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Abstract:

 Bacteriophages are regarded as enteric viral indicators in faecally contaminated water systems and may indicate the presence of human viral pollution. They are relatively resistant to inactivation by natural and treatment processes. In this study, the presence of somatic coliphages and F-RNA coliphages was investigated in potable water from rural areas in the North West province. Water samples were aseptically collected from boreholes and tap water from some rural communities in the North West Province. Physical parameters of the water, such as the temperature, pH and turbidity, were measured before sample collection. Double-agar layer assay was performed using ISO, (1995, 2000) standard methods. Bottled water was used as a negative control and the strains фX174 and MS2 as positive controls. Of the 16 water samples collected, 15 were positive for somatic bacteriophages while F-RNA coliphages were detected in only two samples. Amongst the positive samples 189 and three plaque forming units were obtained for both somatic and F-RNA coliphages, respectively. No coliphage was detected in water from Masamane tap 1. The rest of the samples obtained from various rural areas were positive and did not comply with national and international standards for potable water. This was a cause for concern and should be further investigated.
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1. Introduction

In South Africa, the availability of safe and clean water is a serious problem particularly in rural areas in the North West Province. Individuals who live in areas use water directly from available sources without any treatment and, therefore, are exposed to a variety of water-related diseases [1,2,3,4,5,6,7].

The faecal coliform group of bacteria has been used as a water quality parameter and indicator of faecal pollution [8,9,10]. The presence of bacteria of faecal origin in water indicates that other intestinal pathogens could also be present in water. However, the absence of faecal indicator bacteria does not necessarily imply that pathogens are absent [11]. Furthermore, resistance of various pathogenic microorganisms to the water purification process is wide ranging and dependent on many factors. Some pathogenic organisms may survive the disinfection process and land into distribution systems. Moreover, some viruses and parasites are usually more resistant to the water treatment processes than the currently utilized bacterial indicators and therefore may be more reliable for applications that are involved in assessing water quality [12,13,14]. Against this backdrops, somatic coliphages [15,16,17], F-specific bacteriophages [18,19] and bacteriophages infecting Bacteroides fragilis [12,19,20] are currently used as suitable indicators of faecal pollution particularly in drinking water systems. These organisms also provide possible indications of the presence of human enteric viruses in water. Monitoring of all pathogenic viruses in water is very important for routine water quality assessment purposes [21]. For this reason, bacteriophages had been included as a valuable parameter for drinking water globally as well as in South Africa [22].

The purpose of this study was therefore, to determine the presence of two types of bacteriophages (somatic coliphages and F-RNA bacteriophages) in potable water sourced from the rural areas of the North West Province. F-RNA bacteriophages (ss RNA linear genome) are similar to Hepatitis A virus (HAV) and enterovirus but very different to rotaviruses (ds RNA fragmented genome) and are considered to be good indicators of the presence of enteric viruses in water that are not specific to humans. Somatic coliphages when compared to F-RNA bacteriophages have been found to multiply in the environment, which limits their use to a large extent [23,24,25].



2. Materials and Methods


2.1. Water Collection Methods

Potable water samples were collected from rural communities in the North West Province of South Africa. A total of 16 potable water samples were collected from both taps and boreholes. Physical parameters such as temperature, pH and turbidity were measured in situ using a Crison machine (Lasec) multimeter. Sample collection was done during the July 2013.

Water samples were collected in a 500 mL sterile whirl pack sample container and transported on ice in a dark container to the Microbiology laboratory in the Department of Biological Sciences, North West University–Mafikeng Campus for analysis. The water samples were analysed for the presence of bacteriophages within 24 h of collection. Water samples were stored at 4 °C before analysis.



