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ABSTRACT 
 

Inhibition of Uric Acid Synthesis Elicits General Amino Acid Control Pathway, 
Upregulation of Amino Acid and Purine de novo Biosynthesis, Affecting the Growth 

and Motility of Symbiodiniaceae  
 

Jessica Menzies 
 

 

 

Functionality of Cnidarian symbiosis with Symbiodiniaceae is fundamental to reef 

ecosystem success. Symbiodiniaceae cells have a complex life history, which, in 

hospite, is controlled by the host. In addition to the endosymbiotic lifestyle, they can 

exist free-living cells which diurnally alternate between a coccoid, vegetative night-

time form to a day-time motile, flagellated cell. Their cell division cycle is gated by 

external light cues, and correlates with transitions in cell morphology. In contrast, 

endosymbiotic cells have an elongated G1 phase – demonstrating a de-coupling of 

cell cycle from 24-hour cycle in response to symbiosis. Furthermore, daughters of 

dividing endosymbiotic Symbiodiniaceae remain as coccoid cells, de-coupling 

morphological and cell division cycles. How this occurs remains unknown.  

The answer may lie in crystalline uric acid deposits, which are present only in motile, 

daytime cells, correlating with G1 and S phase. These store excess nitrogen and are 

quickly metabolized in low nitrogen availability. They also function as an eyespot. 

The influence of uric acid on the life cycle of free-living and endosymbiotic 

Symbiodiniaceae is unknown. 

In this study, I treated cultures of B. minutum with allopurinol, an inhibitor of uric 

acid synthesis. Flow cytometry showed that allopurinol the reduced growth rate and 

ratio of coccoid:motile cell cultures. RNA sequencing and differential gene 
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expression analysis identified biological processes enriched in allopurinol treatment. 

I hypothesize that an intracellular lack of nitrogen imposed lack of uric acid crystals 

stimulates the General Amino Acid Control pathway. This represses translation, 

explaining the downregulation of ribosomal proteins, and upregulates amino acid 

and purine de novo biosynthesis pathways. Repression of translation may slow 

cellular growth and the G1 phase of the cell cycle, reducing number of cells meeting 

the size threshold for G1/S transition. Without uric acid deposits, cells may lack a 

functioning eyespot and not receive light cues which usually trigger morphological 

transitioning. This may suppress the motile morphology of free-living 

Symbiodiniaceae and cells in hospite even though the cell division cycle progresses, 

albeit more slowly. Genes involved in biosynthesis of flagella, thecal plates and the 

eyespot are upregulated, suggesting suppression of the motile form may act 

downstream of transcription.  
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1. INTRODUCTION 
 
 

Coral reefs are one of the most diverse and productive ecosystems in the biosphere, 

despite being in oligotrophic waters. The diversity and productivity of reefs is largely 

due to scleractinian coral calcification providing structural complexity1 and a 

symbiotic relationship with photosynthetic Symbiodiniaceae2,3. Corals are part of the 

phylum cnidaria, and live in symbiosis with a wide variety of microbial symbionts 

including viruses, fungi, prokaryotes and algae4. Photosynthetic dinoflagellates in the 

family Symbiodiniaceae are algal endosymbionts of many marine invertebrates 

including some cnidaria. Together, they form the so called holobiont, a 

metaorganism comprised of the cnidarian host, the algal endosymbionts a 

consortium of associated microbes. Symbiodiniaceae are encased in gastrodermal 

cells within host and possibly symbiont derived5,6 symbiosome membranes6,7, across 

which inorganic nutrients are transferred to the symbiont8 and photosynthates to 

the host, supplying most of the energy to meet the host’s metabolic demand9,10 . 

This nutrient transfer between partners is crucial for maintenance of a stable 

symbiosis, and must be kept in a careful equilibrium. Bleaching occurs upon 

breakdown of symbiosis if the nutrient transfer becomes imbalanced11,12, causing 

negative effects of coral physiology and is a major cause of coral reef degradation. A 

deeper understanding of the mechanisms behind maintaining a stable symbiosis is 

needed in order to truly understand the causes of coral bleaching.  
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Free-living (non-symbiotic) Symbiodiniaceae have a complex life cycle, diurnally 

alternating between a daytime motile cell and a spherical, vegetative yet 

metabolically active3 coccoid cell at night13. The motile and coccoid forms have 

highly contrasting morphologies. Motile forms 

are characterized by presence of flagella which 

facilitate swimming3, a complex cell wall and 

amphiesma which includes cellulosic thecal 

plates, arranged in formations characteristic to 

species14. They also have an eyespot15 and 

exhibit phototactic swimming. The transitions in 

cell morphology correspond to the cell cycle13,16 

(Figure 1). A complete cell cycle lasts longer 

than 1 day, but G1/S and G2/M transitions are gated by the circadian clock 17,18. 

Motility was reported highest in S. microadriaticum 4-6 hours after dawn3 and 4-7 

hours after cytokinesis, when the ratio of motile to coccoid cells was 2:1, suggesting 

two motile cells in G1 arise directly from one coccoid cell after cytokinesis19. S phase 

occurs hours into the photoperiod and as darkness falls, G2 starts and cells become 

coccoid. Extensive reports document M phase and cell division occurring at night16,20 

which is thought to help protect DNA against UV damage17, and cytokinesis is 

complete by dawn16. It is the motile stage which can infect cnidaria and establish a 

symbiotic relationship. In response to symbiosis, the morphology of Symbiodiniaceae 

is confined to the coccoid form. Furthermore, the cell cycle of Symbiodiniaceae in 

hospite is no longer linked to a 24-hour cycle, and displays an elongated G1 phase21, 

resulting in a doubling time of up to 70x higher than free-living Symbiodiniaceae8. 

Figure 1: Correlation of Symbiodiniaceae cell 
cycle with motility and light condition. Adapted 
from Wang et al16. 
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This is largely explained by a limitation of N availability to the symbiont, by the host, 

and provides a means of the host controlling Symbiodiniaceae proliferation22. What 

remains unexplained, is the further de-coupling of cell cycle, 24-hour cycle and 

morphological state that occurs in response to symbiosis, resulting in the 

suppression of the motile phase in daughters of dividing cells in hospite. Suggestions 

have been made by Koike et al, that lectin binding allows control of symbiont 

morphology to facilitate symbiosis23, however they emphasize the importance of this 

at the establishment of symbiosis, as well as a symbiont recognition mechanism 

rather than in maintenance of an already established symbiosis.  

 

Motile Symbiodiniaceae contain crystalline deposits of uric acid clearly arranged in 

rows15, whereas cells in hospite and in free-living coccoid cells only show small and 

sparsely scattered accumulations of an identified nitrogenous compound, thought to 

be uric acid15. Uric acid acts as a temporary store of excess N in motile cells, since it 

is rapidly deposited and catabolized in conditions of high and low N availability24Uric 

acid deposits are also thought to function as an eyespot in the motile phase15 and 

could be catabolized upon metamorphosis so the N content can be used for cell 

division. Therefore, uric acid may be necessary both for cell cycle progression to 

occur, and for transition into the motile phase possibly by receiving light cues which 

trigger metamorphosis daily. Allopurinol is an inhibitor of uric acid synthesis, by 

allosterically inhibiting the enzyme Xanthine oxidoreductase. This catalyzes both the 

conversion of hypoxanthine to xanthine, and xanthine to uric acid25,26. This is the last 

step in synthesis of uric acid, so allopurinol should have minimal effects elsewhere in 

the cell.  
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In this study, I aimed to elucidate the importance of uric acid for control of the 

Symbiodiniaceae cell cycle and morphological cycle by conducting cell counts of total 

cells, motile and coccoid cells throughout the growth of cell cultures treated with 

allopurinol and under N limitation. To identify biochemical pathways and genes 

involved in the cellular response to allopurinol, transcriptome sequencing and 

differential gene expression analysis was employed. 

 

It was clear that there is interference with the cell cycle upon allopurinol treatment. I 

suggest a mechanism whereby N limitation and allopurinol treatment (causing an 

internal N limitation) interferes with progression through the G1 phase of the cell 

cycle, and subsequently reduces the transition to motility. External and internal N 

limitation may stimulate the General Amino Acid Control (GAAC) pathway, which 

represses global translation whilst promoting expression of select pathways to 

restore the cells amino acid and purine homeostasis. This was reflected in 

downregulation of ribosomal proteins and upregulation of genes involved in: amino 

acid biosynthesis, purine de novo biosynthesis, and ammonium and N import and 

assimilation. Despite upregulation of purine de novo biosynthesis, this pathway may 

be directly inhibited by allopurinol, resulting in a lack of purines. Deficit of purines 

and translation may result in the cell’s inability to meet the size threshold to pass the 

G1/S transition. Furthermore, enzymes involved with biosynthesis of cellular 

components characteristic of motile cells, including the eyespot, are upregulated. 

This suggests that cells are preparing to make the transition to the motile 

morphology but are inhibited post-transcriptionally. Absence of the eyespot could 



 14 

be the limiting factor, as cells may rely on external light cues to trigger the transition 

to the motile morphology. Therefore, maybe inability to progress through G1 

alongside inability to receive light cues suppresses the motile morphology, as G1 

corresponds with the onset of motility in free-living Symbiodiniaceae13. The same 

mechanisms could operate in cells in hospite, since in hospite cells are N limited and 

lack uric acid deposits, creating a similar N environment to N limited, allopurinol 

treated cell cultures in this experiment. Furthermore, there are reports of cells 

synthesizing then losing flagella in hospite, whereas there are no reports of the 

eyespot forming in hospite. This shows the correlation of absence of both the 

eyespot and motility, so perhaps the eyespot is central to de-coupling of morphology 

and 24-hour cycle in endosymbiotic Symbiodiniaceae. Therefore, absence of uric acid 

may provide an explanation as to why motility is suppressed in daughters of dividing 

cells in hospite. 

