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Abstract

Bacterial species present in the Berg and Plankenburg Rivers (Western Cape, South Africa) were isolated from water 
and biofilm samples and population shifts between sampling sites were phylogenetically identified.  Deoxyribonucleic 
acid (DNA) extraction of representative isolates was performed and amplified using 2 different primer sets.  Various 
Enterobacteriaceae species were present at all of the sites, confirming faecal contamination. Phylogenetic analyses also 
showed that, in general, Gram-negative micro-organisms dominated at all of the sites sampled in both the Berg and 
Plankenburg river systems.  Pathogens and opportunistic pathogens, such as Pseudomonas aeruginosa, Staphylococcus 
sp., and Bacillus cereus, were isolated from the Berg River.  Similarly, in the Plankenburg River system, Aeromonas sp., 
Acinetobacter sp., Stenotrophomonas sp. and Yersinia enterocolitica were also isolated.  This raises major health concerns 
as human population densities along both rivers are high, thus resulting in increased human exposure to these organisms. 
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Introduction 

South Africa’s water resources service various industrial, agri-
cultural and domestic sectors, which in turn may contribute to 
the point or non-point source contamination of these valuable 
water sources.  In many areas of South Africa, and worldwide, 
informal housing schemes are often established along the banks 
of river systems.  Due to a lack of adequate sanitation and waste 
removal facilities in the informal settlements, as well as poor 
management and disposal of sewage, the stormwater drainage 
pipes leading directly to the rivers are often used as a means of 
disposal of human and animal waste (SARDC, 2002).  

The most common bacterial pollutants isolated from water 
sources include Escherichia coli (E. coli), Vibrio cholerae, 
Campy lobacter, Salmonella, Shigella and Aeromonas hydrophila 
(Lightfoot, 2003).  In addition, the occurrence of biofilms or 
encrustations in water sources, which harbour various types 
of micro-organisms (Banning et al., 2003), allows for the mul-
tiplication of pathogens such as Pseudomonas, Mycobacter, 
Campylobacter, Klebsiella, Aeromonas, Legionella spp., Helico
bacter pylori and Salmonella typhimurium (Gião et al., 2008).

In South Africa, the presence of E. coli pathogens in 
sewage-contaminated river water and E. coli O157:H7 in sew-
age (Müller et al., 2001), was confirmed in an assessment con-
ducted in 2003.  Pathogens such as Salmonella, Shigella, Vibrio 
cholerae and coliphages have also been isolated from the final 
effluent of wastewater treatment facilities in the Eastern Cape, 
South Africa (Momba et al., 2006).

The aim of this study was to identify predominant bacterial 
species isolated from water and biofilm samples collected from 
2 sites along the Berg and Plankenburg Rivers, in the Western 
Cape, South Africa.  Population shifts between sites were 
also identified using 16S rRNA PCR and DNA sequencing.  
Phylogenetic analyses were performed by aligning grouped 
DNA sequences with the Infernal Secondary Structure Based 
Aligner within the Ribosomal Database Project (RDP) system.  

Materials and methods

Sampling sites

A previous study identified 4 sampling sites along the Berg 
River (Paulse et al., 2007) and 4 sites along the Plankenburg 
River (Paulse et al., 2009).  Based on the results obtained from 
these studies, deoxyribonucleic acid analysis was performed 
on samples (water and biofilm) collected from Sites A and B2 
(Berg River) and from Sites A and B (Plankenburg River).

Sampling

One-litre water samples were collected in sterile Nalgene-
polypropylene bottles (Cole-Palmer Instrument Company) at 
each sampling site, once a month, and stored on ice to maintain 
the lowest possible temperature.  Materials such as stones, glass, 
leaves, etc., were also collected from each sampling site and 
stored in sterile whirlpack bags for subsequent biofilm isolation.  

Sonication of biofilm samples

Glass, stones and leaves collected from the river were 
sonicated for 10 min in 60 mℓ sterile dH2O using a UMC 5 
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ultrasonication bath (Instrulab Inc.).  The sonication step was 
repeated at least 3 times, depending on the amount of material 
collected from each sampling site.  The bacterial suspension 
obtained was used for further microbiological analysis.  

