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Abstract

The failure of South African wastewater treatment plants to produce effluents of a high microbiological quality is a matter 
of great concern in terms of the pollution of water resources. This study aimed at assessing the effectiveness of 4 wastewa-
ter treatment plants in the Gauteng Province, namely the Zeekoegat, Baviaanspoort, Rayton and Refilwe Water Care Works 
(WCW), in the removal of pathogenic bacteria and viral indicators. Also taken into consideration were free chlorine concen-
trations and turbidity levels, which were measured using standard methods. Conventional methods and/or polymerase chain 
reaction (PCR) techniques were used to detect and identify pathogenic bacteria and coliphages. The turbidity ranged from 
2.39 to 62.40 NTU and the concentrations of free chlorine ranged from 0.03 to1.60 mg∙ℓ-1 for all plants. Despite high free 
chlorine residual concentrations in treated effluents, the survival and occurrence of Escherichia coli, Salmonella typhimu-
rium and Vibrio cholerae were significantly higher at Baviaanspoort (100%, 88.2% and 35.3%), Refilwe (87.5%, 59.4% and 
21.9%) and Rayton (75%, 38.2% and 9.4%) compared to Zeekoegat, which only showed the survival of E. coli, at a much 
lower occurrence rate of 8.8%. Somatic and F-RNA coliphages were removed at 15.57 % and 13.96% for Baviaanspoort, 
11.62% and 22.42% for Refilwe, 25% and 32.10% for Rayton, and 40.41% and 52.57% for Zeekoegat WCW.  Significant 
correlations were found between pathogenic bacteria and coliphages at all plants (r = 0.765 for Baviaanspoort, r = 0.904 for 
Zeekoegat, r = 0.680 for Refilwe, r = 0.796 or the Rayton WCW, p < 0.01). A combination of sedimentation, rapid sand filtra-
tion and chlorination processes was found to be a major prerequisite for the reduction of turbidity levels and viral indicators 
and the successful removal of pathogenic bacteria in the Zeekoegat WCW. This study therefore suggests an upgrading of the 
wastwater treatment plants by including processes such as rapid sand filtration and UV disinfection, which have proved to 
be effective in the removal and inactivation of pathogenic bacteria and viruses. 
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Introduction

A lack of basic services such as water supply and sanitation is a 
key symptom of poverty and underdevelopment. The provision 
of such services must therefore be part of a coherent develop-
ment strategy if it is to be successful. In developing countries, 
a large percentage of the population lacks access to safe clean 
water and sanitation, particularly in Asia and sub-Saharan 
Africa. This has then been associated with high rates of water-
related diseases (WHO and UNICEF, 2000).

One of the priorities in the treatment of wastewater is the 
removal of pathogenic microorganisms in order to comply with 
the required discharge standards for the treated effluent. In 
general, the proper implementation of this management strat-
egy results in: the protection of the quality of water sources; 
the reduction of the cost of drinking water treatment; and 
the control or prevention/elimination of waterborne diseases.  
Although wastewater has been treated in certain developing 
countries, the major aim of producing effluent of a high micro-
biological quality remains a matter of great concern. In Africa, 
for example, the 34 million people who have gained access to 
a sewer connection in the 1990s represent only 20% of the new 

African population, an estimated 169 million people (WHO 
and UNICEF, 2000).  Despite access to improved sanitation 
systems, most of these wastewaters collected through the 
sewer systems are inadequately treated, and discharge sig-
nificant amounts of faecal pollution indicators and pathogenic 
microorganisms into the receiving water bodies, leading to a 
reduction in the quality of the water sources (Bahlaoui et al., 
1997, Momba and Mfenyana, 2005). A more serious concern is 
that these water sources are used by communities for multiple 
purposes, which include drinking, recreational and agricultural 
purposes (Toze, 2004; Momba et al., 2006a).  

The role of water in the transmission of disease tends to 
be forgotten in developing countries by consumers and espe-
cially by managers of wastewater and drinking water treatment 
plants. However, waterborne diseases remain an ever-present 
threat to communities and to everyone relying on direct use 
of water from rivers without any treatment. Globally, water-
related causes account for approximately 80% of all communi-
cable diseases (Wagstaff, 2002). An estimated 1.7 million peo-
ple in developing countries die annually from diseases linked 
to unsafe water and sanitation and poor hygiene. Children are 
the most vulnerable population, as more than 6 000 children 
die every day from diseases associated with unsafe water and 
inadequate sanitation (WHO and UNICEF, 2000).

