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Abstract 

Name: Andre Holzer 

Title: Investigating the genomic, transcriptomic and metabolic landscape of Chlamydomonas 

reinhardtii in the context of vitamin B12 availability 

Algae, a globally widespread group of photosynthetic eukaryotes, are the primary producers 

in the aquatic world. Their photoautotrophic lifestyle together with rapid growth rates and 

diverse metabolic capabilities make them sustainable, renewable and environmentally friendly 

production platforms with great potential for biotechnological applications including the 

production of biofuels, medicinal products or food supplements. Better understanding of algal 

biology including their predominately vitamin B12 dependency is however desperately needed. 

While de novo biosynthesis of nature’s most complex vitamin is limited to prokaryotes, a vast 

number of eukaryotic species, comprising all mammals and more than half of all algal species, 

require B12 as an enzyme cofactor. The phylogenetic distribution of B12 auxotrophy across the 

eukaryotic tree of life suggests that this trait has evolved multiple times in the algal kingdom, 

indicating that it has a selective advantage of some sort. Indeed, previous artificial evolution 

experiments alongside physiological studies from our group resulted in mutant strains of the 

unicellular green model alga Chlamydomonas reinhardtii that now require B12 for growth, 

providing evidence for how this might have arisen in the environment.  

Here, I exploit the unique opportunity these early B12 auxotroph strains of C. reinhardtii, 

together with their B12-independent progenitors, provide to study the molecular, cellular and 

evolutionary mechanisms underlying B12 auxotrophy by applying an interdisciplinary research 

strategy, coupling multi-omics with targeted metabolite analysis, computational genomics and 

classical molecular biology approaches. First, I present the global transcriptomic and one-

carbon cycle related metabolite alterations in response to vitamin B12 scarcity in a B12 

auxotroph and its B12-independent progenitor of C. reinhardtii and characterise common 

strategies eukaryotic cells use to cope with low B12. Findings highlight that the “B12-specific 

response” includes reduced B12 usage, fine-tuning of methionine cycle genes, accumulation of 

folates and upregulation of uptake, salvage and remodelling capacity for B12. At the same time, 

a much broader “starvation response” characterised by the downregulation of flagella, 

microtubule, circadian clock, histone, photosystem, carotenoid biosynthesis as well as starch 

and sucrose metabolism genes alongside strong upregulation of one-carbon metabolism, 

heme binding, purine metabolism, protein degradation, deoxyribonucleic acid (DNA) and 

histone methyltransferase genes and accumulation of homocysteine, is induced in B12-

dependent cells. Accumulation of S-adenosylhomocysteine further results in a significantly 

reduced methylation potential that likely promotes DNA hypomethylation and suggests that B12 



 

 

starvation results in a strong alteration of the epigenetic landscape, influencing transcriptional 

regulation and genetic stability. With several lines of evidence for the involvement of mobile 

genetic elements, or transposable elements (TE) in the evolution of B12 dependency in algae, 

a comparative genomic analysis was performed, characterising the nuclear genome 

architecture of three assembled C. reinhardtii lab strains. Besides revealing numerous 

improvements in the new, near complete version 6 C. reinhardtii genome assemblies, the 

updated repeat maps presented here highlight that consistently ~10.5% of the nuclear C. 

reinhardtii genome is comprised of TEs. Approximately half of all structural variants were found 

to be associated with TEs, representing a comprehensive list of active TE families in C. 

reinhardtii. Further, a custom developed multi-tool approach that overcomes common 

challenges in accurate mapping of DNA transposons is presented and applied to the example 

of mapping, classifying, characterising and tracking the C. reinhardtii specific DNA transposon 

family Gulliver. Finally, I present an experimental model system to study TEs in C. reinhardtii 

and propose a methodology to validate connections between environmental B12 signalling and 

(epi-)genetic changes. Using short-read whole-genome shotgun sequencing, I map nucleotide 

and structural variants in the various C. reinhardtii lines derived from the artificial evolution 

experiment and track TE translocations between strains as a result of vitamin B12 deprivation 

stress.  

This study provides key genomic resources for the algal community and expands our 

understanding of B12 auxotrophy in single-cell eukaryotes, linking environmental B12 signalling 

to metabolic and transcriptomic status as well as TE activity. The results further improve our 

understanding regarding the biological function of transposons in algae and their role in 

adaptation to environmental stress. 
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cobamides (X), with 5,6-dimethylbenzimidazole (DMB) (blue) being the natural base 

found in cobalamins. The most widespread „cobalamin analogue“ contains adenine 

(red). Benzimidazoles and purines form a carbon-nitrogen bond to the ribose with the 

nitrogen of the imidazole moiety bearing the H. In contrast, phenolic compounds form a 

carbon-oxygen bond (Renz, 1999). Adapted from Holzer et al. (in preparation). ........... 17 
Figure 1.5: Summary of B12 salvaging and remodelling pathways. As observed in bacteria 

and archaea since knowledge from algae is limited. The process of salvaging and 

remodelling include uptake, preprocesson as well as supply of alternative lower ligands, 

examples for these processes are displayed. (a) B12 transport system in Escherichia coli 
(Beek et al. 2011; Chimento et al. 2003; Korkhov et al. 2014; Rodionov et al. 2003, 

2008; WIENER 2005). (b) Uptake cycle performed by BtuCD-F transporters (Korkhov et 
al. 2014). (c) Schematic model of the rotary mechanism performed by ATRs (Padovani 

& Banerjee 2009b, 2009a). (d) A potential DMB importer (Rodionov et al. 2003). 

Adopted from Holzer et al. (in preparation). ................................................................... 22 
Figure 1.6: Role of vitamin B12 as a cofactor in eukaryotic enzymes. Vitamin B12 in its 

adenosylated (AdoCbl) or methylated (MeCbl) form acts as a cofactor in three 

eukaryotic B12-dependent enzymes:  Methylmalonyl-CoA mutase (MCM) which is 

involved in odd-chain fatty acid metabolism in the mitochondrion, type II ribonucleotide 

reductase (RNRII) which catalyses conversion of nucleotidetriphosphates (NTP) into 

their deoxyribose form, and methionine synthase (METH) which facilitates the re-

methylation of homocysteine into methionine. Adopted from Helliwell (2017). .............. 25 
Figure 1.7: Distribution of vitamin B12 auxotrophy across the eukaryotic tree of life. Only those 

super groups with photosynthetic species are shown. The abundance of known vitamin 

B12-dependent/independent species identified in the survey of Croft et al. (2005) is 

displayed in bar charts. Numbers indicate the total amount of species surveyed from 

each super group. Modified from Helliwell et al. (2013). ................................................ 26 
Figure 1.8: Evolution of vitamin B12 dependency by the insertion of a transposable element 

into the METE gene. (a) Schematic overview about course and findings of the algal 

evolution experiment. B12 dependency of strains was tested both on liquid as well as 

solid medium with and without a B12 source (-B12). Two colony morphologies 
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discriminated healthy B12-independent cells (H-type) from smaller B12-dependent cells 

(S-type) when plated on solid medium without a source of cobalamin. (b) Genomic 

analysis of the C. reinhardtii METE gene identified the insertion of a 238 bp long class-II 

DNA transposable element (TE), present in the exon 9 of S-type cells. A BLAST 

analysis revealed that the observed terminal inverted repeat (TIR) sequence was similar 

to a previously known TE named Gulliver. Modified from Helliwell et al. (2014). ........... 29 
Figure 1.9: Simplified metabolic map of one-carbon metabolism in C. reinhardtii. DHFR, 

dihydrofolate reductase which also has thymidylate synthase activity in C. reinhardtii; 
MTHFD, methylenetetrahydrofolate dehydrogenase; MTHFR, 5,10-

methylenetetrahydrofolate reductase; SHMT, serine hydroxymethyltransferase;. SAH1, 

S-adenosyl-L-homocysteine hydrolase; BHMT, betaine-homocysteine S-

methyltransferase; SAS1, methionine adenosyltransferase / S-adenosylmethionine 

synthase; METE/METH, methionine synthase; MTRR, methionine synthase reductase. 

DMA/DMC, DNA adenine/cytonsine methyltransferases; HMT, histone 

methyltransferase; PRMT, protein arginine methyltransferase. Enzyme cofactors are 

shown in black circles: vitamin B2, B6, and B12. Substrates: 5,10-CH=THF, 5,10-

methenyl-tetrahydrofolate; 5,10-CH2-THF, 5,10-methylenetetrahydrofolate; 5-mTHF, 5-

methyltetrahydrofolate; 10-f-THF, 10-formyl-tetrahydrofolate; CHOL, choline; CYS, 

cysteine; DHF, dihydrofolate; DMG, dimethylglycine; dTMP, thymidine monophosphate; 

dUMP, deoxyuridine monophosphate; FA, folic acid; GLY, glycine; HCY, homocysteine; 

MET, methionine; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SAR, 

sarcosine; SER, serine; THF, tetrahydrofolate; TMG, trimethylglycine/betaine. From 

Clare et al. (2018) with modifications. ............................................................................ 32 
Figure 1.10: Cut and paste DNA transposons. (a) Schematic overview about the general 

replication cycle of a typical cut-and-paste DNA transposons. (b) Fully autonomous TEs 

encode a functional transposase. Many TEs however became non-autonomous as they 

lost the transposase sequence partially or completely. (c) The Gulliver DNA transposon 

as identified by Ferris (1989) is the best studied exampled for an autonomous DNA TE 

in C. reinhardtii. It consists of an imperfect terminal inverted repeat (TIR) flanking a 

transposase encoding sequence of roughly 12 kb. In contrast, the Gulliver-like element 

identified by Helliwell et al. (2014) was found to be a non-autonomous element with the 

TIR and the target site duplication (TSD) like the longer Gulliver element but with a 

much shorter coding region of 238 bp. Thus is likely a Gulliver derived miniature 

inverted-repeat transposable element (MITE). ............................................................... 38 
Figure 3.1: Schematic summary of the B12 deprivation multi-omics study. Effect of vitamin B12 

deprivation on a B12-dependent (metE7) and a B12-independent (Ancestral) line of C. 
reinhardtii was assessed after 24 hours (24h). The various control and metadata 

measurements taking over the time course of the experimental procedure are stated. 

For more details see section 2.4. ................................................................................... 77 
Figure 3.2: Comparison of Ancestral and metE7 lines during experiment to initiate B12 

starvation. (a) Optical density at 730 nm of start cultures (OD730) incubated in B12 replete 

(TAP + 1 µg·l-1 B12, grey) or B12 deplete conditions (TAP, blue) for three days to confirm 

B12 dependency phenotype. (b) OD730 as a measure of cell density over the course of 

the experiment. Cultures were subbed and OD730 was adjusted to 0.005 and 0.2 on 

timepoints -2d and 0h. (c) OD730 at timepoint of cell harvest (24h). (d) Total cell density 

of cultures at 24h measured in Coulter counter (cells >3 µm diameter). (e) Median cell 

diameter measured at 24h. (f) Proportion of cells from 24h timepoint that were capable 

of forming colonies (Viability). Error bars = sd, n = 5 biological replicates measured 

using 2-3 technical replicates. P values: ns>0.05,*<0.05, **<0.01,***0.001,****<0.0001 

(unpaired t-test with Welch’s correction). ....................................................................... 79 
Figure 3.3: Quality control images of RNA samples. (a) Gel electrophoresis of RNA samples 

prior (Controles) and after DNase treatement (Samples). (b) Agilent 2100 Bioanalyzer 
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tracks from Bioanalyzer Plant RNA 6000 pico assay (Agilent Technologies, US), 

showing RNA integrity of samples subsequent to DNase treatment and ethanol 

purification. ..................................................................................................................... 80 
Figure 3.4: Relative abundance of selected transcripts. Transcript abundance of (a) the B12-

independent isoform of methionine synthase METE, (b) the B12-dependent form METH 

and (c) the B12 uptake enzyme CBA1, measured by RT-qPCR on RNA extracts from the 

Ancestral line and the metE7 line, gown for 24 hours in either B12 replete (grey) and 

deprived (blue) media. Interleaved box plot from Min to Max, n = 5 biological replicates 

measured using 2 technical replicates. P values: ns>0.05,*<0.05, 

**<0.01,***0.001,****<0.0001 (unpaired t-test with Welch’s correction). ........................ 82 
Figure 3.5: Transcriptomics raw sequence statistics. (a) Percentage of reads mapping to 

multiple locations in the C. reinhardtii reference genome v5.5. (b) Percentage of junction 

reads. Interleaved box plot from Min to Max, n = 4 biological replicates. P values: 

ns>0.05,*<0.05, **<0.01,***0.001,****<0.0001 (unpaired t-test with Welch’s correction). 

(c) Representative distribution plot of mapped genes in chromosomes, arranged by 

chromosome length, from sample A-1. Y-axis indicates the log2 of the median of read 

density calculated using a window size of 1 kb. Green and red indicate, respectively, the 

positive and negative strands. ........................................................................................ 85 
Figure 3.6: Global gene expression analysis. (a) FPKM distribution diagram and violin plot 

showing gene density. FPKM values represent means out of four biological replicates. 

Each violin shows five statistical magnitudes including max value, upper quartile, 

median, lower quartile and min value. (b) Venn diagram of gene expression differences. 

The sum of the numbers in each circle is the total number of genes expressed within a 

condition. (c) Heat maps of the correlation coefficient between individual samples colour 

coded using the square of the Pearson coefficient (R2). Condition name consists of 

strain information (A: Ancestral; M: metE7) together with B12 status (-: B12 deprived; +: 

B12 replete) and sample names further include the replicate number. ........................... 86 
Figure 3.7: Differential expression and cluster analysis on transcriptomes. Volcano plots 

displaying differentially expressed genes under B12 deprived (treatment) versus B12 

replete  (control) conditions in (a) the B12-independent Ancestral line and (b) the B12 

auxotroph metE7  line of C. reinhardtii. Significantly up- and downregulated genes (Padj 

<0.05) are highlighted in blue while additional genes with P <0.005 and |log2(fold 

change)| >0.5 are displayed in light blue. Genes that did not express differently between 

the treatment and control groups are in grey. Top hits are labelled with gene names 

where exiting. (c) Hierarchical clustering of DEGs across the two strains and B12 

conditions. Colour code represents log10 of the adjusted expression level (FPKM+1) of 

the individual genes. Genes with high expression in a condition are in red, while low 

expressed genes are shown in blue. Condition name consists of strain information (A: 

Ancestral; M: metE7) together with B12 status (-: B12 deprived; +: B12 replete). ............. 91 
Figure 3.8: GO term enrichment analysis. The top 30 most enriched GO functions of 

differentially expressed genes (DEGs). (a) Upregulated genes GO terms and (b) 

downregulated genes GO terms. Grey barplots represent P values obtained from 

overrepresentation analysis (n=4, Fisher’s exact hypergeometric test). The gene ratio 

reflects the proportion of up-/downregulated genes in a given GO term. Bubble size 

indicates the number of DEGs in a GO term and colour represents the ranges of the 

corrected P value. Significantly enriched GO terms are marked by "*" (n=4, FDR 

correction by Benjamini and Hochberg, corrected P <0.05). .......................................... 93 
Figure 3.9: KEGG pathway enrichment analysis. Statistics of KEGG pathway enrichment 

based on differentially expressed genes (DEGs). Top 30 most (a) upregulated KEGG 

pathways and (b) downregulated pathways are displayed. Grey barplots represent P 

values obtained from overrepresentation analysis (n=4, Fisher’s exact hypergeometric 

test). The gene ratio reflects the proportion of up-/downregulated genes in a given 



 

 XVI 

pathway. Bubble size indicates the number of DEGs in a pathway and colour represents 

the ranges of the corrected P value. Significantly enriched pathways are marked by "*" 

(n=4, FDR correction by Benjamini and Hochberg, corrected P <0.05). ........................ 95 
Figure 3.10: Differential expression patterns in selected gene groups I. Fold change in genes 

encoding for (a) flagella-associated proteins, (b) B12 related proteins, comprising 

putative B12 binding and transport proteins (Sayer, 2019), B12 metabolism proteins 

(Meta.) and enzymes involved in B12 salvage, remodelling and activation (Salvage etc.), 

(c) histones and (d) histone modifying enzymes, categorised into acetyltransferases 

(Acetyltr.), chaperons (C.), deacetylases, demethylases (Dm.), deubiquitinases (D.) and 

methyltransferases, is shown.   Grey: not significantly differentially expressed genes 

(DEGs) based on differential expression analysis (see section 3.2.5), blue: 

downregulated DEGs, yellow: upregulated DEGs. Violin and boxplots display fold 

change distribution over all genes compared to that of the selected gene subset. P 

values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison of mean values by 

Student’s t-Test) ............................................................................................................. 98 
Figure 3.11: Differential expression patterns in selected gene groups II. Fold change in 

genes encoding for annotated (a) DNA methyltransferases, comprising adenosine 

(DNAa), cytonsine (DNAc) and DNA methyltransferases of unknown target sites, (b) 

RNA methyltransferases, including ribosomal RNA (rRNA), transfer RNA (tRNA), 

messenger RNA (mRNA) or other RNA methyltransferases, (c) all S-adenosyl-L-

methionine (SAM)-dependent methyltransferases as well as (d) transcription factors 

(curated by Dr Gitanjali Yadav), is shown. Grey: not significantly differentially expressed 

genes (DEGs) based on differential expression analysis (see section 3.2.5), blue: 

downregulated DEGs, yellow: upregulated DEGs. Violin and boxplots display fold 

change distribution over all genes compared to that of the selected gene subset. P 

values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison of mean values by 

Student’s t-Test). ............................................................................................................ 99 
Figure 3.12: Differential expression patterns in selected gene groups III. Fold change in 

genes encoding for (a) annotated transposable element genes classified into reverse 

transcriptases (Reverse Trans.), transposases and other TE genes is shown alongside 

(b) results for the curated TE gene list based on remapping to the manually curated TE 

library from Craig et al. (2019). Genes were classified based on similarity to direct 

inverted repeat sequences (DIRS), DNA transposons (DNA), LINE retrotransposons 

(LINE), LTR retrotransposons (LTR), PLE (P), RC (R), other RNA (N) or other 

unclassified TEs (U). Grey: not significantly differentially expressed genes (DEGs) 

based on differential expression analysis (see section 3.2.5), blue: downregulated 

DEGs, yellow: upregulated DEGs. Violin and boxplots display fold change distribution 

over all genes compared to that of the selected gene subset. P values: 

ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison of mean values by Student’s 

t-Test). .......................................................................................................................... 100 
Figure 3.13: Transcription factor interaction network. Predicted interactions of TFs from C. 

reinhardtii (green) with promoter sequences (2,000 bp prior and 200 bp after the TSS) of 

differentially expressed genes under B12 deprivation (orange) are shown. Branch size 

represents the number of putative TF binding sites identified in a corresponding 

promoter. The network was constructed by Prof Gitanjali Yadav and Citu Gulia. ........ 102 
Figure 3.14: Transcription factors potentially regulating METE gene expression. Predicted 

binding sites of TFs identified in the upstream region of METE are shown alongside 

overlapping genomic features. Additional information regarding the TFs is provided in 

Table 3.6. ..................................................................................................................... 103 
Figure 3.15: One-carbon metabolism in C. reinhardtii. Model for folate biosynthesis, folate 

cycle, folate modification and salvage as well as methionine cycle in the green model 

alga. Metabolites: guanosine triphosphate (GTP), dihydroneopterin triphosphate (DHN-
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P3), dihydroneopterin (DHN), 6-hydroxymethyldihydropterin (HMDHP), 6-hydroxymethyl-

dihydropterin pyrophosphate (HMDHP-P2), aminodeoxychorismite (ADC), para-

aminobenzoate (pABA), dihydropteroate (DHP), glutamate (Glu), dihydrofolate (DHF), 

deoxyuridine monophosphate (dUMP), deoxythymidine monophosphate (dTMP), 5,10-

methylenetetrahydrofolate (5,10-CH2-THF), 5-methyltetrahydrofolate (5-mTHF), 

tetrahydrofolate (THF), folic acid (FA), glycine (GLY), serine (SER), 10-

formyltetrahydrofolate (10-fTHF), 5,10-methenyltetrahydrofolate (5,10-CH=THF), 5-

formyltetrahydrofolate (5-fTHF),  5-formimidoyltetrahydrofolate (5-foTHF), homocysteine 

(HCY), methionine (MET), S-adenosylmethionone (SAM), S-adenosylhomocysteine 

(SAH), S-methylmethionine (SMM), sarcosine (SAR), water (H2O), cystathionine (Cth), 

polyglutamate (Glun). For information on enzymes see Table 3.7. .............................. 106 
Figure 3.16: The 1C metabolism related transcriptomic effects B12 deprivation has on a B12-

independent strain of C. reinhardtii. The 1C metabolism as displayed and labelled in 

Figure 3.15, where enzymes are colour coded according to the corresponding log2 of 

fold change (FC) in gene expression as observed by RNA-Seq under B12 limitation in 

the Ancestral line. ......................................................................................................... 107 
Figure 3.17: The 1C metabolism related transcriptomic effects B12 deprivation has on a B12-

dependent strain of C. reinhardtii. The 1C metabolism as displayed and labelled in 

Figure 3.15, where enzymes are colour coded according to the corresponding log2 of 

fold change (FC) in gene expression as observed by RNA-Seq under B12 starvation in 

the metE7 line. ............................................................................................................. 108 
Figure 3.18: Folate analysis optimisation. (a) Relationship between sample mass and 

measured folate abundance. All data from samples of the Ancestral line grown in 

absence of  B12, plotted by Frederick Bunbury. (b) Relative abundance of individual 

folates under B12 replete and deplete conditions for two different sample masses (20 mg 

and 70 mg fresh weight (fw)) of either the B12-independent  (Ancestral) or the B12-

dependent (metE7) strain. (c) Total folate abundance in the different strains under B12 

replete and deplete conditions. Concentration of mono- and polyglutamylated forms is 

displayed as bar charts for two different sample masses (20 mg and 70 mg fresh weight 

(fw)). Relative abundance of monoglutamylated forms is displayed together with fold 

change in total folate abundance (FC) under B12 deprivation. An unpaired t-test was 

performed to compare mean values of total folate abundance under B12 replete vs. 

deplete conditions, P values: ns>0.05,*<0.05,**<0.01,***<0.001,****<0.0001. (d) Control 

experiment on samples of the Ancestral line showing that the optimisation of the 

protocol did not change relative proportion of folates for equivalent sample masses. . 110 
Figure 3.19: Folate abundance and changes under B12 replete and deplete conditions. 

Concentration of total, mono- and polyglutamylated folates is displayed as boxplots for 

B12-independent (Ancestral & UVM4) and B12 auxotroph (metE7 & metE4) strains. An 

unpaired t-test was performed to compare mean values of folate abundance under B12 

replete vs. deplete conditions. n = 4 biological replicates measured using 2 technical 

replicates. P values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (unpaired t-test with 

Welch’s correction). Heatmap shows the log2 transformed fold change (FC) in individual 

compound concentration induced by B12 deprivation. .................................................. 112 
Figure 3.20: Total abundance of amino acids in the Ancestral and the metE7 strain under B12 

replete or limited conditions. Samples were generated according to the methodology 

described in section 3.2.1 and two slightly different protocols were applied to conduct  

the HPLC/ESI-MS/MS analysis (section 2.5.1, performed by Dr Deborah Salmon at the 

University of Exeter). Results of run 1 are shown while quantifications from run 2 are 

provided in Supplementary Figure 2. For more information on the differences between 

the runs read text and see section 2.5.1. Error bars = sd, n = 5. P values: ns>0.05, 

*<0.05, **<0.01, ***<0.001 (Welch’s t test). Cysteine peaks were somehow affected in 
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the metE7 line and thus these measurements were excluded from the presented results.

 ..................................................................................................................................... 114 
Figure 3.21: Quantification of SAM and SAH levels under B12 replete and deplete conditions 

in C. reinhardtii. (a) Concentration of SAM and SAH as well as (b) change in the cellular 

methylation potential are presented for the Ancestral and metE7 line grown for 24 hours 

under B12 replete or limiting conditions (see section 3.2.1). The same samples as for 

amino acid quantification were used to determine SAM and SAH levels by HPLC/ESI-

MS/MS  analysis (performed by Dr Deborah Salmon, University of Exeter). Error bars = 

sd, n=5. P values: ns>0.05, *<0.05, **<0.01, ***<0.001 (Welch’s t test). ..................... 115 
Figure 4.1: Existing knowledge about the properties of the Gulliver transposon in 

Chlamydomonas reinhardtii. (a) Identified at 12 nuclear locations, the Gulliver 

transposon was characterised by an imperfect 15 bp terminal inverted repeat (TIR) 

sequence flanking a mobile DNA element of roughly 12 kb which creates an 8 bp target 

site duplication upon integration (Ferris 1989). (b) In parallel with the release of CC-503 

v3, a consensus sequence of the Gulliver TE was published and the exons of the 

encoded Gulliver transposase were predicted (Kapitonov & Jurka 2006a). (c) As part of 

the most up-to-date C. reinhardtii v5.6 annotation, 34 RepeatMasker hits mapping to 16 

positions scattered along different chromosomes were annotated as Gulliver TEs 

(Merchant et al. 2007). ................................................................................................. 127 
Figure 4.2: Reference genome contiguity metrics for Chlamydomonas reinhardtii common 

model organisms. Illustrated by contig size N50 and genome size, 224 publicly available 

versions of algal reference genomes (Hanschen & Starkenburg 2020) are displayed 

(grey) alongside the current reference genome of C. reinhardtii strain CC-503 (v5, 

Merchant et al. (2007)) and the curated assemblies of CC-503 v6, CC-4532 v6 (Craig et 
al., in preparation), CC-1690 v1 (O’Donnell et al. 2020) alongside common model 

organism from the plant and animal kingdom. Publicly available data of the latter was 

downloaded from NCBI on 05.01.2020. ....................................................................... 132 
Figure 4.3: Whole genome alignments of C. reinhardtii reference over all 17 chromosomes. 

The current reference genome CC-503 v5 is compared with the new releases (a) CC-

503 v6 (Craig et al., in preparation), (b) CC-4532 v6 (Craig et al., in preparation) and (c) 

CC-1690 v1 (O’Donnell et al. 2020), visualised by syntenic dot plots. Pairwise whole 

genome alignments were generated using Minimap2 (Li 2018) and visualised as dot 

plots with arrows highlighting selected genomic rearrangements. ............................... 133 
Figure 4.4: Cross coverage between the different C. reinhardtii genome assemblies. Synteny 

to target genome sequence is displayed and color coded by individual chromosomes. 

Barplots display each assembled chromosome sequence of the query genome as a 

rectangular box and show how much and which part of a target genome is included in 

the genome alignment with that query. For assemblies of similar quality, observed 

changes in coverage are likely a result of inter species structural rearrangements and 

variations. ..................................................................................................................... 135 
Figure 4.5: Graphical representation of intra-chromosomal rearrangements. Structural 

rearrangements comprising inversions, duplications and translocations are displayed 

between genomic assemblies (a) CC-503 v5 and CC-503 v6, (b) CC-4532 v6 and CC-

503 v5, (c) CC-1690 v1 and CC-503 v5, (d) CC-1690 v1 and CC-503 v6, (e) CC-4532 

v6 and CC-503 v6, (f) CC-1690 v1 and CC-4532 v6. Graphs were generated using 

SyRI’s internal “plotr” function (Goel et al. 2019). ........................................................ 139 
Figure 4.6: Summary of chromosomal rearrangements and structural variants by type. The 

number of pairwise variants for each pair of indicated strains is displayed between the 

three assemblies of comparable contiguity. Length of the bar charts is proportional to 

number (left panel), or total sequence length (right panel) of an indicated variant type. 

As well as chromosomal rearrangements comprising insertions, translocations and 

duplications, structural variants are displayed at the levels of single nucleotide 
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polymorphisms (SNP), insertions (INS), deletions (DEL), copy number gains (CPG), 

copy number loss (CPL), highly diverged regions (HDR) and tandem repeat motifs 

(TDM). The colour scheme from violet to green indicates the size of individual variants 

(left panel) and accumulating length of variants of a specified size (right panel), 

respectively. For variant types with low frequency/size between a selected pair of 

strains, the actual number respectively sequence length (bp) of the variant is displayed. 

A similar comparison of all new assemblies to the current version 5 reference genome 

can be found in Supplementary Figure 5. .................................................................... 140 
Figure 4.7: Comparison of total number and sequence coverage of interspersed and tandem 

repeats detected with RepeatMasker in available genome assemblies of C. reinhardtii. 
(a) Line chart (bottom) show proportion of assembly that is made up of repetitive 

elements. Contribution of main classes of TEs is highlighted by pie charts. (b) In detail 

comparison of analysis of total number and sequence coverage by TE subclasses  

between the currently used reference genome (CC-503 v5) and  three newer genome 

assemblies of C. reinhardtii (CC-503 v6, CC-4532 v6, CC-1690 v1). .......................... 143 
Figure 4.8: TE distribution across assemblies. (a) Relative proportions of TEs mapping to 

chromosomes. (b) Colour coded line plots display genomic density of all TEs across the 

chromosomes of different assemblies while top green bars represent density distribution 

of all retrotransposons and bottom blue bars show mappings for all DNA transposons.
 ..................................................................................................................................... 145 

Figure 4.9: Structure and sequence of the IM4 CrCBA1 exon 2 putative mobile genetic 

element insertion. a) The insertion point is located between positions 1,084,548 bp and 

1,084,549 bp of chromosome 2 in the C. reinhardtii v5.0 Phytozome reference genome. 

An 8 bp target site duplication ‘TACTACAG’ was identified flanking the insertion (blue). 

The sequences of the left (red) and right (green) insertion junctions were identified from 

DNA sequencing reads and confirmed with PCR and sequencing. The sequence 

between these left and right junctions has not been determined. b) Chromosomal 

regions with similarity to the IM4 148 bp left and 227 right insertion junction sequences 

were identified by a BLAST search. Chromosomal regions with sequence similarity to 

the left and right junctions are shown, where the left and right junctions are a similar 

distance apart (~10 Kb) and are in the same orientation. The position of the matching 

left junction (red) and right junction (green) sequences are indicated. The matching 

strand is indicated in brackets. The number of matching base pairs from the BLAST 

search is listed in brackets (target/query). From Sayer et al. (in preparation) .............. 152 
Figure 4.10: Identification of Gulliver related elements in C. reinhardtii. (a) A number of 

challenges and limitations is associated with standard tools, incuding RepeatMasker, 

commonly used for mapping TEs. To overcome these challenges a multi-search 

approach using a range of different bioinformatic search alroithms with variable quires 

was performed. (b) Resulting hit lists for TE localisations obtained from genome 

searches were combined based on overlapping positions. The latter which is here 

visualised as a multi-dimensional venn diamgram. (c) All hits were further analysed and 

classified into Gulliver element types based on seqeunce length, presence of the exact 

15 bp terminal repeat motif (TIR) and similarity to the Gulliver transposase (TP). A 

schematic of the full decision tree behind the implemented algorithm for mapping and 

classifiying Gulliver related elements from genome assemblies is visualised in (d). Data 

shown corresponds to the results obtained for the current v5 reference genome 

assembly of C. reinhardtii CC-503. .............................................................................. 154 
Figure 4.11: Improvement of the Gulliver annotation. (a) Genome wide annotation of Gulliver 

related sequences/elements (GRE) by ‘Merchant et al. 2007’ and (Gallaher et al. 2015a) 

are compared against the hits from the newest version of RepeatMasker (v4.1.0) as well 

as the here presented improved annotation. Horizontal lines indicate position of a GRE 

of a particular type classified via the approach described in 4.2.6 (see colour code). (b) 
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Upset plot visualises total number of positions annotated in each dataset and their 

overlap. (c) Density distribution of the total length of the Gulliver elements as annotated 

by the different datasets. .............................................................................................. 155 
Figure 4.12: Accurate maps of Gulliver related sequences in assemblies of different C. 

reinhardtii lab strains. Locations of autonomous transposable elements (TEs), non-

autonomous (MITE) as well as potential derived sequences are highlighted on 

chromosome ideograms with composition of individual types displayed by pie charts for 

lab strains (a) CC-503 v5, (b) CC-503 v6, (c) CC-4532 v6 and (d) CC-1690 v1. ......... 157 
Figure 4.13: Comparison of autonomous Gulliver TEs in Chlamydomonas reinhardtii.  (A) 

Multiple Sequence Alignment (MSA) using Clustal W was performed for all FATSA 

sequences of the Gulliver TEs identified. (B) The improvements of the new consensus 
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stable METE mutant, B12-dependent C. reinhardtii line which evolved 

from S-type 
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MTHFD methylenetetrahydrofolate dehydrogenases 
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PSII PhotoSystem II 

R-type 
Revertant C. reinhardtii line derived from S-type which however is 

again B12-independent 

R2 Pearson correlation coefficient 

RBM10 RNA-binding motif 10 

RBOL2 respiratory burst NADPH oxidase-like 2 

RBP RNA binding protein 

RdDM small RNA-directed DNA methylation 

RDR RNA-dependent RNA polymerase 

RIN RNA integrity number 

RNA ribonucleic acid 

RNAi RNA interference 

RNP nuclear ribonucleoprotein 

RNR II type II ribonucleotide reductase 

RT-qPCR quantitative reverse transcription PCR 

RuBisCO Ribulose-1,5-Bisphosphate Carboxylase-Oxygenase 

S-type 
evolved B12-dependent (stunty) C. reinhardtii line obtained from the 

evolution assay 

SAH S-adenosylhomocysteine 

SAH1 S-adenosylhomocysteine hydrolase 

SAK1 singlet oxygen acclimation knocked-out 1 
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SIRT1 NAD-dependent deacetylase sirtuin-1 
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SMRT-seq Single-Molecule Real-Time sequencing 
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SNP Single Nucleotide Polymorphism 

SO3Cbl sulfitocobalamin 

SR Split-Read 

sRNA small RNA 

TAG triacylglyceride 

TAP Tris-acetate-phosphate medium 

TCA cycle tricarboxylic acid cycle 

TE Transposable Element 

TF Transcription Factor 

THF tetrahydrofolate 

TIR Terminal Inverted Repeat 

TLS TransLation start Site 

TMG trimethylglycine 

tRNA transfer RNA 

TSD Target Site Duplication 

TSS Transcription Start Site 

TY tryptone-yeast extract 

UPR unfolded protein response 

UTR UnTranslated Region 

UVM4 

cell wall-deficient C. reinhardtii strain optimised for efficient 

expression of nuclear transgenes, derived from cw15 via UV 

mutagenesis 

v version 

WGA Whole-Genome Alignment 

WGBS Whole-Genome Bisulfite Sequencing 

WGS Whole-Genome shotgun Sequencing 

WT Wild-Type 

WT12, CC-124 
Wild-Type 12 background strain of C. reinhardtii, also known as CC-

124, B12-independent 
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Chapter 1: Scientific Background  

1.1 The importance of algae 

1.1.1 Evolution and diversity  

Algae are a widespread group of mostly photosynthetic eukaryotes, which can be found in all 

marine and freshwater environments. They are highly diverse and encompass unicellular 

species, the microalgae, with diameters as small as that of certain bacteria (0.8-1.3 µm, (Marin 

2014; Palenik et al. 2007)) as well as very large single cells such as Acetabularia spp., which 

are 1-4 cm in length. In addition, there are the multicellular macroalgae, also known as 

seaweeds, some of which can grow to a length of >10 m (Steneck et al. 2002). Algae appear 

in various different shapes and exist in many environmental niches, including the most extreme 

environments such as hot springs and the Antarctic (Falkowski et al. 2004). Conservative 

estimates suggest that more than 72,500 different algal species exist, with a majority of them 

not yet described (Guiry 2012). 

The incredible diversity of algae is a consequence of their complex evolutionary history, which 

is characterised by symbiosis with other microorganisms such as bacteria and marked by a 

number of endosymbiotic events (Moreira & Philippe 2001). While oxygenic photosynthesis is 

thought to have evolved only once in the cyanobacteria around 2,150 million years ago (mya) 

(Fischer et al. 2013), phylogenetic studies suggest that around 900-1,600 mya, an ancient 

heterotrophic eukaryote with phagotrophic capacity, likely derived from a mitochondrion-

containing archaea (Martijn et al. 2018), engulfed a b-cyanobacterium (Shih & Matzke 2013; 

Yoon et al. 2004), previous referred to as ‘blue-green algae’. While the endosymbiotic 

association became permanent, it went on to become the chloroplast of the proto-alga 

(Archibald 2009; Brodie et al. 2017; Martin et al. 1998). Within roughly 200 million years, this 

photosynthetic eukaryotic ancestor gave rise to three basal algal lineages, the green algae, 

red algae (rhodophytes), and glaucophytes (Dorrell & Smith 2011). Green algae are mostly 

freshwater or terrestrial organisms, containing chlorophyll a and b, and later gave rise to 

charophytes, multicellular freshwater algae, from which embryophytes (land plants) evolved 

approximately 425-290 mya (Lewis & McCourt 2004). In contrast, glaucophytes contain 

phycobilisomes and retained several prokaryotic features of cyanobacteria, including a 

peptidoglycan plastid wall (Jackson et al. 2014). Red algae are predominantly found in marine 

environments and use phycobilin accessory pigments and contain phycoerythrin. These three 

basal linages together with the derived charophytes form the Archaeplastida. Several 

secondary endosymbiosis events of these early taxa with distantly related non-photosynthetic 

protists finally boosted algal diversity and gave rise to the diverse algae taxonomy we know 

today (Dorrell & Smith 2011). Briefly, supergroups encompass Excavates which recently were 
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split into Discobids and Metamonads, the SAR group including Stramenopiles, Alveolata and 

Rhizaria as well as the Haptista and Cryptista, previously combined in the CCTH clade (Figure 

1.1). The latter from which in a tertiary endosymbiotic event with an Alveolata the prominent 

group of Dinoflagellates were formed. Many photosynthetically active algae belong to this 

phylum with some of them being important endosymbionts in coral reefs (Gómez 2012). 

Diatoms a subgroup of Stramenopiles which have chloroplasts derived from a red algal 

however likely represent the largest group of marine unicellular eukaryotes (Guiry 2012). With 

genera spanning a global distribution including the polar regions, Diatoms have large 

contribution to marine primary productivity and biogeochemical cycling (Armbrust 2009). While 

horizontal alongside endosymbiotic gene transfers are complicating the accurate 

reconstruction of the eukaryotic tree of life, the most recent representation (Figure 1.1) 

highlights the enormous extent to which algae dominate the eukaryotic world (Keeling & Burki 

2019). 

Figure 1.1: The eukaryotic tree of life. Schematic tree of eukaryotic supergroups based on 

a consensus of phylogenomic studies together with morphological and cell biological 

information. Common names were used where possible. Adopted from Keeling & Burki (2019).  
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1.1.2 Global impact and industrial applications 

In nature algae are most notably primary producers and therefore strictly coupled to 

atmospheric carbon dioxide (CO2) and oxygen (O2) content (Field 1998; Raven 2017). 

Although microalgae are relatively small single-celled organisms (2 μm – 1 mm on average), 

they appear with enormous variety and can achieve vast densities through the formation of 

algal blooms (Barsanti & Gualtieri 2014; O’Kelly et al. 2003). As such, they facilitate >50% of 

global carbon dioxide fixation, making them at least as important for carbon fixation as the 

rainforests (Falkowski 2012; Field 1998). Diatoms, the major photosynthetic group in the 

marine environment, carry out an estimated 40% of marine net primary production alone 

(Falkowski et al. 2004). 

During the past two decades special emphasis has been placed on algal research once it 

emerged as one of the most promising fields addressing current and future global issues. Apart 

from their environmental importance, there has been special interest in algae as they are 

natural producers of a whole variety of important compounds, including pigments such as b-

carotene and omega-3 fatty acids. Microalgae are promising organisms for a variety of 

biotechnological applications including the sustainable production of bulk products such as 

human food, animal feed, chemical precursor molecules, drugs or even biofuels (Scaife et al. 

2015). In particular, microalgae became prominent due to their ability to produce significant 

amounts of lipids including triacylglycerides (TAG). A variety of large-scale field studies have 

demonstrated that TAGs and other lipids from microalgae feedstocks can be processed into 

crude oil and further converted into biodiesel (Anemaet et al. 2010; Hellingwerf & Mattos 2009; 

Wijffels et al. 2013; Wijffels & Barbosa 2010). Theoretical calculations suggest that compared 

to other sources for biofuels, microalgae could be 10-100 times more productive 

(Randrianarison & Ashraf 2017). However, many bottlenecks affecting stability, productivity 

and most importantly cost efficiency of algae biofuel production remain to be overcome 

(Hannon et al. 2014; Scott et al. 2010). The fact that some algae also possess natural 

biosynthetic pathways to synthesise high value compounds, including precursor molecules 

essential for the chemical as well as the pharmaceutical industry, is an alternative way to 

exploit them (Borowitzka 2013). By combining genomics, proteomics and metabolomics, 

current research is therefore interested in investigating strains that produce significant 

amounts of these or other useful compounds (Ruiz et al. 2016). As an example, an ethyl 

acetate extract from polar algae has recently been found to show antibacterial or anticancer 

properties (Martins et al. 2018). Moreover, algae are long known to be of high nutritional value. 

They are rich in proteins as well as the all-important omega-3 fatty acids and contain several 

essential vitamins that are important for human health. While considerable knowledge is 

existing on cultivating land crops for agriculture, no such experience existed in “algae-culture” 
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with the exceptions of some macroalgae. Macroalgae (seaweeds or sea vegetables) mainly 

cultivated in Asia have been part of the human diet for thousands of years. For commercial 

production, microalgae are however preferred to macroalgae and macrophytes, as unicellular 

species are usually showing faster growth rate than multicellular organisms of greater 

complexity. Thus, it is not surprising that food supplements from microalgae comprise the most 

important market for algal products today (Wells et al. 2017). Nevertheless, microalgae live in 

complex biodiverse communities and currently many remain uncultivable on large industrial 

scales (Marie et al. 2006; Raja et al. 2008). Therefore, better understanding of algal growth 

behaviour, culture conditions and natural ecology is of key interest.  

Microalgae are also important as single-celled eukaryotic model systems to study fundamental 

biological processes. Different species have been used in the past to study the characteristics 

of microalgae, but also to address broader biological and fundamental evolutionary questions 

such as the evolution of complex multicellularity (Cock et al. 2015), the evolutionary adaptation 

of land plants (Sørensen et al. 2012), the evolution of species interactions and symbiosis 

(Grant et al. 2014; Ramanan et al. 2016) or even the eukaryotic mechanism for DNA repair 

and genomic transposition (Kim et al. 2006b; Vlček et al. 2007). Together with the novel tools 

recently becoming available from the fields of synthetic biology and next-generation 

sequencing, algal research has become a highly potent field to gain deep insights into systems 

biological knowledge of ubiquitous biological processes.  

Please note that this study focuses on microalgae and thus hereafter the term microalgae and 

algae will be used interchangeably. 

 

1.1.3 The green model alga Chlamydomonas reinhardtii  

From the tremendous number of microalgae existing, only a few have been cultivated under 

laboratory conditions and even fewer have been studied extensively. Chlamydomonas 

reinhardtii, the unicellular green alga of the phylum Chlorophyta, became one of the best 

studied aquatic single-cell organisms across several research areas and today is a key model 

organism and important reference system (Salomé & Merchant 2019). 

Phenotypically characterised by a cell diameter of ~5-10 µm alongside a 

glycoprotein/carbohydrate cell wall harbouring two characteristic cilia and a dark green 

appearance, C. reinhardtii is a motile photoautotrophic freshwater alga that performs 

phototaxis and reproduces predominantly asexually (Hasan & Ness 2020). The haploid alga is 

facultatively sexual, meaning it divides mitotically in nutrient-rich conditions and only 

undergoes sexual reproduction when nutrients, particularly nitrogen, are limiting (Sekimoto 

2017). This offers the means to control sexual reproduction can experimentally and when 
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initiated, results in the formation of gametes of two genetically different mating types, namely 

mating type plus (mt+) and mating type minus (mt-). Using the cilia, gametes of opposite mating 

types recognise, pair and finally fuse to form the diploid zygote. By undergoing meiosis, the 

zygote then produces four vegetative cells of which two harbour a mt+ and the other two a mt- 

genotype. Additional advantages of the green alga are its ability to use acetate as a sole carbon 

source, the fact that it can be grown axenically as well as the possibility to synchronise cell 

cycle by controlling light (Hlavová et al. 2016) together with its fast doubling time of around 5-

25 h when gown vegetatively (DONNAN et al. 1985; Vítová et al. 2011). 

Research using C. reinhardtii has been subject to a variety of excellent review articles (Harris 

2001; Pröschold et al. 2005; Salomé & Merchant 2019) as well as several fundamental 

textbooks such as the Chlamydomonas Sourcebook (Harris 1989, 2009a). Over the years, 

insights on C. reinhardtii have improved the understanding of many paramount biological 

processes, including photosynthesis (Eberhard et al. 2008), sexual reproduction (Sekimoto 

2017) and phototaxis (Jékely 2009). Besides, C. reinhardtii has been model for the biogenesis 

and function of cilia and helped to understand single-cell motility (Wingfield & Lechtreck 2018). 

Further the model alga granted to study a variety of algal specific phenomena including their 

cell cycle (Cross & Umen 2015), chloroplast biology (Rochaix et al. 1998), cell metabolism 

(Harris 1989), photoreceptors (Petroutsos 2017) and evolutionary biology (Craig et al. 2021; 

Ness et al. 2012, 2015; Ratcliff et al. 2013; Reboud & Bell 1997).  

As a result a long list of central resources exist for C. reinhardtii today. These include 

standardised laboratory protocols for cultivation, molecular and biochemical analysis as well 

as genetic manipulation (Sproles et al. 2021). The latter comprises efficient methods for 

transformation of all three (chloroplast, mitochondrial and nuclear) genomes (Tran & 

Kaldenhoff 2020) and synthetic biology toolkits with standardised parts for modular cloning 

strategies (Crozet et al. 2018), including genetic elements to enable transgene expression, 

selection markers, reporter genes (Fuhrmann et al. 1999; Rasala et al. 2013; Sizova et al. 

2001) and regulation by promoter elements (Jinkerson & Jonikas 2015). Moreover, cell wall-

deficient Chlamydomonas strains (i.e. cw15), which are easier to transform, as well as strains 

optimised for efficient expression of nuclear transgenes such as UVM4 or UVM11 have been 

generated (Neupert et al. 2009, 2020). Gene silencing techniques that utilise RNA interference 

(RNAi) or artificial microRNAs (Molnar et al. 2009) have been developed for C. reinhardtii, too 

as well as gene editing which became reality by the adoption of the Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR)/Cpf1 toolkit (Ferenczi et al. 2017). In 

addition, more than 20 years of sequencing have yielded a broad range of now indispensable 

system biological data and insight based on the three well-established genome assemblies for 

nucleus, mitochondrion and chloroplast (Gallaher et al. 2018; Maul et al. 2002; Merchant et al. 
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2007). With community efforts still driving the continuation of the reference genome project 

(Blaby et al. 2014), there already are numerous transcriptomic studies on C. reinhardtii, 

including on the diurnal cycle (Lopez et al. 2015; Ma et al. 2021; Strenkert et al. 2019; Zones 

et al. 2015), specific environmental stresses (Blaby et al. 2015; Ma et al. 2020; Tilbrook et al. 

2016; Wakao et al. 2014; Wittkopp et al. 2017) or common nutrient deprivation conditions (see 

section 1.1.5) available. Also RNA silencing by micro RNA (miRNA) has been investigated in 

quite some detail (Chung et al. 2017; Molnár et al. 2007; Müller et al. 2020; Schroda 2006; 

Valli et al. 2016; Voshall et al. 2017; Yamasaki et al. 2013; Zhao et al. 2007) (see section 1.5.3) 

and metabolism maps containing KEGG (Kyoto Encyclopedia of Genes and Genomes) and 

gene ontology (GO) term annotations exist (Imam et al. 2015). Furthermore, several 

fundamental genomic (Blaby et al. 2015; Blaby-Haas & Merchant 2019; Craig et al. 2021; 

Harris 2009a) and population based re-sequencing studies (Flowers et al. 2015; Gallaher et 

al. 2015a) have been performed, providing preliminary insights into the evolution and genetic 

diversity of natural isolates as well as laboratory strains of C. reinhardtii and allowed 

characterisation of genomic features such as the locations of different haplotypes (Gallaher et 

al. 2015a), lists of transcription factors (TF) (Anderson et al. 2017; Riaño-Pachón et al. 2008) 

and an updated database of transposable elements (TE) in C. reinhardtii (Craig et al. 2021). 

Available datasets further comprise epigenetic information on DNA cytosine methylation (C5-

methylcytosine (5mC)) level from two whole-genome bisulfite sequencing (WGBS) studies, 

one over the diurnal cycle and another in mutant lines of the 5mC-modifying enzyme (CMD1) 

(Lopez et al. 2015; Xue et al. 2019). Using deep learning, detection of DNA adenine 

modifications (N6-methyldeoxyadenosine (6mA)) has recently been accomplished based on 

Oxford Nanopore Technologies (ONT) long-read sequencing data of C. reinhardtii, too (Liu et 

al. 2019). Furthermore, the understanding of the epigenetic landscape in C. reinhardtii has 

been expanded recently by histone methylation data obtained by chromatin 

immunoprecipitation following massively parallel DNA sequencing (ChIP-seq, (Barski et al. 

2007; Johnson et al. 2007; Robertson et al. 2007)) experiments to detect trimethylation of 

lysine 4 on histone H3 (H3K4me3) (Gallaher et al. 2021). Lastly, data from several 

formaldehyde-assisted isolation of regulatory elements followed sequencing (FAIRE-seq, 

(Giresi et al. 2007)) experiments exists (see ENA entries from 2014, 2019 & 2020) while 

however the first genome wide assessment of chromatin accessibility in C. reinhardtii remains 

to be published (Baliga 2014).  

Despite this wide range of techniques and resources, it is perhaps ironic that the current 

cultivated laboratory strains of C. reinhardtii are thought to have derived from a single diploid 

zygospore isolated in Massachusetts, USA in 1945. Although the documentation on the early 

history of this background strain is limited, the current understanding is that pairs of this strain 
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with opposite mating types were distributed to initially three different places in the 1950s, and 

named accordingly as the Sager, Cambridge and Ebersold/Levine sublines (Harris 2009a; 

Pröschold et al. 2005). Over the course of the last 70 years, many additional strains have been 

produced as result of crossing these ‘wild type’ strains with their progeny. Today a whole range 

of standard laboratory strains of C. reinhardtii exists in various culture collections and labs 

around the globe. Naming of strains is confusing as sometimes they are referred to by their 

quite arbitrary historical names (e.g. 21gr, 137c) or according to single mutation events (e.g. 

cw15) or by using strain identifiers from culture collections (e.g. CC-1690, CC-124). Thus, 

strains often end up being referred to by multiple names, including multiple strain identifiers 

from various culture collections. In addition, strain maintenance by independent but continuous 

cultivation in various labs and culture collections around the world have meant that even C. 

reinhardtii strains of the same origin can no longer be understood as genetically identical and 

sometimes even show different phenotypes. Here, re-sequencing approaches such as those 

performed by Gallaher et al. (2015), alongside phenotypic assays can be used to resolve 

accumulated mutations and verify genetic status experimentally. 

 

1.1.4 Nutrient requirements 

In the aquatic environment, carbon fixation and energy production is predominantly executed 

by oxygenic photolithotrophic algae and cyanobacteria. While these organisms form the 

bottom of the aquatic food web, a loop between photoautotrophic and mixotrophic or 

heterotrophic algae exists, providing dissolved organic matter within the community. Yet, the 

majority of algae are photoautotrophs or mixotrophs and thus the key factors for their growth 

include light, CO2 and nutrient rich water (Matantseva & Skarlato 2013). Although not 

understood as classical nutrients but rather environmental conditions, temperature and light 

directly influence the growth rate of algae. Whereas too much light can lead to photo-oxidative 

damage, low light levels decrease the efficiency and rate of photosynthesis (Erickson et al. 

2015). Optimal conditions range from 20°C to 30°C with light irradiance in a dark:light regime 

between 33-400 µmol·m−2·s−1 (Singh & Singh 2015). Water and CO2 are rarely limiting 

(Howarth 1988), nevertheless low solubility and diffusivity of CO2 in water and the competition 

with O2 for the active site of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO), 

promoted the evolution of CO2-concentrating mechanisms known as CCMs (Badger et al. 

1998; Giordano et al. 2005; Raven 2010). Besides a source of carbon and the correct 

environmental conditions, other nutrients are required for algal growth, too.  

Generally, these nutrients can be divided into two main classes: the inorganic nutrients (such 

as phosphorus, sulphur, silica nitrogen and trace metals), which are released by the 

surrounding geology, and the organic nutrients (including organic nitrogen and vitamins) that 



Scientific Background  
 

 8 

become available through biological activity. Depending on the concentrations required for the 

production of biomass, these factors can further be classified into macronutrients and 

micronutrients. The major limiting macronutrients which are required in relatively large 

quantities by algae are nitrogen and phosphorous (Tyrrell 1999). 

Nitrogen is known to limit growth in large areas of the ocean (Ryther & Dunstan 1971; Tyrrell 

& Law 1998). Although the atmospheric concentration of nitrogen is high (~78%), nitrogen gas 

(N2) is not bioavailable to algae. Nitrogen therefore needs to be provided in other nitrogenous 

compounds including nitrite (NO2
-), nitrate (NO3

-) and ammonium (NH4
+) (Fernandez & Galvan 

2007). Fixation of atmospheric N2 is conducted by certain bacteria and some archaea classified 

as diazotrophs (Leigh 2000). In terrestrial environments this is performed through symbiosis 

of land plants with rhizobial bacteria whereas in the marine environment diazotrophic 

cyanobacteria such as Trichodesmium are the key players (Mulholland 2007).  

In contrast, availability of phosphorus, another limiting factor for algal growth (Tyrrell 1999), is 

dependent on weathering of phosphorous containing rocks, river influx and exhaust from 

hydrothermal vents. While phosphorus is understood as the ultimate limiting factor especial in 

freshwater ecosystems (Hecky & Kilham 1988; Tyrrell 1999), it is required for nucleotide, DNA 

and RNA biosynthesis as well as cycling of the energy carrier adenosine triphosphate (ATP). 

