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Chapter 1. Introduction 

In the face of global environmental change, one of the greatest challenges that 

scientists face is the limited understanding of the complex interactions between biotic 

diversity and a changing abiotic world (Berry et al., 2019). Globally, oceanic 

environments provide essential ecosystem services for the world’s population, with 

organisms like phytoplankton providing approximately 50% of the oxygen requirement 

for all living organism on the planet (Vallaeys et al., 2017; Busseni, 2019). The 

ecosystem services that the ocean provides may include global weather patterns, the 

provision of food through fishing and ocean aquaculture, a source of novel 

pharmaceutical products, energetic and mining resources (Ingole et al., 2005; Kato et 

al., 2011; Mohanty et al., 2015; Momber et al., 2016; Vallaeys et al., 2017). Alterations 

in the oceanic environment, due to an ever-increasing human population and their 

diversifying needs for resources, means that the ocean is under tremendous growing 

pressure. Multiple human activities lead to pollution in the ocean, changes in local and 

global ocean pH, and global warming. Ocean pollution occurs in the form of the 

introduction of heavy metals, plastics, crude oils, sewage, nutrients, terrigenous 

materials, organic chemicals, toxins and pathogenic species (Knap et al., 2002; 

Vallaeys et al., 2017; Häder et al., 2020; Kalenik, 2020). 

Studies have shown that changes in oceanic temperatures due to climate change alter 

species diversity and abundances of many organisms in the ocean. These changes 

may result in alterations in carbon sequestration and changes in the functional 

diversity of food webs within a given area (Laakmann et al., 2013; Benedetti et al., 

2019; Berry et al., 2019; Brun et al., 2019; Hop et al., 2019; Nunes et al., 2019; 

Selmeczy et al., 2018; Dalu et al., 2020). 

In order to manage a coastal zone effectively, monitoring is required to fit within a 

management model that is similar to the Strategic Adaptive Management (SAM) 

approach used in terrestrial protected areas such as the Kruger National Park, South 

Africa, i.e. monitoring is essential to ensure that management interventions are being 

implemented effectively and environmental thresholds are determined accurately 

(Gaylard and Ferreira, 2011; Kingsford et al., 2011; Swanepoel and Sauka, 2019). 

Much like SAM, the National Environmental Management: Integrated Coastal 

Management Act (24 of 2008) (RSA, 2009) stipulates that; coastal areas are to be 

managed in an integrative manner. With ocean environments recognised as a vital 

part of the global economy; policies and regulations have been implemented on a 



global scale (Mohanty et al., 2015). In South Africa, the Marine Spatial Planning Act 

(16 of 2018) (RSA, 2019) outlines that the ocean provides a vast number of economic 

opportunities for the country and are being used increasingly more today than in the 

past. This means that the ocean is also subjected to environmental change, thus, the 

need has arisen to manage the ocean environment for it to sustainably provide for the 

local and global environments, society and economy. 

A marine spatial plan is required to ensure the sustainable use of marine resources 

within a given area, allowing it to provide for various socio-economic needs according 

to all relevant legislative frameworks (Dorrington et al., 2018). The maintenance of a 

given marine area is vital for the provision of all its resources and ecosystem services, 

thus, understanding the given area from an environmental perspective (physico-

chemical and biological factors) is required. This understanding will provide thresholds 

of potential concern for the given area, which would need to be monitored to ensure 

that the area is not drastically changed whilst providing the various environmental and 

socio-economic resources. These thresholds are physico-chemical and biological 

variables that are identified, specific to the environment, to provide an indication of 

when and if the environment is changing and what these changes may have on the 

ecosystem services the environment provides. The monitoring of these thresholds is 

vital for management as it will provide an indication of what management interventions 

are needed, whether management measures are effective or not, and if the 

thresholds need to be adjusted. 

1.1. Monitoring of coastal waters 

Traditionally, physico-chemical analyses to determine the water quality of a given 

environment were used to determine changes; however, the cost and difficulty of 

carrying out chemical analyses, intricacies of interpreting the data and determining the 

severity of impacts on the receiving environment make it more beneficial to use 

biomonitoring methods (De la Rey et al., 2004). Biomonitoring is the use of biotic 

communities and different species within an environment (bioindicators) to provide 

information on how the environment is changing and what may be causing the 

change through time and space. Biomonitoring allows for efficient, cost-effective and 

time-integrated techniques of detecting change to abiotic factors within a given 

environment such as pH, temperature, salinity, turbidity, nutrients, toxin concentrations 

and the possible identification of introduced pollutants and heavy metals (Chapman 

and Wang, 2000; De la Rey et al., 2004; Vallaeys et al., 2017). Therefore, bioindicators 



can provide information of changes to the environment in a manner that is easily 

interpretable by managers, thus, allowing them to implement ways to mitigate these 

impacts and determine or evaluate the thresholds of the environment being managed 

(Johnson et al., 2011; Dorrington et al., 2018; Swanepoel and Sauka, 2019). 

Historically, the identification of biotic communities occurred using morphological- 

based techniques (Figure 1.1), reliant on microscopy for taxonomic identification 

(Harding and Taylor, 2011; Mohrbeck et al., 2015). This approach is limited by the time 

it consumes, the expertise needed to identify different species, the inability to 

distinguish between larval stages of certain species and the occurrence of dead or 

injured individuals within the environmental sample (Laakmann et al., 2013; Mohrbeck 

et al., 2015; Zimmermann et al., 2015; Berry et al., 2019). 

Figure 1.1. Workflow for morphological- and molecular-based environmental DNA 
(eDNA) identification techniques for planktonic marine diatoms. 

Molecular techniques provide an efficient alternative to morphological-based 

identification of species (Figure 1.1). Environmental samples can be collected and 

analysed using molecular approaches such as metabarcoding, which is the 

simultaneous identification of multiple species in an environmental sample 

(Kermarrec et al., 2013; Zimmermann et al., 2015; Vasselon et al., 2017; Berry et al., 

2019; Ruppert et al., 2019). In contrast, barcoding identifies just one species from its 

deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). DNA barcodes are regions of 

DNA that can be used to identify an unknown specimen in terms of known 

classification (Hebert et al., 2003 and 2003b; Schindel and Miller, 2005; Bucklin et al., 

2010). In the case of diatoms, individual species can be identified based on specific 



gene fragments such as ribulose-1,5-bisphosphate carboxylase/oxygenase plastid 

gene (rbcL) and the 18S V4 region of ribosomal ribonucleic acid (rRNA) (Hebert et al., 

2003a and 2003b; Zimmermann et al., 2011 and 2015; Vasselon et al., 2017; Berry et 

al., 2019; Ruppert et al., 2019).  

The molecular approach to identify species may be more efficient, cost effective and 

more accurate than the morphological-based approach (Kermarrec et al., 2013; 

Mohrbeck et al., 2015; Zimmermann et al., 2015; Stat et al., 2017; Vasselon et al., 

2017; Berry et al., 2019), however, the use of environmental DNA (eDNA) requires a 

comprehensive reference database to identify an organism to species level. Thus, a 

barcode library of possible species within a given environmental sample is needed for 

accurate processing of eDNA samples. The advancements in sequencing 

technologies and genetics have led to consolidated databases of processed 

sequences of multiple organisms, however, processed diatom sequence databases 

are still in their infancy and are the focus of this study. 

1.2. Planktonic diatoms as bioindicators 

Phytoplankton are a diverse group of microscopic organisms that occur within a water 

column (marine, estuarine or fresh) (Cholnoky, 1960; Margalef, 1978; Busseni, 2019; 

Dutkiewicz et al., 2020). Focusing on marine phytoplankton, they move great 

distances due to oceanic currents and are predominately found within the photic zone 

of the ocean environment. They are vital to regulating ocean biogeochemistry by 

means of carbon sequestration through the export of organic matter to the ocean deep 

thus contributing to alterations in atmospheric CO2 levels, overall global climate and 

the provision of oxygen through the process of photosynthesis (Falkowski et al., 1998; 

Fuhrman, 2009; Guidi et al., 2009; Cermeño et al., 2013; Mbambo, 2014; Busseni, 

2019; Dutkiewicz et al., 2020). The diversity of phytoplankton species within a given 

environment promotes the ecosystem’s functional and structural stabilities thereby 

changing the ecosystem services it may provide (McCann, 2000; Ptacnik et al., 2008; 

Cermeño et al., 2016; Busseni, 2019; Dutkiewicz et al., 2020). 

The understanding of phytoplankton community structure and abundance will allow 

one to infer changes in the environment (Verheye et al., 2017; Berry et al., 2019; Dalu 

et al., 2020). Changes in the marine environment through global environmental 

change alter the composition of phytoplanktonic communities resulting in a knock-on 

effect on higher trophic levels due to their dependence on phytoplankton for food, 

thus disrupting food webs (McCann, 2000; Ptacnik et al., 2008; Cermeño et al., 2016; 



Verheye et al., 2017; Berry et al., 2019). This causes larger adverse effects such as 

limiting the ecological and socio-economic resources that the marine environment can 

provide. 

Diatoms frequently dominate phytoplankton communities and are known to respond 

rapidly to environmental changes making them ideal bioindicators (De la Rey et al., 

2004; Morin et al., 2008; Verheye et al., 2017; Dalu et al., 2020). Diatoms react to 

changes in water quality (De la Rey et al., 2004), are sensitive to pollutants (De la Rey 

et al., 2004), have a wide geographical range (Margalef, 1978), are easily sampled in 

a cost-effective manner (De la Rey et al., 2004; Harding and Taylor, 2011; Rimet et 

al., 2018) and can be used to differentiate between anthropogenic and natural 

stressors (Vallaeys et al., 2017). Diatoms have been used to monitor rivers across the 

world with a variety of morphological and molecular diatom identifications existing in 

many countries (Harding and Taylor, 2011; Zimmermann et al., 2015; Vasselon et al., 

2017; Rimet et al., 2018 and 2019). Many diatom indices exist for freshwater purposes 

to infer environmental conditions; however, no such indices exist for the marine 

environment. With diatoms being the most diverse microalgal taxa, their use as a 

bioindicator is vital in monitoring our oceans. Although the morphology of diatoms is 

well established across the world (Reimann and Lewin 1964; Giffen 1971, 1973,1976; 

Hasle et al., 1996; Sarno et al., 2005; Stachura-Suchoples et al. 2015; Stock et al., 

2019; López-Fuerte et al., 2020), there is a lack of molecular information of diatom 

sequences (Rimet et al., 2019; Tapolczai et al., 2019). Key diatom species or 

communities need to be identified as bioindicators thereafter, accurate identification 

to species-level through morphological features and molecular data will result in their 

accurate use in eDNA biomonitoring surveys. 

With eDNA becoming the forefront of environmental monitoring the use of 

metabarcoding requires a comprehensive reference library of DNA barcodes within a 

given environmental sample to provide accurate and unbiased results (Bode et al., 

2017; Ruppert et al., 2019; Tapolczai et al., 2019). Studies using metabarcoding as a 

basis of environmental assessments conclusively show similar results to 

morphological techniques. However, there are discrepancies indicating a need for an 

integrated approach of morphological and molecular identification as well as a 

comprehensive reference library of DNA barcodes. These discrepancies may be 

reduced in time as the diatom barcode library continues to grow, further expanding 

the number of known sequences and images of diatoms thereby improving the 



accuracy of the output of metabarcoding studies (Kermarrec et al., 2013; 

Zimmermann et al., 2015; Bode et al., 2017; Vasselon et al., 2017; Rimet et al., 2018; 

Berry et al., 2019; Ruppert et al., 2019). 

1.3. Algoa Bay 

Algoa Bay is located on the warm, temperate, south-eastern coast of South Africa 

(Figure 2.1). It is an open bay with an approximate depth of 70 m and width of 70 km. 

