DEPARTMENT OF BIOLOGICAL AND
ENVIRONMENTAL SCIENCES

UNIVERSITY OF
GOTHENBURG

Effects of silica limitation on diatom growth and
frustule morphology

Nathalie Wranning

Degree project for Bachelor of Science with a major in Biology
BI1O603, Bachelor’s degree project, 30 higher education credits

First cycle
Semester/year: Spring 2024
Supervisor: Angela Wulff, Department of Biological and Environmental Sciences

Examiner: Isabel Casties, Department of Biological and Environmental Sciences



Picture of a diatom under a Scanning Electron Microscope, photo by Adil Al-Handal.



Table of contents

F AN S S I T AN O [P RRT 2
SAMMANFATTINING ...ttt ettt e e st e e s eateessabesssbeessebaeesshbeessabeessasesesssbessssbesesabessessbensssreeesan 3
T INTRODUGCTION. ...ttt ettt ettt e ettt e e ettt e e et te s s eaeeeseste e e sataessabeeesasbteesabesssebeeesssbesssabassssbeaasssbaesssbanssrens 4
I B I7. o] S = U] N Tog 1 (o] N PO TR 4
1.2 FRUSTULE APPLICATIONS 11ttttiiiittttiteesiittttesessiesbstssssssssatsssessissbessssssassssssessassssssssssssssssssesssasbsssssssassssssessssssbesssesssnsns 4
1.3 REMOVAL OF ORGANIC MATERIAL & MODIFICATIONS OF FRUSTULE ...iiiiiiiirieeieiiitiee e e s siiirie e e s seisrsesesssnbaessessnnes 4
1.4 IMPORTANCE OF UNDERSTANDING “SILICA™ ..uuttttteiiiittieeeeiiiitieeeessiibrsessssaissssesssssisssessesssssssssssssassssssssssisssssssesssnnns 5
1.5 UNDERSTANDING FRUSTULE MORPHOLOGY ...uuttviieiiiittrieeeeiiistressessiasssssssssasssssessssissssssssssssssssssssossssssssssissssssesssnnns 5
L6 AIIM & HY POTHESIS 1.ttt iiutttiee et eeitiee e e e tittb et e e s s eabb et e e e s ebbateeeeesbbbaeeee s s bbbaeeeesabbbbeeseesabbbeeseesaabbaeeeessasbbbaeeesesanbaeesessantes 6

B2\ 1 (] 1 R 6
B o= T Ny 0] £ 6
2.2 EXPERIMENTAL DESIGN ...uuvveiieeiietteteeessiisttessesssessetsssssaisssssessssossssssessasssessssssasssssssssssssessssssassssssessosssssessssssssesssess 6
I NN 2] =5 7
2.3.1 Cell density @nd grOWEN FALE .........coviiiiiiiiiie bbbttt b e b e ebe e ebe e 7

2.3.2 Photosynthetic activity (FV/FI’) ..ottt et ene s 7

2.4 LIGHT MICROSCOPY AND SEM ...ttt ettt ettt e e e e et e e e e s s bbb e e e e e s e sbbbb e e e e s s sabbaneeeeas 8
2.4.0 LIGNE MICTOSCOPY -..v.vevereeteeeteseete sttt ettt et b ettt eb et eb etk b ekt e bbbt e bt e bt e bt s e e b ne bt ab et e e b e bt e b e e e b e e ebenrebennas 8

2.4.2 SCANNING EIECIION IMICTOSCOPY. .. cveiteierteeteste sttt sttt se ettt ae bbbt ebesbe b e b e b e e e e e e e e ene e s e e seane et e ebe e 9

2.0 ST ATISTICAL ANALY SIS .. tttiieeiiettttte et ettt et s e s sebbeteessaa b areeeesasabbasesessasbbaseeessabbabeeeesasbbbaeesesssbbeesessebbabeesessabbaaeeeass 9

R R 1 U1 I T 10
3.1 CELL NUMBER AND GROWTH RATE 11iiiiiiitttiieeiiiittieteessitbeetsessasbbatsesssssbttessssssssbsssssssassbsssssssssssssssesssssressssssssssssesns 10
I = (=l I B Y/ =i ol = I = NS 1 OO 11
3.3 PHOTOSYNTHETIC ACTIVITY (FV/EM’) 1ottt sttt sttt sttt sttt ettt te ettt aesbe st st e st e ae s ne it enseneanaaneas 13
3.4 DEFORMATION OF FRUSTULES. ... ttteietttieiteeesitteeesstessstessssatessastesssabessssbsessassesssabassssbesessstesesnsessssssessssbesssnsenssssens 14
B IR T oL 1 T (o0 )RS 14

