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Abstract 

Pyrosequencing targeting the V1-V3 hypervariable of the 16S rDNA was used to investigate 

the bacterial diversity in river and roof-harvested rainwater (RHRW) used for potable 

purposes by rural households in Luthengele village in the Eastern Cape Province of South 

Africa. The phylum Proteobacteria dominated the data set (80.5% of all reads), while 4.2% 

of the reads could not be classified to any of the known phyla at a probability of 0.8 or higher 

(unclassified bacteria). At class level, the classes; Betaproteobacteria (50.4% of all reads), 

Alphaproteobacteria (16.2%), Verrucomicrobiae (6.6%), Planctomycetacia (5.7%) and 

Sphingobacteria (3%) dominated the data set in all the samples. Although the class 

Verrucomicrobiae constituted 6.6% of all sequences, 88.6% of the sequences were from the 

river sample where the class represented 43.7% of the observed sequences in the sample. The 

bacteria community structure clearly showed significant similarities between RHRW and 

differences with the river water control sample, suggesting different levels of contamination 

and environmental factors affecting the various water sources. Moreover, signatures of 

potential pathogens including Legionella, Acinetobacter, Pseudomonas, Clostridia, 

Chromobacterium, Yersinia and Serratia were detected, and the proportions of Legionella 

were relatively higher suggesting a potential health risk to households using RHRW. This 

work provides guidance for prioritizing subsequent culturable and quantitative analysis, to 

ensure that potentially significant pathogens are not left out of risk estimations. 
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Introduction 

In most South African rural areas and informal settlements municipal water is either 

inconsistently supplied or is not available at all. Hence, households rely on roof-harvested 

rainwater (RHRW) for domestic purposes including drinking, food preparation, bathing and 

washing (Kahinda et al. 2010). Although, there is a general public health perception that 

RHRW is safe to drink, the presence of potential pathogens such as E. coli, Aeromonas spp., 

Campylobacter spp., Salmonella spp., Legionella pneumophila, Giardia spp., 

Cryptosporidium spp., Vibrio spp. and enteric viruses, have been reported in this water source 

as reviewed by Ahmed et al. (2011). 

When rain falls it is initially free of microorganisms but acquires them on its way to the 

earth’s surface. Microbes can be present in dust particles and in the air which then become 

incorporated into the rainwater (Kaushik et al. 2012; 2014). At the catchment surface of a 

rainwater harvesting system (RWH), dust, debris and faecal droppings that have been 

deposited by animals or wind are washed into the tank together with the microorganisms they 

contain (Ahmed et al. 2012a). Inside the storage tank, microorganisms may die with time or 

survive and proliferate in biofilms (Rasid 2009). Of the microorganisms that can be present in 

RHRW, bacteria are abundant and diverse and may include both pathogenic and non-

pathogenic species whose presence and prevalence are indicative of the factors contributing 

to the observed microbial quality (Ahmed et al. 2012b). While efforts are ongoing to 

minimise contamination in RHRW, successful mitigation is limited unless the variety and 

concentrations of contaminating pathogens are known. It is therefore important to develop 

tools that can effectively detect and characterise pathogens of concern in RHRW (Shanks et 

al. 2010). 

 Most microbiological characterisation methods for drinking water are specified by local, 

national or international norms and depend on conventional culturing methods, including 

heterotrophic plate counts and selective culturing for specific faecal bacteria groups or 

species (Ahmed et al. 2012b). Among the pathogens transmitted in water, enteric pathogens 

have been the focus of RHRW quality management (Sinclair et al. 2008). Surveys of 

pathogens in water have thus far only included a limited number of known infectious agents 

and indicators (Ahmed et al. 2011). This however, may underestimate the total pathogen 
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content and diversity and, thus limit the extent to which one can fully understand potential 

infectious risks from RHRW use. 

Reports on the microbial quality of harvested rainwater (HRW) have generally not considered 

the total microbial population (Ahmed et al. 2011). However, phylogenetic identification of 

microorganisms within given environments and correlation of their observed diversity and 

distribution is critical in understanding HRW quality (Kaushik et al. 2014). In particular 

sources of microbial pollution in the form of faecal material, dust and biofilm formation and 

microbial proliferation in the holding tank are important factors to consider to better 

understand microbial populations in RHRW (Ahmed et al. 2010a). 

In order to characterise and describe risks posed by the use of RHRW, a comprehensive 

understanding of the pathogen diversity and abundance is required. However, water microbial 

communities cannot be adequately studied by traditional culture-based techniques. 

Consequently, a variety of molecular fingerprinting methods have been developed and 

include denaturing gradient gel electrophoresis (DGGE), 16S rRNA clone libraries and 

fluorescence in situ hybridisation (FISH) (Luxmy et al. 2000; Meays et al. 2004; Nocker et al. 

2007). Of these methods, the construction of 16S rRNA clone libraries appears to give the 

highest sequencing depth. Although the resolution is typically limited to less than 10
3

sequence identifications per sample (DeSantis et al. 2007). This sampling depth is not good 

enough to identify less common pathogens, of which are typically present at concentrations 

far less than 1% proportion of the environmental microbial populations (Bibby et al. 2010). In 

contrast, the recently developed high-throughput next-generation sequencing, such as 454 

pyrosequencing of the small sub-unit (SSU) rRNA genes offers an alternative, in which 

detailed community structure can be achieved in combination with a fairly high taxonomic 

resolution (Margulies et al. 2005).  