The log-spiral bay is eastward facing and one of the largest of its of its kind along the 

coast of South Africa (Klages and Bornman, 2005). The bay is at the receiving end of 

four rivers; the Swartkops, Sundays, and Coega rivers, that enter the bay between the 

city of Gqeberha (formerly Port Elizabeth) and Cape Padrone, and the Baakens River 

that enters the bay at Gqeberha on the western shoreline (Figure 2.1) (Mbambo, 2014; 

Dorrington et al., 2018). The bay itself is highly influenced by seasonal dependent 

winds, primarily west-southwest winds, and the south-westward flowing Agulhas 

Current (Klages and Bornman, 2005; Mbambo, 2014; Dorrington et al., 2018). These 

influences guide the chemistry of the bay, altering thermoclines, sea surface 

temperatures and nutrient concentrations (Klages and Bornman, 2005; Mbambo, 

2014; Dorrington et al., 2018). 

The phytoplankton of Algoa Bay were selected as the focus of the study as the bay 

was the first case study in creating the first Marine Spatial Plan in accordance with the 

Marine Spatial Planning Bill of South Africa (Dorrington et al., 2018; RSA, 2019). This 

selection was primarily based on the vast amount of biophysical data available as 

oceanographic research of the bay began in the 1980s. Furthermore, the 

establishment of the South African Environmental Observation Network (SAEON) 

Elwandle Node and the Algoa-Bay Sentinel Site for Long-Term Ecological Research 

(LTER) in 2007 ensured that the bay is considered the best-monitored coastal area in 

the southern hemisphere (Dorrington et al., 2018). Algoa Bay serves as an ideal area 

of study where the ocean environment provides a vast number of resources and 

ecosystem services to the local and global economy and therefore needs to be 

managed sustainably in accordance with The National Environmental Management: 

Integrated Coastal Management Act (24 of 2008) (RSA, 2009). 

 

 

 



1.4. Project aims and objectives 

The aim of this project was to accurately obtain barcodes and images of at least 10 

planktonic diatoms to identify them and contribute information to their use in 

biomonitoring surveys aiding in the management of the South African coast. Using 

phytoplankton samples collected from Algoa Bay, diatoms were isolated, cultured, 

imaged and barcoded on the rbcL plastid gene region. This ensured that the diatom 

images and barcodes were sourced from accurately identified monocultures. 

Furthermore, nine epizoic diatoms (diatom found on an animal) and one epiphytic 

diatom (diatom found on a plant) from Dr. Majewska’s culture collection at North-West 

University were included in this study to increase the number of specimens this study 

would identify. These diatoms were scraped off other organisms (sea turtles, sea 

snake and kelp) and isolated by Dr. Majewska.  

Objectives: 

1) Collect samples to isolate and culture diatom species. 

2) Maintain successfully isolated diatoms to ensure that they are monocultures. 

3) Obtain light microscope and Scanning Electron Microscope (SEM) images of the 

successfully monocultured diatoms to identify species by morphology. 

4) Generate high quality barcodes of the rbcL region for the successfully monocultured 

diatom species, and then identify species by comparing the generated barcodes to 

the nucleotide database of the National Centre for Biotechnology Information (NCBI) 

using the blastn algorithm. If no barcodes were present, the high-quality barcodes 

generated in this study would be the first barcodes for the diatom species identified in 

this study. 

5) Compare morphological identification to molecular identification and confirm 

species identification of each monoculture, associating each monoculture with light 

and scanning electron microscope images and a barcode sequence of the rbcL region. 

6) Upload barcodes and images of successfully monocultured diatoms to the open- 

source genetic library Barcode of Life Data Systems (BOLD). 



Chapter 2. Methods and material 

2.1. Study sites 

Phytoplankton samples were collected by the SAEON Elwandle Node during monthly 

biomonitoring trips from sites within Algoa Bay off the coast of Gqeberha, South Africa 

(33°52'16.6"S, 25°42'55.3"E) (Figure 2.1). Collected environmental samples were 

couriered overnight to the University of the Witwatersrand, Johannesburg, for 

isolation, culturing, imaging and sequencing to take place. 

Figure 2.1. Map of Algoa Bay indicating the Pelagic Ecosystem LTER stations (modified 
from Dorrington et al., 2018). Sampling stations utilised in this study were Cape Recife, 
Bay Central and Bird Island (indicated by circles). 

2.2. Sample collection 

Physico-chemical variables, nutrients, chlorophyll-a, phytoplankton and zooplankton 

were collected at Station 6 (Bird Island), 7 (Bay Central) and 8 (Cape Recife) during 

January and March 2021. (Figure 2.1). Physico-chemical variables measured at each 

station included, water temperature (ºC), salinity, turbidity (Nephalometric Turbidity 

Units: NTU), and dissolved oxygen (mg.L-1) were measured using a SeaBird 19 plus 

V2 CTD mounted on a SBE 55. Water samples for the analysis of chlorophyll-a and 

nutrients were collected with six Niskin bottles attached to an SBE 55 carousel at 

predetermined depths. Although these results will not be discussed in this MSc, they 

will be used to identify the physico-chemical environment of the species in the 

database. 



The phytoplankton samples were collected using a phytoplankton net (Hydro-Bios 

Apstein net - 438001: 25 cm diameter, 55 µm mesh) towed both vertically and 

horizontally at each station. Vertical tows were made by hand hauling the net from the 

seafloor to the surface, while the horizontal tows were done underway at a speed of 2 

knots for 3 minutes. The phytoplankton environmental samples were transferred to a 

50 ml plastic tube and kept cold (< 10°C) until collection by the courier on the same 

day for transport to Johannesburg. Monocultures obtained from Dr. Majewska were 

collected as scrapes from different organism between 2019 and 2021 in South Africa. 

These monocultures were courier to University of the Witwatersrand under the above-

mentioned conditions in May 2021. 

2.3. Isolation and monoculture protocols 

Monocultures were created using methods outlined by Witkowski et al. (2020) and 

Sym (pers. comm., 2021), where diatoms were isolated using a micropipette and an 

inverted microscope at 400x magnification (Olympus CK 2 Phase Contrast 

microscope). Cultures were grown in Daigo’s IMK medium made up with filtered sea 

water (Sym pers. comm., 2021) and stored in an incubator at approximately 22°C with 

cool white fluorescent lighting on 24 hours. Monocultures were kept alive by 

subsampling bi-monthly; the old culture was agitated and 5 – 10 ml of this 

monoculture was transferred to a newly labelled sterile test tube using a clean glass 

pasture pipette. Thereafter, the old and the new cultures were filled with fresh culture 

media. Culture maintenance continues today, however, only cultures from July and 

September 2021 were used in this study.  

Five phytoplankton environmental samples were collected on the 28th of January 2021 

and isolates were created on the 29th of January 2021 in Johannesburg. Isolates and 

samples were stored in an incubator under the above-mentioned conditions. An 

additional attempt of transporting live phytoplankton environmental samples was 

made in March 2021 following the same protocol as above but was unsuccessful as 

the samples arrived after 48 hours in Johannesburg, thus, monocultures were only 

created from the January 2021 sampling session. 

Dr Majewska’s existing monocultured species that were included in the study were 

couriered on the 19th of May 2021 and subcultured on the same day at the University 

of the Witwatersrand. These cultures were kept in the same conditions as those from 

Algoa Bay and processed in the same manner.  

 



2.4. Morphological identification 

Phytoplankton environmental samples from Algoa Bay were inspected, live diatoms 

isolated and identified, and containers of potential monocultures labelled. Identifying 

diatom species required using key morphological features of diatoms such as their 

shape and size, and other unique characteristics such as colour (live chloroplasts) 

(Reimann and Lewin, 1964; Giffen, 1971, 1973, 1976; Hasle et al., 1996; Sarno et al., 

2005; Harding and Taylor, 2011; López-Fuerte et al., 2020). Isolated diatoms were left 

for a period of 1 – 2 weeks to grow and cultures were monitored using an Olympus CK 

2 inverted microscope to ensure that they were monocultures. When it was clear that 

the isolation process was successful, representative samples from each monoculture 

were extracted for the creation of microscope slides and scanning electron 

microscope stubs. These samples were processed using two different organic matter 

digestion methods to display the silica frustule of the diatom specimens for accurate 

species identification. These two methods were evaluated to determine if they can 

provide comparable results. 

The first method used saturated potassium permanganate and concentrated 

hydrochloric acid to digest the organic matter (Harding and Taylor, 2011) and the 

second method used nitric acid and potassium dichromate (Elias et al., 2017; 

Cotiyane-Pondo and Bornman, 2021). The hydrochloric acid and potassium 

permanganate method is more established for processing diatoms, so the nitric acid 

and potassium dichromate method was only used to compare the efficiency of 

organic matter digestion. The nitric acid and potassium dichromate method used was 

as follows, 5 ml of monoculture sample, 5 ml of nitric acid and 5 ml of potassium 

dichromate (made in a 1:2 weight to volume ratio with distilled water) were combined 

in a 50 ml glass beaker and left on a shaker at 90 rpm for 24 hours (Elias et al., 2017; 

Cotiyane- Pondo and Bornman, 2021). Samples were then transferred to a centrifuge 

tube and rinsed with distilled water by centrifugation at 3,000 rpm for 10 minutes, this 

was repeated until the supernatant was clear in colour. Between repetitions the 

supernatant was decanted into a sealed labelled disposable container without 

disturbing the pellet. Once the supernatant was clear, the pellet was resuspended 

and decanted into Eppendorf tubes for storage. After monoculture samples were 

digested using either digestion method, they were fixed to microscope slides using 

Pleurax.  

 



Microscope slides were viewed using a Zeiss Axio Imager 2 and Zen 2012 software 

(blue edition) was used to annotate and capture images. A Vega TESCAN scanning 

electron microscope was used to take images by the Microscope and Microanalysis 

Unit (MMU) (University of the Witwatersrand) and a JOEL JSM–7001F scanning 

electron microscope was used to take images by the Centre of High Resolution 

Transmission Electron Microscopy Unit (CHRTEM), (Nelson Mandela University). 

Both SEMs, operated by their respective technicians, took images of July 2021 

monocultures that were digested using the hydrochloric acid and potassium 

permanganate method (Harding and Taylor, 2011) to remove organic material and 

coated with ~10 nm of carbon and ~5 nm of gold-palladium (Witkowski et al., 2020). 

September 2021 monocultures were digested using the nitric acid and potassium 

dichromate digestion method (Elias et al., 2017; Cotiyane-Pondo and Bornman, 2021) 

and imaged on a Phenom Pure G6 Desktop SEM (Thermo Fisher Scientific) at the 

University of the Witwatersrand Herbarium. These images were compared to 

determine if there were any major differences between the digestion methods, image 

quality of SEMs and if the monocultures varied morphologically based on the age of 

the culture. 

2.5. Molecular identification 

The molecular lab work of successfully monocultured diatoms was conducted by the 

African Centre of DNA Barcoding (ACDB), University of Johannesburg. They 

performed DNA extraction, PCR amplification and DNA sequencing providing trace 

files of the monoculture samples given to them (Powell et al., 2018)  

2.5.1. DNA extraction and quantification 

DNA was extracted from monocultured diatom samples using a standard hexadecyl-

trimethyl-ammonium bromide (CTAB) protocol (Doyle and Dickson, 1987). The two 

buffers used in this protocol are 2x CTAB buffer (100 mM Tris (pH 8.0), 1.4 M NaCl, 

20 mM EDTA, 2% CTAB, 0.1% PVPP and add beta-mercaptoethanol to 0.2% (v/v) 

daily) and TE buffer (10 mM Tris (pH 8.0) and 0.1 mM EDTA).  

