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1. Abstract 

 

Diatoms are major primary producers and have an essential role in supporting food webs in marine 
ecosystems. A signature feature of diatoms is their siliceous cell wall, the frustule, which makes them the main 
contributors to global biosilicification and central to the biogeochemical cycling of silicates and various 
nutrients in marine habitats. The frustule for every diatom species has a precise and highly ornamented 
architecture, and yet the underlying genetic basis for its complex assembly remains largely unknown. The 
chain-forming diatom Skeletonema marinoi is one of the most abundant species in the coastal regions of the 
North Atlantic, with a nuclear genome of ca. 22,440 genes of which 79% encode proteins of unknown function. 
Here, we applied a forward genetic approach in combination with microscopy to identify genes involved in 
frustule morphogenesis within a large collection of randomly mutagenized S. marinoi transformants. A method 
was developed in which 602 S. marinoi transformants were screened for an altered growth phenotype under 
low silica conditions. Eventually six mutants were identified and attempts then made to map the genomic 
insertion site within each mutant using a newly developed TAIL-PCR method. One mutant was successfully 
mapped to a gene encoding a protein of unknown function, although further research is required to determine 
its exact role in frustule morphogenesis. In addition to growth, changes in cell morphology related to silica 
limitations were also analysed, with several promising mutants identified for future studies. Overall, this was 
the first large-scale phenotyping study performed on S. marinoi and to our knowledge to a diatom species, and 
as such it has provided many insights into how to optimize such phenotyping studies in the future. 

 

Keywords: phenotyping, silica, frustule morphogenesis, forward genetics, cell morphology  

 

Kiselalger är viktiga primärproducenter och spelar en väsentlig roll i att upprätthålla näringskedja inom marina 
ekosystemet. Kiselalger kännetecknas framförallt av deras kiselrika cellvägg, s.k. frustul, som bidrar till global 
bioförkisling och är centrala i det biogeokemiska kretsloppet för silikater och diverse näringsämnen i marina 
habitatet. Trots att varje arts frustul har en mycket specifik och ornamenterad struktur är den genetiska 
grunden för dess komplexa sammansättning fortfarande mestadels okänd. Den kedjebildande kiselalgen 
Skeletonema marinoi är en av de vanligaste algarterna i Nordatlantens kustregioner och har ett 
cellkärnegenom bestående av ca. 22440 gener, varav 79% kodar för proteiner med okänd funktion. I denna 
studie tillämpade vi en klassisk genetisk metod i kombination med mikroskopi för att identifiera gener som är 
involverade i frustulär morfogenes hos ett urval av slumpmässigt muterade S. marinoi-transformanter. En 
metod utvecklades för screening av 602 S. marinoi-transformanter med en förändrad tillväxtfenotyp under låga 
kiseldioxidförhållanden. Sex mutanter identifierades och försök att därefter kartlägga det genomiska 
införingsstället för varje mutant via en nyutvecklad TAIL-PCR-metod utfördes. En av mutanterna kartlades 
framgångsrikt till en gen som kodar för ett protein med okänd funktion, men ytterligare forskning krävs för att 
bestämma dess exakta roll vid frustulär morfogenes. Utöver tillväxt analyserades även cellmorfologiska 
förändringar relaterade till kiseldioxidbegränsning, och flera lovande mutanter identifierades för framtida 
studier. Sammantaget är denna fenotypstudie den första storskaliga som utförts på S. marinoi och enligt vår 
kännedom på en kiselalg och som sådan har den gett en stor inblick i hur liknande fenotypstudier kan 
optimeras i framtiden. 

 

Nyckelord: fenotypning, kiseldioxid, frustulär morfogenes, klassisk genetik, cellmorfologi 
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2. Introduction  

 

Marine diatoms are major primary producers and important to supporting food webs in oceanic ecosystems, 
with Skeletonema marinoi being one of the most abundant diatom species in the North Atlantic. This genus is 
largely recognised for its formation of long chain-like colonies generally consisting of 15-30 cells, as well as its 
abundance in temperate coastal waters globally (Shevchenko and Ponomareva, 2015). Furthermore, diatoms 

are key contributors to biosilicification (Martin‐Jézéquel et al. 2000) and consequently are central to the 
biogeochemical cycling of silicates and various nutrients in oceanic ecosystems (De Tommasi et al., 2017). 

 

2.1 The frustule 

A unique feature of these microalgae is their ability to produce a distinctive cell wall known as the frustule 
(Gross, 2012; De Tommasi et al., 2017). The frustule is composed of nanopatterned silica (SiO2) and formed 
by means of biomineralization, whereby orthosilicic acid (Si(OH)4) is taken up from the environment, 
transported into the cell and polymerized into silica during cell wall synthesis (Hildebrand, 2008; Kröger and 
Poulsen, 2008). Silica morphogenesis occurs within specialized compartments known as silica deposition 
vesicles (SDVs) (Kröger and Poulsen, 2008). Upon completion, silica is deposited onto the cell surface 
through SDV exocytosis (Kröger and Poulsen, 2008). The morphology, geometry, size and pore patterns of 
the frustule are species-specific, although several fixed morphological features exist across all diatoms (Kröger 
and Poulsen, 2008; Gross, 2012). In general, the cell wall takes a ‘petri-dish-like’ shape consisting of two 
halves (theca) identical in their structure, with one half (epitheca) slightly larger and overlapping the other half 
(hypotheca), enclosing the protoplast (Kröger and Poulsen, 2008; De Tommasi et al., 2017). Each theca is 
capped by valves made of several layers, each displaying ornate structures and regular pore patterns 
(Hildebrand, 2008; Kröger and Poulsen, 2008; De Tommasi et al., 2017). The sides of the theca consist of 
several girdle bands and a terminal girdle band (pleural band) located where the hypotheca and epitheca 
overlap (Hildebrand, 2008; Kröger and Poulsen, 2008; De Tommasi et al., 2017). These girdle bands are thin 
strips of silica which overlap each other and are present around the circumference of the cell (Hildebrand, 
2008). As a consequence, the precise and highly complex nature of these structural features indicate that 
silica morphogenesis is genetically programmed (Hildebrand, 2008; Kröger and Poulsen, 2008).  

