the concen-
tration of hookworm was higher in Durban (334(+246)/g) than in
Dakar (257 (+72)/g).

3.2. Reduction viable STH egg concentration over a 90 day drying
period

It was observed that mean concentrations of viable STH eggs
reduced over the 60 day drying period (maximum days of sludge
drying at the WWTPs), with mean viable STH egg concentrations of
826(+93) eggs/g in the fresh sludge. After 60 days of drying, con-
centration of viable STH eggs was 625(+30) eggs/g, however
extension of the drying by approximately a month resulted in
further reduction in viable STH eggs. After 90 days of drying,
406(+15) eggs/g were viable. A linear decay model was fitted to this
data to derive a decay rate of 0.0056 per day. Table A1 in Appendix
presents the results of the decay assessment.

3.3. Risk of Ascaris spp infection for farmers during the spread of
sludge

Application of the sludge (after 60 days of drying) resulted in
varying degrees of Ascaris spp infection risks, with a higher mean

Table 3
Mean risk (+90% CI) if Ascaris spp infection for farmers spreading sludge on their
farms.

Probability of infection
from one time exposure

Annual probability
of infection

1.0 (1.1 x 10%
1.0 (+3.5 x 10719)

Durban 7.9 x 107" (1.7 x 1072)
Dakar 9.9 x 107" (1.3 x 1075)
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Fig. 1. Variation in viable STH egg concentrations during the study in Durban, South Africa.
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Fig. 2. Median probability of infection with Ascaris spp from ingestion of sludge
amended soil on different days after sludge application.
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Fig. 3. Median probability of infection with Ascaris spp from consumption of lettuce
contaminated with sludge on different days after sludge application.

risk for farmers in Dakar (9.9 x 10! (1.3 x 10~°)) compared to
farmers in Durban due to a lower concentration of Ascaris spp eggs
in the sludge (Table 3). Multiple exposures to the sludge during the
application resulted in a much higher risk of Ascaris spp infection
annually, as presented in Table 3, irrespective of the study site.
Variation in the viable Ascaris spp egg concentrations over the
duration of the study as shown in Fig. 1 did not significantly affect
the estimated risks of infections, hence the mean risk was reported.

3.4. Risk of Ascaris spp infection farmers associated with ingestion
of sludge amended soil

Ingestion of sludge amended soil will result in varying risks of
infection depending on how many days after sludge application the
exposure occurred. One day after sludge application leads to a
median risks of 8.36 x 10~%(+1.13 x 10~°) for farmers in Durban
and 1.91 x 1073 («+1.09 x 10~°) in Dakar. Accounting for decay of the
eggs the risks of infection reduced with time. Approximately one

month (30 days) after application, risks were 714 x 104
(+9.61 x 107%) in Durban and 1.62 x 103 (+9.27 x 10~%) in Dakar.
Fig. 2 shows the median probability of infection due to ingestion of
sludge amended soil depending on the day of exposure, with a
maximum duration of 50 days after application.

3.5. Risk of Ascaris spp infection for consumers of lettuce grown on
sludge amended soil

Harvest of lettuce after 30 days of sludge application resulted in
risks estimates of 2.7 x 107% (+1.24 x 10~%) for consumers in
Durban and 4.5 x 1073 (1.9 x 10~%) for consumers in Dakar and by
the 50™ day the risks are expected to be reduce further to
121 x 1078 (£118 x 10™% in Durban and 624 x 107
(+1.91 x 10~%) for consumers in Dakar. Fig. 3 shows the probability
of infection depending on the day of harvest, indicating that risks of
ascariasis in Durban are very low as compared to Dakar.

4. Discussion

Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara
spp were the common soil-transmitted helminth eggs in the
sludge, except for Dakar, where Taenia spp and Toxocara spp were
not detected. The difference in prevalence and concentration of
these STH eggs is reflective of the prevalence of infections within
the respective populations. STH eggs detected in sludge from
Durban correspond to STH infections within this study area
(Mkhize-Kwitshana and Mabaso, 2014; Molvik et al, 2017;
Appleton et al., 2009). STH egg concentration in fresh faeces
collected from urine-diverting latrines within the same province
(KwaZulu Natal) contained from 1-1425 eggs of STH per gram
(Tronnberg et al. (2010) which represent both a high concentration
and a high variability of STH eggs in faecal matter from infected
individuals. In Senegal, the most common STH infections are Ascaris
spp, hookworm and Trichuris spp (Tine et al., 2013), similar to the
STHs detected in this study. Globally, Ascaris spp, hookworm and
Trichuris spp are the most common STH infections, accounting for
approximately 1.5 billion infections mainly in sub-Saharan Africa,
the Americas, China and East Asia (WHO, 2017). STH egg concen-
tration in sludge from main wastewater treatment plants is mainly
dependent on their concentration in raw wastewater, which in turn
is dependent on infection prevalence in the population. STH eggs
are particles which forms part of the total suspended solid
component of wastewater and therefore the reduction and sedi-
mentation of suspended solids in wastewater treatment processes
result in their (STH eggs) removal as well (Jimenez-Cisneros, 2006).
This results in an accumulation of STH eggs in the sludge. The
concentration of STH eggs found in this study is similar to con-
centrations in Mexico (Pecson et al., 2007) and Ghana (Koné et al.,
2007).In other studies lower concentrations have been found, e.g in
France (Gantzer et al., 2001), Brazil (Bastos et al., 2013) and
Morocco (Moubarrad and Assobhei, 2007).

With total viable STH eggs ranging from 25-185 per gram, the
sludge from both study areas exceeded the USEPA standards and
WHO guideline values or the South African regulations (which are
an adaptation of the USEPA regulations). These high viable STH egg
concentrations after approximately 2 months of drying could be
attributed to the conditions under which the sludge was dried. The
sludge was air dried without mixing for periods ranging from 60 to
90 days depending on demand from farmers and other users.

The ambient temperatures of 24 °C in Durban and 28 °C in Dakar
(www.climate-data.org) and the duration of drying is thus inade-
quate to inactivate a greater proportion of the eggs. Composting at
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ambient temperatures of 20—30 °C for 1—4 months has been shown
to have no effect on Ascaris spp egg viability, however elevated
temperatures of 40—50 °C decreases egg viability within hours to
two weeks (Berendes et al., 2015; McKinley et al., 2012; Szabova
et al., 2010).

Viscous heating at temperatures over 70 °C and 80 °C can ach-
ieve complete inactivation of Ascaris spp eggs within 15 and 5 s
respectively (Belcher et al., 2015; Naidoo et al., 2017), additionally,
UV irradiation of about 200 to 2000 J/m? (using a UV lamp) results
in the activation of between 0 and 1.5 log of Ascaris suum eggs
(Brownell and Nelson, 2006).

With the assumption that sludge will be collected for land
application after 60 days of drying in both study sites, the risks of
ascariasis was found to be very high for farmers involved in the
practice and above the WHO tolerable risks value (10~%) for sludge
application in agriculture (WHO, 2006). The mean risks of infection
for farmers in Durban (10~%) during the application stage was
found to be similar to risks estimates from Ghana, however the
estimates from Dakar were one magnitude higher (10~3) (Seidu
et al., 2008b). Due to the labour-intensive nature of farming in
many African countries including Senegal and parts of South Africa,
ingestion of soil is a likely route of further risks but accounting for
the decay of Ascaris spp eggs over time, the risks of infection will
reduce.

Despite these anticipated reductions in viable Ascaris spp eggs,
the annual risks of infections still exceed the WHO tolerable risks
value in both study areas. Based on the decay of the viable eggs
determined in this study further treatment is needed to reduce the
risks of infections. The decay rates determined might be due to the
ability of these eggs to survive for longer periods under favourable
conditions (WHO, 2015). Additionally multiple application of
sludge on the same piece of land may result in egg accumulation in
soil (Seidu et al., 2008a), which may increase the doses ingested by
the farmers. All these factors may result in higher risks of ascariasis
than were estimated here.

Comparatively consumers of vegetables grown on sludge
amended soils in Durban are less likely to get infected with asca-
riasis after 30 days of sludge application, compared to Senegal. In
Senegal harvest of lettuce after 30 days of sludge application will
however still result in risks of infections. To protect consumers in
Senegal from Ascaris spp infections, it is suggested that harvesting
be done at least 40 days after the sludge application and most
preferably after further treatment. It must be noted that these risks
estimates are based on the assumption of decay of the Ascaris spp
eggs, however these eggs are fairly resistant and survive for longer
periods of time. In addition, contamination of lettuce with soil
might also result in higher contamination levels than have been
estimated due to egg accumulation in soil.

To reduce the estimated risks of ascariasis there is the need for
further treatment of the sludge to protect public health, compost-
ing using a pH elevation 12 (Gantzer et al.,, 2001), as well as

thermophilic composting in a vessel (aerobic/anaerobic) (Haug,
1993; Eller et al., 1996), may all result in 3 log reductions in hel-
minth egg concentration within 1-5 days. Low cost options such as
composting in pH > 9 may also result in 3 log reductions but after a
storage duration of 6 months (Chien, 2001). Windrow thermophilic
composting for 3 months may also achieve 1.5—2 log reduction
(Koné and Struass, 2004). Additionally, viscous heating may result
in over 90% to complete inactivation of STH eggs providing an
additional inactivation barrier before composting. These additional
treatment barriers may reduce the viable STH egg concentrations to
levels that will result in probability of infection within the WHO
guideline value (10~%) translating into 10~° Disability Adjusted Life
Years, rendering the sludge safe for land application.

5. Conclusion

Soil-transmitted helminth egg concentration in sludge from
both Durban and Dakar were found to be high, which is consistent
with prevalence of infection within the study areas. These con-
centrations are also similar to results from other geographical lo-
cations with similar socio-economic status as the study areas.
Although viable STH egg concentrations were significantly lower
than the total STH egg concentrations, these were above the WHO
guideline value as the USEPA limit for sludge intended for unre-
stricted agricultural application. Due to this high concentration of
viable STH eggs, risks of Ascaris spp infection for farmers spreading
the sludge was found to be higher than the WHO tolerable risk
value. Additionally consumption of lettuce grown on sludge
amended soil was also found to result in higher risks of infection
especially in Dakar, however delay of harvest till 40 days after
sludge application reduces the risks below the WHO tolerable risk
value. Therefore sludge from both study sites needs further treat-
ment, such as composting under elevated pH or heat treatment, to
reduce the concentration of viable STH eggs and therefore protect
public health.
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Appendix I

Table A1
Reduction of viable STH egg count over a 91 day drying period at different depths on sludge.
Day1 Day 7 Day 14 Day 21 Day 28 Day 35 Day 42 Day 49 Day 56 Day 63 Day 70 Day 77 Day 84 Day 91

Top 598.16 570.12 569.23 468.59 412.23 303.01 308.33 309.34 302.15 300.18 299.48 298.2 301.24 289.45
Middle 658.46 639.78 640.23 590.12 610.12 598.79 568.79 565.78 490.12 482.45 440.59 438.79 419.12 420.12
Bottom 620.45 623.12 602.89 597.45 548.97 578.98 580.26 576.45 560.45 561.04 559.78 520.15 512.23 408.15
AVG 625.69 611.01 604.12 552.05 523.77 493.59 485.79 483.86 450.91 447.89 433.28 419.05 410.86 372.57
SD 3049 36.38 35.52 72.37 101.32 165.35 153.79 151.23 133.54 133.82 130.30 112.28 105.74 7224
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Abstract

Wastewater irrigation is associated with several benefits but can also lead to significant
health risks. The health risk for contracting infections from Soil Transmitted Helminths
(STHs) among farmers has mainly been assessed indirectly through measured quantities in
the wastewater or on the crops alone and only on a limited scale through epidemiological
assessments. In this study we broadened the concept of infection risks in the exposure
assessments by measurements of the concentration of STHs both in wastewater used for
irrigation and the soil, as well as the actual load of STHs ova in the stool of farmers and their
family members (165 and 127 in the wet and dry seasons respectively) and a control group
of non-farmers (100 and 52 in the wet and dry seasons, respectively). Odds ratios were cal-
culated for exposure and non-exposure to wastewater irrigation. The results obtained indi-
cate positive correlation between STH concentrations in irrigation water/soil and STHs ova
as measured in the stool of the exposed farmer population. The correlations are based on
reinfection during a 3 months period after prior confirmed deworming. Farmers and family
members exposed to irrigation water were three times more likely as compared to the con-
trol group of non-farmers to be infected with Ascaris (OR = 3.9, 95% Cl, 1.15-13.86) and
hookworm (OR = 3.07, 95% Cl, 0.87—10.82). This study therefore contributes to the evi-
dence-based conclusion that wastewater irrigation contributes to a higher incidence of
STHs infection for farmers exposed annually, with higher odds of infection in the wet
season.