Prior to DNA extraction 5 ml of the monocultured sample was centrifuged three times 

at 3,000 rpm for 10 minutes to increase the concentration of diatom individuals in the 

pellet. Thereafter, the pellet was re-suspended with double-distilled water. DNA was 

extracted from each monoculture pellet using the following method; 0.01 ml of 2 x 

CTAB buffer was added per 1 mL of collected cells in a reaction tube. This was then 

incubated at 60°C for 0.5 -1 h then 0.01 mL of chloroform:isoamyl alcohol (24:1) was 



added and samples were mixed by centrifuging for 10 minutes at 5,000 rpm. After 

centrifugation the aqueous phase (upper layer) was transferred into a new tube and 

the chloroform:isoamyl alcohol extraction was repeated until the interface was clean. 

Once clean, 2/3 volume of isopropanol was added and samples were centrifuged for 

15 minutes at 10,000 rpm then the supernatant was discarded. The pellet was 

washed with 70% ethanol, air dried and resuspended in double distilled water. A 1% 

agarose gel electrophoresis was performed to determine the presence or absence of 

DNA and band strength was used to provide an estimation of DNA concentration.  

2.5.2. PCR amplification 

The ribulose-1,5-bisphosphate carboxylase/oxygenase plastid gene (rbcL) was 

selected in this study for identification of diatoms and was amplified based on the 

method outlined by Vasselon et al. (2017) (Table 1). PCR amplification required 

making up a master mix for each monoculture that had DNA successfully extracted. 

The master mix per reaction was made to 25 µl, composed of; Dream Taq (12.5 µl), 

Bovine Serium Albumin (BSA) (0.8 µl at 32 mg/mL), 0.3 µl (1 µM) of each forward 

and reverse primers (Table 1), and 11.1 µl of nuclease free water. After preparation 

of the master mix, 24 µl of master mix and 1 µl of monoculture template DNA was 

added to PCR reaction tubes specific to each monoculture. Thereafter, the tubes 

were cycled a PCR machine and the 25 µl PCR product was used in DNA 

sequencing. 

Table 2.1. PCR primer sequences and annealing temperatures used for the amplification 
of monocultured diatom DNA samples (Zimmermann et al., 2015; Vasselon et al., 2017). 

Gene 
region 

 
Primer name 

 
Primer sequence 

5’-3’ 

PCR annealing 
temperature (°C) 

Amplicon 
size (bp) 

rbcL Diat_rbcL_708    
 F_1 AGGTGAAGTAAAAG   

  GTTCWTACTTAAA   

 R3_1  45 ~315 
  CCTTCTAATTTACCW   

  ACWACTG   
     

 

 

 

 

 



2.5.3. DNA sequencing and analysis 

The rbcL region was sequenced in forward and reverse directions using Sanger 

sequencing. Two master mixes were created, one for the forward primer and one for 

the reverse primer. The master mixes composed of 1.5 µl of 5x sequencing buffer and 

0.3 µl of the appropriate primer that was mixed before the addition of 0.3 µl of Big Dye 

Terminator v3.1 and 6.9 µl of nuclease free water (Powell et al., 2018). These 

volumes are required for the formation of master mix for a single sequencing reaction. 

9 µl of the master mix and 1 µl of the PCR product was used in each sequencing 

reaction per direction. The ACDB inspected sequencing output and if necessary, re-

sequenced the PCR product of an individual culture more than once to generate 

molecular data for the rbcL region.  

Multiple chromatograms were generated in both directions per monoculture by ACDB 

then visualised on Geneious Prime® 2021.2.2, and regions trimmed with more than a 

6% chance of error per base. These regions were excluded from downstream 

analysis. The chromatograms per monoculture were then de Novo assembled using 

the Geneious Assembler, at the highest sensitivity creating contigs made with at least 

one forward and one reverse sequence. The contigs per monoculture were inspected 

and ambiguities noted and not changed. The contigs were used to generate 

consensus sequences for each monoculture using a 60% threshold for contigs. 

However, if a contig contained at least one sequence without quality information, then 

the threshold was adjusted to 95%. A single consensus sequence was created per 

monocultured species and this was regarded as its barcode. Barcodes were 

inspected and translated on Geneious; ambiguities, protein coding regions and stop 

codons were identified and unchanged. For downstream analysis, consensus 

sequences met the criteria; of being made of at least one forward and one reverse 

sequence, having a sequence length greater than 250 nucleotide base pairs, and 

percentage of high-quality bases in an untrimmed generated consensus sequence 

(%HQ) had to be greater than 65%. These consensus sequences were compared to 

the National Centre for Biotechnology Information (NCBI) nucleotide database using 

the blastn algorithm to identify if the monoculture had been previously associated to a 

diatom species or genus. A batch BLAST was done on Geneious to retrieve matching 

regions on the nucleotide database, a hit table of 100 hits was created per 

monoculture consensus sequence. 

 



Trace file sequences that were initially excluded from analysis were re-inspected. 

Trace files of samples were annotated and trimmed with a 10% chance of error per 

base, thereafter, the abovementioned method using the Geneious Assembler to 

generate consensus sequences per monoculture was followed. Consensus 

sequences were used regardless of a criterion, provided the molecular species 

identification (blasting) matched morphological identification, the low-quality 

consensus sequence was used for further analysis, or else excluded. 

Sequences of the same region, of similar species or genera that were identified in this 

study by BLAST results, were mined from GenBank and included in this study as 

reference sequences of known specimens. These sequences together with the 

consensus sequences of this study were aligned using the Geneious Alignment, this 

was a Global Alignment with free end gaps and a cost matrix of 93% similarity. The 

open gap penalty was set at 12, gap extension penalty at 3 and refinement iterations 

of 2. The alignment was viewed to determine if monocultures and GenBank 

specimens aligned over the same rbcL region and if there were any major 

discrepancies in any of the sequences. Sequences were not altered in any way. 

The Geneious Tree builder was used to create an unrooted neighbour-joining tree 

using consensus sequences of this study and those mined from GenBank. This was 

done to infer relatedness of the diatom monocultures. The Geneious Tree builder 

obtained distances from pairwise alignments of all sequence pairs, with the alignment 

type as a global alignment with free end gaps using a 93% similarity to build the 

distance matrix. The unrooted tree was built using the Jukes-Cantor Genetic Distance 

model following the Neighbour-Joining tree building method with no outgroup.  

2.6. Barcode of Life Data Systems (BOLD) 

A project was created on BOLD systems version 4 and the monoculture details 

uploaded. Trace files were uploaded and underwent a quality check based on BOLD 

systems; samples that were successful of the quality check had morphological data 

uploaded to BOLD (Ratnasingham and Herbert, 2007). Upon meeting the minimum 

standards set by GenBank for nucleotide records, successful monocultures will have 

published records through BOLD data systems to obtain accession numbers from 

GenBank. 



Chapter 3. Results 

3.1. Sample collection 

A total of 14 planktonic diatoms were isolated from Algoa Bay (AB) and 10 

monocultures of epizoic and epiphytic diatoms were obtained from Dr. Majewska 

(NWU) (Table 3.1). A total of 19 of the 24 monocultures were successfully identified 

and monocultures maintained, 10 from Algoa Bay (AB1, 2, 3, 5, 8, 9, 10, 11, 12, and 

13) and nine from NWU (NWU1, 2, 3, 5, 6, 7, 8, 9, and 10). These samples were 

identified using morphology and molecular data when present. Six cultures were 

identified by their morphology being analogous to that of published work and their 

molecular data blasting to published data at greater than 70% (Table 3.5). Nine 

cultures only had molecular data present at a genus level or were inconclusive, 

hence, morphology was used to identify the species and associate them with the 

barcode sequence when possible (Table 3.5). Four cultures were identified by 

morphology as molecular analyses was unsuccessful with it being a possibility in the 

future as the cultures are still alive (Table 3.5). The five samples not used in further 

analysis were due to cultures dying or through failure to maintain as monocultures 

(Table 3.1). 



 

Table 3.1. Planktonic samples collected from Algoa Bay include sites within the bay (Bay Central (BC) (25.98722 E, -33.881778 S); 
Cape Recife (CR) (25.72771 E, -34.034115 S); Bird Island (BI) (26.29146 E, -33.868695 S)), using different towing methods 
(Horizontal (H) and Vertical (V)). Epizoic and epiphytic samples obtained from Dr. Majewska (NWU) were collected as scrapes from 
different organisms and at different times in South Africa. Identification of sample monocultures occurred upon analysis of morphology 
and molecular data. * Indicates samples not used for analysis. 
 

Sample ID Collection site 
Sampling protocol/ 

organism 
Collection date Habitat 

Identification and 
level 

Culture 
status 

AB1 BC V January 2021 Planktonic Both Alive 

AB2 BC V January 2021 Planktonic Both Alive 

AB3 BC V January 2021 Planktonic Both Alive 

AB4* CR V January 2021 Planktonic - Dead 

AB5 CR V January 2021 Planktonic Morpho Alive 

AB6* CR V January 2021 Planktonic - Alive 

AB7* CR V January 2021 Planktonic - Dead 

AB8 BI V January 2021 Planktonic Both Alive 

AB9 Unknown Unknown January 2021 Planktonic Morpho Alive 

AB10 CR V January 2021 Planktonic Both Alive 

AB11 CR H January 2021 Planktonic Both Alive 

AB12 BC H January 2021 Planktonic Morpho Alive 

AB13 CR V January 2021 Planktonic Both Alive 

AB14* CR V January 2021 Planktonic - Alive 



 

NWU1 uShaka Marine World 
Carapace loggerhead 
sea turtle “Munchkin” 

March 2021 Epizoic Both Alive 

NWU2 uShaka Marine World Yellow-bellied sea snake August 2020 Epizoic Morpho Alive 

NWU3 Hibberdene Seaweed on tidal plain March 2019 Epiphytic Morpho Alive 

NWU4* uShaka Marine World Munchkin March 2021 Epizoic - Alive 

NWU5 uShaka Marine World Munchkin March 2021 Epizoic Both Alive 

NWU6 uShaka Marine World Munchkin March 2021 Epizoic Both Alive 

NWU7 uShaka Marine World Yellow-bellied sea snake August 2020 Epizoic Both Alive 

NWU8 uShaka Marine World Yellow-bellied sea snake August 2020 Epizoic Both Alive 

NWU9 Bayworld, Gqeberha Green sea turtle “Vader” November 2019 Epizoic Morpho Alive 

NWU10 Bayworld, Gqeberha Green sea turtle “Jimmy” December 2020 Epizoic Both Alive 



3.2. Morphological identification - light and scanning electron microscopy  

Image plates were created per successfully maintained monocultured sample (AB 1, 

2, 3, 5, 8, 9, 10, 11, 12, 13 and NWU 1, 2, 3, 5, 6, 7, 8, 9, 10) displaying light 

microscope images of the live monocultures and digested (using both methods) 

monocultures using brightfield, differential interference contrast and phase contrast 

microscopy. The plates also include images from the Vega TESCAN taken by the 

MMU, JOEL JSM-7001F taken by the CHRTEM and the Phenom Pure G6 Desktop 

scanning electron microscopes (Supplementary material 1). These image plates 

serve as a reference of images of each species identified in this study and represent 

cultures of July and September 2021. 

Table 3.2 displays an easy to visualise comparison of July and September 2021 

cultures, also showing image comparisons on different SEMs used and the effects 

of the different organic matter digestion methods implemented in this study. Based 

on morphology, species or genus identification was provided per monoculture in 

reference to published literature. 

