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Project Title: Can the diversity of Singapore Marine Planktonic Eukaryotes be uncovered 

using culture methods?  

Student Name: Rae Chua (U1640646L) 

ABSTRACT 

Phytoplankton have key ecological significance and are suited to be bioindicators. There is a 

need to improve conventional morphology-based biomonitoring approaches and evaluate 

metabarcoding as a biomonitoring tool. This study aims to understand the culturable diversity 

of phytoplankton from Singapore waters. Several isolation strategies were used, including 

serial dilution, flow cytometry cell-sorting and single-cell pipette isolation, on marine samples 

collected from Singapore and Johor Straits. Isolated strains were genetically characterized by 

18s rRNA sequencing and sequences were phylogenetically analyzed. Sequences obtained 

were compared against environmental metabarcoding data. A total of 22 strains were isolated, 

spanning 4 divisions- Chlorophyta, Cryptophyta, Dinoflagellata, Ochrophyta. Phylogenetic 

analysis revealed that several strains represented uncultured sequences in databases. 

Comparison with metabarcoding data demonstrated that culture methods uncover diversity not 

detected by metabarcoding. Culture methods can uncover the diversity of phytoplankton in 

Singapore waters and should be a continuous effort, to improve biomonitoring approaches and 

applicability.  

  



7 

 

INTRODUCTION 

Morphology-based Biomonitoring  

Marine planktonic communities can be divided by taxonomic groups and size fractions. They 

are composed of representatives from all domains of life- archaea, bacteria and eukaryota. 

Phytoplankton are a functional group of single-celled organisms, including groups of 

eukaryotes and prokaryotes like cyanobacteria, with photosynthetic capabilities. These cells 

span three orders of magnitude, ranging from mesoplankton (0.2-2mm) to picoplankton (0.2-

2uM)(Not et al., 2012). In the marine environment, phytoplankton hold key ecological 

significance. Given their photosynthetic nature and abundance, they are the basis of marine 

food webs, contributing an estimated of 50% of global primary production (Field et al., 1998). 

Several works have shown that functional groups of phytoplankton are key players of major 

biogeochemical cycles, like carbon, phosphorous, nitrogen, silica and oxygen (Basu & 

Mackey, 2018; P. Falkowski, 2012; P. G. Falkowski, 1994; Litchman et al., 2015; Smith et al., 

2014; Takao et al., 2020).  

 

Since phytoplankton underpin many ecological processes and respond quickly and strongly to 

fluctuations in biotic and abiotic environmental conditions (Bode et al., 2015; Righetti et al., 

2019), their use as reliable bioindicators, in both freshwater and marine ecosystems, has 

increased in recent years (Allende et al., 2019). Conventionally, morphology-based 

biomonitoring tools are used to assess environmental health. However, reviews and 

comparative studies have cited several drawbacks (Cordier et al., 2019). Traditional 

morphology-based biomonitoring involves use of light microscopy and taxonomy expertise to 

identify and enumerate species found in environmental samples (Weithoff & Beisner, 2019). 

There are three main factors hampering the effectiveness of morphology-based biomonitoring 

(McManus & Katz, 2009; Vuorio et al., 2020). 

 

First, it is labor-intensive and time-consuming. Environmental samples are individually 

screened under a light microscope, often with epifluorescence, and cells are counted. Samples 

would also have to be processed for durability, either by preservation or culturing. The time-

lag between sampling and results generation reduces the effectiveness of biomonitoring and 

rules out the possibility of implementing early-warning systems (Cristescu, 2014). Second, it 

relies on highly-trained individuals with expertise to identify species-specific structural details 

and accurately assign species. Given that the process of microscope identification is done by a 

single researcher, there is an element of subjectivity in documenting observed structures that 

may not be uniformed across studies (McManus & Katz, 2009). Lastly, morphology-based 

biomonitoring is limited by visual observation. Morphological characterization can only be 
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applied to easily-observable species with distinguishable structures making it impossible for 

some groups that lack clear morphological characteristics (Bazin et al., 2014; Rodríguez-

Ramos et al., 2014). For example, it would be easy to document and identify, to morphospecies, 

a large diatom (>20µm) with hard parts and distinct surface structures but difficult to observe 

a picoplankton (<2µm) like Micromonas pusilla that consists of a single nucleus, 

mitochondrion, chloroplast and flagellum. Morphology-based combined with molecular 

phylogenetic studies have shown that cryptic diversity (species with undifferentiated 

morphologies) is often hidden by morphological plasticity. Due to these drawbacks, 

morphology-based monitoring approach has low automatable upscaling potential to detect 

significant changes in the phytoplankton community at speed and quality need by 

biomonitoring programs (Pawlowski et al., 2016; Porter & Hajibabaei, 2018).  

 

Metabarcoding for Biomonitoring  

Growing human pressure on coastal waters worldwide, including Singapore, has increased the 

demand for effective and fast monitoring programs with more cost-efficient and reliable tools 

to assess the quality of aquatic habitats. With advancement of molecular techniques, 

metabarcoding is a rapid and inexpensive approach for biomonitoring (Kim et al., 2017; Obiol 

et al., 2020; Penna & Galluzzi, 2008; Shokralla et al., 2012; Sunagawa et al., 2015). It involves 

high-throughput sequencing of selected gene markers from environmental samples. In brief, 

DNA from cells present in the environment is extracted, a target gene is amplified by 

polymerase chain reaction (PCR) and the sequences obtained compared against an accurate 

database (Figure 1). For eukaryotes, including phytoplankton,  the 18s rRNA gene marker is 

readily adopted as it is variable enough to resolve genera and sometimes species yet is flanked 

by conserved regions, allowing the use of universal primers (Alemzadeh et al., 2014). There is 

growing database of studies and related literature supporting the use of metabarcoding by 

evaluating its efficacy against morphology-based approaches for uncovering phytoplankton 

species diversity (Cahill et al., 2018; Hajibabaei et al., 2011; Hamsher et al., 2013; Vuorio et 

al., 2020).  