 

2.2 Biomolecules involved in frustule morphogenesis 

The recent advances in molecular and genetic techniques have only partially elucidated the genes involved in 
frustule morphogenesis of diatoms. To date, six main classes of biomolecules have been identified: 1) silicon 
transporters (SITs), 2) frustulin, 3) Pleuralins, 4) Silaffins, 5) Long chain polyamides (LCPAs) and 6) Silacidins. 
Silicon transporters are proteins involved in the uptake and transport of Si(OH)4 into the cell (Kröger and 
Poulsen, 2008; Durkin et al., 2012; Durkin et al., 2016; De Tommasi et al., 2017). It is apparent that diatoms 
possess multiple SITs genes, which have no orthologues in other organisms (Kröger and Poulsen, 2008; De 
Tommasi et al., 2017). Characteristic of SIT proteins is their ability to interact with silicic acid and not catalyse 
its polymerization (De Tommasi et al., 2017). As silicon is an essential nutrient of marine diatoms and 
necessary for driving cell division, genes encoding SITs have become some of the best described among 
current literature. Among these genes, species-specific differences are evident in cellular location of silica 
uptake, Si binding affinities, transport rate and functionality (De Tommasi et al., 2017). Despite this, 
mechanisms by which SITs recognise, bind and transport silicic acid remains unclear. Frustulin is a protein 
characterised by conserved large cysteine-rich domains (acidic and cysteine-rich domains ACR) and species-
specific C-terminus (De Tommasi et al., 2017).  Frustulines do not have an active role in silica formation and 
are the only protein to be entirely present across the cell wall, giving them a unique property to other proteins 
involved in silica formation (De Tommasi et al., 2017). For this reason, it is widely believed that frustulines are 
involved in the protection of the frustule against corrosion (Poll et al., 1999; Kröger and Poulsen, 2008). 
Pleuralins are tightly bound to the cell wall and are localized to the pleural bands of the epitheca (Kröger and 
Poulsen, 2008). The exact function of pleuralins is unknown, however a recent study by De Sanctis et al., 
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(2016) suggests that it could be involved in the simultaneous binding of silaffins and frustulines to connect the 
hypotheca and epitheca at the girdle bands. Members of the pleuralin protein family have only been identified 
in only some diatoms.  In contrast, silica-forming proteins silaffins are a family of phosphoproteins which is 
believed to be entrapped within the silica (Kröger and Poulsen, 2008). They are believed to initiate and 
regulate silicon dioxide precipitation, are thus essential for silica dioxide formation as well as the SDV (Kröger 
and Poulsen, 2008; De Tommasi et al., 2017). Similarly, long chain polyamides (LCPAs) are also found within 
the silica (Kröger and Poulsen, 2008). Together with silaffins, LPCAs form large supramolecular assemblies 
(Poulsen and Kröger et al., 2003; Poulsen and Kröger, 2004). They accelerate and control silica 
morphogenesis from silicic acid and are believed to be responsible for the species-specific structural 
differences in nanopatterned bio silica formation among diatoms (Kröger and Poulsen, 2008). Finally, 
Silacidins are a new class of biomolecules believed to play a role in silica formation and girdle band 
morphogenesis (Richthammer et al., 2011). Despite the advances in research surrounding frustule 
morphogenesis, much of the genes, processes and biomolecules involved in silica uptake and assimilation still 
remain unclear. 

 

2.3 Mutagenesis  

Mutagenesis is a molecular technique whereby gene disruptions are deliberately created and resulting 
phenotypes are characterized. It is therefore an informative approach for determining specific gene functions 
controlling different biological traits. Mutagenesis has proven very successful in characterizing genes within 
model organisms such as Arabidopsis thaliana in the fields of genetic, cellular and molecular biology. Although 
genetic transformation of several diatom species has been successful (Dunahay et al. 1995; Apt et al. 1996; 
Fischer et al. 1999; Poulsen et al. 2006; Miyagawa-Yamaguchi et al. 2011), its use for mutagenesis in diatoms 
has been limited to single genes within few species (Johansson et al. 2019). Recent genomic sequencing of 
the R05AC strain of S. marinoi has revealed that 79% of the estimated 22, 440 genes encode proteins of 
unknown function (Johansson et al. 2019). Characterising genes linked to silica uptake and assimilation will 
allow researchers to better understand the processes involved in the construction and function of the frustule 
and thereby open new avenues for future research.  

 

2.4 Aim 

The aim of this study was to identify genes responsible for silica assimilation and frustule morphology 
(geometry and/or size) in S. marinoi using a forward genetic screen. Transformants with observable 
phenotypic variations were genetically mapped in order to identify the responsible gene and thereby obtain a 
causal link between genotype and phenotype. More broadly, this was one of the first large-scale phenotyping 
study using S. marinoi as a new genetic model for chain-forming diatoms, which are central to the marine 
carbon cycle and biogeochemical cycling of silicates and various nutrients. 

 

3. Materials and Methods  

 

3.1 Culture conditions 

S. marinoi R05AC was originally collected in 2010 from sediments in Öresund, Sweden (55⁰59.16=N, 
12⁰44.02=E) and was obtained for this study from the Gothenburg University algae bank. The collection of 
R05AC transformants (S. marinoi mutant collection, SMMC) was prepared by electroporation as previously 
described (Johansson et al. 2019). All S. marinoi cultures were maintained in enriched f/2 growth media in 30 
mL tissue culture flasks (VWR, USA), with all S. marinoi mutants also supplemented with Zeocin (0.2 μg/mL) 
to maintain selection. Cultures were kept in growth chambers under standard conditions of 16°C with a 16 h 
photoperiod at an irradiance of 70 μmol photons m-2 s-1.  
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3.2 Silica-dose test  

A silica-dose response test was performed on S. marinoi R05AC to determine an appropriate silica 
concentration for screening the SMMC. Wild type S. marinoi was grown in enriched f/2 media but with the 
silicate concentration varied from 0 mM, 0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM,  0.2 mM,  0.4 mM, and 0.6 mM. 
Pre-cultures of S. marinoi wild type were grown for 7 days under standard conditions in enriched f/2 media in 
24-well plates (Corning, USA). A plate reader (Varioscan Flash, ThemoScientific, USA) was used to measure 
fluorescence as a measure of cell density. Cells were diluted using 1 mL of sea water (filtered and autoclaved 
at 26 PSU) in 48-well plates (Corning, USA), to achieve a final concentration of 250 000 cells/mL. 100 μL of 
sea water with cells was transferred into 48-well experimental plates (Corning, USA), aliquoted with 900 μL of 
f/2 media with the addition of silica (concentrations as listed above). Growth was measured daily for 12 days 
with chlorophyll a fluorescence measurements (425 nm excitation and 680 nm emission wavelengths) using a 
plate reader (Varioscan Flash, ThemoScientific, USA). 

