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EXECUTIVE SUMMARY

BACKGROUND

Estuaries are ecologically and economically important aquatic systems, functioning as feeding/staging
sites for migratory birds, as nurseries for marine fish, and as repositories of high biodiversity. They
are also important for the tourism industry and serve as sites for productive fish and invertebrate
fisheries and aquaculture. Over the past decade, there has been a dramatic increase in urban,
agricultural and industrial development along the southern African coastline, particularly in the vicinity
of estuaries, resulting in an escalation in anthropogenic stresses on these delicate ecosystems.
Whilst many studies have been carried out on the macro-fauna and macro-flora in South African

estuaries, very few studies have been done to assess the microbial foodweb.

Microbes are extremely abundant and diverse in aquatic ecosystems and play critical roles in
regulating key biogeochemical cycles such as the carbon, nitrogen and sulphur cycles. Furthermore,
due to their small size and rapid proliferation rates, prokaryotes exhibit rapid response rates to
changes in nutrient availability and physicochemical changes in the environment, such as those that
may be induced by pollution. Characterization of the microbial population within a target system
would therefore provide an excellent assessment of ecosystem health and analysis of such data

would flag the presence of potential microbial pathogens.

STUDY AIMS

1) To develop protocols for sample collection, template preparation for high throughput Next
Generation Sequencing (NGS) and analysis of 16S rRNA sequences in estuarine water and
sediment.

2) To use NGS technology to characterise the microbial communities in four distinct Eastern Cape
estuarine systems.

3) To establish the links between the physico-chemical characteristics and the diversity and

structure of microbial diversity within each estuary.

METHODOLOGY

Four permanently open Eastern Cape estuaries, with diverse hydrodynamics and anthropogenic
impacts were selected for this study. The Kariega Estuary is a freshwater-deprived, marine-
dominated system with a relatively pristine catchment area. The Kowie Estuary is also marine-
dominated, but in contrast to the Kariega, has extensive settlement along the banks and a small
harbour at its mouth, with increased urban impacts due to influx of large volumes of sewage and
sewerage into the system. The freshwater dominated Sundays Estuary is impacted by commercial
agriculture in its catchment area and it is supplemented by the inter-basin transfer scheme from the

Gariep dam, which increases the freshwater inflow into this estuary. Finally, the Swartkops Estuary is
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also freshwater dominated and was selected because it is highly urbanised and severely impacted by

anthropogenic pollution inflicted on this estuary by both urban and industrial activities.

In this study, the water column and the sediment were sampled at three sites along each of these
estuaries (viz. the estuary mouth, middle reaches and upper reaches). The physico-chemical
properties of the water column at each of the sampling sites within the target estuaries were
ascertained. For characterisation of the microbial communities, a region within the eubacterial 16S
rRNA gene was analysed using 454-pyrosequencing of amplicon libraries constructed from each of
the samples. Approximately 179 000 sequence reads were analysed to determine the relative
abundances of each of the phylotypes as well as identify those bacteria which occur in low

abundances (i.e. rare).

RESULTS

The data revealed that the bacterial communities within South African estuaries differ significantly
from estuaries reported in the literature. Principle component analysis showed a close relationship
between the Kowie and the Kariega estuaries that likely reflects their strong marine influence. The
Sundays Estuary did not cluster with any of the other three estuaries. With respect to the Swartkops
Estuary, the upper reaches sampling site clustered more closely with the Sundays Estuary whilst the
middle and lower reaches clustered more closely with the Kowie and Kariega estuaries. The analysis
revealed different microbial assemblages in the water column versus the sediment. There was a
distinct spatial distribution of dominant taxa in the sediment along the length of the estuaries, even in
estuaries with relatively small physico-chemical gradients from the mouth to the upper reaches. All
the estuaries were found to be net-heterotrophic whilst unicellular algae were responsible for the
majority of the phototrophy within these ecosystems. The impact of sewage effluent, and potential
subsequent nutrient spikes, into the Kowie Estuary was highlighted by the occurrence of a mono-
specific incidence of the cyanobacteria Synechococcus, which is indicative of a bloom remnant or
early bloom-formation. The dominant phyla represented in the water columns of these estuaries
included Bacteroidetes, Gammaproteobacteria and Betaproteobacteria whilst the sediments had
elevated levels of Deltaproteobacteria with reduced Betaproteobacterial populations. The species
diversity found in the sediment was found to be several-fold higher than that in the water column.
This is indicative of the more homogenous character of the water column compared to the more

complex environment found within the sediment samples.

CONCLUSIONS
This study has demonstrated the power of NGS technologies in the analysis of aquatic microbial

communities. The results have shown that the diversity and structure of microbial communities reflect
the physico-chemical characteristics of aquatic systems and provide important insight into the

functioning of estuarine ecosystems.
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RECOMMENDATIONS FOR FUTURE RESEARCH

1.

The advent of new NGS technologies that substantially decrease the cost (up to ten-fold) of
generating sequence datasets provide an opportunity to apply the approach taken in this study
widely to include other important estuarine systems around the South African coastline. In
addition, the reduced cost (less than R 2000 per estuary) could make it feasible to use of this
technology for routine monitoring of sensitive estuarine systems.

It is now becoming known that numerical abundance of a particular bacterial species does not
always directly correlate with metabolic activity or potential growth rate of that species. A more
accurate assessment of whether a bacterial taxon is actively metabolising can be achieved by
quantifying the rRNA as opposed to the rDNA (i.e. the active component of the ribosome versus
the gene encoding for the rRNA). The need for information on which taxa are metabolically active
in resident microbial communities is particularly important as a tool for monitoring episodic
anthropogenic pollution in urbanized estuaries such as the Swartkops systems.

The physico-chemical analysis of water samples is not a very sensitive measure of changes in the
type (e.g. inorganic vs organic) nutrient concentration or anthropogenic pollution within the
system. We observed changes in the abundance of dominant microbial species in sediment
samples that were not observed in the water column along the length of estuaries with apparently
small salinity and nutrient gradients. These findings lend strong support for the need to focus on
sediment sampling when monitoring estuarine health and aquatic ecosystems in general.
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1. INTRODUCTION AND OBJECTIVES

1.1 Estuarine ecosystems

Estuaries represent a transition zone between freshwater and marine ecosystems formed by the
intersection of freshwater inflow from river systems with ocean tidal waters. As such, estuaries
contain strong gradients in both physical and biological aspects. These gradients include salinity,
nutrient concentrations, as well as silt and organic loads, which in turn influence fauna and flora
distribution and abundance profiles (Flindt et al., 1999; Crump et al., 2004). Furthermore, estuaries
are typically relatively shallow and as a consequence, there is often a close relationship between the
benthic and pelagic processes (Flindt et al., 1999). Estuaries are well-known as ecosystems with high
biodiversity profiles and which play critical roles as feeding and staging sites for migrant birds, as
nursery grounds for many aquatic fish species, and typically exhibit high levels of primary and
secondary productivity (Nixon et al., 1986; Turpie et al., 2002; Vorwerk and Froneman, 2009).

1.2 Estuarine microbial communities

Bacteria are critical components in key biogeochemical processes including the carbon and nitrogen
cycles (Kirchman, 2008). Not only are they involved in nitrogen fixation and photosynthetic primary
production, but they are also major players in the recycling and mineralization of organic matter (del
Giorgio and Cole, 1998). With regard to aquatic ecosystems, there is a clear delineation between the
microbial populations found in marine ecosystems compared to freshwater ecosystems (Bouvier and
del Giorgio, 2002; Crump et al., 2004; Wu et al., 2006). Since estuaries represent a convergence of
marine and freshwater environments, the bacteria present are derived from both river and oceanic
communities advected into the estuary. During high tidal inflow, the estuarine bacterial community is
shaped by the marine species whilst during high freshwater input, the estuarine bacterial
assemblages more closely resemble those found in the rivers (Fortunato et al., 2012). However, if the
residence time of the water column within the estuary is long enough, a unique bacterial assemblage
may be established (Crump et al., 2004; Herlemann et al., 2011). The microbiomes present within
estuarine ecosystems reflect the dynamic nature of estuaries where steep gradients in several
physico-chemical parameters can be observed (Kirchman et al., 2005; Telesh and Khlebovich, 2010;
Fortunato et al., 2012). Of these, salinity appears to be a major driving force in affecting microbial
diversity profiles in aquatic ecosystems (Bouvier and del Giorgio, 2002; Langenheder et al., 2003;

Herlemann et al., 2011; Fortunato et al., 2012).

The best studied estuarine systems are in the Northern Hemisphere, where the microbial communities
have been found to be typically net-heterotrophic (Selje and Simon, 2003). The phyla which generally
dominate include Bacteroidetes and Proteobacteria (o, B and y) with Betaproteobacteria being more
predominant in lower saline conditions and Alphaproteobacteria more prevalent at higher salinities
(Gléckner et al., 1999; Bouvier and del Giorgio, 2002; Wu et al., 2006; Campbell and Kirchmann,
2013). The majority of the studies carried out on the bacterial diversity profiles in estuaries have
focused on the water column (Bouvier and del Giorgio, 2002; Langenheder et al., 2003; Herlemann et

al., 2011; Fortunato et al., 2012; Campbell and Kirchmann, 2013). Research on bacterial
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assemblages within estuarine sediments have typically focussed on one sub-group of bacteria (e.qg.
ammonia oxidising, sulphur-reducing, etc.) rather than the community as a whole (e.g. Kondo et al.,
2004; Bemen and Francis, 2006; Freitag et al., 2006; Sahan and Muyzer, 2008). A study done on
sediments of six estuaries in Australia revealed the dominance of Gammaproteobacteria,
Deltaproteobacteria and Alphaproteobacteria, representing 23.7%, 21.3% and 8.5% of the bacterial

communities respectively (Sun et al., 2013).

1.3 Methods for determining microbial diversity

Historically, the characterisation of bacterial populations within a target ecosystem was done using
cultivation techniques followed by subsequent morphological and enzymatic characterization of
bacterial isolates. This approach, however, is not only labour-intensive but the most telling
disadvantage lies in that the majority (>90%) of the environmental microbial population is extremely
difficult to culture or is unculturable (Schloss and Handelsman, 2005). As a result, culture-
independent molecular techniques are now typically utilised when assessing the diversity of bacterial
assemblages, the mainstay of which is sequence analysis of the 16S rRNA gene (16S rDNA). The
16S rDNA is an excellent target for microbial identification as it is ubiquitous and while the gene is
conserved within species there is sufficient evolution-induced variability to allow for inter-species
differentiation (Tringe and Hugenholtz, 2008). Structurally, the 16S rDNA gene consists of nine
species-specific hypervariable regions (V1-V9) interposed within highly conserved nucleotide regions.
The conserved regions allow for the design of PCR primers which are able to hybridize to the 16S
rDNA sequence irrespective of the species from which the gene was isolated. Sequence analysis of
the hypervariable region subsequently allows for the taxonomic classification of microbial populations
in target environments (Wang et al., 2007; Liu et al., 2007; Huse et al., 2008; Wang and Qian, 2009;
Claesson et al., 2009).

There are several tools available for the analysis of 16S rDNA sequences from a mixed population of
microbes. The most commonly utilised of these include rapid fragment length polymorphism (RFLP),
denaturing gradient gel electrophoresis (DGGE) and DNA sequence analysis of the target gene.
Techniques such as RFLP and DGGE are relatively inexpensive and provide a good indication of the
whether the microbial population between two environments is similar or not. The major drawback of
RFLP and DGGE is that these techniques do not provide definitive information as to the identity of the
specific taxa within the sample. DNA sequence analysis, while more expensive, not only provides
information as to the overlap of microbial assemblages between environments but also allows for the
taxonomic identification of the microbes present. At the start of this project in 2011, most studies had
utilised traditional Sanger sequencing of an amplicon library, where PCR products derived from a
specific environmental sample are cloned into plasmid vectors and the DNA sequence of the
individual PCR-derived inserts determined. In general, this approach, in addition to being time-
consuming, generates a few hundred sequences which allows for the identification of only the most
dominant phylotypes in the target environment. The recent advent of next generation, high
throughput next generation sequencing (NGS) technologies allows for the rapid and cost-effective

generation of several thousands of sequence reads (Huse et al., 2008) thereby gaining access not



Estuarine microbial diversity

only to the dominant phylotypes but also to the less common/rare phylotypes. Since the advent of
NGS analysis, the number of previously unknown bacterial species has increased exponentially and
sequence analysis of 16S rDNA has become an indispensable tool in the analysis of aquatic
bacterioplankton assemblages (Glockner et al., 1999; Zinger et al., 2012). Phylogenetic identification
of the bacterioplankton assemblages within a given aquatic ecosystem can then be used to infer
biological functioning of the bacteria and their contribution to the biogeochemical cycling within the

sampled ecosystem.