In order to assess the effectiveness of a wastewater treat-
ment plant, a monitoring system must be able to determine 
whether a facility is effectively removing pathogens from the 
influent. There are specific measuring techniques in place that 
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can monitor the microbiological quality of the treated effluent. 
For routine control purposes, bacterial indicator tests include, 
for example, faecal coliform tests and especially Escherichia 
coli. Although most coliforms are harmless to human health, 
the presence of E. coli, which comprises 97% of coliform 
bacteria found in the intestines of animals and in faeces, is an 
indicator that more harmful pathogens are present in the water 
system (DWAF, 1996). 

Monitoring the viral pathogens for routine control purposes 
is always based on somatic and F-RNA coliphages, due to 
the fact that these indicators are relatively simple and rapid to 
detect and easy to characterise in water, and are always present 
in the faeces of man and warm-blooded animals. Hence they 
are found in large numbers in sewage (Havelaar et al., 1993). 

The present study aimed at assessing the effectiveness of 
4 wastewater treatment plants of the Gauteng Province in the 
removal of pathogenic bacteria and viral indicators. Pathogenic 
bacteria, such as Salmonella typhimurium, Vibrio cholera 
and enterotoxigenic Escherichia coli, and viral indicators 
were targeted because of the important role they play in the 
transmission of waterborne diseases. Salmonella species are 
the causative agent of human salmonellosis, which results in 
enterocolitis, typhoid fever, paratyphoid fever and septicemia 
(Petit and Wamola, 1994). The diseases can either be symp-
tomatic or asymptomatic. Salmonella spp. are harboured in 
and transmitted by sewage and other polluted waters (Gopo et 
al., 1997, Momba et al., 2006a). Vibrio cholerae is the causa-
tive agent of cholera, which is one of the classic waterborne 
diseases. The bacterium is excreted in large numbers in the 
excreta of the victims suffering with cholera; it likes an alka-
line environment and can survive in environmental water bod-
ies for several weeks at the very least (Farmer and Hickman-
Brenner, 1992). Cholera has been regarded as endemic in South 
Africa. Between 2000 and 2003, 128 468 cases were reported, 
which resulted in 395 deaths in the country (Hemson and Dube, 
2004). Somatic and F-RNA coliphages share similar survival 
characteristics with enteric viruses when discharged into the 
aquatic environment (Havelaar et al., 1993). Monitoring the 
quality of wastewater effluent before the discharge into the 
receiving water body might therefore assist water services 
authorities to trace the origin of an epidemic that may occur in 
the Gauteng Province. 

	
Materials and methods

Study sites

The study was conducted at 4 wastewater treatment plants in 
the vicinity of Pretoria, Gauteng Province. All these plants treat 
municipal wastewaters using the activated sludge system. The 
Zeekoegat and Baviaanspoort Water Care Works (WCW) are 
two of several wastewater treatment plants that serve the City 
of Tshwane Metropolitan Municipality. Both plants are located 
approximately 40 km east of Pretoria (which forms part of the 
Tshwane municipal area). These 2 plants were studied because 
they drain into the Roodeplaat Dam, which serves as a source 
of water for several drinking water treatment plants in the area. 
It is also a recreational area. 

The Zeekoegat WCW is located immediately to the west 
of the Roodeplaat Dam. This plant has a design capacity of 35 
Mℓ/day, which is upgradeable to 120 Mℓ/day. At the Zeekoegat 
WCW, the influent flows into primary settling tanks and then to 
a division tank that enables the process controllers to maintain 
a constant flowrate to the 2 biological reactors despite changes 

in influent flowrates. The biological reactors are characterised 
by automated submerged diffusion-air aeration systems. The 
effluent from the biological reactors flows to the secondary 
settling tanks where clarification takes place. The overflow 
from the settlers flows through sand filters and finally to an 
emergency dam where a prolonged contact time with chlorine 
is achieved. The treated effluent flows into the Roodeplaat Dam 
via a short earth canal that passes through the Roodeplaat Dam 
Nature Reserve.

The Baviaanspoort WCW has a capacity of approximately 
35 Mℓ/day. The set-up of the Baviaanspoort WCW is similar 
to that of the Zeekoegat WCW. The main difference is in the 
design of the plant, which is characterised by the lack of a divi-
sion tank, the presence of a mechanical aeration system in the 2 
biological reactors and the absence of sand filtration of the final 
treated effluent. This plant is located 10 km upstream of the 
Roodeplaat Dam on the eastern bank of the Pienaars River. 