Author Summary

Wastewater irrigation in agriculture is a common reality in many developing cities, linked
to rapid urbanization. Approximately 50%-90% of urban dwellers in West Africa consume
wastewater/ polluted surface water irrigated-vegetables within cities with 10% of the popu-
lation involved in the practice. Viral, bacterial and parasitic pathogens can all be found in
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study design, data collection and analysis, decision

to publish, or preparation of the manuscript. wastewater putting exposed populations at risk of pathogenic infections. The biggest risk
Competing Interests: The authors have declared however is to helminth infections, due to their long survival time in the environment.
that no competing interests exist. Wastewater irrigation has been practiced in Ghana for many years, however few studies

have investigated the epidemiological link between the practice and helminth infections
among the farmers. In this study the authors measured the helminth ova concentration in
wastewater used for irrigation and the infection loads of farmers as well as a non-farmer
control group in Ghana. They reported high concentrations of helminth ova in the waste-
water as well as soil on the farms, above the World Health Organization (WHO) guide-
lines for wastewater irrigation, which resulted in a three times higher probability of
infections with helminths for farmers as compared to the non-farmer control group. This
research provides information on the direct link between wastewater irrigation and hel-
minth infection in exposed individuals.

Introduction

Wastewater use in agriculture has been promoted as part of the concept of sustainable develop-
ment. In many cities in developing countries, wastewater irrigation is a common reality linked
to rapid urbanization. The practice improves farmers’ livelihoods, contributes to the urban
food basket and slightly improves the urban environment by diverting wastewater to agricul-
tural fields [1]. In Sub-Saharan Africa (SSA), it is estimated that 10% of the population in cities
are involved in the practice of wastewater irrigation, with 50% to 90% of urban dwellers in
West Africa reported to consume vegetables irrigated with wastewater or polluted surface
water within or close to cities [2]. In Ghana, a significant proportion of untreated wastewater
is discharged into drains and nearby water bodies, which is then used by farmers for irrigation.
Wastewater irrigation in the cities of Ghana is mainly for the production of vegetables, such as
cabbage, lettuce, spring onion and carrots [3].

Although there are many benefits associated with wastewater irrigation, the practice can
lead to significant health risk if not undertaken in a safe manner [4]. All enteric pathogens of
viral, bacterial and parasitic (helminthic and protozoan) origins can be found in wastewater;
and can be transmitted to farmers using the wastewater for irrigation, consumers of wastewa-
ter-irrigated vegetables and communities close to wastewater irrigated fields [5]. Several stud-
ies have shown a significant relationship between Ascaris infection and exposure to wastewater
(either treated or untreated) [6,7,8]. This is because soil transmitted helminths (STHs) (such as
Ascaris) can survive for long periods of time under severe adverse environmental conditions
[9] contributing to their high risk of infection. STHs are common worldwide with more than a
billion people infected [10, 11]. Estimates suggest that Ascaris lumbricoides infects over 1 bil-
lion people, Trichuris trichiura 795 million, and hookworms (Ancylostoma duodenale and
Necator americanus) 740 million [12]. Farmers in Pakistan using wastewater for irrigation
have been reported to be five times more likely to be infected with hookworms than others
using canal water [13] and in Dakar, Senegal the reported incidence of amoebiasis and ascaria-
sis is 60% in farmers involved in wastewater irrigation [14]. In a study in Mexico, irrigation
with untreated or partially treated wastewater was directly responsible for 80% of all A. lumbri-
coides infections and 30% of diarrheal disease in farm-workers and their families [15]. The
health risk can differ depending on age and gender. An epidemiological study by Habbari et al.
[16] undertaken in Morocco to determine possible health risks associated with raw wastewater
use in agriculture found ascariasis infection to be approximately five times higher, especially in
children in wastewater impacted regions compared to control regions. In another study
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Fuhrimann et al [35] found that farmers exposed to wastewater in Uganda were more likely to
be infected with helminths than slum dwellers and workers involved in sludge collection.
However, in Vietnam, Trang et al. [17] found no evidence that rice cultivation with wastewater
posed any significant helminth infection risk to farmers, even though they were exposed to
wastewater containing 40-200 helminth eggs/L. Prevalence of and risk factors for helminth
infections have been studied in Ghana [18]. Although wastewater irrigation has been the prac-
tice for many years in Ghana, especially in major cities (e.g. Accra, Kumasi, Tamale), there are
no studies that have investigated the epidemiological link between the practice and helminth
infections among the farmers. Studies in Ghana have reported a mean helminth ova concen-
tration of 5-10 helminth ova per liter in water used for irrigation by farmers [19,20].

In this regard this study aimed at determining the association between STHs ova concentra-
tion in wastewater used for irrigation as well as in farm soil that farmers are exposed to and the
actual infection loads in order to ascertain the epidemiological link between wastewater irriga-
tion and risk of STHs infection for farmers. The aim of this study was achieved as it was
deduced that farmers had a higher probability of infection than non-farmers.

Methods
Study Area

The study was conducted in wastewater irrigated vegetable farms in the Kumasi Metropolitan
Area of Ghana (Fig 1). The Metropolis has two major seasons, the rainy (April to October) and
the dry one (November to March). Relative humidity ranges from 60-84% with daily mini-
mum and maximum temperatures of 21.5°C and 30.7°C, respectively [21]. The majority of
vegetable farms in Kumasi are irrigated with wastewater which is most predominant in the dry
season. Wastewater from domestic and small-scale industrial (e.g vehicle garages, saw mills,
welding shops, tanneries etc) sources are discharged directly into stormwater drains and
streams and collected for irrigation by farmers.

Inclusion and Exclusion Criteria

An initial survey was carried out in the Kumasi Metropolis to identify the farms using waste-
water for irrigation. This included a detailed explanation of the purpose of the study and farm-
ers and control-group who gave consent to be part of the study were recruited. Non-farmer
(control group) inhabited the same areas as the farmers and recruitment was made concomi-
tantly. The control group thereby constituted members of families of their communities who
did not take part in the practice of wastewater irrigation but stayed in the same neighborhood
(as can be seen in Fig 1 below). An initial prevalence survey was undertaken after which partic-
ipants were dewormed and the efficiency of the deworming exercise assessed directly after-
wards. The farmer group consisted of 165 (in the wet season) farmers and family members
dropping to 127 in the dry season, while the control group originally consisted of 100 individu-
als (in the wet season), dropping to 52 in the dry season.

The exclusion criteria was arrived at after the administration of the questionnaires to all
participants, afterwards any participant who did not fall within the criteria set (based on self-
reporting) was not included in the final data used for analysis, hence the dropout rate, but the
project team still visited them and administered antihelminthic drugs when needed so as to
encourage participation in subsequent studies.

Wastewater farmers recruited into the cohort met the following inclusion criteria: a) did
not consume vegetable salad irrigated with wastewater from their farms; b) used improved toi-
let facilities at home and at work; ¢) did not use protective clothing during farm work; and d)
had access to treated drinking water in their homes/communities.
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Ethics Statement

The Committee on Human Research, Publications and Ethics (CHRPE) of the Kwame Nkru-
mah University of Science and Technology (KNUST) approved the study (No. CHRPE/RC/
051/12) with additional informed oral consent received from all participants. Informed oral
consent of parents or guardians was received for all children who participated in the study,
which was written on the field questionnaire administered to each person. The purpose and
details of the study was explained to all participants in Twi (a local dialect) in the presence of a
witness and those willing to participate gave their consent, which was noted on the question-
naires. Each participant was given a unique identifier which was used throughout the study for
confidentiality. After the initial deworming exercise all participants who became re-infected
were treated again with 400 mg of albendazole (XL Laboratories PVT Ltd).

Sampling

Irrigation water was collected from August 2012 to October 2012 to represent the wet season
and December 2012 to March 2013 to represent the dry season. Irrigation water samples were
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Fig 1. A map of Kumasi showing the location of the wastewater farms and homes of the farmers and control (courtesy
Google Maps).

doi:10.1371/journal.pntd.0005161.9001
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taken from storm drains, streams, shallow wells and potable water pipes (in a few instances),
which represented the sources of water in use by the farmers. Soil samples were taken from the
vegetable beds that were irrigated with the water types sampled as stated above. In all, 214 and
156 samples (for soil and irrigation water) were taken during the wet and dry seasons, respec-
tively. All samples were collected in the morning between 06.00 and 10.00 (Greenwich Mean
Time (GMT) on each day of sampling. Irrigation water and soil samples were collected in trip-
licates into sterile pre-labeled sample bottles (about 4 L for the wastewater) and plastic re-seal-
able bags (30 g composite soil sample each) and kept in a cooling box and transported to the
laboratory where they were processed and analyzed for helminth eggs using the Modified EPA
Method [22]. The helminths eggs were identified on the basis of their shape and size with the
aid of bench aids for the Diagnosis of Intestinal Parasites [23]. Only viable helminth eggs were
counted, viability was assessed based on the presence of motile larvae within the eggs. Stool
samples were collected from farmers and family members as well as the non-farmer control
group and analyzed using the formal-ether concentration method [23]. After three months,
stool samples were taken again from the participants for assessment of re-infections.

Statistical Analysis

Descriptive analysis was undertaken to assess the mean concentration and distribution of ova
in the irrigation water and soil and described by box plots (Stata, Statacorp, Texas, USA). Anal-
ysis of variance was performed to determine the statistical difference between the concentra-
tions of Ascaris spp and hookworm in the dry and wet seasons. The relationship between
STHs loads in irrigation water/soil and actual STHs ova per gram of faecal matter from the
farmers was determined using Poisson regression analysis (Stata, Statacorp, Texas, USA). The
odds ratio (OR), its standard error and 95% confidence intervals were calculated according to
Altman [24].