2.2. Enumeration of Bacteriophages from Water Samples


2.2.1. Enumeration of Somatic Coliphages

The isolation of somatic bacteriophages was performed using the double-layer agar plaque assay [26]. Briefly the following approach was used: Top agar consisting of 2.5 mL sterile liquefied tryptone yeast glucose-extract agar (TYGA) containing 1 mL nalidixic acid (Sigma, St. Louis, MO, USA) and 600 µL of calcium chloride (CaCl2; Sigma, St. Louis, MO, USA) was held at 50 °C in a water bath. This was added to a test tube containing 1 mL of the host (E. coli WG5) and 1 mL of the water sample. The absorbance of the host culture was measured at 600 nm at time 0 and after 2 h using a spectrophotometer (Merck Chemicals (Pty) Ltd., Modderfontein, South Africa). Competent cells with an OD of 0.4 to 0.5 were used in the bacteriophage isolation procedure. The liquified agar mixture was poured onto the bottom agar layer (TYGA) that had been pre-dispensed and allowed to set in a 90 mm Petri dish. This procedure was carried out in duplicate. The phage фX174 was used as a positive control strain. The top agar was allowed to solidify before the plates were inverted and incubated overnight at 37 °C. During analysis, one vial of E. coli WG5 host culture was thawed at room temperature and boosted by adding approximately 25 mL of sterile nutrient broth and incubated for 2 h, while shaking at 37 °C. A 5 mL of nutrient broth taken at time 0 was used as a blank reference.



2.2.2. Enumeration of F-RNA Bacteriophages

The isolation of F-RNA bacteriophages was also performed using the double- layer agar plaque assay [27]. However, in this case Salmonella typhimurium 3 Nalr (F′ 42 lac:Tn5)] WG49 (ATCC 700730) and bacteriophage MS2 were used as the host culture and control F-RNA phage respectively. Top agar (TYGA) contained 1 mL of calcium glucose, 400 µL nalidixic acid held at 50 °C in a water bath was added to the test tubes containing 1mL of the host culture (WG49) and 1mL of water sample. The rest of the procedure was carried out as previously described in Section 2.2.1.





3. Results

Table 1 shows the results of the physical properties that was obtained for the various potable water samples analysed while data for both somatic and F-RNA bacteriophages (pfu/100 mL) are shown in the Figure 1. The values obtained for physical parameters were compared to standard reference values on the SANS 241 (Table 1) drinking water quality guidelines [22] that were used by South African authorities to ascertain if the quality of water is in compliance with the appropriate drinking water standards.

Figure 1. Areas and the concentration of viruses per milliliter of drinking water.
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Table 1. Physical properties of various potable water samples collected.


	Areas SANS 241:2011
	Turbidity (NTU) ≤ 5
	pH ≥ 5 to ≤9.7
	Temperature None





	Makgobistad tap
	141.2
	7.59
	18.0



	Loporung tap
	88.93
	8.07
	16.1



	Logagane tap 1
	68.19
	7.21
	26.8



	Logagane 2
	1.06
	7.12
	20.7



	Tshidilamolomo tap 1
	0.04
	6.70
	18.5



	Tshidilamolomo tap 2
	102.9
	6.70
	22.9



	Tshidilamolomo tap 3
	0.26
	6.70
	21.2



	Masamane tap 1
	0.46
	7.78
	27.3



	Masamane tap 2
	1.58
	6.84
	17.4



	Mabule tap 1
	1.01
	7.50
	24.4



	Mabule tap 2
	2.35
	7.32
	18.5



	Dingateng 1
	1.74
	7.80
	17.6



	Dingateng 2
	24.25
	7.81
	19.9



	Dingateng 3
	64.42
	7.78
	17.6



	Dingateng 4
	68.75
	7.80
	29.7



	Disaneng borehole
	107.7
	7.08
	24.1





NTU = Nephelometric turbidity unit.








Of the 16 water sources, 50% had NTU values greater than the maximum recommended values for drinking water and in some cases the values exceeded 100 NTUs. Water temperatures were above 16 °C. Despite the fact that there are no recommended temperature limits for drinking water, the values obtained in the present study were quite warm for the sampling period (July 2013). The pH values obtained for water samples ranged from 6.70–8.07 and these were within the recommended range for drinking water as indicated SANS 241 (2011) [22]. Despite this water from Tshidilamolomo, taps had pH values that were slightly acidic. One water sample from Loporung had a pH value of 8.07 and it is known that this may result to hardness in water. Unfortunately, hardness of the water was not determined.

Phage analysis data of the water samples are provided in Figure 1. From these results, it is evident that somatic bacteriophages were more prevalent in the water samples analyzed when compared to F-RNA bacteriophages. In general, somatic bacteriophages were detected in all except one of the water samples (Figure 1). On the contrary, F-RNA bacteriophages were detected only in two of the water samples analysed. The detection of large numbers (189) of plagues for somatic bacteriophages in 15 of the 16 potable water samples was a huge cause for concern and this indicated that these water samples did not comply with the standards set by SANS 241 [22].