 

 

1.1 Objectives and contributions 

The main objective of this research was to study possible functions of uric acid in 

free-living Symbiodiniaceae and how absence of it may affect symbiosis. In order to 

do this, I: 

1. Measured the growth of cell cultures treated with both allopurinol and 

Nitrogen limitation. 

2. Measured the growth of the coccoid and motile fractions of cultures, and 

calculated the coccoid to motile ratio. 

3.  Conducted RNA sequencing for transcriptome analysis 
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4. Identified significantly differentially expressed genes 

5. Identified enriched GO terms and pathways to understand differences in 

gene expression.    
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2. METHODS 
 
 

 
2.1 Stock algal cell cultures:  

Cultures of Breviolum minutum (SSB01), originally isolated from Exaiptasia pallida, 

H2 strain, were maintained in vented flasks (Thermo Fisher Scientific, US) containing 

100mL filtered autoclaved seawater from the Red Sea with salinity adjusted to 

37ppm, and supplemented with F/2 medium27. Cultures were grown at 25°C and 

under 80 µmol photons m2s-1 on a 12-hour light:12 hour dark cycle. Every 1-2 

months, sub cultures were made using 1mL of the parent cultures, and maintained in 

the same conditions. 

 

2.2 Nitrogen replete growth curve analysis: 

On day 0, aliquots of 1mL of each original stock culture was taken to form 

subcultures with 50mL using the same media as the parent stock. Cultures were 

treated with the chemical conditions listed for F FSW, F NaOH and F Allo in Table 1. 

Cultures were then left to grow under the same conditions as described for the stock 

cultures. On days 4, 5, 6, 7, 8 and 10, flasks were shaken and 1mL samples were 

taken from each flask, in triplicate. Samples were immediately placed in -20°C for 

storage. On the 11th day samples were thawed and 200µL of each was aliquoted, in 

duplicate, into a round bottomed 96 well plate (Corning Inc., US). The number of 

cells in 50µL was counted using flow cytometry (BD FACS Canto II, US). Growth 

curves were plotted using the mean number of cells of the replicates in each group, 

and difference in cell number between day 4 and day 10 was calculated and 

analyzed using ANOVA and Tukey post hoc test in R.  
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Table 1 The six treatment groups used throughout this study 
Name Nutrient Condition Chemical condition 
F FSW N replete None  
F NaOH N replete 1X NaOH 
F Allo N replete Allopurinol 100uM 

dissolved in 1X NaOH 
N FSW N limited None  
N NaOH N limited 1X NaOH 
N Allo N limited Allopurinol 100uM 

dissolved in 1X NaOH 
 
 
Table 2 Nutrient composition added to 100mL filtered, autoclaved seawater in the two nutrient 
conditions. 

Nutrient condition NaNO3 
1000X 

Na2EDTA 
1000X 

Trace 
Metals 
10,000X 

FeCl3.6H2O 
1000X 

NaH2PO4 
1000X 

Vitamin E 
100,000X 

N replete 100 100 10 100 100 1 
N limited 25 100 10 100 100 1 

 
2.3 Nitrogen limited growth curves analysis: 

The previous experiment was repeated using nitrogen deficient media (Table 2).  

Stock cultures were aliquoted to make a culture in each of the 6 treatments (Table 

1). These were grown for 10 days in the same conditions as the parent stock 

cultures. After ten days of growth (day 0), 3 x 2mL of each new culture was aliquoted 

into flasks containing 100mL of the correspondingly supplemented and treated 

media (Table 1, 2), making 3 new cultures of each treatment group. 2mL was used 

rather than the 1mL as in the previous experiment because the cell counts of N 

limited stock were lower than the N replete cultures. Cultures were placed in an 

incubator with the same conditions as described for the stock cultures.  

On days 4, 6, 9, 11 and 12, cultures were shaken vigorously to resuspend cells 

adhered to the flask and 3 x 1mL samples were taken from each flask. Samples were 

stored in -20 degrees C. on day 12, frozen samples were gradually thawed and 
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aliquoted into a 96 well round-bottom plate (Corning Inc., US), in duplicate, and cell 

counts were conducted using flow cytometry (BD FACS Canto II, US). FlowJoTM 

software (BD Biosciences, US) was used for analysis.  

 

2.4 Coccoid/Motile cell ratio experiment 1: 

3 subcultures of cells were grown in each of the 6 treatment groups described in 

table X. Subcultures of 100mL were made from the 1 mL stock cell culture, using 

autoclaved, filtered seawater supplemented with either a full complement of 

nutrients, or a N deficient mixture of nutrients (Table 2).  

Cells were left to grow for 10 days, and then harvested for counting.  

Motile fraction: To split the motile cells from coccoid, the liquid fraction of the cell 

cultures was carefully poured into a different container.  

Coccoid fraction: 50mL of FSW was added back into the flask containing cells 

adhered to the flask, and shaken vigorously for ~10 seconds to resuspend the 

coccoid cells. 1mL samples were taken from each culture’s coccoid and motile cell 

fractions and cell counting proceeded as described above. The ratio of coccoid to 

motile cells was calculated and analyzed using ANOVA and Tukey post hoc test. 

 

2.5 Coccoid/Motile cell ratio experiment 2 

This experiment was to build upon the previous coccoid/motile cell ratio 

experiment, to produce growth curves of the coccoid and motile cell fractions over 

the course of 12 days. On day 0, a total of 90 subcultures of 30mL were made from 

1mL aliquot of the stock cell cultures, using autoclaved, filtered seawater (FSW).  15 

cultures were made in each of the 6 treatment groups (Table 1) using nutrients to 
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supplement the media (Table 2). On days 4, 6, 9, 11 and 12, three cultures from each 

treatment (9 per sampling day) were sampled. 

Motile fraction: The liquid phase of the cultures was carefully poured into a falcon 

tube and centrifuged at 2600 rcf for 5 minutes. The supernatant was discarded and 

the pellet resuspended in 2 mL of FSW. From this, 2 x 1mL samples were taken and 

placed in -20 for storage.  

Coccoid fraction: After removal of the liquid phase of the cultures, only cells adhered 

to the floor of the flask remained. 3mL of FSW was added and the flask was shaken 

vigorously to resuspend adhered cells. From this, 2 x 1mL samples were taken and 

placed in -20 for storage.  

Counting: After all sampling had occurred, samples were thawed and 50ul of each 

1mL sample was counted using flow cytometry (BD FACS Canto II). FlowJoTM 

software (BD Biosciences, US) was used for gating the cell counts and the ratio of 

coccoid to motile cell counts was calculated.  

 

2.6 Statistical analyses  

All statistical analyses for the above experiments was conducted in R version 4.0.3 

(The R foundation for Statistical Computing, 2020), and graphs plotted using 

packages ggplot 2 v3.3.3, and ggpubr v0.4.0. 

 

2.7 RNA sequencing: 

RNA extraction: The stock cell culture was sub-cultured into 6 new vented flasks of 

100mL, in the 6 treatment groups in Table 1. After 2 weeks, these were sub-cultured 

in triplicate, totaling 18 new cultures of 300mL each (three of each treatment 
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group).  Cultures were placed for 12 days under 25°C and 80 µmol photons m2s-1 on 

a 12-hour light:12 hour dark cycle for 12 days. On the 12th day, flasks were shaken 

vigourously, to resuspend the immotile cells adhered to the flask. Cultures were 

poured into 250mL jars and centrifuged at 1000rpm for 5 minutes at 4°C. The 

supernatant was discarded and the pellet washed twice by resuspension in chilled 

FSW at 4°C and pelleting. Cell pellets were snap frozen in liquid N and homogenized 

in the TissueLyser (Qiagen, Germany), with 100µl 0.5mm diameter zirconia/silica 

beads and RLT buffer (Qiagen, Germany) added. Cells were beaten for 60 seconds at 

30Hz in the TissueLyser, and again with samples placed in the opposite orientation, 

then kept on ice. Lysate was placed in a new tube and centrifuged at 14000g for 3 

minutes to pellet cell debris. The supernatant was then processed following 

manufacturers protocol for the Qiagen RNeasy kit: ‘Purification of Total RNA from 

Plant Cells and Tissues and Filamentous Fungi’ (Qiagen, Germany). RNA was eluted 

twice using RNase free water, and concentration and quality were measured using 

QubitTM broad range for RNA (Thermo Fisher Scientific, US) and Bioanalyser RNA 

6000 Nano assay (Agilent Technologies, US), respectively (Appendix 3, Figure 20). A 

threshold for the RIN value was not applied, but electropherograms were checked 

for clean 18S and 26S peaks, and all extracts chosen to prepare libraries from had 

concentration over 120 ng/mL. RNA extracts were stored in -80°C.  

Library Preparation: Thawed RNA samples were diluted with nuclease free water to 

reach an input quantity of 1ug per library. mRNA was isolated using the TruSeq 

Stranded mRNA Library Preparation Kit, following the manufacturer’s instructions 

(Illumina, US). Concentration of mRNA was measured using QubitTM dsDNA Broad 

Range assay (Thermo Fisher Scientific, US), which ranged from 29.8 – 102 ng/ul. 
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Quality was checked once more using Bioanalyser High Sensitivity DNA assay (Agilent 

Technologies, US) (Appendix 4, Figure 21). Libraries were pooled and diluted in 

RNAse free water to a final concentration of 20nM and stored in -20°C prior to a final 

quality control using real time PCR to check for dimers and proper adaptor ligation. 

The cDNA pool was sequenced on Illumina NovaSeq 6000 platform (Illumina, US) 

which generated 150 bp paired end raw reads (Appendix 2, Table 8). 