1.4 Project motivation and aims

Urban, agricultural and industrial development along river systems in South Africa has increased
dramatically over the past decade and as a consequence, many of the estuaries are being
increasingly negatively impacted by pollutants, human waste products and excessive nutrient loading
(Cooper et al., 1994; Orr et al., 2008). These anthropogenically derived pollutants may critically
damage estuarine ecosystem functioning and represent potential human health hazards (Turpie et al.,
2002). In South Africa, estuarine ecosystem health monitoring to date has focussed on assessing the
status of fish assemblages, water quality and aesthetics of the estuary (Cooper et al., 1994; Odume et
al.,, 2012). The major drawback of this approach is that it is time-consuming, labour intensive and
requires substantial and knowledgeable manpower in order to accurately identify and quantify the
relevant data in the field. Furthermore, the biological health index focuses on the macrofauna without
considering the foundation of the food web of which microbes form a critical component.

Microbial populations respond rapidly to changes in the aquatic environment (Atlas et al., 1991;
Buckling et al., 2000; Crump et al., 2003) and, due to their small size and quick proliferation rates,
microbial communities adjust to environmental changes more rapidly than their multicellular
counterparts co-existing in the same habitat. Consequently, physico-chemical alterations in the
environment are often characterised by shifts in dominance of one bacterial phylotype over another
with a weaker competitive advantage, or in extreme instances, a decrease in overall microbial
diversity. Thus the extent of diversity and population structure of bacteria provides a sensitive and

robust tool for assessing estuarine ecosystem health and functioning.

Aims:

1) To develop protocols for sample collection, template preparation for high throughput NGS and
analysis of 16S rRNA sequences in estuarine water and sediment.

2) To use NGS technology to characterise the microbial communities in four distinct Eastern Cape
estuarine systems

3) To establish the links between the physico-chemical characteristics and the diversity and

structure of microbial diversity within each estuary
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2. METHODOLOGY

2.1. Site selection

Four estuaries were selected for analysis namely the Kariega, Kowie, Sundays and Swartkops
estuaries (Figure 1). All four of these estuaries are regarded as permanently open with the Sundays
and Swartkops estuaries substantially influenced by freshwater inflow whilst the Kariega and Kowie

estuaries demonstrated much higher salinities along their lengths.

Figure 1. Geographical map of the eastern coastline of South Africa, showing the location of the
Kariega, Kowie, Sundays and Swartkops estuaries.

The Kariega Estuary is located approximately 120km east of Port Elizabeth with a water depth
ranging from ~3.96 m (lower reaches) to ~1.1m (upper reaches) depending on the tidal state of the
estuary. The upper reaches of the Kariega Estuary frequently experience hypersaline (PSU >40)
conditions, particularly during the summer and during drought conditions. This is primarily due to a
reduced freshwater inflow into the estuary as a combined consequence of a small catchment area
(~680 km?), high evaporation rates and several impoundments along the length of the Kariega River.
The impoundments include three major dams and frequently placed small farm weirs (Hodgson, 1987;
Grange and Allanson, 1995; Froneman, 2000). Barring the impact of the impoundments, the Kariega

Estuary is relatively pristine and its catchment area is predominantly used as wildlife preserves.

The Kowie Estuary flows through the town of Port Alfred, which is located mid-way between East

London and Port Elizabeth. The estuary is comprised of a narrow channel (10-15 m in width) and
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ranges from 1 to 6 m in depth. The catchment area for the Kowie Estuary is approximately 769 km?
(Noble and Hemens, 1978). Land usage of the catchment area is extensively allocated for
commercial agriculture primarily of pineapples and beef cattle (Cowley and Daniel, 2001). The
Estuary itself is also extensively utilised for recreational activities and a small harbour is located at the
mouth of the estuary for recreational boats and yachts as well as small commercial fishing boats. The
anthropogenic stress on the estuary is further amplified by the location of an informal settlement along

the east bank of the lower reaches of the estuary.

The Sundays Estuary discharges into Algoa Bay approximately 30 km northeast of Port Elizabeth
(Emmerson, 1989). The catchment area of this estuary is approximately 22 000 km? and comprises
predominantly of arid Karoo. Freshwater inflow into the Sundays Estuary is supplemented by an
inter-basin transfer scheme from the Gariep River system. The primary usage of land surrounding the
estuary is for commercial agriculture with a focus on cattle, sheep and citrus farming. As a result of
this agricultural activity, the Sundays Estuary is nutrient enriched with a nitrogen:phosphate ratio of
3:1 (Emmerson, 1989; Scharler and Baird, 2003).

The Swartkops Estuary, which also discharges into Algoa Bay, is located ~11 km north of Port
Elizabeth and has a catchment area of approximately 1360 km? (Baird et al., 1986). This estuary is
severely impacted anthropogenically by both urban and industrial pollutants. Industrial activities along
the Swartkops Estuary include sewage treatment, salt works, clay mining works as well as wool
washers and tanneries (Baird et al., 1986; Binning and Baird, 2001). Furthermore, the lower reaches
are heavily urbanised and the Motherwell and Markman stormwater canals drain into the estuary from
industrial township and residential areas whilst the Chatty River flows, which flows through informal
settlements, also discharges into the Swartkops Estuary (Scharler and Baird, 2003). As a
consequence of these activities, the inorganic nutrient load is high in the Swartkops Estuary and there

is evidence of heavy metal accumulation within the sediments (Binning and Baird, 2001).

2.2. Sample Collection

Three sites corresponding to the upper, middle and lower reaches of each of the four estuaries were
identified (Table 1). At each site, 200 mL of surface water was filtered through a 0.22 um PES filter
(Supor®-200, PALL) whilst sediment samples were collected at a depth of between 0.5 m and 2 m, in
sterile 2ml eppendorf tubes. All samples were stored on dry ice immediately after collection in order
to minimize degradation of genomic material. Once in the laboratory, the samples were transferred

and stored at -20°C until extraction of genetic material was carried out.
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Table 1. The date and GPS location of each of the sampling efforts in this study

Estuary Date of Tides GPS coordinates
sampling Mouth Middles reaches Upper reaches
Kariega 19/04/2011 | High 33° 406 Lat, 33° 634 Lat, 33°560 Lat,
26° 410 Long 26° 643 Long 26° 637 Long
Kowie 02/03/2012 | High 33° 35.648 Lat, 33° 35.515 Lat, 33°34.225 Lat,
26° 53.551 Long 26° 52.448 Long 26° 51.605 Long
Sundays 04/10/2012 | High 33°41.88 Lat, 33° 42.68 Lat, 33°41.250 Lat,
25°50.20 Long 25°47.791 Long 25° 46.425 Long
Swartkops | 14/10/2013 | High 33°51.348 Lat, 33°50.336 Lat, 33°48.979 Lat,
25° 37.176 Long 25° 35.876 Long 25° 32.837 Long
2.3. Physico-chemical analysis

An Aquaread Aquameter (200/ Aquaprobe 800) or Eutech aquameter (CyberScan series 600) was
used to measure the salinity (PSU), water temperature (°C) and dissolved oxygen (mg.L™) of the
water column at each of the sites. In order to determine the chlorophyll-a (Chl-a) concentration within
the water column at each sampling site, 200-500 mL of surface water was filtered through GF/F filters
(Whatman).

laboratory. The Chl-a pigments were extracted from the filters by incubation at 4°C in 6 mL 90%

These filters were stored in aluminium foil at -20°C until further processing the

acetone for 24 hours. Modified from Holm-Hansen and Riemann (1978), a Turner 10AU fluorometer
was used to determine the Chl-a concentration before and after acidification. Water column samples
which had been filtered through 0.22 um PES filters (Supor®-200, PALL) were sent for analysis of
phosphate, nitrite, nitrate and silicate concentrations (R. Roman at the Department of Oceanography,

University of Cape Town).

2.4, Amplicon library preparation and multiplex pyrosequencing

The PowerWater DNA and PowerSoil DNA Isolation kits (MoBio Laboratories) were used to extract
total genomic DNA (gDNA) from the water column and sediment samples taken. Amplicon libraries of
the hypervariable regions 4 and 5 of the bacterial 16S rDNA were generated using the primer pair
E517F (5'-CAGCAGCCGCGGTAA-3) and E969-984 (5-GTAAGGTTCYTCGCGT-3)).
Primary PCR used the

Polymerase
chain reaction (PCR) amplification was carried out in a two-step manner.
following parameters: ~10 ng gDNA in a final volume of 25 uL in X1 PCR buffer, 0.3 uM of each
primer, 300 uM dNTPs and 0.5 units of high fidelity KAPAHIiFi Hotstart DNA Polymerase (KAPA
Biosystems). The cycling parameters applied were: 98°C for 5 min (1 cycle); 98°C for 45 s, 45°C for
30 s, 72°C for 45 s (5 cycles); 98°C for 45 s, 50°C for 30 s, 72°C for 45 s (15 cycles); 72°C for 5 min.
The PCR products were sized by agarose gel electrophoresis (1% w/v) and the ~450 bp amplification
product was purified from the agarose using the Zymo Gel DNA Recovery Kit (Zymo Research).
Approximately 2 ng of the purified amplification product was then subjected to a secondary PCR

reaction using fusion primers containing Multiplex Identifier Tags in order to barcode the amplicon
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libraries from each sample site. The reaction volumes used were as described for the primary PCR.
The cycling parameters were: 98°C for 5 min (1 cycle); 98°C for 20 s, 52°C for 45 s, 72°C for 1 min (5
cycles); 98°C for 20 s, 65°C for 45 s, 72°C for 1 min (8 cycles) and a final extension at 72°C for 5 min.
The resultant amplicons were agarose gel-purified as described above and pooled in equimolar
amounts before pyrosequencing using the GS Junior Titanium Sequencer as per the manufacturer’s

specification (454 Life Sciences, Roche).

2.5. Computational analyses

2.5.1. Dataset curation and analysis

Quality filtering of the sequence reads generated by pyrosequencing was done using the affiliated GS
Junior software provided by 454 Life Sciences and cured of primer and tag sequences. Further
curation was done using Mothur software (Schloss et al., 2009) wherein all reads containing
ambiguous nucleotides, all reads with homopolymers >7 and all reads shorter than 200 bp were
removed from the dataset. The Naive Bayesian classifier algorithm, hosted by the Ribosomal
Database Project (RDP) (Cole et al., 2009, Wang et al., 2007), was used to phylogenetically classify
the reads down to the taxon level of genus. Chimeras were detected using UChime (Edgar et al.,
2011) and subsequently removed from the dataset using Mothur. 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 (http:/pyro.cme.msu.edu/). Operational

taxonomic units (OTUs) were determined at a distance value of 0.03 using Mothur (Schloss et al.,
2009) and then classified using Basic Local Alignment Search Tool (BLAST) analysis against the
National Centre for Biotechnology Information (NCBI) database (Altschul et al., 1990) or using the
Naive Bayesian classifier algorithm against the Silva 16S rRNA database (Quast et al., 2013).
Principal Coordinate analysis (PCoA) was used to determine the degree of similarity between the
microbial community in the individual estuaries, the sampling sites and the sediment/water column.
OTUs (determined at a distance level of 0.03) which constituted <0.1% of the total sequence reads
were removed for each sample and Clearcut software (Evans et al., 2006) used to construct a
distance based neighbour-joining phylogenetic tree for use in generating the PCoA plot. The PCoA

plot was made using the Fast Unifrac software (http://unifrac.colorado.edu) (Hamady et al., 2010) with

weighted (i.e. incorporating abundance data) and normalised Unifrac pairwise distances. Targeted
analysis of sub-sets of reads was done using StandAlone BLAST (Comacho et al., 2008) against a
self-created database containing Cyanobacterial 16S rRNA gene sequences downloaded from the
NCBI database. The sequence reads for each sample sites were deposited in the sequence reads
archive (SRA) database of the National Centre of Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/Traces/sra) with the accession number SRP039885, SRP045647,
SRP042993 and SRP045660.

2.5.2. Key considerations when analysing data
Sampling depth
In order to determine whether the specific sequence dataset was sufficiently large enough to provide

an accurate representation of the bacterial population present at a specific sampling site, rarefaction
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statistical analysis is carried out. Rarefaction analyses involve plotting the number of unique
phylotypes within the dataset relative to the number of individuals present within a randomly selected
sub-set of the sequence dataset. If only a few of the phylotypes present in the target environment or
sampling site are represented in the dataset, then the chance of identifying a new phylotype within
each sub-set of reads is increased and consequently, the slope of the rarefaction curve will be steep.
Rarefaction curves that reach a plateau therefore, indicate that the species diversity within the target

environment has been sampled to completion (Hughes and Hellmann, 2005).

It is generally accepted that the sequence divergence present within the 16S rDNA between bacterial
species, genera and families/classes occur at 3, 5 and 10% respectively (Stackebrandt and Goebel,
1994; Hugenholtz et al., 1998; Sait et al., 2002). Thus if the percentage of nucleotides which differ
between 16S rRNA sequence reads exceeds these values, the sequences in question are not

grouped within the same species/genus/family.