DNA extraction and agarose gel electrophoresis

Cultures from planktonic and sessile samples (sonicated bacte-
rial suspension) obtained from the sampling sites were spread-
plated onto Nutrient Agar (NA) (Merck, Biolab Diagnostics) 
after serial dilutions (10-1 to 10-7) were performed.  Plates were 
incubated for 3–4 days at 37°C.  Thereafter, distinct visible 
cells (colony forming units (CFU)) were identified based on 
morphological differences and re-streaked onto NA plates for 
isolation of pure cultures (approximately 824 isolates were 
selected for further analysis).  Deoxyribonucleic acid (DNA) 
extraction was performed using the High Pure PCR Template 
Preparation Kit as per manufacturer’s instructions (Roche 
Diagnostics).  Extracted DNA samples (10 µℓ) were electropho-
retically analysed on a 0.8% molecular grade agarose gel.

Polymerase chain reaction (PCR)

It should be noted that the PCR and DNA sequencing 
techniques were performed only on the culturable micro-
organisms isolated from the water and biofilm samples.  The 
extracted DNA from individual samples was amplified using 
2 primer sets, which amplify the 16S rRNA gene in bacteria.  
Amplification of target DNA samples (5 µℓ) (100 ng/50 µℓ) was 
performed in a total reaction volume of 50 µℓ containing a 10 
mM dNTP mix (1 µℓ), 25 mM MgCl2 (4 µℓ), 5 x PCR Buffer 
with (NH4)2SO4 (10 µℓ), 10 µM forward (RW01) primer [AAC 
TGG AGG AAG GTG GGG AT] (2.5 µℓ), 10 µM reverse 
(DG74) primer [AGG AGG TGA TCC AAC CGC A] (2.5 µℓ) 
(Greisen et al., 1994), GoTaq DNA polymerase (0.25 µℓ) and 
sterile distilled H2O (24.75 µℓ).  For the second primer set all 
of the reagents mentioned above were added proportionally, 
together with 10 µM forward (RDR080) primer [AAC TGG 
AGG AAG GTG GGG AC] (2.5 µℓ) and 10 µM reverse (DG74) 
primer [AGG AGG TGA TCC AAC CGC A] (2.5 µℓ) (Greisen 
et al., 1994) to obtain a total volume of 50 µℓ for subsequent 

amplification.  The PCR procedure included an initial dena-
turation step of 5 min at 95°C, followed by 30 cycles of ampli-
fication (25 s at 95°C, 25 s 55°C and 1 min at 72°C).  The final 
extension step was performed at 72°C for 10 min.  

16S ribosomal RNA sequencing 

Successfully amplified PCR products (~600 bp) were puri-
fied using a High Pure PCR Product Purification Kit as per 
manufacturer’s instructions (Roche Diagnostics).  The DNA 
concentrations were determined using the Qubit™ fluorometer 
(Invitrogen) and the Quant-iT™ dsDNA BR (Broad-range) 
Assay kit 2–1 000 ng as per manufacturer’s instructions 
(Molecular probes and Invitrogen).  The DNA samples (5–268 
ng/mℓ = 0.005–0.3 ng/µℓ) were loaded onto 96-well plates (15 
µℓ per sample), dried in a speed vac with medium heat for 30 
to 60 min (depending on the volumes), and sent for subsequent 
sequencing. The Applied Biosystems Big Dye Terminator v3.1 
Cycle sequencing Kit was used for the sequencing reactions, as 
per manufacturers’ protocols.  Sequences were identified using 
the Sequence Match Programme (Cole et al., 2009) obtained 
from the Ribosomal Database Project website.  

Phylogenetic analysis

All of the DNA sequences obtained for the Berg and Planken burg 
Rivers (Sites A and B) were grouped and aligned with the Infernal 
Secondary Structure Based Aligner in the Ribosomal Database 
Project (RDP).  An unrooted tree was constructed using the 
Weighbour weighted neighbour-joining tree building algorithm 
within the RDP programme and viewed using the MEGA ver-
sion 4.1 (Molecular Evolutionary Genetics Analysis 4.1) pro-
gramme (Tamura et al., 2007).  Branching patterns were evalu-
ated by pairing 1 000 replicates of randomly-generated trees.  