 

3.3 Primary Screening of mutants  

Growth measurements were performed on a total of 602 transformants within the SMMC. Pre-cultures of all 
transformants were grown for 7 days under standard conditions in enriched f/2 media supplemented with 
Zeocin (0.2 μg/ mL), in 24-well plates (Corning, USA). A plate reader (Varioscan Flash, ThemoScientific, USA) 
was used to calculate cell density based on measured chlorophyll fluorescence. Cells were diluted using 1 mL 
of sea water (filtered and autoclaved at 26 PSU) in 48-well plates (Corning, USA), to achieve a final 
concentration of 250 000 cells/ mL. 100 μL of sea water with cells was transferred into 48-well experimental 
plates (Corning, USA), pre-filled with 900 μL of f/2 media with the addition of 0.01 mM Si for low silica 
conditions and 0.4 mM Si  for standard silica conditions as a control.Three replicates were used. Growth was 
measured daily for 6 d from chlorophyll a fluorescence measurements (425 nm excitation and 680 nm 
emission wavelengths) using a plate reader (Varioscan Flash, ThemoScientific, USA).  

 

3.4 Verification screen  

A verification screen was conducted on all mutants identified from the primary screening under low silica 
conditions. Pre-cultures of selected S. marinoi mutant strains were grown for 7 days under standard conditions 
in enriched f/2 media supplemented with Zeocin (0.2 μg/ mL) in 30 mL tissue culture flasks (Sarstedt, 
Germany). Pre-cultures (n=6) were used to inoculate experimental cultures in enriched f/2 media in 48-well 
plates (Corning, USA) in a randomized manner to avoid positioning bias on the plates. Growth was measured 
daily for 6 days as described above.  

 

3.5 Silica-dose Screen 

S. marinoi mutants exhibiting a growth phenotype from the primary and verification screens were tested for a 
final time at varying concentrations of silica. The concentrations of silica used were as follows: 0 mM, 0.01 
mM, 0.05 mM, 0.1 mM, 0.2 mM and 0.4 mM. The protocol from the verification screen was repeated, with the 
exceptions that growth was measured for 12 days rather than 6 days and a more randomized plate set-up was 
used.  

 

3.6 DNA extraction 

DNA extractions were performed on individual transformants from the SMMC grown in 60 mL cultures under 
standard conditions for 5-7 days. Cultures were pelleted (1500 x g, 5 min) and media removed. Pelleted cells 
were dissolved in 200 µL of fresh f/2 media and ground in liquid nitrogen  before transferring the powder into 
pre-chilled microcentrifuge tubes. DNA was extracted by adding 600 µL of Plant DNAzol (10978021, 

https://www.thermofisher.com/order/catalog/product/10978021
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ThermoScientific, USA) prepared with RNAseA (100 µg/ mL) to the samples. DNA was extracted according to 
manufacturer’s instructions, with the exception that three ethanol (75%) wash steps were applied rather that 
one. DNA was quantified using a Nanodrop and DNA integrity assessed by gel electrophoresis and visualised 
using GelStar staining (Lonza, Switzerland). 

 

3.7 Standard PCR 

A standard PCR was performed to confirm that the transformed DNA construct was present within the genome 
of all transformants identified from the screening. All PCR amplifications of DNA were carried out on a S1000 
Thermal cycler (Bio-Rad, USA) in 25 µL reactions using SuperFi DNA polymerase (0.75 U) (12351010, 
Invitrogen, USA) and 1 µL of genomic DNA as a template. All methods were carried out according to 
Johansson et al. (2019) using BLEO1 (forward) and BLEO2 (reverse) primers, at a final concentration of 0.5 
µM each.  

 

3.8 Tail-PCR 

Two sets of thermal asymmetric interlaced-PCR (TAIL-PCR) reactions were performed in this study, with minor 
differences. All TAIL-PCR reactions were carried out using a S1000 thermal cycler (Bio-Rad, USA) with 1.5 µL 
genomic DNA as template. The initial TAIL-PCR reaction was performed according to Johansson et al. (2019) 
with the following exceptions: in the primary reaction 4 µM of Fusion primer was used instead of SAD primer, 
in the secondary reaction Fsp1 (1 µM) was used instead of SSMP primer and Fsp2 (0.5µM) was used in the 
tertiary PCR reaction (Supplementary Table 1). The second TAIL-PCR reaction was performed as stated 
above, with the following changes: in the secondary reaction OSP1 (1 µM) was used instead of Fsp1, and in 
the tertiary reaction (40 µL) OSP2 (0.5 µM) was used instead of Fsp1 (Supplementary Table 1). Changes to 
the thermal cycling condition for each step were applied, detailed in Supplementary Table 2. Final DNA 
products from the tertiary reactions were analyzed by gel electrophoresis and visualised using GelStar staining 
(Lonza, Switzerland). DNA products were selected, excised from the agarose gel and purified using the 
Wizard PCR purification kit (Promega, USA).    

 

3.9 DNA Cloning and Genetic Mapping  

Purified DNA products were cloned using the TOPO TA Cloning kit (Invitrogen, USA) with Escherichia coli 
DH5α. Transformed E. coli were spread onto pre-warmed selective LB plates containing  kanamycin (50 µg/ 
mL) and incubated at 37°C overnight. Single colonies were picked from selective plates and inoculated in 5 
mL of LB medium supplemented with 5µL kanamycin (50 μg/ mL). Cultures were incubated for 12-16 h at 
37°C while shaking. The bacterial cultures were pelleted (4000 x g, 5 min) and the supernatant removed. 
Plasmid DNA purification was performed using Thermo Scientific GeneJET Plasmid Midiprep Kit 
(ThermoScientific, USA) according to manufacturer’s instructions, with the exception that 40 μL of Elution 
Buffer was added in the final step rather than 50 μL. DNA was quantified using a Nanodrop. Purified DNA 
products were commercially sequenced (Eurofins Genomics, Germany) using either the BLEO3 (promotor 
side) or BLEO4 (terminator side) primers. All DNA sequences were mapped using the S. marinoi R05AC 
reference genome.  