The hydrochloric acid and potassium permanganate digestion method was more 

aggressive as seen in the images as there were crystalized residue around the 

frustules. Some frustules appear to be damaged suggesting that the hydrochloric 

acid may be too strong (Table 3.2, Supplementary material 1). The nitric acid and 

potassium dichromate digestion method provided comparable images to the 

hydrochloric acid digestion method with less damage to the diatom frustules and 

less residue on the samples (Table 3.2, Supplementary material 1). Regardless of 

the sample digestion method and the SEM used, diatom cultures between July and 

September 2021 yielded similar looking specimens with minor morphological 

variations (Table 3.2). Images from different SEMs provide different resolutions 

however species identification was possible irrespective of the instrument used 

(Table 3.2, Supplementary material 1). 



Table 3.2. SEM images using the Vega TESCAN and JOEL - JSM 7001F SEMs, 
operated by technicians at MMU and NMU respectively. These were images of July 
2021 cultures using the hydrochloric acid and potassium permanganate digestion 
method (Harding and Taylor, 2011). The phenom pure G6 desktop SEM was used to 
take images of September 2021 cultures digested by the nitric acid and potassium 
dichromate digestion method (Elias et al., 2017; Cotiyane-Pondo and Bornman, 2021). 

Sample 
ID 

July 2021 cultures digested by 
hydrochloric acid and potassium 

permanganate  

Sept 2021 cultures 
digested by nitric 

acid and 
potassium 
dichromate 

Morphology 
specimen ID and 

reference 

Vega TESCAN 
SEM 

JOEL - JSM 
7001F SEM 

Phenom Pure G6 
Desktop SEM 

AB1 

 

- 

 

Cylindrotheca 
closterium 

(Ehrenberg) 
Reimann and 
Lewin (1964) 

AB2 

 

- 

 

AB3 

 

- 

 

AB5 

 

- 

 

Stephanopyxis 
turris (Greville) 
Ralfs (Hasle et 

al., 1996) 



AB8 

 

- 

 

Psammodictyon 
panduriforme var. 

continuum 
(Grunow) Snoeijis 
(López-Fuerte et 

al., 2020) 

AB9 

 

- 

 

AB10 

 

- 

 

C. closterium 
(Reimann and 
Lewin, 1964) 

AB11 

 

  

Minutocellus sp. 
(Ashworth et al., 

2013) 

AB12 

 

- 

 
Skeletonema 

grethae (Zingone 
and Sarno) 

(Sarno et al., 
2005) 



AB13 

 

  

Chaetoceros sp. 
(Al-Yamani and 
Saburova, 2019) 

NWU1 

 

- 

 

Entomoneis sp. 
(Mejdandzic et 

al., 2018) 

NWU2 

 

- 

 

P.parduriforme 
var. continuum 

(López-Fuerte et 
al., 2020) 

NWU3 

 

  

Trachyneis 
velata 

(Schmidt) (Giffen, 
1971) 

NWU5 

 

  

Amphora 
incrassata 

(Giffen) (Giffen, 
1973) 



NWU6 

 

  Navicula 
perminuta 
(Grunow) 
(Stachura-

Suchoples et al., 
2015; Majewska 

et al., 2021) 

NWU7 

 

- 

 

Navicula sp. 
(Hasle et al., 

1996) 

NWU8 

 

- 

 

Nitzchia sp. 
(Hasle et al., 

1996) 

NWU9 

 

 
 

Navicula sp. 

NWU10 

 

  

Amphora sp. (Al-
Kandari et al., 

2009) 

  



3.3. Molecular identification 

A total of 24 samples were sent to the African Centre of DNA Barcoding (ACDB) for 

sequencing in July 2021 after successful confirmation of July 2021 monocultures 

(Tables 3.2 and 3.3). Furthermore, 12 samples were re-sequenced in September 

2021 (Table 3.4) from the September 2021 cultures (Table 3.2). Each sequencing 

event was treated independently. After the first sequencing event monocultures 

AB4, 7, 14 and NWU4 were excluded from downstream analysis due to culture 

death or through failure to be maintained as a monoculture. DNA sequence analysis 

resulted in a consensus sequence per monoculture, which were generated from 

multiple forward and reverse sequences of the monocultures DNA. The consensus 

sequence length, percentage of high-quality bases in an untrimmed generated 

consensus sequence (%HQ) and number of ambiguities found on the consensus 

sequence were all noted (Tables 3.3 and 3.4). 

Monocultures AB8, 10, 11 and NWU3, 6 and 9 were re-sequenced to confirm 

species identification and accurately identified specimens (Tables 3.3 and 3.4). 

Monocultures AB2, 3, 5, 6, 12 and NWU2 were re-sequenced but provided low-

quality results as consensus sequences had a high number of ambiguous bases 

(Tables 3.3 and 3.4). AB6 was excluded from downstream analysis as morphology 

was not obtained. The first blast result from the July 2021 cultures of AB6 was 

inconclusive and did not blast to a nucleotide sequence on the NCBI database. The 

second blast from the September 2021 cultures displayed a match to an 

Entomoneis sp., however, with no morphology data captured the molecular data 

was not useful. 

The consensus sequences per monoculture were blasted to the NCBI nucleotide 

database and monocultures were identified from their molecular data (Table 3.5). 

Monocultures AB1, 2, 3, 8, 10 and NWU6 blasted to expected species (Table 3.5) 

and AB11, 13 and NWU1, 3, 5, 7, 8, 9, 10 blasted to specimens identified to genera 

or were misidentified when compared to morphology (Table 3.5). Monocultures 

AB5, 9, 12 and NWU2 were identified by their morphology (Table 3.2 and 

Supplementary material 1) as molecular data were inconclusive or included as low-

quality barcodes (Tables 3.3, 3.4 and 3.6). 

  



Table 3.3. Sequencing results from July 2021, showing the number of forward and 
reverse sequences that were used to generate consensus sequences (barcode) of 
each monocultured species. The number of ambiguities, sequence length and the 
percentage of bases that were high quality in the consensus sequence (%HQ) were 
recorded. Sample IDs highlighted were used for comparing to the NCBI nucleotide 
database via the blastn algorithm. Samples marked with * were not used in further 
analysis. 

 

Sample ID 
Number of sequences Number of 

ambiguities 
%HQ Sequence length 

Forward Reverse 

AB1 3 3 7 82.5 383 

AB2 3 3 13 85.6 494 

AB3 3 3 40 76.3 486 

AB4* 3 3 1 93.6 297 

AB5 - - - - - 

AB6* 2 3 2 95.2 378 

AB7* 3 3 3 96.5 283 

AB8 3 3 4 95 281 

AB9 1 1 33 57.9 480 

AB10 1 1 2 93.2 295 

AB11 1 1 2 91.2 295 

AB12 1 1 21 63.9 490 

AB13 2 2 1 95.8 309 

AB14* - - - - - 

NWU1 2 2 4 86.3 315 

NWU2 1 - - 67.4 273 

NWU3 2 1 24 48.8 486 

NWU4* 1 1 1 95.2 294 

NWU5 1 1 3 93.5 294 

NWU6 2 2 1 87.6 386 

NWU7 2 2 3 87.3 315 

NWU8 2 2 5 76.5 404 

NWU9 1 1 20 69.9 489 

NWU10 1 1 1 92.2 283 



Table 3.4. Sequencing results from September 2021, showing the number of forward 
and reverse sequences that were used to generate consensus sequences (barcode) of 
each monocultured species. The number of ambiguities, sequence length and the 
percentage of bases that were high quality in the consensus sequence (%HQ) were 
recorded. Sample IDs highlighted were used for comparing to the NCBI nucleotide 
database via the blastn algorithm and samples marked with * were not used in further 
analysis 

Sample 
ID 

Number of 
sequences 

Number of 
ambiguities 

%HQ 
Sequence 

length 
Reason for repeat 

sequencing 
Forward Reverse 

AB2 - - - - - Confirm first result 

AB3 1 1 6 26.9 321 Confirm first result 

AB5 1 - - 27.8 378 
Inconclusive first 

time 

AB6* 2 1 4 67.5 305 Confirm first result 

AB8 1 1 0 80.3 294 Confirm first result 

AB10 1 1 2 74.9 275 Confirm first result 

AB11 1 1 13 66.2 287 Confirm first result 

AB12 1 1 11 38.7 318 
Inconclusive first 

time 

NWU2 1 1 1 53.6 320 
Inconclusive first 

time 

NWU3 1 1 2 76 292 
Inconclusive first 

time 

NWU6 1 1 2 86.5 310 Confirm first result 

NWU9 1 1 4 71.3 314 Confirm first result 



Monocultures AB1, 2, 13 and NWU1, 5, 7, 8, 10 were sequenced only during the first 

sequencing event (Table 3.3). Only monocultures AB1 and AB2 provided molecular 

data to species level that matched morphological species identification (Tables 3.2 

and 3.5). AB13 provided blast results to the wrong species with other hit results to the 

Cyclotella genus and uncultured phytoplankton clones, thus, morphology was used to 

associate the barcode generated in this study with the Chaetoceros genus (Tables 

3.2 and 3.5). NWU5 was identified by morphology to a species level and molecular 

data provided the same genus, other hits from blasting provided similar species to 

morphological identification, therefore the barcode generated in this study was 

associated to the species identified by morphology. NWU1, 7, 8 and 10 provided 

molecular blast results to the same genera predicated by morphological identifications 

(Tables 3.2 and 3.5). NWU1 blasted to a variety of Entomoneis species, namely, E. 

umbratical, E. vilicicii, E. gracilis, E. infula and E. tenera. Due to the cryptic nature of 

this species morphology was only conclusive to a genus and based on molecular 

results the genus was confirmed, however, species identification requires better 

taxonomic resolution of the genus and further morphological and molecular work. 

NWU7 blasted to a Navicula sp. with other matches being Seminavis sp. and Haslea 

sp., which were disregarded due to morphological differences to NWU7. NWU8 

blasted to various Nitzschia sp. and Fragilariopsis sp., however, due to morphological 

differences the culture was not identified to species and associated to the Nitzschia 

genus. NWU10 blasted to Amphora, Halamphora, Cocconeis, Navicula, Frustulia and 

Nitzchia sp., however, was identified to genus Amphora by morphology. 

Monocultures AB3, 8, 11 and NWU6 were sequenced twice (Tables 3.3 and 3.4), and 

blast results were a match to the same specimen from the nucleotide database in 

both sequencing events (Table 3.5). Monoculture AB10 may have been contaminated 

in the July sequencing as blast results were inconclusive when compared to 

morphological identification (Tables 3.2 and 3.5). Re-sequencing in September 2021 

provided accurate molecular identification as the result matched morphological 

identification (Table 3.2 and 3.5). This provided further evidence that the July 

sequencing analysis of this sample may have been contaminated. Monocultures 

NWU3 and 9 were sequenced twice and blast results provided misidentification 

between sequencing events and, in comparison, to morphology (Tables 3.2 and 3.5). 

These two monocultures were only identified by morphology as molecular data were 

inconclusive and disregarded. 



Table 3.5. Blast results identifying genera or species of July 2021 and September 2021 sequencing. Images of associated cultures are 
labelled according to Sample ID in Table 3.2. * Indicates morphological identification was used to identify monoculture as molecular data 
were inconclusive. # Indicates that the samples morphological identification (Table 3.2) matched the blast algorithms output. $ Indicates 
samples were only identified to genera. LQ Indicates sequences that were re-analysed at a 10% error per base and then consensus 
sequences used for blast analysis and molecular species identification. 

