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Abstract 

The aim of this study was to conduct an investigation into the bacterial diversity in the freshwater-deprived Kariega 
Estuary, situated along the Eastern Cape coastline, using ribosomal RNA gene sequences obtained by pyrosequencing.  
Shifts in the microbial diversity were correlated to selected physico-chemical variables along the length of the estuary.   
More than 27 000 sequences were obtained and rarefaction analyses confirmed a comprehensive appraisal of the microbial 
diversity present in the Kariega Estuary.  Distinct patterns in phylotype distribution from the hypersaline upper reaches 
to the mouth of the estuary were observed; notably, the importance of the detrital food web within the Kariega Estuary 
was highlighted by the high occurrence of Bacteroidetes and Actinomycetes.  Moreover, while the observed chlorophyll-a 
concentrations were low (< 0.1 µg∙ℓ-1), the presence of Pelagibacter and Flavobacteria amongst the microbial community 
suggests a potentially important contribution of these microbes towards the total primary productivity of the ecosystem.  
No human pathogenic microbes were detected within waters of the system.  We conclude that pyrosequencing provides a 
versatile and efficient tool for assessing the microbial diversity in the Kariega Estuary and propose that this technology may 
provide valuable information on the ecosystem functioning and health of aquatic ecosystems. 
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Introduction

Prokaryotes are ubiquitous, extremely abundant and diverse, 
and have been demonstrated to play a major role in regulat-
ing key biogeochemical processes, including the carbon and 
nitrogen cycles in aquatic environments (Kirchman, 2008).  
Furthermore, it has been recognised that there is a close rela-
tionship between the primary productivity of aquatic ecosys-
tems and the species diversity and speciation of numerically 
dominant families of microbes (Horner-Devine et al., 2003; 
Smith, 2007).  However, analyses of aquatic ecosystems sel-
dom consider microorganisms and their metabolic activity, 
with little known of the complex factors influencing bacterial 
community composition or the effect these communities have 
on ecosystem functioning (Dolan, 2005; Teira et al., 2008).  
Phylogenetic identification of microorganisms within given 
environments and correlation of their observed diversity and 
distribution with the environmental factors in play has thus 
become a burgeoning and critical field of study.  Additionally, 
human activities in the form of household and industrial wastes 
and nutrient status alterations impact heavily on aquatic eco-
systems.  Due to their small size and rapid proliferation rates, 
microbes respond readily to anthropogenic pollution exhibiting 
changes in microbial diversity and dominant phylotype repre-
sentation (Lemke et al., 1997; Ford, 2000).

Culture-independent molecular surveys for characteris-
ing microbial communities have become the norm due to 
the fact that more than 90% of the microbes present in the 

environment are difficult to culture or are unculturable (Schloss 
and Handelsman, 2005).  The mainstay of the molecular tech-
niques for microbial identification is sequence analysis of the 
16S ribosomal RNA (16S rRNA) gene.  The 16S rRNA gene 
is tailor-made for microbial identification due to its universal 
presence in bacteria, extreme species sequence conservation 
and evolution-induced interspecies variability (Tringe and 
Hugenholtz, 2008).  The 16S rRNA gene consists of highly-
conserved regions interspersed with 9 species-dependent 
hypervariable regions (V1-V9).   While sequencing of the entire 
16S rRNA gene remains the gold standard for accurately clas-
sifying bacteria, several studies have validated the use of 16S 
rRNA hypervariable regions for microbial taxonomic analysis 
of environmental samples (Wang et al., 2007; Liu et al., 2007; 
Huse et al., 2008; Wang and Qian, 2009; Claesson et al., 2009).   

Until very recently, a typical 16S rRNA survey would 
include traditional Sanger sequencing by capillary electropho-
resis of a few hundred cloned sequences, and consequently 
would only be able to sample the dominant phylotypes within 
the target population.  By contrast, the newly developed 
pyrosequencing (high throughput) technologies have not only 
dramatically reduced the cost and time of sequencing but 
also generate several thousand sequences per sample (Huse 
et al., 2008).  In addition to the identification of dominant 
bacterial phylogenetic profiles within a given environment, 
the high volume of sequences produced with pyrosequencing 
also allows for the detection of the ‘rare’ biosphere within the 
bacterial community.  This often overlooked ‘rare’ biosphere 
may contribute to critical components of complex consortia 
or, alternatively, be remnants of a historical ecological change 
with the potential to become dominant in response to shifts in 
environmental conditions.  An additional advantage of pyro-
sequencing over the limited traditional clone sequencing is 
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that, due to the large number of 16S rRNA genes analysed, a 
more accurate representation of the relative abundances of the 
bacterial phylotypes present in a target environment can be 
generated (Sogin et al., 2006; Huse et al., 2008).     