 

The advantages of metabarcoding are multi-fold. Fundamentally, it directly overcomes the 

limitations of morphology-based biomonitoring. PCR and sequencing techniques can be 

automated, lending to the objectiveness and ease of documentation/ data storage of this 

approach. Automation greatly decreases processing time and hence, removes the time-lag 

morphology-based methods face (Cordier et al., 2019). Furthermore, there are added benefits 

of metabarcoding. Amplification of target genes ensures that there is enough genomic material 

for sequencing, enabling detection of small populations and increases likelihood of detecting 
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rare and low-abundance species. Harnessing these advantages would allow more, spatially and 

temporally, extensive biomonitoring efforts (Porter & Hajibabaei, 2018).  

 

 
 

Figure 1. Schematic illustration of metabarcoding step modified from Ruiz-trillo 2018(Ruiz-trillo & Ferrer-bonet, 

2018). DNA is extracted from samples obtained directly from the environment before amplification using 

universal gene primers. This is followed by sequencing “universal gene” and sequence annotation referencing an 

accurate database to assign strains to species level.  

 

While promising, metabarcoding is highly dependent on taxon sampling and annotation 

accuracy of reference databases. To fully embrace metabarcoding to improve knowledge on 

phytoplankton diversity and ecology, there is an urgent need for high-quality reference 

sequences in the common-use databases (e.g. PR2 (Guillou et al., 2013)). To overcome some 

key challenges faced by metabarcoding, accuracy of databases must be reviewed and improved. 

This can be achieved by combining phylogenetic and morphology-based techniques. In fact, 

culture-based studies have been responsible for most of the new major lineages recently added 

to the eukaryotic tree.  Good quality references sequences with accurate and detailed taxonomic 

description are needed to improve databases classifications; mostly obtained when organisms 

are cultivated.  

 

Few studies have surveyed the marine phytoplankton community from Singapore waters.  

Tham Ah Know, 1973 described planktonic composition from Singapore waters based on 

microscopic observations (Tham, 1973). In 2016, also by microscope, Tan, et al. identified a 

large number of marine phytoplankton including pennate diatoms (Tan et al., 2016).  These 

phytoplankton cells were missing from Chenard et al. which applied the metabarcoding 

approach (Chénard et al., 2019), and a great number of sequences were only assigned at family 

or genus level.  These results prompted investigation of the culturable diversity of 

phytoplankton from Singapore waters.  
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MATERIALS AND METHODS  

Sampling 

From November 2019 to February 2020, marine water samples were collected from Pulau Kusu 

(1.2232°N, 103.8611°E), Pulau Hantu (1.2250°N, 103.7525°E) and Saint John’s Island 

(1.2167°N, 103.8500°E) in the Singapore Strait. From the Johor Strait, sampling sites were 

Tanjong Chek Jawa (1.408731°N, 103.99103°E) and Pulau Ubin (1.4126°N, 103.9577°E). 

 

Water was collected from the surface, at 1m depth, with a Niskin bottle. Collected water was 

filtered through a 100µm mesh filter on site to eliminate larger fractions of plankton (e.g. fish 

larvae and marine invertebrates). Planktonic cells were also collected with a plankton net of 

20µm to concentrate plankton larger than 20µm.  

 

Collection bottles were acid-washed once and rinsed thrice with MilliQ water the day before 

sampling. On site, bottles were rinsed once with seawater. Water samples were kept away from 

light when transported back to the laboratory and processed on the same day.  

 

Culture Maintenance- Growth Media  

Media used for cultures was prepared from aged seawater with enrichment of nutrients, trace 

metals, and vitamins. Seawater was collected from the surface in clean, opaque 20L carboys 

and aged for minimally three months. Bottles for media preparation were autoclaved at 121oC 

for 20 minutes beforehand. Stock solutions of nitrates, phosphates, silicates, trace metals and 

vitamins were prepared and autoclaved. Chemicals required to make stock solutions were 

obtained from Sigma Chemical Company. Aged seawater was filtered through a Millipore filter 

tower with 0.2µm filter, before autoclaving at 121°C for 20 minutes. Autoclaving and filtration 

reduce contamination of bacteria or fungi. 

 

L1 (Guillard & Hargraves, 1993) media is a basic defined media that encourages growth of 

fast-growing organisms. Addition of silicates supports growth of diatoms with thick silica 

walls. To enhance phytoplankton yield, soil extract (1%) was added as it provides additional 

nitrogen and phosphorous for growth.  

 

Soil extract was prepared as per the following protocol (Vaulot, 2019). From an easily 

accessible and pesticide/ pollutant free region in the Bukit Timah Nature Reserve, 10g of dry 

soil was collected. Mixture of soil and 400mL of MilliQ water was boiled for 1 hour and filtered 
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through a 0.8µm filter before filtering through a 0.2µm filter. Filtrate was transferred to a clean 

glass bottle.  

 

Pre-isolation Techniques  

Filtration  

To target different phytoplankton size fractions, 100µm pre-filtered samples were further 

filtered through 20µm and 3µm polycarbonate filters (47mm diameter) by gravity, in a 

Millipore filtration tower. Filtered fractions were used for serial dilution or enrichment.  

 

Enrichment  

Enrichment was performed by mixing 15mL of sample filtrates (20µm and 3µm) with 1mL of 

media. These enrichment cultures were incubated for 2 weeks at 22°C, with a 12:12 hour 

light:dark cycle.  

 

Isolation Techniques 

Serial Dilution 

On the sampling day, 20µm and 3µm pre-filtered water samples were seeded into 96-well deep-

well plates, in two dilution fractions per size fraction. 30mL of media was mixed with 100uL 

of filtrate to give a ~1cell/mL dilution and 30mL of media with 1mL of filtrate for a ~100 

cell/mL dilution.  Each well was filled with 1mL of each dilution. One 96-well deep-well plate 

was seeded for each water sample (Figure 2A).  