RNA-Seq data processing: Raw sequences were obtained from Illumina and reads 

from the same sample split across different lanes were concatenated. FastQC 

v0.11.984 was used to investigate read quality and adaptors and low-quality 

sequences were then trimmed using Trim_Galore v0.6.685. The Symbiodinium 

minutum draft genome28 as a reference to align trimmed sequences to in this study, 

using Kallisto v0.46.229. Reads were quantified using Kallisto prior to normalization 

and significance testing using the Wald test in Sleuth v0.30.030. A q-value threshold 

of 0.05 was applied to Wald test results to identify significantly differentially 

expressed genes. These sets of significant genes were mapped to GO terms using 

topGO v2.42.031, to identify enriched biological processes (p <0.05).  

 

3. RESULTS 

 

3.1 Nitrogen replete growth curve analysis: 

To test the effect of allopurinol on the growth of B minutum, I treated cultures with 

allopurinol and conducted cell counts over the course of 10 days. Cell counts were 

similar for all groups at the start at day 4, then increased over the 6-day period. The 

two control treatments, FSW and NaOH followed a similar growth pattern, 
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increasing rapidly between days 6-8, and reaching a maximum on day 8. The 

allopurinol treated cultures reached an average maximum of 2547.75 cells per 50ul, 

lower than the control groups, and plateaued much earlier, after the 5th day.  

 

 
Figure 2 A) Growth curves showing the average cell count in 50ul of B minutum cell cultures, sampled 
on days 4, 5, 6, 7, 8 and 10. n=4, n=4, n=5 for Allopurinol, NaOH and FSW treated cultures 
respectively. Shaded ribbons show 95% confidence intervals.  
B) Mean difference in cell counts between days 4 and 10. Grey bars show 95% confidence intervals. 
The allopurinol treated cultures are significantly different from both controls, inferred from ANOVA 
(F(2, 10) = 11.692, p=0.002) and Tukey’s HSD post hoc test (FSW/Allopurinol - p=0.0019, 
NaOH/Allopurinol - p=0.0353). Controls were not significantly different, confirmed with Tukey’s HSD 
post hoc test (p=0.2537). Assumptions for ANOVA were met, inferred with Shapiro-Wilk test for each 
group level (p>0.05 for all groups), and Levene’s test (p=0.180).  
 
3.2 Nitrogen limited growth curve analysis: 

To understand whether the effects observed for the allopurinol treated cultures 

where mediated by N limitation, I combined treatments of N limitation and 

allopurinol and conducted cell counts over the course of 12 days. Cell counts were 

similar for all groups at day 4, then increased over the 7-day period. The two control 

treatments, FSW and NaOH followed a similar growth pattern, increasing more 

rapidly in days 9-11, and reaching a maximum on day 11. The allopurinol treated 

cultures reached a lower average maximum than the control groups, and increased 

more gently over the time period (Figure 3). The mean difference in cell counts 

A B 
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between days 4-11 was significantly lower for allopurinol treated cultures, and there 

was no significant difference between control groups.  

 

 
Figure 3: A) Growth curves of average cell count in 50ul of cell cultures sampled on days 4, 6, 9 and 
11. Shaded ribbons show 95% confidence intervals. B) Mean difference in cell counts between days 4 
and 11. Black bars show 95% confidence intervals. Allopurinol was significantly led than control 
groups, and controls were not significantly different from each other: ANOVA: (F(2, 15) = 14.527, 
p=0.00031) and Tukey’s HSD post hoc test: (FSW/Allopurinol - p=0.0199, NaOH/Allopurinol - 
p=0.000217, FSW/NaOH – p=0.0871). Assumptions for ANOVA were met, inferred with Shapiro-Wilk 
test for each group level (p>0.05 for all groups), and Levene’s test (p=0.784).  
 
The same experiment, including day 12:  

 
Figure 4: A) Growth curves of average cell count in 50ul of cell cultures sampled on days 4, 6, 9, 11 
and 12. Shaded ribbons show 95% confidence intervals. B) Mean difference in cell counts between 
days 4 and 12. Black bars show 95% confidence intervals. Allopurinol was not significantly different to 
FSW control, and NaOH was significantly different to both Allo and FSW: ANOVA: (F(2, 15) = 64.656, 
p=4.23e-08) and Tukey’s HSD post hoc test: (FSW/Allopurinol - p=0.024, NaOH/Allopurinol - 
p=0.000000137, FSW/NaOH – p=0.000000227). Assumptions for ANOVA were met, inferred with 
Shapiro-Wilk test for each group level (p>0.05 for all groups), and Levene’s test (p=0.422). 
 
 

A B 

A B 
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3.3 Coccoid/Motile cell ratio experiment 1: 

To test the effect of allopurinol on the cell morphologies of B minutum, I treated 

cultures with allopurinol and conducted cell counts of the motile and coccoid 

fractions of cultures after 10 days of growth.  

Total cell counts: Cultures grown with N deficiency have considerably lower cell 

counts than those with replete N after 10 days of growth, but display a similar trend 

of significantly lower cell counts in allopurinol treatment (Figure 5). ANOVA and 

Tukey HSD post hoc test showed cell counts under allopurinol treatment to be 

statistically different from both control groups in both N repletion and depletion 

(Table 2).  

 
Figure 5: Boxplots of the total cell counts of cultures in the nutrient limitation experiment. n=3 for all 
bars and each of these 3 was the mean of triplicate counts. Error bars show 95% confidence intervals.  
A) N replete. Allopurinol was statistically different from both controls: ANOVA (F(2, 6) = 10.313, 
p=0.011), and Tukey’s HSD post hoc test (table 2). Normality was tested for: Shapiro Wilk’s test 
(p>0.05 for all samples), and homogeneity of variances was tested for(p=0.587).  
B) N limited. Cell counts under allopurinol treatment was statistically different from both control 
groups, inferred from ANOVA (F(2,6) = 27.108, p=0.000989), and Tukey’s HSD post hoc test (Table 2). 
Normality was tested for: Shapiro Wilk’s test (p>0.05 for all samples), and homogeneity of variances 
was tested for (p=0.302). 
 
 
Table 3: Results of two different Tukey HSD post hoc tests, for cell counts of cultures under N 
deficiency or repletion.  
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Ratio of coccoid:motile cells: Cell cultures under N limitation with allopurinol have a 

significantly higher ratio of coccoid:motile cell types.  

 

 
Figure 6: Boxplot showing the ratio of coccoid:motile cell morphologies in each cell culture after 10 
days of growth, in 100mL cultures, under conditions of N availability and chemical treatment. For all 
cultures, n=3. Data is normal and with homogeneous variances: Shapiro-Wilk’s test (p>0.05 for all 
groups) and Levene’s test (p=0.131). There is significant interaction between nutrient and chemical 
treatment, inferred by 2-way ANOVA (F(2,12) = 22.521, p=8.67e-0.5)). 
 
 
 
Table 4: Results of Tukey’s HSD post hoc test showed significant differences between coccoid:motile 
cell ratio in allopurinol treatment in N limitation and every other group. There were insignificant 
differences between all the other groups.  

 Comparison p value Significant 
Nitrogen 
replete 

Allo:FSW 0.013800 * 
Allo:NaOH 0.025400 * 
FSW:NaOH 0.853000  

 
Nitrogen 
deficient 

Allo:FSW 0.000878 * 
Allo:NaOH 0.006580 * 
FSW:NaOH 0.127000  

Comparison P value Significant 
N Allo – F Allo 0.0000077 * 
N Allo – F FSW 0.0000037 * 
N Allo – N FSW 0.0000084 * 
N Allo – F NaOH 0.0000047 * 
N Allo – N NaOH 0.0000374 * 
F FSW – F Allo 0.9798643  
N FSW – F Allo 0.9999997  
F NaOH – F Allo 0.9967255  
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3.4 Coccoid/Motile cell ratio experiment 2 

To investigate the effect of allopurinol on the numbers and ratio of coccoid and 

motile cells over the course of 12 days, samples were taken of the liquid and settled 

fractions of cell cultures from a new flask each day for 12 days. Over the course of 

days 4-11, the counts of coccoid cells showed a steady increase for all 6 treatment 

groups. After day 9 N FSW seemed to plateau, whereas N Allo and N NaOH kept 

increasing but more gently. The curves for motile cell counts show much more varied 

responses. For both N conditions, the allopurinol treated group does not display 

much change over time. In N repletion, it actually shows a slight decrease, whereas 

in N limitation, there is a rise and decrease at day 6, resulting in negligible change 

overall. Unexpectedly, the control groups, FSW and NaOH, in both N replete and N 

limited cultures show contrasting curves, to the point that in N repletion they show a 

slight negative correlation. Both have FSW showing higher cell counts than NaOH for 

the majority of the curve, and in both, the cell counts on day 11 are higher than 

those for allopurinol treated cultures. 

The 12th sampling day made quite a big difference to the overall shape of the N 

limited, motile curve (Figure 8). In this curve, both the N NaOH and N Allo increased 

dramatically. This makes the N NaOH more similar to the N FSW, as expected, but 

N NaOH – F Allo 0.7650546  
N FSW – F FSW 0.9699265  
F NaOH – F FSW 0.9998905  
N NaOH – F FSW 0.3870789  
F NaOH – N FSW 0.9938014  
N NaOH – N FSW 0.7997740  
N NaOH – F NaOH 0.5059687  
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also increases the N Allo curve to the same level, which is very different from the N 

replete cells where the F Allo curve was set apart.   

 
 

 
Figure 7: Growth curves showing the counts of motile and coccoid cells between days 4 and 11 of 
sampling, in 30mL cultures. Shaded ribbons show 95% confidence intervals. 
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Figure 8: Growth curves showing the counts of motile and coccoid cells between days 4 and 12 of 
sampling, in 30mL cultures. Shaded ribbons show 95% confidence intervals.  
 
 
 
 

 
 Figure 9: Ratio of coccoid:motile cells between days 4-11, in 30mL cultures. Shaded ribbons show 
95% confidence intervals. A) N replete cultures, B) N limited cultures. 
 