4. Discussion

The present study was designed to determine the physicochemical quality of groundwater that is consumed by individuals in some rural communities in the North West Province, South Africa. A further objective was to determine the occurrence of both somatic and F-RNA bacteriophages in the samples analyzed. Results indicated that the pH values obtained for water samples were within the recommended range for drinking water as set by SANS [22]. There is no recommended temperature limits for drinking water set by SANS, but the values obtained in the present study were quite warm for the sampling period (July 2013).

Drinking water quality is a very important issue of concern world-wide and in semi-arid regions, such as South Africa, groundwater is the most important water resource [28]. This therefore implies that the quality of the water is of great concern. However, increasing human and industrial activities and the physical geographical conditions in a given area can result in complex chemical composition and high total dissolved solids (TDS) in the shallow groundwater bodies [29,30,31]. These factors can contribute to an increase in undesirable characteristics in water resulting in concentrations that may exceed both national and international drinking water standards [29,30,31]. All the water samples analysed were untreated groundwater obtained from boreholes. Generally, groundwater has always been considered safe and free from contamination. However, during the rainy season, total dissolved solids were higher than recommended limits in 50% of the water samples. Although the reason for the elevated TDS values cannot be clearly explained, it is suggested that differences in biological activities may account for these fluctuations.

There is no specific health implication associated pH content of drinking water except when values are extremely high, but the detection of both somatic and F-RNA bacteriophages indicated the presence of faecal bacteria contaminants [32]. Moreover, it has been reported that microbial contaminants in groundwater such as viruses, bacteria, and parasitic protozoa pose a significant human health problem to consumers when drinking water supplies are untreated or inadequately treated [33]. In the study, the present study contaminated surface material may have percolated through the soil and transported human faecal wastes into the water bodies. The presence of pathogens is usually associated with high risks of waterborne diseases in consumers, and this is of huge public health concern. On the contrary, some enteric viruses including bacteriophages found in water, may also originate from non-human faecal material [34]. Considering that the presence of pathogens have enhanced risks on a classic group of debilitated subjects (very young, old, pregnant, and immuno-compromised individuals), there is need to implement specific measures aimed at reducing the risk of waterborne infections in growing and weaker populations especially in the rural communities from which the samples were collected.

The ability of bacteriophages to survive under unfavorable conditions is highly diversified. It is therefore documented that there are a number of external physical and chemical factors, such as temperature and pH that may influence the survival of and persistence of bacteriophages in environmental sources [35,36,37,38,39,40,41,42,43]. Temperature is a crucial factor for the survival of somatic and F-RNA bacteriophages in water and other environments such as the soil [35,40,41]. Temperature plays a major role in the attachment, penetration, multiplication and the length of the latent period of bacteriophages. Higher temperatures can also lengthen the duration of the latent stage [41]. It has been demonstrated that temperatures between 8 °C and 22 °C significantly result in the inactivation of F-RNA bacteriophages and faecal coliforms than somatic bacteriophages [35]. The temperature of water samples analysed in the present study was on average 21.3 °C, which ranged from 16.1 °C to 29 °C for individual samples. This may explain why more somatic than F-RNA bacteriophages were isolated in the study. The pH is also one of the factors affecting the survivability of the phage [37,39]. A previous study demonstrated the effects of temperature and pH on the inactivation rate for related somatic bacteriophages [36]. It was shown that the inactivation rate of those bacteriophages was low between pH values of 6 to 8 [36]. Another study demonstrated that pH and temperature are the main factors affecting the persistence of F+RNA bacteriophages [43]. The pH range of the present study was between 6.70 and 8.07 and the temperature between 16.1 °C and 29 °C. These are ideal physical conditions for the persistence of bacteriophages in the water.