 

3.10 Microscopy 

Pre-cultures of selected S. marinoi were grown for 7 days under standard conditions in enriched f/2 media 
supplemented with Zeocin (0.2 μg/ mL) in 30 ml tissue culture flasks (VWR, USA). The cells were washed by 
pelleting the cultures (1500 x g, 5 min), removing the media and dissolving the pellets in 10 mL of fresh sea 
water (filtered and autoclaved at 26 PSU). The wash step was repeated three times, where on the final wash 
step cells were dissolved in 20 mL of sea water (filtered and autoclaved at 26 PSU). 50 μL of the washed cells 
were diluted by a factor of 50 in enriched f/2 growth media (with the addition of 0.01Mm Si and filtered, 
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autoclaved sea water at 26 PSU) on 24-well plates (Corning, USA). A time-lapse was taken using a Dmi8 
microscope (Leica, Germany), where cells were photographed every 3 hours for a total of 123 hours. Mutant 
strains were analyzed with the following: qualitative measurements of growth, presence of long chains (≥ 10 
cells), presence of auxospores, coiling, size (diameter) and rate of replication.  

 

3.11 Statistical Analysis 

All statistical analyses were conducted using multiple t-tests, adjusting for multiple comparisons using the 
Holm-Sidak method, on the software Graph Pad (version 8). All mutant lines were compared to wild type in 
each experiment. Significance was considered at adjusted p<0.05.  

 

4. Results 

 

4.1 Silica-dose Test 

To determine a suitable concentration of silica for the screening of transformants within the SMMC, a 
preliminary experiment was carried out on wild type S. marinoi where the growth of cultures was measured 
under varying concentrations of silica (Figure 1). Cultures grown with no silica (0 mM Si) exhibited little to no 
growth over the experimental period (Figure 1A). Maximum growth of S. marinoi  was progressively inhibited 
as the concentration of silica decreased (Figure 1A). A silicate  concentration of 0.01 mM was eventually 
chosen for screening the SMMC since it sustained growth of wild type S. marinoi up to 5 days (Figure 1B).    

 

 

4.2 Primary Screening of mutants 

In the primary screening, growth in the exponential phase of wild type and the 602 mutant lines was measured 
under standard (0.4 mM Si) and low silica concentrations (0.01 mM  Si). Growth of each mutant strain was 
compared to that of wild type and plotted as a percentage, wild type growth rate set to 100%. The screening 
for mutants with a reduced growth phenotype at low-silicate conditions was based upon them having wild type 
growth under standard Si-concentrations (≥90%) but less than 50% wild type growth under low-silicate 
concentrations. Of the 602 mutant lines tested, 56 met the selection criteria (Figure 2). 

 

Figure 1. Growth of S. marinoi at varying concentration of silica. (A) Growth was measured daily by chlorophyll a fluorescence 
for 14 days with the addition of silica at varying concentrations. Each point represents the average and standard deviation o f 
12 replicate cultures. (B) is a zoom of panel (A) between days 0 and 6. The arrow indicates the selected concentration of silica 

at day 6.  
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4.3 Verification screen 

A verification screen was conducted on the selected mutant lines to confirm for a reduced growth phenotype 

under low Si conditions. In this series of experiments, more replicates were used (n=6) and a more 

randomized plate set-up was applied to reduce any positioning bias. Exercising these changes resulted in a 

high number of false positives, where only 13 of the 56 mutants from the primary screening maintained their 

growth phenotype under low Si conditions. Mutants that were selected for having reduced growth relative to 

wild type at Si-limiting conditions are shown in Figure 3.  

Figure 2.  Growth rate of S. marinoi transformants screened at standard and silica limiting conditions. Each of the points 
represents the average growth rate of 3 replicate cultures, compared to the growth rate (percent) of wild type. The shaded area 
represents where growth is observed to be ≥90% of the growth of wildtype under standard conditions and <50% growth of wild 

type in silica limiting conditions.  
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Figure 3. Growth of selected mutant strains at low silica (0.01 mM Si) and standard conditions (0.4 mM Si) relative to wild 

type. Growth was measured daily by chlorophyll a fluorescence for 6 days. Each point represents the average and standard 
deviation of 6 replicate cultures. Illustrated here are mutant strains selected for having displayed a reduced growth phenotype 
compared to wild type at low silica conditions.* indicates a significance level of p <0.05 (Holm-Sidak method). 
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4.4 Assessment of DNA integrity  

Following the screening of the SMMC, genomic DNA was then extracted from each mutant with a low Si 
phenotype. Integrity of the extracted DNA was assessed by agarose gel electrophoresis (Figure 4). The single 
high-molecular mass band in each lane is typical of genomic DNA extractions without significant RNA 
contamination. Some degradation or mechanical shearing of the DNA, (seen as smearing under the main 
band) was present in all samples, particularly from mutant lines SMMC-412, SMMC-473 and SMMC-580 
(Figure 4).  

 

 

4.5 Standard PCR 

A standard PCR was performed on genomic DNA extracted from each selected mutant to confirm the 
presence of the transformed DNA construct (Figure 5). A band corresponding to the expected size was clearly 
observed in all mutant lines except for SMMC-578 that produced a relatively weak band and SMMC-181 that 
produced no band (Figure 5). A second set of PCR reactions were then performed on both SMMC-578 and 
SMMC-181 but with the same result (results not shown). To exclude the quality of the extracted DNA as a 
cause for the PCR results with SMMC-578 and SMMC-181, a new DNA extraction was made from fresh 
cultures of both mutants and the PCR repeated. A PCR product of the correct size was now clearly amplified 
from SMMC-578, but again no product was produced from SMMC-181 (Figure 6A). No RNA contamination 
was evident in the new DNA samples, and only minor degradation or mechanical shearing of the DNA was 
observed in both samples (Figure.6B). Since the presence of the DNA insert could not be verified in SMMC-
181, this mutant was excluded from the study.   