Sample ID Sequencing date Blast match 
% 

Match 
Blast accession 

number 
References 

 
AB1# 

 
July 2021 

Cylindrotheca closterium 
(Ehrenberg) Reimann and Lewin 

 
86.3 

 

 
MH807654  

Stock et al., 2019 
AB2# July 2021 C. closterium 76.2 

AB3# 

July and 
September LQ 

2021 
C. closterium 72.2 AY866415 

AB5* - - - - - 

AB8# July and Psammodictyon panduriforme var. continuum 
(Grunow) Snoeijis 

 
98.4 MH390344 Romanova, 2018, unpublished 

September 2021 99.3 

AB9* - - - - - 

AB10# July 2021 
Minutocellus. polymorphus (Hargraves and 

Guillard) Hasle, Stosch, and Syvertsen 
97.9 KC309572 Contamination  

September 2021 C. closterium 96.3 MH807639 Stock et al., 2019 

AB11$ July and 
September 2021 

Minutocellus Polymorphus (Hargraves and 
Guillard) Hasle, Stosch, and 

Syvertsen 

 
98.3 KC309572 Ashworth et al., 2013 

95.7 

AB12LQ - - - - - 

AB13$ July 2021 
Thalassiosira pseudonana (Hasle and 

Heimdal) 
99 XM_002297482 Bowler et al., 2008 

 
 
 
 
 
 
 
 
 



 

NWU1$ July 2021 Entomoneis sp. 97.8 KX120572 Ruck et al., 2016 

NWU2LQ - - - - - 

 
NWU3* 

July 2021LQ Psammodictyon sp. 80.1 MN920680 Mann et al., 2020, unpublished 

September 2021 Entomoneis sp. 98.3 KX120572 Ruck et al., 2016 

 
NWU5$ 

 
July 2021 

 
Amphora sp. 

 
98.6 

 
MH064061 

Sabir et al.,2018 

NWU6# July and 
September 2021 

Navicula perminuta 
(Grunow) 

86.4 
MT432484 Majewska et al., 2020 

97.9 

NWU7$ July 2021 Navicula sp. 98.1 MH040271 Lobban et al., 2018 

NWU8$ July 2021 Nitzchia sp. 87 MT042784 Contreras et al., 2020 

NWU9* 

July 2021 Chaetoceros tenuissimus (Meunier) 79.1 MW848497 Xu and Chen, 2021 

September 2021 
Entomoneis umbratica sp. nov. (Mejdandžić and 

Bosak) 
98.2 MF000629 Mejdandzic et al., 2018 

NWU10$ July 2021 Amphora sp. 96.9 MH064142 Sabir et al.,2018 



Monoculture sequencing data that were initially excluded from the analysis due to 

not meeting the 6% threshold of chance of error per base were reanalysed at a 10% 

chance and assembled to generate consensus sequences of low-quality data that 

were used in blasting to determine molecular species identification. This provided 

an evaluation of whether, low quality sequences still provide accurate species 

identification (Table 3.6), i.e., the blastn results of the low-quality sequences 

matched morphological identification. Monocultures AB3, 12 and NWU2 provided 

similar molecular identification to morphological identification (Tables 3.2, 3.5 and 

3.6). AB3 blasted to multiple hits of Cylindrotheca sp., a few Nitzschia sp. and an 

uncultured phototrophic eukaryote. AB12 blasted Skeletonema tropicum (93.5%) in 

both sequencing events but was matched to the wrong rbcL region however, 

Skeletonema gerthae was a match and across the correct region. NWU2 blasted to 

the Psammodictyon genus and was found to match P. panduriforme var. continuum. 

Monoculture AB5 was unable to generate a sequence from amplicons thus no 

consensus sequence was created (Tables 3.3 and 3.4). AB9 had low quality 

sequences that blasted to a different species then expected (Table 3.6) and was not 

re-sequenced in September (Tables 3.3 and 3.4). NWU3 low-quality sequence 

blasted to a different genus than that of the higher quality sequence from the first 

sequencing event (Tables 3.5 and 3.6); however, neither of them provided accurate 

results to morphological identification (Table 3.2). AB9 and NWU3 low-quality 

sequences were thus excluded from analysis. 



Table 3.6. Samples re-analysed at a 10% error per base and blasted to the nucleotide database. Blast results from October 2021. * Indicates 
morphological identification was used to identify monoculture as molecular data were inconclusive. # Indicates that the samples 
morphological identification (Table 3.2) matched the blast algorithms output. 

 

Sample 
ID 

Date 
sequenced 

Blasted result 
Percentage 

match 
Blast accession 

number 
Reference 

AB3# 

September 2021 

Cylindrotheca 
closterium (Ehrenberg) 

Reimann and Lewin 
98.1 AY866415 Li et al., 2004 

AB5* - - -  

AB9* July 2021 
Chaetoceros 
tenuissimus 
(Meunier) 

 
76.6 

MK642555 De Luca et al., 2004 

AB12# 
July and 

September 
2021 

Skeletonema grethae 
(Zingone 

and Sarno) 

79.5 

DQ514818 Alverson et al., 2007 
95.3 

NWU2# 

July and 
September 

2021 

Psammodictyon 
panduriforme var. 

continuum (Grunow) 
Snoeijis 

99.6 

MH390348 
 

Romanova, unpublished 99.2 

NWU3* July 2021 Psammodictyon sp. 80.1 MN920680 
Mann et al., 2020, 

unpublished 



An unrooted neighbour-joining tree was used to confirm the relatedness of the successfully 

identified monocultures (Figure 3.2). Sequences were grouped together based on 

nucleotide differences and were arranged based on sequence similarity, thus, specimens 

with similar sequences group together. Ten sequences of the same rbcL region of similar 

species or genera to monoculture diatoms of this study were mined from GenBank to 

improve accuracy of relatedness inferred from the unrooted tree. The genetic distance 

matrix that was created when the unrooted tree was made, displays monocultures that were 

genetically similar to each other in dark-colored blocks with those that were more distantly 

related in light-colored blocks (Figure 3.1). 

The unrooted tree indicated that all Cylindrotheca species of this study (AB1,2,3 and 10) 

grouped together with a Nitzschia species, NWU8 forming their own clade. These 

monocultures were all shown to be similar to Nitzschia sigmoidea and Nitzschia frustulum 

mined from GenBank (Figure 3.2). The Psammodictyon species of this study all grouped 

and formed their own clade together with Psammodictyon constrictum from published data. 

The remaining monocultures and mined GenBank sequences formed the last clade of the 

unrooted tree (Figure 3.2). Navicula sp. NWU7 showed close relation to mined data 

Navicula salinicola however, NWU6 Navicula perminuta was found to be distant but formed 

its own clade, thus, further taxonomic classification and molecular analysis is required. 

AB11, Minutocellus sp. showed close relation to Minutocellus polymorphus however, 

morphological features need to be further inspected to confirm species identification (Table 

3.2 and Figure 3.2 and Supplementary material 1). Entomoneis sp. NWU1 showed close 

relation to Entomoneis ornata, forming their own clade, however, the morphology of NWU1 

needs to be further analysed to provide species identification. Amphora incrassata (NWU5) 

and Amphora sp. (NWU10) showed similar relations to each other and mined GenBank 

data Amphora libyca. The low-quality sequences of Skeletonema grethae (AB12) were 

shown to be closely related to Skeletonema marinoi mined from GenBank. The 

Chaetoceros sp. of this study (AB13) was found to be closely related to Skeletonema sp. 

rather than Chaetoceros sp. mined from GenBank (Figure 3.2). This is of concern as 

morphology dictates AB13 is different to Skeletonema genus and most likely part of the 

Chaetoceros genus, thus, further molecular investigation of this monoculture is required. 

The consensus sequences of AB13 were of a high-quality, thus, it is unlikely that the 

sample was contaminated with AB12 as this specimen did not seem to produce good 

quality sequencing results (Tables 3.3 and 3.4). Based on the genetic distance model 

Chaetoceros sp. mined from GenBank are shown to be closely related to Skeletonema 

grethae (AB12) with values ranges between 0.091 – 0.103 (Figure 3.1), thus it may be that 

AB13 was a closer relation in the Chaetoceros genus to Skeletonema. 



 

Figure 3.1. Genetic distance matrix created by the Geneious tree builder using a pairwise alignment for all sequence pairs. The 
alignment type was a global alignment with free end gaps using a 93% similarity to build the distance matrix. Similar sequences 
between monocultures displayed as dark-colored blocks and dissimilar sequences as light-colored blocks. Values in the table 
written in white signify close relationships between monocultures. 
 
 



 

 

 

Figure 3.2. Unrooted neighbour-joining tree created in January 2022 using the 
Geneious tree builder to infer relatedness of the diatom monocultures. Branches are 
labelled with sample name, species or genus identification, sequence event and if it is 
low quality (LQ). Colour codes indicate the following: dark blue – sequences mined 
from GenBank to infer relatedness, green – monoculture specimen identified to 
genera, orange – monoculture specimen identified morphology and molecular data and 
turquoise – low quality molecular information that provides good quality results. The 
values on the branches signify the number of substitutes per site.



Overall, 10 diatom monocultures (AB1, 2, 3, 8, 10, 12 and NWU2, 3, 5, 6) were 

conclusively identified to species level using morphology and/or molecular data, 

seven diatoms (AB11, 13 and NWU1, 7, 8, 9, 10) had molecular and/or 

morphological information but could only be resolved to genus level as better 

images, molecular data and taxonomic knowledge are required to determine the 

species (Table 3.7, Supplementary material 2). The remaining two diatoms (AB5, 9) 

had live cultures available, but we were unable to generate good quality sequences 

to identify the rbcL barcode region during this study, thus, further molecular analysis 

is required. Conclusive identification of diatom monocultures (genus or species) 

using morphology as a basis and matching it to a barcode sequence resulted in the 

accurate identification of 12 diatom monocultures (AB1, 2, 8, 10, 11, 12, 13 and 

NWU1, 5, 7, 8, 10) (Table 3.7, Supplementary material 2). 

3.4. Barcode of Life Data Systems submission and analysis 

Monoculture sample details were uploaded to project DAB (Diatoms of Algoa Bay) 

on the BOLD interface. Trace files of each sequencing event were uploaded to each 

specimen file. A total of 17 sequences were accepted by BOLDs quality check with 

those not accepted due to poor quality trace files. Of the 17 accepted, five were 

excluded as morphology was not captured due to the monocultures dying or not 

being able to maintain as a monoculture (AB4, AB7, AB9, AB14 and NWU4). Upon 

species identification, records were updated, and image plates created per 

monoculture were uploaded to each specimen file on BOLD (Supplementary 

material 1). Once the data on BOLD were complete, the data were made public and 

submitted to GenBank to obtain accession numbers for the 12 accurately identified 

diatom monocultures (Table 3.7). 

  



Table 3.7 Monocultures species identification by morphology and molecular 
approaches and conclusive species identification when possible. Monocultures with 
good quality images and barcodes had data published and accession numbers 
obtained. 