 

Plates were incubated at 22°C, with a 12:12 hour light:dark cycle. Over 10 days, wells were 

periodically checked (~every 3 days) for coloration, which would indicate sufficient 

phytoplankton growth for further isolation.  

 

When sufficient growth was observed, 100µL of culture from each well was transferred to a 

clear-bottom 96-well plate for observation with an inverted microscope. Contents of each well 

were described and recorded. Wells with distinct and novel strains were selected for further 

serial dilution. Epifluorescence illumination with blue light allowed for confirmation of 

photosynthetic phytoplankton strains with chlorophyll pigments that emit red light when 

excited by blue light.  

 

To further improve isolation, serial dilution was carried out by seeding 100µL of culture in 

900µL of media and pipetting 100µL down a column of six wells in a 48-well plate. Each time, 
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increasing the dilution factor by 10X (Figure 2B). For better growth of long chains and larger 

diatoms, 200µL of culture and 1800µL of media was used for 24-well plates, pipetting 200µL 

across a row of six wells.  

 

Serial dilution plates were periodically checked (~every 3 days) for coloration, with the 

inverted microscope and epifluorescence illumination. Observation, record and selection of 

wells with strains of interest was repeated for new dilution plates until a well appeared to 

contain a single strain. These wells were seeded into 10mL of media in a 50mL culture flask 

and sub-cultured every 2 weeks to ensure maintenance and viability of a potentially clonal 

culture.  

 

Figure 2: Isolation by serial dilution. A) Conformation of 96-well deep-well dilution plates. B) Seeding and serial 

dilution of a 48-well serial dilution plate. 

 

Flow Cytometry Cell-sorting 

Enrichment cultures were incubated for 2 weeks before being used for flow cytometry (FCM) 

cell-sorting into 48-well plates. FCM was also used for single-strain flasks, to ensure that 

A

B
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cultures were clonal. Protocol for FCM was optimized for the Roscoff Culture Collection 

(RCC) sorting of clonal strains (Marie et al., 2017). 

 

A FACSAria cytometer (School of Biological Science, Flow Cytometer facility), equipped 

with a 488nm laser was used for sorting. Cultures were sorted into L1 media, consistent with 

media used for isolation, with 0.01% bovine albumin solution (BSA) that encourages recovery 

of viable cells and initiation of a viable culture. 4 wells were sorted with 100 cells to ensure 

that the sorting process was successful. Rest of the 44 wells were sorted with 1 cell each for 

establishment of a clonal culture from a single cell. Penicillin, neomycin and streptomycin 

(PNS) antibiotic mixture was added at a final concentration of 0.1% in each well, three days 

after sorting. This is to reduce bacterial contamination since sorting was done in non-sterile 

conditions of the flow cytometer.  

 

Wells were monitored with an inverted microscope and/ or epifluorescence microscopy 

periodically (~every 3 days) for 2 weeks after sorting. When a clonal culture is initiated and 

established, 100µL of culture from the well was seeded into 10mL of media, and sub-cultured 

every 2 weeks to ensure maintenance and viability of a potentially clonal culture. 

 

Single-cell Isolation 

Plankton net samples were also used for culture and isolation. 15mL of plankton net samples 

were enriched with 1mL of media and incubated at 22°C, with 12:12 hour light:dark cycles for 

2 weeks. Sample was then used for single-cell pipette isolation. A 2µL micropipette was fitted 

with a manually bent tip. Cells for isolation were observed and selected at 40X magnification. 

Tip was inserted into the well and observed with 5X magnification before uptake of 2µL of 

culture, including the targeted cells. Cells were transferred to a new well plate with 1mL of 

media in each well. 3 days after pipette isolation, PNS was added to a final concentration of 

0.1%.  

 

Media and incubation conditions were kept constant. Plates were monitored periodically 

(~every 3 days) after isolation to check for growth. Wells were then selected to be seeded into 

a serial dilution plate as in ‘Serial Dilution’. Concurrently, pipette isolation was repeated for 

these wells. Observation, record and selection of wells for dilution or pipette isolation, was 

repeated with new plates until a well appeared to have a single strain. These wells were seeded 

into 10mL of media, in a 50mL culture flask, and sub-cultured every 2 weeks to ensure 

maintenance and viability of a potentially clonal culture 
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This method was also used as a complimentary isolation technique for serial dilution plates, 

especially for isolating chain-forming phytoplankton strains.  

 

Microscope Observation 

Microscope observation during and after isolation was performed with a CKX53 Olympus 

inverted light microscope. Brightfield, differential interference contrast and epifluorescence 

microscopy were used. Structural details captured allowed identification of some strains with 

distinct characteristics (e.g. presence of phycoerythrin in Cryptophytes which is bright orange 

under green light). 

 

Molecular Analysis 

Stable cultures were identified using partial 18S rRNA sequences and added to the Singapore 

Marine Strains (SMS) collection.  

 

DNA was extracted directly from cultures by pipetting 0.2mL of fresh, health culture into PCR 

tubes, heated for 5 min at 95°C and cooled to 4°C in the PCR thermocycler. A DNA extraction 

with NucleoSpin Plant II kit (Macherey-Nagel) was performed for thick-walled or low-

concentration strains. In brief, cells were harvested by centrifugation from 2mL of culture, with 

addition of 0.5µL of Pluronic F-127. Cultures were centrifuged at 11000 g for 1 minute. The 

supernatant was discarded in 10% bleach, and cells re-suspended in remaining media. DNA 

was then extracted from the pellet with the Nucleospin Plant II Kit (Machery-Nagel), following 

manufacturer given protocol. The concentration of extracted DNA was determined with an 

Invitrogen Qubit Fluorometer (Thermo Fisher Scientific). 