Not only does high-throughput next-generation sequencing allow for the detection and 

identification of dominant bacteria phylotype profiles within a sample but the high sequence 

numbers produced allows for the detection of rare species including pathogens within 

bacterial communities (Sogin et al. 2006). Currently, the technique has been used to explore 
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human microbiomes (Costello et al. 2009) and environmental samples such as soil (Roesch et 

al. 2007) and oceans (Sogin et al. 2006). A few investigations have been performed on 

environmental water samples from either waste or drinking water (Cottrell et al. 2005; 

Martiny et al. 2005; Poitelon et al. 2009). The aim of this study was to assess microbial 

communities in RHRW using samples from a village with a typical rural setting that includes 

rearing of a variety of domestic animals. Furthermore, the applicability of the pyrosequencing 

analysis technique to detect potential pathogens in RHRW was evaluated. 

Methodology 

Study site and sample collection 

A total of nine water samples were collected in 2L plastic containers in duplicates directly 

from seven randomly selected RHRW tanks and two individual samples from river water that 

is also used for potable purposes by the villagers in Luthengele, Port St Johns, Eastern Cape 

Province, South Africa and water that had been collected from a RHRW tank (tank 2) and 

stored in the kitchen prior to use (point of use (POU)) (herein after referred to as kitchen 

water or T-2-POU). The two individual samples were included for comparative purposes. 

This was intended to provide scoping data on the microbial variations that may exist between 

river water and RHRW both used by the villagers for potable purposes. We further intended 

to provide scoping data on the influence of water handling practice on RHRW 

microbiological quality. The study site, Luthengele village in the Eastern Cape Province of 

South Africa is situated in a mountainous area with steep terrains. The area has no boreholes 

and the households depend on RHRW during the wet season, which is supplemented with 

stream water in dryer months. Generally water is fetched from RHRW tanks and stored in 

smaller containers in the kitchen prior to use. 

DNA extraction and pyrosequencing 

Bacteria in water samples (1L) were concentrated onto 0.45µm cellulose nitrate filters 

(Sartorious Stedim Biotech, Goettingen, Germany) by vacuum filtration (Shi, et al. 2013). 

Filters were stored at -20
o
C for less than two weeks prior to DNA extraction and

pyrosequencing analysis. DNA was extracted from filters using the Quick-gDNA Miniprep 
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kit (ZymoReseach, USA) using the manufacturer’s protocol. DNA samples were sent for tag 

encorded pyrosequencing at Inqaba Labs (Pretoria, South Africa) using the using a Roche GS 

FLX+ 454 pyrosequencer (GATC Biotech, Konstanz, Germany). The 16S rRNA gene was 

amplified using universal bacterial primer set 27F (5'-AGAGTTTGATCMTGGCTCAG-3') 

(Weisburg et al. 1991) and 518R (5'-ATTACCGCGGCTGCTGG-3') (Muyzer et al. 1993). 

Pyrosequencing data processing and analysis 

Sequences that were of low quality or shorter than 150 bp in length were removed from the 

pyrosequencing-derived data sets using the UCLUST pyrosequencing pipeline initial 

processing ( leary et al.  2012). The web-server SnoWMAn 1.15 

(http://snowman.genome.tugraz.at) (Stocker et al. 2010) was used with the following settings 

for the taxonomic-based analysis: analysis type: UCLUST pipeline; chimera filtering 

reference database: Chimerarefdbs_09_Feb_2012_aligned; Mothur alignment reference 

database: fungalITS_24-Sep-2013-current_prokMSA_aligned; Mothur chimera checking 

reference database: chimerarefdbs_39-Feb-2012_16S_aligned and taxonomic reference 

database: greengenes_24-Mar-2010; rarefaction method: RDP; taxonomy: RDP; confidence 

threshold: 80%; include taxa covering more than 1%. Operational taxonomic units (OTUs) 

for rarefaction analysis, were clustered at 3% (species level), 5% (genus level) and 20% 

(phylum level) dissimilarity cut-offs (Hur and Chun 2004). The calculation of ACE, 

Evenness, Shannon, Chao1 and Species Richness diversity indices and the generation of 

principal coordinate analysis (PCoA) plots were generated using the open source software 

package QIIME (http://qiime.sourceforge.net), designed for the analysis of high-throughput 

community sequencing data (Caporaso et al. 2010). 

Pathogen identification 

To identify pathogens, sorted and trimmed sequences that had been classified to belong to 

pathogenic genera at 80% confidence threshold were selected. These genus classifications 

were examined for the presence of sequences of pathogenic species known to be present in 

water (Rusin et al. 1997). To achieve this, sequences were identified against their closest 

relatives in the NCBI Genbank 16s rRNA database. Closely related sequences were 

downloaded and aligned. The 16S rRNA gene sequences of representative pathogenic species 

http://snowman.genome.tugraz.at/
http://qiime.sourceforge.net/
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extracted from the NCBI Genbank were aligned together with our sequences from pathogenic 

genera and clustered in MEGA5.2 (Tamura et al. 2011). The cluster dendrogram was 

generated with the following settings in MEGA5.2: Neighbour-Joining statistical method, 

Bootstrap method (1000 replications) as a test of phylogeny and Jukes-Cantor model (Jukes 

and Cantor 1969). The distance matrix output from MEGA5.2 constructed with Jukes-Cantor 

model was examined for sample sequences that were within 0.03 Jukes-Cantor distance of a 

known pathogen sequence. Sequences within the limit distance relative to a pathogen were 

classified as potential pathogens (Bibby et al. 2010) 

Results 

Sequencing depth 

Pyrosequencing of the nine samples resulted in 18510 reads that passed the Roche 454 

quality control algorithm. Of these, 14618 reads passed trimming and filtering of the 

SnoWMAn UCLUST pipeline. A total of 14057 sequences passed uniquing step and were 

used for alignment and chimera filtering, 3101 (22.1%) sequences were identified as 

chimeras and were excluded from downstream analysis, leaving 10956 sequences. On 

average, an individual sample harboured 1265 reads (range 855-1739 reads). 