The aim of this study was to conduct a preliminary inves-
tigation into the bacterial diversity in the freshwater-deprived 
Kariega Estuary, situated along the Eastern Cape coastline, 
using ribosomal RNA gene sequences obtained by pyrosequenc-
ing. Shifts in the microbial diversity were correlated to selected 
physico-chemical variables along the length of the estuary.   

  
Materials and methods 

Study site

The permanently open Kariega Estuary (33° 40’ 32”S; 26° 40’ 
34” E), situated approximately 120 km east of Port Elizabeth, 
lies on the south-eastern coastline of South Africa (Fig. 1). The 
estuary can be regarded as a homogenous oligotrophic marine 
system due to the low freshwater input resulting from sporadic 
rainfall, a small catchment area (≈ 680 km2), as well as several 
impoundments (3 major dams and numerous small farm weirs) 
along the Kariega River (Hodgson, 1987; Grange and Allanson, 
1995; Froneman, 2000). The freshwater inflow has been esti-
mated at 2.5-35 x 106 m3 per year (Jennings, 2006).  The lower 
reaches of the estuary are characterised by sand flat-borders 
and salt marshes comprising the high marsh plants Sarcocornia 
perennis, Chenolea diffusa and Spartina maritima (Hodgson, 
1987). Water depth varies from 1.10 (in the upper reaches) to 

3.96 m (near the mouth), depending on the tidal state. 
Water samples for the determination of physico-chemical 

and biological variables and bacterial diversity were collected 
from 3 sites along the length of the estuary, corresponding 
to the upper, middle and lower reaches of the system (Fig. 1).  
Sampling of all 3 sites was done on the same morning.

Physico-chemical variables

Physico-chemical variables were measured at each of the sites 
in the surface, mid-water and bottom waters.  Salinity (parts 
per thousand (0/00)), water temperature (°C), dissolved oxygen 
(mg∙ℓ-1) and turbidity values (attenuation coefficients) were 
measured during high tide employing an Aquaread Aquameter 
200 / Aquaprobe 800.

Seston and chlorophyll-a concentrations 

Water samples for the determination of particulate organic 
matter (POM) and total chlorophyll-a (chl-a) concentration 
were collected from the surface and subsurface (≈ 0.5 m) 
waters using an 8 ℓ Niskin bottle.  Filtration of 500 mℓ water 
samples through pre-weighed GF/F filters (Sartorius) allowed 
the determination of the seston concentration (total particulates 
in suspension) at the different depths and stations. Total chl-a 
concentrations were determined by filtering a 200 mℓ water 
sample from each depth and station through GF/F filters and 
extracting the chlorophyll in 90% acetone in the dark at -20°C 
for 24 h. A Turner 10AU fluorometer was then employed to 
determine the total chl-a concentration before and after acidifi-
cation, according to the method of Holm-Hansen and Riemann 
(1978). Chl-a concentrations were expressed as µg chl-a∙ℓ-1 and 
POM concentrations as mg∙ℓ-1.

Genomic DNA extraction 

Total genomic DNA was isolated, in duplicate, from the 3 sites.  
Surface water samples (200 mℓ) were initially filtered through 
a 1 mm mesh to remove large debris, before passing through a 
0.22 μm filter.  The 0.22 μm filter was then processed using the 
PowerWater DNA Isolation Kit (MoBio Laboratories) yielding 
purified genomic DNA for use in PCR amplification.

PCR template preparation and multiplex 
pyrosequencing 

The primer pair E517F (5’-CAGCAGCCGCGGTAA-3’) and 
E969-984 (5’-GTAAGGTTCYTCGCGT-3’) was selected for 
amplification of variable regions 4 and 5 of the bacterial 16S 
rRNA gene, as it has been shown to have high coverage in 
all known phyla (Wang et al., 2007; Wang and Qian, 2009).  
Barcoding of the amplicons from each sample site was done 
using Multiplex Identifier Tags thereby facilitating the assign-
ment of each sequence generated to the correct sample site.  
PCR amplification of the 16S rRNA gene fragments from 
each sample was carried out as follows: a 25 μℓ PCR mix 
consisting of 0.1-1 μℓ of the extracted genomic DNA, 1X PCR 
buffer (containing MgCl2), 300 μM dNTPs, 0.3 μM of each 
template specific primer and 0.5 units KAPAHiFi Hotstart 
DNA Polymerase (KAPA Biosystems) was subjected to initial 
enzyme activation and DNA denaturation at 95oC for 5 min 
followed by cycling parameters of 98oC for 45 s, 45oC for 30 
s, 72oC for 45 s (for 5 cycles) and 98oC for 45 s, 50oC for 30 s 
and 72oC for 45 s (10 cycles).  A final extension was done at 72oC 