When comparing different datasets together, it is important to normalise the number of reads
represented in each of the datasets. This is particularly important when investigating operational
taxonomic units (OTUs). An OTU refers to a set of reads with similar nucleotide sequences which are
grouped together. By specifying the parameters within the algorithm used to determine OTUs, this
grouping may be of identical sequences (i.e. each OTU represents an individual strain) or at a
specified degree of variation (e.g. reads within a group with <0.03% divergence in their nucleotide
sequence reflect a single species). In this study, datasets compared against one another were
randomly sub-sampled such that each dataset contained the same number of reads. This was to
avoid potentially skewed data in which samples represented by large datasets which, due to the
increased number of reads present, appear to contain more OTUs than samples represented by

smaller datasets.

Rare versus dominant biosphere

With respect to microbial diversity within a given environment, there are those phylotypes which are
numerically dominant and those which occur at extremely low abundances (rare biosphere). It has
become evident that the rare biosphere is substantially larger and more diverse than originally
supposed (Sogin et al., 2006). The importance of the rare biosphere in contributing the
biogeochemical cycling within a given ecosystem should not be underestimated. Studies carried out
on the rRNA (representing the metabolically active bacteria) and rDNA (representing the presence of
bacteria) on coastal ocean and estuarine samples showed that the rare phyla were often
proportionately more active than the abundant phyla and therefore may play an important role in

nutrient cycling (Campbell et al., 2011; Campbell and Kirchman, 2013).

One of the major disadvantages of using traditional Sanger sequencing of clone libraries is the limited
sampling depth that can be achieved. Since only a few hundred clones can be sequenced, only the
dominant, most common phylotypes would be identified whilst the phylotypes which occur in relatively

low abundances (rare biosphere) would not be detected. In contrast, pyrosequencing generates
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many thousand sequence reads per target environment thereby allowing for the identification of the
rare biosphere. An important caveat to keep in mind is the inherent error rate of polymerases, even if
they are high fidelity enzymes, used in both the PCR and pyrosequencing processes. This error rate
may result in the overestimation of the degree of microbial diversity (Kunin et al., 2010). This potential
error can be minimised by stringent quality filtering of the data sets (Huse et al., 2007). In addition, by
setting the cut-off threshold for defining OTUs at 0.03% divergence, which is the degree of divergence
generally considered as delineating between species (Stackebrandt and Goeble, 1994), will further
decrease potential diversity overestimation since sequences which differ by as much as 3% of their

nucleotide sequence will still be grouped together a single OTU (Kunin et al., 2010).

An additional caveat to keep in mind when utilising amplicon libraries to ascertain the abundances of
dominant phyla relative to the rare phyla is that these libraries are generated via PCR. Under these
conditions, the exponential amplification of the numerically dominant microbes would surpass that of
the species occurring at very low frequencies. This will not affect the identification of the more
abundant bacterial species, but it will exaggerate the relative abundances of the numerically rare
species compared to those which are abundant. In order to minimise this occurrence, the number of

amplification cycles utilised in the PCR program should be kept to a minimum.

Phylogenetic versus OTU analysis

Classification of the sequence reads within a dataset against a database to generate phylogenetic
rankings is an invaluable tool for obtaining information on the type of microbes that are present in the
target sampling site as well as the proportions of each taxon relative to one another. There are,
however, two major limitations to this type of analysis. Firstly, the scope of the reference database
against which the query reads are compared limits the degree to which a read can be assigned a
phylogenetic rank. If there is no corresponding reference sequence within the database against
which to compare the query read, then classification of the read will be limited to a higher taxon level
or will remain unclassified. The second limitation lies in the inability to determine if individual species
are unique to a particular sample or if they are found in multiple samples. In order to resolve these

limitations, analysis of the operational taxonomic units within a dataset is useful.

Singletons

The term “singletons” refers to instances in which an OTU is represented by a single read. While
these should never be discounted, it is important to view singletons with care. This is particularly true
if the distance value utilised to determine OTUs is <0.01%. While the rare biosphere within an
ecosystem will often be represented by singletons in a sequence dataset, due to the nature of
sampling in the open environment, singletons may also represent bacteria that are transient in that
they may, for example, represent airborne microbes which have “landed” in the target ecosystem. In
addition, larger datasets will have a greater number of singletons that smaller datasets and this
results in the potentially incorrect assumption that one sample has increased species diversity

compared to the other when analysing OTUs. For the purposes of this study, singletons were
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included in the overall phylogenetic classification of sequence reads from each sample, but they were

excluded during OTU analyses.

3. COMPARATIVE ANALYSIS OF FOUR EASTERN CAPE ESTUARINE SYSTEMS

3.1. Physicochemical analyses

The physicochemical data collected for the water column at three sites along the length of each of the
four target estuaries are presented in Table 2. The salinity measurements for the Kowie and Kariega
estuaries remained high along the length of the estuary. This was likely due in part to the reduced
freshwater inflow into these estuaries or alternatively it may reflect an increased influence of the
ocean tides on this ecosystem. Kariega Estuary is known for its limited freshwater input both as a
result of its small catchment area (~680 km?) as well several upstream impoundments (Hodgson,
1987; Grange and Allanson, 1995; Froneman, 2000). The Kowie estuary also has a relatively small
catchment area of 769 km? (Noble and Hemens, 1978). In contrast, the Sundays and Swartkops
estuaries demonstrate a sharp decrease in salinity from a marine environment at the mouth (PSU 30-

35) towards an increasingly freshwater environment upstream (PSU 7-8) (Table 2).

Table 2. Summary of the physicochemical parameters of the water column along the length of the
Kariega, Kowie, Sundays and Swartkops estuaries.

o @
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E  £. %z Bz %z dz  g_
S =2 o g = © = © L =d
| oo =T s E RS E S B e e
Estuary Site == W= B S == == W= OS>
Kariega Mouth 19.9 35 - - - - 0.4
Mid 21.9 30 - - - - 1.95
Upper 21.7 20 - - - - 1.98
Kowie Mouth 26 29 - - - - 1.08
Mid 27.4 19 - - - - 0.27
Upper 25.5 14 - - - - 0.25
Sundays Mouth 19.3 35 1.2 1.2 22.8 56.8 0.7
Mid 20.5 13 1.8 1.3 40.2 107.9 2.1
Upper 20.4 8 2.4 0.7 50.4 190.6 2.2
Swartkops Mouth 19.2 30 0.45 0.09 1.18 2.23 0.22
Mid 18.7 15 7.43 0.43 67.31 7.54 0.98
Upper 20.2 7 19.64 3.72 16.77 28.68 15.2

* Phosphate, nitrite, nitrate and silicate concentrations were not determined for the Kariega and Kowie estuaries

Analysis of the phosphate, nitrite, nitrate and silicate concentrations was implemented for the
Sundays and Swartkops estuaries, both of which were found to be significantly nutrient enriched.
Notably, both estuaries contain high concentrations of nitrate and silicate, particularly in the upper
reaches (Table 2). The Swartkops Estuary exhibited elevated phosphate and nitrite concentrations
compared to those found in the Sundays Estuary. With the exception of the spike in nitrate levels in

the middles reaches of the Swartkops Estuary, a distinct increase in measured inorganic nutrients
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was observed from the mouths of the estuaries to the upper reaches. The chlorophyll-a (Chl-a)
concentrations in the Kariega, Kowie and Sundays estuaries were relatively low (<2.2 pg/L) whilst the

upper reaches of the Swartkops Estuary reached Chl-a levels of 15.2 ug/L (Table 2).

3.2. Sequence sampling depth
A total of 179 950 reads were generated from the amplicon libraries prepared during this study. The
distribution of these reads to the respective sampling sites and source material (i.e. water column vs.

sediment) of the Kariega, Kowie, Swartkops and Sundays estuaries is presented in Table 3.

Table 3. Summary of the sequence reads, generated via pyrosequencing of amplicon libraries,
subsequent to sequence curation.

Water column Sediment
Estuary - :
Mouth Mid Upper Mouth Mid Upper
Kariega 8 318 18 994 16 727 6 836 18 580 16 111
Kowie 2 868 3531 6 560 3398 4 802 3070
Sundays 2244 7 652 5931 8616 8 022 6 680
Swartkops 3518 6 062 6 660 2 408 6 163 6 314

Rarefaction analysis was carried out on all of the datasets outlined in Table 3 in order to determine if,
statistically, a good coverage of the overall diversity within the target sampling site had been
achieved. This analysis was carried out at distances value of 0.03, 0.05 and 0.1, which correspond to
the accepted 16S rDNA sequence divergence between bacterial species, genera, and families,
respectively (Stackebrandt and Goebel, 1994; Hugenholtz et al., 1998; Sait et al., 2002). As
illustrated in Figure 2, sampling at the taxon level of family was done to completion or near completion
for all sites within the Kariega, Kowie, Sundays and Swartkops estuaries with the exception of the
Sundays Estuary water column. While the rarefaction curves for the sequence divergence of 5%
(genus) and 3% (species) of these four estuaries were not asymptote, the curve had begun to
plateau. Rarefaction values resulting in graphs with slight curves suggest that whilst the very rare
species may have been missed, the dataset allowed for an accurate representation of the majority of

the bacterial population.
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Figure 2. Rarefaction curves generated at distance values of 0.3, 0.5 and 0.1 for the three sites along
the length of the Kariega, Kowie, Sundays and Swartkops estuaries. The number of phylotypes and
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3.3 OTU-based comparison of four estuaries
Operational taxonomic units (OTUs) were determined at a sequence distance of 0.03 (i.e. species)
and a phylogenetically-based metric (Unifrac) was calculated and used as input for a principal

component analysis (PCoA) plot (Figure 3).

Figure 3. Principle coordinate analysis (PCoA) of the bacterial population occurring within the water
column and sediment of the Kariega, Kowie, Sundays and Swartkops estuaries. The PCoA was
generated with a Unifrac distance matrix, water and sediment samples for the Kariega (red), Kowie
(blue), Sundays (orange) and Swartkops (green) estuaries are shown as circles, while triangles
represent sediment samples.

The PCoA plot revealed that in all four estuaries the bacterial communities in the water column was
distinctive from those present in the sediment (Figure 3). Additionally, with the exception of the
sediment sample collected in the Kowie mouth, a strong clustering was observed for the Kariega and
Kowie Estuary water column and sediment samples. The sample representing the Kowie mouth
sediment was collected from within the Port Alfred Marina. The Sundays Estuary and the upper
reaches of the Swartkops Estuary, however, did not correlate well with the Kowie and Kariega
estuaries. In contrast, the lower and middle reaches of the Swartkops Estuary clustered slightly
nearer the Kariega and Kowie Estuary samples than to that of the Sundays Estuary. We concluded
that this pattern of cluster distribution likely reflected the increased freshwater input into the Sundays
Estuary and the upper reaches of the Swartkops Estuary. Consequently, it was decided that the
subsequent detailed analysis of the data for these four estuaries would be split into the marine-
dominated estuaries (Kowie and Kariega) and the freshwater-dominated estuaries (Sundays and

Swartkops).
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4. MICROBIAL DIVERSITY IN FRESHWATER-DOMINATED ESTUARIES

4.1. Bacterial taxonomic diversity

Phylogenetic classification of the 16S rDNA sequences generated from the water column and
sediment of the Sundays and Swartkops estuaries was done using the 16S rDNA database hosted by
the Ribosomal Database Project and the output data are graphically represented at the level of
phylum or class (Figure 4). A more exhaustive breakdown of the phylogenetic rankings of the

sequences is supplied in Appendix 2.

Swartkops_Upper
Swartkops_Mid
Swartkops_Mouth

Sediment

Sundays_Upper
Sundays_Mid
Sundays_Mouth

Swartkops_Upper
Swartkops_Mid
Swartkops_Mouth

Water

Sundays_Upper
Sundays_Mid
Sundays_Mouth

T T T T T T T T T

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative abundance of total bacterial reads (%)

H Alphaproteobacteria  H Betaproteobacteria Deltaproteobacteria
H Gammaproteobacteria M Other Proteobacteria & Bacteroidetes
H Cyanobacteria M Other i Unclassified Bacteria

Figure 4. Relative abundances of the dominant phyla within the water column and sediment of the
Sundays and Swartkops estuaries. Assignment of reads to taxonomic rankings was done using the
Bayesian algorithm against the Ribosomal Database Project. Reads designated as “Other” represent
the sum of the reads assigned to less well represented phyla.