Worldwide, 2.4 billion of people are without access to adequate sanitation facilities and a vast majority of individuals who are affected reside in developing countries [44]. Despite the lack of access to improved sanitation systems, most of the wastewater collected through the sewage systems in South Africa are inadequately treated and are discharged directly into rivers, lakes and the ocean [45]. This environmental water is used by individuals in many rural communities for drinking, recreational and agricultural purposes, and such direct use may pose health risks to humans [46]. In addition, such polluted environmental water also recharges groundwater sources. There is a general perception that groundwater is filtered by various layers of rocks, sand and soil and is free of chemical and biological impurities [47]. However, it was identified that groundwater is capable of transmitting gastroenteric pathogens and hepatitis A to humans [48]. In the present study, it was demonstrated that 15 of the 16 potable water samples from rural communities were positive for faecal indicator viral agents. In addition, previous studies have indicated that faecal indicator bacteria are present in groundwater sources of the North West Province [49,50,51,52,53]. The presence of bacteriophages in drinking water indicates a public health risk, and this amplifies the need to constantly assess the concentrations of viral pathogens in drinking water bodies and also evaluate the removal efficiency of the treatment processes [44].

Usually, the concentrations of bacteriophages in water decrease in winter and increase significantly throughout the warm summer months [54]. On the contrary, in this study, high numbers of somatic coliphages were obtained in winter than summer. F+RNA coliphages are of animal or human origin, unable to multiply in the general environment but are highly specific with regard to the infective site on the sex pillus, which makes them better indicators than somatic coliphages [55]. It is therefore suggested that somatic coliphages should be used concurrently with F+RNA coliphages when assessing water quality. The characterization of the F+RNA coliphages is an additional step that could assist in tracing pollution events [43] and contribute to the understanding and evaluating of the potential health risk associated with the consumption of untreated water.






Acknowledgments

The authors would like to thank the Department of Biological Sciences-North West University, National Research Foundation (NRF), Water Research Commission (WRC-K5/1966) and Medical Research Council (MRC) for funding this project. Juan Jofre for supplying with the host strains, Maureen Taylor and Raquel Casas for assisting with the methods in the laboratory, Johannes Morapedi for assisting with the collection of samples and Faheem Ahmad for reviewing the manuscript.



Author Contributions

Nomathamsanqa Patricia Sithebe conceived and designed the experiments; Keitumetse Idah Nkwe, Collins Njie-Ateba, and Nomathamsanqa Patricia Sithebe performed the experiments and analyzed the data; K.I.N., N.P.S., C.N.A. and C.C.B. wrote the manuscript.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Nevondo, T.S.; Cloete, T.S. Bacterial and chemical quality of water supply in the Dertig village settlement. Water SA. 1999, 25, 215–220. [Google Scholar]

	2. 
Mulamattathil, S.G.; Esterhuysen, H.A.; Pretorius, P.J. Antibiotic resistant Gram-negative bacteria in a virtually closed water reticulation system. J. Appl. Microbiol. 2000, 88, 930–937. [Google Scholar] [CrossRef] [PubMed]

	3. 
Momba, M.N.B.; Kaleni, P. Regrowth and survival of indicator microorganisms on the surfaces of household containers used for the storage of drinking water in rural communities of South Africa. Water Res. 2002, 36, 3023–3028. [Google Scholar] [CrossRef]

	4. 
Van der Walt, I.J.; Winde, F.; Nell, B. Integrated Catchment Management: The Mooi River, North West Province, South Africa as a case study. Caud. d’Investiga. Geogr. 2002, 28, 109–126. [Google Scholar]

	5. 
Momba, M.N.B.; Notshe, T.L. The microbiological quality of groundwater-derived drinking water after long storage in household containers in a rural community of South Africa. Aqua. J. Water Supply Res. Technol. 2003, 52, 67–78. [Google Scholar]

	6. 
Kalule-Sabiti, M.; Heath, R. Underground water—A key resource and the associated environmental issues in the North-West Province of South-Africa. In Proceedings of the WISA Biennial Conference, Sun City, South Africa, 18–22 May 2008; Available online: http://www.ewisa.co.za/misc/WISAConf/default2008.htm (accessed on 8 December 2010).

	7. 
Environment outlook: A Report on the State of the Environment; North West Department of Agriculture, Conservation and Environment (NWDACE): Mmabatho, South Africa, 2008.

	8. 
Water Quality Guidelines for South Africa, 1st ed.; Department of Water Affairs and Forestry: Pretoria, South Africa, 1996.