3.4.2 SCANNING EIECIION IMICTOSCOPE. ... vttt sttt sttt sttt st b ettt sttt ettt bbbt sb et st ebns 15

LR ] 1O 0 1535 1 ]\ 15
4.1 GROWTH RATE AND CELL DENSITY 1uttttteeiietrtttessiiusteessssiissertesssasssssssssaissssesssssssssssesssmssssssssamsssesssssissssssesssssenes 15
4.2 PHOTOSYNTHETIC ACTIVITY ettttieiiitteiteetietetteessesisttessessisstessesssassessesssassssesessssastssssessasbbassesssessbtasessssstanssesssssrenes 16
4,3 DEFORMATION OF FRUSTULES. ...ieiiittttteetiitttttesseittttessessistbessessssssassssssasssssassssissssssesssssssssesssssssssssssssssssssessssssenes 17
4,4 METHODOLOGICAL CONSIDERATIONS ......utttiieiiiitttieeeesiistbereesssisbsssesssasssssessssissssssesssssbsssssssassssssssssssssssessssssenes 18

OO ] (01 I U] 0] 1S TR 19
B REFERENGCES. ... oottt et et e sttt e s e at e e e sa b e e e s bb e e s abee e e sabaesabbeesabessesabesssbbessasbaeesabaaessrbeeas 19



Abstract

Diatoms are eukaryotic microalgae that serve as important primary producers in our oceans. The
diatoms are unique with a cell wall of silicon dioxide with a small amount of water (SiO2eH20),
like a tiny glass house. This cell wall, called frustule, has a myriad of sieve pores and can vary in
morphology and size, making them of interest for example morphological species identification
and industrial applications. The aim of this study was to find out when the morphology of the
frustule starts to change when the diatom is subjected to silica limitation (i.e. silicic acid), as well
as how it affects the diatom growth and photochemical activity. This was tested by using five true
replicates that were given all the nutrients and minerals they needed, except for silicic acid, and
five control replicates that were given everything they needed including silicic acid. Cell density,
growth and photosynthetic activity was measured approximately once every week for five weeks.
In addition, the diatoms were cleaned from organic material, so the frustules could be viewed in
detail using a light microscope to estimate the proportion of deformed/undeformed frustules every
week. The analysis showed that cells exposed to silica limitation had a slower generation time than
the control treatment. Furthermore, the photosynthetic activity was significantly higher for the
control treatment on all days, except for day 8. There was also a significant difference in the number
of deformed frustules between the treatment and the control after only eight days. The results
showed that limitation of silica has an impact on all parameters (cell growth, photosynthetic
activity, and diatom frustule morphology) already after few generations.

Glossary:

Silicon: The element silicon Silicon dioxide (written as SiOz2 in this study):
more complex silica that forms when two
oxygen atoms share one silicon atom
Silica: Silicon and oxygen together form silica; | Silicic acid: Silica dissolved in water
it is the basis for most silicate minerals

Silicate: Forms different types of rock- | Silicone: The material we find in things we
minerals use, such as for example contact lenses and in
shampoo.




Sammanfattning

Kiselalger ar eukaryotiska primarproducenter i vara hav och ar unika med sin harda cellvagg av
kiseldioxid, som ett litet glashus. Denna cellvagg kallas frustul och har en méngd porer som varierar
bade i storlek och morfologi, vilket gér dem intressanta for till exempel artidentifiering. | och med
deras varierande egenskaper kan de dessutom anvandas i olika fabrikeringssyften, som till exempel
filter och for att forbattra solceller. Syftet med denna studie var att ta reda pd nar frustulens
morfologi borjar forandras nar kiselalgen utsatts for brist pa kisel, samt hur detta kan paverka deras
tillvaxt och fotosyntetiska aktivitet. Detta testades genom att anvanda fem &kta replikat som fick
all nédvandig naring for att vaxa, exklusive kisel. Fem kontroller anvandes ocksa, som fick all
nodvandig naring inklusive kisel. Celldensitet, tillvaxt och fotosyntetisk aktivitet méattes ungefar
en gang i veckan i totalt fem veckor. | samband med detta rensades kiselalgerna pa organiskt
material sa att frustulerna syntes tydligt under ljusmikroskop, dér proportionen deformerade/ej
deformerade frustuler kunde raknas for varje vecka. Analysen visade att behandlingen som utsattes
for kiselbrist hade en langsammare generationstid an kontrollbehandlingen. Dessutom var den
fotosyntetiska aktiviteten signifikant hogre for kontrollbehandlingen for alla veckor utom en. Det
fanns aven en signifikant skillnad pa antalet deformerade frustuler mellan behandlingarna, efter
endast atta dagar. Resultaten indikerar att bristen pa kisel har en paverkan pa alla testade parametrar
(celltillvaxt, fotosyntetisk aktivitet och frustulers morfologi) redan efter fa generationer.



1 Introduction
1.1 Diatoms function

Diatoms are eukaryotic microalgae that represent the vast majority of phytoplankton and have a
unique morphological cell wall called frustule. The frustule is built like a petri dish and consists of
a silicified cell wall with a small amount of water (SiO2eH20) and a myriad of sieve pores that are
joined by girdle bands (Su et al., 2018). These sieve pores are important for the cell, because they
provide the only connection with the environment, thus, gases (COz2, O2), nutrients, waste products
and water all need to pass through these pores. Furthermore, the frustule offers mechanical
protection of the cell (Mitchell et al., 2013). Diatoms also play an important role as primary
producers and it has even been hypothesized, that the frustule plays an important role in the live
cells’ photosynthesis (D’Mello et al., 2022).