The majority of the bacterial 16S rDNA reads within the sediment and water column of the Sundays
Estuary belonged to the phylum Bacteroidetes (24.5% to 61.8% of the total reads) and, to a lesser
extent, Proteobacteria (15.5% to 34.8% of the total reads) (Figure 4). While this holds true for the
water column of the Swartkops Estuary with 39% to 46.5% of the total reads assigned to the phylum
Bacteroidetes, the sediment in this estuary was dominated by Proteobacteria (39.9% to 35.4% of the
total reads) rather than Bacteroidetes (15.3% to 22% of the total reads). Of the Proteobacteria,
Deltaproteobacteria formed a significant proportion of the bacterial community in the sediment of the
Swartkops Estuary with a lesser representation within the Sundays Estuary sediment. In both
estuaries, the Gammaproteobacteria decreased in abundance whilst the Betaproteobacteria

abundances increased as the salinity decreases from the mouth to the upper reaches. The number of
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reads that did not exhibit significant homology to any 16S rRNA sequence within the database
(“Unclassified bacteria”) is much higher in the Swartkops Estuary than in the Sundays Estuary (Figure
4). This may be indicative of the increased inflow into the Swartkops Estuary of complex nutrients,

including xenobiotics, from the surrounding urban and industrial activities.

The high proportion of the sum of the reads assigned to the less well represented phyla for the
sediment samples in both estuaries (Figure 4, “Other”) was expected and likely reflects the more
heterogeneous composition of sediments compared to that of the well-mixed water column. A closer
examination of the less well represented phyla (Figure 5) substantiate this hypothesis with the water
column samples being dominated by Actinobacteria and Verrucomicrobia whilst the sediment samples
presented a much wider range of diverse phyla. Representatives of the phylum Chloroflexi were
found throughout the length of the Sundays and Swartkops estuary sediments. Members of the
phylum Verrucomicrobia were more prevalent in the Sundays Estuary while Planctomycetes occurred

more frequently in the Swartkops Estuary.
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Figure 5. Relative abundances of the less well represented phyla within the dataset generated from
water column and sediment samples along the length of the Sundays and Swartkops estuaries.
Assignment of reads to taxonomic rankings was done using the Bayesian algorithm against the
Ribosomal Database Project.
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4.2. Operational taxonomic units (OTU) analysis

OTU analysis was carried out in two ways: firstly by focusing on the identification of OTUs which were
found to be common to the different ecosystems and which were unique, and secondly by examining
the relative abundance of the reads assigned to the dominant OTUs in each ecosystem. In this
analysis, the datasets were randomly sub-sampled to accommodate differences in dataset sizes,
OTUs were determined at a distance value of 0.03 (i.e. taxonomic level of species) and singletons

were removed (see section 2.5.2).

Figure 6. Venn diagrams illustrating the distribution of OTUs from the water column and sediment of
the Sundays and Swartkops Estuaries.

In both the Sundays and Swartkops estuaries, a greater species diversity was observed in the
sediment (1 277 and 1 436 OTUs, respectively) compared to the water column (368 and 386 OTUs,
respectively) (Figure 6). The majority of the OTUs identified in each estuary were unique to that
system. This was most obvious in the sediment sample datasets in which 63% and 70% of the OTUs
from the Sundays and Swartkops sediments respectively, were unique. With respect to the water
column, 40% and 59% of the OTUs from the Sundays and Swartkops respectively were unique. The
degree of commonality with respect to OTUs between the Sundays and Swartkops water column was
observed to be 15.8% of the OTUs, whilst 14.6% of the OTUs found within the sediment datasets

were found in both the Sundays and Swartkops estuaries (Figure 6).
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Whilst the data illustrated in Figure 6 is valuable, the picture provided is incomplete in that the
abundances of the OTUs are not taken into account. For example, a species may be present in two
different ecosystems but be prevalent in the one ecosystem and rare in the other. Consequently, a
look at the relative abundances of the dominant OTUs were investigated by selecting the top 10 most
dominant OTUs for each of the sampling sites and assessing the abundances of the reads assigned
to that OTU relative to the total number of reads generated for the corresponding sample site (Figure
7). The taxonomic classification of the dominant OTUs, as determined by BLAST analysis against the
NCBI database, is detailed in Table 4.

The most striking characteristic of the distribution and abundance patterns of the dominant OTUs in
the Sundays and Swartkops estuaries was the distinct separation of those OTUs found in the water
column compared to those from the sediment (Figure 7). This finding correlates with the data
illustrated in Figures 4 and 5 and reinforces the apparently distinct ecological niches present in the
sediment versus the water column of both estuaries. BLAST analysis of the dominant OTUs from
both the Sundays and Swartkops estuary revealed highest relatedness to bacteria isolated from
marine environments with only 14 of the 68 OTUs showing high relatedness to microorganisms
isolated from freshwater ecosystems (Table 4). Of the 14 sequences extracted from the NCBI
database designated as freshwater in origin, the number of reads assigned to the corresponding
OTUs for both estuaries was exclusively or predominantly (depending on the OTU) from the upper
reaches of the estuaries. This is not surprising as the upper reaches of both estuaries have much
lower salinities and are almost completely freshwater environments. Also of interest was that while
there is overlap in that the same OTUs are found in both estuaries (e.g. OTUs 28-42), there were also
several OTUs present in only one estuary or at low levels in the other (e.g. OTUs 19-27 are
associated with the Sundays Estuary, whilst OTUs 45-54 and OTU56-52 are predominantly or

exclusively found in the Swartkops Estuary).

Examination of the OTU distribution profiles between the mouth, middle and upper reaches of the
estuaries showed that OTUs found at the middle reaches were also found in the upper reaches or
mouth (Figure 7). Not surprisingly, less of an overlap is observed when considering the mouth and
upper reaches samples. There are dominant OTUs which occur almost exclusively at the mouth
(OTUs 11,13,15-17 for the Sundays Estuary and OTUs 50,65-67 in the Swartkops Estuary) and those
which are almost exclusively found in the lower salinity upper reaches (OTUs 19-27 in the Sundays
Estuary and OTUs 54-57, 30, 33, 44 in the Swartkops Estuary). OTU 29, which occurred in significant
numbers in the Swartkops Estuary (representing 17.8% to 26.3% of the total number of reads),
showed high homology to the SAR11 clade (Table 4).
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Figure 7. Comparative analysis of the ten most dominant OTUs found within the sediment and water

column of the Sundays (A) and Swartkops (B) estuaries. OTUs were determined at a distance value
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Table 4. Results of the BLAST analysis of the dominant OTUs from the Sundays and Swartkops
estuaries indicating the NCBI database sequence to which the query OTU sequence exhibited highest
percentage identity.

o) Highest classification of Phylum Accession Identity Source

5 database organism number (%)

1 Flavobacteriaceae bacterium Bacteroidetes JX854356.1 99 North Sea

2 Flavobacteriaceae bacterium Bacteroidetes JQ807811.1 99 Intertidal zone (Lingshan Bay)

3 Uncultured bacterium / AF159646.1 99 Bacteria associated with sea-grass

4 Muriicola jejuensis Bacteroidetes EU443206.1 99 Seawater

5 Uncultured bacterium / JX391488.1 99 Surface Marine Sediments

6 Uncultured bacterium / JF272049.1 99 Marine biofilms

7 Uncultured bacterium / HE611103.1 99 Bacteria associated with mud crab

8 Flavobacteriaceae bacterium Bacteroidetes JN033800.1 99 Seawater

9 Uncultured bacterium / JN839396.1 99 Shallow marine hydrothermal vent

10 | Uncultured bacterium / EF192878.1 99 Sediments of a temperate artificial lake

11 | Flavobacteriaceae bacterium Bacteroidetes AM990866.1 100 Coastal Mediterranean ecosystem

12 | Uncultured bacterium / HQ703828.1 99 Marine sediment

13 | Sediminicola sp. Bacteroidetes JX854358.1 100 North Sea

14 | Uncultured bacterium / KF185417.1 100 North Adriatic Sea

15 | Uncultured y-proteobacterium Proteobacteria (y) | JN672630.1 100 East China sea sediment

17 | Uncultured bacterium / AY592113.1 99 Mediterranean cold seep

18 | Flavobacteriaceae bacterium Bacteroidetes DQ993343.1 100 South Korean corals

19 | Uncultured Flammovirgaceae Bacteroidetes FJ516777.1 99 Biofilm from Central Spanish wetland

20 | Uncultured bacterium / FJ354921.1 100 Lake Charles

21 | Mariniflexile fucanivorans Bacteroidetes NR_042239.1 99 Mud from the water treatment facility

22 | Uncultured Sphingobacteriales | Bacteroidetes HQ857725.1 98 Hydrocarbon contaminated saline
alkaline soil

23 | Uncultured Flammovirgaceae Bacteroidetes FJ516977.1 92 Upper sediment from wetland

24 | Algoriphagus namhaensis Bacteroidetes NR_109104.1 98 Seawater from the South Sea

25 | Bizionia sp. Bacteroidetes JX844498.1 99 Seawater from Prydz bay, Antarctic

26 | Uncultured y-proteobacterium Proteobacteria JN825501.1 99 Alkaline lake Alchichica (Mexico)

27 | Pontibacter xinjiangensis Bacteroidetes AB682652.1 91 Not specified

28 | Uncultured Sphingobacteria Bacteroidetes AM279196.1 99 Marine plankton

29 | Uncultured SAR11 cluster Proteobacteria (o) | KF786857.1 100 Oil sheen weathering (Deepwater
Horizon

30 | Uncultured bacterium / FJ352183.1 100 Lake Pontchartrain

31 | Uncultured Bacteroidetes Bacteroidetes HMO057748.1 99 Ocean water from the Yellow Sea

32 | Uncultured Bacteroidetes Bacteroidetes FJ916233.1 99 Temperate lake (Cox Hollow, USA)

33 | Uncultured Bacteroidetes Bacteroidetes DQ656266.1 100 Surface seawater, Pearl River Estuary

34 | Uncultured Comamonadaceae | Proteobacteria (3) | JN591844.1 100 Surface seawater, Puget Sound

35 | Uncultured Flavobacterium sp. | Bacteroidetes FJ745102.1 100 Coastal bacterioplankton

36 | Uncultured Owenweeksia sp. Bacteroidetes JX529868.1 100 Southern Ocean

37 | Uncultured bacterium / KF185669.1 100 North Adriatic Sea

38 | Uncultured Bacteroidetes Bacteroidetes HM057636.1 100 Yellow Sea water

39 | Uncultured Limnohabitans sp. | Proteobacteria (8) | HF968603.1 100 Lake water

40 | Uncultured Sediminibacterium | Bacteroidetes HM856392.1 100 Yellowstone Lake

41 | Flavobacterium sp. Bacteroidetes KF556685.1 100 Freshwater pond

42 | Hydrogenophaga sp. Proteobacteria () | AM110076.2 100 Groundwater from a sandstone aquifer

43 | Uncultured SAR11 cluster Proteobacteria (o) | FN665729.1 100 Temperate lakes

44 | Uncultured bacterium / KF596556.1 100 Gulf of Gdansk

45 | Uncultured bacteria / JN977359.1 100 Jiaozhou Bay sediments

46 | Uncultured y-proteobacterium Proteobacteria (y) KF463986.1 100 Marine coastal sediment

47 | Uncultured 8-proteobacterium | Proteobacteria (8) | JX241022.1 99 Coastal soil of Gulf of Khambhat

48 | Uncultured Bacteroidetes Bacteroidetes JQ580152.1 100 Oil-polluted subtidal sediments

49 | Uncultured &-proteobacterium Proteobacteria JQ580333.1 100 Qil-polluted subtidal sediments

50 | Uncultured y-proteobacterium Proteobacteria (y) | JQ579920.1 100 Oil-polluted subtidal sediments

51 | Phormidium laetevirens Cyanobacteria JF708120.1 99 Intertidal zone (Portuguese coast)

52 | Uncultured Chloroflexi Chloroflexi AY500104.1 99 Fish farm sediments

53 | Muriicola sp. Bacteroidetes KC839612.1 98 Seawater from the Mariana Trench

54 | Helicobacteraceae bacterium Proteobacteria (¢) | AJ810529.1 99 Central Baltic Sea

55 | Uncultured Sinobacteraceae Proteobacteria (y) HQO003540.1 100 Sub-saline Shallow Lake
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o) Highest classification of Phylum Accession Identity Source

'5 database organism number (%)

56 | Uncultured bacterium / DQ787711.1 100 Lake sediment

57 | Uncultured bacterium / JN391906.1 100 Sludge in anoxic tank reactor

58 | Uncultured Proteobacteria (§) | KC009880.1 99 French Guiana coast

59 | Uncultured bacterium / KF185805.1 100 North Adriatic Sea

60 | Uncultured bacterium / KF596579.1 99 Seawater (Gulf Gdansk)

61 | Uncultured Roseobacter sp. Proteobacteria (o) | JX530514.1 100 Southern Ocean

62 | Polaribacter sp. Bacteroidetes JX304645.1 100 Seawater (South Korea)

63 | Uncultured y-proteobacterium JQ515484.1 100 Caribbean reef-building coral

64 | Uncultured Bacteroidetes HMO057663.1 99 Yellow Sea water

65 | Uncultured SAR11 cluster Proteobacteria (o) | KF786721.1 100 Oil sheen weathering (Deepwater

Horizon

66 | Uncultured bacterium / JX524984.1 100 Southern Ocean

67 | Uncultured Flavobacteria Bacteroidetes FN433398.1 99 North Atlantic Ocean

68 | Uncultured Actinomycetales Actinobacteria FJ745028.1 100 Coastal bacterioplankton
4.3. Chloroplast diversity

Chloroplasts are the organelles responsible for the photosynthetic activity of phototrophic eukaryotes.
Due to their similarities in size, morphology and genetic material to that of cyanobacteria, chloroplasts
have been hypothesized to be remnants of ancestral endosymbiotic cyanobacterial (Harris et al.,
1996; Cavalier-Smith, 2002).
chloroplast 16S, 5S and 23S rRNA and, due to the sequence similarity of the chloroplast 16S rRNA to
cyanobacterial 16S rRNA, the primer set utilised in this study fortuitously amplified both chloroplast
and bacterial 16S rRNA.