	9. 
Pathak, S.P.; Gopal, K. Rapid detection of Escherichia coli as an indicator of faecal pollution in water. Indian J. Microbiol. 2001, 41, 139–151. [Google Scholar]

	10. 
Ministry of Health. Drinking-Water Standards for New Zealand; Ministry of Health: Wellington, New Zealand, 2005. [Google Scholar]

	11. 
Jagals, P.; Traore, H.N.; Barnard, T.G. Inflammatory Potential Measurement as a Supplement to Health-Related Microbial Water-Quality Assessment; Report No. TT1444/1/06; Water Research Commission: Pretoria, South Africa, 2006. [Google Scholar]

	12. 
Katzenelson, E.; Lketter, B.; Schechter, H.; Shuval, H.I. Inactivation of viruses and bacteria by ozone. In Chemistry of Water Supply: Treatment and Distribution; Rubin, A.J., Ed.; Ann Arbor Science: Ann Arbor, Michigan, 1974; pp. 409–421. [Google Scholar]

	13. 
Payment, P.; Trudel, M.; Plante, R. Elimination of viruses and indicator bacteria at each step of treatment during preparation of drinking water at seven water treatment plants. Appl. Environ. Microbiol. 1985, 49, 1418–1428. [Google Scholar] [PubMed]

	14. 
Payment, P.; Franco, E.; Siemiatycki, J. Absence of relationship between health effects due to tap water consumption and drinking water quality parameters. Water Sci. Technol. 1993, 27, 137–143. [Google Scholar]

	15. 
Hilton, M.C.; Stotzky, G. Use of coliphages as indicators of water pollution. Can. J. Microbiol. 1973, 19, 747–751. [Google Scholar] [CrossRef] [PubMed]

	16. 
Kott, Y.; Rose, N.; Sperber, S.; Betzer, N. Bacteriophages as viral pollution indicators. Water Res. 1974, 8, 165–171. [Google Scholar] [CrossRef]

	17. 
IAWPRC Study Group on Health Related Water Microbiology. Bacteriophages as model viruses in water quality control. Water Res. 1991, 25, 529–545. [Google Scholar]

	18. 
Havelaar, A.H.; Hogeboom, W.H. A method for the detection of male specific bacteriophages in sewage. J. Appl. Bacteriol. 1984, 56, 439–447. [Google Scholar] [CrossRef] [PubMed]

	19. 
Jofre, J.; Bosch, A.; Lucena, F.; Girones, R.; Tartera, C. Evaluation of Bacteroides. fragilis bacteriophages as indicators of the virological quality of water. Water Sci. Technol. 1986, 18, 167–173. [Google Scholar]

	20. 
UNDP: South African Human Development Report 2003; Oxford University Press: Cape Town, Southern Africa, 2004.

	21. 
Momba, M.N.B.; Sibewu, M.; Mandeya, A. Survival of somatic and F-RNA Coliphages in treated wastewater effluents and their impact on viral quality of the receiving water bodies in the Eastern Cape Province, South Africa. J. Biol. Sci. 2009, 9, 648–654. [Google Scholar] [CrossRef]

	22. 
SANS 241-1. In Drinking Water Part 1: Microbiological, Physical, Aesthetic and Chemical Determinants; South African Bureau of Standards: Pretoria, South Africa, 2011.

	23. 
Gersberg, R.M.; Gearheart, R.A.; Ives, M. Pathogen removal in constructed wetlands. In Constructed Wetlands for Wastewater Treatment; Hammer, D.A., Ed.; Lewies Publishers: Chelsea, UK; Minneapolis, MN, USA, 1989; pp. 431–445. [Google Scholar]

	24. 
Haile, R.W.; Witte, J.S.; Gold, M.; Cressey, R.; McGee, C.; Millikan, R.C.; Glasser, A.; Harawa, N.; Ervin, C.; Harmon, P.; et al. The health effects of swimming in ocean water contaminated by Storm drain runoff. Epidemiology 1999, 10, 355–363. [Google Scholar] [CrossRef] [PubMed]

	25. 
Leclerc, H.H.; Edberg, S.; Pierzo, V.; Delattre, J.M. Bacteriophages as indicators of enteric viruses and public health risk in groundwaters. J. Appl. Microbiol. 2000, 88, 5–21. [Google Scholar] [CrossRef] [PubMed]

	26. 
ISO 10705-1. Water Quality—Detection and Enumeration of Bacteriophages. Part 1: Enumeration of F-Specific RNA Bacteriophages, Available online: https://www.iso.org/obp/ui/#iso:std:18794:en.