Phosphorus is also an essential component of membrane phospholipids and for the regulation 

of protein function and activity through post-translational modification via phosphorylation 

(Maathuis 2009). As with nitrogen, availability of phosphorous is however limited in significant 

parts of the ocean (Ammerman et al. 2003) with large areas of co-limitation (Elser et al. 2007) 

and a remarkable degree of correlation between nitrogen and phosphorus availability (Tyrrell 

1999). The latter is described by the Redfield ratio that states the relative proportion of carbon, 

nitrogen (N) and phosphorous (P) in the ocean to be on average 106:16:1 atom (Redfield 1934; 

REDFIELD 1960). Intracellular N:P ratios however vary widely between species and 

depending on the condition range from around 8.2:1 when growth is exponential, to over 45:1 

when nutrients or light are growth limiting (Arrigo 2005; Klausmeier et al. 2004). 

Nitrogen and phosphorus are not the only macronutrients that can limit phytoplankton growth. 

Sulphur (S), released to the aquatic ecosystem via expulsion from hydrothermal vents in the 

form of sulphate (SO4
2-), is usually high in the ocean (~29 mM), however can be limiting in 

freshwater environments (Norici et al. 2005). Algae take up SO4
2- in order to synthesize S-

containing amino acids and other key molecules such as S-adenosylmethionine (SAM), 

glutathione (GSH), thionucleosides, sulfolipids, and different derived enzyme cofactors like 

coenzyme A (CoA), molybdoprotein, thiamine, or biotin and for iron-sulphur clusters 

involved in electron transfer (Hell & Leustek 2005). A majority of marine algae (including 

Dinoflagellates, Diatoms and Coccolithophores) further produce and release 
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dimethylsulfoniopropionate (DMSP). The latter plays an important part in the complex global 

sulphur cycle (Zhang et al. 2019). As part of this cycle many marine prokaryotes are capable 

of catabolising DMSP to use it as a carbon and sulphur source (Curson et al. 2011), a process 

which is coupled to the release of the gas dimethyl sulphide (DMS), which is sensed by marine 

animals (Kowalewsky et al. 2006; Nevitt 2008) and may affect global climate (Zhang et al. 

2019).  

For the Stramenopiles subgroup of Diatoms, silica (SiO2) is considered another important 

macronutrient as they require it for generating their characteristic two-component shells known 

as frustules without which they cannot undergo cell division (Hildebrand et al. 2018). The 

frustules are understood as mechanical protection against protistan predators (Hamm et al. 

2003) and considered to play a role in the carbon concertation mechanisms of Diatoms (Morel 

et al. 2002). SiO2 is added to the marine environment through the weathering of silicon heavy 

rocks such as quartz. 

In addition, micronutrients encompass trace metals that algae require as enzyme cofactors or 

protein ‘stabilisation’ compounds (Hänsch & Mendel 2009). From studies in the polar regions, 

where the concentration of NO3
- and phosphate (PO4

3-) are high and most often not fully utilised 

(Holm-Hansen 1985), iron was recognised as one of the most limiting algal micronutrients 

(Boyd et al. 2000; Martin et al. 1990; Martin & Fitzwater 1988). Released to the ocean from 

iron-rich river sediments and iron-rich particulate matter from terrestrial deserts (Jickells et al. 

2005), molecular iron plays a key role in metabolism as it forms the central metal ion in heme, 

serves proteins involved in photosynthesis, nitrogen fixation and ATP synthesis (Gao et al. 

2021). Even in primarily nitrogen-limited habitats, phosphorus and iron are often co-limiting 

(Coale et al. 2004; Mills et al. 2004). Other trace metals required by algae include magnesium, 

copper, zinc and nickel (Hänsch & Mendel 2009), all of which are used as enzyme cofactors 

and/or required by enzymes catalysing essential parts of cellular metabolism, acting against 

oxidative stress, involved in photosynthesis, ATP metabolism, nucleic acid stabilisation or 

nucleic acid interaction/regulation (Hänsch & Mendel 2009).  

Last but not least, many eukaryotic algae are, in contrast to land plants dependent on certain 

B vitamins meaning they require B vitamins for growth, with three of them being recognized in 

particular: vitamin B1 (thiamine), vitamin B7 (biotin) and vitamin B12 (cobalamin) (Croft et al. 

2006; Helliwell 2017a; Panzeca et al. 2006). These organic, water-soluble micronutrients play 

essential roles in the central metabolism of algae where they act as, or as part of, coenzymes 

for example during glycolysis/gluconeogenesis, the Calvin cycle, the citric acid cycle or one-

carbon metabolism (Smith et al. 2007). Surveys suggest that around 50%, 22% and 5% of all 

algae require vitamin B12, B1 and B7, respectively (Croft et al. 2006), with even higher 

percentages among those species recognised as harmful bloomers (Tang et al. 2010). 
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Notably, the scattered distribution of auxotrophy among algal taxa and lineages alongside 

variability between strains of the same species suggests that dependency has evolved several 

times independently (Croft et al. 2005; Helliwell et al. 2011; Helliwell 2017b) (also see section 

1.3.2). While large areas of the aquatic environment show low concentrations of these vitamins 

(sometimes even below the level of detection) (Panzeca et al. 2009; Sañudo-Wilhelmy et al. 

2012), availability governs phytoplankton dynamics. As an example, phytoplankton growth in 

the Ross Sea was found to be co-limited by B12 alongside iron (Bertrand et al. 2007), and 

nutrient addition experiments on water from the South Atlantic and Northeast Pacific Oceans 

revealed that besides nitrogen and iron, B12 was another limiting nutrient (Browning et al. 2017; 

Cohen et al. 2017).  

 

1.1.5 General response to nutrient limitations 

Considering existing variability in nutrient availability in the oceanic biogeochemical cycle, 

algae have evolved several ways allowing them to cope or at least temporarily deal with 

nutrient limitations. Many of these mechanisms which have been investigated for C. reinhardtii 

as part of detailed system biological research on deprivation of the following: nitrogen (Blaby 

et al. 2013; Boyle et al. 2012; Miller et al. 2010; Park et al. 2015; Saroussi et al. 2017; 

Schmollinger et al. 2014; Wang et al. 2018; Wase et al. 2014), phosphorus (Bajhaiya et al. 

2016; Moseley & Grossman 2009; Moseley et al. 2006, 2009; Wang et al. 2018; Yehudai-

Resheff et al. 2007), iron (Blaby-Haas & Merchant 2012; Devadasu et al. 2019; Glaesener et 

al. 2013; Hsieh et al. 2013; Naumann et al. 2007; Page et al. 2012; Terauchi et al. 2010; Urzica 

et al. 2012; Yadavalli et al. 2012), sulphur (Aksoy et al. 2013; Blaby-Haas & Merchant 2012; 

Cakmak et al. 2012b, 2012a; González-Ballester et al. 2010; Irihimovitch & Yehudai-Resheff 

2008; Moseley et al. 2009), zinc (Malasarn et al. 2013), and copper (Blaby-Haas & Merchant 

2012; Castruita et al. 2011; Eriksson et al. 2004; Kropat et al. 2005). In summary, a shared 

response behaviour has been identified that can be divided into four common strategies: 1.) 

storage buffering, 2.) increased uptake, 3.) decreased requirement and 4.) alteration in cellular 

metabolism including photosynthesis. In contrast to these studies, comparatively little is known 

about the effects of B vitamin deprivation of which B12 scarcity has been studied most (Bertrand 

et al. 2012; Bunbury et al. 2020; Nef et al. 2019).  

In preparation for potential nutrient limitations C. reinhardtii has the capacity to over-

accumulate and store certain nutrients such as phosphate (Siderius et al. 1996), calcium 

(Siderius et al. 1996), iron (Terauchi et al. 2010), zinc (Maznah et al. 2012) and copper (Kropat 

et al. 2015; Rees et al. 2004). Accumulation often occurs in specific vacuoles such as the 

acidocalcisomes where phosphate is stored in form of polyphosphate bodies (Ruiz et al. 2001; 

Sanz-Luque et al. 2020). The latter without which C. reinhardtii quickly loses viability when 
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experiencing phosphorus, nitrogen or sulphur deprivation (Aksoy et al. 2014). However for 

some nutrients such as sulphur (Aksoy et al. 2014), C. reinhardtii has generally low storage 

capacity. When nutrient stores are not sufficient, one of the primary coping mechanisms is 

increasing uptake, assimilation and potential scavenging of the respective nutrient. As an 

example, sulphur limitation induces higher SO4
2− transport (Yildiz et al. 1994) through the 

upregulation of the transporters SULTR2, SLT1 and SLT2 (Pootakham et al. 2010). 

Meanwhile, there is synthesis of enzymes required for efficient sulphur assimilation, uptake of 

additional sulphur containing organic molecules such as certain amino acids, as well as 

increased scavenging of sulphur from intracellular molecules by the activity of arylsulfatases 

(González-Ballester et al. 2010; Zhang et al. 2004). Similar effects are also observed under 

iron limitation (increases in FOX1 and FTR1 transporters (Urzica et al. 2012)), nitrogen 

(increase in AMT1 transporter (Schmollinger et al. 2014)) and phosphorus (increase in PTB 

transporter genes (Wang et al. 2020)). Simultaneously, C. reinhardtii reduces usage and 

requirements of limiting nutrients. In the case of sulphur, this is reflected by a decrease in 

expression of enzymes catalysing the formation of the sulphur containing B vitamins, B1 and 

B7 as well as by reducing the flux of cysteine into the methionine cycle (González-Ballester et 

al. 2010). A similar response is known under B12 limitation, where the existence of two isoforms 

of methionine synthase, the B12-dependent METH alongside the B12-independent METE allows 

switching towards the latter (see section 1.3 & 3.1.2). Another common response to deprivation 

of most nutrients in C. reinhardtii involves the downregulation of photosynthesis alongside the 

accumulation of starch and TAG (Grossman 2000). While sulphur and phosphorus deprivation 

reduce photosystem II (PSII) activity to around half (Wykoff et al. 1998), iron limitation has 

been shown to result in the remodelling of photosystem I (PSI) (Moseley et al. 2002). PSI 

remodelling allows optimisation of photosynthetic function and minimisation of photo-oxidative 

damage whereas reduced PSII activity decreases the requirement to detoxify superoxide 

produced by PSI (González-Ballester et al. 2010), a mechanism which is vital for maintain 

redox status in the cell. If not degraded as in the case of nitrogen deprivation, carotenoids are 

often maintained as a protection against non-photochemical quenching (Philipps et al. 2012). 

Besides these four strategies, another common feature in response to nutrient limitations is 

the involvement of distinct transcription factors (TF), responsible for a large portion of the 

induced expression changes. For example under phosphorus starvation, the response 

regulator PSR1 modulates around 65% of all transcriptomic changes (Moseley et al. 2006; 

Wykoff et al. 1999) including the downregulation of photosynthesis and upregulation of 

enzymes responsible for starch and TAG accumulation (Bajhaiya et al. 2016). In the case of 

vitamin B12 deprivation however, nothing is known about the activity/identity of TFs. 
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1.2 Vitamin B12, nature’s most complex essential micronutrient  

1.2.1 The discovery of a vitamin named B12 

When in 1855 Thomas Addison (1793-1860) described the physical condition today known as 

pernicious anaemia, he became one of the first researchers contributing to over 166 years of 

research on vitamin B12 related compounds (Pearce 2004). From the identification and 

description of the disease during the 19th century it took until the 1920s before the first effective 

treatment was found by George Minot (1885-1950) and William Murphy (1892-1987) (MINOT 

& MURPHY 1926). Based on previous research from George Whipple (1878-1976) on 

hemorrhagic dogs (Whipple et al. 2004), Minot and Murphy published their success in curing 

pernicious anaemia by prescribing patients a special diet, containing an abundance of lightly 

cooked liver and muscle meat, and later a liver extract (Whitby 2007). In 1934 Minot, Murphy 

and Whipple received the Nobel Prize in Physiology or Medicine „for their discoveries 

concerning liver therapy in cases of anaemia“, which was the first of many Nobel Prizes 

concerning vitamin B12. Contemporaneously with the awarding of the Nobel Prize, a race to 

identify the form of the so called „liver-factor“ or „extrinsic-factor“ was already running. During 

that time, the term „extrinsic-factor“ was first employed by William Castle (1897-1990) when 

he came up with the principle of pernicious anaemia being a conditional deficiency in that an 

essential dietary component, the „extrinsic-factor“, was not available due to the absence of an 

activity stomach factor, the „intrinsic factor“ (CASTLE & HAM 1936). This principle was later 

confirmed as the key feature of the system (Nielsen et al. 2012). Eventually, the research 

groups around Karl Folkers (1906-1997) at Merck in the USA and Ernest Lester Smith (1904-

1992) at Glaxo in the UK simultaneously isolated the „extrinsic factor“ from liver in 1948. The 

red crystalline and water-soluble compound they isolated was shortly thereafter confirmed as 

the anti-pernicious anaemia factor, being able to cure pernicious anaemia (RICKES et al. 

2015a; SMITH 2007; West & Reisner 2003). Moreover, the anti-pernicious anaemia factor was 

found to be an essential micronutrient, required for the growth of the bacterium Lactobacillus 

lactis (SHORB 2015). It was then named vitamin B12 (RICKES et al. 2015c). Within the same 

year both groups discovered B12 to be the first cobalt-containing vitamin. Henceforth it was 

also referred to by its chemical name, cobalamin (RICKES et al. 2015b; SMITH 2007). Shortly 

after, other animal and microbial derived products such as beef extract, milk powder as well 

as a variety of bacterial culture broths were found to contain cobalamins (RICKES et al. 2015a).  

It was about 10 years from the isolation of the anti-pernicious anaemia factor that Dorothy 

Hodgkin (1910-1994), one of the pioneers applying X-ray crystallography, deducted the three-

dimensional structure of cyanocobalamin (BRINK et al. 2005; HODGKIN et al. 2005). Around 

the same period, the first biologically active form of B12, adenosylcobalamin, was isolated and 

the structure also solved by Hodgkin (Barker et al. 2007; LENHERT & HODGKIN 2004). As a 
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result of her outstanding work on X-ray crystallography including resolution of the complex 

structures of insulin and vitamin B12, the second Nobel Prize relating to the discovery of vitamin 

B12 was awarded in 1964 to Dorothy Hodgkin (Nobel Prize in Chemistry, 1964). In the 

meantime another biological active form, methylcobalamin, had been discovered (GUEST et 

al. 2004) and since then, several cobalamins and structurally related compounds followed. 

Moreover, B12 binding proteins and dependent enzymes have been isolated and identified. 

Thereby, the understanding of biosynthesis and biological function of B12 structural variants 

was improved significantly. Subsequent to the discovery of B12, the next challenge was 

chemical synthesis of the compound. This was partially realized by researchers including 

Smith and Hogenkamp in 1964 and finally accomplished by Robert Burns Woodward and 

Albert Eschenmoser in 1972, resulting in two additional Nobel Prizes in Chemistry (1965, 1981) 

(Eschenmoser 2016; Woodward 2007). 

The main emphasis of B12 research during the early to mid-20th century was in purification, 

crystallization and structural characterization (Scott & Molloy 2012; White 2014), whilst 

subsequent research until the first days of the 21th century was mainly characterised by 

emphasis on eukaryotic transport (Seetharam & ALPERS 1982), cobalamin biosynthesis 

(Martens et al. 2002; Roessner 2009; Scott 2003; Warren et al. 2002), chemical features of 

cobalamins, as well as their impact in enzymology (Banerjee 1999; Beck 2001; Brown 2005; 

Kräutler 1998; Reed 2004). In 2021, B12, the most complex among the organic vitamins is still 

met with great interest. Within the past decade, more than 10,000 scientific articles have been 

published that refer to the small molecules of the B12 family. However, the research focus has 

now shifted with several aspects intervening. These days B12 research is extremely broad and 

no longer exclusively limited to the molecular level (Green & Miller 2013), but rather shifting 

towards understanding the impact of B12 and its biological function on a system wide level, as 

in the global context of shaping microbial composition of ecosystems or its role in health and 

disease, including uncovering the cellular response to B12 deficiency. 

 

1.2.2 The molecular structure of vitamin B12 and its relatives 

As discovered by Dorothy Hodgkin (1956), vitamin B12 (cyanocobalamin) is characterized by 

three major features: a central almost planar group, the corrin ring, a nearly perpendicular 

coordinated nucleotide moiety which provides the lower ligand (from the α-face) and a second 

moiety perpendicularly attached to the centre of the planar group from the upper face (the β-

face) (Figure 1.2a). The central planar group is a corrin ring system, which is structurally and 

biosynthetically similar to the better known porphyrins, but side chains as well as oxidation 

state of the macrocycle differ. Further, it lacks the methene bridge between the pyrrole rings A 

and D, which results in its inherently nonplanar structure (Beck 2001; Gruber et al. 2011). The 
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corrin ring comprises four inner nitrogen atoms which tightly chelate a cobalt(III)-ion in their 

centre. Thus, the cobalt(III)-ion is octahedrally coordinated by the four pyrrolic nitrogen atoms 

together with the perpendicular lower and upper axial ligands. In case of cyanocobalamin the 

latter is a cyano group, due to the use of hydrogen cyanide (HCN) in its purification from 

biological material. The lower ligand in cobalamin is the natural base 5,6-

dimethylbenzimidazole (DMB), which is provided via the nucleotide „loop“ moiety. The 

nucleotide is characterized by a ribose-3-phosphate structure and an unusual α-glycoside 

base-ribose linkage. Further, the nucleotide phosphate group is ester linked to a 1-amino-2-

propanol moiety which is covalently joined via an amide bond to the propionic acid side chain 

of ring D. As a result, DMB is coordinated to the cobalt ion via its nitrogen-atom at position nine 

by a nearly strain-free nineteen-membered „loop“ (Figure 1.2c) (Gruber et al. 2011; Martens 

et al. 2002; Proinsias et al. 2013).  

Cobalamins are generally classified as corrinoids (Figure 1.2b). Their corrin ring system 

complexes a cobalt-ion and displays three acetamides and four propionamides as side chains. 

When a 1-amino-2-propanol moiety is bound to the propionic acid side chain of ring D, this 

substructure is known as cobinamide (Cbi). The addition of a ribose via a phosphate group 

results in the extended substructure of cobamide (Cba). Finally, completion of the nucleotide 

Figure 1.2: Chemical structure of vitamin B12. (a) The molecular structure of vitamin B12, by 

definition cyanocobalamin. (b) Classification according to Beck (2001) and (c) chemical 

structure numbering of cobalamins according to Proinsias et al. (2013). Adopted from Holzer 

et al. (in preparation). 
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moiety with DMB as the nucleotide base results in the molecular structure classified as 

cobalamin (Cbl) (Beck 2001). 

Whereas all cobalamins share the complex and unique structure displayed in Figure 1.2, with 

DMB as the lower axial ligand, differences between their upper axial ligands are observed 

within the group (Hannibal et al. 2008). Historically the first identified cobalamin form, 

cyanocobalamin (CNCbl), by definition vitamin B12, has a cyano group on the upper face of the 

corrin ring system (Figure 1.3), which was later found to be an artefact of cobalamin extraction 

from bacterial sources using HCN (Kumudha 2015). Many other synthetic cobalamin 

derivatives are known, but a much rarer number of natural cobalamin forms have been 

identified (Brown 2005; Proinsias et al. 2013). In 

biological systems, three distinct upper axial 

ligands are found a 5’-deoxy-5’-adenosyl group 

(adenosylcobalamin, AdoCbl), a methyl group 

(methylcobalamin, MeCbl) or a hydroxyl group 

(hydroxycobalamin, OHCbl) (Figure 1.3) 

(Gimsing 1983). In addition, lower amounts of 

other cobalamins such as nitritocobalamin 

(NO2Cbl), nitroxylcobalamin (NOCbl), gluta-

thionlycobalamin (GSCbl) and sulfitocobalamin 

(SO3Cbl) have further been identified in 

biological systems (Anes et al. 2002; Hannibal et 

al. 2008). Nevertheless, only AdoCbl and MeCbl 

were shown to be biologically active forms in 

terms of cofactor activity (Banerjee & Ragsdale 

2003; Rébeillé et al. 2007) (see section 1.3.1). 

All upper ligand variants chemically belong to the 

group of cobalamins and with each Cbl being 

convertible to one of the two known biological 

active forms, they all are B12 vitamers (Beck 

2001; Brown 2005; Cracan & Banerjee 2012; 

Mera & Escalante-Semerena 2010; Padovani et 

al. 2008) (more details on this in Figure 1.5c).  

During the early days of B12 discovery, the first 

cobalamins identified received trivial names as 

their structures were unknown. Thus, CNCbl was 

named vitamin B12. In addition, the first identified 

Figure 1.3: Nature’s most prominent B12 
vitamers. Vitamin B12, by definition 

cyanocobalamin since the upper axial 

ligand is a cyano-group (CN-), was the first 

identified cobalamin. Its ability to cure 

pernicious-anaemia was later found to be 

due to the transformation into one of the 

biological active forms. Most biological 

relevant cobalamins are those with a 5’-

deoxy-5’-adenosyl (Ado-), a methyl (CH3-) 

or a hydroxyl group (OH-) as upper ligand. 

Red labelling marks the biological active 

relatives in terms of cofactor use. Adapted 

from Holzer et al. (in preparation). 
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biologically active form, AdoCbl, was defined as coenzyme B12 and the conjugated acid of 

OHCbl is known as aquacobalamin (H2OCbl+) (Beck 2001). However, the term „vitamin B12“ 

has often been used to describe vitamer compounds instead of being limited to 

cyanocobalamin. To avoid confusion, Smith and colleagues introduced a nomenclature in 

1959, which became extended during the following years (IUPAC IUB 1966, IUPAC IUB 1974) 

(Beck 2001). Today, from the chemical point of view, the term cobalamin is preferred instead 

of the inexact term vitamin B12 and groups all cobamides with DMB as the nucleotide base. 

Nonetheless for biological purposes, the term B12 is used especially in the context of B12-

dependent organisms and action as a B12 cofactor. Here, the term vitamin B12 is used to refer 

to those corrinoids that have been uncovered as utilizable sources for B12-dependent 

organisms and describes all compounds of the B12 family, respectively.  

Interestingly there are many corrinoids identified in nature with a molecular structure that is 

closely related to cobalamins but differ in their lower ligands (Renz 1999). Together with the 

prominent subgroup of cobalamins such molecules can be classified chemically as cobamides. 

Cobamides other than cobalamins reveal different benzimidazoles, purines or phenolic 

compounds as alternative bases, replacing DMB in its alpha-glycosidic linkage to C-1 of the 

ribose. At least sixteen cobamides with different lower ligands have been identified in nature, 

with their presence depending on the organism (Allen 2008; Kräutler et al. 2003; Renz 1999) 

(Figure 1.4). The alternative ligands can be divided into two classes, depending on the 

presence of a carbon-nitrogen (C-N) or carbon-oxygen (C-O) bond to the ribose (Cheong et 

al. 2001) and comprise benzimidazoles (benzimidazole, 5-methyl-benzimidazole, 5-hydroxy-

benzimidazole, 5-methoxy-benzimidazole, 5-methoxy-6-methyl-benzimidazole, 

naphthimidazole), purines (adenine, 2-methyl-adenine, 2-methyl-mercaptoadenine, 2-methyl-

sulfinyladenine, 2-methyl-sulfonyladenine, hypoxanthine, guanine) or phenolic compounds 

(phenol, p-cresol) (Renz 1999). Remarkably, purines and phenolic bases are known especially 

for their other biological functions, whereas the function of benzimidazoles such as DMB is 

thought to be exclusively that of a cobamide lower ligand (Crofts et al. 2014). Moreover 

biosynthesis of purines and simple phenolic compounds, such as phenol and p-cresol, has 

been uncovered years ago, whereas biosynthesis of benzimidazoles remained unclear until 

recently (Boudet 2007; Moffatt & Ashihara 2002).  

After the discovery of the first „cobalamin analogues“ including pseudocobalamin (PsCbl), their 

bioavailability to humans was tested and found to be poor (STUPPERICH & NEXO 1991). 

Hence cobamides other than cobalamins received less attention and were understudied for a 

long time. This is why they have often been seen as „alternative“ forms or „side products“ 

(Taga & Walker 2008). In recent years the perspective however has changed and with the new 
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emphasis on cobamides, recent discoveries reveal cobamides other than cobalamins as being 

much more important than expected (Taga & Walker 2008). 

 

1.2.3 Biosynthesis of vitamin B12  

In 1985 no enzyme had been purified, no gene sequence for any cobalamin (Cbl) specific 

enzyme identified and no protein structure deduced. But after less than 20 years, due to the 

enormous work put in by many researchers to elucidate the B12 biosynthesis pathway, all the 

chemical steps as well as the performing enzymes were identified and characterised (Martens 

et al. 2002; Moore & Warren 2012; Shelton et al. 2018; Sokolovskaya et al. 2020a; Warren et 

al. 2002) and many of the crystal structures obtained. To give a detailed summary of B12 

biosynthesis as performed by diverse microbes is beyond the scope of this introduction. There 

Figure 1.4: The most prominent occurring lower ligand bases found in natural 
corrinoids. Benzimidazoles, purines and phenolic compounds have been observed in 

diverse cobamides (X), with 5,6-dimethylbenzimidazole (DMB) (blue) being the natural 

base found in cobalamins. The most widespread „cobalamin analogue“ contains adenine 

(red). Benzimidazoles and purines form a carbon-nitrogen bond to the ribose with the 

nitrogen of the imidazole moiety bearing the H. In contrast, phenolic compounds form a 

carbon-oxygen bond (Renz, 1999). Adapted from Holzer et al. (in preparation). 
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are many outstanding reviews already published (Fang et al. 2017; Martens et al. 2002; Moore 

& Warren 2012; Raux et al. 2000; Roessner 2009; Warren et al. 2002), nicely characterizing 

corrin ring synthesis up to AdoCbl synthesis. Briefly, the energetically costly B12 biosynthesis, 

requiring about 20 enzymes, is performed in two parts. During the first part, assembly of the 

corrin ring system from the tetrapyrrole precursor uroporphyrinogen III is performed, whereas 

the second part comprises biosynthesis and activation of the lower axial ligand. There are two 

mutually exclusive routes for the first part, known as the „late cobalt insertion pathway“ and the 

„early cobalt insertion pathway“, also denoted as aerobic and anaerobic pathway although this 

refers to the requirement of O2 for ring contraction in the former pathway (Moore & Warren 

2012; Warren et al. 2002). The end product of both pathways, a form of ado-cobinamide, is 

then assembled with the nucleotide loop to complete synthesis of AdoCbl. Nucleotide loop 

assembly, as the last step of B12 biosynthesis, is considered to be similar in all B12 producing 

organisms (Warren et al. 2002). Independent of late or early Cbl insertion pathway, nucleotide 

loop assembly is observed to involve three steps, namely lower ligand activation, Cbi activation 

and finally assembly and maturation. The enzymes CobT/CobU, CobS/CobV, CobU/CobP and 

CobC which are involved in catalysing these reactions have been characterised especially in 

the facultative anaerobes, gram-negative bacteria Salmonella typhimurium, Salmonella 

enterica and Paracoccus denitrificans, respectively (Warren et al. 2002; Zayas & Escalante-

Semerena 2007). 

Early on there was evidence that biosynthesis of B12 is limited to certain prokaryotic organisms 

only (Warren et al. 2002). Nowadays genome sequence analysis provides cheap, quick and 

relatively precise methods to identify which organisms have the capacity for B12 biosynthesis 

according to their genetic complement. Thus, with more organisms sequenced more can be 

classified. Until today no eukaryotic organism has been identified to possess the genetic 

complement to encode the complete biosynthesis of B12; instead synthesis is considered to be 

strictly limited to a subset of prokaryotes. Thus, B12 is the only vitamin which is not 

biosynthesized by plants and therefore cannot be obtained through herbal diets (Asensi-

Fabado & Munné-Bosch 2010). Both archaea and several eubacteria have been determined 

as B12 synthesisers, with some not strictly limited to Cbl synthesis, but also or solely producing 

other cobamides inducing the B12 analogue, PsCbl, containing adenine instead of DMB as the 

lower axial ligand (see Figure 1.4) (Anderson et al. 2008; Taga & Walker 2008).  

In a study including more than 400 marine bacteria from diverse taxa, about 40% appeared to 

encode >70% of the genes required for B12 biosynthesis and thus were assumed to do so 

(Sañudo-Wilhelmy et al. 2014; Zhang et al. 2009), a finding which has recently been extended 

by additional genomic screening of several thousand bacteria with sequenced genomes 

(Kudahl 2018; Shelton et al. 2018). The result of these studies revealed that the anaerobic 
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pathway was present in all bacterial phyla, which was in contrast to the aerobic pathway which 

was confined to only a few phyla (Kudahl 2018). Overall, distribution of B12 biosynthesis 

appeared randomly spread among and within phyla (Kudahl 2018; Shelton et al. 2018), with 

certain exceptions such as the group of cyanobacteria, where the vast majority were capable 

of synthesising B12 (via the anaerobic pathway). However, they all lacked the ability to 

synthesis DMB and thus only make the B12 analogue PsCbl (Helliwell et al. 2016; Kudahl 

2018). Another exception was found in Alphaproteobacteria where especially Rhizobiales, 

Rhodobacterales and Rhodospirillales showed high proportions of aerobic B12 synthesisers, 

capable of making Cbl (Kudahl 2018).  

 

1.2.4 Uptake and transport: from bacteria to eukaryotes 

Organisms relying on exogenous sources of these micronutrients have been found to have 

different strategies of how to acquire the specific corrinoids that act as functional B12 cofactors 

for their dependent enzymes (Yi et al. 2012).  

Microbial mechanisms to obtain B12 from their environment involve protein shuttles. In many 

gram-negative bacteria including the model organism Escherichia coli, active absorption of B12 

across the outer membrane into the periplasmic space is triggered by the TonB-dependent 

transporter BtuB (Chimento et al. 2003). The high affinity corrinoid transporter BtuB was found 

to facilitate translocation of cobalamins through an interaction with TonB-ExbB-ExbD, three 

inner membrane proteins (Chimento et al. 2003; WIENER 2005). By taking advantage of the 

proton motive force across the inner membrane, this interaction provides BtuB with the 

essential energy necessary for an active transport of corrinoids. Since the BtuB transporter 

mediates transport across the outer membrane, the action of an additional B12 transporter over 

the inner membrane is needed. In bacteria and archaea the best confirmed and most 

widespread corrinoid uptake mechanism across the inner membrane is driven by an ATP-

binding cassette (ABC) transporter system. Sometimes mistakenly annotated as FeqBCD, the 

responsible transporter system is correctly referred to as the BtuCD-F importer since it consists 

of three components, BtuC, a membrane spanning subunit, BtuD, a ATPase subunit and BtuF, 

a periplasmic binding protein (Figure 1.5a+b). Encoding genes have been identified in more 

than three-quarters of 540 examined bacterial genomes, indicating that the majority of bacteria 

are able to import corrinoids from their environment (Zhang et al. 2009). Since the BtuCD-F 

transporter system mediates corrinoid transport through the inner membrane, these importers 

are often found downstream of a BtuB transporter and have mostly been characterized in the 

model organism E. coli (Locher & Borths 2004; Rodionov et al. 2003). Here, BtuB was 

observed to mediate absorption of corrinoids, especially cobalamins across the outer 

membrane into the periplasm. The periplasmic binding protein BtuF further delivers corrinoids 
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from the periplasm to the membrane associated ABC-transporter, which consists of two 

subunits of each of BtuC and BtuD. By the consumption of ATP, corrinoids can then be 

imported across the inner membrane into the cytoplasm (Cracan & Banerjee 2012; Putnam & 

Goodman 2020).  

In multicellular eukaryotes, in particular Homo sapiens, the pathway facilitating B12 absorption 

has been extensively studied revealing a complex shuttle system, extracting B12 from the 

gastrointestinal tract into blood and body cells (Nielsen et al. 2012). Cellular uptake of B12 

obtained from food was found to be controlled through a series of highly guiding protein-ligand 

interactions involving more than 15 enzymes, with haptocorrin (also known as transcobalamin-

1 (TC-1)) and intrinsic factor playing key roles (Fedosov et al. 2002; STUPPERICH & NEXO 

1991; Wuerges et al. 2007). Briefly, B12 taken up by the diet is bound by haptocorrin in the 

stomach and later released in the duodenum where binding to intrinsic factor and coupling with 

the cubam receptor facilitates uptake into ileal enterocytes via endocytosis. Next, the ABC 

transporter MRP1 releases B12 into the bloodstream where it is bound and stabilised by 

transcobalamin. Finally, B12 is taken up by cells via the plasma membrane protein CD320 

(Nielsen et al. 2012). In humans, PsCbl was found to be prevented from cellular uptake 

because of a much lower binding constant to intrinsic factor (STUPPERICH & NEXO 1991). 

Thus, a sophisticated multistep pathway has evolved in mammals, effectively preventing 

absorption of non-functional corrinoids (Fedosov et al. 2007; Nielsen et al. 2012). 

In algae the uptake of B12 looks different, although much less was known about the actual 

mechanism until recently. Experiments on Euglena gracilis from the phylum of Euglenozoa 

suggested that B12 uptake occurs in two stages in algae, an initial rapid but passive phase, 

followed by a slower but energy dependent one (SARHAN et al. 1980). Meanwhile, a survey 

of both, freshwater and marine taxa, elucidated that algae release a ‘B12-binder’ into the 

medium independent of their B12 dependency, that facilitates sequestering (Pintner & Altmeyer 

1979). In follow up studies a protein oligomer of >400 kDa with high affinity (binding constant 

of 2 pM) to B12 was purified from the culture supernatant of the centric diatom Thalassiosira 

pseudonana (Sahni et al. 2001), although protein content was too low to continue 

characterisation. More recently, coupling transcriptomics with proteomics using the diatoms 

Phaeodactylum tricornutum and T. pseudonana grown under B12 replete or deplete conditions 

led to the discovery of a gene that was highly upregulated in the absence of B12 and when it 

was overexpressed increased the B12 uptake rate (Bertrand et al. 2012). The plasma 

membrane-localised protein was named cobalamin acquisition protein 1 (CBA1) although no 

concrete mechanism was established (Bertrand et al. 2012). In a recent study lead by A Sayer 

from our group (Sayer et al. 2021), we finally demonstrated the essential role of CBA1 in algae 

during B12 uptake. By preforming random mutagenesis approaches in C. reinhardtii as well as 
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using targeted CRISPR-Cas9 knockouts in the diatom P. tricornutum, it was possible to show 

that CBA1 knockout lines were no longer able to take up exogenous vitamin B12 (Sayer 2019). 

Complementation of mutants with the wild-type CBA1 gene restored B12 uptake. Moreover, 

making use of available algal proteomes, it was possible to determine that CBA1-like 

sequences are common in all major eukaryotic phyla and well correlated with the presence of 

B12-dependent enzymes (Sayer et al. 2021).  

 

1.2.5 B12 salvage and remodelling 

1.2.5.1 Prokaryotic mechanisms 

Many bacteria and algae depend on an external supply of B12, yet studies have shown that 

except for Cbl other cobamides exist. These are not necessarily able to act as a cofactor for a 

particular B12-dependent organism, for example, PsCbl is not bioavailable to microalgae 

(Helliwell et al. 2016; STUPPERICH & NEXO 1991; Taga & Walker 2008). To access and 

make use of all environmentally present corrinoids, some B12-dependent organisms have 

evolved a mechanism referred to as the B12 salvaging or remodelling pathway. In these 

organisms uptake of Cbl precursors or different Cba forms followed by modification allows 

them to take advantage of what corrinoid form is available in the environment and remodel 

them to a functional form of B12. For instance uptake of Cbi together with DMB can result in 

subsequent formation of Cbl (Yi et al. 2012).  

Corrinoid salvaging is the capacity to form a complete corrinoid (including a lower axial ligand 

base) out of an exogenous but incomplete source of a corrinoid through the attachment of a 

lower ligand which might also be derived exogenously (Escalante-Semerena 2007). In contrast 

to de novo synthesizers of B12, salvagers possess the genetic capability to perform only the 

last steps of B12 synthesis. Indeed, activation of the Cbl precursor, activation of a lower ligand 

as well as assembly of a complete cobamide is observed in a highly comparable manner to 

the pathway described in section 1.2.3 (Figure 1.5). In eubacteria such as S. enterica corrinoid 

salvaging was identified to depend on the action of an adenosyl-Cbi kinase/AdoCbi-GTP-

guanylyltransferase known as CobU. In contrast, an alternative route was uncovered for 

corrinoid salvaging archaea (Woodson et al. 2003; Woodson & Escalante-Semerena 2004). 

Salvaging abilities of archaea are thought to be closely related to the transcription of the amido- 

hydrolase CbiZ in addition to an AdoCbi synthase. CbiZ was determined to catalyse 

downsizing of AdoCbi back into 1-amino-2-propanol and the Cbi precursor adenosyl-cobyric 

acid (AdoCby) (Woodson et al. 2003; Woodson & Escalante-Semerena 2004). Subsequently, 

the action of an AdoCbi synthase such as CbiB is needed to reconstruct AdoCbi in its 

phosphorylated form AdoCbi-P, which is an intermediate additionally observed during CobU 
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mediated salvaging. As none of the archaeal genomes contained CobU genes or related 

orthologous, guanylylation of AdoCbi-P was predicted to be performed by an alternative 

archaeal enzyme (Warren et al. 2002). Indeed, in vitro and in vivo studies of a 

Methanobacterium thermoautotrophicum encoded CobY protein, revealed a GTP:AdoCbi-P 

guanylyltransferase activity (Thomas & Escalante-Semerena 2000; Warren et al. 2002). In 

addition to the AdoCbi kinase activity of CbiB, the unique archaeal gene CobY replaces the 

Figure 1.5: Summary of B12 salvaging and remodelling pathways. As observed in bacteria 

and archaea since knowledge from algae is limited. The process of salvaging and remodelling 

include uptake, preprocesson as well as supply of alternative lower ligands, examples for these 

processes are displayed. (a) B12 transport system in Escherichia coli (Beek et al. 2011; 

Chimento et al. 2003; Korkhov et al. 2014; Rodionov et al. 2003, 2008; WIENER 2005). (b) 

Uptake cycle performed by BtuCD-F transporters (Korkhov et al. 2014). (c) Schematic model 

of the rotary mechanism performed by ATRs (Padovani & Banerjee 2009b, 2009a). (d) A 

potential DMB importer (Rodionov et al. 2003). Adopted from Holzer et al. (in preparation). 
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activities of bacterial CobU. For both salvaging routes subsequent activation of the lower ligand 

and lower ligand attachment is performed equally to that observed in de novo synthesis of 

AdoCbl.  

The identification of CbiZ in salvaging bacteria that additionally were found to express CobU, 

posed the question why microorganisms should encode enzymes for two salvaging pathways 

(Gray et al. 2008; Gray & Escalante-Semerena 2009). With respect to the catalysed 

downsizing of cobalamin precursors back into AdoCby, previously observed in archaea, CbiZ 

has been proposed as the key enzyme for a mechanism today known as B12 remodelling (Gray 

& Escalante-Semerena 2009). B12 remodelling involves uptake of a cobamide such as PsCbl, 

as well as additional removing and replacing of its lower ligand (i.e. by DMB) in order to form 

an alternative cobamide with an amended lower ligand base (i.e. Cbl) (Escalante-Semerena 

2007; Gray & Escalante-Semerena 2009; Yi et al. 2012). The association of experimental 

studies confirmed the proposed role of CbiZ during B12 remodelling (Gray & Escalante-

Semerena 2009; Men et al. 2014; Yi et al. 2012). For instance, Rhodobacter sphaeroides 

derived CbiZ has been shown to remodel PsCbl to Cbl in the presence of an additional DMB 

source (Gray & Escalante-Semerena 2009; Gray & Escalante-Semerena 2009). Hence, B12 

remodelling is known to comprise the same pathways already described for B12 salvaging 

archaea with the only difference that CbiZ is breaking down mostly inactive but complete 

cobamides in place of Cba precursors. B12 remodelling is understood as a strategy used to 

exchange the lower ligand of imported corrinoids with functional bases, often benzimidazoles 

such as DMB, in order to gain other forms of B12. The salvaging and remodelling of corrinoids 

includes uptake and adenosylation of exogenous corrinoid precursors and cobamides, 

respectively, since involved enzymes are located intracellularly and require adeonosylated 

substrates (BLANCHE et al. 1991; O’Toole & Escalante-Semerena 1993). Figure 1.5 serves 

as an overall model for B12 salvaging and remodelling pathways, with different subparts 

observed in several microorganisms. In addition, the figure includes current knowledge about 

corrinoid uptake mechanisms, upper ligand exchange as well as a potential route for DMB 

uptake which could not be discussed in more detail here (Crofts et al. 2014; Escalante-

Semerena 2007; Men et al. 2014; Yi et al. 2012).  

 

1.2.5.2 Eukaryotic mechanisms 

Most interestingly, salvaging or remodelling facilities have only been found in prokaryotes until 

in 2016 several algae joined the exclusive group of cobamide remodellers (Helliwell et al. 

2016). In the study lead by K Helliwell with key experiments performed by myself, we reported 

strong evidences for B12 remodelling happening in a number of tested algal species, including 

C. reinhardtii. By providing the biological inactive form PsCbl alongside with DMB to B12-
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dependent algae, growth comparable to that on Cbl could be observed (Helliwell et al. 2016). 

In contrast solely growth on PsCbl was absent. Additional bioinformatic analyses revealed the 

presence of CobT, CobU and CobC homologues in remodelling algae. However, no gene with 

homology to CbiZ known from bacteria and archaea was found in the respective alga species. 

Thus, we hypothesised that an alternative mechanism with alternative enzymes exist in B12 

remodelling algae that allows them to remove the ribosylated base (Helliwell et al. 2016). 

These findings were recently backed up by a study on C. reinhardtii (Baum et al. 2020), that 

confirmed the exchange of the lower base of norcobamides, which in contrast to cobalamins 

harbour an aminopropanol phosphate moiety as linker between the corrin ring and the lower 

base (Kräutler et al. 2003). 

 

1.3 Vitamin B12 auxotrophy 

1.3.1 Requirement for B12 as an enzymatic cofactor 

Investigations of the human ailment pernicious anaemia led to the first identification of a B12 

requiring organism (Scott & Molloy 2012). Today B12 dependence has been identified as a 

common feature, both in eukaryotes as well as in diverse prokaryotes, including archaea as 

well as several bacteria. According to the cofactor form, B12-dependent enzymes can be 

classified as two groups, AdoCbl-dependent enzymes and MeCbl- or related methylcorrinoid-

dependent ones (Randaccio et al. 2010). The literature on these enzymes has been reviewed 

(Banerjee & Ragsdale 2003; Giedyk et al. 2015; Gruber et al. 2011; Marsh & Drennan 2001; 

Matthews et al. 2008; Matthews 2009; Randaccio et al. 2010; Reed 2004; Toraya 2003), 

including exhaustive chemical characterisations of B12-dependent enzymes (Brown 2005) and 

articles with special emphasis on enzyme specificity and structural features of the cofactor 

binding (Sukumar 2013). 

In bacteria, B12 is required as a cofactor for more than 20 enzymes, supporting the catalysis of 

either methyl transfer, reductive dehalogenation or isomerisation reactions (Banerjee & 

Ragsdale 2003; Matthews 2009). Estimates suggest that as a result of encoding these genes, 

86% of all eubacteria need B12 for at least one of these reactions (Shelton et al. 2018), yet 46% 

are likely B12 auxotrophs as they do not have the capacity to biosynthesise B12 themselves 

(Kudahl 2018; Shelton et al. 2018). While no clear evolutionary patters were found in the 

bacterial kingdom, certain phyla with high concentration of B12 auxotrophy exist such as the 

Bacteroidetes (96% B12-dependent) (Shelton et al. 2018). 

As eukaryotes, all mammals are known to rely on a form of B12 (Kräutler 1998), as well as 

about half of all eukaryotic algae do (Croft et al. 2005, 2006; Helliwell et al. 2013). However in 

contrast to bacteria, there are only three essential B12-dependent enzymes present in the 
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eukaryotic kingdom (Figure 1.6) (Matthews 2009; Neil & Marsh 1999). Two AdoCbl-dependent 

enzymes are known, a type II ribonucleotide reductase (RNR II) which is present in several 

protista, including E. gracilis where it catalyses DNA synthesis (Elledge et al. 1993; Larsson et 

al. 2010) and methylmalonyl-CoA mutase (MCM) that is involved in odd-chain fatty acid 

metabolism performed by mammals (Barker 1972). The latter which show increased levels of 

methylmalonic acid under B12 scarcity (Akış et al. 2020). Finally, methionine synthase, the key 

enzyme in one-carbon metabolism, catalysing the methyl transfer from 5-

methyltetrahydrofolate to homocysteine to yield tetrahydrofolate and methionine, exists in two 

isoforms, a B12-independent (METE, EC 2.1.1.14) and a MeCbl-dependent (METH, EC 

2.1.1.13) one (Banerjee & Matthews 1990). The latter is solely responsible for B12 dependency 

of many algae (Helliwell 2017b; Helliwell et al. 2013).  

 

1.3.2 Loss of METE results in B12 auxotrophy in algae 

B12 auxotrophy is indicated to have arisen several times during evolution as it appears in 

diverse lineages (Croft et al. 2006; Helliwell et al. 2011) (Figure 1.7). However, plants and 

mainly all fungi are B12-independent, since their metabolism does not rely on AdoCbl- or 

MeCbl-dependent enzymes but rather makes use of the independent isoforms RNR I and 

METE respectively (Smith et al. 2007). Recently, the presence of METH in the genomes of 

several fungi have indicated that these too utilise B12 as a cofactor (Orłowska et al. 2021). 

Figure 1.6: Role of vitamin B12 as a cofactor in eukaryotic enzymes. Vitamin B12 in its 

adenosylated (AdoCbl) or methylated (MeCbl) form acts as a cofactor in three eukaryotic B12-

dependent enzymes:  Methylmalonyl-CoA mutase (MCM) which is involved in odd-chain fatty 

acid metabolism in the mitochondrion, type II ribonucleotide reductase (RNRII) which catalyses 

conversion of nucleotidetriphosphates (NTP) into their deoxyribose form, and methionine 

synthase (METH) which facilitates the re-methylation of homocysteine into methionine. 

Adopted from Helliwell (2017). 
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Moreover, many algal and bacterial species, which include model organisms C. reinhardtii, P. 

tricornutum and E. coli, encode not just one isoform of methionine synthase but rather both, 

METH and METE. As a result these organisms are not strictly B12 auxotrophs but are observed 

to use B12 if available, as they prefer METH activity and supress expression of METE in the 

presence of B12 (Bertrand et al. 2012; Croft et al. 2005; Helliwell et al. 2011). METE was 

observed to have a 50-65 fold lower catalytic rate compared to METH in E.coli (Deobald et al. 

2020; Gonzalez et al. 1992). It also shows a lower thermal tolerance compared to METH in 

bacteria (Hondorp & Matthews 2004; Mogk et al. 1999) and algae (Xie et al. 2013) and requires 

zinc (Suliman et al. 2005). Further, lower catalytic rate of METE compared to METH creates 

higher metabolic costs as seen in bacteria where METE concentration makes up to 3-5% of 

the total cellular protein content (Pedersen et al. 1978). These benefits of METH over METE 

may account for the widespread use of METH in algae despite its requirement for an external 

source of B12 (Figure 1.7). In two independent experiments, research from our lab highlighted 

that while MCM is not present in C. reinhardtii, the loss of a functional copy of METE, be it via 

natural evolution, as in the case of the stable B12-dependent C. reinhardtii line called metE7 

(see section 1.3.4, (Helliwell et al. 2015)) or via targeted CRISPR C. reinhardtii knock-out as 

in the case of the UVM4 derived metE4 mutant line (see section 3.1.2, (Bunbury et al. 2020)), 

results in B12 auxotrophy. The trait of B12 auxotrophy observed among algae of different 

kingdoms at various points in the phylogenetic tree is thus likely due to the loss of the METE 

gene several times independently (Helliwell et al. 2011). 

Figure 1.7: Distribution of vitamin B12 auxotrophy across the eukaryotic tree of life. Only 

those super groups with photosynthetic species are shown. The abundance of known vitamin 

B12-dependent/independent species identified in the survey of Croft et al. (2005) is displayed 

in bar charts. Numbers indicate the total amount of species surveyed from each super group. 

Modified from Helliwell et al. (2013). 
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1.3.3 Impact of B12 on gene expression 

Besides its role as enzyme cofactor, B12 is understood as an ‘environmental’ signal affecting 

expression of genes in both prokaryotes and eukaryotes. There are different ways in which B12 

does this. For instance, cobalamins can directly interact with nucleic acids operating as 

transcriptional- or even post-transcriptional regulators (Banerjee 1999; Brown 2005). In 

prokaryotes this is observed at the RNA level (Gallo et al. 2008), with B12 riboswitches being 

common genetic regulatory elements, facilitating regulation of genes involved in B12 

biosynthesis, transport and metabolism (Nahvi et al. 2004). Briefly, binding of B12 to the 

riboswitch aptamer induces a structural change in the messenger ribonucleic acid (mRNA) that 

results in continuation of transcription (common in gram-positive bacteria) or alternatively in 

masking of the ribosome binding site (common in gram-negative bacteria) (VITRESCHAK et 

al. 2003). Another way B12 influences gene expression is by interaction with transcription 

factors (TF). For example, light sensitive expression modulation of carotenoid biosynthetic 

genes in bacteria is controlled by TFs of the LitR/CarH family, which interact with AdoCbl via 

a B12 binding domain (Jost et al. 2015; Ortiz-Guerrero et al. 2011; Padmanabhan et al. 2017, 

2021; Pérez-Marín et al. 2008; Sumi et al. 2018; Takano 2016; Takano et al. 2015). Bound to 

B12, CarH acts as transcription suppressor on the carotenoid promoter (Pérez-Marín et al. 

2008). However, cobalamin undergoes photodegradation (Juzeniene & Nizauskaite 2013), so 

high light intensities degrade B12 resulting in large conformational change and inactivation of 

the DNA-binding activity of CarH. The resulting photoinduction of carotenoid biosynthesis is 

thought to counteract against photooxidative damage induced by light (Padmanabhan et al. 

2021; Pérez-Marín et al. 2008; Takano 2016). In humans, another mechanism of how B12 can 

impact gene expression has been observed, involving the modulation via internal ribosome 

entry sites (IRES). B12 in its cytosolic forms, OHCbl or MeCbl, complexed by an 

uncharacterised protein, has been found to bind IRES in the 5’ untranslated region (UTR) of 

human methionine synthase, resulting in increased translation (Oltean & Banerjee 2003, 

2005).  

Genetic regulation in response to B12 has been observed in algae too. A number of 

predominantly one-carbon metabolism related genes have been found to be transcriptional 

repressed in the presence of B12, including SHMT2, SAH1 and MTHFR, with the most 

prominent example being METE (Bertrand et al. 2012; Bunbury et al. 2020; Helliwell et al. 

2011, 2014). Studies in C. reinhardtii identified that the nucleic sequence responsible for this 

B12-dependent regulation of METE is located between -574 and -90 base pairs (bp) upstream 

of its start codon (Helliwell et al. 2014). However, whether this regulation results from direct 

interaction of B12 with the DNA, mRNA or via protein/TF interaction or even as the 

consequence of a longer and more complex signalling cascade remains to be clarified. 
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Although initial experiments from our group showed that the METE mRNA binds to B12 

immobilised on small beads, no B12 riboswitches have been proven to exist in eukaryotes until 

today, despite other B vitamin regulated ones being known (Croft et al. 2007; Llavero-Pasquina 

et al. 2021; McRose et al. 2014; Mehrshahi et al. 2020; Nguyen et al. 2016). Thus, the actual 

mechanisms responsible for B12 mediated downregulation of responsive genes in algae still 

remains to be resolved. 

 

1.3.4 Experimental evolution of vitamin B12 dependency  

Considering the silencing effect of B12 on expression of METE, it had been hypothesised that 

B12 availability could be the underlying reason for the frequent loss of the METE gene in algal 

lineages and explain the lack of phylogenetic relationship in algal B12 auxotrophy (Helliwell et 

al. 2014). An evolutionary study performed in our laboratory, addressed the question of why 

and how B12 auxotrophy can arise. Twenty-three separate C. reinhardtii populations were 

established, all derived from a single colony of the B12-independent ancestral line (Ancestral), 

derived from strain CC-124, also referred to as ‘wild-type 12’ (WT12). These populations were 

cultivated in the total absence or in the presence of 1 μg·l-1 B12 in 24-well microtiter plates, with 

regular serial subculturing over a period of 6 months (Helliwell et al. 2015). Periodic testing in 

media without B12 was performed and uncovered that after approximately 600 generations (60 

subcultures) a population emerged that no longer grew to a normal density. Plating on solid 

media resulted in normal dark green colonies, a phenotype that was characteristic of a line 

that was still B12-independent (named ‘healthy’ or H-type), but also there were many pale-

green colonies revealing an B12 auxotroph phenotype of an evolved line which was referred to 

as stunty or S-type (Figure 1.8a). In media containing B12 however, S-type cells revealed a 

selective advantage over the H-type cells that allowed them to overgrow the latter within a few 

subcultures. Genetic analysis showed that B12 auxotrophy emerged in S-type cells because of 

the insertion of a class-II Gulliver-related transposable element into exon 9 of the METE gene 

(Figure 1.8b). Most interestingly, the transposition event was observed to be reversible when 

S-type cells were grown for a longer period (>4 days) in the absence of the vitamin. Reversion 

was found to be due to excision of the transposon to leave behind a wild-type METE gene 

sequence. The resulting revertant (R-type) cells were now able to grow without B12 and again 

showed a phenotype similar to the Ancestral or H-type line. However, there was a single case 

where the element had excised aberrantly, resulting in a small 9 bp fragment of the transposon 

left behind. The latter yielded a stable METE mutant, hereafter called metE7, that was strictly 

B12-dependent and could no longer revert to a B12-independent phenotype. The small TE 

footprint of 9 bp was confirmed to prevent correct function of the methionine synthase protein 

(Helliwell et al. 2015).  
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1.3.5 The role of vitamin B12 in shaping microbial interactions and influencing 
ecosystem composition 

Due to their photosynthetic capacity, algae are often assumed to be completely autotrophic, 

but as we have learned from the previous sections this is not true for many of them. Like 

animals, “algae need their vitamins“ (Croft et al. 2005, 2006). Dependence on an external 

supply of vitamin B12, or so-called B12 auxotrophy, is an extremely common feature among 

different algae species. With more than half of all microalgae investigated being B12 

auxotrophs, there is high demand for a form of B12 in the aquatic environments (Croft et al. 