 

For 18S rRNA amplification the primers 63F (5’ACGCTTGTCTCAAAGATTA3’)(Lepere et 

al., 2011), 528F (5’-CCGCGGTAATTCCAGCTC3’)(Zhu et al., 2005) and 1818R 

(5’ACGGAAACCTTGTTACGA3’)(Lepere et al., 2011) were used. The combination of 528F 

and 1818R was used for PCR directly performed from cells. PCR amplification was performed 

in a 10μL mix containing 5μL of Phusion High-Fidelity PCR Master Mix® 2×, 0.3μM final 

concentration of primers, 1μL of DNA and H2O. Thermal conditions were: 98°C for 5min, 

followed by 35 cycles of 98°C for 20s, 55°C for 30s, 72°C for 90s, and a final cycle of 72°C 

for 5 min.  

 

PCR products were purified using the QIAquick PCR purification kit (Qiagen). In brief, 50μL 

of PCR products were pipetted into 1.5mL Eppendorf tubes and purified following 

manufacturer’s instructions, with one modification at the elution step; 12.5μL of elution buffer 
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was added instead of 25μL to bring total eluded volume to 25μL. Purified PCR product was 

then quantified with a NanoDrop spectrophotometer. Sanger sequencing was then carried out 

with Macrogen Singapore (https://dna.macrogen-singapore.com/eng/). All the sequences 

obtained have been deposited to GenBank under accession numbers MT489358: MT489378.  

 

Sequence Analysis  

Genotypic Characterization- Phylogenetic Analysis  

Analysis of sequences and generation of phylogenetic trees were constructed using Geneious 

Prime (version 2019.2.3)(Meintjes et al., 2012). Consensus sequences were built from single-

stranded sequences, using the DeNovo Assemble plugin. Partial 18S rRNA (~1Kb) consensus 

sequences generated were compared to those available in public databases with the National 

Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLASTn). 

Using the MAFFT Alignment plugin, consensus sequences and matches with the highest query 

match, percentage identities and lowest E value were used to build a reference alignment 

sequence list (~800bp - ~1.6Kb). Phylogenetic trees were constructed using the FastTree plugin 

in Geneious.  

 

Comparing with Metabarcoding Data 

Diversity of strains isolated in the project was compared to publicly available metabarcoding 

data obtained in frame of Ocean Sampling Day (OSD) project (2014 and 2015)(Tragin et al., 

2018a) and time series (TS) metabarcoding study carried out from February 2017 to July 2018 

(Chénard et al., 2019).  Fasta files with representative sequences of the operational taxonomic 

units published from those datasets created by sorting the datasets into Cryptophyta, 

Dinoflagellata, Bacilariophyta centric and Bacillariophyta pennate groups. These were chosen 

based on the sequencing results obtained. 

 

Focusing on Bacillariophyta pennate, phylogenetic trees were constructed using both reference 

alignment and environmental sequence lists to compare strains identified. Alignments and 

corresponding phylogenetic trees were generated separately for OSD and TS datasets as 

different regions of the 18s rRNA gene were sequenced. The OSD sequenced the V4 region 

while the TS sequenced the V6 region of the 18S rRNA gene. When combined with reference 

alignment sequence lists, gave alignments of ~400bp and ~500bp respectively.  

 

  

https://dna.macrogen-singapore.com/eng/
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RESULTS & DISCUSSION 

Isolated Strains- Overall Diversity 

In this study, by combining three pre-isolation and three isolation techniques, 22 strains 

assigned to four taxa were isolated from Singapore waters. Strains were incorporated into the 

Singapore Marine Strains (SMS) culture collection and assigned a reference number (Table 1). 

SMS54 and SMS56 did not match sequences from existing cultured strains in GenBank. 

SMS57 and SMS75 matched environmental sequences from uncultured eukaryotes in 

GenBank. Strains belonged to four divisions- Chlorophyta (1), Cryptophyta (2), Dinoflagellata 

(1), Ochrophyta (18). Ochrophyta was further analyzed at family level, dividing strains into 

Centric and Pennate diatoms; belonging to the class Bacillariophyta.  The most abundant group 

represented was diatoms with genera Minutocellus (4), Skeletonema (2) and Thalassiosira (5) 

for Centric diatoms. Pennate diatom genera included Cymbella (1), Navicula (2), Nitzchia (1) 

and Cylindrotheca (3). The Chlorophyta genus Picochlorum, Cryptophyta genera Proteomonas 

and Hemiselmis, and Dinoflagellata genus Biecheleiopsis were also uncovered. The relative 

abundance of these four phytoplankton divisions mirror the abundance of main phytoplankton 

players in natural marine environments (Effendi et al., 2016; Engelen et al., 2015; Pierella 

Karlusich et al., 2020), with diatoms being the most abundant (Malviya et al., 2016).  

 

All the strains in this work were isolated by traditional methods such as serial dilution or 

combination of single cell with further serial dilution. FCM was only efficient to obtain clonal 

strains. The application of FCM for phytoplankton isolation and cultivation is believe to be an 

intermediate solution to overcome inefficiencies of traditional isolation techniques (serial 

dilution and single-cell pipetting). However, the success is compromised by potential cell-

damage caused by physical stresses like fluidic pressure, exposure to laser beam, deflection on 

metal plates, interaction with high-voltage fields and collision with well surfaces. Marie et. al. 

demonstrated that the addition of BSA enabled better cell recovery and there were genus-

specific optimum concentrations. Another consideration cited was media choice; 

environmental taxa have unknown nutritional requirements and groups can be outcompeted by 

fast-growing species. Hence, there should be a variety of media used to uncover greater 

diversity (Marie et al., 2017). Given that this study did not compare different BSA 

concentration or media, future experiments should aim to improve FCM protocol for tropical 

waters.  
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Table 1: List of isolated strains, with isolation details, best BLASTn match and assigned SMS reference number.  