  

Figure 4. Agarose gel electrophoresis (1% agarose) of nucleic acids from selected mutant lines.  
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4.6 Silica-dose Screen 

S. marinoi mutants exhibiting a growth phenotype from the primary and verification screens were screened a 

final time at Si concentrations of 0 mM, 0.01 mM, 0.05 mM, 0.1mM, 0.2 mM and 0.4 mM for 12 days. The 

results from the 0, 0.05 and 0.4 mM  treatments shown in Figure 7 and 0.01 mM, 0.1 mM and 0.2 mM shown 

in Figure 8. In this series of experiments, a more randomized plate set-up was applied to further reduce 

potential positioning bias on plates. It should also be noted that for these experiments, a white reflective sheet 

was installed on the inner walls of the growth chamber to improve the uniformity of the light conditions for the 

screening. Implementing these changes successfully reduced variation between replicates and increased 

Figure 5. Agarose gel electrophoresis (1% agarose) amplification of  bleo
R
 gene from PCR products using Bleo1 and Bleo2 

primers in selected mutant lines. Nucleic acid from wild type was used as a negative control, and nucleic acid from a mapped 

mutant line was used as a positive control. A 1kb DNA size marker is shown on the left.  

Figure 6.  (A) Agarose gel electrophoresis (1% agarose) amplification of bleo
R
 gene from PCR products using Bleo1 and 

Bleo2 primers in mutant lines SMMC-181 and SMMC-578. Nucleic acid from wild type was used as a negative control, and 
nucleic acid from a mapped mutant line was used as a positive control. (B) Agarose gel electrophoresis (1%) agarose of 
nucleic acid at equal concentrations from mutant lines SMMC-181 and SMMC-578. A 1kb DNA was used.  
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growth of both mutant and wild type S. marinoi under standard and low Si conditions. This change, however, 

resulted in a delayed appearance of the growth phenotypes, and so measurements were extended to 12 days. 

Furthermore, significant changes in the response of each mutant to the low Si concentrations was observed 

when compared to the previous screens. Indeed, many of the mutants selected from the earlier screens no 

longer exhibited any change in growth relative to the wild type under all low Si concentrations tested, for this 

reason, mutants selected for mapping from this screen where chosen for either presenting a significant 

decrease or increase in growth compared to the wild type across all Si concentrations tested.  

SMMC-183 demonstrated slightly reduced growth relative to wild type during exponential phase under all low 

Si concentrations (0 mM, 0.01 mM, 0.05 mM, 0.1 mM, 0.2 mM), but increasingly suffered after day 10 as the Si 

concentration decreased (Figures 7 and 8). A similar trend was observed in SMMC-551, where the average 

growth suffered from day 10 at Si concentrations of 0 mM and 0.01 mM and from day 11 at 0.05 mM Si, 

however this was not statistically significant (Figures 7 and 8). SMMC-196 showed a decrease in growth at the 

exponential phase over the 12 days period compared to the wild type at all Si concentrations tested. SMMC-

578 showed a slight but significant decrease in growth at 0mM, 0.01 mM, 0.1 mM and 0.2 mM Si 

concentrations (Figures 7 and 8), however no difference was observed at 0.05 mM and 0.4 mM of Si (Figure 

7). Interestingly, several of the mutants (SMMC-248 and -388) grew significantly faster than the wild type 

under the five Si concentrations (Figures 7 and 8). Although, SMMC-248 did have a visible decrease in the 

average growth at the lowest Si concentrations (0 mM and 0.01 mM) at day 11 and 12, however this was not 

statistically significant. (Figures 7 and 8). Mutants which were not selected for mapping (SMMC-296, -406, -

423, -473 and -580), their growth is shown in Supplementary Figures 1 and 2.  
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Figure 7. Growth of selected mutant strains at 0 mM Si, 0.05 mM Si and 0.4 mM Si (standard conditions). Growth was measured 
daily by chlorophyll a fluorescence for 12 days. Each point represents the average and standard deviation of 6 replicate cultures. 

Growth at each concentration of silica is compared with the growth of wild type. Illustrated here are mutant stains selected for 
mapping based on having displayed a growth phenotype, whereby growth was either less than or greater than the growth of wild 
type at low silica conditions. * indicates a significance level of p <0.05 (Holm-Sidak method).  
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Figure 8. Growth of selected mutant strains at 0.01 mM Si, 0.1 mM Si and 0.2 mM Si (standard conditions). Growth was 
measured daily by chlorophyll a fluorescence for 12 days. Each point represents the average and standard deviation of 6 

replicate cultures. Growth at each concentration of silica is compared with the growth of wild type. Illustrated here are 
mutant stains selected for mapping based on having displayed a growth phenotype, whereby growth was either less than 
or greater than the growth of wild type at low silica conditions. * indicates a significance level of p <0.05 (Holm-Sidak 

method).  
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4.7 Tail-PCR and Genetic Mapping  

 Two sets of TAIL-PCR reactions were carried out on the selected mutant lines to identify the genomic 

insertion site of the construct in each. This method involved the use of a combination of primers specific for 

either end of the bleoR gene, which allowed the insertion sites to be mapped at either ends of the construct. 

PCR products which were at least 500 bp were then cloned and later sequenced. These sequences were then 

matched to the S. marinoi R05AC reference genome to identify the genomic regions flanking the construct 

insertion site in each mutant. The initial TAIL-PCR was carried out on mutant lines SMMC-388, -248, -551 and 

-196 using a series of Fusion primers, with the final PCR products produced shown in Figure 9. Only a small 

number of individual products suitable for mapping were obtained, and of these, only SMMC-248 and SMMC-

551 produced bands long enough to be cloned and sequenced (Figure 9). Unfortunately, the sequences were 

insufficient for mapping the insertion site for SMMC-551, but they did successfully map the insertion site in 

SMMC-248 to a gene encoding a protein of unknown function.  