2005). However, synthesis of nature’s most complex primary metabolite is restricted to some 

bacteria and archaea (Martens et al. 2002; Warren et al. 2002). Dissolved B12 concentrations 

Figure 1.8: Evolution of vitamin B12 dependency by the insertion of a transposable 
element into the METE gene. (a) Schematic overview about course and findings of the algal 

evolution experiment. B12 dependency of strains was tested both on liquid as well as solid 

medium with and without a B12 source (-B12). Two colony morphologies discriminated healthy 

B12-independent cells (H-type) from smaller B12-dependent cells (S-type) when plated on solid 

medium without a source of cobalamin. (b) Genomic analysis of the C. reinhardtii METE gene 

identified the insertion of a 238 bp long class-II DNA transposable element (TE), present in the 

exon 9 of S-type cells. A BLAST analysis revealed that the observed terminal inverted repeat 

(TIR) sequence was similar to a previously known TE named Gulliver. Modified from Helliwell 

et al. (2014).  

a 

b 
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have been found to vary widely. In freshwater, concentrations of 25 ng·l-1 (Ohwada 1973), 

however it is usually below 10 ng·l-1 (Kurata 1986), while around 4 ng·g-1 B12 has been 

measured in lake sediments (Ohwada 1973). In the ocean, concentration of ~8.5 ng·l-1 have 

been observed although B12 seems to be available at higher concentrations in coastal regions 

(up to 120 ng·l-1) (Sañudo-Wilhelmy et al. 2014). In addition, many oceanic surveys have also 

reported B12 levels below their limit of detection (Sañudo-Wilhelmy et al. 2014). Moreover, 

there is a wide range of different Cba biosynthesised by bacteria and detected in the 

environment (Renz 1999) together with the fact that certain B12 auxotrophic species are able 

to salvage and remodel and/or directly use alternative Cba other than Cbl (Helliwell et al. 2016). 

These findings are particularly interesting considering that for instance the B12-dependent C. 

reinhardtii mutant metE7 requires >10 ng·l-1 B12 in order to grow, however at a strongly reduced 

growth rate. Only at concentrations >100 ng·l-1 B12, are maximal growth rates observed for 

metE7 (Helliwell et al. 2016).  

The key reason why B12-dependent algae are nevertheless so prominent and found in aquatic 

environments is likely to be interactions with bacteria. Under laboratory conditions, co-culture 

studies have shown that bacteria provide B12 in a mutualistic interaction where the algae supply 

a fixed carbon source in reward (Grant et al. 2014; Kazamia et al. 2012). While it still remains 

to be clarified what role the algal phycosphere plays in this interaction (Seymour et al. 2017), 

such mutualisms have been studied in our lab between the freshwater green alga Lobomonas 

rostrata and the B12-dependent strain C. reinhardtii metE7 and the rhizobia Mesorhizobium loti, 

Sinorhizobium meliloti and Rhizobium leguminosarum (Bhardwaj 2016; Helliwell et al. 2015; 

Kazamia et al. 2012). Further exchange of vitamin B3 (niacin), B7 and p-aminobenzoic acid (a 

precursor of folate) in reward for B12 and B1 has been found between the marine diatom 

Ostreococcus tauri and the Rhodobacteraceae Dinoroseobacter shibae (Cooper 2014).  

These model systems that were developed in our laboratory allow the study of nutrient and in 

particular B12 exchange between algae and bacteria as well as elucidating the key role B12 

plays in algal-bacterial ecology, shaping the microbial composition of global aquatic 

ecosystems. Several summaries of the current understanding on this complex topic have been 

published (Barber-Lluch et al. 2021; Helliwell 2017a; Ramanan et al. 2016; Sokolovskaya et 

al. 2020b). 

 

1.4 One-carbon metabolism 

The series of interlinked metabolic pathways that is collectively referred to as one-carbon (1C) 

metabolism comprises the folate cycle, methionine remethylation, and transsulfuration 

pathways (Figure 1.9) (Clare et al. 2018). This interconnected pathway of biochemical 
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reactions is omnipresent in biological organisms, providing 1C moieties in the form of methyl 

groups (but also formyl and methenyl groups) and thereby allows molecular biosynthesis of 

amino acids, creatine, polyamines, phospholipids, purines and pyrimidines, the control over 

genomic maintenance mechanisms, as well as regulation of transcription via 1C groups for 

methylation of DNA, RNA and histones (Ducker & Rabinowitz 2017).  

 

1.4.1 The key role of methionine synthase 

Methionine synthase, which exists in the two isoforms METH or METE, plays a central role in 

1C metabolism where it interconnects 1C pool by folate with the methionine cycle. Using 5-

methyl-tetrahydrofolate as methyl donor, methionine synthase catalyses the synthesis of 

methionine from the substrate homocysteine, also yielding tetrahydrofolate (THF). Methionine 

is not only an essential amino acid but further precursor for the universal methyl donor, S-

adenosylmethionine (SAM; (Hanson & Roje 2001)). The MeCbl-dependent isoform METH also 

requires a molecular chaperone to regenerate the bound B12 cofactor (Yamada et al. 2006). 

Briefly, cob(II)alamin needs to be remethylated into methylcob(III)alamin in an rection which is 

catalysed by the SAM-dependent enzyme methionine synthase reductase (MTRR, EC 

1.16.1.8) (Helliwell 2011; Yamada et al. 2006). 

 

1.4.2 Folate metabolism  

Folates are versatile methyl donors that appear in various different forms within the cell. While 

animals cannot synthesis folate (vitamin B9) and thus need to obtain them from their diet , e.g. 

in the synthetic form of folic acid (Shane 2008), the majority of algae including as C. reinhardtii 

process the genetic ability to biosynthesis them (Gorelova et al. 2019). Biosynthesis yields 

dihydrofolate (DHF) which by DHF reductase (DHFR, EC 1.5.1.3) is converted to the 

biologically active form, tetrahydrofolate (THF). As part of the folate cycle (Clare et al. 2018; 

Ducker & Rabinowitz 2017), THF is converted to 5,10-methylene-tetrahydrofolate (5,10-CH2-

THF) by the activity of the B6-dependent enzyme serine hydroxymethyltransferase (SHMT, EC 

2.1.2.1) or alternative enzymes with aminomethyltransferase activity (EC 2.1.2.10, i.e. GCST 

& CGL77, in C. reinhardtii). Methyl groups thereby derive from serine, formate or glycine. In 

mitochondria, glycine donates a further carbon to THF and release CO2 and NH3 in the reaction 

catalysed by SHMT which is key in photorespiration (Timm et al. 2012). The B2-dependent 

enzyme methylenetetrahydrofolate reductase (MTHFR; EC 1.5.1.20) then catalyses the 

reduction of 5,10-CH2-THF into the predominate folate species in the cell, 5-

methyltetrahydrolate (5-mTHF), which is also the direct substrate for methionine synthase 

(Ducker & Rabinowitz 2017; Gorelova et al. 2017; Hanson & Roje 2001; Jabrin et al. 2003). 
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The latter completes the folate cycle by catalysing the methyl transfer from 5-mTHF onto 

homocysteine to form methionine (Mentch & Locasale 2016). In humans when B12 or 

methionine are limiting, 5-methyl-THF accumulates in a phenomenon known as folate trapping 

(Scott & Weir 1981). Alternatively, a series of enzymatically catalysed reactions exist that allow 

interconversion of 5,10-CH2-THF into 5,10-methenyl-tetrahydrofolate (5,10-CH=THF)  and 10-

formyl-tetrahydrofolate (10-f-THF) (Hanson & Roje 2001). 10-f-THF is the key folate involved 

in the biosynthesis of purines and methionyl transfer ribonucleic acid (tRNA) through the 

activity of methionyl-tRNA formyltransferase (MTF, EC 2.1.2.9) (Baggott & Tamura 2015). 

Interconversion between these forms is facilitated by methylenetetrahydrofolate 

dehydrogenases (MTHFD; EC 1.5.1.5/EC 3.5.4.9). Generally, all folate species appear in 

either a monoglutamylated or polyglutamylated form. While the latter is key for cellular 

Figure 1.9: Simplified metabolic map of one-carbon metabolism in C. reinhardtii. DHFR, 

dihydrofolate reductase which also has thymidylate synthase activity in C. reinhardtii; MTHFD, 

methylenetetrahydrofolate dehydrogenase; MTHFR, 5,10-methylenetetrahydrofolate 

reductase; SHMT, serine hydroxymethyltransferase;. SAH1, S-adenosyl-L-homocysteine 

hydrolase; BHMT, betaine-homocysteine S-methyltransferase; SAS1, methionine 

adenosyltransferase / S-adenosylmethionine synthase; METE/METH, methionine synthase; 

MTRR, methionine synthase reductase. DMA/DMC, DNA adenine/cytonsine 

methyltransferases; HMT, histone methyltransferase; PRMT, protein arginine 

methyltransferase. Enzyme cofactors are shown in black circles: vitamin B2, B6, and B12. 

Substrates: 5,10-CH=THF, 5,10-methenyl-tetrahydrofolate; 5,10-CH2-THF, 5,10-

methylenetetrahydrofolate; 5-mTHF, 5-methyltetrahydrofolate; 10-f-THF, 10-formyl-

tetrahydrofolate; CHOL, choline; CYS, cysteine; DHF, dihydrofolate; DMG, dimethylglycine; 

dTMP, thymidine monophosphate; dUMP, deoxyuridine monophosphate; FA, folic acid; GLY, 

glycine; HCY, homocysteine; MET, methionine; SAH, S-adenosylhomocysteine; SAM, S-

adenosylmethionine; SAR, sarcosine; SER, serine; THF, tetrahydrofolate; TMG, 

trimethylglycine/betaine. From Clare et al. (2018) with modifications.  
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retention and 1C coenzyme function (Xu & Sinclair 2015), transformation is catalysed by the 

interplay of the enzymes γ-glutamyl hydrolase (GGH, EC 3.4.19.9) and folylpolyglutamate 

synthase (FPGS, EC 6.3.2.17). 

 

1.4.3 Methionine Cycle 

In the activated methionine cycle, methionine is adenylated by S-adenosylmethionine synthase 

(SAS1, EC 2.5.1.6) to the ‘universal methyl donor’ SAM. SAM is the most versatile methyl 

donor in the cell, used as a cofactor by many methyltransferases (Chiang et al. 1996; Grillo & 

Colombatto 2005; Liao & Seebeck 2019). As such SAM is substrate to numerous cellular 

reactions, including many metabolic pathways such as lipid and chlorophyll biosynthesis, as 

well as epigenetic regulation of DNA, RNA, histones and other proteins (Roje 2006). In many 

species SAM is also used for methylation of glycine to sarcosine catalysed by glycine N-

methyltransferase (GNMT, EC 2.1.1.20). The product S-adenosylhomocysteine (SAH) is then 

hydrolysed in a reversible reaction catalysed by S-adenosylhomocysteine hydrolase (SAH1, 

EC 3.3.1.1) (Caudill et al. 2001). As an alternative to the cycle completion by the activity of 

methionine synthase, the B6-dependent enzyme betaine-homocysteine S-methyltransferase 

(BHMT; EC 2.1.1.5) can catalyse remethylation of homocysteine using trimethylglycine as 

methyl donor (Li et al. 2008; Sternbach et al. 2021). In addition, plants encode an alternative 

route, the S-methylmethionine cycle to regenerate methionine (Ranocha et al. 2001). In 

conditions where folate, methionine and SAM levels are high, homocysteine is degraded by 

the transsulfuration pathway. While SAM acts as an allosteric inhibitor of MTHFR in human but 

not plants (Hanson & Roje 2001), it activates cystathionine synthase (CBS; EC 4.2.1.22), the 

first enzyme in the transsulfuration pathway. As a result of CBS activity, cystathionine is formed 

and further processed to yield glutathionine, a key molecule in cellular redox defence 

(Alkazemi et al. 2021; Suttorp et al. 1986). However, in plants, the reverse transsulfuration 

pathway, which produces cysteine from homocysteine via cystathionine, is not conducted 

(Giordana et al. 2014).  

 

1.4.4 The importance of one-carbon metabolites for establishing of epigenetic 
marks  

Epigenetics, which in molecular terms covers all (heritable) marks that influence structure, 

organization or transcriptional activity of the genome without changing the DNA sequence 

composition, is known to providing an additional level of gene regulation (Arimondo et al. 2019; 

Berger et al. 2009; Bonasio et al. 2010; Jin et al. 2011). In eukaryotes, methylation of 

nucleotides and histones represent key epigenetic modifications that influence genome 
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accessibility, transcription, recombination and genomic imprinting (Kumar et al. 2018). The 

best studied epigenetic DNA mark is 5-methylcytosine (5mC), which has been found 

throughout the eukaryotic kingdom with a few exceptions (Anderson et al. 2012; Kumar et al. 

2018). Predominantly present in the sequence context of CG, CHG, CHH (where H is A, C or 

T) at the C5 position of the cytosine ring, comparative genomic studies on DNA cytosine 

methylation have revealed association with stable gene silencing and other conserved patterns 

between plants, fungi, animals, and algal species (Feng et al. 2010; Pikaard & Scheid 2014; 

Vigneau & Borg 2021; Zemach et al. 2010). For instance, 5mC has been observed to be a 

common mark on promoter and heterochromatin regions, mediating gene regulation such as 

suppressing transcription and mobility of transposon sequences (Feng et al. 2010; Zhang et 

al. 2018b). In contrast, methylation within the coding region of the gene in the CG context often 

correlates with active transcription (Fenech 2012). In C. reinhardtii low global levels of nuclear 

methylation (average per-site CG methylation of less than 0.75%) have been observed in 

vegetative cells with 23 hypermethylated loci (>80% CG methylation) in gene-poor, repeat-rich 

regions (between 10-22 kb) existing (Lopez et al. 2015). Gene and especially LINE transposon 

sequences seem preferentially methylated in the CG context, whereas CHG and CHH 

methylation appear quite uniformly distributed with little enrichment on repeats including 

transposons (Feng et al. 2010). Non-CG methylation however seems to be enriched in gene 

exons rather than in transposons, which is in contrast to many other organisms (Feng et al. 

2010). Methylation appears to be mediated by Dnmt1/MET1 homolog(s) such as 

CrMET1/DMT1 (Nishiyama et al. 2002, 2004), since no Dnmt3/DRM2 homologs, usually 

responsible for targeted CHG and CHH methylation of transposons, have been found in 

Chlamydomonas (Pavlopoulou & Kossida 2007; Ponger & Li 2005). While the nuclear 

methylation state appears relatively stable, pattern of cytosine methylation in the chloroplast 

genome is dependent on mating type and cell cycle state (Lopez et al. 2015) and is likely 

involved in promoting chloroplast DNA replication upon zygote germination (Nishiyama et al. 

2004; Umen & Goodenough 2001). 

Besides 5mC, methylation of DNA adenosine residues resulting in N6-methyldeoxyadenosine 

(6mA) represents another, although less common, epigenetic mark (Luo & He 2017; Meyer & 

Jaffrey 2016). 6mA is widespread in bacteria where it is involved in DNA mismatch repair, 

virulence regulation and chromosome segregation (Luo et al. 2015). Its role and distribution in 

eukaryotes however is less clear. Genome wide mapping of 6mA in C. reinhardtii revealed that 

the mark was present in the nuclear genome, where it appeared at ~85,000 residues, 

predominantly at ApT dinucleotides around the transcription start sites (TSS, -500 to +800 bp), 

with a bimodal distribution (Fu et al. 2015). It appears to mark active genes and while stably 

maintained during cell proliferation, the distribution pattern suggests a possible role in 
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nucleosome positioning (Fu et al. 2015; Luo et al. 2018). Further, using DpnI-assisted 6mA 

sequencing (DA-6mA-seq) the vast majority of the 6mA sites were observed to be fully 

methylated (Luo et al. 2016).  

Posttranslational methylation of histones, primarily on the side chains of lysine and arginine 

residues on the histone tails, further influence gene expression by remodelling chromatin 

structure or recruiting histone modifiers. While lysine residues can be mono-, di- or 

trimethylated, arginine residues are found to be mono- or dimethylated (Adhikary et al. 2019; 

Lan & Shi 2009). Here the number and location of methylation marks alters the transcriptional 

effect. For example, monomethylation of lysine-9 on histone 3 (H3K9me) is linked to genomic 

activation as is trimethylation at lysine-4 (H3K4me3), whereas dimethylation of histone H3 at 

lysine-9 (H3K9me2) is involved in silencing transposons and trimethylation of H3 at lysine-27 

(H3K27me3), H3K9me3, and H3K79me3 is linked to genomic repression (Barski et al. 2007). 

Other methylation based epigenetic modifications include methylation of RNA exist, too 

(Adhikary et al. 2019).  

In all cases methylation relies upon the catalytic activity of mostly SAM-dependent 

methyltransferase enzymes. For example, histone methylation result from activity of histone 

lysine N-methyltransferases and histone arginine N-methyltransferases, respectively (Cedar & 

Bergman 2009; Lan & Shi 2009), and DNA methylation in mammals arises from DNA 

methyltransferases (DNMTs; EC 2.1.1.37), of which five families are classified in human 

(DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L) (Gujar et al. 2019). In plants, de novo 

methylation is facilitated by the DMNT3 homolog domains, rearranged methyltransferases 2 

(DRM2), and maintained by DNA methyltransferase 1 (MET1, for CG methylation), 

chromomethylase (CMT3, for CHG methylation) and DRM2 (for asymmetric CHH methylation) 

(Chan et al. 2005; Law & Jacobsen 2010). Being the essential cofactor for all these 

methyltransferases, the universal methyl donor SAM, which is generated in 1C metabolism, 

regulates addition and removal of these epigenetic marks (Smith & Butler 2018). With SAH 

being a competitive inhibitor of multiple SAM-utilising methyltransferases (Ueland 1982), the 

ratio between SAM and its demethylated form, also known as the cellular methylation 

status/index, determines the extent to which genome, histones and proteins are methylated 

(Waterland 2006).  

 

1.4.5 Disrupting one-carbon metabolism 

The important role of 1C metabolism for cellular function including transcriptional regulation 

via the epigenetic marks becomes even more apparent when looking at the effects a disruption 

can have. In humans, several single nucleotide polymorphisms (SNP) are known to affect 
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folate metabolism, resulting in accelerated levels of homocysteine in the blood (Lievers et al. 

2001; Trinh et al. 2002). Patients with polymorphisms in multiple 1C-associated genes show 

an even stronger increase but can be treated by FA treatments (Feix et al. 2001; Qin et al. 

2012). While high levels of homocysteine in serum has been correlated with the risk of 

cardiovascular diseases (Clarke et al. 2011; Herrmann 2006; Tinelli et al. 2019; Wald et al. 

2002), including ischaemic heart disease and neurodegenerative effects such as in 

Alzheimer’s disease (Hwang et al. 2017; Wierzbicki 2007), adjustment of homocysteine levels 

alone does not reduce the risk of these diseases (Bazzano et al. 2006; Lan et al. 2017; Stone 

et al. 2017), although it mitigates that of neuronal diseases (Castillo-Lancellotti et al. 2013). In 

the thale cress Arabidopsis thaliana, the effect of mutations in 1C related genes has been 

studied too, showing that the methylation index decreases results in reduced DNA and histone 

(H3K9) methylation and mitigation of transposon silencing (Groth et al. 2016; Meng et al. 2018; 

Zhou et al. 2013). 

Besides genetic alterations, deficiency of the dietary intake of B vitamins including folate also 

results in an imbalance of the C1 cycle. For instance, limited availability of B6 and B12 as well 

as the inability to turnover methionine synthase cause high levels of homocysteine (Jacobsen 

1998; Kumar et al. 2017; Selhub et al. 1993). In yeast, limitations in folate (vitamin B9) have 

been observed to result in altered gene expression caused by a reduction in H3K4 methylation 

(Sadhu et al. 2013). Alterations of DNA and histone methylation have also been observed as 

a consequence of folate and/or B12 deficiency in humans. It is therefore clear that a direct 

connection between micronutrient status, 1C metabolism, the epigenome and cellular 

physiology exist. In organisms that rely on the supply of B6, B9, and in particular B12, it can thus 

be speculated that as a result of changes in their environment or diet, these organisms are 

more likely to experience disruptions in 1C metabolism and alterations on their (epi-)genome 

at the fundamental level of DNA synthesis and methylation.  

 

1.5 Transposable elements 

1.5.1 Classification and mechanisms of transposition 

Genetic sequences that can change their genomic localization are known as transposable 

elements (TE). Ever since Barbara McClintock discovered the first TE in maize (Creighton & 

McClintock 1931; McClintock 1931), as a genetic factor that can control cell colour of kernels 

by changing location within the genome (Biemont 2010), similar mobile genetic sequences 

have been found in all eukaryotic species, inducing primates, plants and algae, and in bacteria. 

The broader applicability of next-generation sequencing methods further allowed rapid 

analysis of large amounts of genetic information and revealed that a significant portion of 
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eukaryotic genomes is composed of TEs. In fact, we know today that the proportion of TEs in 

several plant and algal genomes can extend to 50% or more (Voytas & Ausubel 1988) while 

the human genome is also full of TEs (Lander et al. 2001). TE content seems to correlated 

with genome size but not organism complexity (Wells & Feschotte 2020).  

Depending on the biological mechanism of transposition, TEs are fundamentally divided into 

two major classes: class I retrotransposons, and class II DNA transposons (Finnegan 1989; 

Kapitonov & Jurka 2008). Class I elements replicate via an RNA intermediate and rely on 

reverse transcription of the transposon mRNA to insert a new DNA copy of the element into 

the genome. While the original template element remains in place, these so called copy and-

paste elements can further be divided into three major subclasses based on their mechanism 

of replication and integration: tyrosine recombinase, long terminal repeat (LTR) elements and 

non-long terminal repeats (non-LTR), which again can be separated in target-primed non-LTR 

elements, including long interspersed nuclear elements (LINE) and short interspersed nuclear 

elements (SINE) (Wells & Feschotte 2020). In contrast, a cut & paste mechanism for element 

relocation is most characteristic but non-exclusive feature for the group of class II DNA 

transposons. Based on their detailed mechanisms of replication and/or chromosomal 

integration strategy, the latter can be subdivided into the four main subclasses (or 

orders/groups) of cut-and-paste elements mobilized by DDE transposases also known as 

direct inverted repat sequences (DIRS) (Doak et al. 1994; Yuan & Wessler 2011), YR or 

Cryptons (Kojima & Jurka 2011), rolling-circle elements also referred to as Helitrons (Kapitonov 

& Jurka 2001; Thomas & Pritham 2015), and self-synthesizing transposons, such as Mavericks 

or Polintons (Feschotte & Pritham 2005; Kapitonov & Jurka 2006b; Pritham et al. 2007). For 

both class I and class II elements a wide number TEs being part of different superfamilies and 

families have been identified, with their unique features and mechanisms of 

replication/transposition described in several excellent review articles (Bourgeois & Boissinot 

2019; Wells & Feschotte 2020; Wicker et al. 2007; Yuan & Wessler 2011). Thus, from here on 

I mainly focus on the class II elements which have been key to this study. The cut-and-paste 

elements as the most abundant and best studied superclass of DNA transposons, are usually 

flanked by terminal inverted repeat (TIR) sequences and depending on their size they can 

encode a transposase enzyme (Figure 1.10). After transcription and translation of the coding 

sequence (Figure 1.10a, 1-3), the transposase enzyme re-enters the nucleus (Figure 1.10a, 

4) where it recognizes its unique TIR sequences and initiates staggered DNA double strand 

breaks (Figure 1.10a, 5). As result, the whole transposable element is cut out and reintegrated 

into the genome at a new location, introducing a target site duplication at that site (Figure 

1.10a, 6-7). Cut and paste elements can however lose their autonomy by genetic alterations 

or truncations within the transposase gene sequence. As result both autonomous and non-
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autonomous class II elements can be distinguished (Figure 1.10b). The TE that was found to 

cause the B12-dependent phenotype in the S-type line derived from the experimental evolution 

(Helliwell et al. 2015; see section 1.3.4) shared many similarities with the autonomous class II 

cut-and past element Gulliver (Ferris 1989; Helliwell et al. 2015), except that the overall length 

of the element was significantly shorter (Figure 1.10c). Thus, the Gulliver-like insertion can be 

understood as a miniature inverted-repeat transposable element (MITE) that most likely has 

originated and is controlled by the activity of an autonomous Gulliver transposon. 

Most genomes appear to contain a mixture of different TEs, some of which are still active while 

others are understood to be ancient relics that became inactive and underwent degeneration. 

In addition, epigenetic factors such as DNA methylation and histone modifications are known 

to be associated with TE activity, and while usually in place to silence TEs are also observed 

to vary during cell development (Friedli & Trono 2015). Transposition events that derive from 

active TEs or reactivated TE families are termed polymorphic insertions. In the genomes of 

Figure 1.10: Cut and paste DNA transposons. (a) Schematic overview about the general 

replication cycle of a typical cut-and-paste DNA transposons. (b) Fully autonomous TEs 

encode a functional transposase. Many TEs however became non-autonomous as they lost 

the transposase sequence partially or completely. (c) The Gulliver DNA transposon as 

identified by Ferris (1989) is the best studied exampled for an autonomous DNA TE in C. 
reinhardtii. It consists of an imperfect terminal inverted repeat (TIR) flanking a transposase 

encoding sequence of roughly 12 kb. In contrast, the Gulliver-like element identified by 

Helliwell et al. (2014) was found to be a non-autonomous element with the TIR and the target 

site duplication (TSD) like the longer Gulliver element but with a much shorter coding region 

of 238 bp. Thus is likely a Gulliver derived miniature inverted-repeat transposable element 

(MITE).  
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most plants, such polymorphic insertions mostly originate from LTR families as well as certain 

DNA transposons (Kronmiller & Wise 2008). 

Due to the ability to change their genomic localisation, TEs are genetic units that can bring 

positive or negative effects to their host, both by direct or indirect deregulation of gene 

expression. Many studies have shown that the insertion of TEs has strongly changed the 

expression or function of some genomic regions. Besides that, hormone and heat-shock- 

sensitive sequences have been found, which suggests that TEs could be sensitive to their 

environment (Biemont 2010). As a consequence, TEs are debated to be important players in 

genome evolution (Chuong et al. 2017). However, it so far remains an open question whether 

concrete mechanisms for gene regulation by TEs exist and in which way those are responsive 

to environmental signals. 

 

1.5.2 Repeat discovery and transposon identification  

Repeat sequences are usually classified into five types: 

• Simple repeats that encompass duplications of simple sets of DNA bases (typically 1-

5 bp), for instance A, CA, CGG. 

• Tandem repeats consist of repeated 100-200 base motif(s) of more complex 

sequences in tandem (Girgis 2015). Typically these are found at the centromeres and 

telomeres of chromosomes. Microsatellites, minisatellites and satellites are 

subclasses of tandem repeats. 

• Segmental duplications describe copies of large sequence blocks of 10-300 kbp. 

• Interspersed repeats are dispersed throughout the genome and usually nonadjacent. 

The class comprises processed pseudogenes, as well as all repeats usually referred 

to as TEs, such as SINEs, LINEs and DNA transposons. 

• Repetitive sequences of low complexity, which are sometimes also classified as part 

of tandem repeats. 

Discovery and annotation of repetitive sequences is a complex, however increasingly better 

resolved problem in the field of computational biology. Detection of repeat sequences is 

required as repeats comprise a significant portion of genomes and can interfere with accurate 

assembly, gene annotation, and comparative computational analysis such as by the Basic 

Local Alignment Search Tool (BLAST) (Altschul et al. 1990) or Hidden Markov Model (HMM) 

searches (Eddy 1995; Wheeler & Eddy 2013). For example, masking of tandem repeats has 

been found to improve the quality of sequence alignments (Frith 2011). Identification of repeats 
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however faces various analytical complexities, which are overcome by a continuously growing 

array of methods and software tools particularly designed to cater for TEs (Bergman & 

Quesneville 2007; Goerner-Potvin & Bourque 2018; Janicki et al. 2011; Lerat 2010; Saha et 

al. 2008b, 2008a). Repeat callers are often designed for detection of a particular subtype of 

repeat in mind (Leclercq et al. 2007; Lim et al. 2013; Merkel & Gemmell 2008; Sharma et al. 

2007). Depending on their underling methodology, computational algorithms developed to 

locate TEs can according to Grigis (2015) be classified into the following main categories:  

• Library-based methods rely on the existence of TE databases of which three different 

types exist. TE-centric repositories such as the manually curated eukaryotic repeat 

database RepBase (Bao et al. 2015) or DFAM (Wheeler et al. 2013) contain sequence 

information in form of a consensus or HMM models of known repeats. In contrast, 

genome-centric repositories comprise all repeat locations base on a reference genome, 

and polymorphism-centric databases catalogue polymorphic insertions within a 

species. While polymorphism-centric databases are still very limited, TE-centric 

repositories are usually by library-based methods as for example in the case of 

RepeatMasker (Smit et al. 2013) and Censor (Jurka et al. 1996).  

• Learning-based methods usually apply some sort of machine learning in order to 

generate models to distinguish repetitive from non-repetitive sequences. Tools like 

(Andrieu et al. 2004) or REpeat Detector (Red) (Girgis 2015) belong to this category.  

• Signature-based methods make use of the unique features TEs have such as the 

TSDs, TIRs, LTRs, hairpin loop and/or a polyadenylation (poly-A) tail. Signature-based 

tools such as LTR_STRUC (McCarthy & McDonald 2003) allow identification of classes 

of TEs based on their a features signature.  

• Comparative-genomics-based methods allow detection of TEs as insertion/deletion 

events via pair-wise sequence alignments. The method, which can only detect TEs that 

have translocated between the compared genomes, is applied by tools such as 

Jitterbug  (Caspi & Pachter 2006; Hénaff et al. 2015). 

• De-novo methods do not rely on any a priori information about TEs but rather make 

use of their repetitive nature. Thus, these methods are ideal for annotation of TEs in 

newly sequenced genomes. The process either depends on “self-comparison” by 

aligning a genome to itself, performed by ReCon (Bao & Eddy 2002), PILER (Edgar & 

Myers 2005) and PiRATE (Berthelier et al. 2018), or counts of k-mers such as 

implemented by RepeatScout (Price et al. 2005) or Repseek (Achaz et al. 2006). 

• Consensus methods combine hits of TE locations obtained from several different TE 

callers and apply statistics to validate these hits. Common examples include the 
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REPET pipeline (Flutre et al. 2011), which utilizes de novo and/or signature-based 

methods, as well as the RepeatModeler algorithm (Smit & Hubley 2008) which 

combines RepeatScout and ReCon for TE detection and TRF (Benson 1999) for 

tandem repeat calling.  

While classification of a TE caller into the above groups is not exclusively limited to one 

method, multi tool approaches such as implemented by the extensive de novo TE annotator 

exist too (Ou et al. 2019; Su et al. 2021). In addition to the calling methodology, data format is 

another important discriminator. Depending on the data input structure, tools for annotation of 

repeats based on whole genome assemblies, or unassembled short-read as well as long-read 

sequencing data can be distinguished. The library-based RepeatMasker tool, which yields 

annotation of interspersed repeats and low-complexity DNA for eukaryotic organisms, is 

currently the gold standard for TE annotation based on assembled genomes (Goerner-Potvin 

& Bourque 2018). Coverage of the TE calling however very much depends on the accuracy of 

the library provided. In contrast, de novo approaches mitigate this limitation and further offer 

the potential to identify novel TE families. Tools including RECON (Bao & Eddy 2002), 

RepeatScout and RepeatModeler are commonly used examples for de novo mapping of TEs 

in assembled eukaryotic genomes. Moreover, de novo approaches including the prominent 

RepeatExplorer (Novák et al. 2013) have been developed using low-coverage sequencing 

data to assemble TEs in newly sequenced genomes that lack a high-quality reference genome 

assembly. Currently the most sensitive TE assembler for use on long-read data is thought to 

be RepLong (Goerner-Potvin & Bourque 2018). While the proportion of a genome that can be 

classified as repetitive varies depending on the tools used, methods relying on only raw reads 

are generally less sensitive than library-based or de novo based tools for annotation of 

assembled genomes (Goerner-Potvin & Bourque 2018). Quality of TE discovery and 

annotation by library-based methods depends on the existence of profound, ideally manually 

curated TE libraries. If no such library exists for a particular specie, multiple tools can be run 

in a complementary manner in order to get exhaustive annotations (Lerat 2010). 

With the availability of a good TE map of a reference genome, one can start to investigate TE 

polymorphisms between individuals. Similar to SNPs, insertions and deletions of TE elements 

can result in phenotypic differences including diseases as observed in human (Burns 2020). A 

wide range of algorithms have been developed for this purpose, some of which allow detection 

of germline and others that are designed for detecting somatic TE polymorphism (Goerner-

Potvin & Bourque 2018). The majority of tools use single- or paired-end short-read Illumina 

sequencing data (typically 100-250 nucleotides (nt)). Detection of new insertion sites using 

short-reads is however challenging. In general, the software employs split-read (SR) 

information, uses discordant read pair (DRP) alignment or relies on the identification of TE 
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specific motifs to allow mapping of new insertions (Goerner-Potvin & Bourque 2018). While SR 

tools including ITIS (Jiang et al. 2015) and Transposon Insertion Finder (TIF) (Nakagome et 

al. 2014) usually provide higher positional accuracy, the advantage of DRP tools such as TE-

Tracker (Gilly et al. 2014) or Mobster (Thung et al. 2014) is a higher sensitivity. Motif based 

tools such as TIF, further concentrate on the detection of known TE motifs, for example certain 

TSDs or TIR, in sequencing reads. In the case of TIF, this means the software directly searches 

for reads mapping over TE ends and thus only retains those reads containing the TSD motif 

of a TE family of interest (Nakagome et al. 2014). Besides comparing one species against the 

reference, several software tools exist to detect TE polymorphism in populations. For instance, 

MELT (Gardner et al. 2017), which is used in the 1000 Genome project (Auton et al. 2015), 

allows insertion detection in each individual of a large population through a combined SR and 

DRP approach, however it is limited to non-LTR elements only. In multicellular species, 

somatic TE detection is further facilitated by tools such as Jitterbug, which perform a pairwise 

comparison of short-reads from i.e. tumour versus normal tissue. In addition, a number of 

sequencing-based capture techniques have been developed, particularly designed to target 

specific TE sequence and enrich for DNA reads that are most informative for a certain type of 

TE detection (Baillie et al. 2011; Ewing & Kazazian 2010; Goerner-Potvin & Bourque 2018). 

More recently, advances of emerging long-read sequencing technologies provided new 

chances to overcome existing challenges in mapping TE insertion (Shahid & Slotkin 2020). 

With the ability to span entire TE insertions, long-read sequencing nowadays enables 

resolution of complex structural variations including nested and tandem insertions, duplications 

and inversions. Designed for TE insertion detection from long-reads, software tools like LoRTE 

(Disdero & Filée 2017) (for single-molecule real-time sequencing (SMRT-seq) by Pacific 

Biosciences (PacBio)) or SNIFFLES (Sedlazeck et al. 2018; Zhou et al. 2019) (for long-read 

PacBio as well as ONT sequencing data) harness these advantages.  

In summary, detection of TE polymorphism often still relies on the use of short-read sequencing 

data alongside the selection of an appropriate software tool out of a wide range of existing 

programs. The latter is particularly critical as TE insertion detection diverge in their findings 

depending on the tools applied (Goerner-Potvin & Bourque 2018). It is therefore most effective 

to use multiple tools in a complementary manner to achieve better predictions of structural 

variants such as for example implemented by the McClintock tool (Nelson et al. 2017; 

Rishishwar et al. 2016). However, with the emerging availability and the great potential of long-

read sequencing for resolving complex structural variations, it is likely a combination of short-

and long-read sequencing will become the key strategy for polymorphic TE insertion detection 

as recently enabled by the x-Transposable element analyzer (xTea) (Chu et al. 2021).  
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1.5.3 Gene and transposon silencing in green algae 

In eukaryotes, silencing of genes and transposons is facilitated through multiple mechanisms 

including DNA methylation and post-translational histone modifications, both of which affect 

chromatin accessibility (Slotkin & Martienssen 2007). As part of this toolset, RNA interference 

(RNAi) allows sequence-specific targeting of repeat sequences such as transposons to initiate 

for instance silencing via heterochromatin formation (Woodhouse et al. 2006). As part of this 

RNAi machinery, small ribonucleic acids (sRNA) are known to play a crucial role in regulation 

of gene expression, both at the transcriptional (via epigenetic marks or DNA elimination) and 

posttranscriptional level (RNA degradation or translation repression) (Baulcombe 2004; 

Matzke & Birchler 2005; Meister & Tuschl 2004), in controlling of genome stability, chromatin 

remodelling as well as in defence against viral or transgenic DNA (Moazed 2009). Basically, 

double-stranded (ds) RNA precursors are recognised and restricted into sRNA duplexes of 

typically 20-25 nt length by Dicer-like (DCL) endonucleases. Subsequently, one of the sRNA 

strands gets bound by ribonucleases - Argonaute (AGO) proteins and guides the AGO-

containing effector complex to the complementary DNA or RNA sequence inducing silencing 

via one of the known mechanisms of action (Meister 2013). In certain organisms, RNA-

dependent RNA polymerases (RDR) also play an important role as they initiate or enhance 

RNAi by producing or amplifying dsRNA from single-stranded transcripts (Baulcombe 2004; 

Pak & Fire 2007).  

The three most prominent classes of sRNAs based on their origin and biogenesis are small-

interfering (si)RNAs, micro (mi)RNA, and piwi-interacting (pi)RNAs (Ghildiyal & Zamore 2009; 

Müller et al. 2020), however many more sRNA subtypes exist (Borges & Martienssen 2015). 

miRNAs also exist in C. reinhardtii (Molnár et al. 2007; Zhao et al. 2007), where they are 

understood to be part of a functional gene silencing machinery including miRNA-mediated 

translation repression and mRNA turnover (Molnár et al. 2007; Molnar et al. 2009; Valli et al. 

2016; Yamasaki et al. 2013, 2016b). Recently, the first sRNA locus map has been presented 

for C. reinhardtii (Müller et al. 2020). In contrast to land plants, miRNAs in C. reinhardtii have 

different features (Chung et al. 2017, 2019; Valli et al. 2016; Yamasaki et al. 2013), including 

a size distribution that is dominated by 21 nt species predominantly located in exons (Müller 

et al. 2020). The RNAi machinery in C. reinhardtii mainly relies on the three paralogs of AGO 

(AGO1, AGO2, and AGO3) and three DCL-like (DCL1, DCL2, and DCL3) proteins (Casas-

Mollano et al. 2008; Chung et al. 2019). While DCL1 (and presumably AGO1), which are more 

divergent than the other paralogs, are likely involved in the post-transcriptional repression of 

TEs (Casas-Mollano et al. 2008), less is known about the targets of the nuclear localised AGO2 

which exclusively binds 21 nt siRNAs. DCL3 and likely DCL2 are involved in miRNA biogenesis 

(Molnar et al. 2009) with DCL3 being important to produce miRNAs and siRNAs and others 
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affecting diverse post-biogenesis stages of miRNA-mediated silencing from mRNAs or from 

the introns of pre-mRNAs (Valli et al. 2016). However, a redundant involvement of DCL2 and/or 

DCL3 in the maintenance of transcriptional silencing in Chlamydomonas is possible too. The 

cytoplasmic enriched AGO3 is associated with miRNAs and polysomes and responsible for 

endogenous miRNA-mediated transcript cleavage and repression of translation (Chung et al. 

2019; Obbard et al. 2006; Yamasaki et al. 2016a). Initially, C. reinhardtii was thought to lack a 

conserved RDR for the production of dsRNAs from single-stranded RNA (Cerutti & Casas-

Mollano 2006), however with the availability of more complete genome assemblies, a potential 

RDR paralog has become annotated.  

In many eukaryotes silencing of TEs is controlled by small RNA-directed DNA methylation 

(RdDM) (Liu et al. 2018). In RdDM, DNA-methyltransferases are recruited to chromatin 

domains through sRNA mediated AGO targeting to homologous genomic DNA sequences 

facilitating cytosine methylation usually in a non-GC context (Law & Jacobsen 2010). 

Maintenance of methylation relies on RNA-independent mechanisms involving DNA 

methyltransferase MET1 and chromodomain DNA methyltransferases (CMT) (Jackson et al. 

2002; Lindroth et al. 2001). Another difference to land plants is that transposons do not seem 

to be non-CG methylated, an epigenetic mark which is mediated by RdDM in plants (Feng et 

al. 2010; Lopez et al. 2015). DNA methylation and genomic defence from transposons does 

seem to be present in C. reinhardtii to a certain extent, however. Further, a good portion of 

sRNA loci overlap with transposons, particularly with the retrotransposons L1 (20%) and other 

LINE elements (21%) (Müller et al. 2020). The overlap of sRNA loci with methylated 

retrotransposons and with methylated genic regions further suggests a possible role of sRNAs 

during establishment and/or maintenance of methylation states in Chlamydomonas genome 

(Müller et al. 2020). Based on the overlap of sRNA loci with non-methylated DNA transposons 

Müller et al. (2020) further proposed the existence of an unknown transposon silencing system 

that is specifically activated during sexual reproduction. Thus, existing research on C. 

reinhardtii suggests that a full set of genes as well as at least selected sRNA mediated 

transposon silencing mechanisms exist in this green alga, however miRNA mediated RNA 

silencing pathways differs from that of plants and are less well understood (Valli et al. 2016; 

Voshall et al. 2017).  

Although it cannot fully be excluded, findings of low overall DNA methylation levels alongside 

lack of RdDM and missing overrepresentation of DNA cytosine methylation suggests that DNA 

methylation plays only a minor role in control of TEs in C. reinhardtii. Moreover, while 

transposons can be suppressed post-transcriptionally by RNAi, C. reinhardtii primarily relies 

on an epigenetic histone mark based transcriptional silencing mechanism to control mobile 

genetic elements under standard laboratory conditions (Br et al. 2002; Casas-Mollano et al. 
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2008). Centred around the so called MUT11 machinery TEs inducing Gulliver are repressed 

by the activity of histone methyltransferase complexes. Interference with this machinery as 

observed in the Mut-9 and Mut-11 mutant lines results in loss of H3K4me1, enrichment in 

H3K4me2, and decrease in H3K4me3 which reactivates silenced transgenes and transposons 

(Jeong et al. 2002; van Dijk et al. 2005) 

 

1.5.4 Open questions in transposon research  

The existence of TEs is long known but has posed many questions ever since their discovery 

(Biemont 2010). Although defining the exact biological function of repetitive sequences 

including TEs is difficult, it is well known that TEs play a role in in gene expression (Chénais 

et al. 2012; Dorer & Henikoff 1994) can create alternative transcripts (Kim et al. 2006a) and 

have trans-regulation activities (Mariner et al. 2008), allow restructuring of the genome under 

stress (McClintock 1984) and are a source for generating new genes (Casacuberta & González 

2013). Derived TE sequences have been domesticated to perform various crucial cellular 

functions and repeats are involved in gene regulation and recombination (Abrusán et al. 2013; 

Elbarbary et al. 2016). Most genomes appear to contain a mixture of different TEs, some of 

which are still active while others are understood to be ancient relicts that became inactive and 

underwent degeneration. Epigenetic factors such as DNA methylation and histone 

modifications are known to be associated with TEs presumably to modulate their activity, and 

are observed to vary during cell development (Friedli & Trono 2015). Moreover, hormone and 

heat-shock-sensitive sequences have been found, which suggests that TEs could be sensitive 

to their environment (Biemont 2010). However, it remains an open question to which extent 

environmental signalling can influence the activity of individual transposons and whether there 

are discreet activation/repression mechanisms that react to these signals.  

Due to the ability to change their genomic location, TEs are understood as genetic units that 

can bring positive or negative effects to their host, both by direct or indirect deregulation of 

gene expression, but the influence and importance of TEs during evolution has been debated 

(Lisch 2013). Although they were initially dismissed as selfish genomic parasites, many studies 

have shown that the insertion of TEs has strongly changed the expression and/or function of 

genomic regions (Levin & Moran 2011; Rebollo et al. 2012). As a consequence nowadays they 

are more widely understood as catalysers of evolution and potential integral components of 

host gene regulation (Chuong et al. 2017). But again, it remains to be uncovered whether TEs 

allow a targeted spread of regulatory elements to drive evolution of gene-regulatory networks 

in host organisms and in what way this represents an adaptation mechanism to changing 

environments. 
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1.6 Thesis aim and structure 

The motivation for this work derived from the following facts: New insights in the complex 

interactions of the aquatic microcosms were driven by the finding that a majority of algae 

depend on B vitamins, in particular vitamin B12. Despite de novo biosynthesis of Nature’s most 

complex vitamin being limited to prokaryotes only, a vast number of eukaryotic species, 

including all mammals and more than half of all algal species, require B12 as an enzyme 

cofactor. While the phylogenetic distribution of B12 auxotrophy suggests that this trait has 

evolved on multiple occasions in the algal kingdom, artificial evolution alongside physiological 

studies from our lab resulted in several mutants of the unicellular green model alga C. 

reinhardtii that required B12 for growth. Further, findings suggested a potential role of mobile 

genetic elements including the DNA transposable element Gulliver in the evolution of B12 

dependency in algae.  

The overall aim of this thesis is to gain a better system biological understanding of the effects 

of B12 scarcity in the single-celled eukaryote model organism C. reinhardtii and provide insights 

into the TE landscape of the green alga alongside testing for the role of TEs in adaptation to 

B12 starvation and evolution of B12 dependency. Making use of the unique opportunity that the 

B12-dependent C. reinhardtii strains generated in our lab provide, this thesis addresses the 

question how green algae cope with B12 limitation and which cellular alterations are induced 

by B12 deprivation. Moreover the thesis explores several aspects of the evolutionary genomics 

behind B12 dependency in C. reinhardtii and objects to provide key resources for the algal 

research community.  

Following an interdisciplinary research strategy, Chapter 2 summarises the physiological 

growth experiments, molecular biology methods, metabolite analyses, computational biology 

and comparative genomic analysis as well as the multi-omics, next-generation sequencing 

(NGS) approaches conducted in the course of this study from a methodological perspective.  

In Chapter 3 I investigate the effect of B12 scarcity on the B12 auxotroph line (metE7) as well 

as on the B12-independent parental strain (Ancestral) of C. reinhardtii at the level of global 

transcriptomic changes and 1C cycle related metabolite alterations. Firstly, I describe a highly 

reproducible study design to initiate B12 starvation in C. reinhardtii, alongside the control 

measurements and procedures established to facilitate bulk RNA sequencing (RNA-Seq) 

coupled with targeted metabolite analysis of these algal linages. Differentially regulated genes 

were identified in dependence of B12 status in both the Ancestral as well as the metE7 line and 

further GO term enrichment and KEGG pathway analysis were used to obtain deeper 

understanding of the molecular functions, cellular components, biological processes and 

metabolic pathways involved in the response to B12 deprivation. In addition, transcriptional 
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changes in select gene groups of potential relevance were analysed using manually curated 

gene lists and potential TFs involved in the response to B12 were identified employing 

differentially expressed genes coupled with a TF motive detection and network based analysis. 

Considering knowledge from animal and plant models, I further investigated effects of B12 

availability on 1C metabolism in more detail. Using protein homology searches, an updated 

metabolic map of 1C metabolism was acquired, which was then applied to investigate the 

transcriptomic changes in the pathway more closely. As a consequence of collaboration 

efforts, I describe an optimised method for folate metabolite analysis in algae and present the 

first quantification of folate levels in algae. Lastly, I determined their alterations on folate as 

well as methionine cycle related metabolites in response to B12 status in both the cell wall-less 

context of metE4 and UVM4 as well as in the WT12 context of metE7 and the Ancestral line.  

With respect to the observation of TEs being responsible for the experimental evolution of B12 

auxotrophy in C. reinhardtii, I then concentrated on meeting the desperate need for a better 

understanding of TEs in the green model alga. In Chapter 4 I therefore investigate the genomic 

landscape of C. reinhardtii with particular focus on TEs including the hAT family Gulliver. Using 

a computational biology approach, I compare existing and new C. reinhardtii nuclear whole 

genome assemblies, including the two new, near complete version (v)6 reference genomes, 

with respect to their architecture and TE landscape. I characterise the improvements made by 

the v6 C. reinhardtii reference genome project and further provide key population statistics on 

larger structural as well as single nucleotide variations between three different laboratory 

strains of C. reinhardtii (CC-503, CC-1690 & CC-4532). As part of a detailed characterisation 

of the transposon landscape in C. reinhardtii, a new active retrotransposon of the Kyakuja 

family is presented and a custom developed multi-tool approach was developed allowing for 

accurate detection of DNA transposon insertion sites. Furthermore, a detailed genomic 

characterisation and tracking analysis of the Gulliver DNA transposon family, which is unique 

to Chlamydomonas is highlighted.  

In Chapter 5 I present and revive an experimental C. reinhardtii based model systems to study 

the activity of TEs, which has posed a major obstacle in answering fundamental questions in 

TE research. The system which is based on the phenotypic and genetic response of C. 

reinhardtii to the external supply/lack of vitamin B12, relies on the activity of a class II Gulliver 

related transposon and is employed in this study to characterise and compare transposon 

localisation within algal strains. I use short-read whole-genome shotgun sequencing (WGS) to 

map single nucleotide as well as structural variants in the different evolved C. reinhardtii lines 

from the artificial evolution experiment and present preliminary results on an ongoing in-depth 

characterisation. The latter which includes testing of several published algorithms for mapping 

of Gulliver related TEs polymorphisms. 
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Finally, I discuss the results from the previous three chapters in a broader context and present 

work in progress to build on those results in Chapter 6. Following my hypothesis for the strong 

alteration of the epigenetic landscape as a result of B12 deprivation in metE7, I propose a 

mechanistical response model explaining the systematic connection between environmental 

B12 signalling, transcriptional changes, metabolite alterations, epigenetic modulation and TE 

activity. Lastly, I give an outlook on how combining different next-generation and third-

generation sequencing methods with up-to date TE identification algorithms will provide 

evidence for the proposed mechanistical model and shed light on the evolutionary and 

epigenetic mechanisms behind vitamin B12 dependency in algae, as well as the impact and 

potential biological function of transposons within this process. 

For the sake of completeness, supplementary figures and tables displaying mainly QC results 

from the omics analysis as well as additional data generated as part of the work presented in 

Chapter 3, 4 & 5 are provided in the appendix. 
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Chapter 2: Material & Methods 

2.1 Growing algae 

2.1.1 Algal strains 

With respect to the exitance of various common laboratory background strains of C. reinhardtii 

and their genetic diversity, Table 2.1 provides a summary on those background strains referred 

to or computationally investigated within this thesis. Further, all C. reinhardtii strains that were 

cultivated within the process of this study are listed in Table 2.2. As copies of strains with a 

distinct phenotype, as for instance S-type or metE7 have been generated and maintained by 

different people or under different conditions (i.e cryopreserved vs. in culture collection) prior 

to this study, unique strain identifiers (ID) were used to discriminate between replicates. Mainly, 

algae strains cultivated over the course of the thesis comprised different cryopreserved culture 

stock points (T50, T70) as well as strains associated with the B12 evolution assay (Helliwell et 

al. 2015). In addition, several cell wall-less strains derived from cw15 were used, including the 

stable METE mutant metE4 (Bunbury et al. 2020). Table 2.3 summarises the known 

evolutionary relationship between the core strains employed in this study and provides key 

information regarding their B12-related phenotype and genotype.  

Table 2.1: Common laboratory background strains of C. reinhardtii. Chlamydomonas 

Resource Center (CRC) identifiers with alternative names and information on strain origin and 

genotype including mating locus and mutant alleles is provided. Information was adopted from 

Gallaher et al. (2015) and the CRC. Dashed line separates cell wall-less strains from the rest.  

Strain  Alternative 
name Genotype Information 

CC-124 137c mt- agg1 nit1 Most likely a direct descendent of one of the five extant strains distributed by 

Gilbert Smith; not closely related to any of the here listed. 

CC-125 137c 
mt+ agg1+ 
nit1 nit2 

Most likely a direct descendent of one of the five extant strains distributed by 

Gilbert Smith; has the same haplotype as CC-620 and CC-503. 

CC-620 R3+ mt+ nit1 nit2 Most likely a subclone of 137c; selected for high mating efficiency; has the 

same haplotype as CC-125 and CC-503. 

CC-621 NO- mt- nit1 nit2 Most likely a subclone of 137c; selected for high mating efficiency; shares its 

haplotype with CC-4532.  

CC-1690 21gr mt+ Most likely a direct descendent of one of the five extant strains distributed by 

Gilbert Smith; not closely related to any of the here listed. 

CC-4532 new 

reference  
mt- nit1 nit2 Of uncertain origin; has the same haplotype as CC-621; wild-type (WT) strain 

used by Sabeeha Merchant and colleagues. 

CC-503 old 

reference  

mt+ cw92 nit1 
nit2 

Of uncertain origin; likely the result of mutagenizing a strain equivalent to CC-

125; has the same haplotype as strain CC-125 and CC-620. 

CC-1615 cw15 mt- cw15 nit2 Of uncertain origin; was selected as cw15 isolate that swims and mates well; 

not tested by Gallaher et al (2015) for relationship to others. 

CC-4350 302,      

cw15-302 

mt+ cw15 
arg7 nit1 nit2 

Of uncertain origin; cw15 mutant strain originally from Rene Matagne; selected 

for high transformation efficiency; related to CC-1615, CC-503 and CC-125. 
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Table 2.2: Listing of C. reinhardtii strains generated and cultivated in this study. Unique 

strain identifiers (ID) were used to discriminate between copies of strains of a particular type 

and a short strain description is provided allowing mapping to lab internal databases. Standard 

growth media condition is given, with algae either cultivated in pure Tris-acetate-phosphate 

medium (TAP) or TAP supplemented with 1 µg·l-1 B12 (TAP+B12). Results chapter 

corresponding to usage of strains is shown together with a reference to the origin of the strain.  