1.2 Frustule applications

The three-dimensional, porous structures vary in morphology and size, from nanometer to
micrometer dimensions, which makes them of interest for several industrial applications (Losic et
al., 2006). They can for example be used in photoluminescence-based gas sensors, photovoltaic
devices, drug delivery systems, filters, and electrochemical/optical biomolecule diagnostic devices.
Further potential applications that have been reviewed includes solar cells, batteries and
electroluminescent devices (Wang et al., 2013). Some techniques use the frustule’s structure
directly for these applications, whereas others use them as a template for structures made from
other materials, or even biomimicry of silification routes. Additional reasons that make diatoms of
interest for industrial applications are that they are inexpensive to manufacture on a large scale and
require nothing else except basic nutrients and sunlight to achieve high complexity. This means no
aggressive chemicals or expensive supplements have to be used to produce them (Townley, 2011).
For example, the company Swedish Algae Factory (https://www.swedishalgaefactory.com/)
produces frustules under the trademark Algica.

1.3 Removal of organic material & modifications of frustule

To use frustules in these industrial applications as well as morphological studies, it is necessary to
remove organic material by controlled cleaning (Romann et al., 2016), so that the details are clearly
visible. There are different ways to do this but a common method that is used, is chemical oxidation
by hydrogen peroxide, sulfuric acid or nitric acid among others (De Stefano et al., 2005, 2009;
Trobajo & Mann, 2019). Once the frustule has been cleaned from organic materials, it can be
studied using light microscopy or for even higher resolution, scanning electron microscopy (SEM).
The latter is used to observe the detailed three dimensional structure of the frustule, as well as the
ultrastructure of the outer and inner valve surfaces, as can be seen in figure [1] (Mayama &
Mayama, 2021). The morphology of the frustules can be modified due to environmental changes
like for example fluctuating salinities and temperature (Leterme et al., 2013). However, it has also
been suggested that when diatoms are under silica stress in the ocean, they decrease their frustule
silica content to maintain division rate. This would mean that mild silicon stress that leads to
decreased silification, reduces the cell’s density and these cells could be more likely to dissolve at
shallow depths in the ocean (McNair et al., 2018).


https://www.swedishalgaefactory.com/

Figure 1. SEM images of different shaped and sized diatoms (Source: Zhang et al., 2020)

1.4 Importance of understanding “silica”

The understanding of the biosilica morphology is important for a variety of reasons, such as the
material science perspective, as well as it being important in the silicon cycle of aquatic ecosystems.
Biomolecules are necessary for silica formation, but silification can also be mediated by physical
and chemical mechanisms like diffusion, nucleation and self-assembly of silica nanoparticles. The
latter have been less investigated in vivo than biomolecules but can be examined by using a single
species of diatom and applying different conditions to it (Javaheri et al., 2015). Some studies
suggest that silicone limitation is the only growth condition directly related to a decreased
silification of the frustules (Flynn & Martin-Jézéquel, 2000).

1.5 Understanding frustule morphology

The structure and arrangement of pores in the frustules are species specific (e.g. (Hale & Mitchell,
2001). Morphological characteristics of the frustule in general are commonly used to establish the
accurate taxonomy of diatoms together with molecular analyses (Schoefs et al., 2020). Therefore,
knowing how the morphology changes in certain conditions could be of great importance for the
species identification process in cases when molecular tools are not accessible but also when an
exact pore configuration is of vital importance for the frustule’s interaction with light (De Tommasi
etal., 2021, 2024). Several studies have tested how diatoms react on nutrient reduction for elements
such as N and P (Guerrini et al., 2000; Tan et al., 2019), whereas less studies have focused on the
effect of silica limitation on the diatom cell and frustule morphology.



1.6 Aim & hypothesis

Changes in frustule morphology, cell growth and photosynthetic activity was tested for diatom
species Nitzschia sp 17, by subjecting them to silica depletion for five weeks. The aim of the
study was to find out when the frustule morphology starts to change and affect the growth as well
as photosynthetic activity. Thus, this is a mechanistic study not aiming for ecological relevance.

Hypothesis: Silica limitation will lead to a deformation of the diatom frustule after approximately
three weeks and the growth and photosynthetic activity will start to decrease.

2 Methods
2.1 Preparations

Prior to the experiment, diatoms of the selected species, Nitzschia sp 17, were cultivated in a 250mL
cell culture flask, with F/2 plus silica as growth medium. The diatoms were kept in a thermo
constant room set to 15.5°C, with the light intensity set to approximately 70 pmol photons m2s,
measured using a LI-COR LI-1400 handheld probe at a 45° angle, approximately where the water
surface was. The light-darkness ratio in the room was 16:8 and an aquarium pump was connected
to the dense culture to keep the diatoms in suspension as they were growing, to keep them from
sticking to the bottom of the flask. A BX120 Solray385 LED grow light was used to match the
natural outdoor light to enable the diatoms to grow. To minimize the risk of potential
contamination, parafilm was used to cover the opening of the flask. The temperature was also
recorded from start and throughout the experimental period, with a temperature logger every 30
min (HOBO Pendant, Onset Computer Corporation, USA).