A B 
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Figure 10: Ratio of coccoid:motile cells on day 11, in 30mL cultures. Grey bars show the 95% 
confidence intervals. 
A) N replete cultures. Allopurinol was statistically different from both controls: ANOVA (F(2, 13) = 
60.853, p=2.51e-07), and Tukey’s HSD post hoc test (table 2). Normality was tested for: Shapiro Wilk’s 
test (p>0.05 for all samples), and homogeneity of variances was tested for(p=0.485).  
B) N limited cultures. All groups were statistically different from each other: ANOVA (F(2, 15) = 
31.662, p=4.13e-06), and Tukey’s HSD post hoc test (table 2). Normality was tested for: Shapiro Wilk’s 
test (p>0.05 for all samples), and homogeneity of variances was tested for(p=0.309).  
 
 
 
 
Table 5: Results of Tukey’s HSD post hoc test for differences in the ratio of coccoid:motile cell counts 
in 30mL cultures on day 11. 

 
 
 
 
 
 
 
 
 

 
3.5 RNA Sequencing  
 
DEGs were identified as transcripts with q value < 0.05. In total, 28188 genes 

(68.55% of the total transcripts identified) were differentially expressed, with 

roughly similar numbers of up and downregulated genes in comparisons within N 

replete and deficient samples. The exception is Allopurinol compared to NaOH 

 Comparison p value Significant 
Nitrogen 
replete 

Allopurinol:FSW 0.000000792 * 
Allopurinol:NaOH 0.00000144 * 
FSW:NaOH 0.86  

 
Nitrogen 
deficient 

Allopurinol:FSW 0.00000262 * 
Allopurinol:NaOH 0.00332 * 
FSW:NaOH 0.0032 * 

B A 
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control in N repletion, which had only one significantly differentially expressed gene, 

which was upregulated (Figure 11, 12, 13). 

 

Figure 11: Pie charts displaying direction of significantly DEGs in comparisons of: 
A) Allopurinol and FSW control in N limitation 
B) Allopurinol and NaOH control in N limitation 
C) Allopurinol and FSW control in N repletion 
D) Allopurinol and NaOH control in N repletion.  
 
Upregulated genes are identified as q value <0.05, b value > 0, and downregulated genes have q 
value < 0.05 and b value < 0 from the Wald test. 
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Figure 12: Volcano plots showing statistical significance and directional magnitude of differential 
expression of each gene in comparisons of N limited and N replete samples. Up and downregulated 
genes are shown in pink and blue respectively. A significance threshold of q <0.05 was applied, and 
insignificant genes are shown in grey.  
 
 

B A 

C D 
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The N limited response to allopurinol was much stronger than the N replete 

response, with 26,999 significant DEGs in comparisons between N limited samples 

compared to only 23 in N replete samples (Figure 13, A and B).  

 

Figure 13: Venn diagrams made using online resource jvenn82. 
Total DEGs (q value < 0.05) in A) N replete, B) N deficient.  
Upregulated genes (b > 0) in C) N replete, D) N deficient. 
Downregulated genes (b < 0) in E) N replete F) N deficient  

A 

E 

C 

B 

F 

D 
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Directionality of differential expression was computed using the Wald test, involving 

pairwise comparisons of DEGs in different samples, from which b values were 

obtained. In N limited samples, direction of individual gene expression shows a 

strong positive correlation (R= 0.79) between comparisons of allopurinol and both 

controls (Figure 14, D). This demonstrates that the effect of NaOH as a solvent for 

allopurinol is small, and that allopurinol affects gene expression similarly in 

comparisons with both control groups.  

topGO analysis identified gene ontology terms as enriched if they displayed a p value 

<0.05. This revealed groups of genes which are relevant to different biological 

processes. Tables 7 and 8 list the enriched GO terms in comparisons of samples in N 

limitation and N repletion, respectively.  
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Figure 14:  
A) Scatterplot of b values of significant DEGs, from Wald Test, of N replete samples.  
B) As ‘A’ for N limited samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6: Interesting GO terms enriched in comparisons of N limited samples. * denotes GO terms 
significantly enriched in both comparisons. #N/A indicates that the GO term was not identified in the 
topGO analysis. 
 

B 
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GO ID GO term N Allo/N FSW N Allo/N NaOH Both 
P<0.05 

GO:0006412 translation 1.10E-17 2.10E-15 * 

GO:0006414 translational elongation 1.50E-04 0.05043  

GO:0000028 ribosomal small subunit assembly 1.26E-02 0.00811 * 

GO:0002181 cytoplasmic translation 3.80E-04 0.00827 * 

GO:0009169 purine ribonucleoside monophosphate catabolic process 4.90E-06 0.09249  

GO:0046130 purine ribonucleoside catabolic process 8.10E-06 0.07886  

GO:0009154 purine ribonucleotide catabolic process 6.00E-05 0.29244  

GO:0009207 purine ribonucleoside triphosphate catabolic process 6.30E-05 0.29537  

GO:0006189 'de novo' IMP biosynthetic process 2.02E-02 0.1446  

GO:0009168 purine ribonucleoside monophosphate biosynthetic process #N/A 0.00871  

GO:0046129 purine ribonucleoside biosynthetic process 1.81E-01 0.01121 * 

GO:0006543 glutamine catabolic process 9.70E-05 0.18332  

GO:0051298 centrosome duplication 3.40E-04 0.00173 * 

GO:0045927 positive regulation of growth 3.80E-05 0.0154 * 

GO:0045836 positive regulation of meiotic nuclear division 4.80E-05 0.00194 * 

GO:0051302 regulation of cell division 2.40E-03 0.00283 * 

GO:0006275 regulation of DNA replication 2.32E-01 0.00382 * 

GO:0046034 ATP metabolic process 6.70E-06 0.12432  

GO:0008284 positive regulation of cell population proliferation #N/A 0.02081  

GO:0007018 microtubule-based movement 5.34E-03 0.05466  

GO:0060296 regulation of cilium beat frequency involved in ciliary motility 2.51E-02 0.04736 * 

GO:0030030 cell projection organization 1.67E-03 0.00523 * 

GO:0030317 flagellated sperm motility 1.90E-03 0.00567 * 

GO:0001539 cilium or flagellum-dependent cell motility 5.30E-05 0.02626 * 

GO:0003341 cilium movement 6.20E-06 #N/A  

GO:0030979 alpha-glucan biosynthetic process 6.40E-04 0.14572  

GO:0009664 plant-type cell wall organization 2.74E-02 #N/A  

GO:0006075 (1->3)-beta-D-glucan biosynthetic process 3.01E-02 0.14457  

GO:0030476 ascospore wall assembly 3.01E-02 0.26553  

GO:0019252 starch biosynthetic process 7.23E-03 #N/A  

GO:0071852 fungal-type cell wall organization or biogenesis 7.25E-03 0.2621  

GO:0052543 callose deposition in cell wall 7.25E-03 0.01312 * 

GO:0009086 methionine biosynthetic process 4.90E-04 0.19384  

GO:0009115 xanthine catabolic process 2.53E-02 #N/A  

GO:0009088 threonine biosynthetic process 4.90E-04 #N/A  

GO:0006865 amino acid transport 1.64E-02 0.2436  

GO:0043090 amino acid import 5.02E-03 0.03683 * 

GO:0015802 basic amino acid transport 3.01E-02 0.18333  

GO:0015696 ammonium transport 1.47E-02 #N/A  

GO:0072488 ammonium transmembrane transport 7.00E-04 #N/A  

GO:0060359 response to ammonium ion 2.61E-02 0.12642  
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Table 7: GO terms enriched in N replete NaOH compared to Allopurinol. The comparison of N replete 
FSW to Allopurinol only yielded 1 differently expressed gene, so GO term enrichment analysis was not 
needed. 

 
 
  

GO ID Term NaOH/Allo   p-value 
GO:0008615 pyridoxine biosynthetic process 0.0000072 

GO:0042823 pyridoxal phosphate biosynthetic process 0.0065 

GO:0046688 response to copper ion 0.0072 

GO:0006564 L-serine biosynthetic process 0.0079 

GO:0030317 flagellated sperm motility 0.0426 

GO:0032688 negative regulation of interferon-beta production 0.0022 

GO:0050687 negative regulation of defense response to virus 0.0108 

GO:2001295 malonyl-CoA biosynthetic process 0.0108 

GO:0046949 fatty-acyl-CoA biosynthetic process 0.013 

GO:0015937 coenzyme A biosynthetic process 0.0165 

GO:0043901 negative regulation of multi-organism process 0.0194 

GO:0006499 N-terminal protein myristoylation 0.0229 

GO:0042308 negative regulation of protein import into nucleus 0.0243 
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4. DISCUSSION 
 
 

4.1 Symbiodiniaceae cell cycle is decoupled from 24-hour cycle, due to allopurinol 

treatment 

Experimental data was used to construct growth curves of total cell counts, coccoid 

and motile cell counts, as well as the ratio of coccoid to motile cells, in conditions of 

N limitation and repletion, and treatment of allopurinol dissolved in NaOH, just 

NaOH or FSW control. From these experiments, I concluded that uric acid is 

important for proper culture growth, as the allopurinol treated culture grew more 

slowly and had significantly lower differences in cell count between the end of the 

experiment and day 4, than both controls in N replete media (Figure 2) and N limited 

media between days 4-11 (Figure 3). This is again seen in comparisons of total cell 

counts across groups (Figure 5); allopurinol causes a reduced culture cell count after 

10 days of growth. Although the reduction in number of cells was similar in both N 

replete and limited conditions (Figure 5), the percentage difference between cell 

count in allopurinol and FSW control groups was more pronounced in N limited 

conditions, at 15.58% compared to 6.84% in N replete conditions. This suggests that 

the effect of allopurinol is stronger in N limited conditions, possibly because 

inhibition of uric acid synthesis has removed the back-up supply of N available to 

buffer the effects of low environmental N availability, amplifying the effect external 

N limitation. 