Taxa Strains ID Isolation 

Location 

Isolation 

Fraction 

BLAST best match Accession 

Number 

Centric SMS39 Thalassiosira sp.  Pulau Ubin 20 um/ 1 
cell/mL 
 

Thalassiosira allenii  HM991688 

 SMS55 Minutocellus sp. Pulau Kusu 3 um, 1 
cell/ mL 
 

Minutocellus sp. P1 12-8-13 
FL LS-H1  

MF001989 

 SMS57 Arcocellus sp. Pulau Hantu 20 um, 
100 cell/ 
mL 
 

Arcocellulus mammifer 
CCMP132 

HQ912569 

 SMS58 Thalassiosira sp. Pulau Hantu 20 um, 1 

cell/ mL 
 

Thalassiosira oceanica 

CCMP1001  

DQ514878 

 SMS59 Thalassiosira sp. Pulau Hantu 20 um, 
100 cell/ 
mL 
 

Thalassiosira profunda 
RCC4663  

MN528651 

 SMS60 Minutocellus sp.  Pulau Hantu 20 um, 

100 cell/ 
mL 
 

Minutocellus sp. P1 12-8-13 

FL LS-H1  

MF001989 

 SMS61 Thalassisora sp.  Pulau Hantu 20 um, 
100 cell/ 
mL 
 

Thalassiosira minima 
CCMP990  

DQ514876 

 SMS62 Minutocellus sp.  Pulau Hantu 20 um, 1 
cell/ mL 

Minutocellus sp. P1 12-8-13 
FL LS-H1  

MF001989 

 SMS63 Thalassiosira sp.  Pulau Hantu 20 um, 
100 cell/ 
mL 
 

Thalassiosira oceanica 
CCMP1001  

DQ514878 

 SMS74 Skeletonema sp. Chek Jawa  20 um/ 1 
cell/mL 

 

Skeletonema tropicum  KU363218 

 SMS75 Skeletonema sp.  Chek Jawa  20 um/ 
100 
cell/mL 
 

uncultured Skeletonema 
clone st1-ske-5  

KY817215 

Pennate SMS41 Cylindrotheca sp. Pulau Ubin 20 um/ 1 
cell/mL* 

 

Cylindrotheca closterium 
MGB0501  

DQ019446 

 SMS45 Nitzchia sp. Pulau Ubin 20 um/ I 
cell/mL*  
 

Cylindrotheca closterium  AF289049 

 SMS53 Cylindrotheca sp. Pulau Hantu 3 um/ 1 
cell/mL 
 

Cylindrotheca gracilis 
strain TA46  

KY320374 

 SMS54 Navicula sp. Pulau Kusu 20um, 

100 cell/ 
mL  
 

Navicula sp. FLMan1 

capNavA7  

MN977831 

 SMS56 Navicula sp.  Pulau Kusu 20um, 
100 cell/ 
mL 

Navicula sp. FLMan1 
capNavA7  

MN977831 
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Accession numbers and sequence names were obtained from running the generated sequence through a 
BLASTn search with GenBank, the top hit was chosen. Names of strains were incorporated into the SMS was 

assigned after phylogenetic analysis was done. 

 

* Isolated and stable cultures were further made clonal by FCM cell-sorting.  

 

 

Isolated Strains- Phylogenetic Analysis of Culture Diversity  

Centric Diatoms 

SMS39, SMS55, SMS57, SMS58, SMS59, SMS60, SMS61, SMS62, SMS63, SMS74 and 

SMS75 were identified to belong to the Polar-centric-Mediophyceae and Radial-centric-basal-

Coscinodiscophyceae families; class Bacillariophyceae. This was the most abundant group of 

isolates.  

 

The Minutocellus sp. genotype, represented by SMS55, was cultured from Pulau Kusu. 

Sequence obtained grouped with Minutocellus sp. (GenBank MF001989) isolated from coastal 

South Africa with 100% percentage identity (Dąbek et al., 2019)(Figure 3). 

 

SMS60 and SMS62 represent the Minutocellus sp. genotype, cultured from Pulau Hantu. Both 

are likely to be the same species given that reference sequences obtained from BLASTn were 

similar, with top hits for query cover, E value and percentage identity being the same. They 

grouped with M. polymorphus strains and Arcocellulus cornucervis with 100% percentage 

identity (GenBank KU561128). The two M. polymorphus (GenBank KY054966, KY054967) 

and A. cornucervis strains were obtained from Zhanjiang coast, China. Additionally, all other 

reference sequences belong to the Minutocellus genus, hence lending more confidence to 

assigning SMS60 and SMS62 as Minutocellus sp. instead. This could indicate that 

 
 SMS64 Cylindrotheca sp.  Pulau Hantu 20 um, 1 

cell/ mL 
 

Cylindrotheca closterium 
UPMC-A0076  

MH166733 

 SMS65 Nitzchia sp.  Pulau Hantu 20 um, 1 
cell/ mL 
 

Nitzschia paleaeformis 
TA394  

KY320383 

Chlorophyta  SMS40 Picochlorum sp. Pulau Ubin 20 um/ 1 
cell/mL 
 

Picochlorum maculatum 
isolate DHmm1W1  

KU561115 

Cryptophyta SMS50 Hemiselmis sp Pulau Ubin 20 um/ 
100 

cell/mL* 
  

Hemiselmis sp. RCC5942 MK295687  

 SMS51 Proteomonas sp Pulau Kusu 3 um/ 1 
cell/ mL 
 

Proteomonas sp. 
CCMP2715  

MK828429 

Dinoflagellata SMS52 Biecheleriopsis sp. Pulau Kusu 3 um/ 1 
cell/mL 

Biecheleriopsis adriatica 
strain trd278-kt 

LC068843 
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A.cornucervis was wrongly assigned (Figure 3). Hence, exemplifying that culture-based 

methods supported with phylogenetic analysis are needed to identify these inaccuracies and 

rectify them. Re-assignments can be done with sufficient morphological evidence (Chen et al., 

2007; Wang et al., 2016; Zingone et al., 2005).  