2.2 Experimental design

Before the experiment started, the initial cell concentration was determined by using a Sedgewick-
Rafter counting chamber, ruled in a grid that subdivides 1.0 ml into 1000 ul. and an inverted light
microscope (Nikon eclipse Ts2). The dense culture was vortexed beforehand to loosen adherent
cells, to ensure even densities. Once the starting concentrations had been calculated, 3 mL of the
dense culture was transferred to each of the treatment flasks and diluted with 27 mL medium F/2
(Guillard, 1975). A total of 25 flasks were used and silica was added to 15 of them, leaving 10
flasks with only F/2 as growth medium, as can be seen in figure [2]. True replicates were used,
which resulted in 5 replicates for each treatment. However, at the end of the experimental period
we decided to extend the project with the replicates we had already used, thus true replicates were
not used for this extended period. Since the light intensity differed more than 10% between the
measured points where the flasks were to be put, the flasks were placed randomly to reduce bias.
F/2 medium, with and without silica respectively, was added throughout the experiment to avoid
nutrient depletion when the measured F.’/Fm’ values were low (see below). The flasks were
sonicated in an ultrasonication bath for approximately 10 seconds each before each sampling, to
loosen adherent cells. At the end of the experiment, all replicates were given medium containing
silica to see if they could recover from the depletion of silica.
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Figure 2. Illustration of the experiment setup.

2.3 Analyses

The parameters that were analyzed included cell density (biomass), growth rate, photosynthetic
activity and changes in frustule morphology.

2.3.1 Cell density and growth rate

Cell density was measured once every week throughout the experiment using a Sedgewick Rafter
Counting Chamber under an inverted light microscope (Nikon eclipse Ts2). The microscope was
connected to a stationary computer with a camera, thus, the cell counting was done using snapshots
of the squares. By doing this, it was easier to divide the squares into even smaller squares and
therefore reduce the possibility of counting the same cells twice. Immediately after sampling, the
cells were fixated in Lugol’s solution to stop cell division, and to preserve the integrity of the cells
(Freibott et al., 2014). A minimum of 300 cells were counted to ensure a representative statistical
number and if there was a lot of variances in the number of cells between the squares, the counting
continued until standard error was <10%. Equation [1] was later used to calculate the daily specific
growth rate for the observed concentration of cells.
()
[1] p=—

1 0
The equation shows that the growth rate () can be calculated by dividing the final cell density (N1)
with the initial cell density (No) and multiplying these with the natural logarithm (In), then dividing
them by the number of days between final sampling (t1) and initial sampling (to)

2.3.2 Photosynthetic activity (Fv’/Fm’)

At the start of the experiment, the effective photosynthetic activity (Fv’/Fm’) was measured every
couple of days for all samples as a momentary indication on the photosynthetic activity of
photosystem I1 in light. After a couple of weeks, it was decided that measurements once a week
was enough. Photosynthetic activity is a kind of fluorescence parameter to monitor the
physiological status on microalgae and for example determine the effects of nutrients (Qi et al.,
2013). In simple words, it is a well-known and used parameter that represents the health and growth
of plants (Jia et al., 2019). Approximately 0.5-1mL of sample was added to a quartz glass cuvette,
which was inserted into a water-PAM (Pulse Amplitude Fluorometer) to measure Fv’/Fm’ (here
“yield”). The minimal fluorescence yield was measured first and after this the sample was saturated
to a light flash (>6,000 umol m-s). The purpose of the light flash (also called SAT-pulse) is to
7



make all the reaction centers in the cell close, which gives a maximum fluorescence value (Guidi
et al., 2019). There is a difference between Fv/Fm and Fv’/Fm’ values. Fv/Fm represents the
maximal efficiency of photons captured by open PSII reaction centers (dark adapted), whereas
Fv’/Fm’ represents the efficiency of energy harvesting by open PSII reaction centers in light.
However, both relates closely to the activity of the photosynthesis and can therefore be used to
monitor the physiological status and reactions (Jia et al., 2019). The water-PAM was connected to
a computer installed with WinControl software to be able to view the measurements. To estimate
the maximal photochemical efficiency of PSII, equation [2] was used.

[2] Fv'/Fm' = (Fm' — F0")/Fm’

In the equation [2] above, Fo’ corresponds to the minimum fluorescence yield and Fm’ to the
maximum fluorescence yield. Fv’ corresponds to the difference between Fm’ and Fo’.

2.4 Light Microscopy and SEM

2.4.1 Light Microscopy

To prepare the frustules for light microscopy, the cells had to be cleaned from organic material and
mounted on a slide. Two different methods were used to do this. In the first method, half of the
sample was filtered and rinsed with distilled water twice to remove any small particles (dirt) in the
sample. After this, the cells were gently boiled on a coverslip on a slide, this step was performed
on a hot plate placed in a fume hood. Once all liquid had diffused and only cells remained on the
coverslip, nitric acid was added to remove the organic material in the cells. When all the nitric acid
had also diffused, this step was repeated two times and then the cells were mounted onto a new
slide with Naphrax®. By using a mountant (such as Naphrax®), between the microscope slide and
the coverslip, the subject matter stabilizes and the coverslip adheres to the glass slide (Nagy, 2011).
Moreover, Naphrax® has a high refractive index (RI) that makes the diatom structure more visible
(Naphrax, Brunel Microscopes Ltd, UK). This method resulted in the loss of a lot of cells, so it was
decided that another method was to be used.