In allopurinol and N limitation, either the cell cycle is progressing more slowly, or 

cannot pass a certain checkpoint. This is the first indication that the linkage of the 

cell cycle and 24-hour cell cycle of B minutum has been disrupted. On day 12 of the 
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N limited growth curves (Figure 4), the growth dynamics of cultures changed 

unexpectedly. This may be explained by the fact that all samples before day 12 were 

frozen and thawed prior to cell counting, whereas the cells sampled on day 12 were 

immediately counted. Maybe this resulted in higher than expected cell counts for 

NaOH and Allopurinol samples. Figure 3 shows the growth curve up until day 11, 

which is more comparable with the N replete growth curve (Figure 2), which ends on 

day 10. Furthermore, the cell counts for N limited reach higher maxima than in N 

replete growth curves. This was unexpected, and may be due to the experiments 

being carried out at different times of year, and the seawater used may have had 

varying amounts of N.  

 

4.1.2 Possible biochemical mechanisms to elongate G1 phase 

To gauge the mechanisms behind the de-coupling of cell cycle and 24-hour diurnal 

cycle of B minutum in allopurinol treatment, I employed RNA-seq and differential 

gene expression analysis.  

More GO terms were enriched in allopurinol treatment in N limitation than repletion 

(Table 6, 7), and many more genes were differentially expressed (Figure 11, 12, 13A, 

B). This suggests that preventing uric acid biosynthesis is more pronounced when the 

cell already has a low supply of N. I focused on processes involving the following 

enriched GO terms in Table 6. To reduce possible variance, the analysis focused on 

genes differentially expressed with the same direction in comparisons of allopurinol 

with both controls. The reduced growth and motility of allopurinol treated cultures 

suggests that allopurinol treatment interferes with the cell cycle and morphological 

state of cells. The following discussion suggests a mechanism describing how. 



 39 

 

GO terms: positive regulation of growth, positive regulation of meiotic nuclear 

division, centrosome duplication, regulation of DNA replication and positive 

regulation of cell population proliferation were enriched in N limited cultures (Table 

6). This suggests that the cell cycle is indeed interfered with, and cells need uric acid 

for normal functioning. In the next paragraphs, I describe a mechanism which may 

occur in N limited, allopurinol treated cells in response to a lack of uric acid and 

resulting in an elongated G1 phase, de-coupled from the 24-hour diurnal cycle, also 

illustrated in Figure 15. 
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Figure 15: Hypothetical flow of events caused by treatment N limitation and allopurinol on B 

minutum cell cultures, resulting in de-coupling of the cell cycle, morphological cycle and light gated 

24-hour cycle. The sections in colored boxes correspond to different sections in the discussion below. 

 

4.1.2.1 Ammonium and N import and assimilation is upregulated 

The interference of G1 progression might be due to cellular N deficit. N is vital for 

building cellular components, proteins and nucleotide synthesis. In N limited, 

allopurinol treated cells, genes involved in ammonia and N import and assimilation 

were upregulated.  
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N limitation and allopurinol treatment implies an external and internal limitation on 

the N availability to cells. In response, cells may attempt to restore the N 

homeostasis via upregulating ammonium transporters (AMTs): amt, AMTB, AMT1, 

AMT2, and putative ammonium transporter sll0108. AMTs are the main route for 

ammonia uptake in microalgae which is the preferred N source32 as it bypasses 

energetically costly reduction steps.  

AMTs are activated by dephosphorylation, of the carboxyl-terminal-located residue 

T460 site, activates AMTs, whereas phosphorylation by serine/threonine protein 

kinases is inhibitory33. The same effect is seen in multiple AMTs, suggesting the 

universal nature of this regulatory mode. CBL-interacting serine/threonine-protein 

kinase 23 (CIPK23) activates potassium channel AKT134 and AMTs via 

phosphorylation, dependent on activation by Calcineurin B-like protein 1 (CBL1)35. 

Although CIPK23 was not found in our dataset, CIPK16 was upregulated in N limited, 

allopurinol treated cells. CIPK16 also interacts with CBL1 and activates AKT1 by 

phosphorylation34. Perhaps CIPK16 has a similar regulatory action of AMTs which has 

not yet been described.  In addition to CIPK23, there could be other serine/threonine 

protein kinases involved in regulation of AMTs. Other upregulated serine/threonine 

protein kinases are Wnk1, PPP5c and phosphatase PAPP5. Further research may 

elucidate whether these have a role in AMT regulation. Up to 7 phosphorylation sites 

have been found in AMTs, which are phosphorylated upon exposure to multiple 

signals such as nitrate and ammonia concentration36, demonstrating the flexibility of 

AMT regulation. Phosphorylation provides a rapid closure of transporters upon high 

intracellular ammonium concentration, which is important for preventing ammonia 
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toxicity37. Upregulation of several serine/threonine protein kinases may be 

important while the ammonia transporters are also upregulated, as a safeguarding 

against ammonium toxicity.  

 

Furthermore, Nitrate transporters Nrt2 and NrtABCD, are upregulated in N limited, 

allopurinol treated cultures. These are responsible for importing extracellular nitrate 

into the cell, which is then reduced to form nitrite and subsequently ammonia38. 

Two transcripts are upregulated for nitrate reductase (NITA), and one transcript is 

downregulated for a different nitrate reductase – NIAA. Two transcripts for nitrite 

reductase nasB are also upregulated. Nitrates must be reduced to form nitrites and 

then further reduced to ammonium, as only in this reduced state can nitrogenous 

compounds be incorporated into biological molecules39 through the glutamine 

synthetase/glutamate synthase pathway (GS/GOGAT). The enzymes glutamine 

synthetase and glutamate synthase are also upregulated. This may indicate that the 

Symbiodiniaceae cells are attempting to take up N in all possible forms, despite 

ammonium being the preferred N source in microalgae32, and nitrate being 

preferred by cells in culture as ammonium causes toxicity. It has been reported that 

under N starvation and nutrient stress conditions, proteins for transport and 

assimilation for other N sources are upregulated in Fugacium kawagutii40 and 

Chlamydomonas reinhartii41, despite the higher ATP requirement. 

Interestingly, 5 transcripts with sequence homology to halorhodopsin (HR) were 

upregulated. HR is an electrogenic light driven transmembrane ion pump, in which 

translocation is triggered by photoisomerization of all-trans retinal to cis. Nitrates 

are among the ions transported by HR42. Perhaps it is not surprising that light driven 
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transporters are upregulated in N deficiency, as these will save the cell from utilising 

ATP which is more precious under nutrient stress.  

 

Despite upregulation of ammonium and N assimilatory pathways, upon inhibition of 

uric acid synthesis, the cellular nitrogen requirement for N may not be fully restored 

the effects of N limitation are amplified, and the G1 phase of the cell cycle is 

elongated, breaking the linkage of cell cycle and 24-hour day/night cycle in free-

living Symbiodiniaceae. If the N requirement for these processes is not met, cells 

may struggle to progress through the G1 phase of the cell cycle, as N is central for 

myriad cellular processes. However, N must first be incorporated into biological 

compounds via glutamine synthetase, which was also upregulated in this study. 

Glutamine then feeds into the purine de novo biosynthesis pathway, which has 

direct and indirect implications for cell cycle control.  

 

4.1.2.2 Purine de novo biosynthesis: Several lines of evidence point to purine de 

novo biosynthesis controlling the growth rate and G1/S cell cycle transition43–47. 

These experiments were done in mammalian cells but since cell cycle control is 

largely conserved across eukaryotic cells, it is likely a similar mechanism operates in 

algae. In my study, N limited, allopurinol treated cells displayed upregulation of 

enzymes involved in the purine de novo biosynthesis pathway. I hypothesize that 

purine de novo biosynthesis may not be operating fully, due to lack of uric acid 

causing insufficient N input for this pathway, which can result in an elongated G1 

phase and consequent de-coupling of the cell cycle and 24 hour day:night cycle.  
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GO term: ‘de novo’ IMP biosynthetic process was enriched in N limited, allopurinol 

treated cells, and genes involved in this process were upregulated (Figure 16).  

Rate limiting step: The first step in purine de novo biosynthesis is the rate limiting 

step: reaction between glutamine and PRPP to give ribosylamine 5P. This is catalyzed 

by 5-phosphoribosyl-1-pyrophosphate (PRPP) amidotransferase (purF/PPAT/AT-

ase)48, which surprisingly was not found in my dataset when searching for synonyms: 

purF, PPAT, AT-ase and amido phosphoribosyl transferase. Putative glutamine 

amidotransferase-like protein was found, which activates glutamine for NH3 transfer 

in de novo purine synthesis49. Four transcripts for Type 3 Glutamine Synthetase 

(GlnA3) were upregulated, suggesting either the cell has a deficit of glutamine and 

downstream amino acids, or that ammonium is accumulating and the cell tries to 

prevent toxicity by upregulating glutamine synthetase to remove ammonium. The 

rate limiting step of de novo purine synthesis requires glutamine to progress, and the 

upregulation of Gln3A suggests that the cell has a deficit of glutamine, especially 

since it is upregulated in cells that are N limited externally and internally due to 

allopurinol treatment. This, alongside the fact that the putative glutamine 

amidotransferase-like protein is not upregulated, may limit the rate of the de novo 

purine synthesis pathway.   

Main pathway: Inosine mono phosphate (IMP) is the first purine product of the de 

novo purine synthesis pathway. Several enzymes required in the pathway from 

glutamine to IMP are upregulated in N limited and allopurinol treated cells, including 

Trifunctional purine biosynthetic protein adenosine-3 (GART), 

Phosphoribosylformaglycinamidine synthase (PurL), and Adenylosuccinate lyase 
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(PurB). No component of the purine de novo synthesis pathway was downregulated 

(Figure 16). 

Inhibition: As reported by Kelley et al, 1971, conversion of allopurinol to it’s 

corresponding ribonucleotide can deplete PRPP as well as effectively inhibit PRPP 

amidotransferase25, which is the rate limiting enzyme in purine de novo synthesis. 