Results
STHs Ova Concentration in Irrigation Water and Soil

Ova of Ascaris spp, hookworm and Schistosoma spp (Schistosoma spp was found only in the
irrigation water and is not further reported in this article) were identified in the irrigation
water and soil in the vegetable farms. In general ova concentrations were higher in the wet sea-
son than the dry season for both irrigation water and soil samples (Refer to Table 1). Statisti-
cally there was difference in the concentration of hookworm ova in the two seasons and
Ascaris spp concentration in the soil for between the seasons (Table 1). Figs 2 and 3 shows the
distribution of the ova of Ascaris spp and hookworm in the irrigation water and soil for both
the wet and dry seasons.

Prevalence of Ascaris spp and Hookworms among Farmers

Infection with the two parasites differed between seasons and between the farmers and the
control group. The prevalence of Ascaris spp infection in the wet season was 15.77% (n = 165)

Table 1. Mean concentration (+S.D) of Ascaris spp and hookworm ova in irrigation water and soil for the dry and wet season in Kumasi, Ghana.

Wet season (n =107)
Ascaris spp (ova/L) 2.82 (+0.25)
Hookworm (ova/L) 2.05 (+0.23)

doi:10.1371/journal.pntd.0005161.t001

Water Soil
Dry season (n =78) P value Wet season (n =107) Dry season (n =78) P value
2.62 (+0.13) 0.41 3.70 (£0.23) 2.90 (£0.21) 0.01
1.38 (+0.10) 0.01 2.01(x0.16) 1.67 (+0.14) 0.16
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Fig 2. Distribution of Ascaris spp and hookworm ova in irrigation water in the dry (n = 71) and wet (n = 107) seasons.
doi:10.1371/journal.pntd.0005161.g002
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for the farmers and 6.00% (n = 100) for the control group. Similarly, the prevalence of hook-
worm infection in the wet season was 12.73% (n = 165) for the farmers and 2.00% (n = 100)
for the control group. In the dry season prevalence of Ascaris spp. was lower for both groups,
the farmers had a prevalence of 11.02% (n = 127) and 5.74% (n = 52) for the control group.
A much lower prevalence was recorded for hookworm infections for farmers with 4.72%
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Fig 3. Distribution of Ascaris spp and hookworm ova in farm soil in the dry (n =71) and wet (n = 107) seasons.
doi:10.1371/journal.pntd.0005161.9003

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005161 December 6, 2016 6/12



@' PLOS NEGLECTED
Z) ’ TROPICAL DISEASES Contribution of Wastewater Irrigation to STHs Infection among Vegetable Farmers in Kumasi, Ghana

Table 2. Range of eggs per gram (epg) of Ascaris spp and hookworm infection intensity in wastewater farmers and a control group in Kumasi,

Ghana.

Farmers

Wet season (n = 165)
Ascaris spp (epg) 4-223
Hookworm (epg) 2-84

doi:10.1371/journal.pntd.0005161.t002

Non-farmers (Control group)
Dry season (n = 127) P value Wet season (n =100) Dry season (n = 52) P value
3-124 0.01 8-112 19-68 0.35
4-20 0.06 9-54 15-57 0.40

(n = 127) however same prevalence as reported for Ascaris spp was reported for hookworm
infections of the control group, but with different mean infections. Table 2 above shows
the details of the range and significant difference and Figs 4 and 5 distribution of infection
intensity.

Relationship between Parasite Ova in the Irrigation Water and Soil and
the Incidence of Infection in Farmers

The concentration of the ova of the two reported helminths in both the irrigation water and
soil and the intensity of infection of the exposed farmers showed a significantly positive rela-
tionship (p < 0.05) in the wet season (regression coefficient of 0.04; 95% CI: 0.203-0.69). The
opposite was the case in the dry season (regression coefficient of -.0023; 95% CI: -.020 - .016),
however this was not statistically significant (p > 0.05).

Odds of Infection for Farmers and Non-Exposed Populations

The probability of farmers getting infected with STHs compared to the control group as a
result of exposure to the ova in the irrigation water and the soil was higher in the wet season
than in the dry season for the two STHs (Table 3). In the wet season, farmers exposed to irriga-
tion water and soil were more likely than the control group to be infected with Ascaris spp
(OR =3.99, 95% CI: 1.15-13.86) and Hookworm (OR = 3.07, 95% CI: 0.87-10.82). However,
there was lesser probability of infection in the dry season as shown in Table 3.
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Fig 4. Distribution of Ascaris spp for farmers and non-farmers in both seasons.

doi:10.1371/journal.pntd.0005161.9004
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Fig 5. Distribution of hookworm infection intensity for farmers and non-farmers in both seasons.

doi:10.1371/journal.pntd.0005161.9005

Discussion

Helminth contamination of irrigation water is a serious public health issue, due to their persis-
tence in the environment and their low infective dose. To safeguard human health, the WHO
formulated guidelines for the use of wastewater in unrestricted agriculture [4], with a guideline
value of <1 ova/L aimed at reducing the risk of infection. In this study, the mean concentra-
tion of STHs ova was higher than the recommended guideline value, especially for Ascaris spp
(2.62 ova/L and 2.82 ova/L for dry and wet seasons, respectively) and hookworm (2.05 ova/L
in the wet season), in line with similar results reported from studies in Ghana [3, 19, 20, 29] as
well as other countries [25, 30, 35]. There was seasonal variation in the mean concentration of
the STHSs ova in the irrigation water, with the wet season showing higher concentrations than
the dry season. Keraita et al. [26] reported similar patterns of helminth ova concentration in
irrigation water from studies conducted in Kumasi. This occurrence could be attributed to
rainfall and reduced temperatures which extend the survival period of the ova. However in
general, helminth ova are resistant to many types of inactivation, with ova of Ascaris spp and
Taenia spp having the highest resistance and survival rates [27, 28]. In addition to the lower
temperatures and much lesser UV irradiation in the wet season, ova concentration could be
increased during this period of the year due to run-offs from agricultural fields and other sur-
rounding areas. Open defecation in areas close to these wastewater irrigated farms could also
potentially lead to higher STHs ova concentrations after rainfalls. Wastewater irrigation does
not only increase risk of STH infection due to exposure to the irrigation water but also expo-
sure to the farm soil. Exposure to the farm soil in wastewater irrigated farms may result in
higher risk of infection with STHs than risk attributable to the wastewater alone [29, 30]. This
is due to a higher concentration of STHs ova in the soil as was seen in this study. Irrigation
with wastewater result in accumulation of STHs ova in the soil, and therefore accounts for the
higher concentration of ova. A. lumbricoides eggs have been found to attach to soil particles
(especially clay) thereby contributing to their high concentrations in the soil samples [31]. In
addition, contamination of soils could serve as a source for re-introduction of eggs into the
irrigation water channels.
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Table 3. Odds of infection with Ascaris spp and hookworm for farmers involved in wastewater irriga-
tion compared with a control group in Kumasi, Ghana.

DRY SEASON* WET SEASON®
Ascaris spp 0.92 (95% Cl; 0.33-2.56) 3.99 (95% Cl; 1.15-13.86)
Hookworm 1.21 (95% CI; 0.24-6.20) 3.07 (95% Cl; 0.87-10.82)

*In the dry season the study population was 127 for farmers and 52 for the control group
%In the wet season the study population was 165 for farmers and 100 for the control group

doi:10.1371/journal.pntd.0005161.t003

The elevated concentrations of STHs ova, above the WHO guideline levels, in the irrigation
water and soil pose a risk of infection for farmers involved in the practice of wastewater irrigation.
However, there is always a difference between the estimated risk and actual infections. The poten-
tial health risk is based on the number of pathogens in the wastewater or soil, while the actual
health risk depends on an expansion of this concept, including: i) the period pathogens survive in
water or soil; ii) the dose in which pathogens are infective to a human host and iii) host immunity
for pathogens circulating in the environment [32]. The seasonal variation in STHs ova concentra-
tion in the irrigation water and soil was also apparent in the STHs infection intensity of the farm-
ers, reflected in higher infection frequency in the wet season. There are other factors such as,
climate, types of soils and hygiene behavior, which might have also contributed to this variation in
infection rate [33]. The interrelationship with other confounding factors was seen with the corre-
lation analysis where there was a weak association between the load or concentration in the irriga-
tion water/soil and the intensity of the STH infection for the farmers, especially in the dry season.

To quantify the actual contribution of wastewater irrigation to STHs infection a control
group of non-farmers who had no exposure to the irrigation water and soil but used same sani-
tation and portable water infrastructure as the farmers (staying in the same suburbs as the
farmers) was needed. The increased probability of infection for farmers was expected due to a
higher exposure to STHs ova over the course of the year as compared to the non-farmers.
Infection with Ascaris spp and hookworm for the farmers is three times more likely than it is
for non-farmers. This clearly indicates that wastewater use in irrigation contributes signifi-
cantly to the incidence of helminthiases, as reported by many other studies [13, 29, 34, 35],
especially in the wet season (Table 3). In the dry season the odds of infection for both farmers
and non-farmers is not significantly different. This could be attributed to the lower concentra-
tions of ova recorded in the irrigation water and soil during this time of the year.

It can be concluded from the results obtained in this study that exposure to STHs ova in
irrigation water and soil contributes to infections in farmers and that farmers involved in the
practice are three times likely to be infected with Ascaris spp and hookworm than unexposed
populations. This is particularly so during the wet season where there is an increase in the con-
centration of the STHs ova. The results obtained show an epidemiological link between waste-
water irrigation and helminth infection in Ghana, therefore emphasizing the need for
regulations and interventions aimed at making the practice safer for the farmers which in turn
would contribute significantly in breaking the cycle of infection.
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4.0 CRITICAL OVERVIEW

4.1 Development of appropriate methods for the accurate detection and quantification of
STH eggs.

4.1.1 What is the current state-of-art in the detection and quantification of STH eggs in the
environment?
Accurate detection and quantification of STH eggs in environmental samples is critical for the

determination of infection risks from exposure and the adoption of risk reduction strategies. The
heterogeneous nature of environmental samples poses a challenge for researchers (Collender et al.,
2015). Despite the occurrence of different methods, a general consensus has not been reached and
there is no internationally accepted method for efficient detection and quantification of STH eggs
in the environment (Bowman et al., 2003). The lack of a uniform method creates a challenge for
comparative assessment of STH egg concentrations, both in different sample matrices as well as
between locations. In the absence of a standardized method, a review of the existing methods, with
a critical assessment of the various steps may help in the selection of the best procedure for
accurate detection of STH eggs. Paper | was based on a literature search in PubMed and Science
Direct and considered publications from different geographical regions. Methods reported in
original research articles were grouped into conventional, molecular and emerging techniques and

the main steps and challenges associated with each sample matrix discussed and compared.

The major steps in the methods reported in literature are filtration/sieving, egg recovery or
separation from other particles, sedimentation, flotation and microscopy. These will result in the
main variations in and between the methods. Concentration of STH eggs in the different sample
matrices differed between studies (refer to Tables 1-4 in Paper 1), which reflect differences in
STH incidence within and between the populations. The difference in STH egg concentrations

may also be attributed to the variation in egg recovery of the different methods. However, egg
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concentrations in studies from developing countries generally are higher than from developed
countries (Tables 1-4 of Paper I).