Results and discussion

Figure 1 (a and b) illustrates the amplified PCR products 
analysed on a 1.2% agarose gel, against a MassRuler™ DNA 
Ladder Mix, #SM0403 (Fermentas), resembling the approxi-
mate size of 600 bp.  The gel electrophoresis pictures indicating 

              A     B     1     2      3     4     5      6      7    8     9    10   11   12   13   14    15    16   17   18    

 

 

 
 
 
 
  900 
  600 
  400 
 
  300 

               A     B     1      2     3      4    5     6      7     8      9   10   11   12    13   14   15    16   17   18    

 

 

 
 
 
 
  900 
  600 
  400 
 
  300 

Figure 1a 
Polymerase chain reaction 
analysis of extracted DNA 
samples (BB1-138 to 155) 
(with Primer Set 1: forward 

(RW01) primer; reverse (DG74) 
primer) isolated from Site B in 
the Berg River.  Lanes 1–18: 
Samples 138 to 155 (BB1); 

Lane A: Marker (MassRuler™ 
DNA Ladder Mix, #SM0403 

(Fermentas)); Lane B: Negative 
control.

Figure 1b 
Polymerase chain reaction 
analysis of extracted DNA 

samples (BB2-138 to 155) (with 
Primer Set 2: forward (RDR080) 
primer; reverse (DG74) primer) 

isolated from Site B in the 
Berg River.  Lanes 1–18: 

Samples 138 to 155 (BB2); 
Lane A: Marker (MassRuler™ 
DNA Ladder Mix, #SM0403 

(Fermentas)); Lane B: Negative 
control.
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the representative samples (138 
to 155) isolated at Site B in 
the Berg River were amplified 
using both Primer Sets 1 and 
2 (Greisen et al., 1994).  While 
most samples represented in 
Fig. 1a were successfully ampli-
fied with Primer Set 1, Samples 
143, 147, 152 and 154 were not 
observed (Fig. 1b) when ampli-
fied with Primer Set 2.  Samples 
sent for subsequent sequencing 
were therefore selected based 
on successful amplification with 
either primer set.

The phylogenetic trees 
depicted in Figs. 2 and 3 
include various species of both 
Gram-positive and Gram-
negative heterotrophic bacteria.   
According to Nikaido (1996), 
Gram-negative bacteria tend 
to be more resistant to vari-
ous lipophilic and amphiphilic 
inhibitors than Gram-positive 
bacteria.  This indicates that 
these organisms possess 
survival mechanisms which 
Gram-positive organisms 
lack and could explain why 
these organisms are surviv-
ing adverse environmental 
conditions.  In all of the trees 
the Gram-negative group 
make up the largest num-
ber of organisms isolated and are further subdivided into 
the Enterobacteriaceae, Proteobacteria and the high G+C 
Gram-negatives.  

Berg River

Bacterial species isolated from the planktonic and sessile sam-
ples obtained from Site A (site situated upstream from  
the suspected point-source of pollution), are presented in  
Fig. 2.  Phylogenetic analysis based on the 16S rRNA of the 
bacterial strains isolated in 2004 and 2005 displayed accept-
able bootstrap values.  In addition to the Enterobacteriaceae, 
the Proteobacteria and the high G+C Gram-negatives isolated 
from this site, the isolates from the low G+C Gram-positives 
were less diverse and consisted of Staphylococcus sp., various 
Bacillus spp. and the Firmicutes bacterium.   

The Enterobacteriaceae, which are common and wide-
spread in the environment, include the coliform bacteria, which 
are used as indicator organisms in evaluating faecal pollution 
in various water bodies (Figueras and Borrego, 2010).  The fact 
that Enterobacter sp., Citrobacter sp., Serratia sp., Shewanella 
sp. and Aeromonas sp., amongst others, were detected at Site A 
is a clear indication of faecal contamination of the river in this 
area.  These isolates belong to the indicator coliform group of 
organisms of which most are harmless.  However, their pres-
ence in a water system could lead to major health concerns 
and may indicate the presence of potential disease-causing 
bacterial strains, i.e. pathogens (Figueras and Borrego, 2010).  
The presence of these faecal indicators in the Berg River also 

relates to a previous study (Paulse et al., 2007), where signifi-
cantly (p < 0.05) high faecal coliform and E. coli counts were 
recorded by means of the most probable number technique 
(MPN).  