The 10956 identified unique sequences were clustered at 94% similarity into 1092 OTUs 

(Keijser et al., 2008). Of the 1092 observed OTUs, 95.6% could be classified into their 

respective phylum. However, the number of sequences that could be classified gradually 

declined from 84.7% at class level, 69.3% order level to 41% at family level. At genus level, 

a number of higher classification groups had completely disappeared and only 22.2% of 

OTUs could be classified. To overcome the challenge of decreasing numbers of classifiable 

sequences as one moves from phylum to species level, we compared our samples at phylum, 

order, class, family and genus. 

Alpha diversity 

To determine richness and diversity, OTUs were identified at genetic distances of 3% 

(species level), 5% (genus level) and 20% (phylum level) by using quality sequences with a  



7 

Figure 1: Rarefication curves for species richness and diversity at genetic distances of 3% (A) (species level), 

5% (B) (genus level) and 20% (C) (phylum level).  

read length of at least 150bp per sample (Pankhurst et al. 2012; Dowd et al. 2008). At 20% 

sequence divergence, rarefaction curves for all samples showed saturation, indicating that the 

surveying effort covered almost the full extent of phylum level of taxonomic diversity 

(Figure 1). However, the rarefaction curves of observed OTUs at genus and species level did 

not plateau with increasing reads suggesting that a higher number of reads per sample would 

have provided more comprehensive data of the bacteria taxa. Although the rarefaction curves 
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did not fully plateau, they had begun to plateau at ~800 reads indicating that we were able to 

capture the main components of the samples bacterial community diversity at the species and 

genus level with our level of sequencing depth. 

The Chao1, species richness estimator, Shannon and ACE diversity indices indicated that in 

general, the most diverse bacterial populations were found in water samples from tanks 1, 6 

and 7 and the least in the water sample from tank 5 and the kitchen (Table 1). The Chao1 

richness varied between 529.3 and 1708.3, the Shannon index between 5.05 and 5.96, and 

species richness between 276 and 740. 

Table 1: Alpha diversity parameters of bacterial communities from river and roof harvested rainwater samples. 

Sample ID ACE Evenness Shannon Chao1 Species Richness 

River 850.34 0.83 5.09 850.04 475 

T-2-POU 321.62 0.90 5.05 334.02 276 

Tank-1 1019.36 0.89 5.88 974.75 740 

Tank-2 584.03 0.91 5.60 580.06 482 

Tank-3 799.65 0.89 5.76 831.23 629 

Tank-4 577.72 0.91 5.68 603.17 503 

Tank-5 373.42 0.90 5.17 378.89 322 

Tank-6 873.91 0.91 5.96 868.63 705 

Tank-7 760.87 0.89 5.66 793.07 566 

Phylum level diversity 

 At phylum level 95.6% of sequences were classified into ten phyla of the domain bacteria 

(Figure 2). Proteobacteria dominated the data set (80.5% of all reads), while 4.2% of the 

reads could not be classified to any of the known phyla at a probability of 0.8 or higher 

(unclassified bacteria), 8.7% of reads were classified as Plancomycetes, 4.1% as 

Bacteroidetes, 0.73% as Acidobacteria, 0.73% as Verrucomicrobia, 0.53% as 

Armatimonadetes, 0.46% as Actinobacteria, 0.07% as Nitrospira, 0.02% as Firmicutes and 

0.01% as Gemmatimonadetes. 
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Figure 2: Average relative abundance (%) of the reads classified into the predominant microbial phyla by 

individual samples. 

Proteobacteria were the most dominant phyla in all the samples. The phylum 

Verrucomicrobia (44.5%) was similarly dominant as Proteobacteria (45.3%) in river water, 

although it was detected at less than 1% in other samples. Phylum Armatimonadetes was only 

detected in tank 6. Planctomycetes were dominant in tank water samples and tank 4 (23.2%) 

and 5 (44%) had the highest abundance. Other phyla with interesting distribution included 

Gemmatimonadetes detected only in tank 5 (0.12%), Firmicutes in tank 1 (0.13%), 

Cyanobacteria in river water (0.72%) and Nitrospira in tank 2 (0.34%), tank 4 (0.08%) and 

tank 7 (0.1%). Bacteroidetes were mainly detected in T-2-POU water (15.6%) but were not 

detected in tank 2, where the water was collected from. Bacteroidetes were also detected in 

stream (4.4%), tank 1 (7.4%), tank 3 (3.6%), tank 5 (1.2%), 6 (2.7%) and 7 (1.8%). 

Class level diversity 

At class level, 85.6% of sequences were classified into sixteen classes (Figure 3). The 

classes; Betaproteobacteria (50.4% of all reads), Alphaproteobacteria (16.2%) 

Verrucomicrobiae (6.6%), Planctomycetacia (5.7%) and Sphingobacteria (3%) dominated 

the data set in all the samples. Although the class Verrucomicrobiae constituted 6.6% of all 

sequences, 88.5% of the sequences were from the river sample where the class represented  
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Figure 3: Average relative abundance (%) of the reads classified into the predominant microbial classes of 

individual samples. 

43.7% of the observed sequences in the sample. The class Flavobacteria was detected in high 

abundance in the kitchen sample (6.5%), although it was also detected in river, tank 1 and 

tank 6 samples where it represented less than 1% of the observed sequences. Other classes 

with similar distribution were Clostridia that was only detected in tank 1 at 0.13%; 

Cyanobacteria in river water (0.7%); Deltaproteobacteria in tank 1(0.13%), tank 5 (0.35%) 

and tank 6 (0.17%); Gemmatimonadetes only in tank 5 (0.12%); Nitrospira in tank 2 (0.34%), 

tank 4 (0.08%) and tank 7 (0.1%) and Armatimonadetes in tank 3 (0.13%) and tank 6 (3.4%). 