High solid content in samples has the potential to result in lower egg recovery, partly due to
attachment of eggs to these particles. Additionally, particles on the microscope slide during the
microscopy stage will interfere with the correct identification and quantification of the eggs
(Bowman et al., 2003; Katakam et al., 2014; Engohang-Ndong et al., 2015). Most of the
conventional methods employ a differential flotation step to achieve a further separation of the
STH eggs from other particles. The loss of eggs in this step relates to the specific gravity of the
flotation solution versus the relative density of the eggs. Section 3.3.2 (Paper 1) discusses the
various flotation solutions used and the reported recovery efficiencies, whilst also considering the
challenges involved with each choice of flotation solution. Paper | established that the use of
flotation solutions with specific gravities lower than 1.3 may result in the loss of STH eggs such
as Taenia spp eggs (David and Lindquist, 1982). Therefore, the choice of solution and the specific
gravity should be dependent on the type of STH eggs in the samples to be analyzed.

Some methods also incorporate a filtration step, using sieves of different pore size. The pore size
of the sieve was found to be an important factor in ensuring that a high egg recovery is achieved
whiles removing particles. The pore sizes are mainly influenced by the type of STH prevalent in
the study area. Additionally, the use of detergents and other related solutions, that aid in the
separation of the eggs from other particles result in enhanced egg recovery

In addition to the conventional methods described above, Paper I also presents some of the more
advanced molecular methods (e.g. PCR, gPCR, LAMP etc.) used for the detection and in some
cases quantification of STH eggs in environmental samples. These have the major advantage over

the conventional microscopy methods in that they enable a differentiation of STH eggs to the
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species level (Valero et al., 2009; Ai et al., 2010; Basuni et al., 2011; Verweij et al., 2007; Verweij
et al., 2009). This is a major challenge with microscopy, due to similarities in egg morphology.
The molecular techniques are also faster than the conventional methods, but conventional
microscopy rapidly gives an overview of different parasites present. The molecular methods are
further not fully optimized for routine use and there are major challenges hindering their
widespread application. Extraction of DNA of good quantity and quality is a major bottleneck,
mainly due to the tough egg shells. These shells serve as a protective shield for the STH eggs,
impeding the extraction of the DNA. Several DNA extraction methods or protocols have been used
with varying results but not systematically assessed. Table 6 of Paper | presents some of these
protocols/methods and the STHSs reported. Environmental samples may also contain substances,
such as lipids, proteins etc. that may act as PCR inhibitors (Josefsen et al., 2015), which creates an
additional challenge for the detection of the eggs with molecular methods. The high cost of
molecular techniques has also hindered their adoption for routine laboratory analysis. For the
future several other methodological candidates could be used for the detection and quantification
of STH eggs but most of these are yet to be tested on environmental samples. In instances where
the uses of these are reported in environmental samples, there is the lack of adequate data to
confirm their applicability. Table 7 of Paper | present some of the advantages and disadvantages
in the use of conventional, molecular and new/emerging techniques in the detection and
quantification of STH eggs in environmental samples.

In addition to the identification and discussion of the critical steps in the analysis of environmental
samples for STH eggs, Paper | also identified the knowledge gaps in the quest for an
internationally accepted standardized method. For instance, it was determined that there is the need

for quantitative assessment of the effect of the various chemicals/reagents that are used in these
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methods on egg viability. As discussed in Section 3.3.3 of Paper I, ethyl acetate, diethyl ether,

acetoacetic buffer etc. may result in the loss of over 95% of viable eggs (Satchwell, 1986).

4.1.2 Effect of reagent on STH egg viability
Since the environment, especially soil, plays a critical role in the transmission of STH infections

(discussed in the literature Chapter 2, Section 2.1) viability assessments are essential. Therefore,
to assess the infection risks or the efficiency of treatment barriers, it is necessary to accurately
quantify the viable STH eggs in the environment. In the current variety of methods different
reagents/chemicals are used that may both affect the efficient recovery and partly the viability of
eggs. Paper | showed that steps such as the separation of eggs from other particles (Section 3.2.1),
phase extraction (Section 3.3.3) and viability determination through incubation (Section 3.4), are
major steps that may be affected and result in method variations. These variations are due to the
use of different reagents based on personal preference of researchers and their reported
improvement of viable egg recovery. Some researchers have reported that some of these reagents
might affect viable egg recovery due to their inactivation of the eggs (Oksanen et al., 1990;
Gaspard et al., 1995; Nelson and Darby, 2001). Using Ascaris suum eggs as a surrogate for STH
eggs, Paper 11 provides an assessment of the impact of selected reagents (commonly used) on the
viability of these eggs. The duration of exposure and the resulting impact was assessed. Prior to
this viability assessment, the use of distilled water, 0.1N sulphuric acid and 0.5 % formalin as
incubation solutions was determined and compared. Incubation with these three solutions for at
least 28 days is commonly used to determine the viability of recovered STH eggs (see Section 3.4
of Paper 1).

The use of 0.1N sulphuric acid for incubation gave the highest percentage of viability, followed
by distilled water. The latter gives an option for laboratories that cannot afford the use of sulphuric

acid. Additionally, distilled water does not have the same toxic effect, as reported for sulphuric
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acid or formalin. The use of distilled water for incubation may however result in the growth of
fungi and bacteria (Ciarmela et al., 2002) during the incubation stage, whereby it (distilled water)
may be used with caution. Paper Il and the works of others (Oksanen et al., 1990; Nelson and
Darby, 2001; Pecson and Nelson, 2005; Karkashan et al., 2015) helps in the selection of the best
incubation solution for viability determination. This, in itself, will not guarantee accurate
quantification of viable eggs in environmental samples. There are a number of reagents used prior
to incubation that have been reported to result in the inactivation of STH eggs. The loss in viability
may be attributed to the degradation of the lipid layer of the eggs (which is the last defense for the
eggs). As shown in Table 1 of Paper 11, exposure of Ascaris suum eggs to acetoacetic acid, ethyl
acetate and a combination of these resulted in the highest loss of viability as compared to Tween
80 and ammonium bicarbonate. These detergents (Tween 80 and ammonium bicarbonate) have
been associated with improved recovery of STH eggs from environmental samples, such as sludge
and UD toilet waste (Zenner et al., 2002; Tronnberg et al., 2010). Comparison of the inactivating
impact of the reagents on eggs in distilled water, wastewater and sludge, showed higher
inactivation in eggs suspended in distilled water than in other sample matrices. This was attributed
to the antagonistic effect of substances/materials in the wastewater and sludge, or the absorption
of these reagents by particulate matter (Lajeunesse et al., 2008; Gracia-Lor et al., 2010). As
discussed in Paper I, reagents such as ethyl acetate, diethyl ether and acetoacetic buffer are only
added to the samples after the removal of particles (through sieving/filtration, sedimentation and
flotation). Therefore, the protective impact of the wastewater and sludge will be lower than

reported in Table 4 and more in line with results in Table 1 (Paper I1).

In circumstances where there is no other option, exposure of the eggs to ethyl acetate, diethyl ether

and acetoacetic buffer should not exceed 5 minutes as was concluded in Paper Il. Duration of
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exposure may be reduced by thoroughly rinsing the eggs after steps involving these reagents so as

to completely remove any residual concentration of the reagents on the eggs before incubation.

4.1.3 A revised method for STH egg detection in different environmental matrices.
A review of existing methods as presented in Paper | and discussed in Section 4.1.1 above, showed

that two common methods have been used with several variations in different steps. These vary in
relation to both reagents used as well as the sample matrices. Paper I discussed a number of critical
steps that result in major variations and therefore have the potential to affect the recovery of viable
eggs. Paper 11 (discussed in Section 4.1.2) addressed some of these contentious steps, such as the
best incubation (among the three common solutions) and effect of selected reagents on egg
viability. Based on the results from these two papers, a revised method for the detection and
quantification of STH eggs was developed and a Standard Operation Procedure (SOP) (see

Appendix I for full SOP) was prepared.

In brief, this method (and the accompanying SOP) presents an approach for the detection and

quantification of STH eggs in different environmental matrices (wastewater, sludge, soil etc).

The various steps involved in the pre-processing are dependent on the type of sample and is largely
influenced by the solid contents. Samples with high solid contents, such as untreated wastewater,
sludge UD waste etc are initially mixed with Tween 80 or ammonium bicarbonate to aid in the
separation of the STH eggs from other solids (see Figures 5-8). Dried sludge and other solid
samples are soaked in deionized water for 12-24 hours to enable to the breaking of clumps of
solids, this is essential in the release of eggs (see Step 2 in Figure 8). After these soaking steps
(either with detergents or deionized water) the samples are treated through the same process as

liquid samples with low solid contents (e.g treated wastewater and surface water). Samples are
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poured through a 100pum unto a 20 um sieve, this ensures the elimination of particles that may
interfere with microscopy (Step 2 of Figure 5 and Step 3 for Figures 6-8). The filtrand on the 20

sieve is then carefully collected into Falcon tubes and processed.
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1a(i). Mix sample with ImL
Tween 80:makes combined
_| detergent-sample a 0.1%
‘| solution, add bar magnet.

Untreated wastewater
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=1L . o
stir on magnetic stirrer for
10 min.
|
| 3.
1b. 2. ! Discard deposit caught on 100um
Treated effluent Place 1001 Sieve over sieve, wash filtrand collected on
=5-10L S0um sieve pour sample 20um sieve. Pipette out all deposit

: on 20um sieve into test tubes or
1c. onto 100um sieve. Wash N o . .
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_~"'| thoroughly using water . . ]
. density. Allow sample in beaker to

under pressure provided by :
hose attached fo ta settle, suction off supernatant,
P transfer to plastic 15mL/50mL
Falcon test tubes.

Surface water = 1L

Figure 5: Flow chart for pre-processing of water and wastewater samples for the detection and quantification of STH eggs
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1.

Weigh out 10-20g of

sample info 250mL  ——

plastic beaker.

6.

3.
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bicarbonate  (119¢/L) or
0.1% Tween 80, stir for 10

min. using a bar magnet and
magnetic Stirrer.

Place 100pum sieve over
20um sieve, pour sample
onfo 100pum sieve. Wash

7| thoroughly ~using  water

under pressure provided by
hose attached to tap

Allow sample to seftle 1
beaker. suction off
supernatant, transfer deposit
to #4 x 15mL/50mL Falcon
test tubes

Figure 6: Flow chart for pre-processing of wet or moist sludge samples for the detection and quantification of STH eggs
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250mL plastic beaker '

Figure 7: Flow chart for pre-processing of composted sludge and UD waste samples for the detection and quantification of
STH eggs
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2.

1.

Weigh out 10-20g of
sample into 250mL
plastic beaker.

Soak sample in 350 mL
deionised water for 12-24
hours (overnight) to soften.

~| Dried sludge will need to be —

broken up as much as possible
before and after soaking.

5.