In addition, the presence of Pseudomonas sp. and particu-
larly, Pseudomonas aeruginosa, constitutes a potential health 
threat to children, the elderly and immune-compromised 
patients.  This organism is an opportunistic pathogen, which, 
when sensing a breakdown in a host’s defence system, takes 
advantage or exploits the situation thereby initiating infection 
(Todar, 2008).  In addition, a study conducted by Miteva et al. 
(2004) indicated that isolates exhibiting multiple resistances, 
among the Proteobacteria, belong to the Pseudomonas spp.  
group.

The final group in this tree, the low G+C Gram-positives, 
consisted of Staphylococcus spp. and various Bacillus spp.  
Even though most Staphylococcus spp. are harmless and 
reside normally on the mucous membranes and skin of humans 
(Madigan and Martinko, 2005), these organisms may also 
cause various diseases in humans through either toxin produc-
tion or penetration.  

To add to the major health concerns of the inhabitants 
living in close proximity to this river, some of the bacterial 
species observed at Site A (i.e. agricultural area) were con-
served when compared to microorganisms identified at Site 
B (Fig. 3).  Hundreds of informal settlement dwellers as well 
as farm workers (agricultural area), live in close proximity to 
this site and many use the riverbanks as ‘toilet schemes’ as the 
sanitary facilities in the settlement are either in a poor state or 
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Figure 2 
Unrooted phylogenetic tree 

inferred from 16S rRNA 
sequence data, isolated 

from planktonic and sessile 
samples obtained from Site 
A in the Berg River in 2004 

and 2005.  Bootstrap values 
shown at nodes.
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completely non-existent in the vicinity.  
As observed at Site A, the Gram-

negative bacteria constituted the largest 
group of organisms isolated from this 
site.  In addition to the Citrobacter sp. 
identified at this site and previously at 
Site A in the Berg River, bacterial spe-
cies introduced into the river at Site B, 
included, amongst others, Micrococcus 
sp., Corynebacterium sp. and 
Rhodococcus sp.  Even though most of 
these species are not well-known human 
pathogens, species such as Citrobacter 
freundii are opportunistic pathogens, 
which normally inhabit the intestine, 
and have been linked to alimentary 
infections and infections of the uri-
nary tract, middle ear, gallbladder and 
meninges as well as bloodstream infec-
tions, brain abscesses, neonatal sepsis, 
intra-abdominal sepsis and pneumonia 
(Pepperell et al., 2002).  

In addition to the Pseudomonas 
sp. previously mentioned, 
Stenotrophomonas maltophilia, was 
also isolated from Site B in the Berg 
River.  Some of the organisms isolated 
at Site A remained dominant at Site B 
and included species such as Aeromonas 
sp., Comamonas sp., and Pseudomonas 
sp.  In addition, Microbacterium, and 
various Bacillus spp., persisted at both 
Sites A and B.  

Plankenburg River

Various members of the 
Enterobacteriaceae group were isolated 
from the Plankenburg River sampling 
sites thereby confirming faecal con-
tamination in the river (phylogenetic 
trees not included).  One of the isolated 
bacterial species was identified as the 
organism Yersinia enterocolitica subsp. 
enterocolitica which causes yersiniosis 
(Kuhm, 2009), a disease which leads to 
self-limiting entero-colitis. Symptoms 
include watery or bloody diarrhoea and fever.  The above-
mentioned bacterial species, along with the Aeromonas sp., 
Alcaligenes faecalis and Acinetobacter sp., are all indicators of 
faecal contamination (Gerischer, 2008).  The presence of these 
faecal indicators also confirms the results of a previous study 
(Paulse et al., 2009), where significantly (p<0.05) high fae-
cal coliform and E. coli counts were recorded by means of the 
MPN technique.  During this study, faecal coliform and E. coli 
counts of 3.5 x 106 microorganisms/100 mℓ were observed at 
Site B along the Plankenburg River.

Alcaligenes faecalis, which was originally isolated from 
faeces but has become more common in environmental sam-
ples, was isolated from Site A.  Alcaligenes faecalis is nor-
mally found in soil, water and environments associated with 
humans.  Even though the organism is generally regarded as 
non-pathogenic, it has previously been implicated as an oppor-
tunistic pathogen, which may lead to urinary tract infections 

(Meharwal et al., 2002).  
Aeromonas sp., and particularly, A. hydrophila, is asso-

ciated with gastroenteritis, cellulitis and other diseases in 
humans (Khajanchi et al., 2010).  This species belongs to the 
Vibrionaceae which consist of Gram-negative, straight or 
curved rods with polar flagella.  This family also includes the 
important Vibrio sp. of which V. cholerae and V. parahaemolyt
icus are the most well-known human pathogens.  Vibrio chol
erae is responsible for the disease cholera, while V. parahaemo
lyticus infections result in gastroenteritis in humans after the 
ingestion of contaminated seafood (Tavana et al., 2010).  Even 
though studies of rRNA homology suggest that Vibrio sp. 
and Aeromonas sp. differ more widely, previous studies have 
reported the difficulty in identifying Aeromonas to the geno-
species level (Pavan et al., 2005; Janda and Abbot, 2010).