The Rayton and Refilwe WCWs are located in the small 
towns of Rayton and Cullinan, respectively, and serve their 
respective towns. These towns are also approximately 45 km 
east of the Pretoria. The populations, according to the Statistics 
South Africa 2001 census of Cullinan and Rayton, were 7 683 
and 2 961, respectively (STATSSA, 2001). The design of these 
plants is simpler than those of the first 2 plants. The influent 
flows through a grit screen and then into a single biological 
reactor tank. The effluent of the biological reactor flows to the 
settling tank and the overflow of the settler flows to the chlorin-
ation tank. After the contact tank, no further treatment is done. 
The effluent is discharged into the receiving water bodies. The 
design capacities of the Rayton and Refilwe WCWs are 0.6 and 
1.1 Mℓ/day, respectively. Because of their small size, they were 
included in this study to compare their performance with that 
of the larger plants.

Collection of samples

In order to determine the efficiency of the WWTPs in removing 
the targeted pathogenic bacteria and viral indicators, samples 
of the raw influents and the final effluents were aseptically col-
lected. Sample collection was done on a weekly basis between 
24 May 2007 and 30 April 2008, in sterile 500 mℓ glass bottles, 
for microbial analysis. For the chlorinated final effluents, the 
sampling was done with the sterile bottles containing approx. 
17.5 mg/mℓ sodium thiosulphate. The samples were then placed 
in cooler-boxes containing ice packs and transported to the 
Water Research Group laboratory at the Tshwane University 
of Technology. The samples were analysed within 4 to 6 hours 
after collection.

Free chlorine and turbidity analysis

The concentrations of free chlorine residual in the treated 
effluent samples were determined on-site using a multi-param
eter ion-specific meter (Hanna BDH-laboratory). The turbidity 
of the final effluent was determined using a portable turbidity 
meter; model TN-100 (Eutech Instruments). 

Culture-based isolation and identification of bacterial 
enteric pathogens

The raw influent and final effluent samples were analysed 
for Escherichia coli, Salmonella spp. and Vibrio spp. using 
internationally accepted techniques and principles. Briefly, the 
detection of  E. coli was determined by spread plate methods 
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using Chomocult coliform agar (Merck,SA) and plates were 
incubated at 44.5ºC for 24 h. The isolation of Salmonella 
was done by enrichment in tetrathionate broth (Merck) in 
accordance with the established method (APHA, 1998). The 
isolation of the Vibrio spp. was done by enrichment in alka-
line peptone broth (pH 8.5) for 6 to 8 h at 37°C, after which 
the cultures were diluted and plated, mostly on thiosulphate 
citrate bile salts sucrose (TCBS) (Merck, SA) agar (APHA, 
1998; SABS, 2001). 

Following enumeration, 3 characteristic colonies, 
Escherichia coli, Salmonella spp. and Vibrio spp., were 
selected and sub-cultured 3 times on the selective media 
prior to identification. The Gram stain procedure was then 
performed and the oxidase test was carried out on the  
Gram-negative isolates. The API 20E kit was used for the 
oxidase-negative colonies. The strips were then read and the 
final identification was secured using API LAB PLUS com-
puter software (BioMérieux, Marcy l’Etoile, France). 

Molecular confirmation of pathogenic bacterial 
isolates 

Bacterial strains

Pathogenic Escherichia coli ATCC 25922 and Salmonella 
typhimurium ATCC 14028 were obtained from the American 
Type Culture Collection, Rockville, MD, USA. Vibrio chol-
erae NCTC 5941 was obtained from the National Collection 
of Type Cultures, London, UK. These strains were recon-
firmed by cultural, morphological and biochemical tests 
according to standard procedures and were used as reference 
strains.

DNA extraction and preparation of the lysates for PCR

The polymerase chain reaction was used to confirm the identi-
ties of the presumptive pathogenic bacteria isolated. The DNA 
extraction was performed using the DNA FastDNA kit accord-
ing to the manufacturers’ instructions (Q-Biogene, Carlsbad, 
Calif, USA). The oligonucleotide primers and targeted genes 
for each pathogen are shown in Table 1.

Oligonucleotide primers

Oligonucleotide primers (Table 1), specific for the uidA  
gene of E. coli encoding for β-D-glucuronidase, the ipaB 
gene of S. typhimurium encoding the invasion plasmid anti-
gen B and the epsM gene of V. cholerae encoding the  
enterotoxin extracellular secretion protein of toxigenic  
V. cholerae, were used, as they have been reported to be  
specific for the respective bacteria (Kong et al., 2002, 
Momba et al., 2006b).