3.
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as much of the deionised water
as possible. Add 50 mL of
saturated ammonium
bicarbonate (119g/L) or 0.1%
Tween 80, stir on magnetic
stirrer with bar magnetic for 10
min. Place 100um sieve over
20um sieve, pour sample onto
100um sieve. Wash thoroughly
using water under pressure
provided by hose attached to tap

Allow sample to settle in
beaker, suction off
supernatant, transfer deposit
to =4 x 15mL/50mL Falcon
test tubes

Wash filtrand on 20pum
sieve using water under

250mL plastic beaker

4,

Use plastic ‘hockey stick’ or
gloved hand to break up

pressure.  Pour  all |
) deposits from 20pum |
sieve into labelled

clumps on 100pum sieve.
Discard deposit caught on
100um sieve.

Figure 8: Flow chart for pre-processing of dry or hard sludge samples for the detection and quantification of STH eggs
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The different approaches help to account for the heterogeneity and variability of the various
environmental samples. The use of ‘one-fit-all’ method for analyzing different environmental
samples, has the potential to adversely affect egg recovery. Environmental samples have high
variability therefore development of an internationally accepted method must account for this
sample variability as shown in the approaches presented by Figures 5-8. Although there is
variability in the processing of samples depending on the solid contents in this method, the use of
same steps after sieving ensures consistency in the subsequent steps. With this revised method, the
introduction of specific steps for different sample matrices ensures a consistent approach providing

a uniform method for the detection of STH eggs in these samples.

Spiking of sludge and wastewater samples gave recovery percentages of 80.25% to 97.63%
respectively. These recovery percentages were calculated using the “split-spike” technique
reported in Bowman et al., (2003). In this technigue, each sample was divided into three sub-
samples, the first two examined for precision and the third was spiked with a known concentration
of Ascaris suum eggs and then analyzed for accuracy. These spiking experiments were done six
(6) times in different sample matrices to provide the need precision and accuracy data. Sensitivity
analysis indicated that the method could detect eggs as low as 2-3 eggs per liter in wastewater
samples, however in sludge sensitivity was between 5-7 eggs per 20 grams. The reduction in
sensitivity for sludge analysis could be due to the attachment of eggs to the solids in the samples,
which might result in the loss of eggs during the sieving step (see Figures 2-4). Method sensitivity
is very important in determining the quality of wastewater and sludge in relation to international
and national wastewater/sludge treatment and reuse standards or guidelines. The recovery
percentages and sensitivity results reported determine during the method validation stage were

used to accurately determine the STH egg concentration in actual samples. This method has been
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successfully used to consistently detect and quantify different types of STH eggs from a variety of
sample matrices. The results of which were published and will be discussed in the subsequent

sections of this chapter.

The consistent recovery percentage of this method could be attributed to several factors. The use
of sieves for filtration reduces the amount of particulate matter in the final pellets, whereby there
is less interference in the microscopy counting step. Additionally, the removal of the sedimentation
step considerably reduces the time required for the separation of the eggs from other particles, both
for sludge, sewage, soil and other sample matrices with high solid contents. Passive sedimentation
(Section 3.3.1 of Paper 1) is time consuming and susceptible to error, resulting in lower recovery
percentages. The increased recovery of eggs could also be attributed to the use of zinc sulphate
with a specific gravity of 1.3. The use of flotation solutions with lower specific gravity has the
potential to result in the loss of some STH eggs, e.g. Taenia spp eggs (Section 3.3.2 of Paper ).
The revised method does not involve the use of ethyl acetate and acetoacetic acid, based on their
impact on egg viability as concluded in Paper I1. These reagents are mainly used to remove lipids
and proteins from samples (Verbyla et al., 2016; Satchwell, 1986), their exclusion may result in
high lipid content in the samples after processing and may interfere with microscopy. However,
the use of the detergents in the pre-processing stage eliminates these lipids and related
materials/substances. The removal of this phase extraction step also reduces the number of steps
involved in sample processing. Reduction of steps reduces time needed to process samples and

gives less room for errors.

Selectivity in the use of conventional methods for the detection and quantification of STH eggs is
subject to the experience of the microscopists. Differentiating between STH eggs and debris and

between different types of eggs is solely dependent on the experience of the individual. However,
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with considerable reduction in the amount of debris on the microscope slide, due to the sieving
step, the influence of debris on the method selectivity is reduced. The selectivity of the method
could also be enhanced by using zinc sulphate of different specific gravity, since different eggs

have varying relative densities.

The method and accompanying SOP, presented in Appendix I, were developed as part of a project
funded by the Bill and Melinda Gates Foundation (BMGF) with the collaboration of researchers
and laboratories from South Africa, Mexico, India, Senegal, Brazil and Ghana. In addition to the
method validation in relation to recovery percentages, a full quality assurance and quality control
(QA/QC) assessment is currently ongoing in these partner laboratories. The outcome of this would
provide QA/QC data to back the method which is very important for its adoption as an
internationally accepted method. The aim of this process is to use this method as a basis for the
development of an I1SO certified method for the detection and quantification of STH eggs in the

environment.

4.2 Reduction of STH eggs through wastewater and sludge treatment
Wastewater and sludge are known to contain a variety of contaminants including STH eggs

(Section 2.5.1 of Chapter 2). These may adversely affect the health of exposed populations.
Exposure to wastewater or sludge either intentionally or unintentionally has been linked to an
increase in STH infections (Seidu et al., 2008b; Blumenthal et al., 2001; Pham-Duc et al., 2013;
Rutkowski et al., 2007; Trang et al., 2006; Habbari et al., 1999). This exposure may be through
occupational (e.g waster irrigation or sludge application in agriculture) or recreational use (such

as swimming in wastewater contaminated rivers, streams or lakes). To protect public health there
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is the need for treatment of wastewater and sludge before discharge to the environment and the

determination of treatment efficiency is therefore important.

4.2.1 Comparison of the STH removal efficiency by centralized and decentralized
wastewater treatment
Different wastewater treatment technologies have been developed and implemented over the years.

Conventional centralized wastewater treatment plants
(WWTPs) are the main treatment option but conventional WWTPs are expensive to construct and
maintain (Massoud et al., 2009). Low cost decentralized wastewater treatment options have been
researched and implemented. Anaerobic baffled reactors (ABRs) and planted gravel filters (PGFs)
are some of these decentralized treatment technologies that have seen an increased use in the last
decade due to simple, inexpensive construction and stable operational conditions (Tilley et al.,
2014; Reynaud and Buckley, 2016).

Pathogen reduction by ABRs and PGFs has been studied (Foxon et al., 2004; Nasr et al., 2009) but
these studies have focused on indicator microorganisms such as E. coli and total coliforms with
limited information on the removal of STH eggs (Johansen et al., 2013; Hailu, 2006). The removal
of bacteria varies significantly from the removal of STH eggs due to difference in their
survivability, size and the mode of removal. STH eggs are known to form part of the solid
component of wastewater and are therefore removed largely by sedimentation and flocculation
processes (Mara and Horan, 2003). Despite the increase in the use of DEWATS for wastewater
treatment, there is no comparative assessment of their performance in removing STH eggs as
against the widely used conventional WWTPs. This knowledge is important in validating these
(DEWATS) treatment approaches and will provide an indication of the public safety issues

surrounding wastewater treatment.
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Paper 111 presents a comparative study on the removal of STH eggs in decentralized ABRs and
PGFs (referred to as DEWATS here) and centralized WWTPs in Durban, South Africa and
Maseru, Lesotho. Lesotho was chosen for the assessment of the ability of the DEWATS in
removing these eggs due to the large number of operational plants. These were therefore chosen
based on availability and accessibility. Using the method discussed above (Section 4.1.3) and
presented in the Appendix I, the STH egg concentration in wastewater from different stages of
treatment (see Section 2.1.1 of Paper I11) at the three (3) centralized and one DEWATS plants in
Durban was determined. The conventional WWTPs have different treatment capacities and serve
communities with varying socio-economic status. A total of ten DEWATS plants were studied in
Maseru. These were chosen to represent individual households and institutional plants.

STH egg concentrations differed between the populations in the city of Durban as was evident by
the variation in egg concentrations in the untreated wastewater at the WWTPs. STH egg
concentration gives an indication of the level of infection within different populations, with
temporal and spatial variations depending on the source of the wastewater (Chan, 1997; Mara and
Horan, 2003). In Maseru, the concentration of STH eggs in raw wastewater differed between the
different DEWATS plants. The ones located near orphanages and schools had a higher egg
concentration. This also adds to the knowledge on the high incidence of STH infections among
children of school age as reported in literature. However, it must be noted that the concentration
of STH eggs in the wastewater and sludge in this study was different from reports from clinical
studies. This could be attributed to several factors, such as, prevalence of infections in the study
populations, survivability of the STH eggs in the environment and possible eggs from other species

of STH that infect animals.
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The DEWATS showed a much higher removal of STH eggs than the centralized WWTPs which
could be attributed to the differences in the treatment process (Mara and Horan, 2003; Rose et al.,
1996; Mayer and Palmer, 1996; Dowd et al., 1998). The high removal efficiencies seen in the
DEWATS plants could be attributed to the process of forcing the influent wastewater through the
sludge bed/blanket of the upflow baffles in the DEWATS. This process enhances egg removal
through filtration and aggregation (Mara and Horan, 2003). DEWATS plants with biogas
accumulation had lower removal efficiencies, attributed to lower hydraulic retention time (HRT).

Additionally, the PGFs increases the STH removal efficiencies (Stott et al., 2002), in Lesotho

it was observed that in DEWATS plants with functioning PGFs, the removal efficiencies were
much higher.

By applying the developed method (Appendix 1), it was possible to show in Paper 11l that
DEWATS plants are efficient in removing STH eggs from wastewater, comparatively higher than

the centralized WWTPs.

4.2.2 Concentration of STH eggs in sludge samples after drying
Reduction or elimination of STH eggs through wastewater treatment is achieved by removing the

eggs from the wastewater into the sludge through processes such as filtration, sedimentation,
flocculation etc (Jimenez-Cisneros, 2006; Mara and Horan, 2003). STH egg concentration in
sludge is mostly higher than in the wastewater as confirmed by results in Table 4 of Paper 111 and
Table 2 of Paper IV. Contamination of wastewater and sludge in this case with animal faeces
could lead to high counts of STH eggs, especially from STHs that infect animals, such as Toxocara
spp or Ancylostoma spp (type of hookworm). Therefore, sludge application as a fertilizer has the

potential to greatly increase the risk of STH infections. Application of sludge as a fertilizer or soil
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conditioners has so many benefits for soil fertility resulting in high crop yield (Navarro-Pedrefio
et al. 2003; Almendro-Candel et al. 2014). However, with the high concentrations of STH eggs,

this practice must be regulated to ensure public safety.

Sludge can be treated by a variety of processes as elaborated in Table 7 of Chapter 2 with varying
efficiencies. In South Africa and many other parts of Africa, including Senegal, sludge is treated
by drying. The effectiveness of this process in inactivating viable STH eggs is dependent on the
ambient temperature and solar irradiation under which the drying takes place (Berendes et al.,
2015; McKinley et al., 2012; Szabova et al., 2010). Duration of drying under these conditions is
very important. Sludge is most commonly dried for 60 days in Durban, due to high demand for
drying space/beds. Determination of the number of viable STH eggs in the sludge at the end of the
drying period is important in determining the health implications associated with the use of this

sludge as a fertilizer or soil conditioner.