Sample ID 
Morphology 
species ID 

Molecular 
species ID 

Species/Genus 
ID 

Monoculture 
accession 
number 

AB1 C. closterium C. closterium C. closterium OL794286 

AB2 C. closterium C. closterium C. closterium OL794283 

AB3 C. closterium C. closterium C. closterium - 

AB5 S. turris - S. turris - 

AB8 
P. panduriforme 
var. continuum 

P. 
panduriforme 

var. continuum 

P. panduriforme 
var. continuum 

OL794285 

AB9 
P. panduriforme 
var. continuum 

- 
P. panduriforme 
var. continuum 

- 

AB10 C. closterium C.closterium C. closterium OL794289 

AB11 Minutocellus sp. M.polymorphus Minutocellus sp. OL794292 

AB12 S. grethae S. grethae S. grethae OL794281 

AB13 Chaetoceros sp. T. pseudonana Chaetoceros sp. OL794282 

NWU1 Entomoneis sp. Entomoneis sp. Entomoneis sp. OL794287 

NWU2 
P. parduriforme 
var. continuum 

P. parduriforme 
var. continuum 

P. parduriforme 
var. continuum 

- 

NWU3 T. velata - T. velata - 

NWU5 A. incrassata Amphora sp. A. incrassata L794288 

NWU6 N. perminuta N. perminuta N. perminuta - 

NWU7 Navicula sp. Navicula sp. Navicula sp. OL794291 

NWU8 Nitzchia sp. Nitzchia sp. Nitzchia sp. OL794284 

NWU9 Navicula sp. - Navicula sp. - 

NWU10 Amphora sp. Amphora sp. Amphora sp. OL794290 

   

https://www.ncbi.nlm.nih.gov/nuccore/OL794286
https://www.ncbi.nlm.nih.gov/nuccore/OL794283
https://www.ncbi.nlm.nih.gov/nuccore/OL794285
https://www.ncbi.nlm.nih.gov/nuccore/OL794289
https://www.ncbi.nlm.nih.gov/nuccore/OL794292
https://www.ncbi.nlm.nih.gov/nuccore/OL794281
https://www.ncbi.nlm.nih.gov/nuccore/OL794282
https://www.ncbi.nlm.nih.gov/nuccore/OL794287
https://www.ncbi.nlm.nih.gov/nuccore/OL794288
https://www.ncbi.nlm.nih.gov/nuccore/OL794291
https://www.ncbi.nlm.nih.gov/nuccore/OL794284
https://www.ncbi.nlm.nih.gov/nuccore/OL794290


Chapter 4. Discussion 

The phytoplankton community of an environment is vital for its functioning and 

stability, thus aiding in the provision of ecosystem services (McCann, 2000; Ptacnik et 

al., 2008; Cermeño et al., 2016; Busseni, 2019; Dutkiewicz et al., 2020). Diatoms 

generally dominate phytoplankton communities and respond rapidly to 

environmental changes making them ideal bioindicators (De la Rey et al., 2004; 

Morin et al., 2008; Verheye et al., 2017; Dalu et al., 2020). This study aimed to 

contribute to the molecular knowledge of using diatoms in monitoring coastal waters 

by isolating, culturing, imaging, and barcoding diatoms species collected within 

Algoa Bay, South Africa. Furthermore, diatom monocultures were included from Dr. 

Majewska’s collection (North-West University) to increase specimens identified in 

this study. Ultimately this study resulted in an easy-to-follow procedure for the 

development of barcode reference libraries to aid in species identification of diatoms 

for management purposes. 

4.1. Species significance 

Cylindrotheca closterium (Ehrenberg) Reimann and Lewin (AB1, 2, 3, 10) 

This diatom species is known to be present within Algoa Bay and is a known 

planktonic and benthic species (Reimann and Lewin 1964; An et al.,2017; Klapper 

et al., 2021; Nunes et al., 2021). This is a very robust species of diatom and has 

already been used as a model in multiple eco-physiological studies showing its 

ability to adapt to thermal and saline changes (Najdek et al. 2005; Apoya-Horton et 

al. 2006; Stock et al., 2019). This species of diatom has been extensively studied 

with its life cycle and reproductive behaviour well established (Vanormelingen et al., 

2013; Klapper et al., 2021), and it is sought after for its high lipid production that may 

be used for food, feed for aquaculture, nutraceutical products and biofuels. C. 

closterium is also a known harmful species as they produce mucilage and 

allelopathic substances that may affect organisms around them (Guiry and Guiry, 

2021; Zhang et al., 2021). 

Psammodictyon panduriforme var. continuum (Grunow) Snoeijis (AB8, 9 and NWU2) 

This species has not been used as a bioindicator because of its cosmopolitan nature 

and wide tolerance ranges for a variety of environmental variables. According to 

studies from the North-West Balkan Peninsula and the Red Sea, this species was 

amongst the most common from sampling sessions. Both studies determined the 



relationship between diatoms and environmental variables. Each Canonical 

Correspondence Analysis conducted found that this species was not influenced by 

the environmental variables tested (silica, total inorganic nitrogen (TIN), nitrate, 

nitrite, ammonium, phosphate, oxygen saturation, salinity, chlorophyll a 

concentration and temperature) (Hafner et al., 2018; Zalat et al., 2021). 

Navicula perminuta (Grunow) (NWU6) 

Navicula perminuta is a widely distributed species reported across numerous ocean 

studies (Al-Handal and Wulff, 2008; Stachura-Suchoples et al., 2015; Guiry and 

Guiry, 2021). The morphology and molecular data presented in this study allows this 

species to be easily identified globally. This species is a known marine and brackish 

water species that is motile and epiphytic, being found on various macroalgae. It is 

also known to show directional response with active movement towards light and 

enhanced lipid utilisation under higher temperatures. This species is also an 

important source of food for Antarctic krill species Euphausia superba (Dana, 1850) 

(Al-Handal and Wulff, 2008; McLachlan et al., 2009; Schaub et al., 2017; Guiry and 

Guiry, 2021), thereby making it an important species to monitor as a bioindicator of 

the health of the lower trophic Antarctic ecosystem. Its use as a bioindicator in 

South African coastal waters still need to be established. 

Trachyneis velata (Schmidt) (NWU3) 

Trachyneis velata is not a well-researched species but has been reported in oceans 

worldwide (Cleve, 1984; Giffen, 1971; Park et al., 2018; Siqueiros-Beltrones, et al., 

2017). There is no known bioindicator value of this species, more research is required 

to find out its exact role in marine and coastal ecosystems. The images generated in 

this study can be used as a reference for morphology; however, further molecular 

work is required. 

Amphora incrassata (Giffen) (NWU5) 

This species has been previously reported in Algoa Bay and in other parts of the 

world (Giffen, 1973; Cotiyane-Pondo et al., 2021; Guiry and Guiry, 2021; Risjani et 

al., 2021). Based on work done by Cotiyane-Pondo et aI. (2021), this species was 

rarely found in planktonic samples and shown to be slightly influenced by dissolved 

inorganic nitrogen and temperature. Further research is required to determine if this 

species has the potential to be a bioindicator. 



Stephanopyxis turris (Greville) Ralfs (AB5) 

There is no known biomonitoring value of this species, but it has shown importance in 

various industrial studies (Machill et al., 2013; Pytlik et al., 2017 and 2019). This 

species has been shown to take up aluminium and gold, potentially affecting higher 

trophic species due to bioaccumulation of these substances in the food web in 

polluted waters. Accurately determining this species’ barcode will allow for its easy 

detection in biomonitoring surveys and accurate identification in other research 

fields. 

Skeletonema grethae (Zingone and Sarno) (AB12) 

This species was only recently distinguished from others in its genus by Sarno et al. 

(2005). According to Kooistra et al. (2008) this species was exclusively found along 

the North American coastline, however, Bergesch et al. (2009) found this species in 

the south-western Atlantic Ocean. With this species previously known as 

Skeletonema costatum and part of a species complex, it may have been identified as 

such in the past. It is important to note that this species has been broadly recognised 

as a bloom-forming species, additionally this species has been associated with 

areas of upwelling (a regular occurrence in Algoa Bay), cultivated on commercial 

scales, and used in molecular N-assimilation experiments. No published records 

have been found for this species within South African waters, thus, this study would 

be the first to report it in Algoa Bay. The molecular analysis yielded an average 

quality barcode for this species that can be used with caution to identify it. It role 

within the Algoa bay ecosystem needs to be established and thus may be used as 

bioindicator species in the future. 

The abovementioned species may not be conclusive bioindicators, however, the 

information provided in this study means that future studies will be able to accurately 

identify these species by morphology and molecular data. Several monocultures of 

this study have been identified to genus level and will soon be identified to species 

and future molecular analysis will further improve barcodes. 

4.2. Morphology and molecular identification workflow 

Various laboratory procedures were carried out during this study with different 

instruments used to image specimens and cultures from different months were 

imaged and sequenced (Doyle and Dickson, 1987; Harding and Taylor, 2011; Elias 

et al., 2017; Witkowski et al., 2020; Cotiyane- Pondo and Bornman 2021).  



Environmental samples were obtained twice during this study (28 January 2021 and 

16 March 2021), but monocultures were only created from January environmental 

samples. Due to the COVID-19 pandemic, environmental samples were couriered 

overnight to Johannesburg from Gqeberha. Samples collected in March took two 

days to get to Johannesburg resulting in the death and decay of some of the diatoms 

in the environmental sample whilst in transit, which ultimately resulted in no 

successful monocultures being created. The January samples arrived within a day 

and were successfully isolated on 29th of January 2021. This is an indication that 

environmental samples should be processed for isolation immediately or within 24 

hours of environmental sampling to increase the percentage success of culture 

creation (Rosy, 2021).  

The culture collection maintenance method, of using Diago’s IMK media and bi-

monthly subsampling whilst keeping cultures under incubator conditions, is easy to 

follow and resulted in the continual survival of most monocultures. Thus far, culture 

maintenance has lasted one year with minimal effort, resulting in the potential for 

long-term morphology and molecular studies on diatom culture collections. 

The laboratory procedures carried out during this study for diatoms resulted in their 

morphological and molecular identification (Doyle and Dickson, 1987; Harding and 

Taylor, 2011; Elias et al., 2017; Witkowski et al., 2020; Cotiyane-Pondo and Bornman, 

2021). Furthermore, SEM analyses of different cultures (July and September 2021) 

displayed similar size cells and no major changes in cell shape thus showing 

minimal changes in monocultures during this study (Table 3.2 and Supplementary 

material 1). However, as this study did not focus on the morphological variations of 

monocultures further investigation is required to determine conclusive results for 

these species. 

The circumstances of this study did not allow for direct comparison between 

digestion methods and SEM instruments, however, the images taken in this study 

still provided evidence that an affordable desktop SEM can provided images to aid in 

accurate species identification although a more powerful and expensive SEM can be 

used to better analyse fine morphology features on different diatom species. 

The two methods of organic matter acid digestion used in this study resulted in good 

quality images, however, the nitric acid method is recommended for monocultures as 

it produced cleaner frustules. This method was also found to be less aggressive and 



allowed for well-kept siliceous frustules of delicate diatoms (Elias et al., 2017; 

Cotiyane-Pondo and Bornman, 2021). Both acid digestion methods should be used 

interchangeably and amended if necessary, depending on the type of siliceous 

structure of the diatom and if the analysis is being carried out on an environmental or 

monoculture sample (Harding and Taylor, 2011; Elias et al., 2017; Cotiyane-Pondo 

and Bornman, 2021).  

The molecular identification procedure used during this study are recommended for 

diatoms and primers chosen depending on the gene region of interest (Doyle and 

Dickson, 1987; Zimmermann et al., 2011 and 2015; Vasselon et al., 2017). If DNA 

extraction results are inconclusive it is recommended that the amount of 

monoculture volume used in centrifugation prior to extraction is increased. 

4.3. Environmental monitoring 

In the face of global environmental change, the requirement to sustainably manage 

the environment is an imperative. Effective monitoring is required to determine 

thresholds of potential concern and manage the environment sustainably (Gaylard 

and Ferreira, 2011; Kingsford et al., 2011; Vallaeys et al., 2017; Busseni, 2019; 

Swanepoel and Sauka, 2019). To monitor the environment, various abiotic and biotic 

factors need to be recorded. Physical variables are primarily obtained through in situ 

measurements and remote sensing imagery, chemical and biological variables are 

obtained through sample collection and laboratory work (Chapman and Wang, 2001; 

De la Rey et al., 2004; Johnson et al., 2011; Vallaeys et al., 2017; Dorrington et al., 

2018; Swanepoel and Sauka, 2019). With biomonitoring used as an alternative to 

chemical analysis, species detection of bioindicator species within a given 

environment are required to allow for accurate detection of changes in abiotic factors 

(pH, temperature, salinity, turbidity, nutrients and toxin concentrations, as well as 

identifying introduced pollutants and heavy metals) (Chapman and Wang, 2001; De la 

Rey et al., 2004; Vallaeys et al., 2017). The use of environmental DNA for monitoring 

requires comprehensive reference libraries of DNA barcodes of bioindicator species 

of a specific environment (Bode et al., 2017; Ruppert et al., 2019; Tapolczai et al., 

2019). 