PCR amplification and electrophoretic detection of 
amplicons

The PCR reaction was carried out in 50 µℓ reaction volume 
containing 10 x GOLD Buffer, 1.5 mM MgCl2, each of the 
4 deoxynucleotides (dNTPs) (Promega, Whitesci SA) at a 
concentration of 0.25 mM, 100 pmol for each primer stated 
in Table 1, and 5 U of Go-taq DNA polymerase (Promega, 
Whitesci SA). A total volume of 10 µℓ genomic DNA was used 
in each PCR reaction. The reaction was carried out in a Bio-
Rad Chromo 4 Cyler (Bio-Rad, SA). The following reaction 
conditions, optimised from Momba et al. (2006b), were used: 
initial denaturation at 94°C for 2 min followed by reaction 
cycles (25 cycles for E. coli and Vibrio sp. and 35 cycles for 
Salmonella spp.), denaturation at 94°C for 1 min for all reac-
tions, annealling at 58°C for 1 min for E. coli and Vibrio spp. 
and 62°C for 1 min for Salmonella spp., and extension at 72°C 
for 2.5 min. The final extension cycle was followed by incuba-
tion at 72°C for 10 min and cooling at 4°C.

The amplicons (10 µℓ aliquots) were visualized on a 2% 
(w/v) agarose gel (Merck) in 1 U TAE buffer (40 mM Tris-HCl, 
20mM Na-acetate, 1 mM EDTA, pH 8.5) and stained with 
0.5 µg/mℓ ethidium bromide (EtBr, Merck). The amplified 
products were viewed under the Syngene Gel-Doc System. A 
100-bp ladder (Promega, Whitesci SA) was included on each 
gel as a molecular size standard. The electrophoresis was car-
ried out at 76V for 50 min.

Culture-based isolation of somatic and F-RNA 
coliphages

For the coliphage analyses, wastewater samples were passed 
through filters (25 mm, 0.45 μm Millipore filters) into sterile 
250 mℓ flasks. Prior to use, the filters were pre-treated with 10 
mℓ of sterile 1.5% beef extract to minimise phage adsorption to 
the filters. The filtrates were then serially diluted in antibiotic-
free peptone-saline within the range of 10-1 to 10-3. Enumeration 
of somatic coliphages and F-RNA coliphages was done on 
double-agar-layer plaque assay  using E. coli strain C (ATCC 
13706) nalidixic acid-resistant mutant WG5 and Salmonella 
typhimurium WG 49 nalidixic acid-resistant mutant as hosts, 
respectively, and inoculum culture was prepared as described 
elsewhere (SANS, 2002). 

Statistical analysis

To show the efficiency of the 4 plants for the removal of patho-
genic bacteria and viral indicators, the data were analysed 
statistically using the SPSS computer software, Version 11.0. 
Comparison of means was done using the one-way analysis of 
variance (ANOVA) and test of relationship was carried out using 
the Pearson correlation index at a 95% confidence interval. 

Table 1
PCR primer base sequences and targeted amplicon size of pathogenic bacterial isolates

Target organism Primer set Primer sequence (5’-3’) Targeted gene fragment PCR 
Amplicon

Reference

E. coli UAR-900 ACG CGT GTT AAC AGT CTT GCG
β-D-glucuronidase gene (uidA) 147 bp Tsai et al. 

(1993) UAR-754 AAA ACG GCA AGA AAA AGC AG

S. typhimurium IpaB-F GGA CTT TTT AAA AGC GGC GG 
Inversion plasmid B (IpaB) 314 bp Kong et al. 

(2002)IpaF-R GCC TCT CCC AGA GCC GTC TGG

V. cholerae EspM-F GAA TTA TTG GCT CCT GTG CAG G Enterotoxin extracellular secre-
tion protein M gene (EspM) 248 bp Kong et al. 

(2002)EspM-R ATC GCT TGG CGC ATC ACT GCC C
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Results 

Concentration of chlorine residual and turbidity in 
the final effluents

The free chlorine residual concentrations and the turbidity in 
the final effluents of the wastewater treatment plants for each 
month during the study period are represented in Fig. 1. The 
concentration of free chlorine residual ranged from 0.09 to 
0.14 mg/ℓ in Zeekoegat effluents, from 0.24 to 0.44 mg/ℓ in 
Baviaanspoort effluents, from 0.03 to 1.60 mg/ℓ in Rayton 
effluents, and from 0.21 to 0.46 mg/ℓ in Refilwe effluents.  
The highest concentrations of free chlorine residual were 
observed in the months of August, June, March and July, for 
the Zeekoegat, Baviaanspoort, Rayton and Refilwe WCWs, 
respectively (Fig. 1). Also, the lowest chlorine concentrations 
were observed in the months of November (for Zeekoegat), 
March (for Baviaanspoort), June (for Rayton) and March (for 
Refilwe). Although the residual chlorine concentrations in the 
different WCWs were observed to differ throughout the period 
of sampling, these differences were not observed to be sig-
nificant within each plant. However, the free chlorine residual 
concentrations in the Zeekoegat WCW were observed to be 
significantly lower compared to those recorded in the Refilwe 
WCW (p ≤ 0.05).