Figure 9. Mapping of the genomic insertion sites of selected mutant lines using TAIL-PCR. TAIL-PCR was performed on 
genomic DNA extracted from mutant lines SMMC-388, SMMC-248, SMMC-551 and SMMC-196 using Fusion primers (FSP1-5 
and FSP7-13) for the promotor and terminator ends. Shown here are the final PCR products which were separated and 

visualized by gel electrophoresis.    Indicates selected individual products which were purified and sequenced.  
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 The second set of TAIL-PCR reactions performed on the mutant lines SMMC-183, SMMC-551 and SMMC-

578 using a series of OSP primers did not produce final PCR products of sufficient length for SMMC-551, 

whereas the bands from SMMC-578 could not be later cloned and those from SMMC-183 failed to produce 

sequences suitable for accurate genomic mapping (Figure 10).     

 

Figure 10. Mapping of the genomic insertion sites of selected mutant lines using TAIL-PCR. TAIL-PCR was performed on 
genomic DNA extracted from mutant lines SMMC-183, SMMC-551 and SMMC-578 using OSP primers (OSP1-4) for the 
promotor and terminator ends. Shown here are the final PCR products which were separated and visualized by gel 

electrophoresis.     Indicates selected individual products which were purified and sequenced.    
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4.8 Cell Morphology 

While observing the cell physiology of the selected mutants subjected to low Si conditions (0.01 mM Si) by 

light microscopy, many attempts were made to produce clear photos but several problems were encountered. 

Initially, standard room lighting did not provide a high enough light intensity to facilitate sample growth, 

resulting in little to no cell replication in both wild type and mutant strains. This was later overcome by installing 

a lamp over the microscope to provide a constant high light source for cells for the duration of the study. Other 

problems that were encountered included too high cell density, cells sticking to each other, accumulation of 

debris and saccharides, and a high volume of bacteria, which all together in a short timeframe compromised 

the visibility of cells making analysis of photos near impossible. These problems, however, were later 

overcome by several means. Vigorous shaking of pre-cultures before inoculation into experimental plates 

almost entirely prevented the cells from sticking to each other. By including several wash steps and a series of 

dilutions, the volume of debris, saccharides and bacteria was greatly reduced, allowing clear images to be 

taken of the cells.  

In this experiment, mutant strains were analyzed for the following: qualitative measurements of growth, 

presence of long chains (≥ 10 cells), sexual reproduction (presence of auxospores) and indicators of stress 

(coiling) (Table 1). It is important to mention that the growth of wild type appeared abnormal in this experiment 

and for this reason growth of mutant strains was compared relative to the best growing mutant strain. Of the 

selected mutants, SMMC-248 and -388 had the densest growth followed by SMMC-196, whereas SMMC-183, 

-578 and wild type showed the least growth at the end of the experimental period (Table 1). The formation of 

long chains (10+ cells) was observed in all mutant lines, with the exception of SMMC-578. No auxospores 

were observed in all mutant lines and coiling of the cell chain was observed in SMMC-578 (Table 1 and Figure 

11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Summary of observations made from the microscope analysis. Selected mutant strains were photographed every 3 
hours for 123 hours in low silica conditions (0.01 mM Si). A qualitative growth score was assigned to w ild type and mutant 

strains after 123 hours. Growth of wild type and each mutant strain was compared relative to the growth of the best growing 
mutant strain. The capacity to form long chains, indicators of sexual reproduction (presence of auxospores) and physiological 
signs of stress (coiling) were recorded across the entire duration of the experiment.  
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 Also measured in this experiment was the diameter of cells at three time points (post-inoculation) in wild type 

and selected mutant strains (Figure 12). Results demonstrated no significant change in cell diameter over time 

in wildtype and SMMC-183, -196, -248, -388, -551 and -578 (Figure 12). However, SMMC-388 showed an 

observable increase in the average cell diameter when compared to wild type, particularly at 0 and 60 hours 

post-inoculation (Figure 12).  

Figure 12. The diameter of cells of wild type and selected mutant lines at 0, 60 and 123 hours post-inoculation. Each of 

the bars represent the average and standard deviation of 20 cells.  

Figure 11.  40x magnification of SMMC-578. ◄ indicates the ‘coiling’ of the cell chain.  
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5. Discussion  

 

5.1 Silica-dose Test 

This study has designed and performed the first large-scale screening of a collection of randomly mutagenized 
S. marinoi transformants (SMMC) in the attempt to characterize genes linked to silica assimulations and 
frustule morphogenesis. A preliminary silica-dose experiment was carried out on wild type S. marinoi R05AC 
where the growth was measured under varying concentrations of silica to establish a suitable concentration for 
the screening of transformants within the SMMC. Only a small difference was observed in the growth rate at 
the exponential phase of S. Marinoi, whereby growth rate increased with the addition of silica. This is not 
surprising as it has been shown by numerous studies (Paasche 1975; Davies 1976; Harrison et al. 1977; 
Brzezinski et al. 1990) that reducing the concentration of dissolved Si in the external environment leads to 
reduced levels of silicification in diatoms. In general, the rate of Si uptake is reduced to a greater extent than 
growth in Si-limited environments, and by doing so cells can regulate the amount of Si deposited during the 
cell cycle (Paasche 1973a; Olsen and Paasche 1986), which in theory would limit the amount of Si 
incorporated into the frustule. This has been observed in a number of studies where Si-limiting conditions led 
to the thinning of the frustule in several diatom species (Passche, 1973b; Guillard et al. 1973; Paasche 1975; 
McNair et al. 2018). As a result, diatoms can to a certain point maintain near maximum growth rates under 
silica-limiting conditions (Taylor 1985). The progressive reduction in maximum growth of S. marinoi as the 
concentration of silica decreased (Figure 1), indicating the time points at which silica was exhausted from the 
media. For this reason, the lowest concentration of Si (0.01 mM) was selected for the screening of SMMC as it 
would most likely produce a phenotype much sooner in the early stages of exponential growth relative to the 
other concentrations measured.  