Diatom bioindicator species have yet to be defined for most parts of the ocean 

including Algoa Bay. However, contributing accurately identified specimens to an 

open-source library (BOLD) increases the percentage of species identified in eDNA 



surveys globally. Specimens of this study have a ~250 base pair region and 

associated images of diatom species to ensure accurate identification. The building 

of reference libraries of bioindicator species will improve results of eDNA 

environmental monitoring efforts. The inclusion of eDNA analysis may reduce cost in 

the future of biomonitoring and provide a holistic view of community composition 

within the target area.  

4.4. Recommendations and future steps 

Displaying the silica frustules of diatoms is important for their accurate identification 

by morphology. The nitric acid digestion method used in this study should be, tested 

and possibly developed further on environmental samples to see if the protocol can 

be made more time-efficient, particularly with regards to the use of the shaker (Elias 

et al., 2017; Cotiyane-Pondo and Bornman, 2021). This method is less time 

consuming and requires fewer steps for preparation to obtain high quality images 

compared to the hydrochloric acid digestion method.  

Molecular identification of diatoms occurs using the ribulose 1,5–bisphosphate 

carboxylase/oxygenase plastid gene region (rbcL), and the primers used in the study 

successfully amplifies the region to greater than 250 nucleotide base pairs 

(Zimmermann et al., 2015; Vasselon et al., 2017). However, for an increase in 

accuracy, the barcode reference library should be built with barcode sequences of 

more than 500 nucleotide base pairs (Ratnasingham and Hebert, 2007). Alverson et 

al. (2007) and An et al. (2017) used rbcL primer pairs that amplified ~1470 and 

~1600 nucleotide base pair regions, respectively, that covers the rbcL gene and 

spacer region between rbcL and rbcS. Either one of these primer pairs would be the 

recommended pair for the creation of a diatom barcode reference library and should 

be used when barcoding diatoms. 

4.5. Conclusions 

Sustainably managing oceanic environments is vital for the planet, with the ocean 

systems and coastal waters providing vast amounts of ecosystem services locally and 

globally; understanding the complex interactions within them and managing them is 

required for the future of the planet (Ingole et al., 2005; Kato et al., 2011; Mohanty et 

al., 2015; Momber et al., 2016; Vallaeys et al., 2017; Berry et al., 2019; Busseni, 2019). 

Humans contribute to increasing pressure on the ocean environment through global 

environmental change, where the increasing population results in other impacts such 



as ocean pollution, changes in local and global ocean pH, resource overutilization, 

and increased greenhouse gas production leading to global warming (Knap et al., 

2002; Vallaeys et al., 2017; Häder et al., 2020; Kalenik, 2020). Humans also have 

the capacity to mitigate the impact or provide solutions to the global change issues 

by working collaboratively and in an integrative manner, with each coastal or ocean 

zone management unit managing its area sustainably and contributing to global 

knowledge of the interactions between abiotic and biotic factors through open-source 

libraries and publicly available data.  

This study contributed diatom species identification by a combination of morphology 

and molecular data to improve their use as a biomonitoring tool within coastal waters. 

The procedures and workflows utilised in this study can be adapted and used for 

many marine organisms in the development of barcode reference libraries. To 

ensure that data are shared globally, standardised protocols should be used in the 

generation of barcode libraries for specific organism types. This study made a small, 

but significant contribution to the global barcode reference libraries for marine 

species identification. By working together, we can create the ‘Ocean we need for 

the future we want’ - United Nations Secretary-General, António Guterres 

(Intergovernmental Oceanographic Commission, 2019). 
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Supplementary material 1 

Figure 1. AB1 – Cylindrotheca closterium (Ehrenberg) Reimann and Lewin. a – c and 

f are light microscope images at 1000X magnification (scale bar = 10 µm). A Zeiss 

Axio Imager 2 using brightfield, differential interference and phase contrast 

microscopy and Zen 2012 blue edition software was used to capture and annotate 

images. d, e, and g are Phenom Pure G6 desktop SEM images of samples 

prepared on aluminium stubs with carbon tape. 



 

Figure 2. AB2 – Cylindrotheca closterium (Ehrenberg) Reimann and Lewin. a – c 

are light microscope images at 1000X magnification (scale bar = 10 µm), a and b 

are images of live samples. A Zeiss Axio Imager 2 using brightfield, differential 

interference and phase contrast microscopy and Zen 2012 blue edition software 

was used to capture and annotate images. d - f are Phenom Pure G6 desktop SEM 

images of samples prepared on aluminium stubs with carbon tape. 



Figure 3. AB3 – Cylindrotheca closterium (Ehrenberg) Reimann and Lewin. a – d 

are light microscope images at 1000X magnification (scale bar = 10 µm), a and b 

are live samples, and the remaining are digested samples. A Zeiss Axio Imager 2 

using brightfield, differential interference and phase contrast microscopy and Zen 

2012 blue edition software was used to capture and annotate images. e - g are 

Phenom Pure G6 desktop SEM images of samples prepared on aluminium stubs 

with carbon tape. 



 

Figure 4. AB5 – ¬Stephanopyxis turris (Greville) Ralfs. a – g are light microscope 

images at 1000X magnification (scale bar = 10 µm), a and b are live samples, and 

the remaining are digested samples. A Zeiss Axio Imager 2 using brightfield, 

differential interference and phase contrast microscopy and Zen 2012 blue edition 

software was used to capture and annotate images. h is an image from the MMU 

using a Vega TESCAN SEM to image samples coated with carbon and gold 

palladium and i - k are Phenom Pure G6 desktop SEM images of samples prepared 

on aluminium stubs with carbon tape. 



 

Figure 5. AB8 - Psammodictyon panduriforme var. continuum (Grunow) Snoeijis. a – 

g are light microscope images at 1000X magnification (scale bar = 2 µm), a - c are 

live samples, and the remaining are digested samples. A Zeiss Axio Imager 2 using 

brightfield, differential interference and phase contrast microscopy and Zen 2012 

blue edition software was used to capture and annotate images. h and i are Phenom 

Pure G6 desktop SEM images of samples prepared on aluminium stubs with carbon 

tape. 



 

Figure 6. AB9 - Psammodictyon panduriforme var. continuum (Grunow) Snoeijis. a – 

f are light microscope images at 1000X magnification (scale bar = 2 µm), a - c are 

live samples, and the remaining are digested samples. A Zeiss Axio Imager 2 using 

brightfield, differential interference and phase contrast microscopy and Zen 2012 

blue edition software was used to capture and annotate images. g is an image from 

the MMU using a Vega TESCAN SEM to image samples coated with carbon and 

gold palladium and h - j are Phenom Pure G6 desktop SEM images of samples 

prepared on aluminium stubs with carbon tape. 



 

Figure 7. AB10 – Cylindrotheca closterium (Ehrenberg) Reimann and Lewin. a – c 

are light microscope images at 1000X magnification (scale bar = 10 µm), a and b 

are live samples, and the remaining are digested samples. A Zeiss Axio Imager 2 

using brightfield, differential interference and phase contrast microscopy and Zen 

2012 blue edition software was used to capture and annotate images. d – f are 

Phenom Pure G6 desktop SEM images of samples prepared on aluminium stubs 

with carbon tape. 



 

Figure 8. AB11 – Minutocellus sp. a – c are Light microscope images at 1000X 

magnification (Scale bar = 2 µm), no live samples were imaged. A Zeiss Axio 

Imager 2 using brightfield, differential interference and phase contrast microscopy 

and Zen 2012 blue edition software was used to capture and annotate images. d, e 

are Phenom Pure G6 desktop SEM images of samples prepared on aluminium 

stubs with carbon tape. f, g are images from the HRTEM using a JOEL JSM–7001F 

SEM, samples were coated with carbon and gold palladium 



 

Figure 9. AB12 – Skeletonema grethae (Zingone and Sarno). a – c and e are light 

microscope images at 1000X magnification (a: scale bar = 10 µm b, c, e: scale bar = 

2 µm), a is an image of the live sample, and the remaining are digested samples. A 

Zeiss Axio Imager 2 using brightfield, differential interference and phase contrast 

microscopy and Zen 2012 blue edition software was used to capture and annotate 

images. d and f are Phenom Pure G6 desktop SEM images of samples prepared on 

aluminium stubs with carbon tape. 



 

Figure 10. AB13 – Chaetoceros sp. a – e are light microscope images at 1000X 

magnification (a, b, d, e: scale bar = 50 µm c: scale bar = 10 µm), a and b are live 

samples, and the remaining are digested samples. A Zeiss Axio Imager 2 using 

brightfield, differential interference and phase contrast microscopy and Zen 2012 

blue edition software was used to capture and annotate images. f, g are Phenom 

Pure G6 desktop SEM images of samples prepared on aluminium stubs with carbon 

tape. h, i are images from the HRTEM using a JOEL JSM–7001F SEM, samples 

were coated with carbon and gold palladium 



 

Figure 11. NWU1 – Entomoneis sp. a – d are light microscope images at 1000X 

magnification (scale bar = 10 µm), a and b are live samples, and the remaining are 

digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. e is an image from the MMU using a Vega TESCAN 

SEM, samples were coated with carbon and gold palladium and f - i are Phenom 

Pure G6 desktop SEM images of samples prepared on aluminium stubs with carbon 

tape. 



 

Figure 12. NWU2 - Psammodictyon panduriforme var. continuum (Grunow) Snoeijis. 

a – d are light microscope images at 1000X magnification (scale bar = 2 µm), a - c 

are live samples, and the remaining are digested samples. A Zeiss Axio Imager 2 

using brightfield, differential interference and phase contrast microscopy and Zen 

2012 blue edition software was used to capture and annotate images. f is an image 

from the MMU using a Vega TESCAN SEM, samples coated with carbon and gold 

palladium and e, g and h are Phenom Pure G6 desktop SEM images of samples 

prepared on aluminium stubs with carbon tape. 



 

Figure 13. NWU3 - Trachyneis velata (Schmidt). a – c and f are light microscope 

images at 1000X magnification (scale bar = 10 µm), a and b are live samples, and 

the remaining are digested samples. A Zeiss Axio Imager 2 using brightfield, 

differential interference and phase contrast microscopy and Zen 2012 blue edition 

software was used to capture and annotate images. d, e, g, and h are Phenom Pure 

G6 desktop SEM images of samples prepared on aluminium stubs with carbon tape. 



 

Figure 14. NWU5 – Amphora incrassata (Giffen). a - c are light microscope images 

at 1000X magnification (scale bar = 2 µm), a is of live samples, and the remaining 

are digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. d - h are Phenom Pure G6 desktop SEM images of 

samples prepared on aluminium stubs with carbon tape. 



 

Figure 15. NWU6 – Navicula perminuta (Grunow). a – d are light microscope 

images at 1000X magnification (scale bar = 2 µm), a is of live sample, and the 

remaining are digested samples. A Zeiss Axio Imager 2 using brightfield, differential 

interference and phase contrast microscopy and Zen 2012 blue edition software was 

used to capture and annotate images. e - g are Phenom Pure G6 desktop SEM 

images of samples prepared on aluminium stubs with carbon tape. 