Diversity at order level 

At order level 67.9% of sequences were classified into twenty-four orders. However, of the 

67.9% classified sequences, 91.2% belonged to five orders; Burkholderiales (64.2%), 

Verrucomicrobiales (9.7%), Planctomycetales (8.4%), Sphingobacteriales (4.4%), 

Sphingomonadales (4.6%), Rhizobiales (1.6%) (Figure 4). Other orders that had abundance 

frequencies >1% were Rhizobiales (1.6%), Rhodobacterales (1.3%) and Flavobacteriales 

(1.1%). There were large variations in the relative abundances of a number of orders between  
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Figure 4: Average relative abundance (%) of the reads classified into the predominant microbial classes of 

individual samples. 

individual samples. The order verrucomicrobiales was mostly abundant in river water sample 

(48.22), Flavobacteriales in kitchen sample (7%), Sphingobacteriales in kitchen (9.81) and 

tank 1 (12.5%) samples, Plactomycetales in tank 4 (22.2%) and 5 (55.5%). Wide relative 

abundance variation of particular orders in individual samples were observed for the orders 

Burkholderiales (32.8-87.3%), Verrucomicrobiales (0.16-48.2%) and Planctomycetales 

(0.07-55.5%). Orders that were not widely distributed among the samples included 

Chloroplasts that were only detected in river water (0.8%), Clostridiales in kitchen sample 

(0.24%), Neisseriales in tank 1 (0.12%), Pseudomonadales in river (0.94%) and kitchen 

(2.8%) samples. 

Diversity at family level 

At family level 41.6% of sequences were classified into thirty-seven families of which the 

most abundant were Comamonadaceae (33.1%), Oxalobacteraceae (16.6%), 
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Planctomycetaceae (13.7%), Sphingomonadaceae (7.4%) (Figure 5). Other abundant families 

included Burkholderiaceae, Crenotrichaceae, Flexibacteraceae, Rhodobacteraceae,  

Figure 5: Relative abundance (%) of sequences classified into respective bacteria families of the individual 

samples. 

Flavobacteriaceae, Acetobacteraceae, Acidobacteriaceae and Verrucomicrobiaceae, of 

which had relative abundances >1%. Large variations in relative abundances were also 

observed between samples. These were observed in families that included Comamonadaceae 

(14.61-60.1%), Burkholriaceae (0.59-26.9%), Plannctomycetaceae (0.41-64%) and 

Crenotrichaceae (0.43-13.2%). Families that were unique to particular samples included 

Opitutaceae (0.54%), Bacillariophyta (2%) and Verrucomicrobiaceae (9.6%) in river sample; 

Moraxellaceae in kitchen sample (2.9%); Microbacteriaceae in tank 1 (0.48%) and tank 5 

(0.76%); Pseudomonadaceae in river (2.4%) and kitchen samples (0.34%). 
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Genus level diversity 

 Uclust’s Venn diagram analysis was used to identify the genera with shared OTUs among 

samples (3% cut-off) as shown in Figure 6. In the Venn diagram, seven tank water samples  

Figure 6: Schematic drawing showing the detected bacterial genera found in the three different groups of water 

samples (Tank, River and point of use (kitchen)) in Luthegele village. Overlaps between the groups are 

indicated by the arrangement of the circles. 

were pooled to represent tank water whereas individual samples were used for river and 

kitchen water samples. Only eleven genera were shared among the three sample groups while 

ten were shared between tank water and river water samples; five between tank water and 

kitchen water samples and no unique genera was shared between river water and kitchen 

water. The most abundant genera in both tank and kitchen water belonged to the phylum 

Proteobacteria whereas in river water it was genera of the phylum Planctomyces. At genus 
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level, differences between the communities of various water sources were detected (Figure 

7). Relative abundance of sequences in samples that could be classified into genera ranged 

from 12-54.2%, with the highest classified genera observed in POU samples. In total, 60 

genera were detected from the total amplicon sequences library. Only a minor part of 

sequences belonging to members of the genera Flectobacillus, Terrimonas, Flavobacterium, 

Duganella, Acidovorax, Aquabacterium, Curvibacter, Janthinobacterium, Novosphingobium, 

Rhodobacter and Sphingomonas were retrieved from the three sample groups. Figure 7 also 

indicates that tank water samples contained a greater variety of bacteria (50 genera) than the 

river water sample (38) genera) and that from the kitchen water (22 genera). An overlap 

between the detected genera among the control samples and RHRW were also observed; the 

highest was found between river and tank water (10 genera), followed by tank and kitchen 

water (5 genera). 

A comparison of the relative abundances of the classified bacterial genus’s in the water 

samples confirmed differences between the samples (Figure 7). Most notably, Curvibacter 

was the most abundant genera on all sampling sites. In river water (Figure 7A), the most 

frequently present genus was Arcinella (12.6%) and Curvibacter (19.9%) among the other 

commonly found genera Acidovorax, Aquabacterium, Cellvibrio, Janthinobacterium, 

Novosphingobium, Prosthecobacter and Pseudorhodobacter. The dominant genera in kitchen 

water (Figure 7B) were Curvibacter (23%), Janthinoacterium (19%), Acidovorax (13.2%) 

Flectobacillus (15.2%), and Novosphingobium (12.1%). In tank water (Figure 7C) 

Curvibacter (38.7%), Gemmata (12.9%) Polynucleobacter (11%) and Terrimonas (6%) were 

the most abundant genus. Uniquely distributed genuses were Acinebacter, Duganella, 

Methylophilus detected only in kitchen water, Cryobacterium in tank 5, Gp6 (uncultured 

bacterium), Nevskia and Planctomyces in tank 1, Hydrogenophaga, Cellvibrio, Opitutus, 

Prosthecobacter, Pseudohodobacter, Roseomonas and Sphingobium in river water and 

Rhodoplanes in tank 7. 