Paper 1V gives an assessment of STH egg concentration in sludge from Durban, South Africa and
Dakar, Senegal. Using the method developed and discussed already, the viable egg concentrations
were assessed after the 60-day drying period. The rate of decay of STH eggs under the drying
conditions described was also calculated by determining the concentration of viable STH eggs on

a weekly basis for a period of 90 days.

STH egg concentrations were higher in sludge from Dakar than Durban, with variation in the type
of STH detected in the two study areas (Table 2 of Paper IV). The variation in the egg
concentrations may be attributed to the difference in the prevalence and intensity of STH
infections. Over the ten-month study period, the concentration of viable STH egg in the sludge

from Durban showed significant variations, probably due to changes in the environmental
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conditions. This change in environmental conditions has the potential to affect the rate of decay of
the eggs under the conditions mentioned (Berendes et al., 2015; Belcher et al., 2015). The rate of
decay therefore needs to be determined for different locations where this information is important
to determine the best treatment process and duration of treatment needed to produce sludge that is

safe for reuse.

The concentration of STH eggs reported in Paper IV and the decay rate calculated implies the
sludge needs further treatment with processes such as composting, thermophilic digestion, lime
stabilization etc. (see Table 7 of Chapter 2) to produce sludge meeting the various guidelines

presented in Table 5 of Chapter 2.

4.3 Risk of STH infection from exposure to eggs in the environment
Exposure to wastewater/sludge either treated or untreated could result in an increase in STH

infections. As shown in Papers 111 and IV, wastewater and sludge treatment does not always result
in the total removal or inactivation of these eggs, which may result in intentional or unintentional
exposures. The risks of infections differ depending on the amount of viable STH eggs ingested by
exposed populations where these risks will also differ based on the populations exposed. Risks of

infection could be estimated either directly or indirectly as presented in Section 2.6.

4.3.1 Probabilistic estimation of STH infection risks from direct and indirect exposure to
effluents from centralized and decentralized WWTPs.
The QMRA approach, as described in Section 2.6.2 of Chapter 2 was used to estimate risks of

STH infections for different populations exposed, either directly or indirectly, to effluents from
the WWTPs studied and reported in Paper I11. Ascaris spp was used as a surrogate for STHs.
QMRA played an important role in developing the WHO and Australian wastewater reuse
guidelines (NRMMC, 2004; NRMMC et al., 2006; WHO, 2006). Several researchers have
effectively used this approach to estimate risks of STH infections for different populations exposed
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to wastewater directly or indirectly (Cutolo et al., 2012; Navarro and Jiménez, 2011; Navarro et
al., 2009; O’Connor et al., 2017; Kundu et al., 2014). The estimated risks from these studies vary,
due to the choice of dose response models and most importantly the ingested dose. Dose of
pathogens used in QMRA is either assumed or measured. The accurate detection of the STH eggs
in environmental samples is therefore important for estimation of risks from environmental

exposure.

The QMRA framework used for the determination of probability of infection with exposure to the
effluents from the WWTPs, presented in Paper Ill, was developed based on observed and
assumed exposure scenarios. This framework takes into account farmer and consumer risks
associated with wastewater irrigation, risks of infection from immersion in the maturation ponds
(centralized WWTPs) and playing new the PGFs of the DEWATS were also considered (Section

2.5 of Paper I11).

Ascaris spp egg concentration, in the effluents from all the WWTPs (Tables 4 and 5 of Paper
111), was beyond the WHO guideline value of 1 egg per liter for irrigation water. Risks of infection
for farmers were therefore found to be higher than the WHO tolerable risks figure (102 pppy)
(WHO, 2006). Reuse of the effluents from the DEWATS plants posed the least risk, as compared
to effluents from the centralized WWTPs. This was expected as the concentration of viable Ascaris
spp eggs in the effluents from the centralized WWTPs was higher than the DEWATS plants. In
Maseru, Lesotho, reuse of the effluents from the DEWATS plants is common, driven by dry
conditions. Consumption of farm produce, especially vegetables from these farms may result in
infections, due to possible contamination. Paper I11 presents risks estimate for this exposure (See
Table 8 of Paper IIl), which were also higher than the tolerable risks index. One-time

consumption of these vegetables may not result in higher risks of infection, however considering
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the fact that multiple consumption would increase risk as shown in the table (Table 8 of Paper
I11). Although risks of infection for farmers using the effluents of the DEWATS plants is low, it
is imperative to incorporate further risk reduction measures as suggested by the WHO multi-barrier
approach. The multi-barrier approach to risk reduction is important especially for the consumers
in situations where further wastewater treatment is not feasible. This approach incorporates a series
of steps aimed at reducing the concentration of microbial pathogens. This could be achieved by a
further treatment step, use of different irrigation approaches to reduce contamination of edible
parts of crops, cessation of irrigation before harvest, washing or disinfection of produce with either
bleach, vinegar etc. (Amoah et al., 2011). Farmer risks could be reduced by simple on-farm
interventions, such as the use of protective clothing, effluent storage for some days and adoption
of irrigation methods that reduce their exposure to the water (Keraita et al., 2008; Qadir et al.,

2010).

Risks of infection from the other exposure scenarios considered in Paper Ill, such as
immersion/swimming in the maturation ponds (centralized WWTPs) or playing near the PGFs of
the DEWATS plants could potentially lead to higher infections. It was observed in Maseru that
most of these plants were not fenced and in some instances, there is overflow of the PGFs exposing
households to the wastewater. Although lower viable STH eggs were recorded in the effluents
from the DEWATS plants, poor maintenance of the plants resulting in the observed overflows may

defeat the purpose of wastewater treatment.

4.3.2 Estimation of STH infection risks from agricultural application of sludge
Sludge from Durban and Dakar contained higher concentrations of STH eggs, than the South

African national and WHO guideline values for sludge reuse (Paper V). Therefore, application

of sludge on these farms could lead to STH infections for both farmers and consumers of farm
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produce. Probabilistic assessment of the STH infection risks showed that farmers applying this
sludge without adequate protective measures have high risks of infection (Table 4 of Paper 1V).
These risks were higher than the WHO tolerable risks figure (10 pppy) for both study areas but
risks were marginally lower in Durban than Dakar, as expected, due to a lower viable egg

concentration.

Agriculture in developing countries is labor-intensive and accidental ingestion of small amounts
of soil during land tilling is a very likely event (Seidu et al., 2008a). Ingestion of sludge amended
soil is another major route of possible infections. Estimation of STH infection risks from this
scenario must take into account the decay of the eggs on the field. Most risk assessment studies
use decay rates calculated from different locations where the environmental conditions
contributing to the decay of the eggs are different. The use of these rates has the potential to result
in the wrong estimation of risks. Paper 1V presents a decay rate from the drying of sludge in
Durban, giving a rate that is applicable to this area and therefore reduces the uncertainty in the
risks estimates. Taking this decay into consideration, the risks of infections reduced over time as
shown in Figure 6 (Paper 1V). Based on the estimated risks of infection after decay, exposure to
farm soil after 40-50 days of sludge application may reduce the risks of infection to levels lower
the WHO tolerable risks figure. However, this may not be practical due to the farmers needs to

attend to their crops frequently.

At the time of harvest, produce (e.g lettuce) could be contaminated with sludge with a direct
transmission route to the consumer (Westrell et al., 2004; Schonning et al., 2007). Since produce
are harvested days or months after the application of the sludge, the concentration of viable eggs
is expected to reduce. Paper 1V presents a QMRA framework that was effectively used to estimate

the risks of STH infection following sludge application taken into account the number of days after
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application to harvesting. For instance, using lettuce as a representative vegetable, harvesting of
vegetables in Dakar could be done after 40 days of sludge application to reduce the risks of
infection to the WHO tolerable value but in Durban harvesting after 30 days ensures that

consumers are protected.

Accurate estimation of viable STH eggs after sludge treatment is a key component in ensuring
public health where the findings of Paper 1V indicates that drying of sludge in Durban and Dakar
does not produce sludge meeting both local and international standards and guidelines for sludge

reuse whereby there is the need further treatment.

4.3.3 Direct estimation of contribution of wastewater irrigation to STH infection among
farmers.
Estimation of risks of STH infection using the QMRA approach is indirect though the use of

mathematical models. This approach has a number of limitations and uncertainties but risks of
infection or actual infections could also be accurately determined through epidemiological studies.
The advantages and disadvantages of these two risk estimation approaches have been discussed in
Section 2.6 of Chapter 2. Different epidemiological approaches have been used to successfully
determine the link between wastewater/sludge reuse and STH infections (see Table 3 of Chapter

2).

STH egg concentration in wastewater used for vegetable irrigation and in the farm soil was
determined and the contribution of exposure to these by farmers on infections determined through
stool analysis. Wastewater used for irrigation of urban and peri-urban farms in the Ghanaian city
of Kumasi was found to contain high Ascaris spp and hookworm egg concentrations exceeding
the WHO guidelines (See Table 1 of Paper V). As suspected, egg concentrations in the soil were

significantly higher than the wastewater, which might be due to accumulation of STHs eggs in the
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soil. Additionally, Ascaris spp eggs have been found to attach to soil particles (especially clay)
thereby contributing to their high concentrations (Landa-Cansigno et al., 2013). Egg
concentrations in both irrigation water and soil were higher in the wet season (Figures 2 and 3 of
Paper V) than the dry season, which may be attributed to rainfall and reduced temperatures

extending the survival period of the eggs (Gaasenbeek et al., 1998; Feachem et al., 1983).

Farmers were found to have a higher prevalence of STH infections than a non-farmer control
group. Due to frequent exposure to the wastewater and farm soil with high STH egg
concentrations, farmers had higher risk of infections with Ascaris spp (OR = 3.9, 95% ClI,
1.15+13.86) and hookworm (OR = 3.07, 95% CI, 0.87+10.82). These odds were higher due to
soil than wastewater ingestion, understandably so due to a higher egg concentration in the soil than

the irrigation water.

The prevalence and intensity of infections among the farmers were higher in the wet season than
the dry season. A seasonal variation in infection consequently occurred. This could be attributed
to the increase in STH egg concentrations in both the irrigation water and soil. An increased
infection prevalence and intensity could also be responsible for the higher egg concentrations in
the wastewater since the source of contamination in the wastewater or soil is faecal matter from
infected individuals. This variation in infection prevalence and intensity could therefore indicate a
dose response relationship, which plays an important role in understanding the role the
environment plays in the transmission of infections (such as STHs). Deworming of infected
individuals prior to the start of the studies and after the first round of stool sampling showed the
re-infection rate, which is a function of continuous exposure. Chemotherapy has been used as the
first intervention in reducing or eliminating STH infections, however the rate of re-infection

determined in Paper V shows that this approach alone would not achieve the desired results.
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Continuous exposure to the infective eggs/larvae in the environment as seen in this Paper V
requires the adoption of a combination of both chemotherapy, behavioral and occupational

interventions.

Direct (epidemiological) and indirect (QMRA) estimation of STH infection risks from exposure
to wastewater, sludge, consumption of crops etc. play an important role in reducing STH
infections. These approaches vary in their limitations and the inputs necessary for accurate risk
estimation. However, they both require accurate quantification of STH egg concentrations in the
exposure medium (e.g. wastewater, sludge, soil etc.). For instance, inaccurate estimation of STH
egg concentrations in wastewater, sludge etc. will result in the use of wrong dose for QMRA and
this may not provide a clear link between the exposure and infection and therefore result in the

wrong estimation of the contribution of the exposure to the infection.