ID Type Description Background Media Chapter Origin 

AHS27 S-type unstable stunty 7 CC-124 TAP+B12  5 Helliwell et al. 2015 

AHS30 metE7 stable METE mutant iii (NR7iii) CC-124 TAP+B12 3 & 5 Helliwell et al. 2015 

AHS32 Ancestral ancestral line iii CC-124 TAP 3 & 5 Helliwell et al. 2015 

AHS34 H-type H-Chlamy 4 CC-124 TAP 5 Helliwell et al. 2015 

AHS38 T50 recovered T50 from slope (1) CC-124 TAP+B12 5 This study 

AHS39 T50 recovered T50 from 96 well plate (5) CC-124 TAP+B12 5 This study 

AHS40 T70 recovered T70 from slope (7) CC-124 TAP+B12 5 This study 

AHS41 T70 recovered T70 from 96 well plate (8) CC-124 TAP+B12 5 This study 

AHS42 T50 recovered T50 from slope (4) CC-124 TAP+B12 5 This study 

AHS43 T50 recovered T50 from 96 well plate (3) CC-124 TAP+B12 5 This study 

AHS44 T70 recovered T70 from slope (6) CC-124 TAP+B12 5 This study 

AHS45 T70 recovered T70 from 96 well plate (2) CC-124 TAP+B12 5 This study 

AHS46 metE7 stable METE mutant (Andrew Sayer) CC-124 TAP+B12 5 Bunbury et al. 2020 

AHS47 S-type unstable stunty (Frederick Bunbury) CC-124 TAP+B12 5 Bunbury et al. 2020 

AHS48 - potential S-type 4 isolated from ASH44 CC-124 TAP+B12 5 This study 

AHS49 - potential S-type 5 isolated from AHS44 CC-124 TAP+B12 5 This study 

AHS50 - potential S-type 6 isolated from AHS44 CC-124 TAP+B12 5 This study 

AHS51 - potential S-type 4 isolated from AHS45 CC-124 TAP+B12 5 This study 

AHS52 - potential S-type 5 isolated from AHS45 CC-124 TAP+B12 5 This study 

AHS53 - potential S-type 6 isolated from AHS45 CC-124 TAP+B12 5 This study 

AHS54 - potential H-type 1 isolated from AHS42 CC-124 TAP 5 This study 

AHS55 - potential H-type 2 isolated from AHS42 CC-124 TAP 5 This study 

AHS56 - potential H-type 1 isolated from AHS43 CC-124 TAP 5 This study 

AHS57 - potential H-type 2 isolated from AHS43 CC-124 TAP 5 This study 

AHS58 R-type revertant 1 from AHS 27 CC-124 TAP 5 This study 

AHS59 R-type revertant 2 from AHS 27 CC-124 TAP 5 This study 

AHS60 R-type revertant 3 from AHS 46 CC-124 TAP 5 This study 

AHS61 R-type revertant 4 from AHS 46 CC-124 TAP 5 This study 

AHS62 R-type revertant 5 from AHS 47 CC-124 TAP 5 This study 

AHS63 R-type revertant 6 from AHS 47 CC-124 TAP 5 This study 

AHS64 R-type revertant 7 from AHS 48 CC-124 TAP 5 This study 

AHS65 R-type revertant 8 from AHS 48 CC-124 TAP 5 This study 

AHS66 R-type revertant 9 from AHS 49 CC-124 TAP 5 This study 

AHS67 R-type revertant 10 from AHS 49 CC-124 TAP 5 This study 

AHS68 R-type revertant 11 from AHS 50 CC-124 TAP 5 This study 

AHS69 R-type revertant 12 from AHS 50 CC-124 TAP 5 This study 

AHS70 R-type revertant 13 from AHS 51 CC-124 TAP 5 This study 

AHS71 R-type revertant 14 from AHS 51 CC-124 TAP 5 This study 

AHS72 R-type revertant 15 from AHS 52 CC-124 TAP 5 This study 

AHS73 R-type revertant 16 from AHS 52 CC-124 TAP 5 This study 

AHS74 R-type revertant 17 from AHS 53 CC-124 TAP 5 This study 

AHS75 R-type revertant 18 from AHS 53 CC-124 TAP 5 This study 

AHS76 WT12 wild-type 12 CC-124 TAP 3 & 5 Lab 

ASH77 metE2 potential METE CPF1 mutant CC-1615 TAP+B12 5 Bunbury et al. 2020 

ASH78 metE4 stable METE CPF1 mutant CC-1615 TAP+B12 3 & 5 Bunbury et al. 2020 

AHS83 CW15 cell wall-less mutant CC-1615 TAP 5 Lab 

AHS84 UVM4 cw15 with muted silencing CC-1615 TAP 3 & 5 Neupert et al. 2009 
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Table 2.3: Evolutionary relationship between core C. reinhardtii strain types used. 
Information regarding vitamin B12 dependency related phenotype and genotype is provided as 

far as known prior to this study. 

Type Ancestry Phenotype Genotype 

Ancestral / 
WT12 CC-124 B12-independent wild-type strain 

WT-12 nit− (CC124 137c 

mt− nit1 nit2) 

S-type WT12 -> Ancestral 
Initial and unstable B12-dependent strain 

evolved from the Ancestral strain 

Gulliver-like element in 

exon 9 of METE 

R-type WT12 -> Ancestral -> S-type 
Reverted from S-type to B12 independence 

by complete transposon excision 

Unknown relocation of 

Gulliver-like element  

metE7 WT12 -> Ancestral -> S-type 
Stably B12-dependent strain derived from 

incomplete excision of the GR-TE in S-type  

9 bp fragment remaining in 

the 9th exon of METE 

CW15 CC-1615 
B12-independent cell wall-deficient strain. 

(excessive silencing of transgenes) 
CC-1615 cw15 nit2 mt− 

UVM4 CW15 
B12-independent cell wall deficient strain 

(muted silencing) 
cw15-302 cwd mt+ arg7. 

metE4 CW15 -> UVM4 
B12-dependent strain produced by 

CRISPR/Cpf1 from UVM4. 

cw15-302 cwd mt+ arg7 
metE 

 

If not otherwise stated in the text, AHS27, AHS30, AHS32, AHS34, AHS58, AHS76, AHS78, 

AHS83 and AHS84 were used as the representative replicates of S-type, metE7, Ancestral, H-

type, R-type, WT12, metE4, CW15 and UVM4, respectively. 

 

2.1.2 Culture conditions  

All strains derived from the wild-type 12 (WT12) line or the cell wall-deficient strain CW15 were 

cultivated in Tris-acetate-phosphate medium (TAP) (Supplementary Table 2) supplemented or 

lacking a source of vitamin B12 (depending on the strain and the experiment). For all 

experiments that required a source of B12, cyanocobalamin purchased from Sigma Aldrich (St. 

Louis, USA) was used. Algal cells were inoculated from a liquid pre-culture at a ratio of 1:100 

and incubated for at least four days at 25°C with 120 rpm (when grown in liquid) under 24 h 

continuous light conditions of ~90 µmol·m-2·s-1. Regular passaging was applied to prevent cells 

from being exposed to unintended nutrient starvation situations. Growth assays on liquid 

medium were generally performed in 24 well plates using 1.5 ml medium supplemented with 

variable final concentrations of B12 (see experiments). Growth assays on solid medium were 

performed in petri dishes containing 20 ml TAP + 2% agar with or without B12 (Supplementary 

Table 2). For long term storage, strains were maintained on slopes containing solid TAP and 

transferred to new slopes every 2 to 5 months. Recipes for the media used in this study are 

summarised in Supplementary Table 2 and can also be found online (http://www.ccap.ac.uk).  
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2.1.3 Cryopreservation and thawing 

As a backup, original stock cultures from the evolution experiment were stored in liquid 

nitrogen. Cryopreservation involved the use of a methanol based freezing medium (5% 

methanol, 95% TAP) which prevents water crystallization together with a slow cooling process. 

Cells were cultivated in T-25 NuncTM flasks (Thermo Scientific, Waltham, USA) and 20 ml 

culture medium. When cultivation reached the end of the exponential growth phase 5% 

methanol was added to the medium. 1 ml of the suspension was aliquoted in cryogenic vials 

which then were slowly cooled to -80°C within a Mr. FrostyTM Freezing Container (Thermo 

Scientific, Waltham, USA). After a 90 minutes’ incubation at -80°C, the cryogenic vials were 

transferred to liquid nitrogen storage. In contrast to freezing, cell thawing was performed as 

rapid as possible. From liquid nitrogen, cryopreserved cells were put directly to a 40°C water 

bath. As soon as thawing was completed, 10 ml TAP medium were mixed with 1 ml of thawed 

cell solution. The culture was incubated for 24 h in the dark before grown under standard 

conditions (see section 2.1.2). Both, cryopreservation and cell thawing was performed by the 

help of our strain manager Susan Stanley. 

 

2.2 Algal growth measurements 

2.2.1 Cell counting 

Cell number of liquid algae cultures was measured using a Z1 Dual Threshold COULTER 

COUNTER® Cell and Particle Counter (Beckman Coulter, Brea, USA). Number of cells were 

counted between a diameter thresholding of 3-9 µm. To prepare the samples for measurement, 

liquid cultures were usually diluted 1:100 times in ISOTON® II Diluent (Beckman Coulter, Brea, 

USA) to reach a final volume of 10 ml. Blanks containing only 10 ml ISOTON® II Diluent were 

measured prior and post to each set of measurements. Also each sample was measured 2-3 

times and average values were calculated. In addition, median cell diameter and standard 

deviation of cell size were obtained from these readings.  

 

2.2.2 Optical density measurement 

Optical density (OD) measurements at l = 730 nm (OD730) were applied to monitor growth and 

biomass accumulation, respectively. OD730 was measured using a FLUOstar® omega or 

CLARIOstart® Plus (BMG LABTECH, Ortenberg, Germany) plate reader. Both instruments 

allowed the measurement of samples in 24-well and 96-well plates.  
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2.2.3 Cell viability assay  

Viability of algal cells was determined based on 10-fold serial dilutions of liquid cultures. Briefly, 

10 µl of a culture dilution of a known cell concentration were seeded on TAP 1.5% agar plates 

containing 1 µg·l-1 B12 and plates were incubation at 25⁰C under continuous light (~80 µmol·m-

2·s-1). After four days, the dilution which yielded single colonies was chosen and used to count 

the number of colonies and single cells at 100x magnification on an Olympus BX43 light 

microscope (Olympus Corporation, Tokyo, Japan). 

 

2.2.4 Testing and prevention of bacterial contamination 

Good, sterile working practice was applied to prevent contamination of algae strains in the first 

place. Briefly, all heat-stable equipment and solutions, including TAP media were sterilised by 

autoclavation applying standard parameters. Heat sensitive solutions, as for example the B12 

stock solution, were filter sterilised using Minisart® Syringe Filters (Sartorius AG, Göttingen, 

Germany) with a pore size of 0.22 µm. To check algal cultures for presence of bacterial 

contaminants, 50-100 µl of liquid culture were platted on plates containing solid lysogeny broth 

(LB) and tryptone-yeast extract (TY) medium (recipe in Supplementary Table 2) and incubated 

at 37°C for 24-48 hours. Afterwards plates were maintained at room temperature and checked 

for appearance of bacterial colonies. If no colonies were observed to have formed over a total 

period of 72 hours, the cultures were assumed to be axenic. In a handful cases where bacterial 

contamination was found, liquid cultures were treated with antibiotics. Respective cultures 

were grown for a period of at least two subcultures with ampicillin (50 µg·ml-1) and kanamycin 

(50 µg·ml-1) before transferred back to standard media. Cultures were again tested for bacterial 

contamination and if negative, transferred to a fresh slope. In one case where the test was 

again positive, the antibiotic treatment was repeated applying double the concentrations of 

antibiotics used in the initial treatment.  

 

2.2.5 Microscopy 

For monitoring of physiological properties of algal cells, 15 µl of liquid culture were captured 

between a microscope slide and cover slip and investigated using a Olympus BX43 light 

microscope (Olympus Corporation, Tokyo, Japan) at 100-200x magnification. Further a Rebel 

two in one hybrid microscope (Discover Echo Inc., San Diego, USA) was used to capture 

Brightfield or Phase Contrast images and videos of algal cultures with a 12MP CMOS colour 

camera at a resolution of 10-40x. 
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2.3 Growth and selection assays 

2.3.1 S- and H-type recovery assay 

To recover the experimental TE model system, fresh S- and H-type strains were generated out 

of 8 cryopreserved stock points (4 x T50 AHS38,39,42,43; 4 x T70 AHS40,41,44,45). After 

culture thawing a recovery experiment has been set up with the following conditions: Cell 

counting was performed for all revived cultures and from the 8 different stocks approximately 

100-300 cells were plated out in a volume of 100 µl on solid TAP medium with and without 1 

µg·l-1 B12. Plates were incubated under standard conditions and culture formation was followed 

over a period of 26 days. Plates were imaged after 5, 6, 7, 8, 9, 11, 12, 21 and 26 days and 

fresh S- and H-cells were picked from 9 days old colonies based on their distinct phenotypic 

characteristics when grown without a source of vitamin B12. 

 

2.3.2 Phenotypic growth assays 

To confirm the phenotypic properties of C. reinhardtii strains with respect to their B12 

dependence, strains were regularly cultivated in both the presence and absence of vitamin B12 

under standard incubation conditions. Usually, cell counting was performed so that liquid 

cultures were inoculated at similar cell densities. In the case of the six potential S-type strains 

(AHS48-53) and four potential H-type strains (AHS54-57) picked in the S- and H-type recovery 

assay, their growth was monitored in comparison to the six control strains AHS27, AHS30, 

AHS32, AHS34, AHS46 and AHS47 in 24 well plates. The plates were imaged daily for a 

period of 12 days. In addition, OD730 measurements were performed. After 7 and 9 days, liquid 

cultures were subbed 1:100 to fresh medium with similar concentrations of B12. 

 

2.3.3 Generation of fresh revertants 

Each of the six potential S-type strains (AHS48-53), the four potential H-type strains (AHS54-

57) and the six control strains (AHS27, AHS30, AHS32, AHS34, AHS46, AHS47) were plated 

out on both, solid medium with and without B12. Plates were monitored every second/third day. 

From each S-type strain two colonies that were observed to undergo reversion were picked 

and transferred to liquid culture without B12. Later those strains were also transferred to slopes 

and maintained as AHS58-75. 
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2.3.4 Assay for reversion frequency and timing 

A similar assay as described in 2.3.3 was performed to test for reversion frequency and timing 

of S-type into R-type lines, however this time around 1,000 cells of each S-type strain tested 

were seeded on solid medium lacking a source of B12. Plates were monitored for up to 25 days 

and imaged every second/third day. The number of colonies that were observed to undergo 

reversion after a particular number of days was counted manually using a Olympus SMZIII 

zoom stereo microscope (Olympus Corporation, Tokyo, Japan) with 7-40x magnification. 

 

2.4 Induction of vitamin B12 deprivation 

Fresh algae cultures were obtained by inoculation of 1.5 ml TAP medium with algae from solid 

medium (slopes). For B12-dependent lines, 1 µg·l-1 B12 was added. After 8 days under standard 

growth conditions (see 2.1.2), cultures were transferred using a 1:20 dilution into T-25 NuncTM 

flasks containing 20 ml of their respective growth medium. The resulting working cultures were 

maintained under standard growth conditions. For the start of an experiment, working cultures 

were subbed (1:100) to 20 ml TAP containing 100 ng·l-1 B12 six days prior to harvesting (-5d). 

After 3 days under standard growth conditions (-2d), each culture was subbed (1:100) to fresh 

100 ml TAP containing 100 ng·l-1 B12, meanwhile split into five technical replicates. Cell density 

was measured by cell counts (see section 2.2.1) as well as optical density (see section 2.2.2) 

and B12 phenotype was tested (see section 2.3.2) at this point. Inoculation aimed for an OD730 

of ~0.1 while incubation of cultures was continued under standard conditions. The day before 

the harvest (0h), 90 ml of each culture was condensed by centrifugation at 3,000 g for 2 

minutes and resuspended in 4.2 ml TAP. 10 µl of the culture concentrates were transferred to 

a 96 well plate with each well containing 190 µl TAP. From the 200 µl diluted culture, optical 

density at 730 nm was measured in triplicates. Subsequently, 100 µl from each well was 

transferred into 9.9 ml isotone to measure cell density and median cell diameter on the particle 

counter (see section 2.2.1). Afterwards, 99 ml of fresh TAP media either containing 1 µg·l-1 B12 

(B12 replete) or lacking a source of B12 (B12 deprived/deplete) were inoculated for all 5 replicates 

to a final OD730 of 0.2. 2 x 500 µl of each culture concentrate were further transferred to 1.5 ml 

Eppendorf tubes (labelled T0, A or M for ancestral or metE7, and 1-5 for replicates 1-5. E.g. 

T0A4) and centrifuge at 3,000 g for 2 minutes. Supernatant was removed before samples were 

dropped in liquid nitrogen and then transfer to -80°C freezer for later analysis. In parallel 2 ml 

of the original cultures were transferred from conical flasks to 2 ml Eppendorf tubes (labelled 

T0, A or M for ancestral or metE7, and 1-5 for replicates 1-5, plus ‘P’ for cell pellet. E.g T0M3P) 

before centrifuging at 3,000 g for 2 minutes and transferring 1.95 ml of supernatant to another 

tube (labelled similar to above, but with ‘S’ for supernatant instead of ‘P’). Supernatant and 

pellet samples from each culture were stored at -20°C for later determination of B12 content by 
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the use of the B12 bioassay. After a final 24 hour incubation under standard conditions (24h), 

cultures were harvested for downstream metabolite and transcriptome studies. Harvesting of 

80-90 ml culture volume was achieved by concentration of samples via centrifugation at 3,000 

g for 2-10 minutes and subsequent resuspension in 3.7-4.2 ml TAP or TAP + B12. Optical 

density, cell counts and median cell diameter were determined alongside measuring cell wet 

mass of 500 µl condensed culture, allowing aliquoting a pre-defined wet mass or defined 

volume of condensed cultures for downstream analysis as performed on the previous day. In 

addition, samples for a B12 bioassay as well as samples for a viability assay (see section 2.2.3) 

were taken, too. For more information see results sections 3.2.1 and 3.2.2. 

 

2.5 Metabolite analysis  

2.5.1 Amino acid, SAM and SAH quantification 

500-1,500 µl of condensed algae cultures (corresponding to ~10 ml of liquid culture), obtained 

following the procedure described in 2.4, were centrifuged at 3,000 g for 2 minutes, the 

supernatant was removed, and cell pellets were lyophilised at <-40°C and <10 Pa for 12-24 

hours using a Edwards Super Modulyo freeze drier (Edwards Lifesciences, Irvine, USA). The 

freeze-dried cell pellets containing ~1.4-5.0 mg algae dry weight were sent to our collaborators 

at the University of Exeter where Dr. Deborah Salmon, conducted the quantitative mass 

spectrometry (MS) analysis according to the protocol described in Bunbury et al. (2020). 

Briefly, freeze-dried samples, were extracted with 300 ml of 10% (v/v) methanol (liquid 

chromatography-MS grade) and spiked with an internal standard of stable isotope-labelled 

amino acids (L-amino acid mix; Sigma-Aldrich, St. Louis, USA). Samples were vortexed 3 

times, every 10 min, sonicated for 15 minutes at 0°C and centrifugated for 15 minutes at 4°C 

and 16,100 g. Next, 150 ml of sample supernatant were harvested and present amino acids 

were derivatised with an AccQ-Tag Ultra derivatization kit (Waters Corporation, Milford, USA). 

High-performance liquid chromatography/electrospray ionization tandem mass spectrometry 

(HPLC/ESI-MS/MS) analysis was then conducted on an Agilent 6420B triple quadrupole 

(QQQ) mass spectrometer (Agilent Technologies, Santa Clara, USA) coupled to a 1200 series 

Rapid Resolution HPLC system. Ions were scanned in positive ion mode, applying a dwell time 

of 50 milliseconds. The Agilent Mass Hunter Quantitative analysis software for QQQ 

(v.B.07.01) was employed to perform accurate quantification of amino acid contents based on 

the internal standards. Results were normalisation to the sample dry weights. 

Aiming for more accurate measurements of homocysteine and glutathione, a second analysis 

run, this time applying an additional 10% formic acid treatment was conducted too. However, 

many of the other amino acids are quite stable but don’t run well with 10% formic acid. For 
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more detailed information, also regarding SAM and SAH quantification and HPLC details, see 

Bunbury et al. (2020). 

 

2.5.2 Folate analysis  

Cryopreserved cell pellets containing 20-400 mg algae wet weight were obtained following the 

experiment described in section 2.4 and sent to our collaborators at Ghent University (Belgium) 

where Dr Simon Strobbe, Dr Jana Verstraete and Liesl Heughebaert conducted the 

quantitative MS analysis. The quantification of folate metabolites in C. reinhardtii cultures was 

based on the previously described ultra-performance liquid chromatography-tandem mass 

spectrometry (UPLC-MS/MS) methodology for folate quantification in higher plants (Brouwer 

et al. 2010; Lepeleire et al. 2018; Navarrete et al. 2012). This method allowed measurement 

of different folate entities, namely 5-methyltetrahydrofolate (5-mTHF), 10-formylfolic acid (10-

fFA), 5,10-methenyltetrahydrofolate (5,10-CH=THF), folic acid (FA), tetrahydrofolate (THF) 

and 5-formyltetrahydrofolate (5-fTHF). The methodology enabled quantification of both mono- 

and polyglutamylated forms of these vitamers, as metabolite measurement was done on both 

(rat-serum derived) hydrolase (conjugase) treated and non-treated samples (see below) 

(Brouwer et al. 2008). 

Sample preparation was adapted from De Lepeleire et al. (2018), including minor 

modifications. In brief, 1.5 ml of extraction solvent (50 mM phosphate buffer, 1% ascorbic acid, 

0.5% dithiothreitol, pH 7.4), containing the isotopic labelled (13C) internal standards, was 

added to 35 mg of the pelleted cultures. This was followed by homogenization, di-enzyme 

treatment (10 min, 37°C) and protease treatment (2.1 units in 150 μl water; 1 h, 37°C) to 

release potential protein-bound folates. To enable determination of both mono- and 

polyglutamylated folate entities, samples were split in two, one of which was treated with 150 

μl of charcoal treated rat serum containing conjugase to deconjugate polyglutamated folates 

(4 h, 37°C). Polyglutamylated folates are then quantified by subtracting the total folates (mono- 

and polyglutamylated) measured in the conjugase treated samples with the monoglutamylated 

folates quantified in the non-treated samples. To inactivate protease and conjugase activity, 

samples were exposed to additional heat treatments. The final solution was ultra-filtrated at 

11,000 g for 15 minutes at 4°C. UPLC conditions were as described by De Lepeleire et al. 

(2018). 

Optimization of the sample preparation was performed on wild-type C. reinhardtii cultures 

grown in 100 ml TAP medium (no CNCbl) in 200 ml conical flasks in mixotrophic conditions, 

harvested at late log phase. Optimization included determination of the optimal starting 

material quantity (weight), amount of rat serum (conjugase treatment) added as well as the 
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duration of the conjugase treatment. Using 35 mg of pelleted Chlamydomonas material, 

followed by a 4 hour conjugase treatment by addition of 150 μl of charcoal treated rat serum 

(containing conjugase) to the sample was selected as the optimal procedure. Selection of the 

optimal conditions was based on higher measured level of folate metabolites, indicating better 

extraction efficiency, as well as improved precision indicated by more consistent 

measurements. 

The above described procedure was used to quantify the folate content of Ancestral, UVM4 

and metE7 as well as metE4 C. reinhardtii strains as measured in cell pellet from cultures 

grown in 100 ml TAP medium) in 200 ml conical flasks in mixotrophic conditions, harvested in 

log phase (T24, 24 hours after starvation initiation), with or without 1 µg·l-1 B12, as indicated. 

The text explaining this methodology was mainly provided by our collaborator Dr Simon 

Strobbe (Laboratory of Functional Plant Biology at Ghent University, Belgium). 

 

2.6 Molecular biology techniques 

2.6.1 PHIRE-PCR and gel electrophoresis 

PHIRE-PCR and agarose gel electrophoresis were performed as described in Bunbury et al. 

2020 

 

2.6.2 Extraction of genomic DNA from algae 

Protocol 1 (applied to generate DNA extracts for initial WGS experiment): 10 ml of at least 14 

day old C. reinhardtii cultures were harvested for DNA extraction by centrifugation at 600 g 

and 4°C for 5 minutes (Beckmann Coulter Avanti centrifuge, J-26 xp or JlA - 9.1000). Cell 

pellets were resuspended in 0.5 ml of TEN buffer (150 mM NaCl, 10 mM EDTA, 10 mM Tris 

HCl, pH 8.0) and vortexed for 2 minutes. The solution was transferred to a fresh 2 ml tube and 

supernatant was aspired after centrifugation at 16,000 g for 5 minutes. The pellet was 

dissolved in 300 µl of SDS-EB buffer (2% SDS, 100 mM Tris-HCl, 400 mM NaCl, 40 mM EDTA) 

and vortexed until it was completely suspended. Cells were lysed during a 30 minutes 

incubation at room temperature before 350 µl phenol/chloroform with iso-amyl alcohol 

(25:24:1, Sigma Aldrich, St. Louis, USA) were added. The solution was mixed and incubated 

at room temperature for 5 minutes. Afterwards, the solution was centrifuged at 16,000 g and 

4°C for 5 minutes. The top aqueous phase was harvested and transferred to a fresh 2 ml tube. 

300 µl of chloroform was added and after vortexing for 5 seconds, the mixture was centrifuged 

again at 16,000 g and 4°C for 3 minutes. The top aqueous phase was transferred to a clean 2 

ml tube and DNA precipitation was allowed after addition of 1 ml of ice cold ethanol (100%) 

while incubated at -80°C for 30 minutes. Subsequently, samples were centrifuged at 16,000 g 
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and 4°C for 15 minutes and supernatant was aspired. The pellet was washed three times with 

1 ml of 70% ice cold ethanol and centrifuged at 16,000 g and 4°C for 5 minutes before the 

supernatant was removed completely and the cell pellet was allowed to dry for at least 30 

minutes at room temperature. Afterwards, DNA was resuspended in 50 µl of nuclease free 

water and transferred to a fresh Eppendorf tube for storage at -20°C. 

 

Protocol 2 (applied to generate DNA extracts for successful WGS experiment): 10-20 ml of 

fresh or frozen C. reinhardtii cultures pallets (harvested during late log phase) were 

resuspended in 400 µl nuclease free water and lysed by the addition of 400 µl of fresh SDS-

EB buffer (2% SDS, 100 mM Tris-HCl, 400 mM NaCl, 40 mM EDTA) and vortexing for 2 

minutes at maximum speed. 800 µl of the resulting foam layer was removed from the top of 

the tubes before 800 ul phenol/chloroform with iso-amyl alcohol (25:24:1, Sigma Aldrich, St. 

Louis, USA) were added to each sample. The mixture was vortexed for 2 minutes at maximum 

speed until completely suspended and transferred into a 2 ml 5PRIME Phase Lock Gel (PGL) 

Light tube (QuantaBio, Beverly, USA). Each tube was centrifuged for 5 minutes at 16,000 g 

before the top aqueous phase was transferred to a clean 2 ml Safe-Lock tube (Eppendorf, 

Hamburg, Germany). These phenol-chloroform clean up steps were repeated two more times 

before 800 µl chloroform:iso-amyl alcohol (24:1, Sigma Aldrich, St. Louis, USA) were added to 

each tube. The latter, were again vortexed for 2 minutes before the mixture was transferred 

into fresh 2 ml 5PRIME Phase Lock Gel (PGL) Heavy tubes (QuantaBio, Beverly, USA). These 

were centrifuged for 5 minutes at 16,000 g before the top phase off the samples was 

transferred to a clean 2 ml Safe-Lock tube (Eppendorf, Hamburg, Germany). Subsequently, 

1.4 ml of 100% ice cold ethanol was added and precipitation of nucleic acids was allowed at -

20°C overnight. The next day, nucleic acids were collected by centrifugation for 30 minutes at 

16,000 g and 4°C and washed with 1 ml 70% ethanol followed by another centrifugation for 10 

minutes at 16,000 g and 4°C. Supernatant, was removed and tubes containing nucleic acid 

pallets were further dried at room temperature for 5-10 minutes before resuspended in 100 ul 

TE buffer. To receive RNA free genomic DNA samples, 300 µl of TE buffer were added to all 

samples so that they reached a total volume of 400 µl together with 1 µl of RNase A (Qiagen, 

Hilden, Germany). The mixture was incubate at 37°C for at least 1 hour. Afterwards, the above 

described nucleic acid clean up steps were repeat, this time using 400 µl instead of 800 µl of 

the phenol and chloroform solutions. Finally, quality of DNA extracts was analysed according 

to the methodology described in section 2.6.4. 
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2.6.3 Extraction and purification of total RNA from algae 

Extraction of RNA was performed on ~10 ml of frozen algal cultures using the RNeasy® Plant 

Mini Kit (Qiagen, Hilden, Germany) following an adapted standard protocol by Frederick 

Bunbury. Briefly, cells were lysed by resuspension in 450 µl buffer RLT + 1% v/v Beta-

mercaptoethanol and rigorous vortexing in four 10 second intervals at 4°C acid-washed 

autoclaved glass microbeads. Manufacturer’s instructions were followed thereafter. DNase 

treatment was carried out using the TURBO DNA-free™ kit (Ambion, Austin, USA), and 

success was assessed by testing whether PCR would amplify any products after DNase 

treatment but before cDNA synthesis. From experience: starting with 10 ml of culture, this 

method yielded around 20-40 µl of RNA with a concentration of ~200-300 ng·µl-1 measured on 

the NanoDrop with a ratio 
!"#$
!"%$ > 2	and a  

!"#$
!"&$ > 1.8. To further clean up RNA samples, ethanol 

precipitation was conducted. Briefly, 40 µl of autoclaved 3 M sodium acetate (pH 5.2) solution 

were mixed with 40 µl of RNA extracts and 320 µl of 100% ethanol were added. Precipitation 

of RNA was allowed by overnight incubate at -20°C before pellets were collected via 

centrifugation (4°C, 16,000 g, 10 min) and washed two times with 100 µl of ice-cold 70% 

ethanol followed by centrifugation (4°C, 16,000 g, 10 min). Finally, RNA pallets were 

resuspended in 20 ul of nuclease-free water. 

 

2.6.4 Determination of nucleic acid content, purity and integrity 

Nucleotide concentrations of 1 µl purified genomic DNA or total RNA solutions were measured 

by absorption measurements at l = 260 nm using a NanoDrop 2000 Spectrophotometer 

(Thermo Scientific, Waltham, USA). A sample of nuclease free water or TE buffer was used 

as the negative control depending on the medium the sample was eluted in. Absorption at l = 

230 nm and l = 280 nm was measured to validate sample purity. DNA samples with a ratio  

!"#$
!"%$ > 2	and a ratio  

!"#$
!"&$ > 1.8 were understood as pure, while RNA samples with a ratio  

!"#$
!"%$ > 2	and a ratio  

!"#$
!"&$ > 2.0 were understood as pure. In addition, purity comprising 

degradation and contamination of DNA and RNA samples was checked using agarose gel 

electrophoreses. Final concentration of double stranded DNA (dsDNA) as well as total RNA 

were measured using high-sensitivity Quibit assays (Invitrogen, Waltham, USA) following the 

standard operation procedure. Lastly, integrity of RNA samples was determined on Agilent 

2100 Bioanalyzer using the Bioanalyzer RNA 6000 pico assay (Agilent Technologies, Santa 

Clara, USA). 
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2.6.5 Transcript quantification by RT-qPCR 

RT-qPCRs were performed as described in Bunbury et al. 2020 

 

2.7 Computational biology methods 

2.7.1 BLAST searches 

Standard BLAST searches were performed using the BLAST Tool integrated into the 

Phytozome database, the Plant Comparative Genomics portal of the Department of Energy's 

Joint Genome Institute (https://phytozome.jgi.doe.gov/pz/portal.html#). As comparison matrix 

BLOSUM62 was used with a default word length of 11 bp. In addition, gaps were allowed and 

filter query settings were set on. The nucleotide query sequences used are listed in 

Supplementary Table 3. 

 

2.7.2 Multiple sequence alignments 

If not otherwise noted, multiple sequence alignments (MSA) were generated employing the 

progressive aligner MUSCLE (Edgar 2004) which features rapid sequence distance estimation 

using k-mer counting, implemented as part of the UGENE bioinformatic suite (v38.1, 

Okonechnikov et al. 2012). Default paraments, optimized for best accuracy were used. 

Consensus sequences from nucleotide or peptide alignments were extracted using UGENE’s 

default consensus mode. 

 

2.7.3 Calculation of assembly metrics 

Statistics of genome assemblies were calculated employing the assembly stats package (v0.1.4, 

10.5281/zenodo.3968774). A benchmarking universal single-copy orthologs (BUSCOs) v4.1 

analysis was performed, using the genome mode, to assess the completeness of the C. 

reinhardtii genome assemblies (Seppey et al. 2019). The chlorophyta_odb10.2019-11-20 

linage containing 1,519 BUSCO markers was selected together with default parameters.  

 

2.7.4 Whole genome alignments and cross coverage assessments 

To investigate the synteny of C. reinhardtii whole genome assemblies, the unmasked version 

of the genomes were used to perform pairwise genome alignment by Minimap2 (v2.17, (Li 

2018), mapping for ~0.1% sequence divergence (asm5) including the CIGAR output (-c) and 

the short cs tag (--cs). Results were visualised employing the R package pfar (CRAN v 0.0.2, 
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https://github.com/dwinter/pafr, © 2019 David Winter) with modifications. For visualisation of 

whole genome alignments, the current reference genome CC-503 v5 was used as the 

target/reference genome to which the other newly available versions CC-503 v6, CC-4532 v6 

and CC-1690 v1 were compared to. For cross coverage assessments, all possible 

combinations of target/query were analysed. Visualisation of both analyses results was limited 

to sequences assembled into the 17 main chromosomes of C. reinhardtii. 

 

2.7.5 Structural rearrangement and variant calling between assembled 
genomes 

Pairwise genome alignments in .paf format, obtained by Minimap2 (see 2.7.4), were sorted (-

k6,6 -k8,8n) before the paftools.js script (v2.17-r941) from the Minimap2 package was used to 

call variants from asm-to-ref alignment with the cs tag. In parallel, Minimap2 alignments were 

repeated for chromosome regions only this time containing output CIGAR operators for 

sequence match/mismatch (--eqx). Alignments outputs were saved in .sam file format (-ax) 

while subsequently use for structural rearrangement identification and variant calling by SyRI 

(v1.3, downloaded on 13.01.2021 from https://github.com/schneebergerlab/syri) (Goel et al. 

2019). Variant calling was performed using default parameters including filtering of low quality 

alignments. SNPs and indels were found using the CIGAR string (--cigar) while variant 

identification excluded the use of duplications. All genomic structures predicted by SyRI (-s 1) 

were plotted using the internal “plotsr” script. Genome distribution of SNPs, insertions and 

deletions for assemblies CC-4532 v6, CC-1690 v1 and CC-503 v6 when compared against the 

current reference genome CC-503 v5 was plotted as feature density per 100,000 bp window 

on the coordinates of CC-503 v5. Coordinates of Haplotype 2 blocks in CC-503 v5 were 

obtained from Gallaher et al. (2015) and percentage overlap with haplotype blocks was 

calculated based on variant position in CC-503 v5 using the start coordinates and visualised 

as pie charts. Comparative summaries of variant data and subsequent analysis were displayed 

using “ggplot2” (Wickham 2016a) and custom R scripts. 

 

2.7.6 Annotation of transposable elements in assembled genomes 

Repetitive sequences such as transposable elements were annotated in using RepeatMasker 

(v 4.1.0, (Smit et al. 2013)). Analysis was performed using default parameter with …. adjusted 

to . Two TE libraries were tested: the publicly available Rebase TE library for C. reinhardtii and 

ancestral sequences (downloaded on 11.06.2019) besides the manually curated TE library 

generated by Rory Craig (repeat_lib_v3_2.volvocales, Craig et al. 2020). Import of 

RepeatMasker output into R was facilitated by the R package repeatR 
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(https://github.com/dwinter/repeatR, © 2020 David Winter) with downstream analysis being 

performed by custom R scripts and ggplot2 (Wickham 2016b). 

 

2.7.7 Identification of active TEs 

Active TEs in C. reinhardtii were identified by comparing the genome of the strains CC-1690 

(v1) to the one from strain CC-4532 (v6) coupling the information obtained by whole genome 

alignments (see 2.7.4), variant calling (see 2.7.5) and TE annotation (see 2.7.6). In detail, sites 

of insertions or deletions with a sequence length of >=100 bp were extracted and compared to 

RepeatMasker annotations for all TEs. Whenever the centre of a TE was annotated to fall into 

an insertion (TEs in CC-1690 v1) or deletion (TEs in CC-4532 v6) site, the information about 

this TE was extracted and the TE was assumed to be active. 

 

2.7.8 Identification of the KDZ transposon 

Standard BLAST searches against the C. reinhardtii reference genome CC-503 v5 were 

performed as described in section 2.7.1. Multiple sequence alignments (MSA) were generated 

as stated in 2.7.2. BLAST searches against the NCBI nucleotide collection and non-redundant 

protein archive were performed using the MEGABLAST and BLASTP tools provided via the 

NIH website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using default paraments. Analysis of 

protein sequences for Pfam matches were conducted using the sequence search function from 

the Pfam server (http://pfam.xfam.org ) applying default settings. The Repbase TE library for 

C. reinhardtii and relatives (https://www.girinst.org/repbase/) as well as the manually curated 

repeat library generated by Craig et al. 2021 (repeat_lib_v3_2.volvocales) were used to 

annotated the identified repetitive element. 

 

2.7.9 Precise mapping of Gulliver transposon related sequences in assembled 
genomes 

Gulliver related elements (GREs) were called using several semi-complementary approaches. 

The command line application (v2.10.1) of BLAST (Basic Local Alignment Search Tool, was 

used to query for 1.) the 19 bp 5’ and 3’ end sequence of Gulliver first described by Ferris 

(1989) 2.) the publicly available consensus sequence (TE) identified by Kapitonov & Jurka 

(2006) available via Repbase, 3.) the miniature inverted repeat element (MITE) related to 

Gulliver as observed by Helliwell et al. (2015) and 4.) the Gulliver hAT tranposase (TP) as 

reported by Kapitonov & Jurka (2006) and deposited in the Repbase database (see Table 2.4). 

Version 5 BLAST databases were generated for each genome assembly (makeblastdb -dbtype 
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nucl -blastdb_version 5) and BLASTN and TBLASTN searches were conducted using default 

parameters, respectively. For query sequences shorter than 50 bases the “bastn-short” option 

was used. Hit lists were filtered based on an E-value thresholding of <10-10 which was reduced 

to <10-1 for short queries (<50 nt). To obtain less false positive hits for potential transposase 

encodings, results of TBLASN searches were filtered for E values <10-15. In parallel, location 

of the full TIR sequences were determined using the locate function of SeqKit (Shen 2016) 

allowing for no mismatches with the whole sequence to be validated (seqkit locate -p <pattern> 

-i -m 0 --bed -V).   

RepeatMasker annotations were used as another source to identify location of GREs when 

available for a certain assembly. Custom R scripts were developed to identify potential regions 

of GREs based on the subsequent appearance of hits (<30,000 bp) obtained from BLASTN 

for the 5’ and the 3’ end sequence of Gulliver (19 bp each) as well as hits from motif searches 

for the exact start and stop TIR sequences (15 bp each). All regions identified by one of the 

above methods were merged and the full hitlist was sorted by chromosome and start position 

before it was collapse by overlap using bedtools (v2.29.2) merge function enforcing 

strandedness and allowing for a maximum distance between features of 1 bp (bedtools merge 

-s -d 1 -c 4,6 -o collapse distinct). 

Table 2.4: Query sequences used for mapping of Gulliver related elements in C. 
reinhardtii 

Name Sequence Size Reference 
5’ end cagggctcctatcttaatg 19 nt Ferris 1989 

3’ end aaacaagatacgacccctg 19 nt Ferris 1989 

5’ TIR cagggctcctatctt 15 nt Ferris 1989 

3’ TIR aagatacgacccctg 15 nt Ferris 1989 

MITE 
cagggctcctatcttaatgtctccagacattaatcggccattttggccgtttcctagacattcctcccgggggctaatgtctgaagcgagactttgttggcgcgggtttg

gggcgggttttgtccgagttcctatggggaagcccccaaaccgccatgtgcccagacaaaagatggcagccacccagccgtttttgtctggagctagacatca

ctccaaaaacaagatacgacccctg 
238 nt 

Helliwell et al. 
2015 

TE 

cagggctcctatcttaatgtctccagacattaaacggccattttggccattttccagacaaacggaggggggggttcacgcacgcttttgaacaaaacaagcggt

gtctgaggagaggcaaactctaccatagtgacatatatattttgtagaaagtgagggaatgtcatggtcctttaggagattttcggcgatatgacgaggatgaagg

acaccccgatcaagtcttcctttttgcagatgcgcagagccggtgacgaggatttgccggggatgccgcattttcagtcacgcagagttgtcaggggtgcaaag

cccgctgcaactccttccacagtccatggtccagctaacccgcgcacagtgaagaaaagctgagacgatagaggtcaggaatgaacagaagtcagggatg

gaccccgtgcacgggcggaaccgtggagctgcggaggggttgaagaaaacaggcagggacgaggcgcgcgggagagggggtatacagcagccttga

cagcagcttcgtattggagtgcactgaaccactcgcactcagggcggggctgctgtcaagctcaaccatgctactcctccatgcgtaggggaatcaacaagaa

cgggacctgggaaaggacctgggaaaggaccggggaaaggaccggggaaaggaccagggaattgaccgaggaatggggagccatcacgggacattg

actaggacacagtgatattaggcatgcaacaggcaacacattacattctgccgtcggcacacaacaaatggagaagcggggcacaaaattaggagcaaac

gataatgttttcgtgagtagctgctgggctacagtgtcaatagtgttttagtgcatctggaagctgatccccgttcagcgacggggtcttcggagcagagtaccgac

cgcttactgggtcggctgtaccggcccgtccggccggcgtgtggtgacgttctggtcttcttgtggtcccggagcccgttggcccccgacgactcttcctcaacgtg

acttttgcacgggtgctagaacggtcctctacgctgggcatgcatggggatttgggggtgggttcagctggcgccggattcccatctcaactagacaccgctccc

gactagggggcaagttggcacgcggaggtggggaccgcatgctaccatagtgcgggatatgatggtgcgggagatgatgttgttgcaaaccttgtactgctag

ggacgcatgcagggcgtcaagcattctggagggcgcgggcgatgcaagaggcatgggctggcattgccgggcgtgtgattttggacggttgcatgtgcggcc

tggtgggcagcggcttggaatgccctgtctgcggtttctccgcctgacaacatgcgtgtgtcatggcaaaccttgtactgctagggacgcatgcagggcgtcaag

cattctggagggcgcgggcgatgcaagaggcatgggctggcattgccgggcgtgtgattttggacggttgcatgggcggcgtggtgggcagcggcttggaatg

ccctgtctgcggtttctccgcctgacaacatgcgtgtgtcatggcaaaccttgtactgctagggacgcatgcagggcgtcaagcattctggagggcgcgggcgat

gcaagaggcatgggctggcattgccgggcgtgtgattttggacggttgcatgggcggcgtggtgggcagcggcttggaatgccctgtctgcggtttctccgcctg

acaacatgcgtgtgtcatggcaaaccttgtactgctagggacgcatgcagggcgtcaagcattctggagggcgcgggcgatgcaagaggcatgggctggcat

tgctgggcgtgtgattttggacggttgcatgggcggcctggtgggcagcggcttggtagaggctncatncngcccccaccagcgactcccgaagcttccagcg

ctgtaatcacatggtaccatgtgtttgcgcgcgcgttctacacgccaggcataccgcatcaacctacaggccccgtgcggatgggcgcgccgcggccctgtccc

tgtttatggttcctgacattgcctgagcacccagtgcccctgccggcggcagaggctgcattccgcccccaccagcgactccgaagcttccagtgctgtaatcac

atggtacaatgtgttggggcacgcgttctacacgccaggcataccgcatcaaccgacaggccccgtgcggatgggcgcgccgctgccctgtccctgcttacgg

ctgccagcagcagtggctgcatacggcccacaccagcgactccccaagcttccagcgctgtaatcacatggtaccatgcgtttgcgcgcgcgttctacacgcc

aggcataccgcatcaacctacaggccccgtgcggatgggcgcgccactgccctgtccctgtttacggttcctgacatcggctgagcacccagtgcccctgccg

gcggcagaggctgcataccgcccccaccagcgactccgaagcttccagtgctgtaatcacatggtacaatgtgttggggcacgcgttctacacgccaggcata

ccgcatcaaccgacaggccccgtgcggatgggcgcgccactgccctgtccctgtttacggttcctgacatcgcctgagcacccagtgcccctgccggcggca

gaggctgcataccgcccccaccagtgactccccaagctttcagcgctgtaatcacatggtacaatgtgttggggcacgcgttctacacgccaggcataccgcat

caaccgacaagccccgtgcggatgggcgcgccgcggagacactccacctgcttgcagattggaataatgaatcagtgcgtattgcgaagttcgtcaacatca

agaacaccagccgttggaatgggatcgggcacaatttcgtcaggactcctgagtgcacgttcttgtgccttgcctgcatgaagcaccccggtgcgaaggcctct

gtttggaccaagggcggcaacaaagtgagtgtgcttgcaaccatgtagcctggcaatgcagcgtgtgagccggattaggagagactaggggtgtgcgcatac

tgcacgcaagcaagcgcatgcactgcggcgcaccgtctggggtacccatttacagctgcagcctgacagctaagacaggacctgctacccagccgcctccc

cgcatgcttgcgtaagcttgcaaatcccttgtgttctgctgcaggtcatgaacatgactttgttcaacaagcaccttctctccaagaaccatctggacgttataggcg

cggctaagaaccacacgaagatgtccaacattgtcgagaagcagaaggtcaagctcaacccaacgctgtgcagcctaatccgttcggcttacgcctgcggc

7,144 nt 

Kapitonov & 

Jurka 2006, 

Merchant et 
al. 2007, 

Repbase 
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aaggatgccatggtgcgtttgtgagcgcggcgcgtgggcaattgtgcatggcgcacatgtgggcgcggcgcgcgtgcgtgctggtgtgtgttcgtttggtgtgttg

gtgtgtggtggtgtagcaacgtttgtggtgtgttggtgtgtggtggtgtagcaacgtttgtggcacatttggtaagcggtactagtgggcgtagtgtgctgtagtgtatg

catacggcatgtacaacaggcatggcgttcggctgcatctttatcggctgacacgttacaacgtgcacccttcctgcttgctcgcagcccctgacccactatgtga

agatggtcaaactccaggctgcgaactgcgctgactgcaagcatgactgcaaggcgcatacgtgccgaaaatgcgatgcgtccaaggcatgcggcagtggt

atcactatttccggtccataccacaccgcggagaaagcgtcggaaatgctggcttgcctgtctgaggtaagacctgaacatatgcagctgtggcgggagcttac

gggattgggttcgtttttggcgtgatggtatgccattgcttggatgctggtgctgtccttgtatcataccctcgccaagtataccggtgcgcatgctaacgactgacaa

cccgcgatctgcgcaggcaatttcagaggaacaactcaagaacatcagggcatctcctgtcatctccatgatgattgatgagtctactgaccgcactgtttcgca

caacctggccgtgtacattacatacgtggcgcccgatgacagcatcaagactgagtttctgcaactggaggcaatgaacaatggtgccacggccgtgaacatc

tatgacaggctcaaggaggtgttcacggtgcgttcttaacagtgtgaacacgtggccttctcgagcagtagattgtgcggttacgcagggacagatcatgcatgt

agagccacggacgtgcggacagtgtcggctgtgtgtgctgagctgtgtgttctgctcccccgcgtgtgcctgctgcaaccaattacgtacaggagagcaagatt

gattggagtaagcttgtcgccttcaccagtgacggtgccaacgttatggttgggaagcactgtggagtggcgacccgcatcaagacggattggccctgcgtcct

gactagccactgcgctgcgcaccgactggctctggcctgtgcggacttcttcaaggagttccctgccctggtcaaggtggacaacatgctctctaagatctacaa

ctacgccaagacctcgacaggtgcgcttgggcgcgctagtggttgttgtgtggcgagttgtgagtgaatggcttctttgatgtattgctgtaacttgtgcacaccgtgt

cctacagtgcgaaccgctgctctgaacgacatgtacaaggaaaggaaggcgaaggcatacaagatcctgaagccgcacacgtaagccgcacacgtcgtg

ccttgctacctgctgacatgtgcgctggtgtgtgggtgtaagtgtgtatgtgggtgtgtggacggcggtagcctagcctgtggagtagggtgagacggcttcacaa

gctgcgtgctacctgctgctgaggctgaggggttgatatacatcccgcttgcacactgcgcaaacttacgcagggttcggtggctttcccggtctgagtgtgtgag

gcggatcaagattacctacccgatcctgcttgccttcttcaatgagcggaagaaggacaagaaggatgtggccgcggccgagatttacgagtggctcaggtgt

gtggatgccctgggatgtcaggaatgcaagcgtgtgcaagtaggcgtgggcgcgcactcgtgctctagtgcgtatgtccgctgcatgtgtgtccgtgactgcgttc

ctgtcttggactaaaacgcgatcactaccgcatgctatttcacacctgcaggcaggtggacaacctcctgctcatcacctgcattgacggagttctggctgcaaca

gcggaattgagcaagtggttccagcagagtgatctcgccctcgttgacgtgcatcagtacctggaactagggctacggcacctgatcaacgcctacacctacc

acaaggagggcgagacgtcgaacgcacctccatcctttacggcacccatccaggccctgatcaaggaccttgcagcgaaggatggcgtgttccacggccac

cagatggtgctgacaacccctcccacgacgatcgcgcctgccaccaccaccaccgccaccacgacagcggagtctgacagcgacaatgacggctctgac

accaacactgacacgacagcggagtctggcagcgacgatgatgacacggcacctacggcaccgagctgggcggctttccctcagactctattccgcagcaa

gcttgctctcagcagcatggtcaagaagctggttgagaacatcaaaatgcgattccccgctgatgtctcagtggctgcaaagtttggggtgctgggcccccgtgc

attggctgctgattccggtgtgccgaagtatggcgaggaagaggtggccgctttggcacagcactttaagcccgtcttgggtgatgattgcctgttggcagttgacc

agtgggtgatggctcgggcgcgcctgattgcagtggcaaaggagcagaagaagagtggtgatgttatgaaggcgaggccgttctatgagaggctcttgtcgtg

gctgtctggcatgggccgtgagctcactgtcctggtgcagattatgcttgtgctgcagccatctacggcagaagttgagcgtggcttcagcgcgatgaatgacatc

aagacgcctggccgggcaagcatgaagcttggcacccttgacgtactgatgcgtgtgcgccttgtgggcccaccaattgcgtaccagcagcggcctgtggctg

gtgtctcccttgccccgtatgctgagtttgatgcaacgctgctggggcctgcagttcagaagttcgctgcaaagcttggccgcgtgccccagcgcagcagccaca

acgcccgcccgtcccgtgtgaagcatcgtgtgtgtgagattgatgtcaaggcacttctgaaggaggctgaggaggaggccgttcagaatgtggatgtctcgtgct

aataatttggcatacgaacgtttgaattctttgaaagcggtccatctagcaaatacatacccgatacgattgtgtatgattgaaacgttgaaagaagggacgatag

tgtattggggattcgatgcacgagggtgtgtgccgacgtgtgaagatgactaaactggaagcggttaggccgcgatggcgctctgcctgtgtgtatgtgcggtag

aactgtgactggtcatggctttggccccggcacttcggtgacagcaagcagttagcaggtatagcatgtacgccgcgcaggcaagcgaaggctcagagttgct

tggggaaacgcgctgcgacatgcctgtgcatatgatcgcatttggacttgttcattagtgttgcactgcgtgaaacagatacaaaagccgccgtttacagttgcga

aaaagcgaaattgcaacatgtcaagatgtctagacattttacatggcttccacaaaggcactttgtctagacaaaaaaatcgtggatttgggggcctgtttgtctac

ccccttgacaaaaatttccgctccagaggccaggaatgtctgggtcaagacattcccccgcaaacaagatacgacccctg 

TP 

MEKRGTKLGANDNVFHPGAKASVWTKGGNKVMNMTLFNKHLLSKNHLDVIGAAKNHTKMSNIVEKQKVKLNPTL

CSLIRSAYACGKDAMPLTHYVKMVKLQAANCADCKHDCKAHTCRKCDASKACGSGITISGPYHTAEKASEMLAC

LSEAISEEQLKNIRASPVISMMIDESTDRTVSHNLAVYITYVAPDDSIKTEFLQLEAMNNGATAVNIYDRLKEVFTES

KIDWSKLVAFTSDGANVMVGKHCGVATRIKTDWPCVLTSHCAAHRLALACADFFKEFPALVKVDNMLSKIYNYAK

TSTVRTAALNDMYKERKAKAYKILKPHTVRWLSRSECVRRIKITYPILLAFFNERKKDKKDVAAAEIYEWLRQVDNL

LLITCIDGVLAATAELSKWFQQSDLALVDVHQYLELGLRHLINAYTYHKEGETSNAPPSFTAPIQALIKDLAAKDGVF

HGHQMVLTTPPTTIAPATTTTATTTAESDSDNDGSDTNTDTTAESGSDDDDTAPTAPSWAAFPQTLFRSKLALSS

MVKKLVENIKMRFPADVSVAAKFGVLGPRALAADSGVPKYGEEEVAALAQHFKPVLGDDCLLAVDQWVMARARL

IAVAKEQKKSGDVMKARPFYERLLSWLSGMGRELTVLVQIMLVLQPSTAEVERGFSAMNDIKTPGRASMKLGTLD

VLMRVRLVGPPIAYQQRPVAGVSLAPYAEFDATLLGPAVQKFAAKLGRVPQRSSHNARPSRVKHRVCEIDVKALL

KEAEEEAVQNVDVSC 

770 aa 

Kapitonov & 

Jurka 2006, 

Merchant et 
al. 2007, 

Repbase 

 

Classification of GREs was conducted based on sequence length, presence of the exact 15 

bp TIR and similarity to the Gulliver transposase and fitting to the following criteria: 

• Length <= 1,000 bp & Length > 100 bp & TIR == "Yes” -> MITE 

• Length > 1,000 bp & TIR == "Yes" & TP == "Yes" -> TE 

• All other -> derived sequences 

Additional information on the development of this method is given in the results section 4.2.6 

and Figure 4.10. 