For the second method, all samples were transferred to centrifugation vials and diluted with
distilled water to the same level. After this, the vials were centrifugated for eight minutes on the
highest speed (5100 rpm). Then, all supernatant was discharged and the samples were filled with
distilled water and centrifugated again. It was important that all samples were vortexed before
centrifugation. This process was then repeated three times. After the third centrifugation and
discharge of supernatant, the samples were vortexed once more and then dropped onto a coverslip
on a slide, on the hotplate. The rest of the process was identical to the first method. After these
steps had been carried out, the sample was ready to be checked under the light microscope. If any
deformation of the frustules could be detected, the sample was prepared for the Scanning Electron
Microscope (SEM) to check at higher resolution. Furthermore, the proportion of deformed frustules
were estimated using the light microscope (Zeiss Axioplan 2). When a frustule was found, a picture
was taken using the camera connected to the microscope. If the frustule had the slightest
deformation it was marked with an X and if not deformed, it was marked with an O, to separate the
ones that had been counted, as can be seen in figure [3]. Since a few of the samples contained only
a small number of frustules, it was decided that no more than 30 frustules were to be counted, so
that all samples were treated equally.



Figure 3. Picture from the Light Microscope illustrating one deformed frustule (marked
with an X) and one frustule without any deformations (marked with an O). A scalebar was
inserted for size reference of the frustules.

2.4.2 Scanning Electron Microscopy

To get a cleaner frustule, the preparation for SEM was different from that of the regular Light
Microscope. First, hydrogen peroxide was added to the sample, which was then brought to a
hotplate. The sample plus hydrogen peroxide was initially supposed to boil on the hotplate for
approximately 30 minutes until all organic material had been removed from the sample. However,
something happened in the last step resulting in a boiling time of approximately five hours before
all the organic material started disappearing. This was probably due to the amount of Lugol that
had been added to the samples to preserve the cells integrity. Since this was too time consuming,
it was decided that the samples had to be cleaned using centrifugation like in the Light Microscope
preparation method. Once this was done, the process could carry on as planned. In the last step of
this process, the sample was mounted on metal stubs, rather than on a slide with Naphrax®.

2.5 Statistical analysis

Differences in cell density, growth rates and Fv’/Fm’ values between the treatments were tested by
using one-way ANOVA’s in R as well as Microsoft Excel. A level of a. = 5% was used for most
parameters when testing significance and is pointed out using the terms significant (p < 0.05) or
non-significant (p > 0.05) in the results, with various degrees of significances. However, since
Fv’/Fm’ values were highly significant, a level of o = 1% was used for these results using the
terms significant (p < 0.01) or non-significant (p > 0.01). Time was excluded from the experimental
method as a parameter, so that differences between the treatments (with/without silica) was the
main factor to be tested. To check the homogeneity of variance, Cochran’s test was used prior to
conducting the one-way ANOVA’s. The variance turned out to be homogenous for most of the data
except two days on the PAM-analyses, though very close to an acceptable value. The ANOVA was
run nevertheless, being careful about the interpretation of possible significant results.



3 Results
3.1 Cell number and growth rate

Cell number had an increasing trend for both treatments for the first 20 days, as can be seen in
figure [4]. Between day 20 and 29, both treatments cell number decreased. Moreover, the control
treatment had a significantly higher cell growth compared to the treatment without silica on day 8
(p = 1.45*10%), day 15 (p = 8.08*107%), day 20 (3.47*10%) and day 29 (p = 5.83*10°9).

15

10
5
0 -
0 8

15 20 29
Day

Figure 4. Graph showing the cell growth between treatments with/without silica. Data presented as
mean of cell number + SE (n=5)

HE

Mean (Cells/L * 10"8)

Table [1] below, shows that the control treatment that was given silica throughout the experimental
period had a faster specific growth rate and more cell divisions per day compared to the treatment
that was not given silica. Moreover, the generation time was twice as fast in the control treatment
compared to the treatment without silica at the start of the experiment. By the end of the experiment,
the generation time was three times faster between the control and the treatment. Note that all
values were negative between day 20-29, further indicating a decline in cell number as mentioned
above.
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Table 1. Table showing the specific growth rate, divisions per day and generation time for each treatment (with/without
silica) between all sampling occasions.