	27. 
ISO 10705-2. Water Quality—Detection and Enumeration of Bacteriophages. Part 2: Enumeration of Somatic Coliphages, Available online: https://www.iso.org/obp/ui/#iso:std:iso:10705:-2:ed-1:v1:en.

	28. 
Jing, X.; Yang, H.; Cao, Y.; Wang, W. Identification of indicators of groundwater quality formation process using a zoning model. J. Hydrol. 2014, 514, 30–40. [Google Scholar] [CrossRef]

	29. 
Wang, X.J. Study on evolution and formation of chemical composition of groundwater in Yinchuan Plain. Chan’an University Paper. 2006, 4, P641.12. [Google Scholar]

	30. 
Zheng, G.; Wang, R. Research on the bearing capacity of water resources in Yinchuan Plain. J. Ningxia Univ. (Nat. Sci. Ed.) 2006, 27, 80–83. [Google Scholar]

	31. 
Zhang, Q.; Zhang, L. Main water environmental problem and its countermeasures in Yinchuan Plain. J. Earth Sci. Environ. 2010, 32, 392–397. [Google Scholar]

	32. 
Chung, H.; Jaykus, L.A.; Lovelace, G.; Sobsey, M.D. Bacteriophages and bacteria as indicators of enteric viruses in oysters and their harvest waters. Water Sci. Technol. 1998, 38, 37–44. [Google Scholar] [CrossRef]

	33. 
Tufenkji, N.; Emelko, M.B. Fate and Transport of Microbial Contaminants in Groundwater. Encyclopedia Environ. Health 2011, 715–726. [Google Scholar]

	34. 
Payment, P.; Affoyon, F.; Trudel, M. Detection of animal and human enteric viruses in water from the Assomption River and its tributaries. Can. J. Microbiol. 1988, 34, 967–973. [Google Scholar] [CrossRef] [PubMed]

	35. 
Gantzer, C.; Gillerman, L.; Kuznetsov, M.; Oron, G. Adsorption and survival of faecal coliforms, somatic coliphages and F-specific RNA phages in soil irrigated with wastewater. Water Sci. Technol. 2001, 43, 117–124. [Google Scholar] [PubMed]

	36. 
Feng, Y.Y.; Ong, S.L.; Hu, J.Y.; Tan, X.L.; Ng, W.J. Effects of pH and temperature on the survival of coliphages MS2 and Qβ. J. Ind. Microbiol. Biotechnol. 2003, 30, 549–552. [Google Scholar] [CrossRef] [PubMed]

	37. 
Lu, Z.; Breidt, F.; Plengvidhya, V.; Fleming, H.P. Bacteriophage ecology in commercial sauerkraut fermentations. Appl. Environ. Microbiol. 2003, 69, 3192–3202. [Google Scholar] [CrossRef] [PubMed]

	38. 
Ackermann, H.W.; Tremblay, D.; Moineau, S. Long-term bacteriophage preservation. WFCC Newsl. 2004, 38, 35–40. [Google Scholar]

	39. 
Jepson, C.D.; March, J.B. Bacteriophage lambda is highly stable DNA vaccine delivery vehicle. Vaccine 2004, 22, 3413–1419. [Google Scholar] [CrossRef] [PubMed]

	40. 
Olson, M.R.; Axler, R.P.; Hicks, R.E. Effects of freezing and storage temperature on MS2 viability. J. Virol. Methods. 2004, 122, 147–152. [Google Scholar] [CrossRef] [PubMed]

	41. 
Tey, B.T.; Ooi, S.T.; Yong, K.C.; tan Ng, M.Y.; Ling, T.C.; Tan, W.S. Production of fusion m13 phage bearing the disulphide constrained peptide sequence (C-WSFFSNI-C) that interacts with hepatitis B core antigen. Afr. J. Biotechnol. 2009, 8, 268–273. [Google Scholar]

	42. 
Jonczyk, E.; Klak, M.; Miȩdzybrodzki, R.; Gorski, A. The influence of external factors on bacteriophages- review. Folia Microbiol. 2011, 56, 191–200. [Google Scholar] [CrossRef] [PubMed]