 

2.8 Curation of the C1-cycle pathway in C. reinhardtii 

Enzymes involved in the one-carbon metabolism of C. reinhardtii were identified following a 

manually curated approach. First, a list of all potential enzymatic reactions associated with 

one-carbon metabolism was generated based on the information stored in the KEGG pathway 

database (as of November 2019) (Kanehisa 2019; Kanehisa et al. 2020; Kanehisa & Goto 

2000). Enzymes associated with the individual steps of the pathway in C. reinhardtii were 

identified by homology to annotated genes in Arabidopsis thaliana TAIR 10 using PANTHER 
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11 plant homology (https://www.arabidopsis.org/index.jsp). As result a list of UniProt 

accessions of potential candidate enzymes was obtained. In cases where there was no 

annotated gene of a particular type in A. thaliana, a keyword search for that enzyme function 

– based on enzyme commission number (EC) – was conducted on Phytozome 12 

(https://phytozome.jgi.doe.gov/pz/portal.html) against the C. reinhardtii reference genome 

v5.5. Finally, candidates were validated by BLASTP and tBLASTn searches and associated 

with GeneIDs using protein sequences from both A. thaliana TAIR10 as well as C. reinhardtii 

v3 against the C. reinhardtii reference genome v5.5 applying default parameters 

(https://phytozome.jgi.doe.gov/pz/portal.html#!search?show=BLAST).  

 

2.9 Sequencing experiments and analysis 

2.9.1 RNA-sequencing experiment 

Vitamin B12 deprivation was induced as noted in 2.4 and total RNA was extracted from 20 

samples (5 replicates of 2 strains in 2 distinct B12 conditions). RNA concentration, purity and 

integrity were assessed using the methods described in 2.6.4, resulting in 16 samples (4 

replicates of 2 strains in 2 distinct B12 conditions) matching the required quality parameters 

which were handed over to Novogene for library preparation, sequencing and preliminary 

bioinformatic analysis. In detail, total RNA quantification and quality control was again 

conducted on all samples. RNA degradation and contamination was monitored on 1% agarose 

gels. RNA purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, 

USA). RNA concentration was measured using Qubit® RNA Assay Kit in Qubit® 2.0 

Flurometer (Life Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 

6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Resulting 

mRNA was fragmented randomly in fragmentation buffer, followed by double-stranded cDNA 

synthesis using random hexamers and reverse transcriptase. After first-strand synthesis, a 

custom second-strand synthesis buffer (Illumina, San Diego, USA) was added together with 

dNTPs, RNase H and Escherichia coli polymerase I to generate the second strand by nick-

translation. The final cDNA library was obtained after a round of bead purification, terminal end 

repair, poly A-tailing, ligation of sequencing adapters, fragment size selection and PCR 

enrichment. Library concentration was first quantified using a Qubit 2.0 fluorometer (Life 

Technologies, Carlsbad, USA), and then diluted to 1 ng·µl-1 before checking insert size on an 

Agilent 2100 and quantifying to greater accuracy by quantitative PCR (q-PCR) (library activity 

>2 nM). 150 bp paired-end sequencing was performed on an Illimunia Nexterra 6000.  
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Library preparation for transcriptome sequencing: A total amount of 3 μg RNA per sample 

was used as input material for the RNA sample preparations. Sequencing libraries were 

generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New England Biolabs, 

Ipswich, USA) following manufacturer’s recommendations and index codes were added to 

attribute sequences to each sample. Briefly, mRNA was purified from total RNA using poly-T 

oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under 

elevated temperature in NEBNext First Strand Synthesis Reaction Buffer(5X). First strand 

cDNA was synthesized using random hexamer primer and M-MuLV Reverse 

Transcriptase(RNase H-). Second strand cDNA synthesis was subsequently performed using 

DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt ends via 

exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, NEBNext 

Adaptor with hairpin loop structure were ligated to prepare for hybridisation. In order to select 

cDNA fragments of preferentially 150-200 bp in length, the library fragments were purified with 

AMPure XP system (Beckman Coulter, Beverly, USA). Then 3 μl USER Enzyme (New England 

Biolabs, Ipswich, USA) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 

minutes followed by 5 minutes at 95°C before PCR. Then PCR was performed with Phusion 

High-Fidelity DNA polymerase, universal PCR primers and index primers. At last, PCR 

products were purified using the AMPure XP system and library quality was assessed on the 

Agilent Bioanalyzer 2100 system. 

Clustering and sequencing: The clustering of the index-coded samples was performed on a 

cBot Cluster Generation System using HiSeq PE Cluster Kit cBot-HS (Illumina, San Diego, 

USA) according to the manufacturer’s instructions. After cluster generation, the library 

preparations were sequenced on an Illumina Hiseq platform and 150 bp paired-end reads were 

generated. Illumina NovaSeq 6000 was used as the sequencing platform. 

 

2.9.2 Bioinformatic processing of transcriptomic data  

Quality control: Raw sequencing data, respectively raw reads of fastq format were processed 

using Perl scripts developed by Novogene. Briefly, clean reads were obtained by discarding 

raw reads containing adapter sequences (Table 2.5), reads containing more than 10 percent 

of uncertain nucleotides (N > 10%) as well as reads of which low quality nucleotides (base 

quality less than 20) constituted more than 50 percent of the read (low quality reads). In parallel 

to the filtering process, Q20, Q30 and GC content were calculated. While AT/GC separation is 

normally observed in stranded libraries, a large variation of sequencing error in the first 6-7 

bases is usually allowed as this results from the random primers used in library construction 

of gene expression libraries. Average sequencing error rate was calculated by Qphred = -10 

log10(e). 
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Table 2.5: RNA-seq adapter sequences. Oligonucleotide sequences from TruSeqTM RNA 

Sample Prep Kit. 

Adapter Oligonucleotide sequences 

 

RNA 5' Adapter (RA5) 

# 15013205:  

 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG

ATCT  
RNA 3' Adapter (RA3) 

# 15013207: 

 

GATCGGAAGAGCACACGTCTGAACTCCAGTCAC(6-nucleotide 

index)ATCTCGTATGCCGTCTTCTGCTTG 

 

 

Read mapping: The C. reinhardtii reference genome and gene model annotation files of 

version 5.5 were downloaded from Phytozome . The reference genome was indexed using 

Bowtie v2.2.3 (Langmead & Salzberg 2012) and clean paired-end reads were aligned 

employing TopHat v2.0.12. TopHat was selected as it allowed to generate a database of splice 

junctions. Using the TopHat algorithm, reads were first aligned to the reference genome  before 

mapped to exon, segmented and re-mapped to adjacent exons. The mismatch parameter was 

set to 2 while all other parameters were maintained at default. Clean, filtered reads were used 

to analyse the mapping to the reference genome. Fraction of total mapped reads as well as 

multiple mapped reads were determined alongside the number of spliced and non-spliced 

reads. To visualise the genomic distribution of mapped reads, chromosome density maps were 

generated and populated with the median number of reads within subsequent windows of 1kb. 

Quantification of gene expression levels: HTSeq v0.6.1 was used to count the reads 

numbers mapped to each gene. And then FPKM of each gene was calculated based on the 

length of the gene and reads count mapped to this gene. FPKM, expected number of 

Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced, considers 

the effect of sequencing depth and gene length for the reads count at the same time, and is 

currently the most commonly used method for estimating gene expression levels (Trapnell et 

al. 2010). 

Differential expression analysis: Differential expression analysis of two conditions/groups 

(two biological replicates per condition) was performed using the DESeq R package (1.18.0). 

DESeq provide statistical routines for determining differential expression in digital gene 

expression data using a model based on the negative binomial distribution. The resulting P 

values were adjusted using the Benjamini and Hochberg’s approach for controlling the false 

discovery rate. Genes with an adjusted P value <0.05 found by DESeq were assigned as 

differentially expressed. Differential expression analysis of two conditions was performed using 

the DEGSeq R package (1.20.0). The P values were adjusted using the Benjamini & Hochberg 

method. Corrected P value of 0.005 and log2(fold change) of 1 were set as the threshold for 

significantly differential expression. 
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GO and KEGG enrichment analysis of differentially expressed genes: Gene Ontology 

(GO) enrichment analysis of differentially expressed genes was implemented by the GOseq R 

package, in which gene length bias was corrected. GO terms with corrected P value less than 

0.05 were considered significantly enriched by differential expressed genes. KEGG is a 

database resource for understanding high-level functions and utilities of the biological system, 

such as the cell, the organism and the ecosystem, from molecular-level information, especially 

large-scale molecular datasets generated by genome sequencing and other high-through put 

experimental technologies (http://www.genome.jp/kegg/). We used KOBAS software to test 

the statistical enrichment of differential expression genes in KEGG pathways. Gene Ontology 

(GO, http://www.geneontology.org/) is a major bioinformatics initiative to unify the presentation 

of gene and gene product attributes across all species. DEGs refer to differentially expressed 

genes. GO enrichment analysis is used by GOseq (Young et al. 2010), which is based on 

Wallenius non-central hyper-geometric distribution. Its characteristics are: the probability of 

drawing an individual from a certain category is different from that of drawing it from outsides 

of the category, and this difference is obtained from estimating of the preference of gene 

length. 

 

2.9.3 Whole-genome shotgun sequencing and data pre-processing 

Several custom designed Bash-, Perl- and R-scripts which have previously been developed 

for analysis of sequencing data (Holzer 2017) have been rewritten for the Hydrogen high 

performance computer cluster and the Condor resource management and job scheduling 

system that is operated in the Department of Plant Sciences. Illumina short-read data 

originating from whole-genome sequencing experiments was pre-processed according to the 

following steps:  

Step 1: Raw reads were obtained in compressed FASTQ archives (fastq.gz) and renamed 

according to strain names by symbolic linking of files to the ./fastq subdirectory of the output 

folder. Step 2: Adapter trimming of paired-end reads was performed using cutadapt v2.10 with 

default setting of (Martin 2011). Trimmed reads with a length shorter than 25 bp and quality 

score less than 20 were removed. Step 3 Indexing and Sorting: The mapped reads from bwa 

alignment were directly converted from SAM to BAM files using SAMtools (Li et al. 2009), 

which then were sorted and indexed with IGVtools (Robinson et al. 2011). As result, data was 

enabled for visualization on IGV Genome Browser. Afterwards, read quality was again 

controlled using the FastQC and MultiQC tools. Step 5 Removing Duplicates: Multiple read 

pairs with identical external coordinates were most probably artefacts from PCR amplification 

during library preparation rather than insertions on homologous chromosomes, and therefore 

were collapsed to a single entry in each cell. SAMtools option for duplicate removal (“rmdup”) 
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was used but deleted only those duplications from paired reads. Orphan reads as well as 

chromosomal overlapping reads were filtered out later in the processing due to practical 

reasons. Read quality was checked again using the FastQC and MultiQC tools. Step 6 

Converting File Format: To reduce file size and data complexity, read information from BAM 

files was converted to BED file format, by employing the “bamtobed” option from BEDtools. 

Step 7 Selecting HQ reads & removing final duplicates: All remaining reads were selected 

according to their alignment score. The score was calculated during read mapping and is a 

measure on how “unique” a read aligned to the reference. With respect to high data quality, 

only reads with a score of at least 10 or higher were retained. In addition, reaming duplicated 

were discarded by using the “sort –u” command. Read quality was checked again using the 

FastQC and MultiQC tools. As result, analysis ready reads were obtained. Step 8 Separating 

Mt and Cp Reads: Due to the fact that the reference genome used included not only nuclear 

DNA sequences but also mitochondrial and chloroplast references, reads mapping to 

mitochondrial or chloroplast sequences passed the mapping filter, too. However, this study 

focused on nuclear genome features, and therefore reads which mapped to the mitochondrial 

and chloroplast genome were separated and stored apart. Execution and error control: The 

pipeline was designed to be operable in a fully automated way on a cluster. Depending on the 

user’s needs, job submission was enabled to be selective for individual experiments but also 

allowed submission of all experiments from one experiment at once. In all cases, a separate 

log and error file was generated for each strain. Existence and correctness of generated output 

files was checked for each step of the pipeline. 

 

2.9.4 Downstream analysis of whole-genome short-read data  

See section 5.2.6 

 

2.10 Further data analysis and processing  

Data visualization was performed employing R, Prism 7 (GraphPad Software, La Jolla, USA), 

Adobe Illustrator CS5 (Adobe Systems, Mountain View, USA), ChemDraw Professional 16.0 

(PerkinElmer, Waltham, USA), SnapGene 4.0.6 (GSL Biotech, Chicago, USA) and ImageJ 

(National Institutes of Health, Rockville, USA). Microsoft Word (Microsoft, Redmond, USA) was 

conducted to draw up the dissertation. In addition, Microsoft Excel (Microsoft, Redmond, USA), 

Prism 7, Bash-, Perl-, and R-scripting was used to analyse data of this study. The developed 

code will be made publicly available with the release of the corresponding publications. Several 

parts and datasets are already available via GitHub (https://github.com/AndreHolzer). 
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Chapter 3: Transcriptomic and metabolomic response of 
Chlamydomonas reinhardtii to vitamin B12 deprivation  

3.1 Introduction 

3.1.1 Effects of B12 deprivation in eukaryotic cells  

The biosynthesis of cobamides is limited to prokaryotic organisms, but many eukaryotes 

require a form of B12 for their metabolism. Today we know that more than 50% of all eukaryotic 

algae as well as all mammals, including our own species, rely on a source of B12 (Croft et al. 

2005, 2006; Kräutler 1998; Warren et al. 2002). In eukaryotes, the vitamin serves 

predominantly as cofactor for the B12-dependent isoform of methionine synthase (METH) 

(Helliwell et al. 2011) while an additional B12-dependent enzyme, methylmalonyl-CoA mutase 

(MCM) exists in the animal kingdom (Marsh 2009; Marsh et al. 2010) and another one, the 

class II ribonucleotide reductases (RNR II) is common in prokaryotes but has also been found 

in some algal species (Nordlund & Reichard 2006; Torrents et al. 2006) (section1.3.1). Several 

mutualistic symbiotic interactions have been identified between vitamin B12 producing 

prokaryotes and B12 auxotrophic organisms involving the exchange of a form of B12 (Droop 

2007; Sokolovskaya et al. 2020a; Taga 2014), for example in return for a source of fixed 

carbon, as seen between L. rostrata and M. loti (Croft et al. 2005; Kazamia et al. 2012) (section 

1.3.5). Where no such close long-term biological interactions have formed, the need to obtain 

B12 from the environment is met through the diet, as it is the case in humans (Gille & Schmid 

2015; Watanabe 2007).  

From studies in human, where a substantial lack of B12 is known to cause pernicious anaemia 

(UNGLEY & CAMPBELL 1949), skin maladies (Goldsmith 1952) or other neuropathies 

(Nielsen et al. 2012), it is well known that a sufficient supply of B12 is essential for normal 

development and survival. While pernicious anaemia is one of the better-characterised 

diseases and often the result of a genetic defect in B12 uptake, many more clinical conditions 

related to nutritional related B12 insufficiency but also other defects in B12 metabolism exist. 

Several inborn errors of cellular B12 metabolism have been characterised in recent years that 

include uptake and transport proteins alongside the target enzymes of B12, METH - encoded 

by the MTR gene in humans - and MCM (Watkins & Rosenblatt 2013). Those associated with 

a reduced METH activity lead to hyperhomocysteinemia and homocystinuria (section 1.4.5). 

However, the molecular mechanisms underlying the pathophysiology, including the signalling 

pathway of B12 deficiency in these conditions, are far from being completely understood. While 

reduced levels of methionine and high concentrations of homocysteine and/or methylmalonic 

acid can be measured easily, understanding the downstream effects of B12 scarcity appears 
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to be far more difficult. With methionine being the immediate precursor for the universal cellular 

methyl donor SAM, many essential biochemical processes could be affected.  

Knockout mouse lines became one of the model systems allowing for more detailed 

mechanistical studies and revealed that B12 deficiency is not only associated with lower 

methionine synthase activity but further a reduced methylation potential (Fernàndez-Roig et 

al. 2012). Consistent with results from human neuronal cell models, hypomethylation of DNA 

was the consequence (Battaglia-Hsu et al. 2009; Fernàndez-Roig et al. 2012; Lai et al. 2013). 

Studies investigating B12 related genetic defects in human have shown that oxidative stress 

and subsequent activation of apoptosis plays a role during B12 deprivation too (Jorge-Finnigan 

et al. 2010; Richard et al. 2007, 2013). Further research on human neuroblastoma cell lines 

highlighted that limiting availability of B12 reduces cell proliferation and promotes cell 

differentiation (Battaglia-Hsu et al. 2009). In similar cell culture models, B12 scarcity was found 

to induce endoplasmic reticulum (ER) stress through impaired sirtuin deacetylation of the heat 

shock transcription factor HSF1, as a result of reduced nicotinamide adenine dinucleotide 

(NAD)-dependent deacetylase sirtuin-1 (SIRT1) expression (Ghemrawi et al. 2013). SIRT1 is 

a key epigenetic regulator and transcription factor (TF) in human cells that promotes DNA 

stability, protects organisms from oxidative stress, decreases various age-related disorders 

including cancer, neurodegenerative disease or metabolic abnormalities and regulates 

endocrine functions (Elibol & Kilic 2018). Around the same time, proteomic studies on 

fibroblasts with genetic defects in B12 metabolism revealed large scale changes in protein 

expression in the ER as well as the ubiquitin-proteasome system (Hannibal et al. 2013). 

Subsequent studies further demonstrated that genetic interference of B12 metabolism in human 

neuronal cell lines as well as knock-out mouse models is associated with disturbance of mRNA 

nucleocytoplasmic transport. In particular, a subcellular mislocalisation of several RNA binding 

proteins (RBP) was observed, including the RBP embryonic lethal abnormal vision (ELAV) 

L1/human antigen R (HuR) known to be a key regulator of posttranscriptional regulation and 

common stress protein (Battaglia-Hsu et al. 2018). The link between altered levels of SAM, 

transcriptomic changes of genes involved in RNA metabolism and ER stress was made by two 

recent studies (Battaglia-Hsu et al. 2018; Ghemrawi et al. 2019). Here, decreased levels of 

SAM and methyl transferase CARM1 resulted in hypomethylation of ELAVL1/HuR at arginine-

217 while increased levels of protein phosphatase PP2A lead to dephosphorylation at serine-

221. Together these changes on ELAVL1/HuR decreased interaction of the protein with 

Exporin 1 of the nuclear pore complex and resulted its subsequent mislocalisation. The change 

in cellular location of ELAVL1/HuR triggered the decreased expression of SIRT1 deacetylase 

and genes involved in brain development, neuroplasticity, myelin formation, and brain aging. 

Therefore the current understanding is that SIRT1-dependent ER stress results in subcellular 
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mislocalization of stress-sensitive RBP, including ELAVL1/HuR, heterogeneous nuclear 

ribonucleoprotein (RNP) A1 and the RNA-binding motif 10 (RBM10), which regulates 

alternative splicing of mRNA (Ghemrawi et al. 2019). The RNP transport thus plays a key role 

during the response of B12 deficient human cells and transgenic mice models to B12 deficiency.  

 

3.1.2 Physiological and biochemical response to B12 deprivation in algae  

In contrast to mammals, microalgae have evolved B12 dependence on multiple occasions 

independently (Helliwell et al. 2013). As a result, more than half of all algal species are today 

known to require an exogenous source of vitamin B12 for growth (Croft et al. 2005, 2006) 

(section 1.3.2). Yet large areas of the aquatic environment are at least temporarily limited in 

this vitamin (Sañudo-Wilhelmy et al. 2012, 2014), hence affecting phytoplankton growth in the 

environment (Bertrand et al. 2007; Browning et al. 2017; Cohen et al. 2017). The primary 

productivity of photosynthetic microbes means they are the basis of the trophic cascade in 

aquatic systems, from ponds to lakes to oceans, and are also responsible for significant 

biogeochemical cycling of other elements including N, P and S. Research aiming to understand 

the physiological and biochemical adaptations that B12-dependent algae undergo in conditions 

of B12 scarcity therefore is of key interest for understanding the aquatic biosphere. 

B12 is necessary as a cofactor for METH, an enzyme widespread in microalgae across the tree 

of life. B12 auxotrophy in algae is linked to the lack of a functional copy of the alternative, B12-

independent isoform of methionine synthase (METE) (Croft et al. 2005; Helliwell 2017a; 

Helliwell et al. 2011). In B12-dependent algae, for example the marine diatom T. pseudonana 

which encodes only METH, a proteomics and transcriptomics study showed that B12 scarcity 

triggered an increased uptake capacity by induced CBA1 expression and management of 

reduced methionine synthase activity through increased expression of METH and other 1C 

metabolism related enzymes, cytosolic serine hydroxymethyltransferase (SHMT1), 

methylenetetrahydrofolate reductase (MTHFR), methionine adenosyltransferase (METK) and 

adenosylhomocysteinase (AHCase) (Bertrand et al. 2012). Metabolomic studies in T. 

pseudonana further revealed that the central methionine cycle and the transsulfuration 

pathway, as well as composition of osmolyte pools and polyamine biosynthesis are disrupted 

by low cobalamin availability (Heal et al. 2019). In an analogous manner, the B12 auxotroph 

haptophyte Tisochrysis lutea has been observd to respond to B12 limitation by assimilation of 

dissolved methionine, fine regulation of METH and METK expression and genes involved in 

B12 transport to the mitochondrion (Nef et al. 2019). In the B12-independent diatom P. 

tricornutum (encoding both METE and METH), transcriptomic response to B12 scarcity was 

comparable to T. pseudonana in that expression of SHMT1 and CBA1 was induced, however 
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the main strategy to cope with limiting B12 conditions was by decreasing cobalamin demand 

due to increase in METE expression (Bertrand et al. 2012).  

Similar to P. tricornutum, the green model alga C. reinhardtii possesses a functional copy of 

METE alongside METH in its wild-type form (see section 1.3.2). Earlier studies from our lab 

yielded a METE mutant of C. reinhardtii, metE7, which evolved in conditions of high vitamin 

B12 concentrations after around 500 generations and now fully relied on the activity of METH 

(Helliwell et al. 2015) (see section 1.3.4). The study, which demonstrated that constant 

availability of B12 in the environment can drive loss of METE function, provided the unique 

opportunity to investigate how recently acquired stable B12 auxotrophy, as in the strain metE7, 

impacts an organism’s fitness, physiology and biochemistry. In Bunbury et al. (2020) we 

addressed this question alongside generating preliminary insights in the response an early B12-

dependent alga undergoes when facing B12 deprivation. The responses to limiting B12 were 

quantified by measuring changes in gene expression, cellular composition, photosynthetic 

activity, and viability and were contrasted against changes under nitrogen deprivation (Bunbury 

et al. 2020). Notably, B12 deprivation impacted cell physiology as well as the biochemical 

composition of the B12-dependent alga. Within two days, cells showed a 36% larger diameter 

resulting in a 1.5 fold increase in volume, but there was no increase in cell number. Restrictions 

in cell division were likely the cause for the inhibition of culture growth with cell viability also 

decreasing to below 25% within four days of B12 limitation. Considerable alterations of the 

biochemical composition were observed too. Chlorophyll levels declined under B12 limiting 

conditions by ~85% so that by day four the metE7 cells showed a bleached appearance. 

Content of free fatty acids, polar lipids and proteins were cut to half compared to levels in B12 

replete conditions. In contrast, starch content showed the largest absolute increase together 

with TAGs which were 10 fold higher under B12 limitation. Amino acid profiles were also altered 

with many of them, including methionine, showing decreased levels after four days under B12 

deprivation. Overall, biochemical composition was affected considerably and in many ways 

similarly to what had been observed under other nutrient deprivation conditions (Grossman 

2000; Juergens et al. 2016; Saroussi et al. 2017). Thus, we hypothesized that B12 limitation 

would also induce broadly the same responses (Bunbury et al. 2020). The broader 

physiological effects observed were partially traced back to the perturbation of 1C metabolism. 

Study of transcript dynamics under a three day period of B12 deprivation revealed that in the 

wild-type three transcripts, namely those of METE, SAH1, and MTHFR, were significantly 

upregulated by B12 deprivation, whilst in metE7, METH, METM, SHMT2 also increased. 

Transcript abundance increased rapidly in the first six hours under B12 limiting conditions and 

then plateaued. Initial experiments on abundance of methionine, SAM and SAH under B12 

deprivation in metE7 indicated that methionine levels increase after around one day alongside 
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a significant elevation of SAH. No effect of B12 deprivation was observed on the levels of SAM 

so that the net effect was a decrease in the methylation index (SAM/SAH). Levels of 

homocysteine could not be measured in this study. 

Our observations, that B12 deprivation in metE7 causes an accumulation of starch and TAGs, 

and leads to a decrease in photosynthetic pigments, proteins, and free amino acids alongside 

a substantial increase in reactive oxygen species, followed by cell death after around four days, 

means that a newly arisen B12-dependent alga would therefore likely experience major 

difficulties in coping with B12 deprivation, and would need both to develop adaptive 

mechanisms and seek a reliable source of sufficient B12 in its environment. Disruption of 1C 

metabolism seems to play a key role during this response and although a selected set of 

related transcripts and metabolites were analysed, a more precise system biological 

understanding of the process was lacking. Notably, the study by Bunbury et al. (2020) yielded 

another metE knock-out line (metE4), generated by CRISPR. The availability of two 

independent C. reinhardtii METE mutant lines provided a unique opportunity to study the 

transcriptional and metabolic response of nascent B12 auxotrophs in comparison to their B12-

independent background strains more systematically and more thoroughly.  

 

3.1.3 Scope of this chapter 

This chapter aims to examine the effect of vitamin B12 deprivation on B12 auxotroph and B12-

independent strains of the green algal C. reinhardtii at the level of transcriptome and 1C 

metabolism related metabolites. The original B12 auxotroph mutants of C. reinhardtii were 

generated by Helliwell et al. (2015), with additional strains and physiological studies carried 

out by Bunbury et al. (2020). In this chapter, I am going to concentrate on an omics approach 

to further investigate the response to B12 deprivation of these strains. In the first part, the effects 

of vitamin B12 deprivation on the transcriptome of the B12 auxotroph C. reinhardtii strain (metE7) 

and the B12-independent wild-type ancestral strain of the evolution assay (Ancestral) are 

investigated. Using bulk RNA-Seq, genes ‘differentially’ regulated by B12 are identified. 

Functional changes upon B12 deprivation are characterised and compare to findings in other 

eukaryotes. Expression of selected proteins of interest including methyltransferases, 

transposases and their regulatory machinery are tested and compared between the conditions. 

Networks of co-expressed genes and interacting transcription factors are generated and 

potential transcription factors regulating expression of METE are identified. Considering the 

transcriptomic data the second part of this chapter then assesses the impact of cobalamin 

scarcity on the 1C cycle specifically. In addition to the strains employed in the first part, the B12 

auxotroph C. reinhardtii strain metE4 and its B12-independent background strain UVM4 are 
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analysed too. Moreover, to provide a revised understanding of 1C metabolism in C. reinhardtii, 

concentrations of metabolites associated with the 1C cycle, including folate compounds and 

amino acids are quantified. Transcriptional changes are correlated to alterations in the 

metabolomic profiles and measurements of SAM and SAH are used to investigate the effect 

of B12 deprivation on the cellular methylation status. 

 

3.1.4 Collaboration note 

I hereby wish to highlight the contributions made by several internal and external collaborators 

to work presented in this chapter. Where not otherwise noted, the presented text, figures and 

analysis of this chapter were written, generated and performed by myself.  

• Dr Frederick Bunbury (Department of Plant Sciences, University of Cambridge, UK) 

advised on the experimental setup to initiate B12 deprivation, helped with the initial 

harvesting of samples for RNA-Seq and performed the extraction of RNA. He also 

advised on the comparison of the transcriptomic changes found under B12 deprivation 

to those initiated by other nutrient limiting conditions.  

• Dr Gitanjali Yadav (Department of Plant Sciences, University of Cambridge, UK) and 

her student Citu Gulia (National Institute of Plant Genome research (NIPGR), New 

Delhi, India) provided a manually curated TF database from C. reinhardtii and 

generated the TF networks presented as part of Figure 3.13. 

• Professor Dominique Van Der Straeten, Professor Christophe Stove and her 

colleagues Dr Simon Strobbe, Dr Jana Verstraete and Liesl Heughebaert 
(Laboratory of Functional Plant Biology at Ghent University, Belgium) conducted the 

measurements of folate compounds from algal samples presented in sections 3.2.9 & 

3.2.11.  

• Professor Nick Smirnoff and Dr Debbie Salmon (Exeter University, UK) performed 

the quantification of amino acids, SAM and SAH levels from algal samples presented 

in section 3.2.12. 

• Professor Alison Smith and Dr Payam Mehrshahi (Department of Plant Sciences, 

University of Cambridge, UK) provided advice and support with building the 

collaborations with Professor Van Der Straeten and Professor Smirnoff. 
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3.2 Results 

3.2.1 Implementation and study design 

There is great potential of using the green alga C. reinhardtii as a model system to study 

vitamin B12 based symbiosis as well as the cellular effects of B12 scarcity on vitamin B12-

dependent/independent eukaryotes because it is naturally B12-independent, but it has been 

possible to generate isogenic strains that have lost a functional METE enzyme and thus rely 

on B12-dependent METH. This allows direct comparison of the effect of B12 without having to 

take epistatic factors into account. To achieve this, a multi-omics study was designed, 

predominantly combining transcriptomics and metabolite analysis, to investigate the effects of 

vitamin B12 scarcity on C. reinhardtii at the level of gene expression globally and 1C cycle 

related metabolite abundance in both the B12-independent Ancestral strain (AHS32) and the 

B12-dependent metE7 strain (AHS30) (Figure 3.1). Five replicates of each strain (daughters of 

the same mother strain) were grown in medium with B12 before subculturing to low levels of 

B12 (100 ng·l-1 CNCbl) for two days. This concentration was chosen so that cells would be able 

to grow at their normal rate but consume nearly all B12 provided within the two day period. On 

day 0, cultures were therefore expected to start becoming deplete of B12 if no additional source 

Figure 3.1: Schematic summary of the B12 deprivation multi-omics study. Effect of vitamin 

B12 deprivation on a B12-dependent (metE7) and a B12-independent (Ancestral) line of C. 
reinhardtii was assessed after 24 hours (24h). The various control and metadata 

measurements taking over the time course of the experimental procedure are stated. For more 

details see section 2.4. 
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of B12 was supplied. To further stimulate this, cultures were washed, spit and inoculated in 

either presence (1 µg·l-1 CNCbl) or absence of B12 (no CNCbl), resulting in four distinct 

conditions. Based on previous findings from our lab (Bunbury 2018; Bunbury et al. 2020; 

Helliwell et al. 2015), the study was implemented so that it would be possible to capture the 

early cellular response 24 hours after initiation of B12 deprivation, as previous time course 

experiments on individual transcript from revealed maximal upregulation of METE, METH, 

METM, MTHFR, SAH1, SHMT2 expression after six hours onwards, and accumulated 

metabolite concentrations of SAH and SAM after 24 hours of B12 starvation (Supplementary 

Figure 1) (Bunbury 2018; Bunbury et al. 2020). A single timepoint had to be selected due to 

budget limitations with a variety of control measurements and metadata generated over the 

course of the experiments to validate the conditions required and to allow for comparability 

between technical replicates (Figure 3.1 & section 2.4). 

 

3.2.2 Control measurements and metadata analysis 

The above described B12 deprivation experiment was performed many times over the course 

of this study in order to achieve sufficient material for all the downstream analyses presented 

in this chapter. To test for initiation of B12 deprivation at timepoint 0h and ensure comparability 

of conditions, a range of control measurements were taken over the course of each 

experiment. First, the phenotypic response to B12 deprivation was tested in order to validate 

B12 dependency status and axenity of the cultures. After 3-4 days of cultivation in media with 

either 1 µg·l-1 CNCbl or no CNCbl, a typical result for the Ancestral and metE7 line would 

confirm that the culture of the Ancestral line grows B12-independently but the metE7 line 

requires B12 for growth (Figure 3.2a). Optical density at 730 nm (OD730) was used as a proxy 

for growth over the time of the experiment as total cell counts were not as reliable due to 

varying cell sizes and higher technical errors between measurements. While cultures were 

adjusted for identical OD730 at the beginning of each sub-culture (-5d, -2d, 0h), optical density 

at the end of each subculture (-2d, 0h) was tested too, controlling for sufficient amounts of B12 

and accurate timing of starvation initiation (Figure 3.2b). In successful experiments, a 

significant difference in OD730 was only observed for metE7 lines after 24h under B12 

deprivation (Figure 3.2b+c). Interestingly, the metE7 line was observed to grow to a slightly 

higher OD730 in the presence of B12 compared to the Ancestral line, which was also visible by 

eye as the cultures appeared a darker green. Cell density followed a similar trend. While 

density of the Ancestral line was not affected by B12 scarcity, clear inhibition of growth was 

observed for metE7 lines under B12 deplete conditions (Figure 3.2d) coupled with an increase 

in median cell size (Figure 3.2e). Both physiological changes were known characteristics for 

B12 deprivation in this line (Bunbury et al. 2020). As long term cultivation of B12-dependent C. 
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reinhardtii strains under B12 deprived conditions result in first growth inhibition and later, after 

a couple of days, in massive cell death (Bunbury et al. 2020), it was key to ensure that cells 

were still viable meaning that apoptotic processes have not been induced at the time of cell 

harvesting. The latter was tested for by streaking out cultures on solid agar plates and counting 

the relative number of cells which were able to form colonies. Harvested cells showed a viability 

which remained close to 100% for all strains even after 24 hours under both B12 replete as well 

as deplete conditions (Figure 3.2f). 

 

3.2.3 RNA extraction, purification and quality control 

While extraction of total RNA from algae is performed routinely in the lab, the existing 

framework had to be expanded in order to yield high-quality RNA samples to be used for NGS 

approaches. Briefly, total RNA extraction from cryopreserved algae cultures was achieved by 

the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). On average, an extraction from ~10 ml 

Figure 3.2: Comparison of Ancestral and metE7 lines during experiment to initiate B12 
starvation. (a) Optical density at 730 nm of start cultures (OD730) incubated in B12 replete (TAP 

+ 1 µg·l-1 B12, grey) or B12 deplete conditions (TAP, blue) for three days to confirm B12 

dependency phenotype. (b) OD730 as a measure of cell density over the course of the 

experiment. Cultures were subbed and OD730 was adjusted to 0.005 and 0.2 on timepoints -2d 

and 0h. (c) OD730 at timepoint of cell harvest (24h). (d) Total cell density of cultures at 24h 

measured in Coulter counter (cells >3 µm diameter). (e) Median cell diameter measured at 24h. 

(f) Proportion of cells from 24h timepoint that were capable of forming colonies (Viability). Error 

bars = sd, n = 5 biological replicates measured using 2-3 technical replicates. P values: 

ns>0.05,*<0.05, **<0.01,***0.001,****<0.0001 (unpaired t-test with Welch’s correction). 
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four day old C. reinhardtii culture yielded >10 µg total RNA with nucleic acid purity ratios of 

A260/A280 and A260/A230 >2 (see section 2.6.4). Removal of DNA was facilitated by the used of 

the TURBO DNase kit (Invitrogen, Waltham, USA). Subsequent quality controls by agarose 

gel electrophorese and QubitTM fluorometric nucleic acid measurements (Invitrogen, Waltham, 

USA) highlighted a significant reduction of DNA content down to less than 5% of the total 

nucleic acid content (Figure 3.3a). On average >5 µg RNA per 10 ml culture could be recovered 

after the DNase treatment with a good A260/A280 purity ration of >2.0, but a reduced A260/A230 

ratio of ~1.8. As the reduction in A260/A230 ratio indicated contamination, usually by compounds 

with absorbance at 230 nm or less, such as carbohydrates, guanidine residuals or glycogen, 

an additional ethanol precipitation was performed. The combined approach resulted in 20 high-

quality samples (5 technical replicates of 4 conditions) of 3-9 µg total RNA with good nucleic 

acid purity (A260/A280 >2.0; A260/A230 >2.5) (Table 3.1). Finally, integrity of all 20 samples was 

tested by automated electrophoresis using an Agilent 2100 Bioanalyzer system (Agilent 

Technologies, Santa Clara, USA) (Figure 3.3b). Except for three samples, two of which were 

derived from replicate 4, RNA integrity numbers (RIN) were greater than 7.0. As a 

consequence, samples of replicate number 4 were excluded due to potential degradation and  

Figure 3.3: Quality control images of RNA samples. (a) Gel electrophoresis of RNA samples 

prior (Controles) and after DNase treatement (Samples). (b) Agilent 2100 Bioanalyzer tracks 

from Bioanalyzer Plant RNA 6000 pico assay (Agilent Technologies, US), showing RNA integrity 

of samples subsequent to DNase treatment and ethanol purification.  
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Table 3.1: Quality of RNA samples generated for transcriptomic analysis. RNA extracts 

of five technical replicates (1-5) from Ancestral (A) or metE7 line (M) cultivated under B12 

replete (+) or B12 deplete (-) conditions. Volume of the extracts is provided alongside total RNA 

concentration measured by both Nanodrop (Thermo Fisher Scientific, Waltham, USA) and 

QubitTM high-sensitivity RNA assay (Invitrogen, Waltham, USA). Quality of RNA samples was 

assessed by measuring nucleic acid purity ratios of absorbance at 260 nm compared to at 280 

nm (A260/A280) and absorbance at 260 nm compared to at 230 nm (A260/A280) on a Nanodrop, 

alongside determining the RNA integrity number (RIN) on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, USA). 

Sample RNA concentration RNA quality 
ID Volume (µl) Nanodrop (ng·µl-1) Qubit (ng·µl-1) Total (µg) A260/A280 A260/A230 RIN 

A-1 15 549.4 522.7 7.8 2.0 2.5 9.2 
A-2 15 436.4 282.0 4.2 2.0 2.5 7.4 
A-3 15 766.0 401.3 6.0 2.1 2.6 9.0 

*A-4 15 603.8 468.0 7.0 2.1 2.7 6.8 
A-5 15 437.3 388.0 5.8 2.0 2.5 8.8 
A+1 15 632.5 468.7 7.0 2.0 2.6 8.0 
A+2 15 396.6 335.3 5.0 2.0 2.5 7.9 
A+3 15 1146.7 399.3 6.0 2.1 2.5 7.5 

*A+4 15 615.2 356.7 5.4 2.1 2.6 7.0 
A+5 15 537.8 485.3 7.3 2.0 2.5 9.3 
M-1 15 724.9 328.7 4.9 2.1 2.7 7.2 
M-2 15 317.1 216.7 3.3 2.0 2.6 7.7 
M-3 15 483.3 320.7 4.8 2.1 2.5 7.1 

*M-4 15 578.1 279.3 4.2 2.0 2.4 7.2 
M-5 15 259.9 207.3 3.1 2.0 2.5 7.0 
M+1 15 609.6 408.0 6.1 2.0 2.7 7.9 
M+2 15 782.2 419.3 6.3 2.1 2.6 8.5 
M+3 15 1137.8 624.7 9.4 2.1 2.6 8.2 

*M+4 15 1373.3 618.0 9.3 2.1 2.6 8.3 
M+5 15 1040.7 549.3 8.2 2.1 2.6 8.2 

*discarded replicate due to potential degradation (see RIN and Bioanalyzer tracks from Figure 3.3b 
 

the remaining 16 samples (2 strains x 2 B12 conditions x 4 replicates) were processed for 

sequencing (Table 3.1). Prior to library preparation for RNA-Seq, RT-qPCR was performed on 

all samples to further validate RNA quality by testing for expression of known B12-regulated 

genes, including both the B12-dependent (METE) and the B12-independent (METH) isoforms of 

methionine synthase alongside the CBA1 gene which in recent work from our group has been 

shown to be essential for B12 uptake in C. reinhardtii (Sayer 2019). In the Ancestral line, METE 

was significantly upregulated under the B12 deprivation condition while expression of METH 

was not affected (Figure 3.4). Abundance of the CBA1 transcript was significantly increased 

too. In samples from the metE7 line, expression of all three genes was found to be significantly 
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increased under B12 deprived conditions. Expression in B12 replete conditions were 

comparable between samples of both strains (Figure 3.4). Overall, the observed expression 

changes were in very good overlap with the findings from Bunbury (2018) and Bunbury et al. 

(2020). As the work in this chapter was meant to act as a continuation and extension of these 

studies from our lab, the RT-qPCR results validated the experimental design used and 

indicated that the downstream results generated by RNA-Seq would be compatible with the 

existing data. Moreover, findings from this analysis confirmed that not only quality of RNA 

samples was suitable for cDNA synthesis and comparison of transcript abundances but more 

importantly that B12 deprivation was successfully initiated, thus allowing us to proceed with 

samples for broad-scale investigation of the effects B12 deprivation has on the algal 

transcriptome. 

 

3.2.4 Raw sequencing metrics 

150 bp paired-end sequencing performed on a NovaSeq 6000 platform (Illumina, San Diego 

USA) yielded an average of 47 million reads of which ~45 million reads remained after data 

filtering, providing ~6.5 clean giga bases of sequencing data per sample (Table 3.2). Raw 

reads were filtered in order to remove adapter contamination as well as reads of low quality, 

so that downstream analyses could be conducted on clean reads only. The highest proportion 

of raw reads filtered out per sample were caused by adapter contaminations of up to 5%. The 

sequencing error rate and base quality depends on the sequencing machine, reagent 

availability, as well as sample type and quality, but the error rate distribution ranged from 0.025-

0.03% over all reads from all samples, indicating a high average base calling accuracy rate of  

Figure 3.4: Relative abundance of selected transcripts. Transcript abundance of (a) the 

B12-independent isoform of methionine synthase METE, (b) the B12-dependent form METH and 

(c) the B12 uptake enzyme CBA1, measured by RT-qPCR on RNA extracts from the Ancestral 

line and the metE7 line, gown for 24 hours in either B12 replete (grey) and deprived (blue) 

media. Interleaved box plot from Min to Max, n = 5 biological replicates measured using 2 

technical replicates. P values: ns>0.05,*<0.05, **<0.01,***0.001,****<0.0001 (unpaired t-test 

with Welch’s correction). 
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Table 3.2: Raw sequencing data. Sample name consists of strain information (A: Ancestral; 

M: metE7) together with B12 status (-: B12 deprived; +: B12 replete) as well as the replicate 

number. Original sequencing read counts (raw reads) are provided together with number of 

reads after filtering (clean reads) and the total clean bases in giga base (Gb) unit. Average 

sequencing error rate and percentage of bases whose correct base recognition rates are 

greater than 99.9% in total bases (Q30) are provided alongside percentages of G and C in 

total bases (GC content). 

Sample name Raw 
 reads 

Clean 
 reads 

Clean  
bases (Gb) 

Error 
 rate (%) 

Q30  
(%) 

GC  
content (%) 

A-1 49,335,394 47,951,590 7.2 0.03 91.96 62.05 

A-2 51,323,104 48,016,764 7.2 0.03 92.2 60.32 

A-3 40,505,524 38,629,084 5.8 0.03 93.26 61.8 

A-5 50,388,250 49,124,530 7.4 0.03 92.53 61.83 

A+1 46,145,526 44,913,044 6.7 0.03 92.92 61.54 

A+2 50,663,612 48,728,896 7.3 0.03 93.07 61.55 

A+3 49,622,738 47,749,630 7.2 0.03 92.72 61.22 

A+5 49,737,236 47,846,646 7.2 0.03 93.41 61.95 

M-1 45,905,286 43,037,602 6.5 0.03 92.59 61.06 

M-2 47,759,322 45,832,552 6.9 0.03 91.86 61.79 

M-3 40,251,646 38,534,456 5.8 0.03 92.21 61.57 

M-5 46,662,696 44,827,356 6.7 0.03 92.91 61.75 

M+1 44,305,372 42,761,620 6.4 0.03 91.17 61.42 

M+2 47,196,734 45,871,618 6.9 0.03 92.54 62.1 

M+3 43,613,218 41,700,706 6.3 0.03 92.83 61.77 

M+5 50,002,236 48,563,746 7.3 0.03 92.79 61.94 

 

at least 99.97%. The latter was also represented by Q30 measures of >92%. As expected for 

the nuclear genome of C. reinhardtii, the GC content of the reads was >60%. A potential AT/GC 

separation, which could affect subsequent gene expression quantification was not detected. 

Clean reads were mapped to the C. reinhardtii reference genome v5.5 

(https://phytozome.jgi.doe.gov/pz/portal.html) (Merchant et al. 2007). TopHat2 was selected 

as the mapping algorithm as it generates a database of splice junctions based on the gene 

model annotation file and has been shown to provide better mapping results than other non-

splice mapping tools (Kim et al. 2013). On average around 89% of all reads per sample aligned 

to the nuclear reference genome with ~88% mapping to a single location in the C. reinhardtii 

genome (uniquely mapped) (Table 3.3). Mapped regions were classified based on overlap with 

exons, introns, or intergenic regions highlighting that nearly all reads were exon-mapped. 

Intron-reads which may be derived from pre-mRNA contamination or intron-retention events 

from alternative splicing were barely detected (<0.1%). Besides, a small fraction of reads of all 

samples (~1%) mapped to intergenic regions, suggesting that the v5.5 nuclear C. reinhardtii 

genome annotation misses those genes/transcripts. Interestingly, the number of multiple  
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Table 3.3: Transcriptomic mapping results. Sample name consists of strain information (A: 

Ancestral; M: metE7) together with B12 status (-: B12 deprived; +: B12 replete) as well as the 

replicate number. Total number of filtered reads (clean data) is provided alongside percentage 

of reads that can be mapped to the reference genome (total mapped), reads that can be 

mapped to multiple sites in the reference genome (multiple mapped), reads that can uniquely 

be mapped to the reference genome (uniquely mapped), spliced reads which can be 

segmented and mapped to two exons (also named junction reads), and non-splice reads that 

can be mapped entirely to a single exon.  

Sample 
name 

Clean 
reads 

Total  
mapped (%) 

Multiple  
mapped (%) 

Uniquely  
mapped (%) 

Non-splice  
reads (%) 

Splice  
reads (%) 

A-1 47,951,590 90.27 1.94 88.34 64.10 24.24 

A-2 48,016,764 83.19 2.81 80.39 67.68 12.71 

A-3 38,629,084 90.45 2.10 88.35 64.61 23.73 

A-5 49,124,530 90.57 2.03 88.55 65.09 23.46 

A+1 44,913,044 90.23 2.19 88.04 69.22 18.82 

A+2 48,728,896 89.59 2.21 87.38 67.30 20.08 

A+3 47,749,630 88.11 2.41 85.70 69.81 15.89 

A+5 47,846,646 91.37 2.08 89.29 64.62 24.66 

M-1 43,037,602 83.82 3.51 80.31 68.30 12.01 

M-2 45,832,552 87.67 2.51 85.16 66.20 18.96 

M-3 38,534,456 87.02 2.37 84.65 68.57 16.08 

M-5 44,827,356 88.59 2.50 86.08 69.11 16.98 

M+1 42,761,620 87.75 2.05 85.69 68.52 17.18 

M+2 45,871,618 90.95 2.21 88.75 61.09 27.66 

M+3 41,700,706 89.87 2.05 87.81 62.17 25.64 

M+5 48,563,746 90.65 1.90 88.75 62.66 26.09 

 

mapped reads was <3.5% for all samples, however not equally distributed along samples but 

rather slightly but not significantly higher for the B12-dependent metE7 line under B12 deprived 

conditions (Table 3.3 & Figure 3.5a). A similar but reverse trend was observed when comparing 

the average number of spliced reads between the different strains and conditions (Figure 3.5b). 

While the ratio of spliced reads mainly depends on the insert size used, these trends suggested 

a general change in transcriptome composition and might indicate a potentially higher 

transcription of repetitive or closely homologous genes under B12 deprivation in the B12-

dependent strain. To obtain an overview of the distribution of mapped reads in chromosomes, 

the read density distributions were plotted for all samples using a bin size of 1 kb (Figure 3.5c). 

A relatively equal number of mapped reads were found on both strands with no major visual 

differences been observed in transcript abundance between samples. 

In summary, the variability in raw sequencing metrics between samples was found to be minor 

and quality control analysis indicted that sufficient amounts of high-quality data were obtained 

for all samples. The quality and quantity of the reads after filtering was still very good and in a 

comparable range of existing deep sequencing transcriptomic studies on C. reinhardtii (Blaby 
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et al. 2013; Lv et al. 2013; Simon et al. 2013; Strenkert et al. 2019). Thus, this newly generated 

dataset was further employed for an in-depth analysis of the transcriptomic changes induced 

by B12 deprivation. 

 

3.2.5 Differentially expressed genes in the context of vitamin B12 deprivation  

With read counts being dependent on the gene expression level but also proportional to the 

gene length and sequencing depth, gene expression levels were estimated using number of 

fragments per kilobase of transcript sequence per millions base pairs sequenced (FPKM). The 

FPKM measure, which takes the effects of both sequencing depth and gene length counting 

of fragments into account, is one of the most broadly applied methods for estimating gene 

expression levels (Trapnell et al. 2009), allowing comparison of expression levels from different 

genes and experiments. Comparison of gene expression levels between strains and under the 

different B12 conditions revealed highly similar FPKM distributions for the Ancestral and metE7 

Figure 3.5: Transcriptomics raw sequence statistics. (a) Percentage of reads mapping to 

multiple locations in the C. reinhardtii reference genome v5.5. (b) Percentage of junction reads. 

Interleaved box plot from Min to Max, n = 4 biological replicates. P values: ns>0.05,*<0.05, 

**<0.01,***0.001,****<0.0001 (unpaired t-test with Welch’s correction). (c) Representative 

distribution plot of mapped genes in chromosomes, arranged by chromosome length, from 

sample A-1. Y-axis indicates the log2 of the median of read density calculated using a window 

size of 1 kb. Green and red indicate, respectively, the positive and negative strands.  
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samples under B12 replete conditions, and the Ancestral strain under B12 deplete conditions. In 

contrast, the distribution of transcripts in metE7 under B12 deprived conditions was visually 

different, tending towards a generally higher density of expressed genes (Figure 3.6a). 

Analysis of the total number of genes uniquely expressed within each condition further 

confirmed this finding, revealing that 9,907 genes were expressed in all samples whilst a 

further 1,255 genes were purely expressed in the metE7 line under B12 deprivation (Figure 

3.6b). Further gene expression profiles were compared between the different technical 

replicates by correlation analysis in order to test for experimental robustness and inter-replicate 

variation. For ideal experimental conditions, the ENCODE project consortium recommends 

that Pearson correlation coefficients (R2) should be larger than 0.92 (www.encodeproject.org). 

In this project, the R2 values between replicates of the same condition and strain were 

consistently above this threshold, demonstrating high similarity in gene expression profiles 

between replicates. Furthermore, replicates from the same strain but different B12 conditions 

correlated well with each other with R2 >0.8. Again the highest differences were observed 

Figure 3.6: Global gene expression analysis. (a) FPKM distribution diagram and violin plot 

showing gene density. FPKM values represent means out of four biological replicates. Each 

violin shows five statistical magnitudes including max value, upper quartile, median, lower 

quartile and min value. (b) Venn diagram of gene expression differences. The sum of the 

numbers in each circle is the total number of genes expressed within a condition. (c) Heat 

maps of the correlation coefficient between individual samples colour coded using the square 

of the Pearson coefficient (R2). Condition name consists of strain information (A: Ancestral; M: 

metE7) together with B12 status (-: B12 deprived; +: B12 replete) and sample names further 

include the replicate number. 
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between the samples from the metE7 line under B12 replete vs B12 deprived conditions. No 

outliers were detected among replicates, meaning that expression data from all replicates 

could be used for differential expression analysis. Thus, the correlation analysis indicated good 

reliability and a likely highly repeatability of the experiment.  

Following read count normalisation, negative binominal distribution model dependent P value 

estimation and false discovery rate (FDR) estimation based on multiple hypothesis testing 

using the DESeq model (Anders & Huber 2010) (see section 2.9.2), analysis of those genes 

differentially expression between conditions enabled identification of the hit lists displayed in 

Table 3.4 and Table 3.5. Employing a common screening standard for differentially expressed 

genes (DEG) (Padj <0.05), only three genes, namely the B12-independent isoform of methionine 

synthase (METE), the phosphorus starvation response protein 1 (PSR1) and the CBA1 gene 

involved in cobalamin uptake were observed to be differentially expressed in the Ancestral line 

(Table 3.4 & Figure 3.7a). The change in transcription of METE as well as CBA1 upon B12 

starvation was expected as similar results have previously been obtained by RT-qPCR 

experiments (section 3.2.3, (Bunbury et al. 2020)). However, the nuclear-localized PSR1 

protein which in its function as TF is a critical regulator for acclimation to phosphorus starvation 

(Bajhaiya et al. 2016; Moseley et al. 2006; Wykoff et al. 1999), has not been associated with 

B12 starvation so far. Under phosphorus starvation, increased expression of PSR1 is observed, 

resulting in induced starch accumulation and reduced neutral lipid content (Bajhaiya et al. 

2016), two effects that are similar to B12 starvation. Interestingly, acclimation to phosphorus 

deprivation also involves a reduction in the levels of transcripts encoding proteins involved in 

photosynthesis and both cytoplasmic and chloroplast translation as well as an increase in the 

levels of transcripts encoding stress-associated chaperones and proteases (Moseley et al. 

2006). Moreover, there seems to be a link between the signal transduction pathways involved 

in dealing with phosphorus and sulphur starvation response (Moseley et al. 2006).  