 

SMS57 was cultured from Pulau Hantu. The 18s rRNA sequence matched, with 100% 

percentage identity, an uncultured Stramenopile clone obtained from a subtropical coastal 

ecosystem in Taiwan (GenBank KU743647). Close geographical proximity and climate 

similarity to Singapore suggests that it could be the same strain uncovered by metabarcoding, 

which is now available in culture (Figure 3). SMS57 could henceforth be characterized, 

described and incorporated into the database, increasing the assignment ability for future 

matches (Bazin et al., 2014).  

 

Skeletonema tropicum SMS74 was cultured from Chek Jawa. It shared 100% percentage 

identity with S. tropicum strains B205 and B210 (GenBank DQ396515, DQ396516) from 

Urguguay (Sarno et al., 2007) as well as S. tropicum from Kaoshiung Habor, Taiwan (GenBank 

KU363218). From Chek Jawa the Skeletonema sp. genotype is represented by SMS75 which 

grouped with S. grevilleii from Fukuoka, Japan (GenBank AB948143) and an uncultured 

Skeletonema sequence from Keelung, Taiwan. The geographical proximity and climate 

similarity between and with the latter two suggest that SMS75 is closely related to S. grevilleii 

but could be an undescribed strain (Figure 3).  

 

SMS58 and SMS63 represent the Thalassiosira sp. genotype cultured from Pulau Hantu. Both 

are likely to be the same species given that reference sequences obtained from BLASTn were 

similar, with top hits for query cover, E value and percentage identity being the same.  With 

only 99.90% percentage identity, they grouped with from T. oceanica from Seoul, South Korea 

(GenBank HM991696). Sequences match, with 100% percentage identity, with T. oceanica 

(DQ514878), isolated from the North Atlantic Ocean (Alverson et al., 2007) (Figure 3).  

 

The Thalassiosira sp. genotype SMS61 also obtained from Pulau Hantu clustered with several 

Thalassiosira strains, but it seemed to be close related to T. minima strain CCMP990 (GenBank 

DQ514876) for which the isolation location is unknown. SMS59, another Thalassiosira sp. 

genotype obtained from Pulau Hantu form a clade with three T. profunda strains. T. profunda 

strain X9III12 (GenBank KC284713), T. profunda strain RCC5883 and strain RCC4663 

(MN52865, MN528654) isolated from the Western English Chanel form a sub-clade; 

suggesting that SMS59 might be an undescribed species of the Thalassiosira genus (Figure 3).  
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SMS39, the Thalassiosira sp. genotype from Pulau Ubin shared 100% percentage identity with 

T. allenii obtained from Seoul, South Korea (GenBank HM991688) (Figure 3).  

 

Pennate Diatoms 

SMS41, SMS45, SMS53, SMS54, SMS56, SMS64 and SMS65 were identified to belong to 

the Raphid-Pennate and Araphid-Pennate families; class Bacillariophyceae. The phylogenetic 

tree is presented in Figure 4. 

 

The Cymbella sp. genotype, represented by SMS45 obtained from Pulau Ubin clustered with 

several Cymbella sp. strains and the uncultured stramenopile sequence (GenBank AY179994) 

from the Great Sippewisset salt marsh (Stoeck & Epstein, 2003). Within Cymbella clade, two 

sub-clades were formed, one  by  C. cimbebasiae (GenBank HQ680722, HQ680523) strains 

while the second by SMS45 and two C. cistuliformis strains (JF90983, JF90980) isolated from 

the Gulf of Mexico (Rocke et al., 2013)(Figure 4).  
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Figure 3: Phylogenetic Tree of Centric Diatoms. Triparma pacifica RCC216 KR998399 was used as an 

outgroup (Kuwata et al., 2018). 

 

SMS54 and SMS56 clustered with several Navicula sp. strains, including- N. radiosa, N. 

lanceolata, N. virudula. Sequences for N. radiosa and N. lanceolata were obtained from the 

PR2 reference database (Guillou et al., 2013). Within Navicula clade, SMS54 and SMS56 form 

a sub-clade with an uncultured eukaryote clone (GenBank GU824512) from the Cariaco Basin, 

Caribbean (Edgcomb et al., 2011), suggesting that these strains are undescribed, with no 

representatives in culture (Figure 4).  

 

SMS65 was isolated from Pulau Hantu and represents the Nitzchia sp. genotype. This strain 

forms a cluster with an uncultured marine eukaryote sequence from the Bering Sea (GenBank 

KC771171) and N. paleaeformis and Nitzchia cf. paleacea (KY320380, KY320383) species. 
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However, SMS65 was not closely related to any existing sequenced strain, indicating that 

SMS65 might represent an undescribed strain (Figure 4). 

 

Cylindrotheca sp. representatives, SMS41, SMS53, SMS64 and from a cluster. SMS53 formed 

an independent lineage suggesting that it might be a novel strain. SMS41 and  SMS64 formed 

a clade with strong support with C. closterium strains including UPMC-A0076 (GenBank 

MH166733) isolated from Port Dickson, Malaysia (Khaw et al., 2020), MGB0501 

(DQ019446) from Zhanqiao, Qingdao (Li et al., 2007) and KMMCC:B-119 from Busan, South 

Korea (GQ468536)(Figure 4).  

 

 

Figure 4. Phylogenetic Tree of Pennate Diatoms. Triparma pacifica RCC216 KR998399 was used as an 

outgroup (Kuwata et al., 2018). 
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Chlorophyta  

Only SMS40 was identified to belong to the Chlorophyta division. Given that this group is 

undergoing taxonomic and phylogenetic revision, reference sequences in the GenBank 

BLASTn database are less reliable. Reference sequence assignments were obtained from three 

separate papers, where mis-assignments were corrected (Foflonker et al., 2015; Henley et al., 

2004; Krasovec et al., 2018)(Figure 5).  