Apart from Y. enterocolitica isolated from Site B, other 
important bacterial species introduced at this site included 
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Figure 3 
Unrooted 

phylogenetic tree 
inferred from 16S 
rRNA sequence 

data, isolated from 
planktonic and 

sessile samples 
obtained from Site 
B in the Berg River 
in 2004 and 2005.  
Bootstrap values 
shown at nodes.
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various members of the Enterobacteriaceae group such as 
Citrobacter gilleni, C. braakii, Pantoea agglomerans and 
Enterobacter aerogenes, thereby again confirming faecal 
contamination at this site.  As previously mentioned, this is the 
point of the river that is closest to the informal settlement.  It 
is also the site where faecal wastewater from nearby sanitary 
facilities is flushed into the river.  Bacterial species from the 
genus Yersinia are considered major human pathogens and may 
be the causative agent of plague in susceptible individuals.  
Overall, the species diversity of micro-organisms isolated from 
Site B was lower in comparison to Site A.  

Various species of the Gram-positive Bacillus genus were 
also identified at both sites in the Plankenburg River.  Bacillus 
species isolated included various unidentified species as well 
as B. aquimaris, B. thuringiensis, and B. pumilus.  In addition, 
Bacillus cereus, which may cause food poisoning in humans, 
was also isolated and identified.  Bacillus cereus infections 
may lead to severe nausea, vomiting and diarrhoea (Lampel et 
al., 2012).  In general, Bacillus spp. can occupy a wide variety 
of ecological niches and its spores are found ubiquitously in the 
environment (Pillai et al., 2006).  

Conclusions

The major conclusions of the study are as follows:
• Phylogenetic analyses showed that Gram-negative micro-

organisms dominated at all of the sites sampled in both the 
Berg and Plankenburg River systems;  

• Bacterial species from the Enterobacteriaceae family were 
isolated from all sampling sites in both river systems.  This 
indicates that both the Berg and Plankenburg Rivers were 
subjected to faecal pollutants.  

• A similar trend in population shift was observed between 
the sampled sites for both river systems:
 - In certain instances, isolates observed at Site A (i.e. 

before the point sources of pollution) did not persist in 
the river systems and were thus not identified at Site B 
(i.e. after the point sources of pollution), e.g. Serratia 
liquefaciens, isolated from Site A in the Berg River, 
was not detected at Site B in the river system.

 - Similarly, various species (e.g. Yersinia enterocolitica 
subsp. Enterocolitica, at Site B in Plankenburg River) 
were also introduced at Site B, which were not identi-
fied at Site A; this could be ascribed to the introduc-
tion of microbial pollutants from the surrounding 
environment as follows: 

 - Stormwater drainage pipes from the adjacent informal 
settlements, enter both river systems at Site B.
 ▫ Along the Plankenburg River, Site B is also located 

close to an industrial area.
 ▫ Site B along the Berg River is in close proximity to 

an agricultural area which could also contribute to 
the pollutant load.

• The predominant pathogenic microorganisms isolated 
from the Berg River included: at Site A, Pseudomonas 
aeruginosa, Comamonas testosteroni, and Aeromonas sp.; 
at Site B, Bacillus pumilus, Stenotrophomonas maltophilia, 
Sphingomonas sp. and Aeromonas sp.  Various opportunis-
tic pathogens, including Serratia liquefaciens, Micrococcus 
sp. and Cellulomonas sp. were also isolated from the Berg 
River.

• In the Plankenburg River, pathogens isolated included 
Pseudomonas sp., Yersinia enterocolitica, Bacillus pumilus, 
Bacillus cereus and Citrobacter braaki (Site A);  

B. pumilus, Pseudomonas sp., Comamonas testosteroni and 
Aeromonas sp. were isolated from Site B.  
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