Silica Specific growth rate Divisions per day Generation time

0-8 - 0.074 0,113 8,84
0-8 + 0.158 0,228 4,39
0-15 - 0.0473 0,0682 14.7
0-15 + 0.120 0,173 5.78
0-20 - 0.043 0,0620 16.1
0-20 - 0.100 0,144 6.93
0-29 - 0.0190 0,0274 36,48
0-29 + 0.0650 0,0938 10.6
8-15 - 0.0192 0,0277 36.1
8-15 - 0.0768 0,111 9,024
15-20 - 0.030 0,0437 22.9
15-20 + 0.0435 0,0627 156.9
20-29 - -0.0343 -0,0495 -20.2
20-29 + -0.0143 -0,0206 -48.5

3.2 Relative cell density

The relative cell density was significantly different between the treatments on all measured
occasions. The highest proportional difference can be seen on day 29 and the lowest on day 8.
There was very strong significance between the two treatments (with/without silica) on day 8, 20
and 29 and moderate significance on day 15 (see table [2]) (Muff et al., 2022).

11



Table 2. Differences in mean (number of cells), standard deviation and proportions between the
treatments from day 8 to 29. The significance between the treatments is included in a separate column.
** indicates moderate significance and *** indicates very strong significance.

Day +/-Si Mean SD Proportion (%) p-value
8
-Si 112360000 9656500 0.501(0.000144***
+Si 224200000 35716943
15
-Si 100640000 8103888 0.420 0.0156**
+Si 239800000 101388855
20
-Si 124920000 20000800 0.409 | 0.000258***
+Si 305200000 61811811
29

-Si 92700000 11455566 0.340| 1.42e-05***
+Si 275400000 42252811

Standard deviation between treatments was highest on day 15 and lowest on day 29, which can be
observed in figure [5].

0.0

With silica Without silica With silica Without silica With silica Without silica With =ilica Without silica
Treatment day 8 Treatment day 15 Treatment day 20 Treatment day 29

Figure 5. Graph showing the difference in relative cell density between week 2, 3, 4 and 5. The treatment
with silica is set to 100% and the treatment without silica is set in proportion to it. Data presented as mean +
SD (n =5).
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3.3 Photosynthetic activity (Fv’/Fm’)

Values of Fv’/Fm’ were higher for the treatment with silica on all sampling occasions, except for
one replicate on day 8 (see figure [6] below). Furthermore, values of photosynthetic activity were
lower for all replicates at the final sampling compared to the initial sampling. Note that the Fv’/Fm’
values do not start from 0 on the y-axis, but approximately at 0.20.

PAM
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[ ]
[ ]
0.35-
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- ]
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L ]
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Figure 6. Scatter plot over the effective photosynthetic activity (Fv/Fm’) for each treatment every
week throughout the experiment. Data represents the measured values for each replicate and day of
sampling. The arrows represents when additional nutrients were added.

As can be seen in table [2], all Cochran values were homogenous except on day 3 and 20. The
Anova was run for all days nonetheless since the two deviant values were close to acceptable, and
the p-values showed very strong significance for all measuring occasions, except day 8 where it
was non-significant.

Table 3. Cochran and p-values for Fv'/Fm' values on all measured occasions. The p-values show the

significance on the photochemical yield between treatments with/without silica. All values were
acceptable for Cochran except for day 3 and 20.

Day Cochran p-value
3 0.966 1.0e-04
6 0.825 5.6e-03

8 0.916 0.075
13 0.516 5.1e-06
15 0.937 4.9e-04
20 0.974 5.4e-03
29 0.674 6.3e-05
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3.4 Deformation of frustules

3.4.1 Light Microscopy

The number of deformed cells were highest on day 29 and an increasing trend could be observed
over the experimental period for all treatments that were not given silica. In contrast, the number
of undeformed cells were highest on day 0 and a decreasing trend could be observed over the
experimental period for treatments that were given silica. There was a significant difference in
number of deformed cells between treatments on day 8 (p = 0.017), as well as day 29 (0.012).
However, results within treatments were not significant on day 8 without silica. All other samples
were significant within their respective treatments.
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Figure 7. Bar chart showing the number of deformed/not deformed cells within and
between treatments for day 0, 8 and 29. Data presented as number of cells £ SE (n = 5).
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3.4.2 Scanning Electron Microscope

One image was received from the SEM analysis, and this did not show any deformations in the
general frustule form. However, deformations can be seen in the fibulae connected to the frustules
canal raphe in figure [8].

|_| WD= 9.4 mm Mag= 1474 KX Time :10:33:38

2 um EHT= 8.00 kV Signal A= SE2 Date :22 May 2024 ﬁ

Figure 8. Image from the SEM analysis showing a frustule in picture A, whereas picture B shows the
same frustule but zoomed in. One side of the frustule has a long white line, which is the frustules canal
raphe and the small white stripes connected to it, are the deformed fibulae. A red arrow has been inserted
in picture A to point out one of the fibulae and picture B shows a closer view of it. Photo taken by Adil
Al-Handal.

4 Discussion

The findings from the analyses in this mechanistic study will be presented in this section, primarily
focusing on the influence silica had on the geometry of the diatom frustule, as well as biomass,
growth rates and photosynthetic activity. From now on, all concepts mentioning some form of silica
will be referred to as silica, to make the reading easier.

4.1 Growth rate and cell density

This section is an integration of all factors that affect the growth.