 
 

Figure 1
Geographical location of the Kariega Estuary with the 

sampling stations highlighted
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for 5 min.  The resultant 468 nt PCR products were gel puri-
fied using the Zymo Gel DNA Recovery kit (Zymo Research).  
Approximately 2 ng of the PCR product was then subjected to a 
second PCR amplification using FLX fusion primers (consisting 
of sequencer specific nucleotides, multiplex identifier tag and 
template-specific nucleotides), as described below.  Each sample 
was amplified with a primer set containing a different multiplex 
tag.  The secondary PCR amplification consisted of 2 ng tem-
plate, 0.4 μM forward and reverse primers, 300 μM dNTPs, 1X 
PCR Buffer, 0.5 units KAPAHiFi Hotstart DNA Polymerase 
(KAPA Biosystems), in a final volume of 25 μℓ.  Initial enzyme 
activation and DNA denaturation was done at 95oC for 5 min, 
followed by cycling parameters of 98oC for 20 s, 52oC for 45 s, 
72oC for 1 min (for 5 cycles) and 98oC for 20 s, 65oC for 45 s and 
72oC for 1 min (15 cycles).  A final extension was done at 72oC 
for 5 min.  The resultant 538 nt PCR products were gel purified 
as before, the respective amplicons pooled in equal amounts and 
subjected to emulsion PCR before sequencing using the GS FLX 
Titanium Sequencer (454 Life Sciences, Roche).

Phylogenetic analysis of rRNA

Sequence reads were quality filtered using the standard software 
provided by 454 Life Sciences and cured of primer/tag sequences 
using the CLC Genomics Workbench (CLC Bio).  All reads 
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shorter than 100 nt in length were removed from the dataset.  
The remaining 27 232 reads were analysed using the Ribosomal 
Database Project (RDP) Classifier, which assigns 16S rRNA 
sequences to phylogenetic taxonomic groups down to the genus 
level using a Naïve Bayesian rRNA classifier algorithm (Cole 
et al., 2009; Wang et al., 2007).  The default bootstrap confi-
dence threshold was applied to all sequence reads longer than 
250 nt.  For reads <250 nt a bootstrap cut-off of 50%, which has 
been shown to be sufficient to accurately classify sequences at 
the genus level when V4 regions of the 16S rRNA are targeted 
(Claesson et al., 2009), was applied.  The rarefaction calculations 
were carried out using the rarefaction analysis tool on the RDP 
Pyrosequencing Pipeline and curves generated for 0.01, 0.03, 
0.05 and 0.1 distance values (Cole et al., 2009).

Results

Physico-chemical and biological variables

Distinct horizontal gradients in water temperature, salinity 
and dissolved oxygen concentration were observed within the 
Kariega Estuary during the study.  Water temperatures ranged 
from 20.3°C to 17.5°C, with the highest temperatures recorded 
in the upper reaches of the estuary (Fig. 2A).  Indeed, water 
temperatures in the upper reaches were significantly higher 

Figure 2
Graphs illustrating the physico-chemical 
and biological variables of water samples 

collected from the upper, middle and lower 
reaches of the Kariega Estuary
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than those recorded in the lower reaches of the system (F 2,6 
= 715, p < 0.001).  There were no significant vertical patterns 
in water temperature evident (p> 0.05).  Hypersaline condi-
tions (420/00) prevailed in the upper reaches and marine waters 
(350/00) in the lower reaches of the estuary (Fig. 2B).  Again, 
the salinity values recorded in the upper reaches of the estu-
ary were significantly higher than those recorded at the mouth 
of the system (F 2,6 = 361, p < 0.001).  There was no significant 
difference in the salinity values at the different water levels 
(p > 0.05).  Dissolved oxygen (DO) concentrations ranged 
from 3.76 to 6.02 mg.ℓ-1.  There was a significant difference in 
the levels of DO between the sites (F 2,6 = 9.1, p = < 0.05) with 
the highest levels being recorded at the mouth of the estuary.  
There were no significant vertical patterns in DO concentra-
tions evident at each station (p > 0.05) (Fig. 2C). 