Consequently, unicellular algal total genomic DNA also contains

The unicellular algae found within the sediment of both the Sundays and Swartkops estuaries were
comprised almost exclusively of Bacillariophyta (Figure 8). By contrast, the water column exhibited a
more diverse unicellular algal community profile shifting in dominance between the upper reaches and
the mouth of the estuaries evident. In both the Sundays and Swartkops estuaries, a greater
representation of Chlorophyta was evident near the mouth of the estuary with an increased
abundance of Bacillariophyta in the upper reaches (Figure 8). With respect to the Sundays Estuary,
the relative abundances of unicellular algae between the middle and upper reaches were very similar.
By contrast, each of the sites sampled for the Swartkops Estuary showed differing community profiles
with a significant representation of Cryptomonadaceae in the middle reaches and a greater than 12-

fold increase in Bacillariophyta between the estuary mouth and upper reaches (Figure 8).
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Figure 8. Relative abundance of 16S rDNA reads classified as chloroplast in origin from the water
column and sediment of the Sundays and Swartkops estuaries relative to the total number of 16S
rDNA reads generated for each site. Mid=middle reaches

4.4. Potential pathogens

Due to the anthropogenic inflow of untreated or poorly treated waste water into many of the estuaries
in South Africa, waterborne human pathogens are a major concern. Pathogenic bacteria that are of
particular concern include Enterobacteriaceae, Yersinia enterocolitica, Campylobacter jejuni, Vibrio
cholerae, Mycobacterium sp., Legionella pneumophila, Pseudomonas aeruginosa, Aeromonas sp.,
Shigella, and Salmonella sp. (Leclerc et al., 2002; Sharma et al., 2003). The 70 270 reads generated
for the Sundays and Swartkops estuaries in this study were examined to determine if any 16S rRNA

gene sequences with high homology to the above mentioned pathogens could be identified.

The 16S rRNA gene sequences generated in this study were screened for potential pathogens
against the RDP database and BLAST analysis against the NCBI database. This screening revealed
a complete absence of reads with significant homology to Enterobacteriaceae, Yersinia enterocolitica,
Campylobacter jejuni, Pseudomonas aeruginosa, Aeromonas spp., Shigella, or Salmonella. Within
the Sundays Estuary dataset, 59 reads were assigned to the genus Mycobacteria, however, closer
analysis revealed that none of these 16S rRNA sequences belonged to pathogenic Mycobacterium
species. With respect to the Swartkops Estuary, the two reads assigned to the genus Mycobacterium

showed higher homology to Mycobacterium vanbaalenii than to pathogenic species. M. vanbaalenii
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isolates have been shown to be involved in the degradation of polycyclic aromatic hydrocarbons

which are common constituents of fossil fuels (Kim et al., 2005).

When considering the genus Legionella, 1 and 13 reads were classified in this genus from the
Swartkops and Sundays datasets respectively. However, all of these reads exhibited higher
relatedness to species other than the pathogenic Legionella pneumophila. Reads from both the
Swartkops and Sundays datasets that were classified as belonging to the genus Vibrio numbered at
26, of which 23 reads had a higher percentage identity with species other than Vibrio cholera (e.g. V.
anquillarum, V. azureus, V. breoganni, V. harveyi, V. splendidus, V. penctenicida, V. vulnificus). A
single read from the Swartkops Estuary and two from the Sundays Estuary showed 100% sequence
homology to both V. cholera and V. alginolyticus. Whilst V. alginolyticus has been shown to infect
aquatic animals, it is not a human pathogen (Xie et al., 2005). The absence of any other pathogenic
species within these two datasets suggests that these three reads may indeed be V. alginolyticus
rather than V. cholera, however, in order to verify the non-existence of V. cholera beyond doubt, a

definitive test specific tailored specifically for V. cholera should be done.

5. MICROBIAL DIVERSITY IN MARINE-DOMINATED ESTUARIES

5.1. Bacterial taxonomic diversity
Classification of the 16S rRNA sequences generated from the water column and sediment of the
Kariega and Kowie estuaries was done using the Ribosomal Database Project (RDP) database and

the data are graphically represented at the level of phylum or class.

With respect to the water column in the Kariega Estuary, the majority of the reads did not show
significant similarity to any sequence in the RDP database (Figure 9, “Unclassified”). The combined
contribution of bacteria belonging to the Proteobacteria and Bacteroidetes phyla ranged from 37% to
60% of the total number of reads with the relative contribution increasing from the upper reaches
towards the mouth of the estuary. With respect to the water column in the Kowie Estuary, the most
striking difference is the high prevalence of Cyanobacteria (17% to 22% of the total reads). A closer
examination of the reads assigned to this phylum revealed that >95% of these reads belong to the
genus Synechococcus. With respect to the Proteobacteria, Gammaproteobacteria dominated the
Kariega Estuary (13% to 17% of the reads) whilst the Kowie Estuary had increasing numbers of
Betaproteobacteria in the upper reaches (7% of the total reads in the Kowie Estuary versus 2% in the
Kariega Estuary). With regards to the phylum Bacteroidetes, an increased prevalence of bacteria
belonging to this phylum was observed in the Kariega Estuary (16% to 31% of the total reads)
compared to that found in the Kowie Estuary (13% to 16% of the total reads).

Shifting the focus to the bacterial community profiles within the sediment of these two estuaries

(Figure 9), the most striking difference when comparing the sediment to the water column was the

increase in Proteobacteria. This was particularly evident in the Kowie Estuary where a greater than 2-

22



Estuarine microbial diversity

fold increase was observed in the middle and upper reaches. In both the Kariega and Kowie
estuaries, the most dominant Proteobacteria belonged to the Gamma- and Deltaprotecbacteria
whereas in the water column, the Gamma- and Betaproteobacteria dominated. Also of interest in the
sediments of both estuaries was the high prevalence of reads assigned to less dominant phyla
(Figure 9, “Other”), with between 18% and 20% of the total reads falling within this category. A

breakdown of the phyla represented in this group (“Other”) is outlined in Figure 10.

Kowie_Upper
Kowie_Mid
Kowie_Mouth

Sediment

Kariega_Upper
Kariega_Mid
Kariega_Mouth

Kowie_Upper
Kowie_Mid
Kowie_Mouth

Water

Kariega_Upper
Kariega_Mid
Kariega_Mouth

0% 20% 40% 60% 80% 100%
Relative abundance of total bacterial reads (%)

® Alphaproteobacteria & Betaproteobacteria | Deltaproteobacteria
# Gammaproteobacteria & Other Proteobacteria & Bacteroidetes
® Cyanobacteria u Other u Unclassified Bacteria

Figure 9. Relative abundances of the dominant phyla within the water column and sediment of the
Kariega and Kowie estuaries. Assignment of reads to taxonomic rankings was done using the
Bayesian algorithm against the Ribosomal Database Project. Reads designated as “Other” represent
the sum of the reads assigned to less well represented phyla.

A more exhaustive analysis of the reads to phylogenetic rankings below that of phylum is supplied in
Appendix 2. Of interest is that within the phylum Bacteroidetes, the Flavobacteria, Sphingobacteria
and unclassified Bacteroidetes contributed to the majority of the reads for both the sediment and
water samples for the Kariega Estuary. Within the Kowie Estuary, the Flavobacteria were well
represented in the water column whilst the Bacteroidetes found within the sediment consisted of

Sphingobacteria in addition to Flavobacteria.

While the dominant phyla are central to any given ecosystem, the occurrence of numerically less well
represented bacterial taxa should not be discounted. Not only do these bacteria represent the
potential to become dominant should the physico-chemical conditions in the ecosystem shift to favour

their growth over that of the currently dominant bacteria, but these less abundant bacterial

23



Estuarine microbial diversity

representatives may still contribute significantly to the complex biotic cycling within their given
ecological niche (Sogin et al., 2006; Huse et al., 2008; Jones and Lennon, 2010).
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Figure 10. Relative abundances of the less well represented phyla within the dataset generated from
water column and sediment samples along the length of the Kariega and Kowie estuaries.
Assignment of reads to taxonomic rankings was done using the Bayesian algorithm against the
Ribosomal Database Project.

An investigation of the less well represented phyla in the Kariega and Kowie estuaries (Figure 10),
revealed that Actinobacteria form a significant proportion of the reads within the water column with
increasing levels of abundance from the mouth to the upper reaches of both estuaries. With respect
to the water column in the Kowie Estuary, Verrucomicrobia were also prevalent. An obvious increase
in the diversity of phyla represented in the sediment samples compared to that of the water column
was observed (Figure 10). This is indicative of the more complex and heterogeneous composition of
the sediment, requiring a greater diversity of metabolic capabilities, compared to the well-mixed and
more homogenous composition of the water column. With respect to the Kariega Estuary, the relative
abundances of Planctomycetes and Acidobacteria decreased further upstream and a spike in bacteria
belonging to the phylum Chloroflexi was observed in the middle reaches. The Kowie Estuary showed
increased abundances of Firmicutes and Spirochaetes at the mouth and increased representation of
Chloroflexi, Planctomycetes and Actinobacteria in the middle and upper reaches.
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5.2. Operational Taxonomic Units (OTU) analysis

In light of the results of the phylogenetic classification (Figure 9, 10) it was not surprising that the
number of OTUs found within the sediment samples of both estuaries exceeded that of the water
column by more than 3-fold (Figure 11). As discussed above, this may reflect a more complex
environment in the sediment. Alternatively, the dormant bacteria have a greater residence time in the
sediment than in the water column where they are more often than not diluted by seawater during
high tide and then discharged into the sea. The percentage of OTUs common to both the sediment
and water column for the Kariega and Kowie estuaries was 9.7% and 3.4% respectively (Figure 11)
which is similar to the results obtained from the Sundays (8.6%) and Swartkops (3.8%) estuaries
(Figure 6).

Figure 11. Venn diagrams illustrating the relative distribution of OTUs from the water column and
sediment of the Kariega and Kowie estuaries. (Singletons have been removed from the dataset for
this analysis)

Over half of the OTUs identified in the Kowie estuary were unique to either the sediment or water
column, and more than half of the Kowie Estuary OTUs did not occur in the Kariega Estuary (54.6%
and 56.2%, of the Kowie water and sediment OTUs respectively, are unique). This occurrence of
unigue OTUs was less evident in the Kariega water column where only 32.7% of the OTUs were

unique, whilst the sediment samples in the Kariega Estuary followed a similar trend to that of the
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Kowie Estuary with 58.6% of the OTUs being unique (Figure 11). When comparing sediment samples
from both estuaries to one another, a 19.9% overlap in OTUs was observed between the Kowie and
Kariega estuaries. With respect to the water column, a 17.2% of the OTUs were found in both of the

estuaries.

With respect to the numerically dominant OTUs (Figure 12) there is a high degree of overlap between
the Kowie and Kariega estuaries. The exceptions being OTUs 47, 49, 55, 59 and 60 which are poorly
represented or absent in the Kariega Estuary and OTUs 17, 27 and 39 for the Kowie Estuary. Distinct
spatial distribution of the representative reads for each of the OTUs between the mouth, middle
reaches and upper reaches of both estuaries was evident in the sediment, particularly in the case of
the Kowie Estuary where several OTUs were found almost exclusively at the mouth of the estuary
(e.g. OTUs 43-49). In contrast, the OTUs in the water column of the Kowie Estuary were more evenly
distributed between the mouth, middle reaches and upper reaches indicating that there is a high
degree of mixing between the different sampling sites. While most of the OTUs in the Kariega
Estuary water column were found throughout the sampling sites, there was some evidence that some
OTUs were more abundant in the upper regions than in the mouth and visa versa (e.g. OTU31 is
almost exclusively found at the mouth whilst OTUs 37 and 40 are almost exclusively found in the
upper reaches) (Figure 12). This might indicate less mixing within the Kariega Estuary as compared

to the Kowie Estuary.