The treatment that was given silica throughout the experiment produced more biomass (estimated
as cell density) compared to the treatment that suffered silica depletion. The highest proportional
biomass for the treatment without silica was obtained at day 8 and a decreasing trend could be seen
throughout the rest of the experimental period. Furthermore, there was a significant difference
between treatments with/without silica on all sampling occasions. This is not surprising since
similar results have been observed by others. Already in 1955, Lewin reports higher cell densities
for the pennate diatom Navicula pelliculosa, when grown in cultures with supplementary silica
(Lewin, 1955). This implies that the diatoms started to react to the silica depletion sooner than
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expected, given that the difference in density was significant after only one week compared to the
hypothesized three weeks.

A similar trend was found in the generation time for all sampling occasions. The generation time
was lower for all samples that were not given silica during the experimental period, compared to
the control samples. The actual cell number was also lower for all samples that were not given
silica during the experimental period, compared to the control samples. However, the number of
cells, as well as the generation time, only had an increasing trend for all samples with/without
silica, for the first four weeks and then decreased on week five, indicating nutrient depletion in the
culture. Furthermore, the control treatment containing silica increased more in cell number, than
the treatment without silica, before it started to decrease. One study made by Brezezinski et al.
suggests that silica starvation of some diatom species, including one species of Nitzschia, leads to
an increased number of cells arresting near the point of frustule formation. They also mention that
the number of arresting cells depend on the culture condition for some species (Brzezinski et al.,
1990). Moreover, when all silica has been depleted from the culture medium, diatom cell division
stops (Werner, 1977). However, this should only stop the cell number from increasing and not
make it decrease. Considering that all replicates were treated equally, with the only difference being
removal of silica, it is only reasonable to assume this was the determining factor for the difference
in cell growth in this experiment. Yang et al also did a study on how different concentrations of
silica (as well as nitrogen, phosphorus, and iron) had an effect on benthic diatom species’ growth.
Their study showed that two species of Nitzschia had a lower optimal silica concentration than
some other species, where one of them also turned out to be more in need of iron nutrients than by
silica. However, all species tested had a higher growth when the concentration of all nutrients
(including silica) in the F/2 medium were higher than usual (Yang et al., 2014). This means that
although some species have a lower optimal concentration of silica to grow, the optimum is still
higher than that in the growth medium used for this experiment. That is, the conclusion that silica
was the determining factor for the difference in cell growth is further supported by this.

When using a PAM-fluorometer to measure the photochemical yield, you automatically get an
indication of the biomass from the initial fluorescens value (Ft-value). The instrument gives a
warning when the Ft is too high and the cell suspension needs to be diluted or the photomultiplier
gain been lowered (Walz GmbH, 2003). At the start of the experiment, no dilution was needed.
However, by week 2-3, the control samples had to be diluted x2 with filtered seawater and by week
4, they had to be diluted x3. In contrast, the treatment without silica only had to be diluted x1 at
most, during sampling week 4 and 5. This aligns with the results from the calculated cell growth,
showing that biomass was higher overall, as well as increasing more, for all treatments given silica
compared to the treatments without silica.

4.2 Photosynthetic activity

The photosynthetic activity is a snapshot in time, giving a proxy on diatom’s health. The initial
Fv’/Fm’ values in this study were approximately ~0.4. Observe that these values differ between
algal groups and for shade adapted benthic diatoms in Antarctica, this value was 0.8 (Wulff,
personal communication). Kromkamp & Peene showed in a study that phytoplankton that are non-
limited have Fv/Fm values ranging between 0.6-0.7 and are usually constant in non-stressed
cultures and decreases in nutrient stressed cultures (Kromkamp & Peene, 1999). Nonetheless, it
was decided that a value of 0.4 was high enough to continue without addition of nutrients at that
point. The rationale behind is that Fv’/Fm’ change rapidly with changing light conditions, lower
values in high light and vice versa. Fv’/Fm’ values for the control treatment were rather constant
throughout the experiment, only deviating from ~0.4 on day 8 and 29. The deviation on day 29 is
not surprising considering the decrease in cell number that same period, which could indicate a
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photodynamic response with more light reaching each cell, but the lower cell density rather
supports nutrient limitation. One study made by Tan et al, showed that some species of diatoms are
less sensitive than others to nutrient limitations. However, the results concluded that Fv/Fm values
are reliable sources of indication on nutrient limitation on phytoplankton overall (Tan et al., 2019),
which further supports the assumption of nutrient limitation on day 29. Furthermore, Fv’/Fm’
values had a decreasing trend throughout the entire experimental period for the treatment without
silica. Some studies have found a significant positive correlation between values of Fv/Fm and
silica concentrations (Moore et al., 2005), supporting these results.