No significant vertical or  
horizontal patterns in POM con-
centrations were observed during  
the study (F 2,6, 10 = 2.957,  
p = 0.116; F 2,66 = 2.406, p > 0.05).  
POM concentrations ranged from 
35.80 to 50.40 mg∙ℓ-1 in the estuary 
(Fig. 2D).  Total chl-a concentra-
tions ranged from 0.032 to 0.063 
mg∙ℓ-1 in the surface waters and 
from 0.060 to 0.104 mg∙ℓ-1 at sub-
surface levels (Fig. 2E).  Again, 
there were no significant vertical 
or horizontal patterns in total chl-a 
concentration evident during the 
investigation (F 2,6 = 1.317,  F 2, 6 
= 1.145, p > 0.05 in both cases).

Bacterial diversity

A total of 29 524 16S rRNA 
sequence reads were generated by 
the pyrosequencing of duplicate 
samples from 3 sites (Station 1, 2 
and 3) in the estuary.  Subsequent 
to sequence quality control, primer 
trimming and size exclusion, a 
sum of 27 232 reads remained with 
6 114, 7 913, and 13 205 assigned 
to Stations 1 (river head), 2 (mid-
dle reaches), and 3 (river mouth).  
These reads were classified, using 
the RDP 16S rRNA database, down 
to the level of genus where pos-
sible.  The relative proportions of 
bacterial phylotypes in each of the 
duplicate samples were consistent 
with respect to the comparative 
trends in phylogenetic diversity 
observed between the upper and 
lower stations.  While some vari-
ation was observed between the 
duplicates at Station 2, this did not 
affect the overall trends observed.  
Consequently, the 2 data sets 
generated for each station were 
pooled for all subsequent analyses.

Rarefaction analysis was 
employed to standardise and 

compare observed taxon richness between samples and to 
identify sites that were unequally sampled.  Within rarefac-
tion curves, distance values of 0.03, 0.05, and 0.1 are generally 
accepted as points at which differentiation occurs at the spe-
cies, genus and family/class level, respectively (Stackebrandt 
and Goebel, 1994; Hugenholtz et al., 1998; Sait et al., 2002).  As 
there is some debate about these distinctions, particularly the 
0.03 cut-off for novel isolates, a more stringent 0.01 distance 
value was also calculated for the rarefaction curve (Fig. 3).  A 
rarefaction curve which reaches a plateau reflects a habitat that 
has been sampled to saturation with respect to species diversity 
in that ecosystem (Hughes and Hellmann, 2005).  Our analy-
ses showed that all 3 stations along the length of the Kariega 
Estuary had been sampled almost to completion and thus the 
reads analysed for each station were an accurate representation 

Figure 3
Rarefaction analysis with distance values of 0.01, 0.03, 0.05 and 0.1 of bacterial 16S 

rRNA amplicons from Station 1 (A), Station 2 (B) and Station 3 (C) of the Kariega Estuary. 
Rarefaction data generated using the RDP pyrosequencing rarefaction software with the 

number of phylotypes sampled given as the number of reads.
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of the bacterial diversity present at the 3 stations during the 
study (Fig. 3).  This result supports the usefulness of pyrose-
quencing as a tool for deep coverage of bacterial diversity as a 
function of 16S rRNA gene sequences in aquatic ecosystems.  
The rarefaction curves also provide comparisons of relative 
diversity between the upper, middle and lower reaches of the 
Kariega Estuary.  Taking the x-axis values into account (Fig. 3), 
relative richness of species diversity for the samples processed 
from the upper reaches of the Kariega Estuary was significantly 
lower than the bacterial richness found at the estuary mouth.  