Subsequent to BLAST analysis, OTU59 was the only dominant OTU associated with a freshwater
organism, whilst the remainder of the OTUs were closely related to microorganisms from marine
ecosystems (Table 5). This reflects the impact of the marine environment on these estuaries, in
particular the Kowie Estuary. Evidence of this is provided by the fact that the most prominent OTU in
the Kariega Estuary was undisputedly OTU23, classified within the SAR11 cluster of the
Alphaproteobacteria, representing 25% to 38% of the total reads for each of the water column
sampling sites (Figure 12A, Table 5). This OTU was also very highly abundant in the Kowie Estuary
(Figure 12B) with 19% to 24% of the total reads assigned to this OTU. Further sequence analysis of
this OTU indicated a 99% identity with Pelagibacter ubique, a bacterial species abundant in the
ocean, but also found in freshwater ecosystems (Rappe et al.,, 2002). Other OTUs that were
significantly dominant included OTU40, accounting for 17% to 21% of the total reads within the Kowie
Estuary. OTU40 was identified as Synechococcus sp. (Table 5), a genus that represents >95% of the
cyanobacterial reads found in the Kowie Estuary (Figure 9). Within the sediments of the Kariega and
Kowie estuaries, the role of prokaryotes in the cycling of sulphur was emphasized with dominant
OTUs including Desulfobulbaceae, Desulfobacteraceae, Desulfuromonadaceae, Sulfurovum sp. and
Sulfurimonas sp. (OTUs 3, 4, 10, 19, 45, 46, 48) (Figure 12, Table 5, Supplementary Table 2).
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Figure 12. Comparative analysis of the ten most dominant OTUs found within the sediment and water
column of the Kariega (A) and Kowie (B) estuaries. OTUs were determined at a distance value of

0.03. Mid
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27



Estuarine microbial diversity

Table 5. Results of the BLAST analysis of the dominant OTUs from the Kariega and Kowie estuaries
indicating the NCBI database sequence to which the query OTU sequence exhibited highest
percentage identity.

] Highest classification of Phylum Accession Identity Source
= database organism number (%)
1 | Uncultured bacterium / JN839396.1 | 99 Shallow marine hydrothermal vent
2 | Uncultured bacterium / JF272049.1 | 99 Marine biofilms
3 | Uncultured bacterium / JN977359.1 | 100 Jiaozhou Bay sediments
4 | Uncultured d-proteobacteria Proteobacteria JQ580333.1 | 100 Oil-polluted subtidal sediments
5 | Uncultured y-proteobacteria Proteobacteria (y) | JQ579920.1 | 100 Oil-polluted subtidal sediments
6 | Uncultured y-proteobacteria Proteobacteria (y) KF463986.1 | 100 Marine coastal sediment
7 | Uncultured bacterium / HQ703828.1 | 99 Marine sediment
8 | Uncultured Bacteroidetes Bacteroidetes JQ580152.1 | 100 Qil-polluted subtidal sediments
9 | Uncultured Chloroflexi Chloroflexi FJ949414.1 99 Artificial oil-spill in coastal marine
sediment
10 | Uncultured 8-proteobacteria Proteobacteria KC009880.1 | 99 French Guiana coast
11 | Uncultured y-proteobacteria Proteobacteria JF344164.1 99 Oil-polluted subtidal sediments
12 | Uncultured y-proteobacteria Proteobacteria JN672630.1 | 100 East China sea sediment
13 | Uncultured bacterium / HQ191089.1 | 100 Intertidal sediment
14 | Uncultured bacterium / HQ191056.1 | 100 Coastal, intertidal sediment
15 | Uncultured bacterium / FJ626909.1 99 Sublittoral Gulf of Mexico Sands
16 | Muriicola sp. Bacteroidetes KC839612.1 | 98 Seawater from the Mariana Trench
17 | Uncultured bacterium / JN534891.1 | 99 hypersaline evaporation pond
19 | Uncultured 8-proteobacteria Proteobacteria JX241022.1 | 99 Coastal soil of Gulf of Khambhat
20 | Uncultured bacterium / JX391641.1 99 Surface Marine Sediments
21 | Uncultured bacterium / JX391810.1 | 99 Surface Marine Sediments
22 | Uncultured bacterium / HE574860.1 | 100 Nidamental Gland of the Squid
23 | Uncultured SAR11 cluster Proteobacteria (o) | KF786857.1 | 100 Oil sheen weathering
24 | Uncultured Flavobacterium sp. | Bacteroidetes FJ745102.1 100 Coastal bacterioplankton
25 | Uncultured proteobacterium Proteobacteria EU852566.1 | 100 Marine sponge
26 | Uncultured o-proteobacteria Proteobacteria GU230260.1 | 100 South Atlantic Ocean
27 | Uncultured SAR11 cluster Proteobacteria (o) | KF786721.1 | 100 Oil sheen weathering
28 | Uncultured bacterium / KF185805.1 | 100 North Adriatic Sea
29 | Uncultured Owenweeksia sp. Bacteroidetes JX529868.1 | 100 Southern Ocean
30 | Formosa sp. Bacteroidetes KF023501.1 | 100 Marine heterotrophic bacteria
31 | Uncultured Flavobacteriaceae | Bacteroidetes JQ515455 99 Caribbean reef
32 | Uncultured y-proteobacteria Proteobacteria KF786921.1 | 100 Oil sheen weathering
33 | Uncultured Roseobacter sp. Proteobacteria (o) | JX530514.1 | 100 Southern Ocean
34 | Uncultured Verrucomicrobia Verrucomicrobia DQ778251.1 | 100 Mediterranean coastal waters
35 | Uncultured Marinovum sp. Proteobacteria (o) | FJ745019.1 100 Coastal bacterioplankton
36 | Uncultured bacterium / KF185669.1 | 100 North Adriatic Sea
37 | Synechococcus sp. Cyanobacteria CP006882.1 | 100 Sargasso Sea
38 | Uncultured y-proteobacteria Proteobacteria JQ515484.1 | 100 Caribbean reef-building coral
39 | Uncultured Acidimicrobiales Actinobacteria KF786730.1 | 99 Oil sheen weathering
40 | Uncultured Synechococcus Cyanobacteria FJ999601.1 100 Sponge-associated bacteria
41 | Flavobacteriaceae bacterium Bacteroidetes AM990866.1 | 100 Coastal Mediterranean ecosystem
42 | Uncultured Bacteroidetes Bacteroidetes JQ580134.1 | 100 Oil-polluted subtidal sediments
43 | Cytophaga fermentans Bacteroidetes NR_044696. | 100 Not specified
1
44 | Uncultured bacterium / JX391257.1 | 99 Surface Marine Sediments
45 | Uncultured bacterium / KF440287.1 | 100 Mediterranean Sea mud volcano
46 | Uncultured bacterium / KC471295.1 | 99 Marine sediments
47 | Uncultured bacterium / KC527450.1 | 98 Bacteria associated with coral
48 | Uncultured Sulfurimonas sp. Proteobacteria (g) KF464251.1 | 100 Alang-Sosiya ship breaking yard
49 | Uncultured bacterium / KC527459.1 | 98 Bacteria associated with coral
50 | Uncultured bacterium / JX391488.1 99 Surface Marine Sediments
51 | Uncultured bacterium / AY897351.1 | 100 Fish farm sediments
52 | Uncultured bacterium / EU182121.1 | 100 Coastal waters of the South china sea
53 | Uncultured Bacteroidetes Bacteroidetes HMO057636.1 | 100 Yellow Sea water
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9 Highest classification of Phylum Accession Identity Source

< database organism number (%)

54 | Uncultured y-proteobacteria Proteobacteria FJ666204.1 | 100 Ballast tank of a commercial ship

55 | Uncultured o-proteobacteria Proteobacteria HQ692004.1 | 100 Lagoon in the North Pacific

56 | Uncultured y-proteobacteria Proteobacteria FJ745203.1 100 Coastal bacterioplankton

57 | Uncultured bacterium / JQ269281.1 | 99 Estuarine bacteria (China)

58 | Thiomicrospira frisia Proteobacteria () NR_028679. | 99 Culture collection sulfur-oxidizing strain

1

59 | Uncultured SAR11 cluster Proteobacteria (o) | FN665729.1 | 100 Temperate lakes

60 | Uncultured o-proteobacteria Proteobacteria GU230190.1 | 100 Coastal South Atlantic Ocean
5.3. Chloroplast diversity

As was seen in the Swartkops and Sundays estuaries, the sediment samples in the Kariega and

Kowie estuaries was almost exclusively dominated by Bacillariophyta (Figure 13). With respect to the

water column in the Kariega Estuary, the middle reaches and mouth showed similar diversity profiles

with Bacillariophyta dominating and a sizeable representation by algae belonging to the Chlorophyta.

Once in the upper reaches, the relative abundances of Chlorophyta and Cryptomonadaceae increase

approximately four-fold whilst Bacillariophyta abundances decrease. A less dramatic shift in relative

abundances of chloroplasts was observed in the water column of the Kowie Estuary with a decrease

in Chlorophyta from 4.6% to 1.7% and an increase in Bacillariophyta from 3.3% to 4.7% of the total

reads generated from the mouth and upper reaches respectively (Figure 13).
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Figure 13. Relative abundance of 16S rDNA reads classified as chloroplast in origin from the water
column and sediment of the Kowie and Kariega estuaries. Mid=middle reaches
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5.4, Potential pathogens

Analysis of the 16S rRNA reads generated for the Kowie and Kariega estuarine systems were
scrutinised for the presence of potential pathogenic strains. The waterborne pathogens targeted in
this analysis included Enterobacteriaceae, Campylobacter jejuni, Yersinia enterocolita, Vibrio cholera,
Mycobacterium sp., Pseudomonas aeruginosa, Aeromonas sp., Legionella pneumophila, Salmonella
sp., and Shigella (LeClerc et al., 2002; Sharma et al., 2003). With regard to the Kowie Estuary, 57
reads from a total of 109 795 reads were classified into the genera representing potential water-borne
pathogens. However, closer inspection using BLAST analysis revealed that these reads exhibited
higher relatedness to non-pathogenic species within these genera than to the pathogenic species. In
the Kariega Estuary, a total of 65 reads (which equates to 0.15% of the total number of reads) were
assigned to the genus Vibrio. Species belonging to the genus Vibrio include many heterotrophic
marine bacteria (Thompson et al., 2004) and BLAST analysis of the 65 reads for the Kariega estuary
resulted in higher sequence identity with Vibrio species other than the pathogen Vibrio cholera. A
further two reads from the sediment samples of the Kariega estuary were assigned to the genus
Legionella, however, these reads also showed higher identity to non-pathogenic Legionella species.
Only a single read (which equates to <<0.01% of the total reads) fell within the Enterobacteriaceae
taxonomic group.

In addition to pathogenic bacteria, the presence of toxin-producing cyanobacteria is also of concern
particularly in aquatic systems. Several cyanobacterial species have been shown to produce a variety
of toxins harmful to humans and fish including hepatotoxins, neurotoxins and dermotoxins (Briand et
al., 2003). BLAST analysis of the cyanobacterial reads in the Kariega Estuary indicated that these
reads presented closer phylogenetic relationships with benign cyanobacteria rather than toxin-
producing cyanobacteria. With respect to the Kowie Estuary, the majority (>95%) of the
cyanobacterial reads were assigned to the genus Synechococcus which are widely distributed in
marine ecosystems (Partensky et al., 1999). While some strains of Synechococcus have been shown
to produce neurotoxins and hepatotoxins (Martins et al., 2005), compared to other genera of
Cyanobacteria, incidences of toxin-producing Synechococcus strains is limited.

6. DISCUSSION AND CONCLUSIONS

The composition and functioning of the biotic population within any given ecosystem is dependent on
the complex interfaces between several factors including the physical, chemical and nutritional
elements within that ecosystem (Dolan, 2005). The aim of this study was to investigate how these
factors influenced the functioning of estuarine ecosystems by focussing on the bacterial community
structures in four distinct Eastern Cape estuaries. Two estuaries, namely the Sundays and Swartkops,
are considered fresh-water dominated, where a significant inflow of freshwater resulted in lower
salinities in the upper reaches. Both of these systems are considered to be heavily impacted by
human activity resulting in high nutrient loads. However they are different in that the Sundays is
agriculturally impacted while the Swartkops is an urbanize estuary. On the other hand, the Kowie and
Kariega estuaries represent marine-dominated systems, where a reduced salinity gradient occurs
between the estuary mouth and the upper reaches. These two estuarine systems also differ in that
the Kariega is a fresh-water deprived system considered to be relatively pristine, while the Kowie is
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impacted by human settlement along the reaches of the estuary and agricultural activities in the
catchment area.