UniFrac analysis 

Taxonomic categories dependent statistical tests often fail to detect differences in community 

level diversity (MacLean et al. 2009). Thus, approaches that are independent of OTU 



Figure 7 Bacterial communities of river water (A), kitchen water (B) and tank water (C). Relative clone composition of genera was determined by pyrosequencing of 16S

rRNA from metagenomic DNA extracted from the water collected from Luthengele village in the Eastern Cape Province. The identification of the closest strain based on 16S 

rRNA sequence similarity was achieved using the web server SnoWMAn 1.15 (http://snowman.genome.tugraz.at). Phylogenetic groups accounting for 1% of all quality 

sequences are summarised in the artificial group “Other”. Multi-coloured charts at the legend are shown for each genus and sample correspondingly. 
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assignments have been developed for comparing microbial communities (Lozupone et al. 

2007). River, kitchen and seven RHRW samples were tested for community level differences 

in diversity with UniFrac Distance. The phylogenetic diversity comparison within groups by 

UniFrac Distance is independent of taxonomic classification (Lozupone et al. 2010). The 

results for the analysis were visualised through PCoA. Differences between samples obtained 

with Jacknife weighted and unweighted UniFrac distances showed marked clustering 

differences (Figure 8). River and kitchen water samples were clustered away from each other 

and from the seven tank water samples. Five of the tank water samples, (tanks 1, 2, 5, 6 and 

7) clustered closely together as were samples for tanks 3 and 4.

Figure 8: Principal coordinate analysis of unweighted UniFrac distances. PCoA plots were made using 

jackknifed UniFrac distances in QIIME, (A) PC1 versus PC2, (B) PC1 versus PC3, (C) PC2 versus PC3. 

Detection of pathogenic signatures 

A total of eight genera that are known to contain pathogenic bacteria were considered (Table 

2). The 16S rRNA gene sequences from these genera were retrieved and the closest related 

species identified through Blastn from the NCBI database. These were then compared 

through a distance matrix constructed by the Jukes-Cantor algorithm. The sequences that 

were within a 0.03 Jukes-Cantor distance of the selected known species were considered 

correctly classified and are presented in Table 2. 
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Table 2: Probable species* of the detected genera known to contain pathogenic species 

Genera Species 

Serratia nematodiphila, ureilytica 

Tatlockia, micdadei 

Chromobacterium aquaticum, haemolyticum, violaceum, subtsugae 

Clostridium algidicarnis, putrefaciens, sartagoforme, cellulovorans 

Pseudomonas  brassicacearum_subsp. denitrificans, entomophila, 

putida, nitroreducens, fluorescens 

Legionella pneumophila_subsp._pascullei, pneumophila_subsp._pneumophila, 

cincinnatiensis, longbeachae, fairfieldensis, adelaidensis, rubrilucens, 

taurinensis, gresilensis, uncultured_Legionella_sp. 

Yersinia 

bercovieri, pestis, mollaretii, frederiksenii, ruckeri, massiliensis 

Acinetobacter oleivorans, calcoaceticus, haemolyticus, junii, parvus, 

gyllenbergii 

*Analyses were conducted using the Jukes-Cantor model (Jukes and Cantor 1969) and evolutionary analyses

were conducted in MEGA5 (Tamura et al. 2011). 

The similarity between our sequences and those of known related bacteria are shown in the 

Neighbour-Joining tree dendrogram that was constructed with evolutionary distances 

computed using the Jukes-Cantor method (Figure 9). However, we could not assign the 

identity of our sequences to their respective unique species. A common feature of the 

dendrogram was that a particular sequence was grouped together with two or more different 

species. In the Acinetobacter cluster, Acinetobacter parvus and Arcinetobacter gyllenbergii 

were grouped at the same level with six Acinebacter sequences. Similarly in the 

Pseudomonas group the species P. denitrificans, P. entomophila, P. putida, P. Fluorescens 

and P nirtoreducens were grouped together with three sequences. This trend was similarly 

observed in the rest of the cluster groups for the detected signatures of potentially pathogenic 

bacteria. 

Legionella signatures were the most prevalent and were detected in six of the nine samples. 

The six sequences of the Acinetobacter and three of Pseudomonas were only detected in  
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Figure 9: Evolutionary relationships of taxa, The evolutionary history was inferred using the Neighbour-Joining 

method (Saitou & Nei 1987). The evolutionary distances were computed using the Jukes-Cantor method (Jukes 

& Cantor 1969) and are in the units of the number of base substitutions per site.. Evolutionary analyses were 

conducted in MEGA5 (Tamura et al. 2011) 

 gi343198422 Tatlockia micdadei
 gi343206364 Legionella fairfieldensis

 Uncultured Legionella sp. clone MRS2-160 16S ribosomal RNA gene partial sequence.
 IC9HTFW01BO0HU:Tank-6
 IC9HTFW01B1B35:Tank-6
 IC9HTFW01BDW41:Tank-6
 IC9HTFW01C087Y:Tank-1

 IC9HTFW01BCY2G:Tank-3
 gi310975127 Legionella rubrilucens
 gi343198873 Legionella taurinensis

 gi444303809 Legionella pneumophila subsp. pneumophila str.(5)
 IC9HTFW01B4XH9:Tank-5
 IC9HTFW01C6IMP:T-2-POU

 gi265678442 Legionella gresilensis
 IC9HTFW01BREF3:Tank-2

 IC9HTFW01BSF0Y:Tank-2
 gi343206363 Legionella cincinnatiensis

 gi507147993 Legionella longbeachae NSW150
 gi343201055 Legionella pneumophila subsp. pascullei
 IC9HTFW01A16R7:Tank-1