The majority of the bacteria present along the length of 
the Kariega Estuary belonged to the phyla Proteobacteria 
and Bacteroidetes (Fig. 4A).   It is interesting to note that 
the relative abundances of reads classified as Bacteroidetes 
formed a gradient along the river with the concentrations of 
Bacteroidetes increasing from 15.8% (head of river) to 39% as 
one progresses down toward the mouth of the estuary (Fig. 4A).  
The bacterial diversity within the phylum Bacteroidetes present 
within the Kariega River system consisted almost exclusively 
of bacteria belonging to the family Flavobacteriaceae (Fig. 
4B).  A closer investigation of the dominant phylum, namely 
Proteobacteria, revealed that the majority of the representative 
reads in this phylum fell within the classes Alphaproteobacteria 
and Gammaproteobacteria, which respectively form a decreas-
ing and increasing gradient from the river head to the mouth 
(Fig. 4B).    The variance in bacterial phylotype occurrence 
within the phylum Proteobacteria, between the upper and lower 
reaches of the river, was further emphasised by the relative 
dominance of the order Rhodobacterales over Rickettsiales in 
the upper reaches, with the opposite being true for the lower 

reaches of the river.  With respect to the lower taxon classifica-
tion of Gammaproteobacteria, the majority of the reads were 
unclassified (Fig. 4B).  An important caveat to note is that the 
16S rRNA gene amplicons were generated by PCR and, while 
the number of cycles was kept to a minimum, the exponential 
amplification of the more abundant template sequences would 
surpass that of the low-abundance sequences.  This does not 
affect the identification of dominant phyla but it must be kept 
in mind that the relative percentages of the dominant versus the 
less well-represented phyla may be exaggerated.

The spatial distribution of the less prominent phyla also 
demonstrated a strong horizontal pattern (Fig. 5).  At the river 
head, the most abundant bacterial species fell within the phyla 
Cyanobacteria and Actinobacteria.  By contrast, the station at 
the mouth of the estuary contained a greater representation of 
microbes from the phyla Verrucomicrobia, Fusobacteria and 
Planctomycetes with a much lower number of Actinobacteria 
and Cyanobacteria present.  The station occupied in the mid-
dle reaches of the estuary comprised bacterial phylotypes from 
both the upper and lower reaches of the estuary.   A small  
proportion of the reads from each point along the river (2% to 
6%, Fig. 4A) did not show significant similarity to any of the 
1 379 424 sequences deposited on the Ribosomal Database 
Project (RDP) database (as of July 2010) and were thus grouped 
as unclassified bacteria.  This is not unexpected as the micro-
bial diversity present in nature is not yet completely charac-
terised and significant numbers of unique bacterial phylotypes 
have yet to be discovered.  

Chloroplasts are the photosynthetic factories within 
phototrophic eukaryotes, including aquatic unicellular and 

Figure 4
Bacterial community composition 

in the upper, middle and lower 
reaches of the Kariega Estuary, as 
determined by RDP classification 
of 16S rRNA sequences amplified 

from each site.  (A) Relative 
abundance of the bacterial phyla 
present at the head of the river 

(St1), the mouth of the river (St3) 
and a station midway between 
the two (St2). (B) Phylogram 

depicting the taxonomic hierarchy 
of the classified 16S rRNA 

sequences for Proteobacteria and 
Bacteroidetes obtained at each 
of 3 stations along the length of 
the river. The sizes of the circles 

reflect the relative number of 
reads from each taxonomic rank 
represented in the successive 

taxonomic rankings (blue: Station 
1, orange: Station 2 and green: 

Station 3).

(A)

(B)
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multicellular algae.  Based on similarity in size, morphology 
and genetic material, chloroplasts are thought to be descend-
ents of a cyanobacterial endosymbiont (Cavalier-Smith, 2002).  
These organelles contain genes encoding for 16S, 5S, and 
23S rRNA, which are phylogenetically most closely related to 
cyanobacteria (Harris et al., 1994).   In the context of this study 
it is therefore to be expected that the filtering process would 
net unicellular eukaryotic organisms in addition to prokary-
otes.  The universal primers for 16S rRNA amplification would 
consequently amplify the 16S rRNA genes found within the 

chloroplasts of these organisms as 
well.  Classification of these 16S 
rRNA gene sequences revealed that 
most of the photosynthetic unicellu-
lar eukaryotes in the Kariega Estuary 
were found in the upper reaches of 
the system (Fig. 6).  Furthermore, 
of the chloroplast 16S rRNA genes 
sequenced, Bacillariophyta (diatoms) 
dominated at the river mouth whilst 
Chlorophyta dominated upstream.