This conversion is catalyzed by hypoxanthine-guanine phosphoribosyltransferase 

(PRT). A homologue of this enzyme was found in my dataset, although it was not 

differentially expressed. This suggests that both effects of allopurinol on purine de 

novo synthesis could be operating, resulting in inhibition of the de novo synthesis 

pathway. Furthermore, if cells are arrested in G1, nucleotides are not consumed 

because DNA synthesis does not occur in G1. Without consumption of nucleotides, 

there is no drive for the purine de novo biosynthesis pathway43 

 

Glutamine is critical for de novo purine biosynthesis, and due to allopurinol and N 

limitation, cells may lack N to synthesize sufficient glutamine for this process, 

despite upregulation of glutamine synthetase, nitrate, nitrite and ammonium 

transporters. In addition to this, allopurinol itself can inhibit the de novo purine 

biosynthesis pathway25, so in an effort to ameliorate these effects, various genes in 

de novo purine biosynthesis are upregulated. Furthermore, cells may sense a lack of 

uric acid, a downstream product of purine de novo synthesis, therefore are 

upregulating the pathway to increase uric acid levels.  

 

IMP dehydrogenase is downregulated and the first enzyme to consume products of 

purine de novo synthesis. Its downregulation may reduce the consumption of purine 
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products. As described by Emmett et al, 1985, without consumption of purine 

nucleotides, there is no drive of the de novo purine biosynthesis pathway50.  PRPP 

synthetase and PRPP amidotransferase are the first two enzymes in this pathway 

and are inhibited by the pathway’s end products. If there is no consumption of the 

end products, it is likely the pathway will be inhibited. Furthermore, Quéméneur 

demonstrated that inhibiting IMP dehydrogenase reduced the GTP pool enough to 

cause cell cycle arrest in G147. Inhibition of purine de novo biosynthesis in N limited, 

allopurinol treated cells may cause the GTP pool to be reduced and slow progression 

through G1.  

 

Inhibition of the purine de novo biosynthesis pathway may result in slower 

progression through G1 or inability to cross the G1/S transition, causing an 

elongated G1 phase. Purine nucleotides are vital for progression into S phase, as RNA 

primers for initiation of DNA synthesis start with A and G51. The pyrimidine pool size 

is 5-10 times larger than that of purines52, so small fluctuations in the purine 

nucleotide concentration have a larger effect on cellular growth rate. A lack of 

purines may stimulate the General Amino Acid Control Response, to further elongate 

the G1 phase and de-couple cell cycle from the day/night cycle.  
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Figure 16: Biochemical pathways showing proteins which were found upregulated in N limited, 

Allopurinol treated cells in blue, and downregulated proteins in orange.  

 

4.1.2.3 General Amino Acid Control Pathway (GAAC): General control 

nonderepressible 1 (GCN1) and General control nonderepressible 2 (GCN2) were 

found upregulated in N limited, allopurinol treated cells. These genes are central to 

the GAAC pathway for sensing amino acid availability and ameliorating shortages, 

which is conserved from yeast to mammals53. Generally, GAAC results in attenuation 

of translation whilst promoting pathways for amino acid and purine de novo 

biosynthesis, in response to amino acid and purine shortages54. Lack of uric acid may 

cause an intracellular lack of amino acids and purines, and initiate the GAAC 

response.   
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Box 1: Details of the General Amino Acid Control pathway 

Insufficient purine54 or amino acid availability results in uncharged tRNAs 

accumulating in the cytosol which activates General control nonderepressible 2 

(GCN2) by binding to the regulatory domain in the C terminal region77–79. GCN1 is 

also involved in activation of GCN280. Activated GCN2 phosphorylates the a 

subunit of eukaryotic translation initiation factor-2 (eIF2). In normal conditions, 

unphosphorylated eIF2 binds GTP, Met-tRNA, and the 40S ribosomal subunit, 

forming the ternary complex. Afterwards, eIF2B releases the GDP from eIF2a, 

allowing eIF2a to bind another GTP and repeat the process. However, 

phosphorylation of eIF2a increases the affinity of eIF2a and eIF2B, inhibiting 

recycling of GDP to GTP which prevents the ternary complex (TC) from forming. 

Without the TC, formation of the pre-initiation complex is inhibited, repressing 

initiation of translation. This leads to global attenuation of translation and 

therefore protein synthesis.  

 

Whilst translation is globally repressed, General control nonderepressible 4 

(GCN4) escapes general translation repression due to a start codon which is not 

read under normal conditions. GCN4 acts as a master transcriptional activator; in 

yeast GCN4 induces transcription of >500 genes and repression of >1000 genes65. 

GCN4 promotes expression of genes and precursors of proteins involved in 

transport and synthesis of all 20 amino acids65,81, and the purine de novo 

biosynthesis pathway. 
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Translation may be attenuated due to the GAAC pathway, leading to elongated G1 

phase: In N limited, allopurinol treated cells, the majority of differentially expressed 

genes were downregulated in the following GO terms: translation – 110 of 144, 

translational elongation - 16 of 24 and ribosomal small subunit assembly - 4 out of 5. 

In contrast, 3 out of 4 genes in ‘regulation of translational fidelity’ were upregulated. 

There were two transcripts for Leucine-tRNA ligase, and one for Valine-tRNA ligase, 

which are involved in accurately attaching the amino acid to tRNA. Perhaps this 

suggests that translation is mostly attenuated, however, of the small amount of 

proteins which continue to be translated, there are still mechanisms in place to 

ensure good quality translation. Ribosomal proteins were strongly downregulated. 

50s, 30s, 40s and 60s ribosomal proteins had nine, four, 35 and 67 genes 

downregulated respectively. There were much fewer transcripts for ribosomal 

proteins upregulated: one in each of 30s, 50s and 40s. In addition, three (out of 14) 

initiation factors and eight (out of 15) elongation factors of translation were 

downregulated.  

 

The global attenuation of translation may cause a slow rate of cellular growth and 

therefore an elongated G1 phase. Furthermore, a system monitoring protein 

translation and ribosomal mass exists 55 and cells must pass a threshold in order to 

progress on to S phase. Attenuated translation and downregulation of ribosomal 

proteins will make it unlikely for cells to pass this threshold. This may result in an 

elongated G1 phase in which cells take more time to reach the size threshold due to 

reduced translation. Therefore, there may be a de-coupling of the cell cycle and the 
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24 hour day:night cycle, induced by N deficit due to absence of uric acid, 

corroborated by the reduced growth of allopurinol treated culture (Figure 1A).  

 

GAAC upregulates amino acid and purine de novo biosynthesis pathways: 

Promotors of PRPP amidotransferase56 and GART57 (enzymes involved in purine de 

novo biosynthesis) contain consensus GCN4 binding sites54. These studies were 

published in 1991 and 1988 respectively, so perhaps with modern computational 

methods it would be possible to find the same GCN4 binding sites in the other 

upregulated genes in the de novo purine biosynthesis pathway.  

Interactions between homologues of yeast GCN1, GCN2, eIF2a and 2b have been 

identified in plants58,59 and all subunits of vertebrate eIF2 are found in dinoflagellate 

transcriptomes60. Despite this, no GCN4 homologue has been identified in 

Arabidopsis (reviewed by Halford, 2006)61  and GCN4 was not found in the B 

minutum transcriptome. Still, similar plant responses to stress involving 

phosphorylation of eIF2a by GCN2, activation of GCN1 and global translational 

repression occur. For example, in plants, the signaling pathway downstream of 

phosphorylated eIF2a is not well defined, however a pathway reminiscent of the 

yeast GCN2-eIF2a-GCN4 pathway may exist. A GCN4-like motif has been found in 

promoters of N stress responsive genes in cereals62, which binds transcription factors 

such as SPA63 and ESBF-II62, although I did not find either in the B minutum 

transcriptome, and neither have a closely related amino acid sequence to GCN461. 

Liu et al reported that bacterial infection elicited a GCN2- eIF2a-TBF1 response, 

resulting in TBF1 translational derepression64. TBF1 regulates ABA signaling to 

modulate immunity.  
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Similar to this, there may be a transcription factor intermediate, similar in function 

to GCN4, which has not yet been described in Symbiodiniaceae acting downstream 

of eIF2. This may upregulate genes involved in purine de novo biosynthesis and 

amino acid biosynthesis.  

 

GO terms: methionine biosynthetic process and threonine biosynthetic process were 

enriched in N limited, allopurinol treated cells. Genes were upregulated in 

biosynthetic pathways for amino acids including threonine, serine, methionine, 

lysine, cysteine, valine, leucine, isoleucine and glutamine (Figures 17, 18). One gene, 

dihydroxy-acid dehydratase, was down regulated but generally amino acid 

biosynthesis is upregulated in this condition.  

In addition to amino acid biosynthetic pathways, glutamine synthetase 3A (Gln3A) is 

upregulated in N limited, allopurinol treated cells. Gln3A is responsive to GCN465,66, 

so perhaps its upregulation in this dataset is due to the unknown GCN4 plant 

counterpart.  Although Gln3 is a transcriptional activator of Gln1, Gln1 was not found 

differentially expressed in this group. Chen et al, 2014, reported amino acid 

transporters to be differentially expressed upon GAAC stimulation by glutamine 

starvation66. In my study, GO terms amino acid transport, basic amino acid transport 

and amino acid import were enriched, with 26 genes upregulated collectively.  

 

In free-living cells, upregulation of amino acid pathways may occur to fulfill the cells 

own needs. However, in hospite, cells must meet the metabolic requirements of the 

host to avoid expulsion. Upregulation of amino acid biosynthetic pathways and 
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amino acid transport due to the GAAC pathway may occur in hospite upon lack of 

uric acid due to host-imposed N limitation.  

 

 

Figure 17: Methionine, Threonine and Lysine biosynthetic pathways. Proteins which are upregulated 

in N limited, allopurinol treated cells are shown in blue. 
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Figure 18: Leucine, Serine, Cysteine, Valine and Isoleucine biosynthetic pathways. Proteins which are 

upregulated in N limited, allopurinol treated cells are shown in blue, and downregulated proteins are 

in orange. 