The turbidity of the effluents ranged from 2.45 to 5.52 
NTU, from 5.62 to 21.24 NTU, from 2.39 to 22.92 NTU, and 
from 4.36 to 62.40 NTU, in the Zeekoegat, Baviaanspoort, 
Rayton and Refilwe WCWs, respectively (Fig. 1). Although the 
different WCWs were observed to differ in turbidity ranges 
throughout the period of sampling, these differences were not 
observed to be significant in each and every plant. Significant 
differences in free chlorine concentrations were noted only 
when the Zeekoegat WCW was compared to the rest of the  
plants (p ≤ 0.05).

Influent and effluent loads of pathogenic bacteria as 
detected by conventional methods

Figure 2 shows the counts of E. coli isolated from the influent 
samples of the 4 plants during the study period. These counts 
ranged from 4.57 to 5.08 log10 CFU/mℓ, from 3.56 to 5.56 log10 
CFU/mℓ, from 4.26 to 4.86 log10 CFU/mℓ, and from 4.52 to 
5.72 log10 CFU/mℓ in the Zeekoegat, Baviaanspoort, Rayton 
and Refilwe WCWs, respectively. Escherichia coli counts in  
the Baviaanspoort WCW were observed to be significantly 
higher than those of Refilwe and Rayton WCWs (p ≤ 0.05). 
Also, influent counts from the Zeekoegat WCW were observed 
to be significantly higher than those from the Rayton WCW  
(p ≤ 0.05). 

Figure 3 shows the counts of E. coli isolated from the 
effluent samples in the 4 plants during the study period. 
These counts ranged from 0.00 to 0.70 log10 CFU/mℓ, from 
1.24 to 4.95 log10 CFU/mℓ, from 0.00 to 4.77 log10 CFU/
mℓ, and from 1.89 to 4.80 log10 CFU/mℓ in the Zeekoegat, 
Baviaanspoort, Rayton and Refilwe WCWs, respectively. 
The highest faecal coliform removal was observed in the 
Zeekoegat WCW and the lowest in the Refilwe WCW  
(Fig. 3). The effluent counts were observed to be signifi-
cantly different in the 4 plants throughout the period of sam-
pling (p ≤ 0.05).  However, the counts in the Baviaanspoort 
WCW were observed to not be significantly higher than 
those of the Rayton WCW (p > 0.05).

Table 2 shows the occurrences of the 3 target pathogenic 
bacteria in the influents and effluents of the 4 wastewater 
plants after biochemical identification and molecular  
identification. During the study period, presumptive  
E. coli was present in all 32 effluent samples collected  
from Baviaanspoort WCW. A similar occurrence of  
approximately 90% was found in Rayton and Refilwe 
WCWs, while a lower occurrence of 9% was noted in the  
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Figure 1  
Average concentration of free chlorine residual and turbidity in the final effluent in the 4 plants 
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effluents collected from the Zeekoegat WCW. With the 
exception of this plant, Salmonella and Vibrio spp.  
occurred in the effluents collected from all the plants. In 
these plants, the highest occurrences of these organisms 
were observed in the Baviaanspoort WCW (90.6% for 
Salmonella) and in the Refilwe WCW (68.8% for Vibrio spp.) 
(Table 2). 

	
Molecular confirmation of the pathogenic bacteria 
isolates with PCR

While the PCR analysis confirmed the absence of the tar-
get species of Salmonella and Vibrio in effluents collected 
from the Zeekoegat WCW, and the occurrence of pathogenic 
E. coli at a lower rate of 9.4%, the 3 bacterial pathogens 
effectively occurred at high rates in the remaining plants. 
Pathogenic E. coli was positively confirmed in all the efflu-
ents collected from the Baviaanspoort WCW. Salmonella 
typhimurium (88.2%) and V. cholerae (35.3%) were found at 
high occurrence rates in this plant compared to the Refilwe 
and Rayton WCWs (Table 2). 

Influent and effluent loads of somatic and F-RNA 
coliphages as detected by conventional methods

The average counts of somatic and F-RNA coliphages in the 
influents of all plants were found to be 5.75 log10 PFU/mℓ 
and 5.50 log10 PFU/mℓ, respectively. As shown in Fig. 4, the 
counts of F-RNA coliphage were found to be lower than those 
of the somatic coliphages in the effluents of all plants. These 
counts ranged from 0.00 to 5.88 and 0.00 to 5.80 log10 PFU/mℓ, 
respectively. A significant removal of both somatic and F-RNA 
coliphages was observed for all plants (p≤0.05).