	43. 
Yang, Y.; Griffiths, M. Comparative Persistence of subgroups F+RNA phages in river water. Appl. Environ. Microbiol. 2013, 79, 4564–4567. [Google Scholar] [CrossRef] [PubMed]

	44. 
WHO/UNICEF. Global Water Supply and Sanitation Assessment; World Health Organization: Geneva, Switzerland, 2000. [Google Scholar]

	45. 
Greendrop Report. In Introduction to Green Drop PAT 2012/National Overview; Department of Water Affairs: Pretoria, South Africa, 2012.

	46. 
Momba, M.N.B.; Mfenyana, C. Inadequate treatment of wastewater: A source of Coliform bacteria in receiving surface water bodies in developing countries-case study: Eastern Cape Province of South Africa. In Water Encyclopedia-Domestic, Municipality and Industrial Water Supply and Waste Disposal; Lehr, J.H., Keeley, J., Lehr, J., Eds.; John Wiley and Son Inc: New York, NY, USA, 2005; pp. 661–667. [Google Scholar]

	47. 
Egboka, B.C.; Nwankwor, G.I.; Orajaka, I.P.; Ejiofor, A.O. Principles and problems of environmental pollution of groundwater resources with case examples from developing countries. Environ. Health Perspect. 1989, 83, 39–68. [Google Scholar] [CrossRef] [PubMed]

	48. 
Pedley, S.; Howard, G. The public health implications of microbiological contamination of groundwater. Q. J. Eng. Geol. Hydrogeol. 1997, 30, 179–188. [Google Scholar] [CrossRef]

	49. 
Lodder, W.J.; van der Berg, H.H.; Rutjes, S.A.; de Roda Husman, A.M. Presence of enteric viruses in source waters for drinking water production in the Netherlands. Appl. Environ. Microbiol. 2010, 76, 5965–5971. [Google Scholar] [CrossRef] [PubMed]

	50. 
Kwenamore, K.M.; Bezuidenhout, C.C. Characteristics of faecal coliforms and enterococci isolated from ground-drinking water sources within Ditsobotla and Molopo districts, North-West Province, South Africa. In Proceedings of the WISA Biennial Conference, Sun City, South Africa, 18–22 May 2008.

	51. 
Ferreira, S.L. Microbial and physico-chemical quality of groundwater in the North-West Province, South Africa. Master’s Thesis, North West University, Potchefstroom, South Africa, 2011. [Google Scholar]

	52. 
Phokela, P.T.; Ateba, C.N.; Kawadza, T.D. Assessing antibiotic resistance profiles in Escherichia coli and Salmonella species from groundwater in the Mafikeng area, South Africa. Afr. J. Microbiol. Res. 2011, 5, 5902–5909. [Google Scholar]

	53. 
Mpenyana-Monyatsi, L.; Momba, M.N.B. Assessment of groundwater quality in rural areas of the North West Province, South Africa. Sci. Res. Essays 2012, 7, 903–914. [Google Scholar] [CrossRef]

	54. 
Williamson, S.J.; Houchin, L.A.; McDaniel, L.; Paul, J. Seasonal Variation in Lysogeny as Depicted by Prophage Induction in Tampa Bay, Florida. Appl. Environ. Microbiol. 2000, 68, 4307–4314. [Google Scholar] [CrossRef]

	55. 
Sundram, A.; Donnelly, L.; Ehlers, M.M.; Vrey, A.; Grabow, W.O.K.; Bailey, I.W. Evaluation of F-RNA coliphages as indicators of viruses and the source of faecal pollution. In Proceedings of the Biennial Conference of the Water Institute of Southern Africa (WISA), Durban, South Africa, 19–23 May 2002.





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  pathogens-04-00503


  
    		
      pathogens-04-00503
    


  




  





media/file0.png





media/file1.png
w
=1
i
S

[

0_‘ — l
PN N VYN YN O S X
@‘*’QQ 0@ & @Q @ \753 R J’Q T &
S Q°<’i9o° $ s »&9 S g g & &
S S &
é@"o” {;\& \@\ é\ FF TS 0@9%
&g“"&

i 1 NA phage
phag phag