4.3 Deformation of frustules

It is logical to assume that if there are deformations in the diatom frustule from start, a fast
generation time should lead to an abundance of deformed cells in the culture, compared to a slower
generation time. For example, a study made by Woodard and Neustupa showed that the overall rate
of frustule deformations is related to a shrinking cell size, which for diatoms means their asexual
vegetative cycle that makes the cells progressively shrink (Woodard & Neustupa, 2022), supports
this theory. Therefore, since there were deformed frustules present in the culture at the start of my
experiment (most likely because the cells had already been in culture for some time before this
study started) this would be the expected outcome. Nevertheless, this study proved otherwise, since
the treatment without addition of silica showed a larger proportion of deformed frustules compared
to the control treatment, despite having a slower generation time. The proportion of deformed
frustules increased with each sampling but always stayed higher for the treatment suffering lack of
silica. Therefore, it would be better to isolate new cells directly from the natural environment to
get even better results.

To further improve the study on deformed frustules, it could be beneficial measuring different
levels of deformations, instead of limiting it to deformed/not deformed. It has been assumed that
the severity of deformities in diatoms are related to the magnitude of stress (Lavoie et al., 2017).
Therefore, measuring the severity of deformations in future studies, could provide more
information about the effects of silica depletion on frustule morphology. It should be mentioned,
however, that such an approach relies on SEM analyses. Furthermore, if there is no silica in the
culture during the diatoms asexual vegetative cycle, they take silica from themselves to build the
other half of the frustule, resulting in a thinner cell wall (Al-Handal, personal communication). For
this reason, it would be interesting to look more specifically at how the thickness of the frustule is
affected by the lack of silica in the SEM analysis in future studies.

Initially, the plan was to count 100 frustules, but I quickly realized this was not realistic due to a
low cell number in some of the samples. The low cell number was most likely due to the
methodological difficulties during the preparation, which was also why | tried another method for
the rest of the samples. The second method worked better, still, all the samples for earlier weeks
had already been used up and could not be redone with the new method. If | had used the second
method for all samples, it would have been possible counting more frustules and get more reliable
statistical results, but this was not possible within the time frame for this thesis. 30 frustules were
enough to see a significant difference between treatments, however, the significance was low on
day 8 as well as day 29 (p = 0.0173 and p = 0.0119).
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The deformations of the fibulae from the SEM analysis were somewhat unexpected results,
considering we were only looking for deformations in the general frustule morphology. Due to a
lack of time, we could not analyze all samples from this study under the SEM. If there had been
enough time, this could have been something to look for more specifically. Still, this further
confirms that deformations were present in the samples, even in other forms than those specifically
searched for.

4.4 Methodological considerations

The purpose of this study was mainly to examine how fast the diatom frustules morphology changes
in lack of silica, as well as how it affects their growth rate and photosynthetic activity. To achieve
this, one treatment received F/2 medium excluding silica to grow, and a control treatment received
F/2 medium including silica. By measuring the photosynthetic activity, | could prevent nutrient
depletion in the cultures by adding more F/2 medium = silica when the values were low. It should
be emphasized though that in real conditions, there can be nutrient fluxes that affects the diatom
growth and production. Nevertheless, experiments in situ can still offer relevant insights to how
mentioned parameters can be affected by a lack of silica. There were also plans of making a nutrient
analysis at the end of the experiment. However, this was not possible due to the lack of time but
could be interesting to include in future studies.

When data was collected on day 8 of the experiment, | noticed that one of the flasks (one that was
not given silica) had cracked due to unknown reasons. Since | don’t know for how long the flask
had been broken, | don’t know how this might have influenced the culture inside and to what extent.
Nonetheless, | decided to keep this replicate in the results since there was not enough time to
remove it from the plots and graphs, emphasizing that it might have skewed the results for that day.
The photosynthetic activity (which as previously mentioned, is a snapshot in time on the diatoms
health) on day 8 for the replicates without silica were quite similar to the rest of the measured days
which was an additional reason why | chose to keep this replicate in the results. The p-value for
the number of deformed frustules was non-significant within the treatment not given silica on day
8, indicating it might have been affected by the crack. However, since the p-value was significant
between the treatments, the crack did most likely not affect the overall results in this study.

When measuring microalgal biomass by counting cells, it is important to take the accuracy into
account. A frequently occurring issue with cell counting is clustering of diatoms cells, which makes
it difficult counting the exact number of cells in the sample. In these cases, an estimation of the cell
number has to be made, resulting in less exact measurements. By using ultrasonicating baths and
vortexing the flasks thoroughly before dispersing the samples to the counting chamber, clustering
could be avoided to a greater extent. The Ft-value can also give an indication on the biomass (as
mentioned in 5.2). So, if the Ft-value is high, it is reasonable to assume the cell density is also high.
Although, it is important to not draw any conclusions from the Ft-value alone since it only gives
an indication.

Normal distribution is more or less an expected outcome when doing measurements in vivo. In this

experiment however, | actively tried skewing the results towards not being normally distributed,
which is why I did not transform the data before running the ANOVA.
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5 Conclusions

The results in this study showed that lack of silica has an impact on all measured parameters (cell
growth, photosynthetic activity, and frustule morphology) even at early stages of cell division.
Changes could be seen as early as day 8 and increased on all measured days onwards, which is
sooner than the hypothesized three weeks. However, further research must be conducted to
establish at what exact time changes occur, since this study only states that changes could be seen
after the first 8 days. This information is interesting from a fundamental research point of view and
can be used to further understand diatoms’ mechanical functions.
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