With reference to Table 3, the highest reductions of viral 
indicators, of 40% and 53%, were observed in the Zeekoegat 
WCW for somatic and F-RNA coliphages, respectively. In this 
plant, reductions of up to 3.40 and 2.69 log10 PFU/mℓ  were 
observed in the effluent for somatic and F-RNA coliphages, 
respectively. The lowest removal efficiency (12%) of somatic 
coliphages was observed in the Refilwe WCW, with a reduc-
tion from an average influent count of 5.79 log10 PFU/mℓ to 
5.12 log10 PFU/mℓ in its final effluents. Baviaanspoort WCW 
showed the lowest removal of F-RNA coliphages, of 14%, from 

Figure 2
Presumptive E. coli counts from the influent of the 4 wastewater 
treatment plants. The graphs show a plot of the monthly average 

of log10 CFU/mℓ for pathogenic bacteria over the period of the 
study, May 2007-April 2008.

 
 

 
 

Figure 3
Presumptive E. coli counts isolated from the effluent of the  

4 wastewater treatment plants. The graphs show a plot of the 
monthly average of log10 CFU/ mℓ for pathogenic bacteria over 

the period of the study, May 2007-April 2008.

Table 2
Occurrence of E. coli, Salmonella and Vibrio species in effluents of the 4 wastewater 

treatment plants (n = 32, May 2007 and April 2009) 
Number  of effluent samples contaminated by presumptive bacteria using culture-based methods
Organism Baviaanspoort Zeekoegat Rayton Refilwe
E. coli 100% 9.4% 90.6% 90.6%
Salmonella spp. 90.6% 0% 56.3% 71.9%
Vibrio spp. 59.4% 0% 25.0% 68.8%
Number of effluent samples confirmed positive for E. coli, S. typhimurium and V. cholerae using PCR
Organism Baviaanspoort Zeekoegat Rayton Refilwe
E. coli 32/32 (100%) 3/32 (8.8%) 24/32 (75%) 28/32 (87.5%)
S. typhimurium 29/32 (88.2%) 0/32 (0%) 13/32 (38.2%) 19/32 (59.4%)
V. cholerae 12/32 (35.3%) 0/32 (0%) 3/32 (9.4%) 7/32 (21.9%)

Table 3
Performance of WCWs  to remove coliphages from wastewater influents- Average Log10 counts and 

coliphage removal percentages in each of the WCWs (n = 32, May 2007 to April 2008)
Plant (WCW) Somatic FRNA

Influent
PFU/100mℓ (sd)

Effluent
PFU100/mℓ(sd)

% 
Removal

Influent
PFU100/mℓ (sd)

Effluent
PFU/100mℓ (sd)

%
Removal

Baviaanspoort 5.78 (0.336) 4.92 (0.412) 15.57 5.23 (0.348) 4.50 (0.506) 13.96
Zeekoegat 5.79 (0.121) 3.45 (0.338) 40.41 5.66 (0.109) 2.69 (1.190) 52.47
Rayton 5.62 (0.134) 4.19 (1.017) 25.76 5.39 (0.247) 3.66 (1.413) 32.10
Refilwe 5.79 (0.208) 5.12 (0.384) 11.62 5.71 (0.242) 4.43 (0.679) 22.42
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an average influent count of 5.23 log10 PFU/mℓ to an average 
effluent count of 4.50 log10 PFU/mℓ. 

Discussion 

There is an increasing trend of requiring more efficient use 
of water resources, both in urban and rural environments. 
Recycled water can have the advantage of being a constant, 
reliable water source and of reducing the amount of water 
extracted from the environment. As South Africa is a water-
scarce country, return flows (sewage and effluent purification) 
occupy second position in terms of their contribution to the 
country’s freshwater supply, with 14% of the total water supply 
deriving from this source, while 77%  is sourced from surface 
water (dams and rivers) and 9% from groundwater (boreholes) 
(Van Vuuren, 2009). By law (National Water Act, No. 36 of 
1998), all treated effluent is required to flow back into public 
streams or into the sea (DWAF, 2004). The last step in the 
wastewater treatment process before the effluent is returned to 
the public stream is disinfection. Disinfection of wastewater is 
carried out for the partial destruction of disease-causing organ-
isms. Factors such as the concentration of disinfectant, contact 
time and nature of suspending liquid influence the action of 
disinfectants such as chlorine and UV radiation (Metcalf and 
Eddy, 2003), hence the necessity of measuring the concentra-
tion of free chlorine residual and the turbidity of the final 
effluents of the 4 plants.