Therefore, the revised/amended method for the detection and quantification of STH eggs created
an avenue to accurately quantify these eggs. The quantification of the eggs was instrumental in
determining the STH egg removal efficiencies in different WWTPs and sludge treatment. The data
also provided inputs for the estimation of STH infection risks for different populations using both

QMRA and epidemiological approaches.

4.4 STANDING OF JOURNALS AND RECEPTION OF PUBLICATIONS.

Paper I: This was published in Acta Tropica, a journal with a 5-year impact factor of 2.414. This
paper is currently ranked number 5 on the most downloaded articles in Acta Tropica and has
received 9 citations as at 25" March, 2018.

Paper I1: Published in Water Science and Technology, an International Water Association journal
with an impact factor of 1.197. It currently has 283 downloads as at 25" March, 2018 with 192
abstract reads and one citation.
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Paper I11: This paper was published in Environmental Science and Pollution Research with an
impact factor of 2.741. From 24 February, 2018 (date it was published online) to 25" March,
2018 it had 140 downloads.

Paper 1V: Published in Journal of Environmental Management, with a 5-year impact factor
of 4.712. As at 25" March, 2018 it had one citation.

Paper V: This paper is published in PLOS Neglected Tropical Diseases, a journal with impact
factor of 3.948. It has over 1,723 reads and 5 citations as at 25" March, 2018.
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5.0 CONCLUSION
The major conclusions based on the objectives of the thesis are;

There are a number of methods used for the detection and quantification of STH eggs in
environmental samples. These methods can be categorized into conventional (based on the main
principles of sedimentation, flotation and microscopy), molecular (PCR, gPCR) and emerging
techniques (LAMP, Flow cytometry).

o Conventional methods are the most commonly used techniques, due to their ease of use

and low cost.

There are a number of these conventional methods, with similar steps and reagents.

Some of the reagents used in the conventional methods may result in the loss of egg
viability, this affects the accurate quantification of viable eggs which is important for
determination of treatment efficiency or calculation of infection risks.

o Detection and quantification of STH eggs during the microscopy stage may result in
inaccurate data due to subjectivity of the microscopists.

o Molecular techniques have been used to effectively detect, and in some cases quantify
(gPCR) STH eggs, in environmental samples.

o These molecular techniques address some of the major challenges with conventional
techniques, such as the long duration of sample analysis and possible errors during
microscopy.

o Differentiation of eggs at the species level is possible with the molecular methods, a feature
which is difficult (if not impossible) with the conventional methods.

o A major challenge with these molecular techniques is the high costs, this limits their routine
use. In addition, extraction of DNA of good quality and quantity is a challenge with STH
eggs, making the application of molecular methods difficult.

o There are a number of emerging techniques (flow cytometry, LAMP etc.) that could also
be applied for the detection and quantification of STH eggs in the environment, however
there is the need to further validate these methods.

The use of reagents such as ethyl acetate and acetoacetic acid may result in the inactivation of
viable STH eggs during sample analysis. This effect is enhanced with prolonged exposure and also
in combination with other reagents such as formalin. Therefore, methods used for the detection
and guantification of viable STH eggs must avoid the use of these reagents.

o Using 0.1N sulphuric acid gives the best assessment of egg viability after
incubation, distilled water may be used but caution must be taken to avoid growth
of fungi and bacteria.

o Ethyl acetate and acetoacetic acid should not be used in the detection and
quantification of viable eggs, these reagents result in the loss of egg viability.
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o Duration of exposure to reagents such as tween 80 should also be limited to the
shortest time possible (below 5 minutes)

o Prolonged exposure of the eggs to reagents used during sample processing may be
reduced with thorough washing of the samples with distilled water after each step.

The review of methods and laboratory tests were used to develop a new method for the detection
and quantification of STH eggs in environmental samples. This new method provides procedures
for analyzing different environmental matrices (wastewater, sludge etc.) and improves the
recovery of eggs in these samples. The method is faster than the commonly used conventional
methods and has less impact on egg viability resulting in accurate quantification of viable STH

eggs.

o The use of sieves of different pore sizes for sample filtration reduces the time need
for sedimentation and also reduces the amount of debris on the slides during the
microscopy stage.

o Zinc sulphate solution of specific gravity 1.3 ensured the detection of all STH eggs,
lower specific gravities may lead to lower recovery of eggs, such as Taenia spp
eqggs.

o With lesser steps than the common methods, it reduces possibility for error as well
as improving the consistency and reliability of results.

o This new method can consistently recover between 80.25% to 97.63% of eggs in
sludge and wastewater.

The concentration of STH eggs in wastewater from Durban, South Africa and Maseru, Lesotho
varied between and within the cities. The removal of these STH eggs by centralized and
decentralized (DEWATS) wastewater treatment plants differed, with higher removal percentage
achieved with DEWATS treatment. The concentration of STH eggs in the effluents from these
plants was above the WHO, USEPA and local guidelines for wastewater reuse in agriculture. Risks
of infections were therefore higher than the WHO tolerable risk figure (1 x1072).

o Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara spp were the
common STH eggs in untreated wastewater in Durban.

o The concentration of the STH eggs varied over the ten-month study period,
indicating a change in infection prevalence or intensity in the populations.

o All the STH eggs mentioned above were also found in untreated wastewater in
Maseru except for Toxocara spp. DEWATS plants in orphanages and schools
had higher STH concentrations than individual house plants.

o STH egg removal was higher in the DEWATS plants (between 95-100%
removals) than the centralized plants (67-100% removal).
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Ascaris spp egg removal was significantly higher than the other STH eggs
irrespective of the wastewater treatment plant and type of treatment.

Exposure to the effluents from these plants during irrigation resulted in high risks
of infections for farmers, above the WHO tolerable risks figure.

Consumers of vegetables irrigated with these effluents are also at risk of STH
infection, therefore implementation of the WHO multi-barrier risk reduction
strategy will be essential to protect public health.

Risks of infections were lower due to exposure to effluents from the DEWATS
than the centralized plants, due to lower concentrations of STH eggs in the
effluents from these DEWATS plants.

Drying of sludge under ambient environment conditions for 60 days in Durban and Dakar is
inadequate to inactivate STH eggs. The rate of inactivation of the eggs is too low to produce sludge
meeting local and international guidelines and standards. Reuse of this sludge as fertilizer therefore
would result in high risks of STH infections among farmers and consumers of the farm produce.
Using the decay rate, harvesting of produce after 30 and 40 days, after sludge application, in
Durban and Dakar respectively could considerably reduce the risks of infections, due to egg die-

off.

O

Eggs of Ascaris spp, hookworm, Trichuris spp, Taenia spp and Toxocara spp
were detected in the sludge, except for Dakar where Taenia spp and Toxocara
Spp were not detected.

STH egg concentrations were higher in Dakar than in Durban, with viable STH
egg concentrations from both study areas exceeding the WHO guideline value
and USEPA regulatory value after the 60 days drying.

Concentration of viable STH eggs in the sludge in Durban varied over the ten-
month study period, probably due to changes in environmental conditions or
variation in infection levels.

The decay rate determined over a 90 day period was 0.0056, indicating a need
for further treatment to produce sludge for acceptable reuse. .

Risk of STH infections for farmers exposed during application of sludge dried
for 60 days was higher than the WHO tolerable risk figure.

The concentration viable STH eggs in the sludge after drying and the risk of
infections estimated with QMRA indicated that 60 days drying of sludge was
inadequate to protect public health.

Direct exposure to wastewater during irrigation was associated with a higher risk of STH infection
for farmers as compared to an unexposed population. Clinical examination of the stool of the
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farmers showed higher prevalence and intensity of STH infection, this was higher in the wet season
compared to the dry season.

o Concentration of STH eggs in wastewater used for irrigation in Kumasi, Ghana
was found to be higher than the WHO guideline value for unrestricted irrigation.

o Wastewater and farm soil in the wet season had higher egg concentrations than
the dry season and is associated with higher STH infection prevalence and
intensity among the farmers.

o The observed higher STH egg concentration in the wastewater and soil and the
increase in infection prevalence indicate a dose response relationship between
environmental exposure and infections.

o The odds ratio for infection for farmers vs non-famers indicate that farmers had a
higher risk of infections compared to the non-farmers, especially in the wet
season.
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Standard Operating Procedure for Detecting, Enumerating and viability determination of
Soil-Transmitted Helminth eggs in environmental samples
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1. Scope and Field of Application

This method defines the procedural protocol for the detection, enumeration and determination of
viability of soil-transmitted helminths (using Ascaris spp. ova as a surrogate) in water, wastewater,
sludge and urine diversion (UD) toilet waste, and compost matrices. All modifications in this version
are done based on analytical testing as well as consensus reached with partners. Further quality
assurance and statistical data will be used to validate this method which will be revised accordingly.
The procedure in the method refers to water, sludge and UD wastes, other matrices will be added as
and when necessary.

2. Principle

The main aim of this method is to concentrate helminth ova from wastewater, sludge and UD waste.
There are three main principles to achieve this: (1) washing and sieving, (2) sedimenting, and (3)
floating to obtain helminth ova. However the incorporation of these principles in sample analysis
depends on the type of sample and solids content. The flotation step is achieved through density
gradient centrifugation achieved by the use of zinc sulphate of specific gravity (SG) 1.30. This allows
helminth ova to float based on their relative densities (RD), e.g. Ascaris spp. ova have a RD of 1.13
and Taenia spp. ova, 1.27. The viability of ova is determined on microscopy, either after processing is
complete, or after incubation in 0.1N sulfuric acid for 18 — 28 days at 26°C.

3. Interferences

Freezing of the samples interferes with the buoyant density of helminth ova and thereby decreases
their recovery. During the verification and validation of this method further investigations will be
undertaken to identify additional interferences that may be caused due to holding times, sampling
methods, chemicals used, etc.

4. Sampling

A sampling methodology will be created indicating the various sampling protocols as per the sample
matrix. As a starting point the following sampling techniques are advised. For liquid matrices, 1L -
10L samples may be taken and for solid matrices, 10 - 50g. Adjustments can be made depending on
sample matrices and the prevalence of infection in areas sampled. A suitable number of sub-samples
should be tested to allow for egg recovery differences due to the heterogeneous nature of samples.

e The sampling container should be placed on wet ice or chemical ice packs and sent back to
the laboratory. Analysis should be conducted within 24 hours of sampling.
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e If analysis cannot be completed within a 24hr period, samples must be stored in a laboratory

refrigerator set to temperatures between 2 and 5°C. Samples should not freeze during

transportation or storage.

5. Safety Precautions

When handling samples that may contain parasite ova, personal protective measures must be

employed to prevent infection, i.e. by implementing good personal hygiene and good laboratory

practice.

e Personal protective equipment, such as safety glasses, latex/nitrile gloves and laboratory

coats, should always be worn in the laboratory.

After analysis, all laboratory utensils used should be washed thoroughly in a bleach-soap
solution, rinsed and allowed to dry.