 

The reference sequences showed a clear distinction between freshwater and marine strains 

(Figure 5). Isolated from marine coastal waters off Pulau Ubin, SMS40 form a cluster with 

Picochlorum marine and brackish water strains. However, the sequence from SMS40 did not 

match the three Picochlorum species described today, P. oklahomensis, P. maculatum and P. 

costavermella (Figure 5). 

 

Studies highlight that smaller fractions like picoplankton are often only detected by 

metabarcoding, corroborating results that only one Picochlorum sp. strain was obtained from 

this short culturing effort. Vuorio et. al. found that high-throughput sequencing (HTS) 

outperformed microscopic identification in uncovering genera represented in databases but 

lack morphological characteristics (Vuorio et al., 2020).  

 

Photosynthetic marine micro-eukaryotes have known economic value, for example 

biotechnological applications in aquaculture. Picocholorum strains, like SMS40 have high 

lipid and protein content. These characteristics led to the use of several Picochlorum strains in 

biotechnological applications in aquaculture (Dinesh Kumar et al., 2017) and biofuel 

production (Islam et al., 2013). 



24 

 

 

Figure 5. Phylogenetic Tree of Chlorophyta Strains. Chaetophora incrassate UTEX LB1289 (GenBank 

D86499) was used as outgroup. 

 

Cryptophyta  

SMS50 and SMS51 were identified to belong to the Cryptophyta division. Similar to 

Chlorophyta, reference sequence assignments were obtained from two papers where mis-

assignments were corrected (Balzano et al., 2012; Ribeiro et al., 2020)(Figure 6).  

 

SMS50 was cultured from waters off Pulau Ubin. The sequence from SMS50 clustered with 

Hemiselmis sp. and Hemiselmidaceae sp. undescribed strains isolated from temperate waters 

(GenBank MK295687, MK295692) (Figure 6).  SMS51 was cultured from Pulau Kusu and the 

sequence formed a cluster is nearly 100% identical to the sequence from the strain 
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Proteomonas sp. strain CCMP2715, isolated from Imugya Marine Garden, Miyako-Jima, 

Okinawa (Figure 6).  

 

 

Figure 6. Phylogenetic Tree of Cryptophyta Strains. Goniomonas sp. SH-2 AY360456 and Goniomonas pacifica 

AF508277 were used as outgroups. 

 

 

Dinoflagellata 

SMS52, isolated from Pulau Kusu, was identified to belong to the Dinophyceae division. 

Reference sequences were obtained from two papers where mis-assignments were corrected 

(Balzano et al., 2012; Ribeiro et al., 2020). SMS52 formed a strong clade with sequences 

belonging to the dinoflagellate species Biecheleriopsis adriatica (Figure 7) isolated from South 

Korea coastal waters (GenBank LM992904) and Japan (LC068843). 
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B. adriatica has been isolated and characterized from South Korea (Jang et al., 2015), China 

and several South East Asian regions, including Singapore (Benico et al., 2019). Interestingly, 

there was no conclusive molecular analysis done for the Singapore strain- which is presented 

here. Both studies absolve B. adriatica from toxic or harmful bloom involvements, indicating 

that it is likely to be non-harmful to Singapore marine ecosystems. However, there is still a 

need to investigate the spatial distribution of B. adriatica vegetative cells, given that many 

dinoflagellate species form red tides or harmful algal blooms and can be transported (as 

vegetative cells) by ship ballasts (Kang et al., 2019).  

 

 

 

Figure 7. Phylogenetic Tree of Dinoflagellate Strains. Protoperidinium bipes AB284159, Protoperidinium 

pallidum B181899 and Protoperidinium pellucidum AY443022 were used as outgroups.  
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Comparing with Environmental Metabarcoding Data 

Metabarcoding datasets of  18S rRNA gene variable regions 4 and 6 sequences from Singapore 

marine waters were obtained in the frame of Ocean Sampling Day (OSD)(Tragin et al., 2018b) 

project and by Chenard et al. 2019 (Chénard et al., 2019). The sequences from these datasets 

were compared with the Pennate diatom phylogenetic tree generated above. Despite being one 

of the most abundant groups isolated in this study (7 strains), the diversity of pennate diatoms 

was largely overlooked by metabarcoding with only two sequences identified in the TS dataset. 

In the OSD dataset, there were 21 pennate diatoms sequences identified; out of which 8 could 

not be assigned to genus level resolution.  

 

Consistent with comparative studies, this highlights that metabarcoding reveals great diversity, 

but not all groups are successfully detected/ represented. Cahill et. al. revealed the 

discrepancies of metabarcoding with the mitochondrial cytochrome oxidase gene compared to 

traditional morphology to uncover marine phytoplankton diversity. They highlight that despite 

correspondence in overall patterns identified in both approaches, metabarcoding was not able 

to detect all groups equally. This is largely attributed to the limitations and inconsistencies of 

available reference databases, hindering accurate species-level assignments. As well as, limited 

sensitivity of universal primers to amplify certain groups (Cahill et al., 2018). Hamsher et. al. 

found that morphology-based survey outperforms metabarcoding in uncovering rare taxa 

which could be exemplified by the strains isolated in this study. The paper also cautions the 

possible ecological significance of rare taxa and consequences of overlooking them (Hamsher 

et al., 2013). 

 

None of the two pennate sequences obtained from the TS dataset (Seq_asv_1654 and 

Seq_asv_1817) clustered with the pennate strains we isolated (SMS45, SMS54, SMS56, and 

SMS65)(Figure 8). This result shows that by cultivation we were able complement and uncover 

diversity that environmental sequencing method failed to obtain. It is noteworthy that SMS54 

and SMS56 form a single branch, independent of any reference sequence, TS or OSD 

sequences (Figure 4, 8 and 9), indicating that they may be novel strains that have not been 

described, assigned phylogeny or included in any database.  