Contemplating another common but slightly less stringent standard to call DEGs in the 

Ancestral line (P <0.005 and |log2(fold change)| >0.5, Table 3.4), 16 additional candidate genes 

with strongly altered expression were identified. While seven of them were of unknown 

biological function, the remaining 9 harboured 7 up and 2 downregulated genes. Among the 

upregulated ones, two were associated with the methionine cycle, S-adenosylmethionine 

synthetase (SAS1) and S-adenosyl homocysteine hydrolase (SAH1); one was a putative 

transposase (Cre10.g442900) with similarity to the PLE retrotransposon Chlamys-N5 (E value 

= 5e-36) and LTR retrotransposon Copia-3 (1e-22) (for more information on TEs in C. reinhardtii 

see Chapter 4); and another was the CobS homologue identified in our previous study 

(Helliwell et al. 2016). 
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Table 3.4: Differentially expressed genes in the B12-independent Ancestral line after 24 
hours of B12 deprivation. Top three genes were the most significant hits obtained, matching 

the common screening standard with adjusted P value (Padj) <0.05. The list was extended by 

hits with a P value <0.005 and |log2(fold change)| >0.5 as potential other candidate genes. 

Gene ID 
Read counts log2 

(FoldChange) P value Padj Direction Gene 
name B12 

deplete 
B12 

replete 
Cre03.g180750 3330.4 403.7 3.0443 1.0E-24 1.8E-20 up METE 

Cre12.g495100 101.4 22.2 2.1889 2.5E-12 2.1E-08 up PSR1 

Cre02.g081050 9388.3 5305.6 0.82336 5.9E-06 0.0336 up CBA1* 

Cre06.g250200 39182.4 22834.3 0.779 1.6E-05 0.0657 up SAS1 

Cre03.g204601 4482.1 2599.8 0.78578 1.9E-05 0.0657 up CPK3 

Cre10.g442900 72.4 29.1 1.3171 3.3E-05 0.0944 up - 

Cre07.g326500 44.7 16.2 1.4638 0.0002 0.4395 up - 

Cre03.g204250 28435.1 12405.8 1.1967 0.0003 0.5632 up SAH1 

Cre01.g036950 88.6 46.8 0.92221 0.0012 1 up COBS* 

Cre01.g046650 21.9 48.0 -1.1367 0.0017 1 down - 

Cre02.g099251 0.5 7.5 -4.0508 0.0019 1 down - 

Cre03.g188400 222.9 352.0 -0.6593 0.0020 1 down RBO2 

Cre16.g655000 5.1 0.0 Inf 0.0022 1 up PWR11 

Cre09.g390726 635.5 944.8 -0.57198 0.0025 1 down - 

Cre10.g422050 1623.9 2383.2 -0.55341 0.0028 1 down - 

Cre08.g373366 15.1 3.7 2.0419 0.0032 1 up - 

Cre06.g281250 278.5 162.6 0.77626 0.0038 1 up CFA1 

Cre05.g244100 27.1 10.7 1.3444 0.0046 1 up - 

Cre02.g141786 101.9 163.8 -0.68421 0.0046 1 down PDE25 

*the gene Cre02.g081050 originally named FAP24 in v5.5 has been renamed CBA1 as result of its sequence 

similarity to the CBA1 proteins from P. triocornutum, T. pseudonana, F. cylindrus and its role in vitamin B12 uptake 

(Sayer 2019). Cre01.g036950 which originally was named CBA1 has been renamed CobS as result of its sequence 

similarity to the cobalamin-5-phosphate synthases from bacteria (Helliwell et al. 2016). 

 

CobS (Roth et al. 1993) catalyses the synthesis of AdoCbl-5'-P from AdoCbi-GDP and alpha-

ribazole-5'-P, facilitating nucleotide loop assembly in bacteria but also allowing cobamide 

salvage and remodelling in conjunction with CobC (OTOOLE et al. 1994) and CobT 

(CROUZET et al. 1991). In addition, there was upregulation of expression of the 

carbohydrate/purine kinase and flagella-associated protein encoding gene CPK3. This shows 

similarity to the human adenosine kinase (ADK), which also features purine ribonucleoside 

salvage activity. The CPK3 protein, not to be confused with calcium-dependent protein kinases 

(CDPK) identified in C. reinhardtii (Li et al. 2019b), has also been found to be upregulated 

during flagella regeneration (Albee et al. 2013) similar to other members of the flagella 

proteome including METE (Sloboda & Howard 2009). Other upregulated genes include 

PWR11, a PWR motif protein, and CFA1, a cyclopropane fatty acid synthase gene, which is 

part of phospholipid biosynthesis and is a potential photosynthesis candidate gene (Wakao et 
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al. 2021) that requires the cytosolic phosphoprotein named singlet oxygen acclimation 

knocked-out 1 (SAK1) for induction (Wakao et al. 2014). On the downregulated site, the 

respiratory burst NADPH oxidase-like 2 (RBOL2) gene was the most interesting candidate, as 

recent studies showed that RBOL2 mediates expression of glutathione reductase (GSHR1), 

glutathione synthetase (GSH1) as well as unfolded protein response (UPR) genes (Kuo et al. 

2020) and is involved in the modulation of acclimation processes to cope with NO stress in C. 

reinhardtii (Kuo & Lee 2021). Sub-lethal NO challenge can be prevented by suppression of 

most UPR genes, which again is mediated by RBOL2. In addition, a 3',5'-cyclic-nucleotide 

phosphodiesterase gene PDE25 was downregulated too.  

In contrast to the very minor (~20) transcriptional changes observed in the Ancestral line, there 

were 9,494 genes significantly altered under B12 deprivation in the vitamin B12 auxotroph metE7 

line (Table 3.5 & Figure 3.7b). An almost identical number of 4,777 and 4,717 genes were up- 

and downregulated, respectively. Again, METE as well as CobS were among the highest 

upregulated genes and also CBA1 was upregulated (log2(foldchange) = 2.85, Padj = 2.3·10-30), 

although not among the top 20 hits. The latter again encompassed many genes of unknown 

function, besides several well-known members. First, the glycerol-3-phosphate 

dehydrogenase/dihydroxyacetone-3-phosphate reductase (GPD2) which links carbohydrate to 

lipid metabolism. GPD2 is upregulated as part of the late-stage response to nitrogen starvation 

triggering for TAG accumulation (Lomana et al. 2015; Morales-Sánchez et al. 2017). The 

second was the ER associated Hsp70 binding protein (BIP2) which acts as a molecular 

chaperone assisting folding and assembly of newly-synthesized ER proteins. While BIP2 is 

known as a classical ER stress marker gene, induced lipid accumulation has been shown to 

lead to BIP2 upregulation (Wase et al. 2019). Moreover, phosphorylation of BIP2 is controlled 

by the target of rapamycin (TOR) pathway through the regulation of protein synthesis. Thus, 

BIP2 also links TOR signalling to ER stress in Chlamydomonas (Crespo 2012; Díaz-Troya et 

al. 2011). Further, the ADP ribosylation factor-like GTPase (ARL9.00), a member of the ARF 

family of GTPases that act in diverse cellular processes and are critical for organellar function 

(Vargová et al. 2021) as well as the cinnamoyl-CoA reductase/flavanone 4-reductase (SNE7) 

were among that list. Notably, the transcript for another central 1C cycle enzyme, SHMT2 was 

also present.  

Many of the most significantly downregulated genes encoded for members of several flagella-

associated proteins (FAP) as well as the pherophorin-chlamydomonas homolog protein (PHC) 

family. The latter comprises a large number of hydroxyproline-rich glycoproteins which are 

essential cell wall proteins, responsible for its integrity. Osmotic stress as well as mechanical 

defects of the cell wall such as for example induced by gametolysin, the metalloprotease 

released during sexual mating, both have been seen to induce the expression of PHCs  
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Table 3.5: Differentially expressed genes in the B12-dependent metE7 line after 24 hours 
of B12 deprivation. Out of 4,777 differentially up- and 4,717 downregulated genes matching 

the common screening standard with adjusted P value (Padj) <0.05, respectively, only the top 

20 most significantly hits are listed. 

Gene ID 
Read counts log2 

(FoldChange) P value Padj Gene 
name B12 

deplete 
B12  

replete 
Top 20 upregulated      

Cre07.g343050 4417.1 89.6 5.62 1.2E-159 2.1E-155 - 

Cre01.g053000 6400.7 55.2 6.86 1.0E-156 8.6E-153 GPD2 

Cre02.g080600 2884.1 53.0 5.77 3.9E-156 2.3E-152 BIP2 

Cre06.g278245 1061.1 25.5 5.38 1.2E-117 5.2E-114 - 

Cre10.g448200 1251.5 36.0 5.12 7.4E-116 2.6E-112 ARL9.00 

Cre01.g036950 2287.8 91.9 4.64 2.3E-115 6.6E-112 COBS* 

Cre03.g180750 73863.4 772.0 6.58 5.4E-115 1.3E-111 METE 

Cre06.g278167 3296.9 164.3 4.33 3.7E-109 8.0E-106 - 

Cre03.g177300 628.4 4.4 7.15 5.1E-104 9.9E-101 - 

Cre01.g004900 5305.2 316.5 4.07 9.9E-102 1.7E-98 - 

Cre12.g551700 2009.2 102.7 4.29 9.7E-101 1.5E-97 - 

Cre01.g030000 777.2 24.9 4.96 2.6E-98 3.8E-95 - 

Cre03.g204212 415.8 3.8 6.78 5.6E-98 7.5E-95 - 

Cre07.g344400 14212.8 1025.3 3.79 7.5E-96 9.3E-93 - 

Cre05.g238311 24805.9 2037.5 3.61 2.4E-89 2.7E-86 - 

Cre06.g293950 28449.5 1110.4 4.68 1.6E-88 1.7E-85 SHMT2 

Cre12.g484400 424.2 7.9 5.75 3.2E-88 3.2E-85 - 

Cre12.g497500 419.9 1.2 8.48 4.8E-86 4.64E-83 SNE7 

Top 20 downregulated      

Cre09.g396100 1011.4 11947.7 -3.56 9.67E-86 8.79E-83 PHC15 

Cre03.g191300 137.4 1742.1 -3.66 1.31E-79 8.73E-77 LCI35 

Cre12.g549000 415.7 4271.9 -3.36 3.40E-75 1.96E-72 PHC4 

Cre17.g705300 138.3 1398.2 -3.34 1.08E-66 4.33E-64 PHC68 

Cre17.g710300 2342.8 20217.3 -3.11 6.27E-65 2.41E-62 PHC31 

Cre06.g278252 130.3 1301.1 -3.32 6.84E-65 2.57E-62 GOX18 

Cre16.g658800 586.5 5701.9 -3.28 9.82E-65 3.61E-62 - 

Cre16.g652000 1397.1 10267.4 -2.88 4.38E-60 1.28E-57 - 

Cre02.g090050 320.1 2516.9 -2.98 6.46E-59 1.80E-56 FAP170 

Cre17.g717900 698.6 7414.0 -3.41 1.37E-58 3.69E-56 PHC1 

Cre17.g696500 347.1 2597.7 -2.90 1.17E-57 3.02E-55 PHC19 

Cre16.g657650 596.2 4331.9 -2.86 1.49E-57 3.79E-55 FAP35 

Cre03.g162850 432.9 3126.9 -2.85 5.68E-56 1.34E-53 FAP292 

Cre11.g467710 530.4 3748.3 -2.82 9.57E-56 2.21E-53 VSP1 

Cre11.g468359 1184.0 7972.8 -2.75 1.30E-55 2.92E-53 GAS31 

Cre12.g546600 485.2 3353.2 -2.79 4.30E-55 9.18E-53 FEA2 

Cre02.g145950 52.1 541.3 -3.38 1.18E-54 2.46E-52 - 

Cre06.g261400 23.8 466.7 -4.29 2.98E-54 6.14E-52 - 

Cre09.g393506 216.9 2208.6 -3.35 5.55E-54 1.13E-51 HCP3 

Cre17.g705500 446.3 3491.5 -2.97 9.79E-54 1.97E-51 PHC23 

*the gene Cre01.g036950 which originally was named CBA1 has been renamed here as CobS as result of its 

sequence similarity to the cobalamin-5-phosphate synthases from bacteria (Helliwell et al. 2016). 
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(Cronmiller et al. 2019). Members such PHC15 and PHC3 are also upregulated during 

respiration (Matsuo et al. 2011) and PHC1 and PHC21 were found to be highly upregulated 

under iron limiting conditions (Ma et al. 2021). Additional cell wall-related proteins such as the 

pherophorin family protein GAS31 as well as the hydroxyproline-rich cell wall glycoprotein 

VSP1 were significantly downregulated. Further, the ‘under low CO2 conditions’-inducible 

protein 35 (LCI35), glyoxal oxidases 6 & 18 (GOX6 & GOX18) whose protein content is 

reduced under high-CO2 (Baba et al. 2011) as well as the iron assimilation protein (FEA2), 

Figure 3.7: Differential expression and cluster analysis on transcriptomes. Volcano plots 

displaying differentially expressed genes under B12 deprived (treatment) versus B12 replete  

(control) conditions in (a) the B12-independent Ancestral line and (b) the B12 auxotroph metE7  

line of C. reinhardtii. Significantly up- and downregulated genes (Padj <0.05) are highlighted in 

blue while additional genes with P <0.005 and |log2(fold change)| >0.5 are displayed in light 

blue. Genes that did not express differently between the treatment and control groups are in 

grey. Top hits are labelled with gene names where exiting. (c) Hierarchical clustering of DEGs 

across the two strains and B12 conditions. Colour code represents log10 of the adjusted 

expression level (FPKM+1) of the individual genes. Genes with high expression in a condition 

are in red, while low expressed genes are shown in blue. Condition name consists of strain 

information (A: Ancestral; M: metE7) together with B12 status (-: B12 deprived; +: B12 replete). 
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which is secreted by iron-deficient C. reinhardtii cells (Allen et al. 2007), were among the top 

20 downregulated transcripts. All four members of the hybrid-cluster protein (HPC) family were 

also strongly downregulated. Genes for these proteins are upregulated by nitrate and darkness 

in C. reinhardtii when grown under oxic conditions (Lis et al. 2020). 

To investigate whether there are more shared transcriptomic features in the response to B12 

deprivation between the Ancestral and the metE7 line, hierarchical clustering analysis was 

performed using the relative expression data of all DEGs. In hierarchical clustering, areas of 

different colours mark different groups (clusters) of genes, while genes within the same cluster 

exhibit similar trends in expression under the different conditions (Figure 3.7c). Cluster analysis 

of gene expression differences is usually helpful to investigate potential gene expression 

patterns under different experiment conditions, but interpreting the results from more than 

9,000 differentially expressed genes remained challenging in this case (Figure 3.7c). By 

clustering genes with similar expression patterns, many small subclusters appeared, but no 

obvious clusters were identified of genes with shared expression patterns under B12 replete 

versus B12 deplete conditions in the two strains. Rather, clustering results were dominated by 

the strong alterations in expression behaviour seen between the metE7 and the Ancestral line. 

Investigating various subclusters in more detail might however still be useful as genes within 

each group might be coregulated, share similar functions or take part in the same biological 

process. 

 

3.2.6 Gene ontology term enrichment and KEGG pathway analysis of DEGs 

While the amount of DEGs in the context of the B12-independent strain was well structured, 

transcriptomic changes under B12 deprivation in the metE7 line were much broader. To 

investigate the consequences of these transcriptional changes at the level of biological 

processes, cellular components and molecular function, DEGs were categorised functionally 

using a gene ontology (GO) enrichment analysis. Out of 9,494 DEGs, 7,271 (77%) could be 

assigned to at least one GO term. GO enrichment bubble charts were created to illustrate the 

enriched GO terms for the DEGs and included the counts of genes for each GO terms as well 

as their statistical significance. The 30 most enriched GO terms based on the significantly 

upregulated and significantly downregulated DEGs are shown in Figure 3.8a and Figure 3.8b, 

respectively. Upregulated gene GO analysis revealed that the two main and only significantly 

enriched GO terms were for the molecular function of ‘tetrapyrrole binding’ in particular ‘heme 

binding’ (Figure 3.8a). With the structure of vitamin B12 being based on a corrin ring derived 

from the same biosynthetic pathways as the porphyrin ring found in heme, this finding was 

highly interesting, suggesting that corresponding genes might be potential candidates involved  
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Figure 3.8: GO term enrichment analysis. The top 30 most enriched GO functions of 

differentially expressed genes (DEGs). (a) Upregulated genes GO terms and (b) 

downregulated genes GO terms. Grey barplots represent P values obtained from 

overrepresentation analysis (n=4, Fisher’s exact hypergeometric test). The gene ratio reflects 

the proportion of up-/downregulated genes in a given GO term. Bubble size indicates the 

number of DEGs in a GO term and colour represents the ranges of the corrected P value. 

Significantly enriched GO terms are marked by "*" (n=4, FDR correction by Benjamini and 

Hochberg, corrected P <0.05). 
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in B12 binding, signalling, utilisation, response or uptake. The analysis further revealed that 

although not statistically significant in this analysis (FDR correction by Benjamini and 

Hochberg, corrected P >0.05), upregulated DEGs were enriched in the molecular function of 

‘cofactor/coenzyme binding’, ‘threonine related peptidase activity’, ‘oxidoreductase activity’ 

and ‘DNA helicase activity’ as well as in the cellular components of ‘proteasome complex‘ and 

various ‘acetyltransferase complexes’ (Fisher’s exact hypergeometric test, overrepresentation 

P <0.05). In addition, the biological processes of ‘positive regulation of immune system 

processes’, ‘proteolysis involved in cellular protein catabolic processes’ and ‘carotenoid 

biosynthetic process’ were found to be among the enriched GO terms from the upregulated 

DEGs (Figure 3.8a).  

Downregulated DEGs were mainly enriched in ‘microtubule-based process’ including 

‘microtubule-based movement’ and various phosphorylation related biological processes. 

Further, the biological process of ‘translation’ was among the most significantly downregulated 

GO terms (Figure 3.8b). When looking at cellular components and molecular functions, similar 

alterations regarding downregulation of ‘microtubule cytoskeleton’ and ‘microtubule motor 

activity’ as well as ‘ribosome’ component and ‘structural constituent of ribosome’ were picked 

up by the analysis. Further, significant downregulation of the cellular components ‘non-

membrane bound organelle’ and  ‘photosystem I’ were quantified. 

In addition to GO term analysis, enrichment of DEGs in biological pathways was examined 

using the Kyoto Encyclopedia of Genes and Genomes (KEGG). KEGG pathway analysis 

revealed that the upregulated DEGs were highly associated with pathways including 

‘proteasome’, ‘ABC transporters’, ‘Ubiquitin mediated proteolysis’ and ‘Sulfur metabolism’ 

(Figure 3.9a). Genes associated with the metabolism of various amino acids such as ‘histidine’, 

‘beta-alanine’ and ‘glutathione’ were also strongly enriched. Further, the B12 related pathways 

‘One-carbon pool by folate’, ‘Folate biosynthesis’ and ‘Purine metabolism’ were among the top 

30 most enriched KEGG pathways alongside the pathway for ‘Nucleotide excision repair’. 

Upregulation of the latter, which usually acts to correct DNA lesions such as those resulting 

from environmental or chemical mutagens or UV radiation, suggests that B12 deprivation in 

metE7 may result in DNA damage. 

In good overlap to findings from GO term analysis, the downregulated DEGs were significantly 

enriched in ‘ribosome pathway’ as well as highly enriched in ‘Photosynthesis - antenna 

proteins’, ‘Carbon fixation in photosynthetic organisms’ and ‘Carotenoid biosynthesis’ (Figure 

3.9b). However, many other key biological pathways were among the top 30 most enriched 

too, including: ‘Starch and sucrose metabolism’, ‘Steroid biosynthesis’, ‘Carbon metabolism’, 

‘Oxidative phosphorylation’, ‘Pyruvate metabolism’, ‘Photosynthesis’, ‘Fatty acid metabolism / 
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Figure 3.9: KEGG pathway enrichment analysis. Statistics of KEGG pathway enrichment 

based on differentially expressed genes (DEGs). Top 30 most (a) upregulated KEGG 

pathways and (b) downregulated pathways are displayed. Grey barplots represent P values 

obtained from overrepresentation analysis (n=4, Fisher’s exact hypergeometric test). The gene 

ratio reflects the proportion of up-/downregulated genes in a given pathway. Bubble size 

indicates the number of DEGs in a pathway and colour represents the ranges of the corrected 

P value. Significantly enriched pathways are marked by "*" (n=4, FDR correction by Benjamini 

and Hochberg, corrected P <0.05). 
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biosynthesis’, ‘Biosynthesis of unsaturated fatty acids’, ‘Phagosome’, ‘TCA cycle’, and 

‘Circadian rhythm’ (Figure 3.9b). Thus results again highlighted the strong deregulation B12 

deprivation causes on the transcriptome level and subsequently on the metabolome of a B12 

auxotrophic alga. In contrast, no specific KEGG pathways were enriched in Ancestral line 

under B12 deprivation as the number of DEGs was limited. 

 

3.2.7 Transcriptional changes in genes of interest 

In addition to GO term and KEGG pathway analysis, response of selected gene groups of 

interest to B12 deprivation were investigated in more detail. Fold change in gene expression of 

a selected set of genes was compared against the overall distribution of gene expression 

changes observed for all genes in a particular strain under B12 deprivation. The focus was 

again on entangling the transcriptomic changes present in the metE7 line but results for the 

Ancestral line were incorporated for comparisons too. As a result, it was possible to make 

statements whether a select group of genes was statistically differentially expressed compared 

to a randomly selected set of genes (Figure 3.10, Figure 3.11 & Figure 3.12). Following initial 

findings from the differential expression analysis (section 3.2.5), the group of FAP encoding 

genes was tested, confirming that FAP genes were much stronger downregulated than 

expected by chance (Figure 3.10a). With 76% of all FAP genes, a majority were significantly 

downregulated under B12 deprived conditions in the B12-dependent metE7 line. When 

investigating transcriptional changes in vitamin B12 related genes, the reverse trend was 

observed. In particular, the two genes encoding for isoforms of methionine synthase, METE 

and METH, as well as the subclass of salvage, remodelling and activation genes were strongly 

upregulated (Figure 3.10b). Potential B12 binding and transport related genes identified by 

Sayer (2019) did not show a shared trend but rather an equal amount of the unvalidated 

candidate genes were up and downregulated, respectively. Only FAP24, which thanks to the 

validation work by Sayer (2019) became known as the essential B12 uptake gene CBA1, was 

consistently upregulated as a result of B12 starvation in both the metE7 as well as the Ancestral 

line.  

Another highly affected group of genes were histone encoding sequences. Transcription of 

histones was predominantly repressed by B12 limitation in the metE7 line in a similar manner 

across histone subunits (Figure 3.10c). Overall expression of histone modifying enzymes was 

not significantly different to the overall gene expression changes, however when looking at the 

different subgroups, an increase in expression of histone deacetylases and histone 

methyltransferases was observed (Figure 3.10d).  
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Considering the role of B12 in the 1C metabolism and its linkage to the cellular methylation 

state, these findings were highly interesting and suggested investigating changes on the 

transcription of methyltransferases in more detail would be appropriate. While not many DNA 

methyltransferases have been identified/annotated in C. reinhardtii, those that are known were 

predominantly upregulated under B12 deprivation in metE7 (Figure 3.11a). In particular these 

were cytosine methyltransferases. Notably, the trend was the opposite for the Ancestral line 

where two DNA methyltransferases showed downregulated expression, although not 

significantly (Padj >0.05). Individual RNA methyltransferases genes were differentially 

expressed in the metE7 line, however not enriched in one direction (Figure 3.11b). Even when 

looking at the individual subgroups of RNA methyltransferase, no trend was observed.  

Subsequently, all genes annotated as SAM-dependent methyltransferases from C. reinhardtii, 

including some histone, DNA, RNA but also other protein methyltransferases were again 

combined into one gene group and analysed for divergence from the average change in gene 

expression profile. Results from this analysis again confirmed a higher tendency of this gene 

group to be significantly upregulated by B12 deprivation in metE7 (36% upregulated DEGs 

versus 17% downregulated DEGs), however the group as a whole did not show a significantly 

different distribution than expected by chance (Figure 3.11c). Thus, B12 deprivation was 

observed to induce an overexpression of particular histone and DNA methylation enzymes, 

rather than causing a general increase in methyltransferase transcripts.  

When investigating patterns in genes encoding TFs - based on a manfully curated TF database 

comprising 230 genes kindly provided by Dr Gitanjali Yadav -, more TFs were found to be 

downregulated then expected by chance (Figure 3.11d). Notably, more than half of all TF 

existing in C. reinhardtii were differentially expressed in metE7. When compared to the minimal 

changes in TF expression found in the Ancestral line (Figure 3.11d), these results again 

underlined the massive transcriptomic alterations caused by B12 starvation in a B12-dependent 

alga. On the other hand, the findings suggested that it would be difficult to identify individual 

TFs potentially controlling the broad response to B12 deprivation.  

The final group of genes that was analysed in more detail was that for class I & II transposable 

elements (TE). Besides, the potential involvement of TEs in the evolution of B12 auxotrophy 

(Helliwell et al. 2015), this group of genes was selected as findings from the KEGG pathway 

analysis also showed upregulation of the ‘Nucleotide excision repair’ pathway. The latter has 

been proposed to play a role in the maintenance of genome integrity by limiting insertional 

mutations caused by retrotransposons (Servant et al. 2017). At first, expression changes in 

annotated TE genes, including transposases and reverse transcriptases, were investigated 

(Figure 3.12a). Results did not indicate an overrepresentation of TEs to either be up- or down-  
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Figure 3.10: Differential expression patterns in selected gene groups I. Fold change in 

genes encoding for (a) flagella-associated proteins, (b) B12 related proteins, comprising 

putative B12 binding and transport proteins (Sayer, 2019), B12 metabolism proteins (Meta.) and 

enzymes involved in B12 salvage, remodelling and activation (Salvage etc.), (c) histones and 

(d) histone modifying enzymes, categorised into acetyltransferases (Acetyltr.), chaperons (C.), 

deacetylases, demethylases (Dm.), deubiquitinases (D.) and methyltransferases, is shown.   

Grey: not significantly differentially expressed genes (DEGs) based on differential expression 

analysis (see section 3.2.5), blue: downregulated DEGs, yellow: upregulated DEGs. Violin and 

boxplots display fold change distribution over all genes compared to that of the selected gene 

subset. P values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison of mean values 

by Student’s t-Test) 
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Figure 3.11: Differential expression patterns in selected gene groups II. Fold change in 

genes encoding for annotated (a) DNA methyltransferases, comprising adenosine (DNAa), 

cytonsine (DNAc) and DNA methyltransferases of unknown target sites, (b) RNA 

methyltransferases, including ribosomal RNA (rRNA), transfer RNA (tRNA), messenger RNA 

(mRNA) or other RNA methyltransferases, (c) all S-adenosyl-L-methionine (SAM)-dependent 

methyltransferases as well as (d) transcription factors (curated by Dr Gitanjali Yadav), is 

shown. Grey: not significantly differentially expressed genes (DEGs) based on differential 

expression analysis (see section 3.2.5), blue: downregulated DEGs, yellow: upregulated 

DEGs. Violin and boxplots display fold change distribution over all genes compared to that of 

the selected gene subset. P values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison 

of mean values by Student’s t-Test).  
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regulated. Considering the vast amount of TE elements existing in C. reinhardtii (see section 

4.2.4), this analysis was however very limited as only a small set of genes could be analysed 

as annotation of TE genes in C. reinhardtii v5.5 and v5.6 was poor. To overcome this, the C. 

reinhardtii v5.6 transcriptome was searched against a manually curated C. reinhardtii TE 

library (repeat_lib_v3_2.volvocales, Craig et al. (2019)). Whenever >70% of a transcript 

aligned to a TE consensus sequence with an identify higher than 90%, the associated gene 

was considered to be a TE gene. Obviously this analysis was limited too, in that it did not allow 

discrimination between actual transposase encoding genes and TE genes of other function, 

however it was assumed that expression of the identified genes could be used as a proxy for 

Figure 3.12: Differential expression patterns in selected gene groups III. Fold change in 

genes encoding for (a) annotated transposable element genes classified into reverse 

transcriptases (Reverse Trans.), transposases and other TE genes is shown alongside (b) 

results for the curated TE gene list based on remapping to the manually curated TE library 

from Craig et al. (2019). Genes were classified based on similarity to direct inverted repeat 

sequences (DIRS), DNA transposons (DNA), LINE retrotransposons (LINE), LTR 

retrotransposons (LTR), PLE (P), RC (R), other RNA (N) or other unclassified TEs (U). Grey: 

not significantly differentially expressed genes (DEGs) based on differential expression 

analysis (see section 3.2.5), blue: downregulated DEGs, yellow: upregulated DEGs. Violin and 

boxplots display fold change distribution over all genes compared to that of the selected gene 

subset. P values: ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (comparison of mean values 

by Student’s t-Test). 
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TE activity. The BLAST search yielded a list of 141 TE genes, which when analysed for their 

change in expression under B12 limiting conditions, showed that overall the group of TE genes 

did not change compared to the average alteration in gene expression observed for all genes 

in the metE7 line. However, many genes associated with class I LINE elements and class II 

DNA transposable elements were upregulated (Figure 3.12b).  

To investigate whether regulation of gene and transposon silencing machinery was effected 

by B12 deprivation too, differential expression data was further queried for the expression of 

the core RNAi components encoded in the C. reinhardtii genome (see section 1.5.3). While, 

AGO1 was not differentially expressed, transcripts of AGO2 (FoldChange (FC): 0.9, Padj: 4·10-

6) and AGO3 (FC: 0.6, Padj: 4·10-3) were upregulated in metE7, as were those of DCL1 (FC: 

0.6, Padj: 4·10-2), DCL2 (FC: 1.8, Padj: 6.6·10-11), and DCL3 (FC: 0.5, Padj: 8·10-3). The gene 

encoding for a potential RDR was not differentially expressed in metE7 under B12 deprivation. 

While the role of the latter for RNAi in C. reinhardtii still remains questionable, nearly all other 

components of the sRNA-guided gene silencing machinery were upregulated, including the 

DCL1-dependent post-transcriptional silencing mechanism for TEs. Moreover, considering 

that transcriptional silencing mediated by the MUT11 machinery via controlling of H3K4me is 

understood as the more important mechanism for the maintenance of transposon repression 

under standard laboratory conditions (Casas-Mollano et al. 2008), it was particularly interesting 

to further uncover that MUT11 was highly upregulated too (FC: 1.58, Padj: 3·10-11).  

 

3.2.8 Transcription factors in B12-dependent gene expression modulation 

Despite the influence of cobalamin on the algal transcriptome, including the characteristic 

downregulation of METE in the presence of the vitamin, little is known about the underlying 

signalling and regulatory mechanisms that are involved. Similar to other B vitamins such as 

thiamine (B1), which is known to regulate transcription of B1 related genes via riboswitches, B12 

riboswitches are common genetic control elements in the 5' untranslated regions of cobalamin 

related genes from prokaryotes (Li et al. 2020). Direct binding of AdoCbl to riboswitches results 

in posttranscriptional regulation by preventing ribosome binding and translation (Nahvi et al. 

2004). However, no such sequences have been uncovered in the green alga C. reinhardtii and 

instead a region of the METE promoter (-574 bp till -90 bp upstream of the start codon) has 

been identified to act as a cis-regulatory element for B12 repression (Helliwell et al. 2014). By 

acting as a cofactor of regulatory proteins, B12 is also known to be able to indirectly influence 

gene expression. Although this way of gene regulation has only been observed in bacteria so 

far (Klug 2014; Padmanabhan et al. 2017), we have hypothesised that TFs might exist as part 

of a more complex B12 signalling cascade in green algae that facilitate expression control of 
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METE and potentially other B12-sensitive genes. Using the generated transcriptomic dataset, 

this hypothesis was tested by investigating the promoter sequences of the B12-regulated DEGs 

identified in section 3.2.5 for common TF binding sites.  

Interested in TFs potentially involved in direct B12-specific signalling, the list of 19 DEGs from 

the Ancestral line (Table 3.4) in addition to the three control genes MTHFR, SHMT2, METH 

which are known to be only differentially expressed in metE7 under B12 deprivation were 

examined. Promoter sequence of genes were extracted using a fixed 2.000 bp upstream of 

the transcription start site (TSS) together with 200 bp downstream and nucleotide sequences 

were searched against target sequences of the manually curated C. reinhardtii TF database. 

The search was kindly performed by Professor Gitanjali Yadav and her student Citu Gulia at 

the National Institute of Plant Genome research, New Delhi, India using their manually curated 

TF database. As result, a hit list of potential TFs involved in the regulation of these genes was 

generated and summarised in the interaction network displayed in Figure 3.13. In total, 25 TFs 

of 10 distinct TF families were identified to have at least one potential binding site in the 

promoter regions of the 22 B12-regulated genes provided. The key node, representing the TF 

Figure 3.13: Transcription factor interaction network. Predicted interactions of TFs from C. 
reinhardtii (green) with promoter sequences (2,000 bp prior and 200 bp after the TSS) of 

differentially expressed genes under B12 deprivation (orange) are shown. Branch size 

represents the number of putative TF binding sites identified in a corresponding promoter. The 

network was constructed by Prof Gitanjali Yadav and Citu Gulia.  
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interacting with the highest number of B12-regulated genes was the ERF TF Cre07.g353500 

with the alias CGLD5A, annotated as ethylene response element DNA-binding domain 

containing protein. Binding sites for this TF were predicted in all promoter sequences tested 

except for those of RBO2, and UNK4 (Cre02.g099251). Most notably, multiple binding sites 

were predicted in many of the investigated promoter sequences of this gene with the highest 

number of binding sites predicted in CPK3 (50), METH (20), SHMT2 (10), SAS1 (9) and METE 

(6). Further another member of the ERF family, Cre16.g674890 alias CGLD5B, annotated as 

AP2-domain TF, revealed many potential recognition sites in the promoter sequences of the 

investigated genes. A literature research on both TFs however revealed that they had not been 

studied in more detail (Merchant et al. 2007). The only TF differentially expressed was PSR1, 

however its role in response to B12 remained unclear also because of the lack in potential PSR1 

binding sites in the promoter regions of the other genes tested.  

To further investigate the two ERF TFs, their interaction with the METE promoter region was 

examined in more detail. All predicted binding sites of TFs within the METE promoter are 

displayed in Figure 3.14, with corresponding information provided in Table 3.6. In total six TFs 

were predicted to have binding sites upstream of the start codon of METE. PSR1 was not 

among the latter. Both Cre07.g353500 (TF3) and Cre16.g674890 (TF5) revealed putative 

recognition sites upstream of METE, however not within the 5’ UTR of METE. None of the 

predicted binding site was found near or within the essential cis-regulatory sequence 

responsible for this B12-dependent regulation of METE identified by Helliwell et al. (2014), nor 

was any of the identified TF predicted to contain a B12 binding motif (Sayer 2019). 

In summary, these findings suggested that likely none of the identified TFs controls the direct 

transcriptomic response to B12 deprivation in C. reinhardtii. However, additional experiments 

particularly on the two ERF TFs should be considered to validate these findings. In addition to 

Figure 3.14: Transcription factors potentially regulating METE gene expression. 
Predicted binding sites of TFs identified in the upstream region of METE are shown alongside 

overlapping genomic features. Additional information regarding the TFs is provided in Table 

3.6. 
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a co-expression analysis, the response of METE to B12 deprivation could be analysed in the 

CLiP mutants of Cre16.g674890 (LMJ.RY0402.135160_3, LMJ.RY0402.135160_4) (Li et al. 

2019a) using RT-qPCR.  

Table 3.6: Transcription factors potentially regulating METE gene expression. TF 

identifiers (ID) used in Figure 3.14 are provided alongside the corresponding gene ID, TF family 

annotation and total number of potential binding sites in 2,000 bp upstream and 200 bp 

downstream sequence of the METE TSS site.  

TF ID Gene ID TF family Total number of 
motives 

TF1 Cre05.g238250 bZIP 2 

TF2 Cre07.g319701 GATA 2 

TF3 Cre07.g353500 ERF 6 

TF4 Cre08.g358534 GATA 4 

TF5 Cre16.g674890 ERF 3 

TF6 Cre16.g692250 bZIP 1 

 

 

3.2.9 Improved understanding of one-carbon metabolism in C. reinhardtii  

With respect to the role of vitamin B12 as enzyme cofactor for the cobalamin-dependent 

methionine synthase METH, the central enzyme of 1C metabolism (Figure 1.9), the pathways 

related to the 1C cycle (see section 1.4) were examined in detail in order to provide an accurate 

annotation of enzymes and reactions present in C. reinhardtii and in order to investigate the 

transcriptomic changes induced by B12 limitation upon this central pathway more precisely.  

Based on the KEGG database information as of September 2019, 14 enzymes catalysing 15 

out of the total of 32 reactions part of the ‘one carbon pool by folate’ (KEGG: cre00670, 

ko00670) pathway were annotated in C. reinhardtii. However, with the KEGG database relating 

on an outdated C. reinhardtii reference annotation, likely from 2007 or 2012, a detailed protein 

homology and literature search was conducted based on the current v5.6 information (see 

section 2.8). This analysis revealed that many more enzymes harbouring catalytic activity 

associated with reactions in the 1C metabolism exist in the green alga than annotated at the 

time. As result, an updated list of genes and enzymes comprising chemical reactions of ‘folate 

biosynthesis’ (ko00790), ‘one carbon pool by folate’ (ko00670) and ‘cysteine and methionine 

metabolism’ (ko00270) was compiled and is presented in Table 3.7. Based on the collected 

and updated pathway information, a significantly improved and visually interpretable pathway 

map for 1C metabolism in C. reinhardtii was generated (Figure 3.15).  
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In summary, improvements comprised three additional enzymes assigned to folate 

biosynthesis, six more enzymes annotated as part of the folate cycle, two extra genes assigned 

to reactions associated with poly- & depolyglutamylation and one more gene assigned to 

reactions in the methionine cycle reactions (Table 3.7). DHFR by which folic acid (FA) can be  

Table 3.7: List of genes involved in folate biosynthesis and 1C metabolism in C. 
reinhardtii. Common gene names are provided alongside unique gene identifiers (GeneID), 

enzyme type and commission number (EC) from C. reinhardtii v5.6 as well as pathways 

associated and KEGG pathway annotations as of September 2019. 

Name Gene ID Type EC Pathway KEGG 

GCHI Cre09.g393913 GTP cyclohydrolase 3.5.4.16 Folate synthesis new 

DHD Cre04.g217946 DHN triphosphate diphosphatase 3.6.1.n4 Folate synthesis new 

DHPA Cre02.g097450 DHN aldolase 4.1.2.25 Folate synthesis cre00790 

ADC1 Cre03.g181400 ADC synthase 2.6.1.85 Folate synthesis cre00790 

ADCL Cre13.g576400 ADC lyase 4.1.3.38 Folate synthesis cre00790 

DTS1 Cre10.g428550 
HMDHP pyrophosphokinase / 

DHP synthase & pyrophosphorylase 

2.7.6.3 /  

2.5.1.15 
Folate synthesis new 

DHFS Cre03.g176800 DHF synthase 6.3.2.12 Folate synthesis cre00790 

DHFR Cre17.g715900 
DHF reductase / 

dTMP synthase 

1.5.1.3 /  

2.1.1.45 
Folate synthesis cre00670 

SHMT2 Cre06.g293950 Serine hydroxymethyltransferase 2.1.2.1  Folate cycle cre00670 

SHMT1 Cre16.g664550 Serine hydroxymethyltransferase 2.1.2.1  Folate cycle cre00670 

SHMT3 Cre09.g411900 Serine hydroxymethyltransferase 2.1.2.1  Folate cycle cre00670 

MTHFR  Cre10.g433600 Methylenetetrahydrofolate reductase 1.5.1.20 Folate cycle cre00670 

MTHFD1 Cre03.g182450 Methylenetetrahydrofolate dehydrogenase 1.5.1.5  Folate cycle new 

MTHFD2 Cre17.g698450 Methylenetetrahydrofolate dehydrogenase 1.5.1.5  Folate cycle new 

MTHFD3 Cre03.g162650 Methylenetetrahydrofolate dehydrogenase 1.5.1.5  Folate cycle new 

ATIC Cre12.g537581 AICAR transformylase 2.1.2.3 Folate cycle cre00670 

GART Cre12.g550700 GAR transformylase 2.1.2.2 Folate cycle cre00670 

FTD Cre10.g430450 Formyltetrahydrofolate deformylase 3.5.1.10 Folate cycle new 

FCL1 Cre09.g403293 Formyltetrahydrofolate cycloligase 6.3.3.2 Folate cycle cre00670 

FCL2 Cre13.g587450 Formyltetrahydrofolate cycloligase 6.3.3.2 Folate cycle cre00670 

FTL1 Cre13.g566000 Formate-tetrahydrofolate ligase 6.3.4.3 Folate cycle cre00670 

CGL77 Cre12.g552850 THF aminomethyltransferase 2.1.2.10 Folate cycle new 

GCST Cre03.g193750 Glycine cleavage system, T protein 2.1.2.10 Folate cycle cre00670 

MTF1 Cre12.g560550 Methionyl-tRNA formyltransferase 2.1.2.9 Folate cycle cre00670 

MTF2 Cre09.g392729 Methionyl-tRNA formyltransferase 2.1.2.9 Folate cycle cre00670 

FTCD Cre06.g267000 
Glutamate formimidoyltransferase / 

Formimidoyl-THF-cyclodeaminase 

2.1.2.5 /  

4.3.1.4 
Folate cycle new 

HMT Cre10.g455650 Homocysteine S-methyltransferase 2.1.1.10 Methionine cycle new 

METE Cre03.g180750 B12-independent methionine synthase 2.1.1.13 Methionine cycle new 

METH Cre06.g250902 B12-dependent methionine synthase 2.1.1.14 Methionine cycle cre00270 

SAS1 Cre06.g250200 S-adenosylmethionine synthetase 2.5.1.6 Methionine cycle cre00270 

SAH1 Cre03.g204250 Adenosylhomocysteinase 3.3.1.1  Methionine cycle cre00270 

FPGS1 Cre05.g239100 Folylpolyglutamate synthase 6.3.2.17  Poly- & Deglutamylation  new 

FPGS2 Cre05.g239067 Folylpolyglutamate synthase 6.3.2.17  Poly- & Deglutamylation  new 

GGH1 Cre07.g315050 Gamma-glutamyl hydrolase 3.4.19.9 Poly- & Deglutamylation  cre00790 

GGH2 Cre06.g275050 Gamma-glutamyl hydrolase 3.4.19.9 Poly- & Deglutamylation  cre00790 
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incorporated also appears to have thymidylate synthase function responsible for synthesis of 

deoxythymidine-monophosphate (dTMP) from deoxyuracil-monophosphate (dUMP) in C. 

reinhardtii. Most notably, the latter was encoding for a homocysteine S-methyltransferase  

(HMT) which catalyses the formation of methionine from S-methyl-L-methionine and L-

homocysteine in a reaction that is unique to photosynthetic organisms (Hanson & Roje 2001). 

Figure 3.15: One-carbon metabolism in C. reinhardtii. Model for folate biosynthesis, folate 

cycle, folate modification and salvage as well as methionine cycle in the green model alga. 
Metabolites: guanosine triphosphate (GTP), dihydroneopterin triphosphate (DHN-P3), 

dihydroneopterin (DHN), 6-hydroxymethyldihydropterin (HMDHP), 6-hydroxymethyl-

dihydropterin pyrophosphate (HMDHP-P2), aminodeoxychorismite (ADC), para-

aminobenzoate (pABA), dihydropteroate (DHP), glutamate (Glu), dihydrofolate (DHF), 

deoxyuridine monophosphate (dUMP), deoxythymidine monophosphate (dTMP), 5,10-

methylenetetrahydrofolate (5,10-CH2-THF), 5-methyltetrahydrofolate (5-mTHF), 

tetrahydrofolate (THF), folic acid (FA), glycine (GLY), serine (SER), 10-formyltetrahydrofolate 

(10-fTHF), 5,10-methenyltetrahydrofolate (5,10-CH=THF), 5-formyltetrahydrofolate (5-fTHF),  

5-formimidoyltetrahydrofolate (5-foTHF), homocysteine (HCY), methionine (MET), S-

adenosylmethionone (SAM), S-adenosylhomocysteine (SAH), S-methylmethionine (SMM), 

sarcosine (SAR), water (H2O), cystathionine (Cth), polyglutamate (Glun). For information on 

enzymes see Table 3.7. 
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In contrast, mammals rely on the activity of a betaine-homocysteine S-methyltransferase (EC 

2.1.1.10). As a result of these newly assigned pathway annotations, all enzymes catalysing 

the key steps in folate biosynthesis, folate- and methionine cycling as well as folate 

interconversions became known, including 20 enzymes catalysing at least 18 out of a total of 

32 reactions part of the ‘one carbon pool by folate’ (KEGG: ko00670) in C. reinhardtii.  

Having generated this updated understanding of 1C metabolism in C. reinhardtii, it became 

possible to investigate the discrete transcriptomic changes B12 deprivation has on all 

associated genes in a mechanistical context. Using the fold change in gene expression 

induced by B12 deprivation, Figure 3.16 highlights the strong upregulation of METE and fine-

tuning in expression of the methionine cycle genes SAH1 and SAS1 observed in the B12- 

Figure 3.16: The 1C metabolism related transcriptomic effects B12 deprivation has on a 
B12-independent strain of C. reinhardtii. The 1C metabolism as displayed and labelled in 

Figure 3.15, where enzymes are colour coded according to the corresponding log2 of fold 

change (FC) in gene expression as observed by RNA-Seq under B12 limitation in the Ancestral 

line. 
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independent Ancestral line. (section 3.2.5 & Table 3.4). In contrast, the effect of B12 starvation 

on 1C metabolism was much stronger and more complex in the METE mutant line metE7 

(Figure 3.17). As already suggested by results from the KEGG analysis, where ‘One-carbon 

pool by folate’ and ‘Folate biosynthesis’ were among the top 30 most enriched KEGG pathways 

(see section 3.2.6 & Figure 3.9), many genes associated with 1C metabolism showed a strong 

increase in fold change expression as a response to B12 starvation. These included nearly all 

enzymes involved in folate biosynthesis as well as the methionine cycle. The latter which also 

included METH and HMT. Interestingly, a much more complex response was observed for 

genes involved in the folate cycle. While transcripts from DHRF were less abundant than under 

B12 replete conditions, most of the genes associated with folate interconversion remained 

Figure 3.17: The 1C metabolism related transcriptomic effects B12 deprivation has on a 
B12-dependent strain of C. reinhardtii. The 1C metabolism as displayed and labelled in 

Figure 3.15, where enzymes are colour coded according to the corresponding log2 of fold 

change (FC) in gene expression as observed by RNA-Seq under B12 starvation in the metE7 

line. 
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stably expressed. Transcript abundance of MTHFR, MTF1 and particularly SHMT2 were 

upregulated between two till five times. Thus, flux response in the folate cycle seems to be 

directed through particular sub routes of the pathway, driven by selected isoforms such as 

SHMT2 instead of SHMT1 or SMHT3. A similar behaviour was observed in the expression 

response of FGPS and GGH genes involved in poly- & deglutamylation reactions.  

 

3.2.10 An optimised method for folate analysis in C. reinhardtii  

Considering the improved understanding of 1C metabolism in C. reinhardtii alongside the 

transcriptional changes under B12 deprivation, it was of key interest to investigate the effects 

of B12 deprivation on the corresponding metabolites. One of the main challenges however was 

the qualification of folate profiles, as this type of analysis had not been performed on algal 

samples before. In collaboration with some of the world’s leading experts on folate analysis, 

Professor Dominique Van Der Straeten at the Laboratory of Functional Plant Biology, 

Department of Biology, Ghent University, Belgium and her colleagues Professor Christophe 

Stove, Dr Simon Strobbe, Jana Verstraete and Liesl Heughebaert we conducted various 

experiments over a period of 2 years on a total of 288 algal samples generated by myself and 

11 samples provided by Dr Frederick Bunbury. As result we were able to develop an optimised 

methodology to robustly analyse individual folate compounds and present the first 

quantification of these in algae. This section covers the data analysis that I have performed as 

part of this collaboration with brief methodological information provided in section 2.5.2 

whereas more details on the method development side will be described in the work of our 

collaborators.  

During several initial experiments on C. reinhardtii samples with variable wet weights of the 

Ancestral line (AHS32) grown in B12 free media, folate compounds were quantified following a 

previously described UPLC-MS/MS quantification protocol (Brouwer et al. 2010; Lepeleire et 

al. 2018; Navarrete et al. 2012). Results from these experiments revealed a non-linear 

relationship between sample mass and measured folate abundance (Figure 3.18a). The effect 

was characterised by strong alterations in all four detectable compounds, namely 

tetrahydrofolate (THF), 5-methyl-THF (5-mTHF), 5,10-methenyl-THF (5,10-CH=THF) and 5-

formyl-THF (5-fTHF), and seemed to be a result of variable extraction efficiencies of individual 

folate compounds depending on the sample mass. Analysis of the quantification data led to 

the observation that lower sample masses (<50 mg wet weight) allowed more robust detection 

(Figure 3.18a). A subsequent experiment using both the Ancestral (AHS32) as well as the 

metE7 (AHS30) line under B12 replete vs deprived conditions at the two different sample 

masses of 20 and 70 mg wet weight showed that B12 deprivation consistently increases total 
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folate abundance (Figure 3.18b). While the increase in total folate is stronger in the B12-

dependent strain, relative abundance of mono- versus polyglutamylated forms remained 

constant apart from B12 deprivation in the Ancestral line. This was interesting considering the 

change in enzyme isoform and could be explained by the difference in catalytic activity. 

Notably, trends in fold change of total folate abundance were found to be independent of 

sample mass. In samples with higher mass, comparable levels of monoglutamylated and fewer 

Figure 3.18: Folate analysis optimisation. (a) Relationship between sample mass and 

measured folate abundance. All data from samples of the Ancestral line grown in absence of  

B12, plotted by Frederick Bunbury. (b) Relative abundance of individual folates under B12 

replete and deplete conditions for two different sample masses (20 mg and 70 mg fresh weight 

(fw)) of either the B12-independent  (Ancestral) or the B12-dependent (metE7) strain. (c) Total 

folate abundance in the different strains under B12 replete and deplete conditions. 

Concentration of mono- and polyglutamylated forms is displayed as bar charts for two different 

sample masses (20 mg and 70 mg fresh weight (fw)). Relative abundance of 

monoglutamylated forms is displayed together with fold change in total folate abundance (FC) 

under B12 deprivation. An unpaired t-test was performed to compare mean values of total folate 

abundance under B12 replete vs. deplete conditions, P values: 

ns>0.05,*<0.05,**<0.01,***<0.001,****<0.0001. (d) Control experiment on samples of the 

Ancestral line showing that the optimisation of the protocol did not change relative proportion 

of folates for equivalent sample masses.  
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polyglutamylated folates were measured than in those with low mass. On the individual 

compound level, the global folate profile remained relatively consistent under B12 deprivation 

too, with 5-mTHF, THF and 5,10-CH=THF being the most abundant forms (Figure 3.18c). This 

observation was independent of sample mass. Thus the approach allowed for either relative 

quantification independent of sample mass or absolute quantification between samples of 

comparable sample mass. 

Further experiments were conducted aiming for a more optimised protocol. We mainly tried to 

optimise the amount of the serum (see section 2.5.2), which contains hydrolase to convert 

polyglutamylated folates to monoglutamylated, that was added and the time of incubation. 

However, there were few differences between the tested conditions (data not shown). Due to 

slightly higher total 5-fTHF levels, the protocol was adjusted to include 150 µl rat serum instead 

of 100 µl and the incubation time was for increased to 4h instead of the one hour initially 

applied. Employing this new methodology, the influence of both the original and new sample 

preparation with different sample weights (6 samples per weight per extraction condition) on 

the final results were revaluated. Although the sum of the different folate compounds (for both 

monoglutamylated and polyglutamylated) seemed unaffected by the sample weight, we did 

see a clear effect of the sample weight on the individual compound levels for both 

monoglutamylated and polyglutamylated forms (Figure 3.18d). The observed trends (for 5-

mTHF and THF: decreasing concentrations with increasing sample weights and for 5,10-

CH=THF and 5-fTHF: increasing concentrations with increasing sample weights) were similar 

to those identified during the initial experiments, when we compared 20 vs. 70 mg (Figure 

3.18). In addition, for both sample preparation protocols (original and new) the same trends 

were observed.  

 

3.2.11 Assessment of folate profile and alterations under B12 deprivation 

Subsequent to the experiments described in section 3.2.10, absolute quantification of folate 

profiles was conducted on both the metE7 (AHS30) and the CRISPR-derived metE4 (AHS78) 

strain, alongside their parental B12-independent background strains, Ancestral (AHS32) and 

UVM4 (AHS84). Cells from four separately gown cultures (biological replicates) of these four 

strains, each harvested after 24 hours under either B12 deplete or replete conditions (see 3.2.1) 

were analysed in two individual UPLC-MS/MS runs (technical replicates). Considering the 

dependence of relative composition of folate compounds on sample mass (see section  

3.2.10), the analysis was performed at a common algal wet mass of ~35 mg. Following the 

newly optimised extraction protocol (section 2.5.2 & 3.2.10), absolute concentration of folate 

compounds as well as alterations induced by B12 deprivation are displayed in Figure 3.19.  
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In summary, concentration of folate compounds were highly comparable between all four 

strains under B12 replete conditions. Total folate concentration were in the range of 2.4 - 4.6 

µg·g-1 algal fresh weight while 5,10-CH=THF (1.8 µg·g-1) was the most abundant compound 

followed by 5-mTHF (1.1 µg·g-1), THF (0.5 µg·g-1) and 5-fTHF (0.1 µg·g-1). The concentration 

of formic acid was below the limit of detection (<0.01 µg·g-1) for all samples analysed and in a 

few instances, trances of 10-fFA were measured to be around 0.01-0.07 µg·g-1. Overall, folate 

compounds were predominantly more present in their polyglutamylated form. Vitamin B12 

deprivation consistently increased total folate abundance as already observed during the trial 

experiments (Figure 3.18c & Figure 3.19). Under B12 deprived conditions, the total 

concentration of folates was 1.5 times higher in samples of the B12-independent Ancestral and 

UVM4 lines (~5.0 µg·g-1) and nearly tripled in the samples of the B12 auxotrophs metE7 and 

metE4 (~9.7 µg·g-1). Thus, the relative increase in folate abundance was nearly two times 

stronger in the B12-dependent lines compared to their background strains. The difference 

between the lines was mainly caused by a much strong accumulation of 5,10-CH=THF and 5-

Figure 3.19: Folate abundance and changes under B12 replete and deplete conditions. 
Concentration of total, mono- and polyglutamylated folates is displayed as boxplots for B12-

independent (Ancestral & UVM4) and B12 auxotroph (metE7 & metE4) strains. An unpaired t-

test was performed to compare mean values of folate abundance under B12 replete vs. deplete 

conditions. n = 4 biological replicates measured using 2 technical replicates. P values: 

ns>0.05,*<0.05,**<0.01,***0.001,****<0.0001 (unpaired t-test with Welch’s correction). 