Overall, it was evident that 
the upper and lower reaches of the 
Kariega Estuary system exhibit 
clear variations in the distribution of 
bacterial phylotypes (Figs. 4 and 5), 
reflecting the contrasting physico-
chemical parameters recorded at 
these stations (Fig. 2).  Station 2, in 
comparison, reveals an intermedi-
ate bacterial representation profile 
to those found at the flanking sta-
tions (Figs. 4 and 5).  This reflects 
the physico-chemical properties of 
the water column mid-way along the 
river, relative to the head-waters and 
estuary mouth (Fig. 2).

An important consideration 
which is readily addressed in this 
study is the potential occurrence 
of waterborne pathogens within 
the Kariega Estuary.  Well char-
acterised and emerging bacterial 
waterborne pathogens include 
Enterobacteriaceae, Yersinia entero-
colitica, Campylobacter jejuni, 
Vibrio cholera, Mycobacterium 
spp., Legionella pneumophila, 
Pseudomonas aeruginosa, 
Aeromonas spp., Shigella and 
Salmonella spp. (Leclerc et al., 
2002; Sharma et al., 2003).  With 
the exception of Vibrio, none of the 
above pathogens were detected at 
the genus level within the 27 232 
16S rRNA sequence reads generated 
during this study.  A total of 56 reads 
(0.002% of the total number of reads) 
were assigned to the Vibrio genus, 
using a confidence threshold of 80%.  
This genus, however, encompasses a 
diverse group of heterotrophic, ubiq-
uitous marine bacteria, including 
many facultative symbiotic strains 

(Thompson et al., 2004).  Moreover, bioinformatic analysis 
of these 56 sequences indicated highest sequence identities to 
Vibrio species other than Vibrio cholera.   

In addition to the above-mentioned pathogens, several 
cyanobacterial species are able to synthesise a wide range of 
toxins, which represents a major health risk.  These toxins 
include hepatotoxins (microcystins, nodularins and cylin-
drospermopsins), neurotoxins (anatoxins and saxitixins) and 
dermatotoxins, which are produced by several genera within 
the phylum Cyanobacteria (for details see Briand et al., 2003).  

Figure 6
Relative representation of the unicellular eukaryotic algae, present in the upper, 

middle and lower reaches of the Kariega Estuary, classified based on the 16S rRNA 
genes present within their respective chloroplast organelles.

Figure 5
Relative percentages of the total number of 16S rRNA sequence reads assigned, using 

the RPD classifier, to each of the less dominant phyla present at Stations 1, 2 and 3
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None of these potentially toxic cyanobacteria were detected in 
the Kariega Estuary.  In summation, due to the acute sampling 
depth achieved in this study as indicated by the rarefaction 
analysis (Fig. 3), the absence of pathogenic bacteria from the 
Kariega Estuary is clearly apparent. 

 
Discussion

In agreement with the published literature, the permanently-
open Kariega Estuary demonstrated a reverse gradient in 
salinity and temperature (Froneman, 2000; 2001; Heyns and 
Froneman, 2010).  The observed pattern can largely be attrib-
uted to, amongst others, a small catchment size (≈ 680 km2) 
and reduced freshwater inflow into the estuary as a result of 
several impoundments along the Kariega River (Allanson and 
Read, 1987; Grange and Allanson, 1995; Grange et al., 2000; 
Froneman, 2000).  Freshwater inflow into the estuary was 
further reduced by the severe drought within the region during 
the survey. The limited freshwater inflow into the estuary and 
generally shallow depth, coupled with strong coastal winds, 
likely contributed to the virtual absence of any vertical patterns 
in selected physico-chemical and biological variables during 
the investigation (Fig. 2).

The composition of a given bacterial community in any 
specific environment is dependent on the interplay between 
various factors, including the availability of required nutri-
ents (substrates) and the mortality rates due to biological and/
or physical factors (Dolan, 2005).  Of the physico-chemical 
factors present in ecosystems, salinity has been identified as 
the major environmental determinant of microbial community 
composition (Lozupone and Knight, 2007).  A shift in the 
gross composition of bacterial communities has been shown 
along salinity gradients between saline (marine) and freshwa-
ter aquatic ecosystems (Crump et al., 1999; Bouvier and del 
Giorgio, 2002; Kirchman et al., 2005; Lozupone and Knight, 
2007).  This trend is also reflected in the salinity gradient 
between saline and hypersaline ecosystems in the Kariega 
Estuary.  Furthermore, the more extreme hypersaline environ-
ment present in the upper reaches of the Kariega Estuary are 
characterised by decreased bacterial community diversity.  
This reduction of phylotype diversity in response to extreme 
environments holds true in most instances, except with respect 
to the bacterial diversities observed in the Tibetan plateau 
lakes (Wu et al., 2006), where diversity was determined using 
denaturing gradient gel electrophoresis (DGGE) analysis.  This 
method is far from accurate for 2 reasons: 
• Bacterial species encoding 16S rRNA amplicons with 

similar GC contents will not be distinguishable from one 
another during DGGE analysis

• Only the dominant phylotypes present in the ecosys-
tem will be detected thus leaving the rare biosphere 
uncharacterised

Both of these drawbacks are circumvented by the use of 
pyrosequencing technologies.