 IC9HTFW01CAO6L:Tank-3
 gi343206360 Legionella adelaidensis

 IC9HTFW01A0QGB:Tank-1
 IC9HTFW01DMZ4H:Tank-3

 IC9HTFW01B70LX:Tank-5
 gi343205898 Serratia nematodiphila
 gi343201630 Serratia ureilytica

 IC9HTFW01B5MQ6:Tank-4
 IC9HTFW01AQOL6:Tank-7
 gi228716090 Yersinia mollaretii ATCC 43969

 gi343201122 Yersinia ruckeri
 gi343201122 Yersinia ruckeri(2)

 IC9HTFW01C7YYQ:Tank-5
 gi343205748 Yersinia massiliensis CCUG 53443

 gi228716012 Yersinia frederiksenii ATCC 33641
 gi228715942 Yersinia bercovieri ATCC 43970
 gi444439738 Yersinia pestis KIM10+
 IC9HTFW01A9AK9:Tank-1
 gi343205910 Chromobacterium aquaticum

 gi444303800 Chromobacterium violaceum ATCC 12472
 gi343202512 Chromobacterium subtsugae

 gi343198893 Chromobacterium haemolyticum DSM 19808
 gi343201709 Pseudomonas nitroreducens
 gi507148028 Pseudomonas fluorescens Pf0-1
 gi444439424 Pseudomonas putida F1
 gi507148047 Pseudomonas entomophila L48
 gi507147998 Pseudomonas denitrificans ATCC 13867
 IC9HTFW01BC3JT:T-2-POU
 IC9HTFW01AWY52:T-2-POU
 IC9HTFW01CEM1S:T-2-POU

 gi444439519 Pseudomonas brassicacearum subsp.
 IC9HTFW01ANLAR:Tank-1
 gi219846898 Clostridium sartagoforme

 gi343201059 Clostridium algidicarnis
 gi219857407 Clostridium putrefaciens

 gi507148068 Clostridium cellulovorans 743B
 IC9HTFW01BW08O:T-2-POU

 gi219846616 Acinetobacter junii
 gi219846615 Acinetobacter haemolyticus
 gi507148007 Acinetobacter oleivorans DR1
 gi507148019 Acinetobacter calcoaceticus PHEA-2

 IC9HTFW01BUKCR:T-2-POU
 IC9HTFW01DPIBJ:T-2-POU
 IC9HTFW01DQ0J9:T-2-POU
 IC9HTFW01BYIOT:T-2-POU
 IC9HTFW01DPP7D:T-2-POU
 IC9HTFW01DD1ZQ:T-2-POU
 gi219878286 Acinetobacter parvus
 gi343201300 Acinetobacter gyllenbergii
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kitchen water, Chlostridia (1 sequence) and Chromobacterium (1 sequence) in tank 1, 

Yersinia (2) in tank 1 and tank 5 and Serratia in tank 4 and tank 7. Of the species that were 

identified to be closely related to the sequences of our pathogenic signatures, only the species 

Legionella pneumophila is included in the U.S. EPA bacteria of concern in water (US EPA 

2009). 

Discussion 

Little information exists about microbial communities in RHRW. In this study we used 

barcoded pyrosequencing of the V1-V3 hypervariable regions of the 16S RNA to investigate 

microbial communities in RHRW used for domestic purposes in Luthengele village, Eastern 

Cape Province of South Africa. Households in this village solely depend on RHRW and 

stream water sources. During the wet season, households depend on RHRW and in drier 

months, it is supplemented with stream water. However, the microbial safety of RHRW has 

been disputed by a number of researches that reported the presence of pathogenic bacteria 

and parasites (Lye 2009; Ahmed et al. 2010b). Furthermore the prevalence of domestic 

animals in this village is another risk factor given that domestic animals have been reported 

to harbour pathogenic bacteria and parasites which they spread through their faecal material 

(Ashbolt 2004). 

The results of our study demonstrated diverse bacterial communities in RHRW, river and 

kitchen water samples. However, a prominent feature of our analysis was the presence of 

unclassified bacteria. These findings suggest for the existence of diverse bacterial that 

presumably characterise the microbial community structure in the water samples (Vaz-

Moreira et al. 2011). 

 Of the eleven different phyla detected in water samples, phylotypes belonging to the 

phylums Proteobacteria, Verrucomicrobia, Plancomyces and Bacteroidetes dominated the 

microbial communities. Members of these phyla are common inhabitants of freshwater and 

both Proteobacteria and Bacteroidetes have been reported using culture-dependent, high-

throughput cultivation (Gich et al. 2005) or culture-independent, 16S rRNA based clonal 

analyses (Matcher et al. 2011; Vaz-Moreira et al. 2011; Cleary et al. 2012; Steelman et al. 
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2012) and metagenomic library and FISH analysis methods (Cottrell et al. 2005). However, 

the phylums, Verrucomicrobia and Plancomyces have only been reported through culture-

independent methods. Firmicutes, Actinobacteria, Acidobacteria and Armatimonadetes were 

found in lower abundances as previously pointed out in other freshwater studies (Hong et al. 

2010; Matcher et al. 2011; Vaz-Moreira et al. 2011). At the family and genus taxonomic 

level, some families that included, Comamonadaceae, Bacillariophyta, Burkholriaceae, 

Crenotrichaceae, Pseudomonadaceae and Legionellaceae and the genera Flavobacterium, 

Chitinophaga, Rhodoferax and Curvibacter were previously observed in freshwater using 

16S rRNA clone libraries (Zwart et al. 2002; Matcher et al. 2011; Vaz-Moreira et al. 2011; 

Cleary et al. 2012; Steelman et al. 2012), reverse line blot hybridisation (Lindström et al. 