Heatmap shows the log2 transformed fold change (FC) in individual compound concentration 

induced by B12 deprivation. 
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mTHF forms in the METE mutants under B12 starvation. As result, concentrations of the 

different compounds in metE7 and metE4 were as following: 5,10-CH=THF (5.6 µg·g-1), 5-

mTHF (2.4 µg·g-1), THF (1.2 µg·g-1), 5-fTHF (0.5 µg·g-1). Despite these changes, the global 

folate profile remained relatively consistent under B12 deprivation in all lines. The relative 

proportions of mono- vs. polyglutamylated forms was also not significantly affected by B12 

deprivation, although fold change analysis revealed that 5,10-CH=THF and 5-fTHF were 

increased to a slightly higher extend in the B12-dependent lines than in their parental strains 

under similar conditions.  

 

3.2.12 Effects of B12 deprivation on metabolites associated with the methionine 
cycle in C. reinhardtii 

To assess metabolic changes on the methionine cycle, several HPLC/ESI-MS/MS analyses 

were performed in collaboration with Professor Nick Smirnoff and Dr Debbie Salmon at Exeter 

University (UK). Amino acid content, including absolute measures of methionine and 

homocysteine concentration were analyzed following two slightly altered methodologies, 

aiming for accurate measurements of all amino acids (see section 2.5.1). For both experiments 

a set of 20 algal samples, comprising 5 replicates of the Ancestral (AHS32) or the metE7 

(AHS30) line, either harvested after 24 hours under B12 replete or deprived conditions, were 

generated (see section 3.2.1). While the initial experiment was performed following a 

previously descripted HPLC/ESI-MS/MS protocol (Bunbury et al. 2020), the second one 

included an additional 10% formic acid treatment, which was added by our collaborators in 

Exeter, hoping for better detection of homocysteine and the transsulfuration-related compound 

glutathione. 

The results of both experiments were summarized in Figure 3.20 & Supplementary Figure 2. 

Absolute concentrations of a majority of amino acids were captured by the standard method, 

but many amino acids did not run well with the 10% formic acid treatment. Homocysteine levels 

were recovered well by both methodologies (Figure 3.20 & Supplementary Figure 2). However, 

it did not prove possible to quantify glutathione as it likely oxidized too quickly to be detected, 

even under the adopted methodology. For both experiments, spiked concentrations of 

phenylalanine and glutamate used as controls to calculate amino acid concentrations were too 

diverged from actual measurements so that concentrations could not be quantified absolutely 

and therefore must be understood as values of normalized peak areas. Besides, observed 

changes in alanine, aspartate and proline could not be trusted as they lacked consistency 

between the individual experiments. Nonetheless, although the absolute concentrations of 

amino acids were only approximates, the relative proportion could be used to investigated 
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induced changes by B12 deprivation. This analysis highlighted that the content of a selected 

set of amino acids were significantly altered as a result of B12 deprivation. While asparagine 

and threonine were the only amino acids that changed under B12 deprivation in the Ancestral 

line, the content of asparagine, cysteine, homocysteine and threonine was significantly altered 

by B12 deprivation in metE7 cells. Notably, levels of methionine were not affected in the 

Ancestral line however they increased under B12 deprivation in metE7.  

In parallel to the analysis of amino acids, the same samples were used to quantify levels of S-

adenosyl-L-homocysteine (SAH) and S-adenosyl-L-methionine (SAM) (see section 3.2.1). 

Again, B12 had little effect on the total concentration of SAM or SAH in the Ancestral line, nor 

Figure 3.20: Total abundance of amino acids in the Ancestral and the metE7 strain under 
B12 replete or limited conditions. Samples were generated according to the methodology 

described in section 3.2.1 and two slightly different protocols were applied to conduct  the 

HPLC/ESI-MS/MS analysis (section 2.5.1, performed by Dr Deborah Salmon at the University 

of Exeter). Results of run 1 are shown while quantifications from run 2 are provided in 

Supplementary Figure 2. For more information on the differences between the runs read text 

and see section 2.5.1. Error bars = sd, n = 5. P values: ns>0.05, *<0.05, **<0.01, ***<0.001 

(Welch’s t test). Cysteine peaks were somehow affected in the metE7 line and thus these 

measurements were excluded from the presented results.  
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was SAM altered in the metE7 mutant line (Figure 3.21a). In contrast however, lack of B12 led 

to a >5 fold increase of SAH in metE7. With SAM acting as the donor of methyl groups to 

nucleic acids, histones, proteins and lipids (see section 1.4.3), SAH binds to the corresponding 

methyltransferases with higher affinity than SAM itself, meaning that the ratio of SAM to SAH 

is crucial in determining the methylation potential within a cell (Caudill et al. 2001). Despite the 

fact that the levels of SAM were not observed to vary much as a result of B12 deprivation in 

both lines, the increase of SAH after 24 h under B12 deprivation meant that the cellular 

methylation potential was reduced around 5 fold by this time in the metE7 line (Figure 3.21b). 

While, another repetition of this experiment is currently still ongoing, this time including four 

biological and two technical replicates of not just metE7 and the Ancestral line samples but 

also from the metE4 and UVM4 strains, this experiment will finally validate to which extend 

vitamin B12 deprivation alters the methylation index in B12 auxotrophic lines. The latter 

potentially leading to a reduced number of methylated nucleic acids, histones, proteins or 

lipids. 

  

Figure 3.21: Quantification of SAM and SAH levels under B12 replete and deplete 
conditions in C. reinhardtii. (a) Concentration of SAM and SAH as well as (b) change in 

the cellular methylation potential are presented for the Ancestral and metE7 line grown for 

24 hours under B12 replete or limiting conditions (see section 3.2.1). The same samples as 

for amino acid quantification were used to determine SAM and SAH levels by HPLC/ESI-

MS/MS  analysis (performed by Dr Deborah Salmon, University of Exeter). Error bars = sd, 

n=5. P values: ns>0.05, *<0.05, **<0.01, ***<0.001 (Welch’s t test).  
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3.3 Discussion 

Understanding the importance of B12 for human health and its role in shaping the microbial 

ecosystems have become two significant areas of research since the discovery of the vitamin 

in the first half of the 20th century. By studying B12 dependency and in particular investigating 

the molecular, genetic and physiological effects of interference with B12 metabolism, today we 

know that constant availability of the vitamin not only can promote evolution of dependency in 

eukaryotic cells (Helliwell et al. 2015), but further dynamics between production and 

consumption likely shape whole ecosystems, including the human gut microbiome (Degnan et 

al. 2014; Sokolovskaya et al. 2020b) and the marine phytoplankton community (Helliwell 

2017b; Koch et al. 2012). Continuing previous work from our lab, efforts taken to further reveal 

the underlying system biological response mechanisms triggered by B12 deprivation in the 

eukaryotic model alga C. reinhardtii were described in this chapter. 

 

3.3.1 A transcriptomic dataset to understand the system wide response to B12 
deprivation in C. reinhardtii 

A highly robust and standardised experimental setup for studying B12 deprivation in a green 

alga is introduced in this chapter alongside a very detailed summary of control experiments 

and a protocol to generate quality RNA samples from C. reinhardtii for downstream NGS 

approaches (section 3.2.1-3.2.3). Following on, the first high-quality RNA-Seq dataset for 

investigation of the system-wide transcriptomic changes induced by B12 deprivation on both a 

B12-dependent and a B12-independent green alga is presented. Looking at the global change 

in gene expression 24 hours after induction of B12 deprivation, the transcriptomic data 

highlighted a strong and broad response in the B12-dependent metE7 line with a higher density 

of expressed genes comparable to that seen in other nutrient deprivation conditions, including 

nitrogen or phosphorus starvation (Bajhaiya et al. 2016; Blaby et al. 2013; Moseley & 

Grossman 2009; Saroussi et al. 2017; Wang et al. 2018) (section 3.2.4 & 3.2.5). In contrast, in 

the B12-independent Ancestral line the number of DEGs was comparatively limited. Both 

strains however shared an increased expression in METE, the B12 salvage and remodelling 

gene CobS, as well as of CBA1 involved in B12 uptake. Many additional transcriptional changes 

were uncovered in the B12 auxotroph, which provided a mechanistic understanding of the 

experimentally observed phenotypic changes induced by B12 deprivation (section 3.2.6 & 

3.2.7). For example, a strong downregulation of FAP and microtubule associated genes 

explained prominent phenotypic changes including the loss of flagella and thus motility, while 

downregulation of circadian clock components together with an increase in purine metabolism 

and decrease in histone expression likely cause the restrictions in cell division which was seen 
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as a reduced growth rate of cultures of metE7. This also supported our previous hypothesis 

that B12 deprivation induces a cell cycle arrest, which results in an increase in cell volume 

(Bunbury et al. 2020). Furthermore, reduced transcription of photosystem and carotenoid 

biosynthesis related genes alongside an increased expression of heme binding proteins 

explained why chlorophyll levels and photosynthetic competence decline in metE7 cells over 

time when B12 is limiting. Knowing that the content of free fatty acids, polar lipids, and proteins 

is strongly reduced under B12 deprivation in metE7 (Bunbury et al. 2020), differential regulation 

of starch and sucrose metabolism genes as well as genes involved in fatty acid biosynthesis 

might be causal. Further, induction of protein degradation by expression of proteasome 

complex proteins and activation of ubiquitin mediated proteolysis might be the consequence 

of altered amino acid metabolism and a strong downregulation of the protein translation 

machinery. This finding further elucidates the reduced overall protein content observed under 

B12 limiting conditions in metE7 (Bunbury et al. 2020).  

Analysing the transcriptomic data also uncovered several unknown B12-responsive genes that 

were directly or indirectly regulated in C. reinhardtii and revealed many new candidates for 

potential involvement in B12 binding and/or signalling. Further it presents a set of TFs potentially 

involved in the regulation of METE which however are most likely not linked to vitamin B12 

status (section 3.2.8). Nerveless, further experimental investigation of PSR1 should be 

considered, considering the presented evidences for the transcriptional activator playing a role 

during this initial adaption process to B12 scarcity.  

While this study concentrated on the cellular response after 24 hours of B12 deprivation 

initiation due to the reasons described in section 3.2.1, the experimental procedure can easily 

be adapted for follow up studies to be performed at alternative timepoints. An earlier timepoint 

such as 6 hours might be interesting to target, aiming to determine the prior response to B12 

deprivation, with potentially less transcriptomic changes in the metE7 line and even lower 

chances of cross feeding from long-term stress. 

Due to monetary reasons no biological replicates could be analysed by RNA-Seq, however a 

number of top listed DEG were validated by RT-qPCR using both biological and technical 

replicates, all backing-up the here presented results (Holzer et al., in preparation). Another 

limitation of this study resulted from the poly-A enrichment steps performed during library 

preparation. In addition to ribosomal RNA, the latter unfortunately also excludes to identify 

transcripts capturing short or no poly-A signals, including those originating from many repetitive 

sequences and transposons. To circumvent this, future transcriptomic studies interested in 

expression of particularly those repetitive sequences should rather be performed using 

ribosomal RNA depletion or total RNA-Seq, however this will require much higher sequencing 
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depth. Further improvements on the analysis of the RNA-Seq data could include changing from 

FKPM values to working with normalised read counts (Zhao et al. 2021). Although a change 

in the read count metric is not expected to have massive impact on the findings, it would allow 

better comparison of transcriptomic data between different RNA-Seq experiments. Thus, 

results could be compared to other nutrient starvation conditions more closely (Abbas-

Aghababazadeh et al. 2018; Arora et al. 2020).  

One of the main limitations of the transcriptomic results however, derives from the quality of 

the existing C. reinhardtii reference genome annotations. Despite decades of research and 

recent improvements from v5.5 to v5.6, the nuclear genome of C. reinhardtii v5.6 still harbours 

thousands of predicted genes of unknown function. In addition to lacking information on gene 

names, biological function, GO term and/or KEGG pathway association, many mis-annotations 

also exist in the v5.5 and v5.6, such as for CBA1 (Cre02.g081050), which is involved in B12 

uptake, previously annotated as a flagella-associated protein (FAP24) or CobS 

(Cre01.g036950, previously named CBA1). Moreover, outcomes from GO term and KEGG 

pathway analysis, such as the finding of ‘heme binding’ to be significantly upregulated in 

metE7, suggest that some genes associated with ‘heme binding’ have been annotated 

incorrectly or insufficiently, as they might actually also play a role binding B12 binding, although 

this remains to be experimentally tested. Finally, considering the lack of annotated TE 

sequences and associated genes as part of the C. reinhardtii reference genome annotation 

alongside their repetitive character, analysing the expression changes in TE related genes was 

challenging and relied on several approximations. To circumvent these and better resolve the 

actual transcriptomic changes in the individual families and subfamilies of TEs, one solution 

could be to remap the transcriptomic data to the manually curated library of TE consensus 

sequences generated by Craig et al. (2019), followed by expression quantification and 

differential expression analysis between the B12 replete and deplete conditions. Another 

alternative could be to analyse the genomic sequences overlapping with the repeat landscape 

maps presented in Chapter 4 to re-quantify the expression of individual TEs and subsequently 

compare their expression between the different conditions. Indeed, many of the identified 

limitations of this study can be overcome by the release of a new highly improved reference 

genome annotation, the C. reinhardtii v6 genome annotation, which will become publicly 

available likely later in 2021 (see Chapter 4). 

 

3.3.2 Linking transcriptomic to metabolic profiles generates the bigger picture  

The low number of transcriptional changes induced by limiting concentrations of B12 in the 

Ancestral line underlines the capability of METE to compensate for reduced METH activity. 
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Upregulation of METE was however not the only cellular strategy to replace METH as 

upregulation of SAS1 and SAH1 was observed too. Metabolite analysis confirmed that cells 

were able to balance the methionine cycle of 1C metabolism with homocysteine, methionine, 

SAM and SAH metabolite levels remaining relatively constant under limiting concentrations of 

B12 in the Ancestral line (section 3.2.12). Interestingly, whilst no upregulation in transcript 

expression associated with the folate cycle was triggered in the Ancestral line, total folate 

abundance was increased in the absence of B12 (section 3.2.11). While interconversion of 

folate compounds likely resulted in maintaining the relative proportion between isoforms, 

increase in total folate content did not show any phenotypic consequences in the Ancestral 

line. What higher folate abundance means for the cellular metabolism in the long term and 

whether lower levels as observed under METH activity are preferable to the cell, poses two 

new interesting questions that remain to be investigated. Nevertheless, these findings highlight 

that the cellular response to B12 scarcity not only involves METE but likely additional fine tuning 

in the expression of key genes in the methionine cycle.  

In the context of B12 auxotrophy, response to B12 scarcity was much broader, not just a greater 

increase in expression of 1C cycle enzymes, but also related pathways such as folate 

biosynthesis and purine metabolism, which was similar to the response characterised in the 

B12-dependent diatom T. pseudonana (Bertrand et al. 2012). Further, strong accumulation of 

homocysteine was detected, as has been reported in human cells and mouse models (section 

1.4.5 & 3.2.12). While methionine levels remained relatively consistent in the Ancestral line, 

the slight increase in the metE7 line was likely a result of upregulated HMT expression 

alongside internal protein degradation processes. More generally, remodelling and 

degradation of proteins to liberate essential amino acids could explain why B12 starved C. 

reinhardtii cells are able to maintain methionine concentrations as well as why an increase in 

methionine was observed after 24 hours. Again, in good agreement to findings from mouse 

models (Fernàndez-Roig et al. 2012), cellular methylation potential was reduced by B12 

starvation in metE7 cells suggesting that many cellular processes would potentially be 

impacted in auxotrophic lines (section 3.2.12). The latter which was indeed observed at the 

level of the transcriptome and together with findings in mammalian cells (Battaglia-Hsu et al. 

2009; Fernàndez-Roig et al. 2012; Lai et al. 2013) suggested a potential hypomethylation of 

DNA. Several lines of evidence were observed, including the increase in expression of histone 

and DNA methyltransferases which might be a compensation strategy to hypomethylation and 

induced transcription of many previously silenced genes, alongside an increase in helicase 

and acetyltransferase activity. Certainly, these findings suggest that B12 starvation induces a 

strong alteration of the epigenetic landscape. Likely these epigenetic changes would drive 

genetic instability as suggested by the upregulation of the nucleotide excision repair 
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machinery, alongside higher expression of DNA and LINE transposable elements. Cellular 

stress signalling as a result of an increase in reactive oxygen species (Bunbury et al. 2020) 

could also play a role in triggering nucleotide excision repair. In addition, downregulation of 

histones suggests a reduction in DNA replication which fits well to the observation of an arrest 

in the cell cycle.  

While studies in mammalian cells have already shown the link between transcriptomic changes 

of genes involved in RNA metabolism and ER stress in the context of B12 scarcity (Battaglia-

Hsu et al. 2018; Ghemrawi et al. 2019; Hannibal et al. 2013), strong upregulation of the ER 

stress marker gene BIP2, which links the TOR pathway to ER stress signalling, suggests that 

ER stress is induced by B12 starvation in algae too.  

In summary, findings from green algae reveal that the initial strategy to cope with B12 scarcity 

is shared between strains, irrespective of their B12 dependency in that they respond by an 

increase in METE expression, in addition to fine-tuning of methionine cycle genes but also 

increase uptake, salvage and remodelling capacity of B12. This response might therefore be 

understood as the ‘B12-specific’ response. When the latter fails to provide sufficient B12 and 

methyl-groups, respectively, a broad cascade of transcriptional changes is induced as 

observed in metE7, the so called ‘general starvation response’. This program includes strong 

upregulation of selected genes related to 1C metabolism both on folate and methionine sides 

of the cycle as well as a broad range of other transcriptional changes likely induced by the 

altered methylation index and a potential change in epigenetic regulation at the DNA and 

histone level. Apart from minor differences such as the increase in methionine, the cellular 

response of dependent green algae to B12 deprivation equals that of what is known from diatom 

species and interestingly shares many of the metabolic and transcriptomic alterations 

observed in mammalian cells. Based on these observations, it can be hypothesised that B12 

deprivation induces hypomethylation in algae which significantly alters their transcriptome, 

induces stress signalling and potentially triggers genetic instability as, for example silencing of 

TEs might be affected too.  
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3.4 Conclusions 

As well as presenting the first high-quality RNA-Seq data set to study the cellular response of 

B12-dependent and independent C. reinhardtii strains to B12 replete and deplete conditions, this 

study provides a detailed analysis on both the transcriptomic as well as the level of 1C cycle 

related metabolites more generally. By linking findings from both approaches, an enhanced 

mechanical understanding of B12 limitation in algae has been established. The study sheds 

light on new potential genes, metabolites, TFs involved in the cellular mechanisms of 

cobalamin responses in algae, which so far is still barely understood. The analysis validated 

previous findings from our group and then extended these with essential systems biology 

understanding, including the identification of genes differentially regulated by cobalamin, the 

impact of cobalamin scarcity on 1C metabolites as well as on the methylation status of cells. 

Moreover, another notable result of this work is the first quantification of folate profiles in any 

alga, including the novel finding that folate abundance changes under B12 limiting conditions 

even in B12-independent algae. Finally, comparing results from green algae to B12 starvation 

studies performed in other organisms including diatoms as well as mammalian cells highlighted 

a broadly shared response behaviour including the likely impact of B12 scarcity on the 

epigenome, influencing transcriptional regulation and genetic stability. 

In the long term, the results of this study can be envisioned to help and test new assumptions 

about the cellular regulation and evolution of B12 dependency in eukaryotes and thus will help 

understand how B12 availability shapes aquatic ecosystems. It is of key interest to understand 

how B12 dependency evolved in photosynthetic eukaryotes, which would normally be 

considered autotrophic, but even more so which responses eukaryotic cells undergo as a 

consequence of changes in B12 availability as this likely may change in the near future, 

considering the effects of climate change, water pollution and loss in biodiversity.  
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Chapter 4: Characterising the transposon landscape in assembled 
Chlamydomonas reinhardtii strains 

4.1 Introduction 

4.1.1 Transposable elements in the nuclear genome of C. reinhardtii 

The first TE identified in C. reinhardtii was a 5.7 kb class I LTR transposon named TOC1 

(Transposon of Chlamydomonas) (Day et al. 1988). The element which was found in the 

second intron of the oxygen-evolving enhancer 1 (OEE1) protein gene causing the 

photosynthetic mutant phenotype of FUD44, showed a wide variation in copy number (2-30) 

and location between different strains (Day et al. 1988; Day & Rochaix 1991a, 1991b). A year 

later, the first DNA transposon (class II element) was discovered while scanning through the 

mt+ mating type locus of linkage group VI (Ferris 1989). The transposon, which was named 

Gulliver, revealed similar inter-strain variability as TOC1 but elements showed a conserved 

structure and number when present in a genome. In subsequent years, analysis of 

spontaneous mutations in various C. reinhardtii strains led to the discovery of additional class 

II transposable elements, namely Tcr1 (Schnell & Lefebvre 1993), Tcr2 (Schnell & Lefebvre 

1993), TOC2 (Day 1995), Pioneer (Graham et al. 1995), Tcr3 (Wang et al. 1998) and Bill (Kim 

et al. 2005, 2006b). In addition, Gypsy-like LTR retrotransposons CSRE1 & CSRE2 

(Kumekawa et al. 1999), and the retrotransposons REM1 (Pérez-Alegre et al. 2005), Dualen 

(Kojima & Fujiwara 2005) and MRC1 (Kim et al. 2005, 2006b) were identified. 

By 2006, a total of 6 retrotransposons and 7 DNA transposons were known to exist in C. 

reinhardtii (Harris 2009b; Silflow 2004) but the list was soon to be expanded as the following 

year by the Chlamydomonas reference genome project. This yielded the whole-genome 

assembly of the cell wall-deficient C. reinhardtii lab strain CC-503 (Hyams & Davies 1972) 

which shares the Ebersold/Levine 137c wild type background (equivalent to CC-125, 

Chlamydomonas Resource Center 2012, https://www.chlamycollection.org/) (Merchant et al. 

2007). This breakthrough in algae research allowed investigation of the entire algal genome 

for the first time and led to the discovery that the repeat landscape of Chlamydomonas is 

dominated by GC-rich, simple sequence repeats and transposons (Merchant et al. 2007). The 

authors identified 61 classes of simple repeats comprising 2.1% of the genomic sequence and 

147 transposon consensus sequences, representing ~100 different TE families contributing to 

8.9% of the genomic content. A unique transposon family was defined as less than 75% 

identical to transposons in other families and libraries of TE sequences together with simple 

repeats were made available in the Repbase database (Bao et al. 

2015)(http://www.girinst.org/Repbase/). The latter remained open access until April 2019. It 

was thus clear that there were many more transposable sequences existing in C. reinhardtii 
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then initially expected. Notably, C. reinhardtii was also found to have many non-autonomous 

TEs although these were not investigated in more detail at the time. A higher occurrence of TE 

sequences in intronic regions led to the hypothesis that introns are subject to creation or 

inversion by TEs. However, the use of early stage next-generation 454 shotgun 

pyrosequencing technology (Margulies et al. 2005) together with a relatively low sequencing 

coverage of 13x meant that the quality of this first assembly (CC-503 v3) was still far from 

complete. CC-503 v3 contained 121.0 Mb of scaffold sequence assembled into 1,557 scaffolds 

(scaffold N/L50 of 25/1.63 Mb, contig N/L50 of 608/44.5 kb), of which 15.3 Mb (12.7%) 

represented gaps (Merchant et al. 2007).  

Continual efforts have been made over the years by the Chlamydomonas reference genome 

consortium in collaboration with the U.S. Department of Energy Joint Genome Institute (JGI, 

https://genome.jgi.doe.gov/portal/) to improve the reference assembly (Blaby et al. 2014), and 

this has allowed reanalysis of the genome and reassessment of these initial findings about 

TEs. Using a custom repeat library, containing Volvox- and Chlamydomonas-specific repeat 

sequences collected from Repbase (Merchant et al. 2007) as well as 1,103 repeats identified 

using RepeatScout (Price et al. 2005) plus a library of 100 satellite sequences, analysis of 

version 4 of the reference genome (CC-503 v4) showed that the total repeat content of the 

green model alga was around 19.7%, with 12.5% being interspersed repeats (0.1% SINE, 

3.8% LINEs, 0.8% LTR, 1.7% DNA TEs, 6.1% unclassified TEs) and 7.2% non-interspersed 

repeats (0.4% satellites, 5.2% simple repeats, 1.5% low complexity) (Prochnik et al. 2010). A 

few years later, now using CC-503 v5.3 as the reference, the role of TEs in genome structure 

and evolution was investigated (Philippsen et al. 2016a). Calling TEs based on the existing 

Repbase library and the RepeatMasker software (Smit et al. 2013), Philippsen et al. (2016) 

analysed the TE distribution in genes using a reference set of orthologous gene pairs from C. 

reinhardtii and V. carteri and observed that around one third of all orthologous genes appeared 

to harbour a (mostly-fragmented) TE copy. Insertion sites were predominantly in the 5’ or 3’ 

flanking regions of genes and revealed a moderate preference (54.4%) for the anti-sense 

(Philippsen et al. 2016a). In general TEs were not found in intronic regions, near translation 

start sites (TLS) or near the stop codons. An under-representation of TEs in introns was in 

contrast to the location of tandem repeats, (Zhao et al. 2013) reported that Chlamydomonas 

had the highest number of these repeats in plants and green algae (42,059 bp·Mbp-1) and that 

these were predominantly concentrated in intronic and coding regions. This suggested that TE 

insertions in these regions are negatively selected against and highlighted that there are 

differences in evolutionary forces acting on simple repeats compared to the complex 

interspersed repeats such as TEs (Philippsen et al. 2016a). At 8.5% of the genome, results 

further indicated that TEs contributed significantly to the evolution of the 3’ ends of genes in C. 
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reinhardtii. This is comparable to human and mice, where 8% and 5% respectively of poly(A) 

site regions are derived from transposable sequences, despite the fact that they have much 

larger relative abundance of TEs than C. reinhardtii (Lee et al., 2008).  

The current version of the C. reinhardtii reference genome, CC-503 v5, released in 2012 and 

further improved in 2017, contains 1,495 contigs representing 17 chromosomes and 37 minor 

scaffolds and together with the most updated annotation (v5.6 Phytozome, https://phytozome-

next.jgi.doe.gov) has remained the gold standard for genomic studies on Chlamydomonas. 

Recently, it was used in a comparative genomic study on different Chlamydomonas species, 

which not only yielded an updated, manually curated library of 271 TEs in Chlamydomonas 

but further revealed another important role of TEs in green algae (Craig et al. 2020). The 

authors identified multiple copies of a new L1 LINE element named ZeppL-1 (also referred to 

as L1-1_CR) respectively as present at the 15 putative locations for the C. reinhardtii 

centromeres (Lin et al. 2018). The retrotransposon, which was homologous to the centromeric 

repeat Zepp from the polar microalga Coccomyxa subellipsoidea, showed a conserved 

location in different Chlamydomonas species and was absent in all non-centromeric regions 

(Craig et al. 2020). However, the lack of contiguity at highly repetitive regions, alongside 

scaffolding errors, of the current reference genome assembly posed a major issue when trying 

to correctly determine number and location of repetitive elements, particularly at the 

centromeres.  

When interested in an accurate mapping of transposons, the fragmentation of the C. reinhardtii 

reference genome represents an important obstacle to overcome. Thanks to major advances 

in DNA sequencing technology in recent years (Mardis 2017; Shendure et al. 2017), PacBio 

and nanopore sequencing provide the possibility and affordability to conduct long-read 

DNA/RNA sequencing and thereby solve the problem of assembly gaps and misassemblies. 

This has recently been achieved for the C. reinhardtii lab strain CC-1690, providing a new 

reference-quality de novo genome assembly (O’Donnell et al. 2020). Using ultra-long read 

nanopore data of CC-1690 mt+ (Liu et al. 2019), which is genetically distant by 0.08% from 

CC-503 mt+ (Gallaher et al. 2015a), the contiguous CC-1690 v1 assembly of the nuclear 

genome contained only 21 contigs, spanned 30 out of 34 telomeric ends, and revealed a 

genome size of 111 Mb. This contrasts with nearly 1,500 contigs and poorly resolved 

centromeric and no telomeric regions for CC-503 v5. In addition, the JGI and the 

Chlamydomonas reference genome consortium are currently actively developing version 6 of 

the Chlamydomonas reference genome. As result of these efforts, two new (version 6) 

assemblies have been generated, namely CC-503 v6 and CC-4532 v6. Genomic analysis 

during the development of the version 6 reference genome has resulted in the decision to 

change the reference strain. Concrete reasons for this are partially presented as part of this 
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chapter. In contrast to previous assemblies, the version 6 Chlamydomonas reference genome 

will no longer be based on CC-503 but CC-4532, another commonly used lab strain which in 

contrast to CC-503 features an intact cell-wall (Craig et al. in preparation, personal 

communication) (see section 2.1.1 & Table 2.1). CC-4532, also known as strain 2137, was 

initially thought to be the progeny of a cross between strains equivalent to CC-1690 and CC-

124, however re-sequencing followed by haplotype variant analysis revealed it to be closely 

related to CC-621 (also known as NO-) (Gallaher et al. 2015a; Spreitzer & Mets 1981). 

Combining long-read PacBio sequencing with short-read Illumina shotgun data, de novo 

assembly of both strains was recently completed and used to investigate the architecture and 

evolution of subtelomeres of C. reinhardtii (Chaux-Jukic et al. 2021). While the community was 

still working on annotating the assemblies, the lead authors kindly shared the version 6 

assemblies of CC-503 and CC-4532 with me for the purpose of this study (personal 

communication with Professor Sabeeha Merchant, Dr Sean Gallaher and Dr Rory Craig).  

The availability of these new assemblies together with the recent update of the C. reinhardtii 

TE library (Craig et al. 2019) offers a unique opportunity to not only improve our understanding 

of genome composition and structure but further enables genomic comparisons between 

different whole-genome assemblies of C. reinhardtii lab strains to be performed for the first 

time. The latter will allow investigation of transposon localisation, diversity and activity in the 

green model alga at a new scale. 

 

4.1.2 A DNA transposon called Gulliver  

Among all TEs existing in C. reinhardtii, the one named Gulliver (referring to the novel by 

Jonathan Swift 1726) has received particular attention since its discovery in 1989 and become 

the most thoroughly studied repetitive element in green algae.  

Identified by Patrick J. Ferris in the mt+ locus of linkage group VI in C. reinhardtii, Gulliver was 

characterised as an autonomous DNA transposon composed of an imperfect but highly 

conserved 15 bp terminal inverted repeat (TIR), flanking a transposase coding sequence. 

Sanger sequencing enabled 246 bp of the 3’ end and 370 bp of the 5’ end to be determined, 

and a complete Gulliver transposon was estimated to have a total length of roughly 12 kb 

(Figure 4.1a) (Ferris 1989). Additional conserved sequence copies were found at 11 dispersed 

sites throughout the genome of CC-620 (Ferris 1989). Similar elements were observed in the 

close relatives including Chlamydomonas smithii (CC-1373), however they appeared at 

different genomic locations or were completely absent as in the C. reinhardtii isolate CC-1952 

(Ferris 1989). Thus, location was highly variable between different Chlamydomonas strains, 

meaning that patterns of Gulliver could be used as a feature to determine the ancestry of 
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various algal field isolates (Sack et al. 1994). Notably, it was observed that the autonomous 

Gulliver transposon often moved into a site genetically linked to its origin (Ferris 1989). 

Over the years, Gulliver became classified as a hAT DNA transposase (Kempken & Windhofer 

2001) and the 7,104 bp (equivalent to 777 amino acids) consensus sequences of Gulliver and 

its encoded transposase became available via Repbase as part of the TE libraries generated 

during the Chlamydomonas reference genome project (Kapitonov & Jurka 2006a; Merchant et 

al. 2007) (Figure 4.1b). The latter also presented the first genome map of Gulliver, highlighting 

14 positions scattered along different scaffolds (Figure 4.1c) (Merchant et al. 2007). Around 

the same time, mutation studies on the ammonium transport gene AMT4 in C. reinhardtii, 

revealed the existence of another Gulliver-like transposon with lengths around 238 bp (Kim et 

al. 2005). As in the autonomous element, the miniature element possessed the same 15 bp 

imperfect inverted repeat sequence, while similarity to the Gulliver sequence extended for 

another 18 nucleotides on the left and 45 nucleotides on the right. BLAST searches indicated 

that the more than 200 sequences in the Chlamydomonas genome showed similarity to this 

new Gulliver-like element (Kim et al. 2006b). Due to the lack of a transposase coding sequence 

it was assumed that this Gulliver-like element is a non-autonomous element that relies on the 

activity of other autonomous transposons (Helliwell et al. 2015). Since it appears as a truncated 

version of Gulliver, this study proposes that the Gulliver-like insertion can be understood as a 

miniature inverted-repeat transposon (MITE) which most likely has originated and is controlled 

Figure 4.1: Existing knowledge about the properties of the Gulliver transposon in 
Chlamydomonas reinhardtii. (a) Identified at 12 nuclear locations, the Gulliver transposon 

was characterised by an imperfect 15 bp terminal inverted repeat (TIR) sequence flanking a 

mobile DNA element of roughly 12 kb which creates an 8 bp target site duplication upon 

integration (Ferris 1989). (b) In parallel with the release of CC-503 v3, a consensus sequence 

of the Gulliver TE was published and the exons of the encoded Gulliver transposase were 

predicted (Kapitonov & Jurka 2006a). (c) As part of the most up-to-date C. reinhardtii v5.6 

annotation, 34 RepeatMasker hits mapping to 16 positions scattered along different 

chromosomes were annotated as Gulliver TEs (Merchant et al. 2007). 
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by the activity of an autonomous Gulliver transposon. In order to help differentiate both element 

types in this study, from here on the autonomous Gulliver transposon is referred to as Gulliver 

TE while for the non-autonomous Gulliver like elements the term Gulliver MITE is used. Thus, 

both are classified as members of the Gulliver family. At this point it should be noted that there 

is a similarly named transposon family identified in Schistosoma mansoni (human blood fluke) 

(Laha et al. 2001) but this is completely unrelated and with different properties to the C. 

reinhardtii Gulliver family.  

The Chlamydomonas Gulliver elements were observed to cause an 8 bp target site duplication 

(TSD) upon integration (Figure 4.1). The latter was described to remain as a footprint after 

complete excision of the Gulliver TE (Ferris 1989). This however is not always the case, as 

Helliwell et al. observed a clean excision of a Gulliver MITE element out of the METE locus 

under B12 deprivation conditions (Helliwell et al. 2015). The most recent mapping and currently 

best annotation of both Gulliver TEs and MITES was provided by Gallaher et al. (2015) 

applying standard BLAST searches against CC-503 v5. Despite this information, the Gulliver 

transposon family poses several unresolved questions including how much does the TE 

landscape vary between Chlamydomonas strains of different evolutionary distance and to what 

extent does the Gulliver family contribute to this? Which TEs can be active under normal 

culture conditions or alternatively does the location of Gulliver elements change over time? If 

so, under which conditions are the Gulliver TEs active and do those conditions influence other 

repetitive elements too? Is the Gulliver family unique to the genus Chlamydomonas or can 

members of this family also be found in other closely related species too? 

 

4.1.3 Scope of this chapter 

This chapter aims to accomplish three main objectives. First, to provide a genomic comparison 

between four currently available whole-genome assemblies of C. reinhardtii on various genetic 

levels. Briefly, assemblies will be assessed with respect to their quality metrics, cross 

coverage, genetic variants and overall repetitive landscape. Considering that the TE landscape 

as well as individual TE families in Chlamydomonas are poorly studied, the repeat landscape 

will be analysed at the level of individual superfamilies of TEs using a newly curated repetitive 

element database for C. reinhardtii (Craig et al. 2019). Based on translocation events observed 

between the different lines, the second objective is then to identify active TEs in C. reinhardtii. 

The third part of this chapter finally focuses on the family of hAT transposons known as 

Gulliver. This subclass of DNA transposons has not only been found to be among the active 

TEs (Gallaher et al. 2015b; Kim et al. 2005, 2006b) but further translocation of a Gulliver related 

element was observed to be the cause for the development of a vitamin B12 auxotrophic line of 
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C. reinhardtii (Helliwell et al. 2015) (see section 1.3.4). As result, the final objective is to 

accurately map Gulliver locations and translocations between assembled C. reinhardtii strains 

and to provide an in depth description of the Gulliver transposon characteristics.  

Thus, this chapter aims to provide insights into the species overall genetic makeup, lineage 

specific structural diversity and levels of chromosomal rearrangements while providing key 

reference points for the analysis of genetic variants and TE translocations in evolved CC-124 

lines presented in Chapter 5. 

 

4.1.4 Collaboration note 

I hereby wish to highlight the collaborative nature of the reference assembly project of which 

some results are presented as part of this chapter. Without the support of the following named 

internal and external collaborators, this work would have not been possible. 

• The new version 6 assemblies of CC-503 and CC-4532 were kindly provided by Dr 
Rory Craig (Evolutionary Genetics Group, University of Edinburgh, UK) together with 

his manually curated repetitive elements database firstly described in Craig et al. 

(2019). 

• The discovery of what appears to be a new Kyakuja DNA transposon in C. reinhardtii 

(section 4.2.6) was made together with my internal collaborator Dr Andrew Sayer 
(Department of Plant Sciences, University of Cambridge, UK). While he lead the 

insertional mutagenesis study and generated the short-read sequencings data, the 

analysis of the causal mutation was performed in close collaboration. The investigation 

and characterisation of the new transposon was performed and written by myself. 
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4.2 Results 

4.2.1 Comparison of available genome assemblies 

The new genome assemblies of C. reinhardtii, namely CC-1690 v1, CC-503 v6 and CC-4532 

v6, have recently been reported (O’Donnell et al. 2020) and will become available to the wider 

community soon (Craig et al., in preparation). They provide an ideal opportunity to carry out 

genome-wide comparisons of the role and location of repetitive elements in Chlamydomonas, 

and in particular Gulliver TEs and Gulliver MITEs as a means of documenting their 

transpositions. In order to do this, the first step was to assess the quality of these new 

assemblies and compare them to the current reference CC-503 v5. This analysis is important 

in order to assess whether assemblies of different strains are of comparable quality and to 

what extent they can be employed for downstream comparative genomic studies. Assembly 

metrics of the version 6 genomes from CC-503 and CC-4532, generated by long-read PacBio 

and error corrected with shotgun Illumina sequencing data, and the new CC-1690 v1 genome 

generated by Nanopore and Illumina sequencing, were compared with the current reference 

genome and results are summarised in Table 4.1.The new genomes all feature a >10 fold 

improvement in contiguity, achieving final contig sizes N50 of 2.9 Mb, 2.7 Mb and 6.8 Mb 

respectively compared to just 0.22 Mb in CC-503 v5 (Table 4.1). In addition, the total number 

of contigs was found to be significantly reduced to only 143 in v6 of CC-503 compared to 1,495 

in CC-503 v5. Meanwhile, the number of scaffolds remained comparable to v5 and so did the 

average GC content of 64.1%. Genome size based on sum of contig length was only slightly 

extended from 107 Mb up to 113 Mb while BUSCO analysis (Seppey et al. 2019) (BUSCO 

data set chlorophyta_odb10, see 2.7.3) revealed a very minor improvement in genome 

completeness, from 99.4% to 99.7% (Table 4.1 & Supplementary Figure 3). Thus the v6 

assemblies were found to be highly comparable but with significant improvements over the v5 

assembly of CC-503.  

Similar improvements in terms of genome length, completeness and GC content were 

observed for the first assembly of CC-1690. Most notably however, moderate coverage of 

ultra-long nanopore reads coupled with shotgun Illumina accuracy curation resulted in much 

stronger improvement in contiguity, yielding a new C. reinhardtii assembly with a remarkable 

N50 of 6.8 Mb. The latter resulted from 21 unique contigs, which after scaffolding assembled 

into 17 chromosomes plus one minor unplaced contig. This exceeds the contiguity of any other 

current algal genome published (Hanschen & Starkenburg 2020) and is comparable to that of 

the current reference genome of the model plant Arabidopsis thaliana TAIR10 (Figure 4.2). 

Other NCBI assemblies for plants and vertebrates such as those of rice, maize, mouse or 

human reveal higher N50 values, however it must be noted that this parameter is influenced by 
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Table 4.1: Raw metrics of available C. reinhardtii assemblies. The version 5 reference 

genome assembly (CC-503 v5) and the new reference-quality de novo assembly of strain CC-

1690 (CC-1690 v1) were obtained from Phytozome (Chlamydomonas reinhardtii v5.6) and 

NCBI (project: JABWPN01), respectively. The assemblies generated during the version 6 

reference genome project, CC-503 v6 as well as CC-4532 v6, were provided by Rory Craig 

prior to their public release. Raw sequencing data is unavailable except for CC-1690 v1. Thus, 

information on read length and coverage is not listed. 

 CC-503 v5 CC-503 v6 CC-4532 v6 CC-1690 v1 
Sequencing 
strategy 

454 

+ Sanger 

Illumina 

+ PacBio 

Illumina 

+ PacBio 

Nanopore  

+ Illumina 

Genome size (Mb) 107.051 109.671 113.115 111.112 

No. of contigs 1,495 143 120 21 

Scaffolds  17 chr + 37 minor 

scaffolds 

17 chr + 40 

unplaced contigs 

17 chr + 40 

unplaced contigs 

17 chr + 1 

unplaced contigs 

Contig N50 (Mb) 0.219 2.917 2.65 6.8 

Contig L50 139 13 14 6 

Scaffold N50 (Mb) 7.784 6.882 6.955 6.886 

Scaffold L50 6 6 6 6 

GC content (%) 64.08 64.07 64.11 64.13 

BUSCO 
completeness 

1,510/1,519 

(99.4%) 

1,515/1,519 

(99.7%) 

1,512/1,519 

(99.6%) 

1,515/1,519 

(99.7%) 

Release date Dez 2012 *Oct 2020 *Oct 2020 Sep 2020 

Reference Merchant et al. 
(2007) 

Craig et al.  
(in preparation) 

Craig et al.  
(in preparation) 

O’Donnell et al. 
(2020) 

*unpublished data provided by Rory Craig   

 

genome size, chromosome length and number. Thus the N50 value should not be used as sole 

metric to compare reference between species (Bradnam et al. 2013).  

Incorporating genome size, the new version 6 assemblies also appeared to be among the 

better resolved algal genomes and overall were much more comparable to the assembly of 

CC-1690 v1 than to the old CC-503 v5 reference genome. CC-1690 v1 harbours significantly 

fewer gaps (<<0.1%) compared to the new assemblies of CC-503 (1.6%) and CC-4532 (0.8%) 

as it was built on 21 instead of 120+ contigs, but CC-1690 v1 was used as template for 

scaffolding of the version 6 assemblies and thus the new genomes should be of comparable 

quality when it comes to localisation of larger structural variants including chromosomal 

rearrangements.  
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Whole-genome alignments (WGA) between the old v5 and each of the new assemblies were 

calculated using Minimap2 (see section 2.7.2) to illustrate the de novo correction of several 

inversion, insertion and deletion states as well as minor scaffold orders throughout the 

reference chromosome landscape (Figure 4.3). Visualised using dot plots, the alignments 

provide a 'whole genome' view of the various genomic sequences and highlight larger 

chromosomal rearrangements as well as insertion and deletion sides. While the latter can be 

observed as displacements from the diagonal (Figure 4.3, blue arrows), for example as seen 

on chromosome 2, 8 & 17, a change in line direction characterises inversions. It can be noted 

that many of the latter including the inversions observed on chromosome 3, 5 & 11 (Figure 4.3, 

green arrows) are shared between the new assemblies, suggesting them to be corrections of 

the previous reference. More detailed comparison between the v5 and v6 assembly of CC-503 

further revealed that some chromosomal rearrangements, observed as large scale alignments 

to different chromosomes (Figure 4.3, violet arrows), such as parts of the translocation 

between chromosome 9 and 2 appeared to be unique to the CC-503 lineage suggesting higher 

genetic rearrangement activity in this particular strain. 

 

Figure 4.2: Reference genome contiguity metrics for Chlamydomonas reinhardtii 
common model organisms. Illustrated by contig size N50 and genome size, 224 publicly 

available versions of algal reference genomes (Hanschen & Starkenburg 2020) are displayed 

(grey) alongside the current reference genome of C. reinhardtii strain CC-503 (v5, Merchant 

et al. (2007)) and the curated assemblies of CC-503 v6, CC-4532 v6 (Craig et al., in 

preparation), CC-1690 v1 (O’Donnell et al. 2020) alongside common model organism from the 

plant and animal kingdom. Publicly available data of the latter was downloaded from NCBI on 

05.01.2020. 
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Figure 4.3: Whole genome alignments of C. reinhardtii reference over all 17 
chromosomes. The current reference genome CC-503 v5 is compared with the new releases 

(a) CC-503 v6 (Craig et al., in preparation), (b) CC-4532 v6 (Craig et al., in preparation) and 

(c) CC-1690 v1 (O’Donnell et al. 2020), visualised by syntenic dot plots. Pairwise whole 

genome alignments were generated using Minimap2 (Li 2018) and visualised as dot plots with 

arrows highlighting selected genomic rearrangements. 
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4.2.2 Large scale changes in coverage between v5 and v6 assemblies 

To further investigate the chromosomal rearrangements and test the hypothesis that CC-503 

exhibits higher genetic variability compared to the other two lab strains, maps of synteny were 

created based on WGAs similar to those in 4.2.1.  

Cross coverage between assemblies was analysed with results displayed in Figure 4.4. Each 

sequence in a query chromosome is shown as a rectangular box with shaded regions 

representing aligning parts to the target genome. Notably, large scale changes in coverage 

were observed between all new assemblies when compared to the CC-503 v5 reference 

genome (left panel, Figure 4.4), most of which were shared between the new assemblies and 

therefore likely represent improvements in mapping over the previous CC-503 v5 reference. 

In addition to the various inversions mentioned in 4.2.1, several misplacements of sequences 

originally mapped to chromosome 2 or chromosome 9 were also corrected by the new 

assemblies with sequences now being placed as part of chromosome 11, 15 and 2, 

respectively. The CC-503 v6 assembly was therefore observed to be extended by new 

sequence information (white regions, Figure 4.4). Actually, CC-503 v6 and CC-4532 v6 both 

revealed an extension of chromosome 15 by ~3.7 Mb compared to CC-503 v5 and ~1.8 Mb to 

CC-1690 v1. The latter which is about the size of the only unplaced contig in CC-1690 v1. 

Alignment of the unplaced contig with CC-4532 v6 showed that it indeed matched to the right 

arm of chromosome 15 (personal correspondence with Rory Craig, data not shown). 

Comparing CC-4532 v6 and CC-1690 v1 to CC-503 v6 (centre panel, Figure 4.4) disclosed an 

additional large scale reciprocal translocation with the exchange of parts between the non-

homologous chromosomes 2 and 9. The chromosome abnormality which is unique to CC-503 

v6 explains the extension of chromosome 2 and equal reduction of chromosome 9 in CC-503 

v6 and supports the hypothesis of the CC-503 strain being prone to a higher rate of 

chromosomal rearrangements.  

Finally, analysing cross coverage of CC-1690 v1 to CC-4532 v6 highlighted a number of 

smaller chromosomal rearrangements, most likely structural variants of the class INDELs 

between the lines alongside a small number of CC-1690 unique sequence regions (right panel, 

Figure 4.4). 

In addition to the inter-chromosomal rearrangements, intra-chromosomal alterations were 

observed and supported the findings from above (Figure 4.5). While a few poor alignments 

were filtered out (white regions), CC-1690 v1 and CC-4532 v6 still showed high synteny along 

all chromosomes (Figure 4.5f). CC-503 v6 revealed another unique large scale inversion at 

chromosome 16 (Figure 4.5), which was not shared with any of the other assemblies, meaning 
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that this inversion must have happened between the initial sequencing of the strain and when 

it was re-sequenced.  

Figure 4.4: Cross coverage between the different C. reinhardtii genome assemblies. 
Synteny to target genome sequence is displayed and color coded by individual chromosomes. 

Barplots display each assembled chromosome sequence of the query genome as a 

rectangular box and show how much and which part of a target genome is included in the 

genome alignment with that query. For assemblies of similar quality, observed changes in 

coverage are likely a result of inter species structural rearrangements and variations. 
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4.2.3 Quantification of complex genomic rearrangements and variants 

Subsequent to pairwise genome alignments, variant analysis was performed in order to 

quantify the total number of various genomic differences between the assemblies. Variants 

were called for all pairwise comparisons, at first employing the commonly used “paftools.js” 

script from the Minimap2 package. Results highlighted that CC-1690 v1 had a high number of 

single nucleotide polymorphisms (SNPs) and predominantly small insertions and deletions 

(INDELs, <50 bp) in comparison with all other assemblies (Supplementary Figure 4). In 

contrast, the number of small structural variants (SNPs + INDELs <50 bp) was found to be 

similar or even slightly increased between CC-503 v5 to CC-503 v6, which can be explained 

as a result of improved synteny from v5 to v6, while the sum of medium (>50 bp & < 1 Mbp) 

as well as large (>= 1 Mbp) insertions and deletions was reduced by ~60% and 30%-50%, 

respectively. This confirms improvements in the assembly quality of CC-503 v6.  

However, the paftools analysis was found to be limited in discriminating between different 

structural variant types and further lacked the ability to quantify complex genomic 

rearrangements. Thus a literature search was performed to identify other algorithms and 

revealed SyRI (Synteny and Rearrangement Identifier), a pairwise whole-genome comparison 

tool designed for identification of structural as well as sequence differences from chromosome-

level assemblies (Goel et al. 2019). Using SyRI, the pairwise alignment data obtained in 4.2.1 

was filtered for high-quality alignments which were reassessed to identify genomic 

rearrangements and structural variants in the sequences. The tool allowed discernments of 

variants residing in syntenic or rearranged regions. Overall the SyRI analysis called a much 

higher number of variants but revealed similar trends as those identified via paftools (Figure 

4.6 & Supplementary Figure 5). In addition, it allowed quantification of similarity between the 

assemblies showing that synteny improved from ~79% between CC-503 v5 and v6 up to ~90% 

between CC-1690 v1 and CC-4532 v6. 

Inter-species variability was investigated in more detail by comparing variants between 

assemblies of similar quality as only in this case can the bias through scaffolding errors be 

limited (Figure 4.6). In good agreement with the previous results, the variant landscape 

between CC-503 v6 and both CC-4532 v6 or CC-1690 v1 revealed to be dominated by large 

genomic rearrangements including inversions, translocations and duplications. While the total 

Figure 4.5: Graphical representation of intra-chromosomal rearrangements. Structural 
rearrangements comprising inversions, duplications and translocations are displayed between 
genomic assemblies (a) CC-503 v5 and CC-503 v6, (b) CC-4532 v6 and CC-503 v5, (c) CC-
1690 v1 and CC-503 v5, (d) CC-1690 v1 and CC-503 v6, (e) CC-4532 v6 and CC-503 v6, (f) 
CC-1690 v1 and CC-4532 v6. Graphs were generated using SyRI’s internal “plotr” function 
(Goel et al. 2019). 
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number of the latter was significantly smaller when compared to the total number of structural 

variants and further was observed to decrease slightly from CC-4532 v6 vs CC-503 v6 to CC-

1690 v1 vs CC-503 v6, their impact on the genome was comparably large, comprising ~7% of 

the genomic sequence. The latter was mainly dominated by the large translocations and 

inversions mentioned in 4.2.2 and 4.2.3 as well as a row of duplications that appeared to be 

around 300-30,000 bp in size. In contrast, the impact on genomic variability of sequence 

Figure 4.6: Summary of chromosomal rearrangements and structural variants by type. 
The number of pairwise variants for each pair of indicated strains is displayed between the 
three assemblies of comparable contiguity. Length of the bar charts is proportional to number 
(left panel), or total sequence length (right panel) of an indicated variant type. As well as 
chromosomal rearrangements comprising insertions, translocations and duplications, 
structural variants are displayed at the levels of single nucleotide polymorphisms (SNP), 
insertions (INS), deletions (DEL), copy number gains (CPG), copy number loss (CPL), highly 
diverged regions (HDR) and tandem repeat motifs (TDM). The colour scheme from violet to 
green indicates the size of individual variants (left panel) and accumulating length of variants 
of a specified size (right panel), respectively. For variant types with low frequency/size between 
a selected pair of strains, the actual number respectively sequence length (bp) of the variant 
is displayed. A similar comparison of all new assemblies to the current version 5 reference 
genome can be found in Supplementary Figure 5. 
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variations, comprising SNPs, insertions (INS), deletions (DEL), copygains (CPG) and 

copylosses (CPL), of all sizes was only between 1.4% - 1.8%. (Figure 4.6). The number of 

SNPs (excluding Ns in the reference) ranged from 47,817 between CC-4532 v6 and CC-503 

v6 to 74,637 between CC-1690 v1 and CC-4532 v6, which represents 0.04 and 0.06 % of the 

genome (120 Mbp), respectively. The number of highly derived regions (HDR) as well as 

tandem repeat motifs (TDM) were also quantified but not investigated in more detail as the 

overall impact remained comparably similar.  

While the distribution of SNPs is commonly used as a measure to determine 

similarity/relatedness between species (Morin et al. 2004), studies on genetic diversity 

between various lab strains of C. reinhardtii have shown that a vast majority of inter-strain 

variability (98.2%) is likely attributed to the presence of two alternative haplotypes (Gallaher et 

al. 2015a). Characterised by mosaic patterns of SNPs and small INDELs (<=40 bp) with ~2% 

relative divergence along the chromosomes, the current model suggests that the lab strains 

investigated (which encompass those analysed here) are descendants from two ancestral 

strains that harboured a genetic divergence of ~2% (representative of the two haplotypes).  