The importance of freshwater inflow in promoting phyto-
plankton production in estuaries, both locally and internation-
ally, is well known (see Adams and Bate, 1999). The estimates 
of total chl-a concentration recorded during this study (range 
0.04 to 0.10 mg∙ℓ-1) are in the range reported for the estuary by 
Froneman (2002) and Heyns and Froneman (2010). The concen-
trations are, however, substantially lower than those recorded 
in estuaries within the same geographic region with sustained 
freshwater inflow (see for example Adams and Bate, 1999). In 

these systems, total chl-a concentrations can attain levels of up 
to 200 mg∙ℓ-1 with values >10 mg∙ℓ-1 not uncommon.  The low 
chl-a concentrations recorded in the permanently open Kariega 
Estuary can be ascribed to reduced phytoplankton growth 
rates conferred by low macronutrient availability as a result 
of the low freshwater inflow (Adams and Bate, 1999).  Of the 
phytoplankton that are present, as indicated by the chloroplast 
16S rRNA, Chlorophyta dominated in the upper reaches whilst 
diatoms (Bacillariophyta) were more prevalent at the mouth of 
the estuary.  The occurrence of cyanobacteria in the Kariega 
Estuary, particularly in the upper reaches, further contrib-
utes to the primary productivity of this ecosystem.  It should 
be noted, however, that chlorophyll-based phototrophs may 
not be solely responsible for primary productivity in aquatic 
ecosystems (DeLong and Béjá, 2010).  Light-dependent proton 
pumps in the form of proteorhodopsins have been identified in 
Pelagibacter ubique from the SAR11 clade (Giovannoni et al., 
2005) and have subsequently been found in Pelagibacter spp., 
Vibrio spp., and Flavobacteria isolates.  Furthermore, based 
on data from ocean genome surveys, an estimated 13% to 80% 
of marine bacteria express this protein (DeLong and Béjá, 
2010).  While the metabolic role of proteorhodopsin has not 
been fully characterised, studies of marine Vibrio cells showed 
increased starvation-survival in light compared to dark condi-
tions, indicating that proteorhodopsin-containing bacteria may 
substantially add to the list of phototrophs present in surface 
aquatic ecosystems (Gómez-Consarnau et al., 2010; DeLong 
and Béjá, 2010).  It is postulated that these light-dependent pro-
teorhodopsin proton pumps play an important role in primary 
productivity in the oceans by supplying energy for microbial 
metabolism (Giovannoni et al., 2005; DeLong and Béjá, 2010).  
Both Pelagibacter spp. (phylum Alphaproteobacterium) and 
Flavobacteria (phylum Bacteroidetes) occurred throughout the 
Kariega Estuary in significant numbers.  

The two most well represented phyla in the Kariega 
Estuary were the Proteobacteria and Bacteroidetes, which 
exhibit reverse trends in their spatial distribution (Fig. 4A).  
The Proteobacteria were comprised almost exclusively of 
Alphaproteobacteria and Gammaproteobacteria.  Both these 
taxa have been previously detected in hypersaline environ-
ments (Wu et al., 2006).  Alphaproteobacteria occur in higher 
densities as salinity increases (Benlloch et al., 2002; Bouvier 
and Del Giorgio, 2002; Kirchman et al. 2005; Wu et al. 
2006), which corresponds well with the observed increase in 
Alphaproteobacteria towards the hypersaline upper reaches 
of the Kariega Estuary during the present study.  The rela-
tive abundances of Gammaproteobacteria in the hypersaline 
regions of the Kariega Estuary were lower than those recorded 
at the mouth of the system.  This contrasts with the high 
percentages of Gammaproteobacteria reported under hyper-
saline conditions (Benlloch et al., 2002; Humayoun et al., 
2003; Wu et al., 2006, Demergasso et al., 2008) but not in the 
polysaline conditions present in estuaries (Bouvier and Del 
Giorgio, 2002; Kirchman et al., 2005).  However, the majority 
of the Gammaproteobacteria present in the Kariega Estuary did 
not show significant similarity to any known isolate and may 
represent a specialised subgroup of bacteria adapted to this 
particular environment. 