 

5.2 Screening of the SMMC 

A high level of variation was observed between the initial and verification screening of mutants. Despite the 
strict selection criteria applied to the initial screen, only 13 of the 56 selected mutants maintained a growth 
phenotype under low Si conditions in the verification screen. This variation in growth may be attributed to the 
intracellular storage pool(s) of Si, which were not accounted for at the beginning of this study. It is known that 
all diatoms maintain an internal store of silicon, with concentrations varying between species (Sullivan 1977; 
Binder and Chrishom 1980). This species-specific variation is due to differences in the relative time of silicic 
acid uptake and incorporation into the frustule (Chistholm et al. 1978). A study by Chistholm et al. (1978) 
observed such differences. Small soluble pools of Si were observed in species where uptake and deposition 
were simultaneous (e.g Chaetocerus gracilis) while much larger pools were observed in species where uptake 
and deposition were temporarily uncoupled (e.g. Ditylum brightwellii) to allow time for the accumulation of 
soluble pools. To our knowledge, no study investigating the intracellular pool of silicon has yet been conducted 
on S. marinoi.  It is highly likely that the variability in growth observed in this study was caused by the 
differences in the pre-existing amounts of intracellular Si in transformants.  

In hindsight, major changes in growth of transformants relative to wild type during the silica-dose screen could 
have been due to an indirect response to a shift in light conditions.  In the later silica-dose screen, a white 
reflective sheet was installed on the inner walls of the growth chamber to improve the light intensity uniformity 
over the screening area. This resulted in significant changes in the response of each mutant to the low Si 
concentrations tested when compared to previous screens. Many mutants selected from earlier screens no 
longer exhibited any change in growth relative to wild type under all low Si concentrations tested. Furthermore, 
both mutants and wild type grew seemingly better which resulted in the delayed appearance of a phenotype. A 
study by Taylor (1985) with C. fusiformis found that the intracellular silica content of diatom cells decreased 
with increasing light intensity. Similarly, work by Davis (1976) on Skeletonema costatum found a lower silica 
content in cells within a silicate-limiting environment under high light intensities. Furthermore, both studies 
observed increased growth with increasing light intensities. It has been suggested that the increase in light 
intensity, to a certain point, stimulates growth in diatoms, which indirectly has an inverse effect on pool sizes.  
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Interestingly in addition to light, Taylor (1985) found that at a given light intensity, pool sizes were also greatest 
at intermediate silica concentrations (0.015 mM – 0.05 mM) and smaller at lower or higher Si concentrations. It 
is suggested that under conditions that support only slow growth rates in diatoms, the length of time at which 
cells are exposed to silica absorption is increased compared to conditions that induce high growth rates. This 
directly corresponds to the amount of cellular silica stored. As transformants in the present study were 
measured at similar Si concentrations (0.01-0.05 mM), the findings mentioned above further support the 
likelihood that the variation in growth observed was heavily influenced by differences in intracellular Si stores 
among transformants commencing each experiment. 

 

5.3 Genetic mapping of the SMMC 

A major limitation of this study was that the mapping of selected transformants was largely unsuccessful. The 
newly developed TAIL-PCR method used in this study has previously been demonstrated as a reliable means 
to identify the genomic insertion site within S. marinoi transformants (Johansson et al. 2019). However, for 
various reasons previously mentioned, we were only able to successfully map the insertion site in SMMC-248 
to a gene encoding a protein of unknown function. Indeed, the identification of genes involved in silica 
assimilation and frustule morphogenesis was dependent on the successful mapping of transformants with a 
consistent growth phenotype. Despite SMMC-248 being successfully mapped, it displayed a high degree of 
variability in growth throughout the study. SMMC-248 had significantly reduced growth compared to wild type 
in both the initial and verification screens (Figure 3) however, had a significant increase in growth relative to 
wild type in the silica-dose screen at all concentrations measured with the exception that at Si-concentrations 
of 0 mM and 0.01 mM on days 11 and 12 there was an observable, but not statistically significant decrease in 
the average growth (Figures 7 and 8).Therefore further testing in needed on this mutant where the internal 
stores of silica, as mentioned above, are controlled for to determine the true nature of this growth phenotype 
and confirm the functional link of this protein to Si assimilation. Of the mutants which were not successfully 
mapped, SMMC-183 showed the most promise for identifying a gene related to Si assimilation and frustule 
morphogenesis. This mutant exhibited a consistent growth phenotype across all screens, whereby growth was 
reduced relative to wild type under Si- limiting conditions. As a consequence, it would be worthwhile to pursue 
the mapping of this mutant to continue this study in the future. Furthermore, in the silica-dose screen SMMC-
551 showed a trend whereby the average growth suffered as silica concentration was decrease, however the 
difference compared to wild type was not statistically significant and therefore one should be hesitant to make 
any assumptions as to whether this observed trend can be explained by an impaired gene related to Si 
assimilation. However, it would be interesting in the future to replicate growth measurements on this mutant in 
the optimised screening conditions while controlling for silica stores to see if a significant difference in the 
reduced growth compared to wild type can be observed. 

 

5.4 Cell Morphology 

Microscopy analysis of cells revealed a possible phenotype in SMMC-578 under Si-limiting conditions. SMMC-
578 showed the least amount of growth and formed short chains (>10 cells) with an unusual ‘coiling’ shape of 
the cell chain (Figure 11). Although coiling has not yet been reported in the current literature, it has been 
observed several times in transformants under low silica conditions throughout this study and there is reason 
to believe it may be a physiological sign of stress, possibly due to the antibiotic selection. Hence, it would be 
interesting to continue studying this mutant strain, especially since few changes in frustule morphology of 
diatoms under Si-limiting conditions have so far been described. In addition to mapping, it would be interesting 
to measure gene expression levels in this mutant and wild type under silica stress to observe for differences. 
No mutagenesis study preformed on diatoms has yet described cell morphology of transformants and 
therefore it is hard to make any predictions on what differences, if any, we are likely to observe in frustule 
morphology under Si-limiting conditions. Of the earlier studies which observed frustule morphology in wild type 
diatom species, low Si concentrations led to impaired tubulin connection between cells within chains of 
Skeletonema costatum (Passche, 1973b) and the thinning of the frustule across various diatom species 
(Passche, 1973b; Guillard et al. 1973; Paasche 1975; McNair et al. 2018). To better assess changes in cell 
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morphology within mutants from the SMMC, it might be necessary in the future to use a scanning electron 
microscope. Furthermore, it would be interesting to perform an in-depth assessment of frustule morphology of 
our study species S. marinoi (R05AC) at Si limiting conditions as this has not yet been done. In general, the 
cell diameter of wild type S. marinoi and the transformants in the SMMC did not show a significant difference 
in cell diameter over time under low Si conditions. Although it would be predicted to see a decrease in cell 
diameter over time as Skeletonema primarily divide via mitosis with the cell size decreasing with consecutive 
generations, it is likely that measurements were not taken for a sufficient amount of time post-inoculation for 
such a difference in cell diameter to be observed. SMMC-388 showed a noticeably larger average cell width 
when compared to wild type. However, cell width would need to be re-measured in this mutant with more 
replicates and under a more controlled environment to confirm this observed difference.   