 

4.2 Further decoupling of Symbiodiniaceae morphological cycle from 24-hour 

cycle and cell cycle occurs 

 



 54 

Growth curves were constructed for the coccoid and motile fractions of cell cultures 

and the ratios of coccoid to motile cells were compared across groups. The first 

experiment showed that allopurinol and N limitation had an interacting effect, and 

the ratio of coccoid to motile cells was significantly higher in N deficient, allopurinol 

treated cells (Figure 6). The second ratio experiment showed a higher coccoid:motile 

ratio in N replete cultures too (Figure 10). 

 

What these experiments lacked was consistency in the size of culture flasks, number 

of cells input to a new subculture, and they were completed at different times of 

year which may introduce variance in the amount of N present in seawater. 

Furthermore, the second experiment involved 90 flasks, laid out horizontally 

covering an entire shelf of the incubator, whereas the first experiment had the flasks 

stacked on top of each other, in piles of the same treatment group. This may result 

in more variation within the same group due to shading by flasks on top, but less 

variation between groups, as the flasks occupied a smaller area in the incubator so 

likely to have a more homogeneous light intensity. Thirdly, the liquid phase was 

poured into a separate container in the first experiment from which samples of 

motile cells were taken, whereas in the second experiment, the motile phase was 

centrifuged and the pellet resuspended in 2mL FSW. Removing the supernatant from 

the pellet may have resulted in loss of cells and may account for the differences seen 

between experiments 1 and 2. However, due to the smaller flask size and generally 

lower cell counts in experiment 2, taking the sample directly may have been less 

accurate so it seemed necessary to pellet the cells and resuspend in a smaller 

volume.  
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The second experiment also sought to elucidate the dynamics of the coccoid:motile 

ratio over time (Figure 9). The control groups show similar patterns, although they 

don’t always overlap. In both N conditions, FSW had a higher ratio than NaOH for 

most of the curve, suggesting that NaOH may have had an effect. Allopurinol curves 

show a contrasting shape to the control groups, although in N limitation, this is only 

apparent after day 9, so perhaps further experimentation over a longer time period 

would be useful. Although NaOH might have an effect here, it is unlikely to be due to 

difference in pH, since the pH measurements of samples shows by the end of the 10 

days the pH is similar across groups (Appendix 1).  

 

The de-coupling of morphological cycle and cell cycle was clearly seen in growth 

curves of the coccoid and motile phase separately (Figures 7, 8). The coccoid growth 

curve continued to increase over the time period and display small variance within 

treatments, whereas the motile cell curves are quite varied. The centrifugation step 

in the second experiment causing inaccuracies in motile cell counts could explain the 

little resemblance of FSW and NaOH control groups to each other, within N 

conditions, and further experimentation should be undertaken to achieve cleaner 

growth curves.  

These experiments showed that allopurinol did not affect the growth of coccoid cells 

which continued to increase in number, matching the curves of the control groups. 

However, the numbers of motile cells in allopurinol treatment in both N conditions 

displayed negligible change from day 4 to day 11 (Figure 7). This suggests that with 

allopurinol, removal of uric acid allowed cells to continue dividing, albeit more 
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slowly, but the transition to the motile form was impaired and a de-coupling of the 

cell cycle and the morphological 24-hour cycle occurred.  

  

Uric acid forms the eyespot15 and therefore may be important for this coupling in 

normal conditions. Without uric acid, the eyespot may not form, reducing cells 

capacity to receive light cues which drive morphological changes. Preliminary results 

(Appendix 5) show that with allopurinol the proportion of motile cells in culture does 

not significantly change throughout the morning, whereas in control FSW there are 

significantly different levels of motile cells throughout the morning, peaking at 8am, 

3 hours into the photoperiod. This suggests that allopurinol treated cells do not 

respond to light cues as the control cells do. Potentially this is because they do not 

have an eyespot which receives the light cue. 

 

4.2.1 Eyespot: In the differential gene expression analysis, two different transcripts 

of Xanthine oxidoreductase were upregulated, which catalyses the rate limiting step 

in the formation of uric acid and is allosterically inhibited by Allopurinol25. This 

enzyme exists as two interconvertible forms, xanthine dehydrogenase and xanthine 

oxidase26. These differ in the protein conformation around FAD, due to a process of 

sulfhydryl oxidation or proteolytic modification67. Gene expression data does not 

give any insight into which version of the enzyme is active, although both reactions 

of this enzyme result in formation of uric acid. Cells may sense a lack of uric acid and 

upregulate xanthine dehydrogenase in an attempt to synthesize the eyespot. 

Furthermore, many photoreceptors were identified in the transcriptome, and five 

transcripts for halorhodopsin and one phototropin were upregulated. 
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4.2.2 Characteristics linked to the motile form: Other genes were upregulated 

involved in biosynthesis of cell components related to the motile form, namely a 

complex cell wall, thecal plates and flagella. Further studies using SEM and TEM 

could be undertaken to confirm whether these characters are synthesized fully, 

partially or at all in allopurinol treated, N limited cells. 

 

Cell wall: GO terms: (1->3)-beta-D-glucan biosynthetic process (five upregulated 

transcripts), callose deposition in cell wall (six upregulated transcripts), fungal-type 

cell wall organization or biogenesis (11 upregulated transcripts), plant type cell wall 

organisation (three transcripts downregulated and seven upregulated) and 

ascospore wall assembly (five upregulated transcripts) were enriched in N limited, 

allopurinol treated cells (Table 6).  

Four transcripts were upregulated for callose synthase, and two transcripts were 

upregulated for 1,3 B Glucan synthase, which are synonymous. Seven transcripts 

were upregulated for Cell Wall alpha-1,3-glucan synthase. Glucan/callose is a 

fundamental macromolecule in cell walls68, suggesting the cell is undergoing, or 

preparing to undergo cell wall remodeling.   

Three transcripts for cellulose synthetase (UDP forming) were upregulated in 

allopurinol treated, N limited samples. Cellulose is a major component of the 

Symbiodiniaceae cell wall69, and forms thecal plates in motile cells. Thecal plates can 

make up a substantial proportion of the total cell weight70 and provide a protective 

layer87 below the plasma membrane. Kwok and Wong demonstrated that the 
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expression of cellulose synthase peaked in late G1 in the dinoflagellate 

Crypthecodinium cohnii71.  

 

Flagellation: The following GO terms are enriched: cilium movement (19 transcripts 

upregulated, one down), cilium or flagellum-dependent cell motility (16 

upregulated), flagellated sperm motility (17 upregulated), regulation of cilium beat 

frequency involved in ciliary motility (eight upregulated) and microtubule-based 

movement (70 upregulated, six down). These terms contained 91 differentially 

expressed genes in allopurinol treated, N limited cells, 85 of which were 

upregulated. 13 homologues of C reinhartii dyneins specific to the flagella were 

upregulated, and 27 homologues of axonemal dyneins were upregulated. 

Furthermore, four homologues of intraflagellar transport proteins were upregulated, 

which are involved in ciliary synthesis. The upregulation of these proteins suggests 

that cells are preparing to synthesize components needed for flagellar motility whilst 

still in the coccoid form.  

  

Light signal transduction: GO term membrane depolarization during action potential 

had 82 transcripts upregulated and one downregulated. Regulation of membrane 

potential had 78 transcripts upregulated and six downregulated. The eyespot is 

located adjacent to the flagella, at a 45 degree angle and rooted by microtubules in C 

reinhartii72. Reception of light causes an action potential along the Symbiodiniaceae 

cell membrane to the flagella, stimulating beating movements and eliciting 

directional locomotion (reviewed by Hegemann73).  
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Cells in N limitation and allopurinol treatment may upregulate genes to facilitate cell 

wall remodeling, flagella biosynthesis and membrane depolarization to match that of 

the motile form, in preparation for metamorphosis. However, due to the lack of uric 

acid, they do not morph. This suggests that despite having the necessary 

components to build flagella and thecal plates, without the eyespot the motile form 

does not arise.  G1 phase is lengthened but cell division does continue, showing a de-

coupling of cell cycle and morphology.  

 

3. Link to cells in hospite  

An unanswered question in the field is why endosymbiotic Symbiodiniaceae remain 

as coccoid cells after dividing. This research presents some clues as to why this might 

be.  

Cultured coccoid cells are similar in morphology74 and division pattern3 to cells in 

hospite. In hospite, the host imposes N limitation as a means of controlling symbiont 

proliferation22, de-coupling the cell cycle from the 24 hour morphological cycle. The 

G1 phase of symbiont cell cycle is lengthened21 to increase doubling time up to 70x8 

and synchronize symbiont cell division with that of the host75. This is in parallel with 

cultured cells in N limited, allopurinol treated media, which display reduced growth 

and reduced numbers of cells in the motile form. The biochemical mechanism 

behind N limitation causing an elongated G1 in hospite is not described, but it could 

be reminiscent of the mechanism I have described for cultured cells in N limited 

allopurinol treated media (in section 4.1.2). I hypothesize that host-imposed N 

limitation renders endosymbionts unable to accumulate uric acid deposits, and 

therefore they do not have the N availability to progress through the G1 phase as 
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quickly as free-living cells do. This may provide another level of control of symbiont 

cell proliferation.  

 

In addition to lengthening of the G1 phase of Symbiodiniaceae in hospite, the 

daughters of dividing cells remain coccoid. This presents a de-coupling of the cell 

cycle, morphological cycle and 24-hour cycle in response to symbiosis. The molecular 

mechanisms inhibiting the motile form in daughter cells are unknown, although it 

could link to the lack of eyespot in hospite. Without the eyespot, the symbionts may 

not sense light cues which in free-living cells promote the transition from coccoid to 

the motile form. Early studies report that the flagella and basal bodies of S. 

microadriaticum can be synthesized in hospite and then lost13. In contrast, there 

have not been any reports of coccoid cells retaining the eyespot. This suggests that 

the eyespot may be of higher importance for triggering the metamorphosis than 

other characteristics related to the motile form. Therefore, I hypothesize that the 

host-imposed N limitation prevents uric acid deposition in symbionts. This not only 

slows the G1 phase of the cell cycle (by suggested pathways in section 4.1.2) but also 

prevents the eyespot forming so cells cannot detect light cues which would normally 

trigger the morphological transition.  