At present, wastewater effluent disinfection practices are 
dominated by using liquid-gas chlorine (Cl2) or chlorine com-
pounds. The effluents to be discharged from wastewater treat-
ment plants to the water resources (such as rivers) at the final 
monitoring point must always comply with the general limit  
of 0.25 mg/ℓ of free chlorine residual or the relaxed-limit of  
0.1 mg/ℓ. These concentrations result in the inactivation of 
faecal coliforms to the prescribed standard of zero CFU/100 mℓ 

of the effluent or at a special limit of 1 000 CFU/100 mℓ efflu-
ent (DWAF 2004).  It is well known that E. coli is considered 
as a representative of the faecal coliform group that is primar-
ily used to indicate the presence of bacterial pathogens such 
as Salmonella spp., Shigella spp., V. cholerae, Campylobacter 
jejuni, Campylobacter coli, Yersinia enterocolitica and patho-
genic E. coli (DWAF, 1996). This means that the prescribed 
free chlorine residual limits should also result in the inactiva-
tion of E. coli, V. cholerae and Salmonella typhimurium, which 
were the target organisms in this investigation. 

Despite significant removals of pathogenic bacteria in all  
4 plants, only the E. coli counts from Zeekoegat WCW showed 
significant compliance with the current standard, with respect 
to the reduction of the faecal coliforms at the special limit set 
by the South African Water Services Authority (DWAF, 2004) 
(Fig. 3). The occurrence of this coliform group in the chlorin-
ated effluent of the Baviaanspoort WCW was observed to be 
significantly higher than at other plants (p≤0.05). This study 
demonstrated that chlorine disinfection of wastewater effluents 
could not produce effluent which complied with the prescribed 
bacterial standards.

Bacterial pathogens such as E. coli, V. cholera and 
Salmonella typhimurium are among the major health risks 
associated with water in general and wastewater in particular. 
Their detection by using culture-based methods alone tends 
to be inaccurate at a species-specific level, as percentages 
obtained using PCR are all lower than those obtained using 
culture-based methods (Table 2), indicating that molecular 
identification provides more information pertaining to the 
proportion of specific pathogenic species and the actual quality 
of water (Momba et al., 2006b). There is therefore a need for 
a molecular confirmation of the presumptive isolates obtained 
from conventional methods. The results obtained from this 
study using both the culture-based methods and the PCR 
species-specific techniques indicated a remarkable reduction in 
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the occurrence of E. coli and a complete removal of V. cholera 
and Salmonella typhimurium only from the effluents produced 
in the Zeekoegat WCW, which maintained a low average free 
chlorine residual concentration of 0.12 mg/ℓ (Table 2 and Fig. 
1). However, the Baviaanspoort, Rayton and Refilwe WCWs, 
which maintained high free chlorine residual concentrations, 
produced poor effluents with high occurrence rates of the 3 tar-
get pathogenic bacteria (Table 2, Fig. 1). Lower turbidity levels 
due to the incorporation of a rapid sand filtration process in 
the Zeekoegat WCW, coupled with longer contact times in the 
emergency dam, contributed to the reduction of E. coli (Figs. 
2 to 3) and the total removal of pathogenic E. coli, V. cholerae 
and S. typhimurium compared to other plants (Table 2). On 
the other hand, the lack of the rapid sand filtration process 
resulted in higher turbidity levels in the Baviaanspoort, Rayton 
and Refilwe WCWs, and therefore reduced the effectiveness 
of chlorine by shielding the entrapped bacteria (Table 2, Figs. 
2 and 3). Athough these 3 plants experienced larger influent 
loadings than their design capacities, the Baviaanspoort WCW 
had significantly larger influent loads of E. coli compared to 
the Rayton and Refilwe WCWs (p ≤ 0.05). In a study conducted 
by Gaydon and co-workers (2006), when evaluating package 
plants and larger plants for community use, these authors con-
cluded that, although overloading might occur, larger plants, 
due to their size, are generally better equipped to deal with 
varying loading rates. Unfortunately, this was not noted in the 
case of the Baviaanspoort WCW, which has a  design capac-
ity of approximately 35 Mℓ/day compared to the Rayton and 
Refilwe WCWs, which have design capacities of 0.6 and  
1.1 Mℓ/day, respectively.