Gloves must be disposed-off after completion of analysis, and hands must be washed with
antiseptic soap.

Avoid spillages and contact with skin, work should be performed on a paper towel or similar
surface and 70% ethanol used as a disinfected should any spillages occur.

All waste must be disposed of in a bio-hazardous waste bin and NOT in the general waste.

6. Apparatus

Capital Equipment:

Light microscope (with 100 and/or 400 x magnification AND if possible, a camera)

Top pan balance (weight range: 0 — 1 000gm, accurate to 2 decimal places)

Magnetic stirrer and magnetic stirring bars

Vortex mixer

Centrifuge with swing-out rotor and buckets to hold 15ml (and, if possible 50ml) Falcon
tubes

Stainless steel sieves (1 x 200mm diam., mesh size 100um; 1 x 200mm diam., mesh size
20um; and 1 x 100mm diam., mesh size 20um)

Incubator (Temp. range 20 - 40°C — If Viability Testing is to be conducted - optional)
Blender (optional)

Hydrometer (specific gravity range between 1.2 to 1.3)

MUST HAVE A DEEP SINK TO WORK IN

Reusable Items:
Microscope slides
1 x 2It Plastic & 1 x 3It Plastic Beakers with spout and handle
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e 1x1000ml measuring cylinder
e  Wash bottles x 2
e  250ml Plastic beakers for sample weighing and preparation (+/- 20)

e Test tube racks (2 large to accommodate 50mL Falcon centrifuge tubes and 4 small to
accommodate 15mL Falcon centrifuge tubes)

e Centrifuge tubes: 50mL and 15mL Falcon tubes

e Pasteur pipettes — 3ml plastic disposable

e China markers for labelling plastic ware (washes off better than marking pens)

Single-use & discard items:

e 22 x40mm coverslips (optional, also 22 x 22mm coverslips)

e Gloves, non-sterile — must be correct size and a good quality and thickness

7. Reagents

Reagent grade chemicals should be used throughout the analysis. If other grades of reagent are
used, it should first be ascertained that the purity of the chemical is sufficient without decreasing

the recovery and accuracy of the determination.

0.1% Tween80 (for washing solution)
Ammonium bicarbonate (for washing solution)
Zinc Sulphate (for floatation solution, SG 1.3)
0.1N H,S0, (for incubation of eggs)

70% ETOH (for cleaning up spills)

8. Calibration

Centrifuge should be calibrated and verified using a tachometer to ensure that the
revolutions per minute correlate with the speed gauge.

Incubator temperature must be calibrated with a traceable thermometer.

Microscope optics must be cleaned and the condenser adjusted, so the Kohler
illumination is established.

Refrigerators for storage of samples must be verified on a daily basis to ensure the
temperature setting.

Further quality control protocols will be discussed in an additional quality assurance
document outlining the procedural requirements for quality control and in particular to
inter and intra-laboratory quality control.

9. Reagent Preparation
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e 0.1%Tween 80
To prepare 1L solution use 999mL distilled water and 1 mL Tween80.
e  Zinc Sulphate (ZnS0,)
Use 500g Zinc Sulphate in +/- 800ml de-ionised or distilled water. Use a hydrometer to
check and adjust the SG to 1.3 - if the specific gravity of the solutions is less than 1.3
more chemical should be added. If the specific gravity is higher than 1.3 then more
water should be added to the solution.
e Ammonium bicarbonate
To prepare, weigh 119g and add to 1000ml of de-ionised water, dissolve completely using
a magnetic stirring bar and stirrer.
e 0.1N Sulphuric acid (H2S0,)
Add 500ml of de-ionised water to a 1 litre plastic bottle, pour 3ml of concentrated H,SO,
into a 10ml graduated cylinder, then pour the H,SO, into the plastic bottle containing
the water, re-cap and shake. Un-cap, add 497ml of de-ionised water to the plastic bottle,
re-cap and shake.
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10. Sample Preparation

Wastewater / Water

Sample Preparation/Washing Step: Water or Wastewater Samples

1.

Measure out sample
based on turbidity or
solids content of
water sample.

2a.

Dirty water =

3.

1L Place 100um sieve over
20pum sieve, pour sample
Moderately onto 100um sieve. Wash

clean water =2
-5L

Clean water = 5
- 10L

2b(i).

5|Page SOP for

determination of Soil

Waste water
with high fat
content= 1L

Detecting,

— % | thoroughly using water

under pressure provided
by hose attached to tap.

2b(ii).

Mix sample with 1lmL
Tween80: makes
combined detergent-
sample a 0.1% solution,
add bar magnet, stir on
magnetic stirrer 10 min.

4.

Discard deposit caught on
100pm sieve, wash filtrand
collected on 20um sieve.
Pipette out ALL deposit on
20um sieve into test tubes or
beakers, depending on deposit
density. Allow sample in
beaker to sediment, suction
off supernatant, transfer to
plastic 15mL/50mL Falcon
test tubes.
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Wet Sludge
Sample Preparation/Washing Step: Sludge Samples
(Wet or Moist Sludge e.g. VIP Sludge)
2. 3.
L Soak sample in + X
Weigh out 10 - 20g 50 mL ammonium Place 190pm sieve over
from sample into bicarbonate 20pm sieve. W?Sh
250mL plastic (119g/litre) or sample well using
beaker. Sample size 0.1% TweenS0, water under pressure,
depends on source of stir 10 min. using provided by hose
waste. bar magnet and attached to tap.
magnetic stirrer.
4,
6. 5. Use plastic ‘hockey
stick” or gloved hand to
Allow sample to Wash filtrand on 20 pm break up clumps on
sedi@ent in beaker, sieve using water under 100pm sieve. Discard
suction off -« pressure. Pour ALL B deposit caught on
supernatant, transfer deposit from 20um 100pum sieve.
deposit to +4 x sieve into labelled
15mL/50mL Falcon 250mL plastic beaker.
test tubes.
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Composted Sludge/UD Wastes/Soil Samples

Sample Preparation/Wash Step: Composted Sludge and UD Waste Samples

1.

‘Weigh out 10 - 20g
waste sample into

Amount depends on
consistency of
sample and source.

6.

2.

250mL plastic beaker | ————»

Add +50 ml. ammonium
bicarbonate (119g/litre) or
0.1% Tween80 to sample,
stir on magnetic stirrer
using bar magnet for
10min. Can use up to 80ml
either wash solution for
lighter compost.

3.

Place 100pm sieve over
20um sieve. Wash sample
well using water under
pressure, provided by hose
attached to tap.

Allow sample to
sediment in beaker,
suction off supematant,
transfer into =4 x
15mL/50mL Falcon test
tubes.

7|Page SOP for Detecting,
determination of Soil
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4.

Wash filtrand on 20 pm
sieve using water under
pressure. Pour ALL
deposit from 20pum sieve
into labelled 250mL
plastic beaker.

Use ‘hockey stick” or gloved
hand to break up clumps on
100pm sieve. Discard deposit
caught on 100um sieve.
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Hard Sludges/Pelletised Waste
Sample Preparation/Wash Step: Dry or Hard Sludges e.g. Pelletised Sludge
3.
1. 2. Allow sample to settle, remove as

Weigh out 10 - 20g
waste sample into
250mL plastic
beaker, depending on
the source.
Remember, drier
samples, have higher
solids content.

Soak sample in
approximately 50 mL
deionised water for 12 — 24

much of deionised water as possible.
Add +50 mL ammonium bicarbonate

! (119g/litre) or 0.1% Tween80, stir on
————— | hours (ovemight) to soften. | ———» magnetic stirrer using bar magnet

waste. Dried sludge will
need to be broken up as
much as possible before
and after soaking.

10min. Place 100pm sieve over 20pum
sieve. Wash sample well using water
under pressure, provided by hose
attached to tap.

11. Egg Recovery Procedure

8|Pag

6.

Allow sample to
sediment in beaker,
suction off supernatant,
transfer into + 4 x
15mL/50mL Falcon test
tubes.

e

Wash filtrand on 20 pm
pressure. Pour ALL

into labelled 250mL
plastic beaker.

sieve, using water under i . .
<« | 100um sieve. Discard deposit

deposit from 20pm sieve

4.

Use ‘hockey stick” or gloved
hand to break up clumps on

caught on 100 um sieve.

Centrifuge the sample (using 15 or 50mL centrifuge tubes) for 10 minutes at 3000rpm.
Remove all the supernatant from each tube so only the sediment remains. (The packed

sediment in each tube should not exceed 0.5mL in a 15mL tube or 5mL in a 50mL tube. If

any deposits are larger than this, add water and distribute the sediment evenly among 2

or more tubes and repeat this step.
Add 10 to 15mL of ZnSO, solution (SG 1.3) to each tube and mix for 15 to 20 seconds on

a vortex mixer.

Add additional ZnSQ, solution to each tube to make the volumes equal (+/- 14mL in

15mL tubes and +/- 45mL in 50mL tubes). Centrifuge samples for 5-10 minutes at

2000rpm, with the centrifuge brake off.

Allow the centrifuge to stop and pour all the supernatant from each tube through the

100mm diameter 20um sieve.

Using a hose on a tap, carefully wash the deposit on the sieve to remove the ZnSO,and

return the sample to a normal SG...

Rinse sediment collected on the sieve into a 15 or 50mL centrifuge tube using the hose

and/or water from a wash bottle.

After thoroughly washing the sediment from the sieve into the required number of

centrifuge tubes, centrifuge the tubes for 10 minutes at 3000rpm, and then discard the
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supernatant. If more than one tube has been utilised for one sample, transfer the
sediment to one tube, fill with water and repeat the centrifugation. Discard all the
supernatant taking care not to lose the deposit.

Quantification: Add a drop or 2 of water to the deposit and pipette it onto one
microscope slide at a time (if there is too much for one slide) and place a coverslip on
top. Examine the sample thoroughly from one side of the coverslip to the other under
100x magnification, using 400x to determine the stage of development of the ova. Count
every helminth egg, classifying them as viable, potentially viable or dead. The final
concentration of ova should be reported per litre for wastewater/water and per gram
for sludges, compost and soil samples. The calculation for the final concentration should
take into account the initial volume/weight of sample analysed.

Viability: Re-suspend the solids in 4mL 0.1 N H,SO4 and pour into a 50mL test tube and
cap loosely.

Mark the liquid level on each tube before incubation. Incubate the tubes at 26°C for
three to four weeks. Check the liquid level in each tube every day, swirl for about 30
seconds to oxygenate the solution, then top it up to the initial liquid level as marked, to
compensate for evaporation.

After 18 days, suspend by vortexing, remove a small aliquot to a microscope slide and
examine to check viability status.

Classify the ova as unembryonated, embryonated to the first or second stage larva, and
non-viable for ova that have not developed larvae.

12. Additional Notes

Substitution of ZnS0, with MgS0, as the flotation solution is still to be determined so as to allow
laboratories to use either of these based on availability.

In addition distilled water may be used as the incubation solution based on availability and

preference of laboratories. However, the preferred medium is 0.1 N H,SO4
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Common soil-transmitted helminth eggs detected and reported on in this study.



Common soil-transmitted helminth eggs detected in this study; A: Trichuris spp; B: Ascaris spp with

larvae; C: hookworm and D: Taenia spp.
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