 

 

  



 61 

5. CONCLUSION 

 

5.1 Concluding remarks: In summary, I hypothesise that uric acid is involved in 

regulation of the G1 phase length, and in promoting cellular transition to the motile 

morphology. Addition of allopurinol, an inhibitor of uric acid synthesis both reduced 

the growth rate of B minutum cultures, and reduced proportion of cells in the motile 

phase. It was apparent that a de-coupling of the cell cycle, morphological cycle and 

24-hour light gated cycle occurred.  

 

Uric acid may be important for providing the required N needed to progress through 

G1, and with allopurinol treatment inhibiting uric acid formation, upregulation of 

genes involved in ammonium and N assimilation, the GAAC response, amino acid 

and purine de novo biosynthesis was observed. In addition, ribosomal proteins were 

downregulated, suggesting translation may be attenuated – an effect of the GAAC 

pathway. Reduced translation may slow protein production, and synthesis of cellular 

components, resulting in a longer G1 and reduced cell division.   

 

Furthermore, uric acid is a main constituent of the eyespot in Symbiodiniaceae, and 

with allopurinol treatment, cells may fail to receive light cues which trigger 

morphological transitions, tying the morphological cycle to a 24 -hour rhythm.  

 

These hypotheses can be extended to cells in hospite, since coccoid free-living cells 

and endosymbionts are similar in morphology and division patterns. Also, the N 

limitation and allopurinol treatment in this study further likens the ‘Nitrogen 
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environment’ to cells in hospite. The N limitation imposed by the host and lack of 

uric acid in hospite compared to free-living cells may trigger the same pathways 

resulting in a lengthened G1 phase. The lack of organised uric acid crystals may 

render endosymbionts incapable of detecting light cues, removing the correlation of 

cell cycle and 24-hour rhythm. This may provide clues as to the mechanisms behind 

suppression of motility in daughters of dividing endosymbionts. 

 

5.2 Future directions: There are several experiments I would like to repeat to clarify 

the effects that I see. Firstly, I would repeat the growth curves for N replete and N 

limited cell cultures at the same time. This should give more comparable results, 

with less variation. Secondly, I would repeat the coccoid/motile ratio experiment, 

using 100mL flasks to reduce variation in cultures growth dynamics, and stack 

replicates of the same treatment group on top of each other to reduce variation 

caused by microenvironment inside the incubator. Also, sample each day, instead of 

every other day, and count cells straight away without the need for freezing and 

thawing. The motile fraction does not need to be centrifuged and resuspended, 

which should make the cell counts more accurate. Continue sampling past 12 days, 

perhaps for 20 days. 

Thirdly, flow cytometry with propidium iodide can be used to examine whether the 

cell cycle is indeed arrested in G1. Either bleaching cells of chlorophyll or extracting 

nuclei would be needed to avoid interference of autofluorescence. Accumulation of 

cells in certain cell cycle stages would be apparent in the cytogram.  

NanoSIMS studies are planned and should help clarify the N usage in cells. This 

should show where N accumulates and how quickly the uric acid deposits are broken 
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down in control samples.  In allopurinol treated samples, it may show how the N is 

utilised which is not being stored as uric acid. If the GAAC pathway is employed, N 

should be incorporated into amino acids and purines. 

To elucidate the mechanisms of how uric acid affects the morphology, it would be 

useful to do RNA sequencing on cell cultures separated into motile and coccoid 

fractions. For this, a large volume of cell culture would be needed, as with 

allopurinol treatment and N limitation, there are very few motile cells. Furthermore, 

investigation using scanning electron microscopy could give insight into whether 

features such as the thecal plates and flagella are present, and transmission electron 

microscopy could show whether uric acid deposits are present inside the cells.  

 

What causes suppression of the motile morphology in daughter cells in hospite is still 

an unanswered question in the field, and further insight could be gained from 

comparing transcriptomes of coccoid cells in hospite and free-living coccoid cells, 

perhaps at several points over a 24-hour time period. It would be interesting to see if 

the transcriptomes of Symbiodiniaceae in hospite have the same genes upregulated 

for N assimilation, purine de novo biosynthesis, amino acid biosynthesis, GAAC, and 

biosynthesis of motility related features. This may help elucidate the mechanisms 

which the symbiont employs to counteract and survive under the N limitation 

imposed by the host, and also to understand exactly how this N limitation exerts 

control over the symbiont proliferation. 
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APPENDICES 

 

Appendix 1: pH of cultures 

Method: 1 mL of stock cell cultures were aliquoted into 6 flasks containing 300mL of 

each media solution (Tables 1, 2). Cultures were left to grow under 40 µmol photons 

m2s-1 on a 12-hour light:12-hour dark cycle, in 25°C. On days 0, 2, 4, 6, 8, 10 and 13, 

three 10mL samples from each culture were taken and pH measured (Fisher 

Scientific, US). 

Results: Over the course of this experiment, the range decreased from 1.26 to 0.26 

pH units.  

 
Figure 19: pH of cell cultures over the course of 13 days.  

 
 
 
 
Appendix 2 
 
Table 8: Details of RNA extracts and cDNA libraries 
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Sample RNA extract 
concentrati
on ng/mL 

RIN value cDNA library 
concentrati
on ng/mL 

Average 
fragment 
size (bp) 

Index i7 Index i5 

F FSW 1 312 4.4 70.8 454 D702 D505 
F FSW 2 324 4.9 32 477 D703 D505 
F FSW 3 270 4.8 50.2 433 D702 D506 
F NaOH 1 698 NA 54 472 D703 D506 
F NaOH 2 400 5 47.2 421 D712 D503 
F NaOH 3 332 NA 40.4 459 D712 D504 
F Allo 1 338 5.7 61.4 463 D702 D508 
F Allo 2 394 5.5 84.8 451 D703 D508 
F Allo 3 342 5.9 102 464 D708 D501 
N FSW 1  157 7.1 75 450 D708 D502 
N FSW 2  183 1.5 60.2 472 D708 D503 
N FSW 3 149 4.9 33.8 505 D708 D504 
N NaOH 1 188 8.8 59.2 475 D712 D505 
N NaOH 2 208 8.6 48.6 485 D708 D506 
N NaOH 3 230 6.8 66.6 494 D708 D507 
N Allo 1 121 8.8 62.2 489 D708 D508 
N Allo 2 174 4.8 45 492 D712 D507 
N Allo 3 140 8.8 29.8 578 D712 D508 
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Appendix 3: Electropherograms for RNA extracts

 

Figure 20: Electropherograms of RNA libraries, produced with Bioanalyser High Sensitivity RNA 
assay (Agilent Technologies, US). 
 
Appendix 4: Electropherograms of cDNA libraries 
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Figure 21: Electropherograms of cDNA libraries, produced with Bioanalyser High Sensitivity DNA 
assay (Agilent Technologies, US). 
 
 
 
 

Appendix 5: Daily Free-living cell morphological cycle  
 
This experiment was done in order to find the time of day with the highest 
proportion of cells in the motile phase. Originally only the data for untreated, control 
cells was needed, but out of curiosity I sampled some allopurinol treated cells as 
well. Therefore, I only have data for the FSW control and Allopurinol in N replete 
conditions and am missing the NaOH control.  With more time and a slightly 
different method, this experiment should be repeated with all controls, and the N 
limited cell cultures.  
 
Methods 
Cell cultures which were originally sub-cultured from the stock culture were grown 
for 19 days in the same conditions as the stock culture. Cultures were sampled 
starting at 6 am (one hour after the onset of the light period), at two-hour intervals. 
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Sampling protocol for each culture was as follows: culture was carefully removed 
from the incubator causing as little disturbance to the cells as possible. 7 droplets of 
20 uL were aliquoted and placed into a petridish. Using a fluorescence microscope, 
with Cy5 filter the red autofluorescence of chlorophyll was visible. 7 second videos 
were taken of cells at 10 different locations within the droplet. From these videos, 
the total number of cells within the microscope view was counted using Cell Counter 
plugin on Image J76. Then, the number of motile cells was counted manually, and the 
percentage was calculated.  
 
 
Results 
 
 

 
Figure 22: Percentage of B minutum cells in motile phase sampled at 2-hour intervals. Grey bars show 
95% confidence intervals, n=7 for each bar.  
A) Nitrogen replete FSW control. The highest percentage of motile cells was at time 2, and significant 
differences are denoted with *. ANOVA (F(3, 24) = 12.535, p=3.94e-05), and Tukey’s HSD post hoc test 
(Table 9). Normality was tested for: Shapiro Wilk’s test (p>0.05 for all samples), and homogeneity of 
variances was tested for(p=0.199). T1 = 6am, T2 = 8am, T3 = 10am, T4 = 12pm. 
B) Nitrogen replete Allopurinol treatment. There was no significant difference in percentage of 
motile cells over the time 3-hour time period. ANOVA (F(2,18) = 2.192, p= 0.141). Normality was 
tested for: Shapiro Wilk’s test (p>0.05 for all samples), and homogeneity of variances was tested 
for(p=0.895). T1 = 7am, T2 = 9am, T3 = 11am. 
 
 
 
Table 9: Results of Tukey’s HSD post hoc test for N replete FSW control culture 

Comparison p value Significant 
1 – 2 0.2047367  
1 – 3 0.0484063 * 
1 – 4 0.0136161 * 
2 – 3 0.0003733 * 
2 – 4 0. 0000911 * 
3 – 4 0.9415604  

 