The second-most abundant bacterial phylum in the Kariega 
Estuary was the Bacteroidetes, which is also referred to as 
the CFB (Cytophaga-Flavobacteria-Bacteroides) division of 
bacteria.  Bacteroidetes occur in marine environments, often 
as the dominant phylotype (Cottrell and Kirchman, 2000b; 
Eilers et al., 2001) and are found as free-living organisms or 
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associated with organic aggregates, phytoplankton and marine 
animals (DeLong et al., 1993; Eilers et al., 2001; Webster et al., 
2001; Abell and Bowman, 2005; Grossart et al., 2005).  This 
group of bacteria are chemo-organotrophic and are especially 
proficient in the uptake and degradation of complex dissolved 
and particulate organic matter suggesting that they play an 
important role in the detritus food chain and carbon cycling 
in aquatic ecosystems (Reichenbach, 1992; Cottrell and 
Kirchman, 2000a; Kirchman, 2002).    Based on the ability 
of different bacterial groups to utilize dissolved organic mat-
ter (DOM), it is suggested that Bacteroidetes in combination 
with Alpha- and Gammaproteobacteria are responsible for the 
uptake and mineralization of DOM (Cottrell and Kirchman, 
2000a).   The numerical dominance of these groups within 
the bacterial system of the Kariega Estuary highlights the 
importance of the detrital food web within the system. This is 
further supported by the presence of the less well-represented 
bacterial phyla Actinobacteria and Planctomycetes which are 
indicated as important players in the mineralisation of DOM 
and POM in aquatic ecosystems (Bull et al., 2005; Gade et al., 
2004).   These results are in agreement with a previous study 
which suggested that the microbial loop predominates within 
the freshwater-deprived Kariega Estuary ecosystem (Froneman 
and McQuaid, 1997).       

Of critical importance when considering the composition 
of the bacterial community within the Kariega Estuary is the 
potential impact of human pollution on the system.  One of 
the most easily identifiable markers of human pollution is the 
presence of pathogenic microorganisms, many of which origi-
nate from untreated or poorly treated sewage and rainwater 
runoff from unhygienic locations.  Sampling of the bacterial 
population along the length of the Kariega Estuary was done 
to such a degree that the presence of pathogenic isolates in 
any significant numbers at all would have been detected.  The 
Kariega Estuary is considered to be in a good ecological state 
based on geomorphology, ichthyofaunal community structure 
and aesthetics (Harrison et al., 2000) and this is substantiated 
by the absence of pathogenic bacteria.

           
Conclusions

This study was a pilot project to investigate the suitability of 
using pyrosequencing as a tool for characterising the bacterial 
diversity in an oligotrophic permanently-open freshwater-
deprived Eastern Cape estuary.  Although it is not feasible to 
elucidate ecosystem function based solely on phylogeny, the 
presence of distinct prokaryotic lineages within the Kariega 
Estuary clearly highlights the importance of the detrital food 
web with a less dominant, supporting, bacterial primary 
productivity.  A distinct horizontal variation in phylotype 
representation was observed in the bacterial community, 
reflecting the reverse salinity gradient present in the estu-
ary.  While PCR amplification negates the capability to define 
the absolute numbers for each taxonomic unit present in the 
samples, pyrosequencing of 16S rRNA genes does provide a 
reliable reflection of the relative abundances of the respective 
phylotypes.  Rarefaction analysis of the sequence data gener-
ated in this study indicates that bacterial sampling at each 
station was close to saturation levels, thereby verifying that the 
overwhelming majority of bacterial phylotypes present at each 
point along the Kariega Estuary were detected.  The absence of 
16S rRNA sequences representing human pathogenic microbes 
in the water samples highlights the good ecological state of 
this system.  Furthermore, by altering the primer set used in 

the amplification cycle to primers specific for the 18S rRNA 
gene, sampling of unicellular fungal and eukaryotic organisms 
may be easily achieved.  We conclude that pyrosequencing has 
provided a versatile and efficient tool for assessing the bacterial 
diversity in the Kariega Estuary and propose that this technol-
ogy may provide valuable information in assessing the health 
of both freshwater and marine ecosystems. 
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