In general, it is widely accepted that nutrient composition and availability is likely a major influence on
the type of organisms that may thrive in an ecosystem. Of the physical factors, salinity has been
identified as one of the most important factors in determining prokaryote community composition in
aquatic ecosystems (Crump et al., 1999; Bouvier and del Giorgio, 2002; Kirchman et al., 2005;
Lupozone and Knight, 2007). Therefore one would have expected the distinct spatial distribution of
bacterial communities in the Sundays and Swartkops estuaries, with their steep salinity gradients (7-8
PSU in the upper reaches). By contrast, the Kariega and Kowie have relatively small salinity
gradients from the mouth to the upper reaches. It was therefore quite surprising to discover shifts in
bacterial community profiles between the estuary mouth and the upper reaches for all four of the
estuaries suggesting that while salinity may have played a role in determining the community
structure, it is not the sole driver of prokaryotic population dynamics in these estuaries. This is
supported by the observation that the Swartkops and Sundays estuaries support distinct communities
in spite of similar salinity gradients (Figure 2). We conclude that the most important drivers of
microbial community composition in these estuaries are nutrients and in particular, the concentration
of nitrates and phosphates.

Autotrophy and heterotrophy are the most basic components of biotic factors contributing to
ecosystem functioning and represent the entry of energy and nutrients into the ecosystem as well as
cycling of those nutrients within the ecosystem. Autotrophy in estuarine ecosystems is typically
carried out by algae as well as photosynthetic bacteria such as Cyanobacteria and various genera
from within the Chlorobi, Firmicutes, Chloroflexi, Betaproteobacteria and Alphaproteobacteria (Garrity
et al., 2001). With the exception of the Kowie Estuary, primary productivity in the estuaries examined
in this study is predominately represented by unicellular algae with a reduced input from
photosynthetic bacteria. With respect to the Kowie Estuary, the high incidence of Cyanobacteria
observed can be almost entirely (>95% of the cyanobacterial reads) attributed to isolates belonging to
a single genus, namely Synechococcus. Typically the occurrence of a single cyanobacterial genus in
an aquatic ecosystem is indicative of a bloom event. The most common culprits of cyanobacterial
bloom formation include the genera Anabaena, Aphanizomenon, Nodularia, Cylindrospermopsis,
Oscillatoria and Microcystis (Paerl et al.,, 2001). Blooms formed by Synechococcus, whilst they do
occur (Cook and Holland, 2012), are not as common. Gippsland Lakes (Australia) has been affected
by Nodularia blooms sporadically since 1965 but in 2007-2008, a Synechococcus bloom was
recorded in this lake system for the first time. The Synechococcus bloom observed in Gippsland
Lakes was found to coincide with a dramatic increase in chlorophyll-a (Chl-a) concentrations (~5 pg/L
to 25 ug/L) (Cook and Holland, 2012). In contrast, the Chl-a concentrations observed in the Kowie
Estuary were <1.08 pg/L indicating that while Synechococcus is dominant, it is not a full-scale bloom.
Although the Kowie Estuary is not yet eutrophic as a result of a bloom, the occurrence of mono-
specific cyanobacterial representation is of concern and the impact of anthropogenic influx of nutrients
into this ecosystem should be closely monitored.
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The dominant phyla in the four estuaries discussed in this study are the Proteobacteria and
Bacteroidetes. The Bacteroidetes are considered to be chemoorganotrophic bacteria whose role in
nutrient cycling involves the uptake and degradation of complex organic substrates. Other abundant
heterotrophic bacterial taxa found in all four estuaries in this study include Alteromonadales
(Gammaproteoabacteria), Pseudomonadales (Gammaproteobacteria), many of the genera in
Xanthomonadaceae (Gammaproteobacteria), Cycloclasticus (Gammaproteobacteria), Burkholderiales
(Betaproteobacteria), Actinobacteria, Verrucomicrobia and Planctomycetes (Bowman and McMeekin,
2001; Nishihara, 2001; Reichenbach, 1992; Pérez-Pantoja et al., 2012; Cottrell and Kirchmann 2000;
Bull et al., 2005; Gade et al.,, 2004; DelLong et al., 1993; Cottrell and Kirchman, 2000; Kirchman,
2002; Eilers et al., 2001; Webster et al., 2001; Abell and Bowman, 2005; Grossart et al., 2005;
Thomas et al.,, 2011). Based on these taxa, the relative percentage of heterotrophic bacterial
populations in the water column was generally high: Kariega (21-39%), Kowie (21-26%), Sundays
(69-81%) and Swartkops (43-59%). The dominance of heterotrophic bacteria is likely to be even
higher since there are likely to be additional heterotrophic bacteria in these estuaries. This is because
a large proportion of the reads obtained in this study remain unclassified, particularly within the
Gammaproteobacteria subphylum where between 50% and 91% of the reads assigned to this class
could not be classified further. Another factor is that the phenotypes of many of the bacterial taxons
for which 16S rRNA sequence is available, have yet to be determined. Despite this, the large
proportion of heterotrophic bacteria in these estuaries clearly highlights the importance of the
bacterial-driven detrital foodweb in these estuarine ecosystems. Overall, all four of the estuaries
appear to be net-heterotrophic which is expected in estuarine ecosystems with a high particulate and
dissolved organic load (Selje and Simon, 2003).

The substantial contribution of Deltaproteobacteria to the bacterial community in the sediments in all
four estuaries is interesting. The Deltaproteobacteria that were identified were dominated by
representatives from the orders Desulforomonadales and Desulfobacterales which contain bacteria
known to reduce sulphate (Kuever et al., 2005; Sylvan et al., 2012). These bacteria thus contribute to
the cycling of sulphur within ecosystems and by extension, play an important role in the mineralization
of organic matter within benthic sediments (Miletto et al., 2007).

While significant volumes of research has been carried out on the microbial assemblages found in the
oceans and seas, relatively few studies on the microbial populations of estuaries have been done
(Zinger et al., 2012). Of the microbial community profiles within estuaries that are reported in the
literature (Kirchman et al., 2005; Feng et al., 2009; Campbell and Kirchman, 2013) it is interesting to
note that the described abundances of Bacteroidetes is fairly low (4.6% to ~16%) whilst in the
estuaries examined in this study, Bacteroidetes formed a major component of the bacterial
assemblage within the water column where, with the exception of the Kowie Estuary, the relative
abundance of Bacteroidetes ranged from 16% to 59% of the total bacterial community in the water
column. Other studies have demonstrated that with respect to the occurrence of Proteobacteria along
salinity gradients, Alphaproteobacteria are generally associated with high salinities whilst
Betaproteobacteria are reported to occur in higher abundances in freshwater (Bouvier and del
Giorgio, 2002; Feng et al., 2009; Herlemann et al, 2011; Campbell and Kirchman, 2013). This is
supported by reports of the prevalence of Alphaproteobacteria and Gammaproteobacteria in marine
ecosystems (Pommier et al., 2007; Biers et al., 2009) and the incidence of Betaproteobacteria in
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freshwater habitats (Glockner et al., 1999; Zwart et al., 2002; Mueller-Spitz et al., 2009). In the
Kariega and Kowie estuaries, the relative abundance of Betaproteobacteria and Alphaproteobacteria
along the length of the estuaries did not change very much which is most likely due to the marine-
dominated nature of these two estuaries. In contrast, the relative abundances of these two classes in
the Swartkops Estuary, between the mouth and the upper reaches, increased or decreased by more
than five-fold for Betaproteobacteria and Alphaproteobacteria respectively. The relative abundance of
Alphaproteobacteria was very low in the Sundays Estuary but the Betaproteobacteria followed a
similar trend to that found in the Swartkops Estuary.

Benthic bacteria are central players in bio-geochemical cycling within aquatic ecosystems in addition
to which, they present an important potential for bioremediation of anthropogenic pollution. This is
important as chemical pollutants readily bind to fine particles and, as a result, the sediment in
estuaries represents a sink of these pollutants. This is of particular importance in the Kowie and
Swartkops estuaries, which are heavily impacted by urban and industrial activities respectively. Acute
influx of pollutants is known to negatively impact on the species diversity in an ecosystem. If the
source of the pollutant is constant, however, bacterial communities can exhibit their resilience and
proliferation of tolerant species can restore the species diversity levels albeit with an altered diversity
profile (Gillan et al., 2005). The number of OTUs described in this study for both impacted estuaries
was high and compared well with the results reported for the Port Jackson, Botany Bay and Port
Kembla estuaries (Sun et al., 2013). These authors reported microbial diversity profiles with a
dominance of Gammaproteobacteria (23.7% of the reads) and Deltaproteobacteria (21.3%). The
contribution of Alphaproteobacteria, Bacteroidetes and Chloroflexi to the community composition was
reported as 8.5%, 6.9%and 6.5% respectively (Sun et al., 2013). When compared to the community
profiles observed in the Swartkops and Kowie estuaries, the relative abundances of
Gammaproteobacteria are slightly low (13.1%-22.1% in the Swartkops Estuary and 8.2%-24.4% in the
Kowie Estuary) whilst an even lower abundance of Deltaproteobacteria was observed (8.7%-9.9% in
the Swartkops Estuary and 10.1%-18.8% for the Kowie Estuary). A major difference between the
Eastern Cape estuaries and those from New South Wales lies with the Bacteroidetes which are far
more prevalent in the Eastern Cape estuaries (13.8% to 61.8%). This may be indicative of a greater
availability of complex organic matter in the Eastern Cape estuaries compared to those of New South
Wales.

In conclusion, each of the four estuaries examined in this study showed some broad overlaps in terms
of their population profiles at a high taxonomic ranking. However, there was a significant proportion of
the bacterial species, which were unique to each of the estuaries. This is not surprising as two of the
estuaries are influenced by high freshwater inflow, one by agricultural input, a second by industrial
pollutants and two others by urbanisation. Any of these factors could result in a bacterial population
profile uniquely adapted to the physical and nutritional pressures in each ecosystem. Together these
four study sites offer important insight into the complex networks of microbial communities in
estuarine systems. This study has laid the groundwork for future research into the role of the
microbiota in the functioning of estuarine systems and importantly, how resident communities respond
to changes in the physico-chemical conditions in the water column brought about by increased
urbanization and agricultural activities in the catchment areas.
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7. RECOMMENDATIONS FOR FUTURE RESEARCH

7.1. The use of next generation sequencing (NGS) technologies is a sensitive and affordable
tool for continuous monitoring of aquatic ecosystem functioning and health

The aim of this research was to determine whether the diversity of microbial communities could be
used to assess the functioning and health of estuarine ecosystems. The approach was to use NGS
technologies (particularly 454 pyrosequencing) to characterise microbial diversity by analysing rRNA
gene sequences in water column and sediment samples. The results of the study clearly demonstrate
the correlation between microbial populations and key, dominant taxa and the physico-chemical
conditions along the length of the estuary. Also, we have been able to show that different types of
estuarine systems harbour distinct microbial assemblages that have adapted to physico-chemical
conditions and anthropogenic pollution.

During the course of this research project, the cost of 454 pyrosequencing a set of six estuary
samples (mouth, middle and upper reaches, water column and sediment) was approximately R 2 000
per sample (R0.50 per read). New NGS technologies, with increased efficiency and more affordable
reagents have now been developed where the cost per sample could decrease as much as ten-fold.
This provides the opportunity to apply the approach taken in this study widely to include other
important estuarine systems around the South African coastline. In addition, the reduced cost could

make it feasible to use of this technology for routine monitoring of sensitive estuarine systems.

7.2. The need to assess microbial metabolic activity in addition to numerical abundance

It is known that numerical abundance of a particular bacterial species does not necessarily directly
correlate with metabolic activity or potential growth rate of that species. Microbial species that occur
in lower numbers may be more metabolically active than their more abundant counterparts. A more
accurate assessment of whether a bacterial taxon is actively metabolising can be achieved by
guantifying the rRNA as opposed to the rDNA (i.e. the active component of the ribosome versus the
gene encoding for the rRNA). This was demonstrated in a recent study in the Delaware Bay, where
the numerical abundance of microbial taxa did not change, but there were changes in the
metabolically active taxa in response to physical, biological or chemical gradients along the (Campbell
and Kirchman, 2013). The need for information on which taxa are metabolically active in resident
microbial communities is particularly important as a tool for monitoring episodic anthropogenic
pollution in urbanized estuaries such as the Swartkops systems.

7.3. Water column versus sediment sampling

Traditionally, aquatic systems are monitored by the analysis of water samples, which are not very
sensitive measures of changes in type (e.g. inorganic vs organic) nutrient concentration or
anthropogenic pollution within the system. We observed changes in the abundance of dominant
microbial species in sediment samples that were not observed in the water column along the length of
estuaries with apparently small salinity and nutrient gradients. Also, it appears that microbes in the
sediment or associated with particulate matter in the water column are metabolically far more active
than free-living bacterial cells in the water column (Campbell and Kirchman, 2013). Together, these
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findings lend strong support for the need to focus on sediment sampling when monitoring estuarine
health and aquatic ecosystems in general.
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Appendix 1

Supplementary Table 1. Taxonomic classification of the dominant OTUs from the Sundays and Swartkops estuaries using a
Naive Bayesian classification algorithm against the Ribosomal Database Project trainset9.