2005) or metagenomic and FISH analysis (Cottrell et al. 2005). 

Bacteroidetes are a very diverse heterotrophic bacterial division with aerobic members being 

able to degrade biopolymers that could be present in the high-molecular weight fraction of 

the dissolved organic material such as cellulose, chitin and proteins (Kirchman, 2002). At the 

genus taxonomic level the presence of large proportions of phylotypes belonging to the 

genera Acidovorax, Curvibacter and Gemmata, and the family Commamonadaceae in our 

study was similar to other findings in fresh water samples from around the world (Pinto et al. 

2012; Lautenschlager et al. 2013; Navarro-noya et al. 2013).

In comparison, Verrucomicrobia were mostly dominant in river water (44.5%) and were 

detected at less than 2% in RHRW samples. The phylum Verrucomicrobia is ubiquitous in 

soil and water microbial communities where it sometimes can be detected in high abundance 

(Janssen 2006). However, little is known about the distribution and diversity of this phylum 

in freshwater ecosystems. The phylum is related to Planctomycetes and Chlamydiales and is 

morphologically diverse, including the presence of intracellular compartments. The known 

members of Verrucomicrobia nearly all grow chemoheterotrophically on many organic 

compounds and pose no known health risk to humans (Schlesner et al. 2006). Planctomyces 

were prevalent in six of the seven tanks and are composed of free-living and ubiquitous 

species in a wide range of terrestrial and aquatic environments. Information of this group is 

limited owing to relatively few species that have been obtained in pure culture and sequenced 

(Ward et al. 2006). 
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Several researchers have reported on the abundance of Betaproteobacteria and 

Alphaproteobacteria in freshwater systems (Chen et al. 2004; Eichler et al. 2006). The 

dominance of Betaproteobacteria and Alphaproteobacteria demonstrated the likelihood that 

fresh water ecosystems provided a conducive environment for enriching members within 

Betaproteobacteria and Alphaproteobacteria. However, further research is needed to 

evaluate the factors responsible for the competitive advantage these two classes of the 

phylum Proteobateria have over other bacterial species. 

Environmental influence on microbial diversity 

The interaction between a variety of factors which include the availability of required 

nutrients and the mortality rates due to biological and/ or physical factors are responsible for 

the observed bacterial community composition in any given specific environment (Dolan 

2005). Freshwater habitats comprise a specific bacterial community in which Proteobacteria 

(mostly alpha-, beta- and gamma Proteobacteria) are dominant, although Actinobacteria, 

Bacteroidetes, Nitrospira, Chloroflexi, Cyanobacteria, and Verrucomicrobia are also 

frequently present (Zwart et al. 2002). The dominance of Proteobacteria in drinking water 

has been demonstrated by a number of researchers (Zwart et al. 2002; Chen et al. 2004; 

Bricheux et al. 2013). However the presence of other bacteria phylum will depend on the 

immediate sources of contamination or the fresh water ecosystem (Eichler et al. 2006). River 

water has direct contact with soil, is exposed to light and has increased amounts of organic 

matter from rotting vegetation and faecal matter from domestic animals. Roof-harvested 

rainwater has no such direct contact with the environment besides roof runoff that flows into 

the tank. RHRW in tanks forms a closed ecosystem whose microbial ecology is a function of 

inputs from roof runoff and biofilm formation in the tank. 

 Roof-harvested rainwater is stored in tanks from which it is collected and stored in smaller 

containers in the kitchens prior to use. The process of collecting this water exposes it to 

potential contamination from handling and unclean containers. Although we used single 

samples to evaluate this, our findings showed that there were significant differences in the 

microbial communities between kitchen water and the source tank (tank 2). Relatively higher 
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abundance of the classes Gammaproteobateria and Flavobacteria were observed in kitchen 

water than anywhere among the samples including tank 2 from which the kitchen water was 

collected. However further studies that include a significantly higher number of samples are 

needed to confirm these findings and further explore the influence of water handling practices 

on RHRW microbiological quality. 

Species richness 

The OTU rarefaction plot failed to plateau at species or genus level, signifying lower 

bacterial richness and diversity despite a relatively high Shannon bacterial diversity index 

(5.24 to 7.5). This could be due to insufficient number of reads to capture all of the diversity 

within each sample, particularly for the low abundance OTUs. This demonstrates the need for 

more sampling events and generation of more sequences i.e. 5000 reads per sample than the 

855-1739 reads per sample generated in this study. 

The numbers of 16S rRNA gene sequences analysed (10956-18510 sequences) is 

significantly larger than the number of sequences employed in analysis that use conventional 

cloning and sequencing methods, of which sequences used in these analysis are generally less 

than 200. The increased number of sequences made the detection of more microorganisms 

possible (i.e. 482-740 OTUs at a 3% cut-off). These numbers are much greater than those 

based on clone libraries as reported in previous studies, of which less than 100 OTUs were 

identified from freshwater samples (Zwart et al. 2002; Eichler et al. 2006) and drinking water 

treatment systems (Martiny et al. 2005; Eichler et al. 2006; Poitelon et al. 2009). The 

observed species in this study (184.4-507.1) were even higher than those observed by 

Navarro-Noya et al. (2013) (27.9 and 239.4) in drinking water wells and by Hong et al. 

(2010) (133 and 208 OTUs) from biofilm in two water meters investigated. 