 

Figure 16. NWU7 – Navicula sp. a – i are light microscope images at 1000X 

magnification (scale bar = 10 µm), a - c are live samples, and the remaining are 

digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. j - o are Phenom Pure G6 desktop SEM images of 

samples prepared on aluminium stubs with carbon tape. 



 

Figure 17. NWU8 – Nitzschia sp. a – d are light microscope images at 1000X 

magnification (scale bar = 2 µm), a is of live samples, and the remaining are 

digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. e - f are Phenom Pure G6 desktop SEM images of 

samples prepared on aluminium stubs with carbon tape. 



 

Figure 18. NWU9 – Navicula sp. a – d are light microscope images at 1000X 

magnification (scale bar = 2 µm), a is of a live sample, and the remaining are 

digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. e, f and g are Phenom Pure G6 desktop SEM images 

of samples prepared on aluminium stubs with carbon tape. 



 

Figure 19. NWU10 – Amphora sp. a – d are light microscope images at 1000X 

magnification (scale bar = 2 µm), a is of a live sample, and the remaining are 

digested samples. A Zeiss Axio Imager 2 using brightfield, differential interference 

and phase contrast microscopy and Zen 2012 blue edition software was used to 

capture and annotate images. e is an image from the MMU using a Vega TESCAN 

SEM, samples coated with carbon and gold palladium and f - g are Phenom Pure G6 

desktop SEM images of samples prepared on aluminium stubs with carbon tape.



Supplementary material 2 

Table 1. Samples with barcode and associated morphological data that has been uploaded on the Barcode of Life Data Systems 

(BOLD) and relevant accession number for each barcode sequence. The barcode sequences can be used to identify diatom 

species when doing molecular analysis and associated images used to further confirm identification. 

Sample 
ID 

Species/Genus 
Accession 

number 
 

Barcode sequence 5’-3’ 
Image 

 
 
 
 
 

AB1 

 
 
 

Cylindrotheca 
closterium 

(Ehrenberg) 
Reimann and 

Lewin 

 
 
 
 
 
 

OL794286 

 
ASTTAAACGTTACAGGCGCAACAAT 
GGAAGAAGTATACAAACGTTCAGAG 
TATGCTAAAGAAGTAGGTTCTATCAT 
TATCATGATCGATTTAGTTATGGGAT 
ATACAGCAATCCAAAGTATTGCTTTA 
TGGGCTCGTGAAAATGATATGCTTTT 
ACATTTACACCGTGCTGGTAACTCA 
ACATATGCACGTCAAAAAAATCATG 
GTATCAATTTCCGTGTAATTTGTAAA 
TGGATGCGTATGTCTGGTGTAGATC 

ATATTCATGCTGGTACA 

 
 
 

 

 
 
 
 

AB2 

 
Cylindrotheca 

closterium 
(Ehrenberg) 

Reimann and 
Lewin 

 
 
 

 
OL794283 

 
GGCGCWACAATGGAAGAAGTATACAAA 
CGTTCAGAGTATGCTAAAGAAGTAGGTT 
STATCATTATCATGATMGATTTAGTTATG 
GGATATACMGCAATCCAAAGTATTGCTTT 

ATGGGCTCGTGAAAATGATATGCTTTTACAT 
TTACACCGTGMTGGTAACTCAWCATATGCA 
CGTCAAAAAAATCATGGTATCAATTTCCGT 
GTAATTTGTAAATGGATGCGTATGTCTGG 

TGTAAATCAYATTCATGCTGGTAC 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794286
https://www.ncbi.nlm.nih.gov/nuccore/OL794283


 

 
 
 
 
 

AB8 

 

 
Psammodictyon 

panduriforme var. 
continuum 

(Grunow) Snoeijis 

 
 
 
 

 
OL794285 

 
GAAGAAATCTATSAACGTGCTGAGTA 
CGCTAAAGAAGTAGGTTCTGTTATCA 
TTATRATCGATTTAGTTATGGGTTATA 
CTGCTATCCAATCTATCGCTCTTTGGG 
CTCGTAAMAACGATATGCTTTTACAC 

TTACACCGTGCTGGTAACTCTACTTAC 
GCTCGTCAAAAAAACCACGGTATTAAC 
TTCCGTGTAATCTGTAAATGGATGCGT 
ATGTCTGGTGTAGATCAYATCCACGCT 

GGTACA 

 

 

 

 
 
 
 

 
AB10 

 
 

Cylindrotheca 
closterium 

(Ehrenberg) 
Reimann and 

Lewin 

 
 
 
 
 

OL794289 

 
CTTAAACATCACAGCCGCTACGATG 
GAAGAAGTTTACAAACGTGCTGACT 
ACGCTAAGAAAATCGGTTCTATCAT 

TGTAATGATCGATTTAGTAATGGGTT 
ACACAGCAATTCAAAGTATTGCTTAC 
TGGGCTCGTGAAAACGATATGTTATT 
ACACTTACACCGTGCTGGTAACTCTA 
CTTACGCTCGTCAAAAGAACCACGGT 
ATTAACTTCCGTGTTATCTGTAAATG 
GATGCGTATGTCTGGTGTGGATCAC 

ATCCATGCTGGTACA 

 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794285
https://www.ncbi.nlm.nih.gov/nuccore/OL794289


 

 
 
 
 

 
AB11 

 
 
 
 

 
Minutocellus sp. 

 
 
 
 
 

OL794292 

 
TTAAACATCACAGCCGCTACGATGG 
AAGAAGTTTACAAACGTGCTGACTAC 
GCTAAGAAAATCGGTTCTATCATTG 

TAATGATCGATTTAGTAATGGGTTAC 
ACAGCAATTCAAAGTATTGCTTACTG 
GGCTCGTGAAAACGATATGTTATTAC 
ACTTACACCGTGCTGGTAACTCTACT 
TACGCTCGTCAAAAGAACCACGGTAT 
TAACTTCCGTGTTATCTGTAAATGGAT 

GCGTATGTCTGGTGTGGATCACATCCA 
TGCTGGTACA 

 
 

 

 
 
 
 
 

AB12 

 
 

Skeletonema 
grethae (Zingone 

and Sarno) 

 
 
 
 

 
OL794281 

 
GCAACAATGGAAGAAGTATACAAACG 
TGCTGAGTATGCTAAAGCTGTTGGTTC 
TATCGWTGTTATGATCGATTTAGTAAT 
GGGTTACACWGCAATTCAATCAATTG 

CATACTGGGCTCGTGAAAACGATATGT 
TAWTACACTTACACCGTGCTGGTAACT 
CTACATACGCTCGTCAAAAGAATCACG 
GTATTAACTTCCGTGTTATCTGTAAAT 
GGATGCGTATGTCTGGTGTASATCAC 

ATCCRCRCTGGTACA 

 
 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794292
https://www.ncbi.nlm.nih.gov/nuccore/OL794281


 

 
 
 
 
 

 
AB13 

 
 
 
 
 

Chaetoceros 
sp. 

 
 
 
 
 

 
OL794282 

 
TGAAGTAAAAGGTTCATACTTA 
AACATTACAGCTGCAACGATG 

GAAGAAGTATACAAACGTGCTG 
AGTATGCTAAAATGATCGGTTC 
TGTAATTGTGATGATCGATTTAG 
TAATGGGTTACACTGCAATTCAA 
TCAATTGCTTACTGGGCTCGTGA 
AAACGATATGTTATTACATTTACA 

CCGTGCTGGTAACTCTACTTACGC 
TCGTCAAAAAAATCATGGTATTAAC 
TTCCGTGTAATTTGTAAATGGATGC 
GTATGTCTGGTGTAGATCATATCCA 

CGCTGGTACAG 

 

 

 

 
 
 
 

NWU1 

 
 
 
 

Entomoneis sp. 

 
 
 
 
 

OL794287 

TAAACATCACTGCTGGTACAATGGAA 
GAAGTTTACAAACGTGCTGAATATGC 
TAAAGCAGTAGGTTCTGTAATTGTTAT 
GATCGATTTAGTTATGGGTTATACAG 

CGATTCAATCAATTGCTTACTGGGCTC 
GTGAAAACGATATGTTATTACACTTAC 
ACCGTGCTGGTAACTCTACATACGCAC 
GTCAAAAAAATCATGGTATTAACTTCCG 
TGTTATCTGTAAGTGGATGCGTATGGC 

TGGTGTAGATCATATCCACGCTGGTACA 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794282
https://www.ncbi.nlm.nih.gov/nuccore/OL794287


 

 
 
 
 
 

NWU5 

 
 

 
Amphora 
incrassata 

(Giffen) 

 
 
 
 

 
L794288 

 
TTAAACATTACTGGTGGTACAATGGAAGA 
AGTTTACAAACGTGCTGAGTACGCAAAAT 
CAGTAGGTTCTGTAATTGTGATGATCGAT 

TTAGTTATGGGTTACACAGCAATTCAAAGT 
ATTGCTCTTTGGGCTCGTGAAAACGATA 

TGTTATTACACTTACACCGTGCAGGTAAC 
TCTACATACGCTCGTCAAAAGAATCATGG 
TATTAACTTCCGTGTTATCTGTAAATGGA 
TGCGTATGTCTGGTGTAGATCACATCCA 

CGCTGGTACA 

 

 

 
 
 
 
 

NWU7 

 
 
 
 
 

Navicula sp. 

 
 
 
 

 
OL794291 

 
TAAACGTTACTGCAGCTACTATGGAAGAA 
GTGTACAAACGTGCAGAGTACGCTAAAAT 
GGTTGGTTCTATCATTATCATGATCGATTT 
AGTAATGGGTTATACAGCAATCCAAAGTA 
TTGCTTTATGGGCTCGTGAAAACGACAT 
GCTTTTACACTTACACCGTGCTGGTAACT 
CTACTTCGCTCGTCAAAAGAACCACGGT 
ATTAACTTCCGTGTTATCTGTAAAGGATG 
CGTATGTCTGGTGTAGATCACATCCAC 

GCTGGTACAGT 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794288
https://www.ncbi.nlm.nih.gov/nuccore/OL794291


 

 
 
 
 
 
NWU8 

 
 
 
 
 
Nitzschia sp. 

 
 
 
 

 
OL794284 

 
AAAGGTTCATACTTAAATGTTACAGCTGCT 
ACTATGGAAGAAGTATACAAACGTTGTGA 
GTATGCAAAAGAAGTAGGCTCTATCATTGT 
AATGATCGATTTAGTTATGGGCTACACAGC 
AATTCAAAGTGCTGCAATTTGGGCTCGTGA 
CAATGATATGCTTTTACATTTACACCGTGCA 
GGAAACTCTACATATGCACGTCAAAAAAATC 
ACGGTATTAACTTCCGTGTTATTTGTAAGTG 
GATGCGTATGTCTGGTGTAGATCATATCCAC 
GCTGGAACA 

` 

 
 

 
 
 
 
 
NWU10 

 
 
 
 
 
Amphora sp. 

 
 
 
 

 
OL794290 

 
 
TTAAACGTTACTGCCGGTACTATGGAAGAAG 
TGTACAAACGTGCTGAGTACGCTAAAAATGT 
GGGATCTGTAATTATCATGATCGATTTAGTTA 
TGGGTTACACAGCAATTCAAAGTATTGCTAT 
CTGGTCTCGTGAAAACGATATGCTTTTACAC 
TTACACCGTGCAGGTAACTCTACATACGCT 
CGTCAAAAAAATCATGGTATTAACTTCCGT 
GTTATTTGTAAATGGATGCGTATGTCAGG 
TGTAGATCATATTCACGCTGGTACA 

 
 

 

 

https://www.ncbi.nlm.nih.gov/nuccore/OL794284
https://www.ncbi.nlm.nih.gov/nuccore/OL794290