OTU# Classification to lowest taxonomic rank (percentage confidence levels in brackets)

OoTUl Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100)

OoTU2 Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100)

OTU3 Verrucomicrobia(100);Opitutae(100);Puniceicoccales(100);Puniceicoccaceae(100);Coraliomargarita(100)
OoTU4 Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Muriicola(98)

OTUS Bacteroidetes(100);unclassified

OoTU6 Proteobacteria(100);Gammaproteobacteria(100);unclassified

oTU7? Bacteroidetes(100);unclassified

oTU8 Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

0oTU9 Proteobacteria(100);Gammaproteobacteria(100);unclassified

OTU10 | Proteobacteria(100);Betaproteobacteria(100);Rhodocyclales(99);Rhodocyclaceae(99);unclassified

OTU11 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Lutimonas(100)
OTU12 | Proteobacteria(100);Gammaproteobacteria(100);unclassified

OTU13 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU14 | Proteobacteria(100);Gammaproteobacteria(100);Alteromonadales(100);Alteromonadaceae(100);Haliea(100)
OTU15 | Proteobacteria(100);Gammaproteobacteria(99);unclassified

OTU16 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU17 | Acidobacteria(100);Acidobacteria_Gp10(100);Acidobacteria_Gp10_family_incertae_sedis(100);Gp10(100)
OTU18 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU19 | Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Flammeovirgaceae(100)

OTU20 | Proteobacteria(100);Betaproteobacteria(100);Burkholderiales(100);unclassified

OTU21 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Mariniflexile(96)
OTU22 | Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Flammeovirgaceae(93);unclassified
OTU23 | Bacteroidetes(100);unclassified

OTU24 | Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Cyclobacteriaceae(100);Algoriphagus(99);
OTU25 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU26 | Proteobacteria(100);Gammaproteobacteria(100);Xanthomonadales(98);Xanthomonadaceae(98);unclassified
OTU27 | Bacteroidetes(100); unclassified

OTU28 | Bacteroidetes(100); unclassified

OTU29 | Bacteria(99);unclassified

OTU30 | Bacteroidetes(100);unclassified

OTU31 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU32 | Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Cyclobacteriaceae(100);Algoriphagus(100)
OTU33 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Maribacter(93)
OTU34 | Proteobacteria(100);Betaproteobacteria(100);Burkholderiales(99);unclassified;

OTU35 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU36 | Bacteroidetes(100);unclassified

OTU37 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(99);unclassified

OTU38 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU39 | Proteobacteria(100);Betaproteobacteria(100);Burkholderiales(100); Comamonadaceae(100);unclassified
OTU40 | Bacteroidetes(100);Sphingobacteria(100); Sphingobacteriales(100);Chitinophagaceae(100);Sediminibacterium(92);
OTU41 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Flavobacterium(100);
OTU42 | Proteobacteria(100);Betaproteobacteria(100);Burkholderiales(100); Comamonadaceae(100);unclassified
OTU43 | Bacteria(100);unclassified

OTU44 | Bacteroidetes(100);unclassified

OTU45 | Proteobacteria (100);Deltaproteobacteria(100);Desulfobacterales(100);Desulfobulbaceae(100);unclassified
OTU46 | Proteobacteria(100);Gammaproteobacteria(100);unclassified

OTU47 | Proteobacteria(100);Deltaproteobacteria(100);Desulfuromonadales(100);Desulfuromonadaceae(100);unclassified
OTU48 | Bacteroidetes(100);unclassified

OTU49 | Proteobacteria(100);Deltaproteobacteria(100);Desulfobacterales(100);Desulfobacteraceae(100);unclassified
OTU50 | Proteobacteria(100);Gammaproteobacteria(97);unclassified

OTUS51 | Cyanobacteria (100); Cyanobacteria_order_incertae_sedis(100);Family_XI11(100);GpXIII(100)

OTUS52 | Bacteria(100);Chloroflex(82);unclassified

OTU53 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU54 | Proteobacteria(100);Epsilonproteobacteria(100);Campylobacterales(100);Helicobacteraceae(100);Sulfurimonas(99)

40




Estuarine microbial diversity

OTU# Classification to lowest taxonomic rank (percentage confidence levels in brackets)

OTUS55 | Proteobacteria(100);Gammaproteobacteria(100);Xanthomonadales(97);Sinobacteraceae(95);Steroidobacter(95)
OTU56 | Proteobacteria(100);Betaproteobacteria(100);Hydrogenophilales(100);Hydrogenophilaceae(100); Thiobacillus(100)
OTU57 | Bacteroidetes(100);unclassified

OTU58 | Proteobacteria(100);Deltaproteobacteria(100);Desulfobacterales(100);Desulfobacteraceae(100);unclassified
OTU59 | Proteobacteria(100);Betaproteobacteria(100);unclassified

OTU60 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU61 | Proteobacteria(100);Alphaproteobacteria(100);Rhodobacterales(99);Rhodobacteraceae(99);unclassified

OTUG62 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Polaribacter(83)

OTU63 | Proteobacteria(99);Gammaproteobacteria(93);unclassified

OTU64 | Bacteroidetes(99);Sphingobacteria(94);Sphingobacteriales(94);unclassified

OTUG65 | Proteobacteria(80);unclassified

OTU66 | Proteobacteria(100);Gammaproteobacteria(98);unclassified

OTU67 | Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU68 | Actinobacteria(100);Actinobacteria(100);Actinomycetales(99);unclassified

Supplementary Table 2. Taxonomic classification of the dominant OTUs from the Kariega and Kowie estuaries using a Naive
Bayesian classification algorithm against the Ribosomal Database Project trainset9.

OTU# Classification to lowest taxonomic rank (percentage confidence levels in brackets)

OoTUl Bacteria(100); Proteobacteria(99); Gammaproteobacteria(99);unclassified

oTuU2 Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100); unclassified

OTU3 Er?gltaesrﬁf(é%O);Proteobacteria(lOO);DeItaproteobacteria(lOO);Desulfobacterales(lOO);Desulfobulbaceae(lOO);

OTU4 Bacterie_l(lOO);Proteobacteria(lOO);DeItaproteobacteria(lOO);Desulfobacterales(lOO);Desulfobacteraceae(lOO);
unclassified

OTUS Bacteria(100);Proteobacteria(100);Gammaproteobacteria(99);unclassified

OTU6 Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100);unclassified

oTuU7 Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100);unclassified

oTuU8 Bacteria(100);Bacteroidetes(100);unclassified

OTU9 Bacteria(100);Chloroflexi(99);Anaerolineae(99);Anaerolineales(99);Anaerolineaceae(99);unclassified

OTU10 | Bacteria(100);Proteobacteria(100);Deltaproteobacteria(100);Desulfobacterales(100);Desulfobacteraceae(100);unclassified

OTU1l | Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100);unclassified

OTU12 Sra]\é:ltaesrﬁf(i:é(()jO);"Proteobacteria"(lOO);Gammaproteobacteria(99);Gammaproteobacteria_incertae_sedis(Sl);

OTU13 Bacteria}(_lOO);Proteobacteria(lOO);Gammaproteobacteria(lOO);Gammaproteobacteria_incertae_sedis(98);
unclassified

OTU14 | Bacteria(100);Proteobacteria(100); Gammaproteobacteria(100);unclassified

OTU15 Bacteria_(lOO);PIanctomycetes(lOO);PIanctomycetacia(lOO);PIanctomycetaIes(lOO);PIanctomycetaceae(lOO);
Rhodopirellula(100)

OTU16 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU17 | Bacteria(100);Verrucomicrobia(100);Opitutae(100);Puniceicoccales(100);Puniceicoccaceae(100);Coraliomargarita(97)

OTU19 Bacterig(_lOO);Proteobacteria(lOO);DeItaproteobacteria(lOO);Desulfuromonadales(lOO);Desulfuromonadaceae(lOO);
unclassified

OTU20 | Bacteria(100);Bacteroidetes(100);Sphingobacteria(95);Sphingobacteriales(95); unclassified

OTU21 | Bacteria(100);unclassified

OTU22 | Bacteria(100);Verrucomicrobia(98);Opitutae(98);unclassified

OTU23 | Bacteria(100);unclassified

OTU24 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU25 | Bacteria(100);unclassified

OTU26 | Bacteria(100);unclassified

OTU27 | Bacteria(100);Proteobacteria(83);unclassified

OTU28 | Bacteria(100);Proteobacteria(100);Betaproteobacteria(100); unclassified

OTU29 | Bacteria(100);Bacteroidetes(100);unclassified

OTU30 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);Formosa(100)

OTU31 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU32 | Bacteria(100);Proteobacteria(97);Gammaproteobacteria(90);unclassified

OTU33 | Bacteria(100);Proteobacteria(100);Alphaproteobacteria(100);Rhodobacterales(100);Rhodobacteraceae(100);unclassified

OTU34 | Bacteria(100);Verrucomicrobia(100);Verrucomicrobiae(100);Verrucomicrobiales(100);Verrucomicrobiaceae(91);unclassified
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OTU# Classification to lowest taxonomic rank (percentage confidence levels in brackets)

OTU35 | Bacteria(100);Proteobacteria(100);Alphaproteobacteria(100);Rhodobacterales(100);Rhodobacteraceae(100);Roseovarius(96)
OTU36 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTU37 | Bacteria(100);Cyanobacteria(100);Cyanobacteria(100);Family 11(100);Gplla(100);unclassified

OTU38 | Bacteria(100);Proteobacteria(98);Gammaproteobacteria(93);unclassified

OTU39 | Bacteria(100);Actinobacteria(100);Actinobacteria(100); unclassified

OTU40 | Bacteria(100);Cyanobacteria(100);Cyanobacteria(100);Family 11(100);Gplla(100);unclassified

OTU41 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);"Flavobacteriales"(100);Flavobacteriaceae(100);Lutimonas(100)

OTU42 | Bacteria(100);Bacteroidetes(100);Sphingobacteria(96);Sphingobacteriales(96);unclassified

OTU43 | Bacteria(100);Bacteroidetes(100);Sphingobacteria(100);Sphingobacteriales(100);Cytophagaceae(100);Cytophaga(100)
OTU44 | Bacteria(100);Bacteroidetes(100);unclassified

OTU45 | Bacteria(100);Proteobacteria(100);Epsilonproteobacteria(100);Campylobacterales(100);Helicobacteraceae(100);Sulfurovum(100)
OTU46 | Bacteria(100);Proteobacteria(100);Deltaproteobacteria(100);Desulfobacterales(100);Desulfobulbaceae(100);unclassified
OTU47 | Bacteria(100);Spirochaetes(100);Spirochaetes(100);Spirochaetales(100);Spirochaetaceae(100); Spirochaeta(100)

OTU48 | Bacteria(100);Proteobacteria(100);Epsilonproteobacteria(100);Campylobacterales(100);Helicobacteraceae(100);unclassified
OTU49 | Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100); unclassified

OTUS0 | Bacteria(100);Bacteroidetes(100);unclassified

OTUS1 | Bacteria(100);Proteobacteria(99); Gammaproteobacteria(98);unclassified

OTUS52 | Bacteria(100);Verrucomicrobia(100);Verrucomicrobiae(100);Verrucomicrobiales(100);Verrucomicrobiaceae(99);unclassified
OTUS3 | Bacteria(100);Bacteroidetes(100);Flavobacteria(100);Flavobacteriales(100);Flavobacteriaceae(100);unclassified

OTUS54 | Bacteria(100);Proteobacteria(100);Gammaproteobacteria(91);unclassified

OTUS5 | Bacteria(100);unclassified

OTUS6 | Bacteria(100);Proteobacteria(100); Gammaproteobacteria(99);unclassified

OTUS57 | Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100);unclassified

OTUS8 | Bacteria(100);Proteobacteria(100);Gammaproteobacteria(100); Thiotrichales(100);Piscirickettsiaceae(100); Thiomicrospira(100)
OTUS9 | Bacteria(100);unclassified

OTU60 | Bacteria(100);unclassified
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Appendix 2

In all of the following figures, the lowest taxonomic ranking is that of family. Taxonomic classification
was done using the Ribosomal Database Project and the phylogram generated using MEGAN
software version 5.5.3 using square Root Normalization for optimal visualisation of taxonomic nodes

(Huson et al., 2007).

Continued on next page....
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Supplementary Figure 1. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the water column of the Kariega Estuary. (Red: Mouth; Blue: Middle
reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 2. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the sediment of the Kariega Estuary. (Red: Mouth; Blue: Middle
reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 3. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the water column of the Kowie Estuary. (Red: Mouth; Blue: Middle
reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 4. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the sediment of the Kowie Estuary. (Red: Mouth; Blue: Middle
reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 5. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the water column of the Sundays Estuary. (Red: Mouth; Blue:
Middle reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 6. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the sediment of the Sundays Estuary.
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Supplementary Figure 7. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the water column of the Swartkops Estuary. (Red: Mouth; Blue:
Middle reaches; Green: Upper reaches)
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Continued on next page....
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Supplementary Figure 8. Graphical representation of a phylogram comparison of the 16S rRNA
amplicon libraries generated from the sediment of the Swartkops Estuary. (Red: Mouth; Blue: Middle
reaches; Green: Upper reaches)
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