Detection of pathogenic signatures 

Generally, it is impossible to predict the pathogenicity of a strain based on 16S rRNA 

sequences, although signatures of potentially pathogenic bacteria can be detected. However, 

the use of 16S rDNA method for species identification is restricted to bacterial pathogens and 
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hence, excludes fungi and human parasites. Of the species that were closely related to our 

detected pathogenic signatures for the genera, Acinetobacter, Clostridium, Legionella, 

Pseudomonas, Seratia and Yersinia, only the species Legionella pneumophila is included in 

the U.S. EPA bacteria of concern in water (US EPA 2009). Legionella species occur naturally 

in environmental water, including groundwater (Costa et al. 2005), surface water (Palmer et 

al. 1993) and have also been reported in RHRW stored in tanks (Ahmed et al. 2008). 

Legionella spp. are ubiquitous in nature and can survive under varied water conditions, and 

their survival is due in part, attributed to their interactions with other members of the 

heterotrophic flora. Legionella spp. can form symbiotic relationships with other bacteria, such 

as Alcaligenes, Acinetobacter, Flavobacterium and Pseudomonas and is thought to be critical 

for their survival and proliferation in water (Stout et al. 1985). Furthermore, some naturally 

occurring protozoa in water, such as Acanthamoeba castellanii and Hartmanella spp., can 

harbour Legionella organisms, shielding them from environmental stresses and providing a 

conducive environment for their proliferation (Stout et al. 1985; Rowbotham 1986). This may 

explain why Legionella was widely distributed in our samples. Furthermore it can be 

hypothesised that the Legionella spp. may be proliferating in the tank biofilms as has been 

previously reported (Murga et al. 2001). 

Approximately half of the Legionella species have been associated with disease in humans, 

with Legionella pneumophila infection being responsible for the majority of illnesses. Other 

than L. pneumophila, human illnesses have also resulted from infection with L. micdadei, L. 

bozemanii, L. longbeachae, and L. dumoffi and many other Legionella spp. have been 

implicated (Fields et al. 2002). Pneumonia is the major clinical manifestation of infection by 

Legionella species, although nonpneumonic legionellosis (Pontiac fever) and extrapulmonary 

infection may occur (Muder and Yu 2002). The majority of non-pneumophila Legionella 

confirmed infections have been reported in immunosuppressed patients.  

Pathogenic bacteria of concern that have previously been identified in RHRW include 

Clostridium, Bacteroides, Campylobacter, Legionella, Aeromonas, Salmonella and Yersinia 

(Ahmed et al. 2008; Ahmed et al. 2010b). While we were able to detect sequences belonging 

to pathogenic genera including Acinetobacter, Clostridium, Flavobacterium, Legionella, 

Methylobacterium, Pseudomonas, Seratia and Yersinia. their values were low (1 in most 
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cases) and more sequencing depth is required to either exclude them or more confidently 

describe their presence. Previous estimates of risk from Salmonella spp. due to liquid 

ingestion via drinking suggest that a viable pathogen level 6.9 x 10
1
-3.8x 10

2
 per single event

say one litre consumption may lead to a 1 in 10,000 risk, (Ahmed et al. 2010b). A10
2
 value,

when compared to, say 10
10

 total cells per litter of water requires 10
8
 sequences to identify a

pathogenic sequence at this enrichment (Bibby et al. 2010). Given the rate at which 

sequencing technology has progressed, pyrosequencing may be able to provide this level of 

sensitivity in the near future (Metzker 2009). In order to investigate the prevalence of rare 

pathogenic signatures and to fully describe their diversity, multiple genus level PCR primers 

may need to be employed. Moreover, recent studies that tracked the total concentrations of 

pathogens in RHRW suggest that qPCR-based detection may be a reasonable indicator of 

pathogen load (Ahmed et al. 2011). 

Although, the use of pyrosequencing to construct sequence libraries has enabled new and 

important insights into pathogen loads and diversity in the environment, the use of Jukes-

 antor’s 0.03 distances identifying a species takes on added importance. Although the 

maximum of 500 base length generated by the current sequencing technologies is a 

significant improvement over 100 or 250 bases previously used, it may still not allow for 

definitive, phylogenetic identification of pathogens. Although the 0.03 Jukes-Cantor distance 

is well accepted as operational definition) it may not define a true pathogen. as previously 

described by Bibby et al. (2010). Similarly in our findings on the Legionella spp. we could 

not confirm the identity of some sequences to belong to a specific species as multiple species 

were clustered together at distances lower than 0.03 Jukes-Cantor distance (Figure 9). 

Without additional information, it cannot be determined which species the unknown 

sequences belong to and whether they are strains or variants of the species not yet identified. 

In absence of sequences describing all pathogens associated with potentially pathogenic 

bacteria and their variants, the sequencing of environmental sample based on universal 

primers does not as yet have the resolving power to recognise the significance of sequences 

closely related to known species and those outside of accepted species level distance. This 

power will improve as research continues to populate databases with sequences of known or 

suspected potentially pathogenic bacteria. 
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Conclusion and recommendations 

Our findings demonstrated the potential of pyrosequencing as a method to define sequences 

of potentially pathogenic species, and highlighted the need to determine the necessary 

sequencing depth required to describe microbial risk levels. However, the limitations to this 

approach include, the potential uncertainty in accurate pathogen identification using the 16s 

rRNA gene and the need for greater sequencing depth to attain a level where primary 

pathogens in water samples are in abundance. In the future, pyrosequencing analysis of 

environmental samples to detect the presence of pathogens should build upon existing studies 

to decide on sequencing targets, sequencing depth, and bioinformatic techniques. Future, 

studies on the microbial quality of RHRW should include qPCR quantification of potential 

pathogens to supplement pyrosequencing data and be able to estimate actual level of 

microbiological risk. This should include the use of multiple samples from both RHRW tanks 

alternative water sources used by the households. 
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