 

6.Conclusion  

 

Towards the end of the project it became increasingly clear that the high level of variation observed in the 
screening steps was likely caused by several variables not being properly controlled in this study, which 
ultimately compromised the results. It is highly likely that the variation in growth of transformants from the 
SMMC under Si-limiting conditions was due to differences in concentration of intracellular Si stores, which 
affects generation time and rates of Si mineralization. Additionally, environmental factors such a light 
availability indirectly affect Si pool sizes by altering the rate of replication. It is likely that the pre-existing 
amounts of Si in cells must first be exhausted before a true phenotype linked to Si limitation can be observed. 
It is recommended that future studies control for these Si pools by several potential methods. One potential 
method would be to minimize generation times to prevent the storage of Si, possibly by conducting a screen in 
constant light conditions. Another potential method could be to starve transformants prior to screening, to 
deplete silica stores. The latter would have the advantage of maintaining the standard photoperiod for growing 
S. marinoi and thereby not introduce a second variable of continuous light, a condition of little ecological 
relevance. Additionally, future studies should measure the rate of silica uptake. By gaining more insight into 
the rate of uptake and assimilation of silica in S. marinoi, future studies could potentially optimize the growth 
conditions for screening, whereby no silica is deposited as storage. Furthermore, this study highlights the 
importance of maintaining reproducible standard growth conditions to minimize possible variables which may 
compromise results. Of those mutants identified in this study, SMMC-248 which was mapped to a gene 
encoding a protein of unknown function requires further testing to confirm its link to Si assimilation, due to the 
high level of variability in growth which was observed between the initial screens and the final silica-dose 
screen. SMMC-183 warrants further study since it showed a consistent growth phenotype throughout the 
duration of the study.  Furthermore, the ’coiling’ phenotype observed in SMMC-578 should be further explored 
and cell diameter in SMMC-388 should be re-measured under a more controlled environment. While it was 
ultimately not possible to characterize any genes involved in Si assimilation and frustule morphogenesis, this 
study was the first to attempt large-scale phenotyping of the SMMC and thus led to significant progress in our 
understanding to better design and perform such phenotyping studies in the future. 
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9. Appendices 

 

9.1 Appendix 1- Popular Science Summary  

Diatoms are a large group of microalgae which are found in abundance in both marine and fresh water 
habitats worldwide. They harvest sunlight through a process known as photosynthesis, which allows them to 
store carbon dioxide from water and release fresh oxygen back into the environment, which is necessary for 
animals to breathe. Furthermore, they are an important food source to tiny marine creatures which are then 
consumed by much larger animals such as fish, making them central to the food-chain and supporting marine 
life. 

 A unique feature of diatoms is their cell wall known as the ‘frustule’, which is made entirely from silica. To 
make the frustule diatoms take up orthosilicic acid, a substance found naturally in water, and turn it into Silica 
by a process known as biomineralization. This Silica is the building blocks used to make the frustule, which is 
unique in shape and size in each species of diatom. If the concentration of nutrients such as orthosilicic acid 
was to decrease in waterways, diatoms could not survive and this would have devastation effects on other 
marine life. Despite their importance, very little is known about the genes which control the process involved in 
silica uptake and incorporation into the frustule.  

Recently, Skeletonema marinoi which is one of the most abundant chain-forming marine diatom species in the 
North Atlantic has had its genetic code determined. This revealed ca. 22, 440 genes encode for proteins of an 
unknown function. This study has used genetically modified S. marinoi which had an extra bit of DNA, called 
the construct, randomly inserted into the genome and applied a forward genetic approach in combination with 
microscopy to try to identify genes and characterize their role in silica uptake and incorporation into the 
frustule. Of course, a forward genetic approach is identifying genes responsible for particular traits in an 
organism, with this study primarily focusing on changes in growth under silica-limiting conditions.  

To do this, 602 different mutants were used and a 4 step process was developed where; 1) mutants were 
selected for having growth different from what is normal in S. marinoi, 2) growth measurements were repeated 
several times to confirm the growth trait 3) experiments were conducted to determine which part of the 
genome had received the construct and 4) the cells of selected mutants was observed under a microscope. 
Six mutants were identified for presenting a growth trait and one mutant successfully had its construct 
discovered in a gene encoding a protein of unknown function, however further research is required to 
determine its exact role in the incorporation of silica into the frustule.  Microscopy revealed an interesting 
‘coiling’ shape of cell chain in one of the mutants which has never been reported in literature and should be 
looked further into.  

This was the first large-scale study to use a forward genetic approach to identify genes involved in silica 
uptake and incorporation into the frustule, and as such has provided many insights into how to optimize similar 
studies in the future. 
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9.2 Appendix 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 1. List of Primers used in the TAIL-PCR  

Supplementary Table 2. Thermal conditions for the modified TAIL-PCR  
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Supplementary Figure 1. Growth of mutant strains not selected for mapping at 0 mM Si, 0.05 mM Si and 0.4 mM Si (standard 
conditions). Growth was measured daily by chlorophyll a fluorescence for 12 days. Each point represents the average and 
standard deviation of 6 replicate cultures. * indicates a significance level of p <0.05 (Holm-Sidak method).  
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Supplementary Figure 2. Growth of mutant strains not selected for mapping at 0.01 mM Si, 0.1 mM Si and 0.2 mM Si. Growth 
was measured daily by chlorophyll a fluorescence for 12 days. Each point represents the average and standard deviation of 6 

replicate cultures. Growth at each concentration of silica is compared with the growth of wild type. * indicates a significance level 
of p <0.05 (Holm-Sidak method).  

 