 

Among the 21 pennate sequences identified in OSD database, OSD_Seq_226 and 

OSD_Seq_468 formed a cluster with SMS65 (Figure 9). These two reads were assigned at 

family level in this database, confirming that SMS65 might represent an undescribed species 

of pennate diatoms. It also exemplifies that without proper reference sequence database, the 
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assignation of metabarcoding datasets cannot be performed with sufficient resolution. Further 

phylogenetic and morphological studies will be required to identify the taxonomy of SMS65.  

OSD_Seq_316 and OSD_Seq_139 sequences clustered with the sequences from SMS54 and 

SMS56 an uncultured eukaryote clone (GenBank GU824512), confirming that these are 

undescribed strains that have been isolated for the first time (Figure 9).  

 

This indicates potential for culture methods to uncover entirely novel strains for further 

characterization, contributing to the robustness of databases. Especially in tropical regions like 

Singapore, with little seasonal variation in temperature and other abiotic factors, species 

resolution is important to represent or uncover any seasonality in our waters. Through an 

extensive analysis of DNA reference libraries- Barcode of Life Data Systems (BOLD) and 

NCBI GenBank- Weigand et. al. identified gaps hindering biomonitoring with metabarcoding 

for aquatic biota. This paper attributes the limited application of metabarcoding for 

biomonitoring to be the lack of a robust reference library; it acknowledges the need for a well-

curated, stringent database. Lack of described sequences and culturability of strains are cited 

as underlying challenges (Weigand et al., 2019). 

 

Future Direction  

Combining Morphology-based and Molecular Methods  

Studies comparing morphology-based and molecular methods indicate the potential of 

metabarcoding for biomonitoring. Groendahl, Kahlert and Fink, propose the use of both 

metabarcoding and morphological identification to assess microalgae after demonstrating how 

both methods were not able to detect all species in mesocosm biofilms (Groendahl et al., 2017). 

McManus and Ktaz, review literature documenting comparisons of the methods and 

recommend that molecular approaches should be advanced, while using morphology-based 

identification to validate species identification (McManus & Katz, 2009). The need for a 

coordinated advancement of molecular and morphology-based approaches is addressed by 

Cristescu; this cooperation should guide future research to fully capitalize on well-developed 

taxonomic knowledge and extensive sequences databases (Cristescu, 2014). Jang et. al.  

demonstrated how morphological, swimming speed and pigment analyses improved the 

species resolution of Biecheleiopsis adriatica, distinguishing strains isolated in Korea from the 

Adriatic Sea (Jang et al., 2015). 

These studies also highlight the need for cooperation, in order to achieve several goals that 

would advance phytoplankton research and application to biomonitoring efforts. Firstly, to 

bridge the gap between taxonomic and genetic information to uncover the true phytoplankton 
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diversity. Thus, reducing the oversight of cryptic and rare taxa that could be economically and 

ecologically significant. Secondly, to improve molecular and metabarcoding approaches, high-

quality databases need to be curated. Culturing and morphological characterization with 

phylogenetic analyses would increase the accuracy and resolution of genus/ species 

assignments. Thirdly, to focus on uncovering cryptic diversity and classify morphologically 

indistinct strains; largely enabled by molecular sequencing efforts.  

Sarno et. al. exemplifies how both methods would practically tie in with each other. Cryptic 

diversity was unveiled within the Skeletonema costatum species assignment that was initially 

described by morphological methods. New distinct species were phylogenetically classified by 

their rDNA sequences and culture methods enabled detailed taxonomy to be described for 

several new species (Sarno et al., 2007).  

 

Machine Learning  

The inability to index sequences to environmental indicator values heavily limits the use of 

metabarcoding, without linking sequences to taxonomy, for biomonitoring. (Vuorio et al., 

2020). Cordier et. al. proposes the application of machine learning to accelerate the application 

of phytoplankton species composition to biomonitoring efforts. However, this paper recognizes 

the need for enhancing the robustness and applicability of current databases to bridge the gap 

between traditional and novel approaches (Cordier et al., 2018, 2019).  

More pioneering studies should be done with machine learning approaches to improve 

association between sequences and their environmental indicator values. To do so, more 

sample sets of metabarcoding data must be accumulated. Despite advances in metabarcoding 

and machine learning, lacking reference databases remain an influential limitation (McGee et 

al., 2019). Hence necessitating the complementary use of molecular and morphology-based 

approaches to uncover phytoplankton diversity. 
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Figure 8. Phylogenetic Tree of Pennate Diatoms, with Time Series Environmental Sequences.  
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Figure 9. Phylogenetic Tree of Pennate Diatoms, with OSD Environmental Sequences. 
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CONCLUSION 

Although most cultures obtained by this study showed sequence similarity with strains 

recovered elsewhere, either formerly described (e.g. Biecheleriopsis adriatica SMS52) or 

undescribed (e.g. Hemiselmis sp. SMS50), 3 strains (SMS54, SMS56 and SMS65) represented 

completely new isolates. This highlights that culture efforts must continue, especially in under-

sampled biodiversity hotspots like South East Asian marine waters. 

 

In this study, high-throughput culture isolation by flow cytometry sorting only worked with 

dense mixed cultures. No strain was obtained when flow cytometry was applied to natural 

samples, indicating that more tests are required to establish a protocol for Singapore waters.  

 

Climate change and population growth will impact plankton diversity, dynamics and 

community structures in coastal waters worldwide. As diversity within culture collections 

improves to reflect the complexity of the environment, an increased amount of validated 

reference sequences will help scientists better assess eukaryotic plankton distribution patterns 

across these affected ecosystems. The combination of metabarcoding and supervised machine 

learning has proven effective in monitoring the impact on benthic communities within and 

around salmon farming activities in Norway (Cordier et al., 2018). 
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