The failure of South African wastewater treatment plants 
to produce final effluents of a high bacteriological quality 
when using chlorine disinfection has been previously reported. 
Pretorius and Pretorius (1999) found that, across the country, 
only 33% of the total effluents flowing from all of the waste-
water works to the receiving water bodies met bacteriological 
standards of nil faecal coliform count/100mℓ, when using 
chlorine disinfection. In another study by Samie and cow-
orkers (2009), common pathogenic bacteria, which included 
Salmonella spp., Shigella spp., Escherichia coli, Vibrio 
spp. and Enterococcus spp., were isolated from the chlorin-
ated effluents produced by 14 sewage treatment plants in the 
Mpumalanga Province. Etinosa and coworkers (2009) recently 
reported the occurrence of potential pathogenic Vibrio spp. in 
final effluents of a wastewater facility in a rural community of 
the Eastern Cape Province. 

The overall viral qualities of all the effluents produced by 
the Zeekoegat, Baviaanspoort, Rayton and Refilwe WCWs 
were above the recommended limits, which are 0-1 PFU/mℓ for 
negligible risk for domestic water use and 0-20 PFU/100mℓ for 
recreational water use (DWAF, 1996). However, the capability 
of these plants to remove viral indicators from the influents 
depended on the treatment process units incorporated in the 
plants, as also noted in the case of pathogenic bacteria. Lower 
virus loads were then noted in the effluents of the Zeekoegat 
WCW than in those of the Baviaanspoort, Rayton and Refilwe 
WCWs (Fig. 4).  Even though the plants had the prescribed free 
chlorine residual concentration limits, it is important to know 
that the inactivation of somatic and F-RNA coliphages is dose-
dependent rather than disinfectant-residual dependent (Tree et 
al., 2003). Moreover, somatic coliphages have been reported to 
be resistant to normal operational disinfection levels (Donnison 
and Ross, 1995). This clearly explains the higher viral removal 
efficiency noted in the Zeekoegat WCW than in the other  

3 plants. As the Refilwe and Rayton WCWs were operating 
above their normal capacities of approximately 1.1 and  
2.3 Mℓ/day, the carryover of sludge from the clairifier to the 
contact tank was frequently observed. Hence, lower removal 
efficiencies in terms of coliphages were recorded in these plants 
(Fig.4). The present study corresponds with results obtained 
in a study conducted by Momba and co-workers (2009) in the 
Eastern Cape Province, where none of  the wastewater treat-
ment plants were efficient in removing coliphages up to the 
acceptable standards.  

The study also revealed a significant correlation between 
pathogenic bacteria, somatic and F-RNA coliphage removal 
in all plants (r = 0.765 for Baviaanspoort WCW; r = 0.904 
for Zeekoegat WCW; r = 0.680 for Refilwe WCW; r = 0.796 
for Rayton WCW, p < 0.01). Our results showed that sewage-
related microorganisms had different sensitivities to the 
treatment and also that these patterns of sensitivity were not 
dependent on the free chlorine concentrations in the plants. 
For an efficient disinfection process to result in the removal of 
pathogenic bacteria and coliphages, low turbidity should be 
ensured (Tree et al., 2003).

The presence of pathogenic E. coli, S. typhimurium, Vibrio 
cholerae and viral indicators in treated wastewater effluent is 
a potential public health hazard, as this water source is directly 
discharged in receiving water bodies and may be used by 
communities for multiple purposes.  The poor quality of water 
sources in South Africa has been linked to effluents discharged 
into the catchment by the wastewater treatment plants, informal 
residential areas upstream of the study site and agricultural 
activities (Momba et al., 2006a; Oberholster et al., 2008; Samie 
et al., 2009; Igbinosa and Okoh, 2009) , Momba et al., 2009). 
Inadequate treatment of wastewater effluents is undermining 
efforts to end waterborne diseases in the country. There is 
therefore a great need to adopt a new approach in wastewater 
treatment processes and to ensure the proper management of 
wastewater treatment plants in all the provinces, in order to 
produce effluents that comply with the current standards.

Conclusions and recommendations

The low counts for targeted pathogenic bacteria and viral 
indicators observed in the effluents of the Zeekoegat WCW 
highlight the importance of long contact times coupled with 
clear (low turbidity) effluents. The presence of a filtration pro-
cess and a contact dam are the main reasons why this activated 
sludge system had a higher removal efficiency of targeted 
pathogenic bacteria and viral indicators than the other systems 
evaluated. A combination of both bacterial and bacteriophage 
indicators seem to be the best choice for ensuring the microbial 
quality of wastewater effluents. The results of this study there-
fore suggest the introduction of a secondary treatment process 
such as filtration, or a much more efficient disinfection process, 
in order to improve the performance of the wastewater treat-
ment plants in terms of bacterial and viral removal.
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