To investigate the extent to which these patterns are reproducible using whole-genome 

assemblies instead of short-read Illumina data, the whole-genome distribution of SNPs, 

insertions and deletions was analysed against the current v5 reference genome 

(Supplementary Figure 6a). For both CC-4532 v6 vs CC-503 v5 and CC-1690 v1 vs CC-503 

v5 comparisons, the majority of SNPs (75-80%) correlated with annotated regions of haplotype 

2 from CC-503 v5 (Supplementary Figure 6). However, this was only partially the case for 

insertions and even less so for deletions, although this might be masked by the differences in 

the genome completeness as they often mapped to regions in CC-503 v5 which were subject 

to improvements in the new assemblies. While annotation of haplotype regions is available for 

CC-503 v5 (Gallaher et al. 2015a) the new data now provides the opportunity to expand it for 

CC-503 v6 as well as annotating haplotypes regions in CC-1690 and CC-4532 for the first time.  

Notably, a large number of SNPs (3,000-10,655 SNPs, depending on the variant analysis 

applied) were observed between CC-503 v6 and CC-503 v5, equally distributed along the 

genome (Supplementary Figure 6) and also several insertions, following similar patterns as for 

CC-1690 v1 vs CC-503 v5 and CC-4532 v6 vs CC-503 v5. While the presence of two 

haplotypes allows variations that emerged while strains were cultivated in the lab to be 

distinguished from those that emerged earlier in the population, the findings of this study are 

in good agreement with the new haplotype model (Gallaher et al. 2015b) and allowed the rate 

of divergence over time to be estimated as  ~ 200-700 SNPs/year for C. reinhardtii CC-503.  
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Based on haplotype patterns it was known that CC-503 is more closely related to CC-4532 

then to CC-1690, a finding which was also confirmed in this study based on the total number 

and distribution of SNPs between the different strains (Figure 4.6, Supplementary Figure 4 & 

Supplementary Figure 6).  

 

4.2.4 TE annotation and distribution in assembled C. reinhardtii strains  

With the characterisation of new high-quality assemblies, the repeat landscape of C. reinhardtii 
including its variability between different lab strains could be investigated in detail. Annotation 

of TEs was performed in the current reference genome CC-503 v5, in the publicly available C. 

reinhardtii genome CC-1690 v1, as well in both version 6 assemblies of CC-503 and CC-4532. 

Transposable elements were annotated using RepeatMasker (Smit et al. 2013) based on 

available TE libraries from C. reinhardtii. Various annotations of the TE landscape were 

produced over the course of this project, predominantly as a result of changing availability and 

updates of the TE databases (see Material & Methods). Only the latest outcomes based on 

the most up to date manually curated TE library (repeat_lib_v3_2.volvocales, Craig et al. 

(2019)) and RepeatMasker version (v 4.1.0) are presented here. 

Despite the significant improvements made in terms of contiguity and scaffolding (see 4.2.1 & 

4.2.2) between the CC-503 v5 reference genome and the three new assemblies, the overall 

composition of the repeat landscape was found to be highly consistent between them, 

comprising ~18% of the nuclear genome (Figure 4.7a). As previously described, the repeat 

content in C. reinhardtii was dominated by simple repeat sequences (~37.5%), class I 

retrotransposons (~34.5%) and class II DNA transposons (~22%) equivalent to ~6.9%, ~6.4% 

and 4.1% of the genome sequence, respectively. The initial quantification of the repeat content 

by Merchant et al. (2007) on CC-503 v3 was 8.9% and the reassessment by Prochnik et al. 

(2010) on CC-503 v4 was 12.5%. The content of interspersed repeats in C. reinhardtii carried 

out here lies between those two values at ~10.5%. In good agreement with the observations 

by Prochnik et al. (2010), the interspersed repeat landscape was defined by the subclasses of 

TIR (~2.6%) and RC (~1.5%) DNA transposons as well as LINE (~3.4%), PLE (~1.8%) and 

LTR (~0.8%) retrotransposons. Analysis at the (super-)family level further led to the discovery 

that the most abundant retrotransposons are Chlamys PLE elements followed by L1 LINE 

elements, while DNA transposons are made up predominantly of members of the Helitron2 

superfamily followed by Kyakuja, EnSpm, hAT and P TIR elements (Figure 4.7b), which also 
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constitute the largest fraction of the repetitive part of the genome. For the class I elements, 

Dualen LINE elements and Gypsy LTRs contributed the greatest proportion. Despite very little 

variation in the total number of elements, the cumulative sequence length of TE families 

revealed interesting alterations between the various strains. Most notably, sequence coverage 

Figure 4.7: Comparison of total number and sequence coverage of interspersed and 
tandem repeats detected with RepeatMasker in available genome assemblies of C. 
reinhardtii. (a) Line chart (bottom) show proportion of assembly that is made up of repetitive 
elements. Contribution of main classes of TEs is highlighted by pie charts. (b) In detail 
comparison of analysis of total number and sequence coverage by TE subclasses  between 
the currently used reference genome (CC-503 v5) and  three newer genome assemblies of C. 
reinhardtii (CC-503 v6, CC-4532 v6, CC-1690 v1). 
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of the Gypsy superfamily was found to be nearly doubled in CC-4532 v6 compared to all other 

assemblies. Larger variations between strains with respect to accumulated length were also 

observed for L1 and Dualen LINEs as well as for PAT-like DIRS, Helitron2 RCs and several 

TIR elements (Figure 4.7b). The total number (1-2,300) as well as the accumulated sequence 

length (110 bp -1.2 Mbp) varied significantly between individual TE (sub-)families 

(Supplementary Figure 7). While nearly all elements were present in the three strains - often 

at relatively comparable amounts – the location of a majority was widely scattered along the 

chromosomes. An individual analysis of genomic distributions was performed in order to 

identify if these were also conserved. The analysis confirmed that ZeppL-1_cRei elements 

overlapped with the predicted centromeres of CC-503 v5 (Lin et al. 2018) and also was 

clustered at condensed regions for each of the chromosomes in all new assemblies. Thus, it 

was possible to predict the location of the centromeres in all new assemblies. While only 15 

out of 17 centromeric regions could be identified for CC-503 v5, all 17 centromeres were 

mapped for CC-503 v6, CC-4532 v6 and CC-1690 v1, again highlighting the improvements 

made by the new assemblies. 

Table 4.2: Predicted centromere position in all existing assemblies. Regions were 
determined based on accumulation of the L1 retrotransposon ZeppL-1_cRei. 

Chromosome CC-503 v5 CC-505 v6 CC-4532 v6 CC-1690 v1 
         

chr1 1,061,696-1,354,765 1,030,368-1,301,450 1,041,704-1,302,814 1,011,746-1,291,938 

chr2 2,576,195-3,026,831 2,544,784-2,616,547 2,591,686-2,674,982 2,537,384-2,611,084 

chr3 6,820,178-7,176,668 6,790,993-7,014,865 6,947,172-7,186,166 6,818,820-7,042,647 

chr4 763,448-1,060,956 868,225-1,052,978 834,192-1,057,409 818,524-1,044,315 

chr5 2,325,506-2,413,325 1,594,970-1,732,727 1,594,575-1,735,343 1,585,545-1,723,249 

chr6 4,390,741-4,801,098 4,386,292-4,632,001 4,356,949-4,621,046 4,422,111-4,666,803 

chr7 3,052,921-3,204,360 2,967,550-3,121,173 3,024,041-3,191,837 3,003,240-3,155,859 

chr8 2,698,811-3,197,812 2,605,752-2,718,394 2,634,122-2,747,480 2,633,651-2,744,878 

chr9 5,281,444-5,472,123 3,158,199-3,334,901 4,193,960-4,371,195 4,174,093-4,350,962 

chr10 3,541,435-3,625,031 3,552,180-3,739,956 3,582,600-3,786,372 3,577,834-3,774,743 

chr11 - 2,856,115-2,965,297 2,864,588-3,025,130 2,899,970-3,069,384 

chr12 6,555,009-6,798,994 6,584,567-6,838,434 6,642,348-6,922,199 6,620,005-6,884,718 

chr13 4,226,833-4,305,952 4,226,028-4,230,610 4,319,099-4,368,365 4,297,791-4,384,338 

chr14 2,078,559-2,181,692 2,099,549-2,216,449 2,181,898-2,289,685 2,108,172-2,225,038 

chr15 - 3,233,025-3,670,670 3,416,250-4,253,246 3,336,354-3,773,432 

chr16 3,238,420-3,439,809 3,199,601-3,445,113 3,328,375-3,581,730 3,248,305-3,499,602 

chr17 6,312,319-6,599,960 5,974,160-6,289,027 6,033,081-6,345,157 5,978,184-6,292,958 
         

 

As well as ZeppL, several SINE elements, including SINE-3, appeared to be uniquely present 

at centromeric regions, too, but not on all of the chromosomes. Some Dualen, EnSPM, 

Helitron2 and PAT elements also overlapped with centromeric regions, yet were not unique to 
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those. Further, L1-5 which has been described as located at subtelomeres, was however found 

not to be a good predicter for these regions as elements of this family also mapped to many 

other positions in the genome (Supplementary Figure 8). Notably, the analysis also highlighted 

that Gypsy 7a TEs are uniquely present in CC-4532, explaining the increased abundance of 

Gypsy elements in this particular strain. 

With 97.6-99.2% of all TEs were incorporated in the chromosomal assemblies, density 

distribution of interspersed repeats revealed a relatively homogenous distribution along 

individual chromosomes that consistently dipped off towards the telomeres (orange line in 

Figure 4.8: TE distribution across assemblies. (a) Relative proportions of TEs mapping to 
chromosomes. (b) Colour coded line plots display genomic density of all TEs across the 
chromosomes of different assemblies while top green bars represent density distribution of all 
retrotransposons and bottom blue bars show mappings for all DNA transposons. 
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Figure 4.8). Interestingly, the shorter chromosomes 4, 5, 8, 11 and 14 harboured a higher 

overall abundance of TEs. Variability in TE density between different assemblies was also 

assessed while observed large scale divergences (Figure 4.8b) proved to be an artefact of the 

structural rearrangements uncovered in 4.2.1,4.2.2 and 4.2.3 and did not disclose hotspots for 

TE translocation. The only exception was a region on chromosome 11 (1-2 Mbp) which 

remains to be explored in more detail. 

Overall the inter-species variability of TEs between the three C. reinhardtii lab strains was 

found to be low with only a subset of TE families showing larger alterations in terms of total 

number and sequence proportion in the genomes. Specifically these were the (sub-)families 

of PLE (Chlamys-3& N8), LTR (Gypsy-3 & 7a & 21, Copia-7a+b), LINE (L1 ZeppL-1, Dualen-

1-7) PAT-like (PAT-5) retrotransposons and DNA (Kyakuja1-3/Tcr1, hAT-1/Gulliver TE, 

EnSpm-N1a-5a, EnSpm-1/Tcr3), RC (Helitron2-2 & 4) class II transposons.  

 

4.2.5 Influence of TEs on genetic diversity in C. reinhardtii 

To explore to what extent transposition of mobile genetic elements influences genetic 

divergence and drift in the three C. reinhardtii strains, overlap of TEs with structural variants 

was examined. While direct tracking of TE movements by determining changes in TE 

landscape can be highly complex, focusing on TE involvement in structural changes is a more 

conservative but straight forward approach. The findings from section 4.2.3 (Figure 4.6) 

showed that the majority of insertions and deletions spanned between 200 – 30,000 bp, 

corresponding to the size range of C. reinhardtii transposons and thus suggesting that a large 

proportion of these INDELs might be attributed to transposon position jumping.  

Given that the lowest number of large scale chromosomal rearrangements were observed 

between CC-1690 v1 and CC-4532 v6, although there were still many structural variants, 

insertions and deletions (>=100 bp) from this alignment were compared with the TE positions 

identified in the strains. Throughout the genome, there was widespread evidence for 

transposon translocations, with a total of 136 examples of transposition events where a TE 

was found in one of the strains. This number corresponded to ~45% of all insertions and ~50% 

of all deletions. The most frequent transposon jumping events were observed for Gypsy7a 

(73), Chlamys-N8 (11), tcr3 /EnSpm-1 (9), Gulliver /hAT-1 + hAT-N2 (5) which extended 

previous findings suggesting these are the most active TE families in the green alga. One of 

the limitations of this analysis is however that TE translocations, copy number losses and copy 

number gains cannot easily be quantified as this would again require TEs to be tracked directly. 

Using the assemblies of CC-4532 v6 CC-503 v6 and CC-1690 v1 as they are of similar quality 

and were generated following comparable assembly strategies was a very conservative 
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approach. Nonetheless, this provides a good proportion of those elements that have been 

active in the C. reinhardtii population. 

Table 4.3: Active TEs in C. reinhardtii. By comparing the genomes of strain CC-1690 (v1) 
with CC-4532 (v6) a subset of active TE elements were identified based on the overlap of 
RepeatMasker annotation with insertion or deletion sites (>=100 bp) obtained by pairwise 
genome alignments and subsequent variant calling using Minimap2. Autonomous (A) as well 
as nonautonomous (N) elements were identified (Type) to have relocated between the two 
strains at varying frequencies (Freq). 

   Insertions 
  

Deletions 
  

Total number :  84 
  

193   
 

with TEs involved:  38 (~45%) 
  

98 (~50%) 
  

TE classification   
  

  
 

Order Superfamily  Name / Synonym Freq Type Name / Synonym Freq Type 

Class I (retrotransposons)     
  

  
  

LTR Gypsy 
 

Gypsy-6_cRei 1 A Gypsy-6_cRei 1 A    
- - - Gypsy-7a_cRei / 

Gypsy-8_CR 
73 A 

 
Other 

 
- - - LTR-N5_cRei / MRC1 1 N 

PLE Chlamys 
 

Chlamys-3_cRei / 
NonLTR-5_CR 

1 A Chlamys-4_cRei 1 A 
   

Chlamys-10b_cRei / 
L1-3_CR 

1 ? Chlamys-N2b_cRei / 
NonLTR-6a_CR 

1 N 
   

Chlamys-10c_cRei 1 ? - - 
 

   
Chlamys-N8_cRei 8 N Chlamys-N8_cRei 11 N 

LINE L1 
 

L1-2_cRei /  
L1-2_CR 

1 A - - 
 

   
L1-3_cRei /  
L1-6_CR 

1 A - - 
 

   
ZeppL-1_cRei /  
L1-1_CR 

4 A - - 
 

 
RTEX 

 
RTEX-1_cRei / 
RTEX-1_CR 

1 A RTEX-4_cRei 1 A 
 

Dualen 
 

- - - Dualen-7_cRei / 
DualenCr4 

1 A 

Class II (DNA transposons)   
  

  
  

TIR hAT 
 

hAT-1_cRei / 
Gulliver 

2 A - - 
 

   
hAT-4_cRei 1 A - - 

 

   
hAT-N2_cRei /  
hAT-N2_CR 

3 N hAT-N2_cRei /  
hAT-N2_CR 

1 N 
   

hAT-N6_cRei /  
hAT-N9_CR 

1 N - - 
 

   
hAT-N9_cRei /  
Bill 

1 N - - 
 

 
P 

 
P-N14_cRei / DNA-
3-7_CR 

1 N - - 
 

 
EnSpm 

 
EnSpm-1_cRei / 
MarinerL-1_CR/Tcr3 

9 A EnSpm-1_cRei / 
MarinerL-1_CR/Tcr3 

2 A 
   

EnSpm-N10_cRei 2 N - - 
 

 
KDZ 

 
KDZ-N3_cRei  1 N - - 

 

   
KDZ-N5_cRei 1 N - - 

 

 
Kyakuja 

 
Kyakuja-2_cRei 1 A Kyakuja-1_cRei / Tcr1 1 A    
Kyakuja-3_cRei 1 A Kyakuja-3_cRei 1 A  

Novosib 
 

Novosib-N5_cRei 1 N - - 
 

Helitron Helitron 
 

Helitron2-3_cRei / 
Helitron-3_Cre 

1 A - - 
 

Other - 
 

- - - DNA9-N3a_cRei 1 N 
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4.2.6 Identification of a novel transposable element in C. reinhardtii 

Alongside analysing existing whole genome assemblies to characterise the transposon 

landscape in C. reinhardtii, a collaborative project within our lab, aiming to investigate the 

vitamin B12 uptake mechanism in green algae, resulted in the identification of what appeared 

to be a novel class II transposable element.  

Briefly, an insertional mutagenesis study lead by my internal collaborator Dr Andrew Sayer 

yielded a C. reinhardtii line that lacked the ability to take up B12 (Sayer 2019; Sayer et al. 2021). 

The phenotype of the strain which was named 1.G2 and in the publication is referred to as 

insertional mutant 4 (IM4) however was not caused by the insertion of the introduced 

transgene. Rather additional mutations were likely present in 1.G2, responsible for causing 

impaired B12 transport. Short-read whole genome sequencing of this strain and its UVM4 

background revealed an unique insertion of unknown size in the second exon of the cba1 locus 

which then was investigated in more detail (Figure 4.9a).  

Dr Sayer observed that paired-end reads were unable to span the insertion, indicating it was 

greater than the 350 bp. Further reads mapping adjacent to the insertion site had their paired-

end mates on different chromosomes, indicating that the inserted sequence was of potential 

repetitive character. While Dr Sayer was able to extract a consensus of the read subsequence 

that did not map to cba1 (Sayer 2019; Sayer et al. 2021), the latter was used in this study to 

characterise the insert in more detail. The consensus sequences of both 5’ and 3’ end of the 

insert (Figure 4.9b) were searched against the C. reinhardtii v5 reference genome. A total of 

13 hits were obtained which corresponded to 4 loci with the left and right insertion consensus 

sequences in subsequent identical orientation and proximity of <30,000 bp to one another 

(Table 4.4). Loci 1, 2, & 4 were approximately 10 kb in size enclosing 2 predicted genes in 

opposing orientation to each other, while loci 3 was only around 1.7 kb overlapping with one 

predicted gene. When each of the loci was blasted against the Repbase TE library for green 

algae, the strongest hits were obtained to Helitron-1_Cre (DNA element), NonLTR-5_CR 

(nonLTR retrotransposon), Tx1-1_CPB (non-LTR retrotransposon) and Copia-13B_DR-I (LTR 

retrotransposon). This suggested that while the sequences encoded signatures of known 

mobile genetic elements in C. reinhardtii, there was no direct consensus on the class of mobile 

elements encoded or any specific annotation of these genes at that time. Most notably, cba1 

insertion were found to be flanked by a 8 bp target site duplication (TSD) and multiple 

sequence alignments of the nucleotide as well as both predicted protein sequences further 

revealed very high similarity between the different loci. Consensus sequences were generated 
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Table 4.4: Overview about genetic loci with sequence similarity to the cba1 insert. 
Genomic coordinates of loci are provided together with length and overlap with annotated 
genes in sense (fwd) or antisense (rev) orientation of CC-503 v5.6.  

ID Chromosome Start End Strand Size (bp) Gene1 (fwd) Gene2 (rev) 
        

Loci 1 chr9 3115731 3127560 + 11,829 Cre09.g386838 Cre09.g386875 
Loci 2 chr12 1297531 1308182 - 10,651 Cre12.g489002 Cre12.g489001 
Loci 3 chr16 6979760 6981476 - 1,716 Cre16.g677429  
Loci 4 chr17 4976693 4986324 - 9,631 Cre17.g734677 Cre17.g734660 

               

 

for the whole elements (Length: 12 353 nt, GC: 62.96%) as well as for the proteins encoded 

(in sense: length = 1,157 aa; in antisense: length = 686 aa). For the DNA sequences 5’ and 3’ 

end regions showed strong sequence conservation and formed imperfect TIR of 332 bp for the 

left junction and 334 bp for the right junction. The local similarity to different TEs from C. 

reinhardtii together with the existence of a small TSD together and the imperfect TIR motifs 

were indicative of a novel Class II transposable element in  C. reinhardtii. To further validate 

the repetitive character and classify the TE sequence, BLAST searches were performed using 

the generated nucleotide and protein consensus sequences as queries. While all sequences 

aligned well with predicted proteins from C. reinhardtii no significant hits to functionally 

annotated sequences from other species were found. When, using the individual peptide 

sequences for the in sense encoded proteins however, a similarity to the Tcr1 transposon 

ORF2 from C. reinhardtii and the green alga Micractinium conductrix was observed, covering 

~48% of the query with  ~41% identity (E-value = 4e-103). While Tcr1 belongs to the Kyakuja 

superfamily of TIR DNA transposons, Pfam analysis on the corresponding protein consensus 

sequence further confirmed the presence of a Kyakuja-Dileera-Zisupton transposase (KDZ) 

domain. The KDZ transposase superfamilies have a RNaseH catalytic domain, with members 

present in fungi, metazoa, chlorophytes and haptophytes. It has been proposed that members 

of the family are also present in C. reinhardtii (Iyer et al. 2014; Jalal et al. 2015) however no 

Kyakuja, Dileera or Zisupton elements had been deposited in either the Repbase 

(https://www.girinst.org/repbase/) or Dfam (https://www.dfam.org) repositories for C. 

reinhardtii. All together these findings suggested that the cba1 insertion resulted from a 

transposition event of a novel, likely autonomous class II TIR element part of the KDZ 

superfamily. Earlier this year, a comparative genomic study of Chlamydomonas reported the 

first three Kyakuja elements in C. reinhardtii, confirming the existence of the here identified 

element, now being named Kyakuja-3_cRei (Craig et al. 2021). 
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Nucleotide consensus sequence 
 
AGGTATGGCGCGCGCCCCACTCGCAATTTACCAGCGGGTGGGGCGGCCAATAGGCCCGCTTCTTAGGTGAATGGGGCGGTCCCACGCAAATCGTA
ATTATATCGAAAGTTGCAAATCCACATGCAGATAGCT-
CAAAATGCATAAGGTTCTCGCCCGGAAGCCGCGAGAGAAGTTCCCCGCGCTCCCGGCCCACCATCGCCCCCCATCGGACCCCTGCATGACAGCGC
CAGCAGGCCCTTTAGTCTGCACGCCTTACCTCTAAACGCTGATCACACGTTATCGCATCCTAAACATTACCCGGGATACTACACCGACTCTCCCGACT
AAATGTGTCGTCATGTCTTTCCGCTCAGCCGGGAGTGTCGCTAAGAACAAGAAGTTTTACAAGGGTTTGCTACCTTCCAAGGACGAAAAAGCGCAGC
GTAGCAGTAACCCGCAGAGCCGGCGCGGCGGTGCTCAACCTCAGCCGCA+TCACGGAAGCGGGCCGCAGACGGGCGCTTCGCAGCAGAGCAGCA
CCAGCACCAGCAGCTAGAGGACCTCGAGGGTTACGTCGAGGAGACTGTCGAGGGTGCTGCCGGGGACCCGGGTGCTGCCGGGGACTCGGGAGCA
GCGCTCAGGGACCACACGCGACAGACACGCAGAGACGCAAAACAGTCCCTCGCCCAAAGCCCACAGCTCACGTCGGCTTACCTGCGGGACTACGC
GGATGCTAGTGCTGCTCGTCAGCTGTTGCTGCAGTGCCAAGCAGCAGCAATCACCGGCCTTGTGGAGGCGCGGGGCAGTGAGTGCCCCGAATGCT
GCGAGCCTTGCAACCTGACGCACAAGGTGCCGGTGGTGGTCGTCACTTGGGAGCAGCCGGTCATCGTGGCCGTGCCGGTGCTATGGTGCAAGCGC
TGCTGCAAGTTCGTCAGCATGCAGCCCACCGTTGTGGATTGCCTGCCGGACACGCCAACATCGTGGGACCTGACCAAACGGGCGGAGGGGCAGAT
GGTGTTGTGGTGGCACGCCACAACACTCCAGCAGTTCTCCCGCCTATGCTACTCAAGTCGGCATCAGAGCGCAGACGCATTTGCAGCTGCCATGTTG
GAGGTATGGCGGTTGAACAGCGTCTGGCCTCTCAGCGACTCAGCGGCAGCGGCAGCTCCGAAGCTGGGCAGGGACAAGCTACGGAAGCGCATGCG
CTACGCGCTCAACGCCTACTACCACCTGGATGGCGTAGTACGTGACTATCCGGAGGGCTTGGAGGGCTGGCCCGCCGCTGGCGCAGCCAACGCAT
GCCCGTGCTGTGGTGATAGCGCACACGCTGCAGCATGCGACCGGGGGCTGGGGGCGGCGGCGGCTGCGGCGGCAGCCGCTGTGCCAATGACTG
CTGCCGCCCCTGCTGCAGC-------------------------------------------------------------------------------------------------------------------------------------------------------------------
--------------------------
GGTGGCGGAGCCAGCTGCGGCACCAGCAGCCACTGCAGACGTGGTTGCAGCTGGCGCGGAGCAAGGCGGAGACACCAGCAGGGAGGGAGGCGG
GCGTGACGGGGGCGCGGGTCCACTGCAGGGCAGGGGGCCGGGGGCGGCGGCGGCTGCGGCCGCTGTGCCAATGACTGCTGCCGCCCCTGCCG
CAGTGGTGGCGGAGCCAGCTGCGGCACCAGCGGCCACTGCAGACGTGGTTGCAGCTGGCGCGGAGCAAGGCGGAGACACCAGCAGGGAGGGAG
GCGGGCGTGACGGCGGCGACGGTCCACTGCAGGGCAGGGGGCCGGGGGCGGCGGCGGCAGTTGCCATCACCATCACTGCCACCGCCTCATCAG
CTGCATTTACTGTCATCGCCACCACCGCATCAGGCGCTGAGTCGATGGCGGCAGTAGCAGCTGGTGGTGATGGGCGTCAGGAGGCAGGCAGGGCA
GGAAACCTAGGCGGGGAAGGTGGCCCTTCAACTGCAGTGCGGCGTGCAGACGCGGGGCAGCAGCAGGGCGGTGATCCGGCGGCGCCTACACCTG
CAAGTGTAGCCGCGCGCCCAGTGCTGATGGTGCGGCTTATCATTCTGCCTCGTAGAGTTGCGGGTGGCTTGCTGCCGCTGCCTGGACGCTGGCTGT
CTGTGGAGGATGTGTTGGCGGGACCCGGCTGCATTCATTCCCTGCACTTTGATGGCTGCTTCAAGCTGAACTTGCTGTCCAGGGGCAAGTTTCACTG
TCAGCTGTACAAGCAGTGGGAGCGACGGCGCTACTTCCTGCACAACGGGGCGGTGAACGAGGTGGACGGGACCTGGGCGACAGACAACGGCCCG
AGTCGTTGCTCCACCTTCCATGCTGACCGCGTGCTGGCGTCGGAGAACAGCAAGGTGTGTAATGCCGGTGTTGCCTTTTGCTCTCCGTTGTCATGTC
TGTATTGCCACTGTCCTTTTTGCAAACCAACGTTGTGTTCCATGCAGAACCTGATCACAGGAGCAGGAGCGGTGCTGTGTCGGCACGGCATGCTGAT
GCGCCTTATGAACCTGTTTACGGGTGAGCGGCACATCTACGCCATTGCAGCCATGTACTCCTTCCTCCGTGTGGGAACAGCGATCCAGTTTTGGTGG
TACGACATTGCGTGCCGCTGGAGCAAGTCTCTCGCTAAATGGCTTGCCGAGCCTGGGCGGAGCACCGCTGTAGTGGCGCTGGGCTGTGCCGTGAT
GTGCCTCATCCAGCCATGGCACCGCTACGCGCACAAGTGAGTTGCGCGCATCACTTTTAGTGCTAGACAAATTGCTCACGGCTTTTCTTCTCATGCAG
CTTCGCTTGCCAAAAGGAGTTCGGGCATACCCAACAGCCTGGGGTGGGTCGGGGCACGGGTGAGCCGGCAGAGGTGTTCAACAGCGTGGTGGGGC
CGCATGGGGCCGTGACGCGGTACATGGCCCCTGCCAACCGCGAGGCGCACCTGGAGCACGTGTCCCGGCTGTACAGCGATCAGGCAAGCGGGTT
GGTTTCGGGCGCAGCCAGCTCCCTGCATTGTGTGTACTCATCGCGTGTTTCCCTTGGTCGTAGGTGCTGCTCGGCTTGCCGGCACGCCTGTGGCGC
GCTAGGCGCAAGGCGGCGCTCATCGCGGGAACGATGCGGGAACGCATCGCTCAGCTGGAGGCCGCTCTCGGTGGCAAAAAGGAAGAGGTGAGAG
TAATAGGGCGGGCAGTCGTTTGCTCTACTGTGCACGGAGCGCCTTACTCTTAAGCACGGCATGTCTGTGTCCAGGTGCTGGCGCGTATCAAGCAGCA
GATCGCACAGCGCACCCAGCGCCCAGAGGCTCCGCTCCCAGCTGAGCCGCTGCCCGCAAGAGCGCAGTATGTGCGCAGCCGTGCGGTGGTGGAG
AGGCTACAACGCCTGGACGCGGTGGATGCCCCGGGAGAGGTGCCGCTGGACCTCCTGTACGGTGGTGCGGGCGACCTAACGCTACGACAACGTCC
GCAGGTCATCAAGTCCATGAAGGAGCAGGTGGGCGCTACCTTGCGGTAGCGAGCAAATACGGTAGTTGTGGTCTGGTTCATTCTTGTCAGCACCATC
AGAGCTCAAGCTCAGTTGGGAGTGTTTTCAGCACCTACACGTGCCCTCGGTCCTCTCCACAGGCCCAGCGCCACGAGCAGGAGCACCCTGACTGGA
AGCTGTGGGCGCCTTCTTCGCAGGACTTCCTTGCGGGCCTGCATGCAGTGGCGGCCAGCGACCTGCAAGAGCTGTACGCGGAGATTGAGGTGGGA
CGTGTGGGGGCATGGGGCATTGCACGGGGCATGGGACCACACGTGCTCTAACGCGTTATCTTACCCTGCACGCATGCGCCCTCAGGCGTCGGTACT
GGACTACTACTGCCTGGAACAGCTGATGTCGTCGCTGCAGTCGCGGAAGAAGGAGCAAGGCCTGGTGAAGAAGGAGAAGGACAAGGCCATCGCTAA
GATTCGTGAGGCGTGGGACAAGGCCGTGCGGTGGAGCAAGTGGTGCCTTGCGCACCCGGTGGGCGGCACTCCTGACGCTGACGCTGTGATGCAG
CGGATAACGGGGCAGGACGGGCGGGGCCGCGGGCCGGATGCCGTGTTCAGCGAAGTGCTGCGCCAGGATTTCCCATGGGGAGTGTGCACCACAG
AGGGTCCTAGCCCCCGTGTCGAGGCCACGTTACTGCGGTGCATGCATGAGCTGGCAAGGTGTTCAGAGGAAGAGTTGATCATTGAGAGCGAGGGAG
AATGTGCGGTGCAGTACTACAGGAAGCGCGTGGAGTGCTTGAAGCACCATTTGCAGGCGGCAGTAGCTGACTCGTCCCATGCCCTGCTGTTGCGAG
AGCACATGAGCGCACACGAGGCAATGCTATCAGCATGGGAGGGCTTTGTGGGCGGTGATGAGCCACCTGTTGACCGCAGCTACCTAGACTTCCAGG
ACGATTAGGCGCGCCGTGGCATGCCGTTGTACATACTATCGTATGCCTGC---------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------------------------------------------------
TGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCGCGCGCACGTGTGCAA-
GAACTGTGGTCAGGAATGTGTATTGAGTGCCCCAACGTCGCGTTGCTGTTGAGAGGCGGGCTGGACAGAAGACGAGGTGGTCCTGGTAGTAAAGGA
CGTGTGCCTGCTGGGAGCCCCTGCGCGTGGTGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCGCGCGCAC
GTGTGCAATGAACTGTGGTCAGGAATGTGTATTGAGTGCCCCAACGTCGCGTTGCTGTTGA-
AGGCGGGCTGGACAGAAGACGAGGTGGTCCTGGTAGTAAAGGACGTGTGCCTGCT-
GGAGCCCCTGCGCGTGGTGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCGCGCGCACGTGTGCAATGAAC
TGTGGTCAGGAATGTGTATTGAGTGCCCCAACGTCGCGTTGCTGTTGAGAGGCGGGCTGGACAGAAGACGAGGTGGTCCTGGTAGTAAAGGACGTG
TGCCTGCTGGGAGCCCCTGCGCGTGGTGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCGCGCGCACGTGT
GCAATGAACTGTGGTCAGGAATGTGTATTGAGTGCCCCAACGTCGCGTTGCTGTTGAGAGGCGGGCTGGACAGAAGACGAGGTGGTCCTGGTAGTA
AAGGACGTGTGCCTGCTGGGAGCCCCTGCGCGTGGTGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCGCG
CGCACGTGTGCAATGAACTGTGGTCAGGAATGTGTATTGAGTGCCCCAACGTCGCGTTGCTGTTGAGAGGCGGGCTGGACAGAAGACGAGGTGGTC
CTGGTAGTAAAGGACGTGTGCCTGCTGGGAG-
CCCCTGCGCGTGGTGTTGCCCTGGGAGGCCACGCGTGGTGGTGGGGCTAGGCTGGCGATCAGCAACGCCACGCGCACGTGTGCAATGAACTGTG
GTCAGGAATTCGCACAATGATGGCAAACAAAAACGTGTTGTGGCCTTACTACCTGTGCCGCTGCCAATGCGGCTCCACTGCTCTGACTCTGTCCTGC
GAGCCCGCCCGCGGAGCTGCGCATTCTATCCCACCCAATCGACAGTGAGCTCGCGGGGCGGCGCTTCCTCCTCCCCTTCCACCTACATCCCCTGTG
ACTGTCCCTTTTACTAATGTCCACCATCGGGCCCGCGACACCCAATATGGCGCCATCCCTACCCCCCATCCGCCCCACTCCCCATCCACCCATTGCA
CTCCCCCAGCCGAGAAGCAGCACACTCCAGACCGAGGTCTATATACTGTAGGAACTTAGGCTGAGTTCACACGCACTGGCACGTTCTGCGAACATTG
TTGAAGCAGGCGTCGACTCCAGT-----------------------------------------------------------------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
GCCCGCGTGCTGCTGCAGGATTGATAAATCGGTCAGTGGACTGTCGTCACCGCGTTTGGGTGTAAACTGTAAGTCCCTACCGTGCATGTTCTGCAAC
CCGGGACCCTACTTGCAAAGCACTTGCGATGCGGACGGGAGACAGGAGACGCTGACGGGAGACGCTGAGCTCTAGCATTACAAGTGTCGCCTGCTC
TACACGTATCGCCTGCATTACAAGTGTCGCCTGCTCTCGCCTACGCCTCGCCTACGCCTTGCCACCGCCATCCCTGATGTTAATAAGGCATCATCTTC
AGCATTCCTTGTCTCTCTCACGTCCCTTTACCCAATACCAATACAATCAGCATTCCTTGTCTCTTGCGCTCATGGATTTGGATCTAGTGTTCCCCCACC
CTCCCCACCCTCAACTGCCCGCCTTCAACTGCCCGCCCGTCTGCCCCAACTTGCTGGCGGGCGCGTCCGGACTGAGCCCCGGCACAGGATCTATTT
TGAAAAACGCCACCATAACCAGGTCACCATAATAACTAAAGTCGCTTTAAGTCACAATAAACGGTCTCTGCATTTCAGTGCGCACGCAGCCTCCACAG
TTCGGGCCCTCACTCATACCTGCCCAGTTCGGCTGCTATAACGGAGCTGTAGTTTGCCGCCCTGTTAGCCCGTGGCCGGCGTGGTGACGTGTGCGG
CGCAGCAGCCCCACGCTCGCCCACATCACCCCCACTGCTGGCCCCGCCGCGCCCACGGCGCCCTTTGCCCGCAGGCTGCCCTGCCGCGCCCTCC
ACTGCAGCTGGCTCGCCCGCATCACCCCCACCGCTGGCCCCGCCGCCCCCACGGCGCCCTCCTCTGCTCTTGCCCGCAGGCTGCCCTGCCGCGCC
CTCCACTGCAGCTGGCTCGCCCGCATCACCCCCACCGCTGGCCCCGCCGCCCCCACGGCGCCCTCCTCTGCTCTTGCCCGCAGGCCGCCCTGCCG
CGCCCTCCACTGCAGCTGGCTCC---------------------------------------------------------------------------------------------------
CCCGCATCACCCCCACCGCTGGCCCCGCCGCCCCCACGGCGCCCTCCTCTGCTCTTGCCCGCAGGCCGCCCTGCCGCGCCCTCCACTGCAGCTG
GCTCGCCTGGGCCACGCTCAGGCTCACCAGCCCCGCGCCCGCCCGCAACACCCCCAGCCCCACCCCCGCTGCTGCTTGGACGTGCCTCTACCCTG
CCAGCGGACCCCGCCTCCTCCTCGCCCCCCTCCTCCTGCTCAAACCCGCCAGAGGTGTCGCCCGTCTGCTGGGTCCACTCACCCCCCTCAGAGTCC
TGCGCATCCTCCTCCTCCAGGTCGTCGTTGCGTTTGCTCTTGGGGCCACGACGGTCTGTGCACGGTGTTTTCCGCCATGTGTTATGCCACGGATGAT
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AAATATGAACACGCACGGGAACTGGTTTAGAAACCTACCCTGCGTCCAAATTCTTGCAGCCTTGGCCGCCGCCTCCATCTTGTTCCTGGACCAGTCCT
TGCCCAGGGCGGCATTGATTGCTGGCCACACCTCCTTGTTCTTCAGGCCCGCCGCCCGCTTTTCCTTGTACGTGGCCACCACCTCCGCCGCCTGCA
GAATGCCGCGTACAGGAGATGATCGTGTTAATGAGCAGATGCACCTGCCGCACTGCACAGATGCATGCTCCTATAGTGCTAGGGT-------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
---------------------------------------------------------------------------------------------------------------
TATGGTCAAAGGCGCGCGGCGCAATTCCAAGTCCTGCCCCGTCCTGCCCGCCTGCCCAGGTCCGGCGATGGTGGCCGGCCAGCCTCCAACCCGGC
CCCGGACCCCCCACCAAGGCGCACACGCAAAAGTCGAAGGTGGCGGATGCGCCTGCAACTCGCACAGATGCATGCTCCTATAGTGCTAGGGATATG
GTCAAAGGCGCGCGGCGCAATTCCAAGTCCTGCCCCGTCCCGCCCGCCTGCCCAGGTCCGGCGATGGTGGCCGGCCAGCCTCCAACCCGGCCCC
GGACCCCCCACCAAGGCGCACACGCAAAAGTCGAAGGTGGCGGATGCGCCTGCAACTCGCACAGATGCATGCTCCTATAGTGCTAGGGTTATGGTC
AAAGGCGCGCGGCGCAATTCCAAGTCCTGCCCCGTCCCGCCCGCCTGCCCAGGTCCGGCGATGGTGGCCGGCCAGCCTCCAACCCGGCCCCGGA
CCCCCCACCAAGGCGCACACGCAAAAGTCGAAGGTGGCGGATGCGCCTGCAACTCGCACAGATGCATGCTCCTATAGTGCTAGGGTTATGGTCAAA
GGCGCGCGGCGCAATTCCAAGTCCTGCCCCGTCCCGCCCGCCTGCCCATATGTTTGACTCACCTCCGCATCTGTCAGCTGCCTACGGCTCTTGCTG
CCAGGCTTGGGCTGCTTGTTCCCGCGCTGCGGCGCCTCTACACCGCGGGAATGAGTGACAAAAGGTGTGAGGAAAAGTAACGGGCAGTGAGCATG
AGAGCGTCTTCCTTTTCCATGCCATACCTGTGCCCAGCTCGATGTTGTTGTCCTCATCACTGGCAGCCGTCACTCCGCGTGCAGTTGCCTGCCGCAT
GTCCCGAGCTCCAGCCGCCTGCATTCCACCCTCCTGTGAAGAGATGCGTTAGCACAAGCGCAACACAGAGGTACACGCTCATTGGCCAGCATGCGT
GCACATGCAGACACATGCAAACACATGCAGGCACACCTTCCTCTGCTTGGCCGCTTCTTCACGCTCGGCCACCGCCCTGTAAGTTGTTTGCAGATAC
ATCACCTTTGATTCAACTTGCCAAACGTGCAATATGCCGACATTCGTGTATGCCGGCAAGCAGTCCCTCTGATCCCCCGCCCGCGCACCTCTCGTAGT
CCGCCTTGAAGGCGGGGTCGTGATTACACGCCCACTCAACCACGGCCGTGTGGATCGCGACGGTGCCGTGCACGTGCCCACTGGCATAGCACACC
AGGGGCAGGCCATCCGGCCACCTGAGGTACACCCGGGCAGCGTGGCAGGAGCCGCCGCACTTGCAGCCCCCGCCGGAGTACTGCCACGTCTTCC
ACTCGCCCCGTTCCAGGCGCCCCTTGTTGCAGAGCAAGCTGGAGACCAAGCCCCCTAGACGCAGTGGCAGCTTGGCGCCTGGGCTGGTGCCCTCA
CCGCTGTCGCCGTCTTCTCCGCCTCCGCCAGCCCCACCACCCTCACCCTCGCCCTCGCCAACCTCCGTGCCTCCACCCTCGCTGTCGCCCTGGCCC
TCCCCGCCCTCCCCGCCCTCCCCGTTCACAGCTGCACCACCCTCGCTCTGGTACTCTCGTAGGGCGGAGAGTACGAGCTGCGCACCCCTCCTAGCC
CAGAACCGGATGAACTTGTTGGTAGGCAGGGAGGTGATGGGGCTGTCCTCGTCCAGGCTAGCCATGGCAGCCAGCTTGGCCTTGTACTGCGGAAAC
TTCTTGACTCTGACGCCATGCATGGCTTCCAGGAACTCGACGATTATGTCCTTGACCTGCGTTCAGCACACAAACGGTTGTCGACCTTCCATCACACA
CACCCCGGGTCTTGCTGTTGGTCGCCCGTGTCTCCCTGTCCCCTCCAGCCTCCCTGCGTCTCCCCATCCCTCCAGCCCGCCCTCCCGGATCGCCCT
CTTGTCCACGAACATACCTCTTGACAGTTGCACCAGCCACTGAGGTTCACCTGGAACCTCGCGCCCAGTGTGGGGTACGTGGTCAGGGTGATGCTG
CCCGGCGGAAGGCAGGCATCCTCCTCCACCGTGCGCTCACCGCTGATGAAGCGGGTGTGTTGTTCGTCAACCTCCTTGTTAAAAAGTTTAAGCTTCA
GACGGCAGTTATGGCTGACGCTGGCGGCAAGCGATTTAGGTGCCTACGCAAAATGTTGCAAGGCGAAGTTCAGGCGCCTTTTCCATACGCATGAATG
GGCGCATCATTCAAGAGAAACAACAAGACTTGCCATGACGCTTAGGCCCAGAGCTTGCGGGTCCACATCCGTCGCCGGAAGCGCGGTGTAGTATCC
CGGGTAATGTTTTAGGATGCGATTAAGTGTGATCAGCGTATAGAGATGAGGCGTGCAGACTACAGCGCCTGCTCGCGTGTGCAAAGGGCCATGCAG
GGGTCTGATGGGGGGCGATGGTGGGCCGGGAGCGCGGGGAACTTCTCTCGCGGCTTCCGGGCATGCATTTTGAGCTATTTGCATGTGGATTTGCAA
CTTTCGATATAGTTACGATTTGCGTGGGACCGCCCCATTCACCTAAGAAGCGGGCCTATTGGCCGCCCCACCCGCTGGTAAATTGCGAGTGGGGCG
CGCGTCCTAGCTG 
  

 
Peptide consensus sequences of proteins encoded in sense and antisense direction 
 
MSFRSAGSVAKNKKFYKGLLPSKDEKAQRSSNPQSRRGGAQPQP+SRKRAADGRFAAEQHQHQQLEDLEGYVEETVEGAAGDPGAAGDSGAALRDHTR
QTRRDAKQSLAQSPQLTSAYLRDYADASAARQLLLQCQAAAITGLVEARGSECPECCEPCNLTHKVPVVVVTWEQPVIVAVPVLWCKRCCKFVSMQPTVV
DCLPDTPTSWDLTKRAEGQMVLWWHATTLQQFSRLCYSSRHQSADAFAAAMLEVWRLNSVWPLSDSAAAAAPKLGRDKLRKRMRYALNAYYHLDGVVR
DYPEGLEGWPAAGAANACPCCGDSAHAAACDRGLGAAAAAAAAAVPMTAAAPAAA------------------------------
VAEPAAAPAATADVVAAGAEQGGDTSREGVVAEPAAAPAATADVVAAGAEQGGDTSREGGGRDGGDGPLQGRGPGAAAAVAITITATASSAAFTVIATTA
SGAESMAAVAAGGDGRQEAGRAGNLGGEGGPSTAVRRADAGQQQGGDPAAPTPASVAARPVLMVRLIILPRRVAGGLLPLPGRWLSVEDVLAGPGCIHS
LHFDGCFKLNLLSRGKFHCQLYKQWERRRYFLHNGAVNEVDGTWATDNGPSRCSTFHADRVLASENSKNLITGAGAVLCRHGMLMRLMNLFTGERHIYAI
AAMYSFLRVGTAIQFWWYDIACRWSKSLAKWLAEPGRSTAVVALGCAVMCLIQPWHRYAHNFACQKEFGHTQQPGVGRGTGEPAEVFNSVVGPHGAVTR
YMAPANREAHLEHVSRLYSDQVLLGLPARLWRARRKAALIAGTMRERIAQLEAALGGKKEEVLARIKQQIAQRTQRPEAPLPAEPLPARAQYVRSRAVVERL
QRLDAVDAPGEVPLDLLYGGAGDLTLRQRPQVIKSMKEQAQRHEQEHPDWKLWAPSSQDFLAGLHAVAASDLQELYAEIEASVLDYYCLEQLMSSLQSRK
KEQGLVKKEKDKAIAKIREAWDKAVRWSKWCLAHPVGGTPDADAVMQRITGQDGRGRGPDAVFSEVLRQDFPWGVCTTEGPSPRVEATLLRCMHELARC
SEEELIIESEGECAVQYYRKRVECLKHHLQAAVADSSHALLLREHMSAHEAMLSAWEGFVGGDEPPVDRSYLDFQDDX 
 
-------------------------------------------------------------------------------------
MHGVRVKKFPQYKAKLAAMASLDEDSPITSLPTNKFIRFWARRGAQLVLSALREYQSEGGAAVNGEGGEGGEGQGDSEGGGTEVGEGEGEGGGAGGGG
EDGDSGEGTSPGAKLPLRLGGLVSSLLCNKGRLERGEWKTWQYSGGGCKCGGSCHAARVYLRWPDGLPLVCYASGHVHGTVAIHTAVVEWACNHDPAF
KADYERAVAEREEAAKQRKEGGMQAAGARDMRQATARGVTAASDEDNNIELGTEAPQRGNKQPKPGSKSRRQLTDAEAAEVVATYKEKRAAGLKNKEV
WPAINAALGKDWSRNKMEAAAKAARIWTQDRRGPKSKRNDDLEEEDAQDSEGGEWTQQTGDTSGGFEQEEGGEEEAGSAGRVEARPSSSGGGAGG-
AGGRGAGEPERGPGEPAAVEGAAGR---------------------------------
PAGKSRGGRRGGGGASGGGDAGEPAAVEGAAGRPAGKSRGGRRGGGGASGGGDAGEPAAVEGAAGQPAGKSRGGRRGGGGASGGGDAGEPAAVE
GAAGQPAGKGRRGRGGASSGGDVGERGAAAPHTSPRRPRANRAANYSSVIAAELGRYEX 
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a)

b)

Chromosome 9

Cre09.g386838 Cre09.g386875
Left junction (+) Right junction (+)

*ATG * ATG

3.12Mbp 3.125Mbp
5' 3'

Chromosome 12

Cre12.g489001 Cre12.g489002
Right junction (-) Left junction (-)

*ATG * ATG

1.30Mbp 1.305Mbp
3'5'

Chromosome 17

Cre17.g734660 Cre17.g734677
Left junction (-)Right junction (-)

*ATG * ATG

4.98Mbp 4.985Mbp
3'5'

Chromosomal regions with similarity to the IM4 left and right junction sequences

(148/148) (225/227)

(148/149)(223/227)

(148/148)(225/227)

Insertion site and sequence found in IM4

? bp
5'‑CACCTTCAAGGTGAAAATTT‑3'

1,084,548 1,084,549

Left junction (+)

Right junction (+)

148 bp

5'‑AGGTATGGCGCGCGCCCCA
CTCGCAATTTACCAGCGGGTGG
GGCGGCCAATAGGCCCGCTTCT
TAGGTGAATGGGGCGGTCCCAC
GCAAATCGTAATTATATCGAAA
GTTGCAAATCCACATGCAGATA
GCTCAAAATGCATAAGGTT‑3'

227 bp + 8 bp

Figure 4.9: Structure and sequence of the IM4 CrCBA1 exon 2 putative mobile genetic 
element insertion. a) The insertion point is located between positions 1,084,548 bp and 
1,084,549 bp of chromosome 2 in the C. reinhardtii v5.0 Phytozome reference genome. An 8 
bp target site duplication ‘TACTACAG’ was identified flanking the insertion (blue). The 
sequences of the left (red) and right (green) insertion junctions were identified from DNA 
sequencing reads and confirmed with PCR and sequencing. The sequence between these 
left and right junctions has not been determined. b) Chromosomal regions with similarity to the 
IM4 148 bp left and 227 right insertion junction sequences were identified by a BLAST search. 
Chromosomal regions with sequence similarity to the left and right junctions are shown, where 
the left and right junctions are a similar distance apart (~10 Kb) and are in the same orientation. 
The position of the matching left junction (red) and right junction (green) sequences are 
indicated. The matching strand is indicated in brackets. The number of matching base pairs 
from the BLAST search is listed in brackets (target/query). From Sayer et al. (in preparation) 
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4.2.7 Accurate localisation of Gulliver related elements in C. reinhardtii  

Of the various bioinformatic approaches employed to annotate TEs in genome sequences, one 

of the most commonly used procedures is centred around the homology-based method 

proposed by the RepeatMasker programme. Employing RepeatMasker as a stand-alone tool 

to mask and thereby annotate locations of repetitive elements has however revealed several 

limitations with identifying the different copies of TEs, as the implementation with default 

search parameters and the provision of a single consensus sequence as query are often too 

stringent to identify all regions in their full length related to a certain type or family of 

transposons. The latter which however is key for any evolutionary/comparative analysis of the 

different copies within a family. When aiming for highly accurate maps of elements such as 

Gulliver TEs, these challenges include dealing with i) partial sequence hits, ii) multiple-non 

overlapping hits or iii) no or only poor quality hits (Figure 4.10a). 

In order to eliminate these issues, an alternative multi-search approach was applied, using 

several Gulliver related sequences as queries together with different alignment strategies. 

Briefly, potential regions of Gulliver-related elements (GREs) were identified based on the 

subsequent appearance of hits obtained from BLASTN ("blastn-short") for the 5’ and the 3’ end 

sequence of Gulliver (19 bp each) as well as hits from motif searches (“seqkit locate”) for the 

exact TIR sequences (15 bp each). In the case of CC-503 v5, this yielded 167 potential regions 

of Gulliver related sequences. In addition, BLASTN searches were conducted for the 238 bp 

Gulliver MITE sequence identified by Helliwell et al. (2015) as well as the 7,144 bp Gulliver 

consensus and tBLASTN was employed to search for the 770 aa Gulliver hAT transposase 

sequence deposited in the Repbase database (Kapitonov & Jurka 2006a). Together this 

resulted in a total of 242 regions of similarity to Gulliver, most of which were picked up by more 

than one of the applied search strategies (Figure 4.10b). All potential GREs were further 

analysed and classified into autonomous Gulliver TEs, non-autonomous Gulliver sequences 

including Gulliver MITEs as well as other Gulliver derived sequences based on sequence 

length, presence of the exact 15 bp terminal repeat motif (TIR) and similarity to the Gulliver 

transposase (TP) (Figure 4.10c). While the family of Gulliver DNA transposons is characterised 

by a 15 bp TIR sequence, which is expected to be important for the recognition by the Gulliver 

transposase, classification as a bona fide Gulliver element (Gulliver TEs or Gulliver MITEs) 

required the overlap of a potential Gulliver region, terminating with the exact TIR sequence, 

with a hit from at least one of the other searches. Further differentiation into autonomous 

Gulliver TEs and non-autonomous Gulliver MITEs was performed based on the length of the 



Characterising the transposon landscape in  
assembled Chlamydomonas reinhardtii strains  
 

 154 

element as well as their overlap with a TP hit. All other potential GREs which did not fulfil these 

criteria were presumed to be inactive residuals of formerly active Gulliver elements and 

therefore were grouped as Gulliver derived sequences.  

By incorporating existing biological knowledge about the Gulliver elements and following the 

decision tree visualised in Figure 4.10d, the developed algorithm allowed compensation for 

missing sequence information resulting from partial as well as multiple non-overlapping hits of 

individual alignments. Further, allowance for higher sequence alterations and matches to 

shorter MITE sequences, made it possible to identify a much larger portion of GREs and 

differentiate between what most likely are active and non-active Gulliver elements.  

Figure 4.10: Identification of Gulliver related elements in C. reinhardtii. (a) A number of 
challenges and limitations is associated with standard tools, incuding RepeatMasker, 
commonly used for mapping TEs. To overcome these challenges a multi-search approach 
using a range of different bioinformatic search alroithms with variable quires was performed. 
(b) Resulting hit lists for TE localisations obtained from genome searches were combined 
based on overlapping positions. The latter which is here visualised as a multi-dimensional venn 
diamgram. (c) All hits were further analysed and classified into Gulliver element types based 
on seqeunce length, presence of the exact 15 bp terminal repeat motif (TIR) and similarity to 
the Gulliver transposase (TP). A schematic of the full decision tree behind the implemented 
algorithm for mapping and classifiying Gulliver related elements from genome assemblies is 
visualised in (d). Data shown corresponds to the results obtained for the current v5 reference 
genome assembly of C. reinhardtii CC-503. 
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To validate the approach and to determine the accuracy of the generated maps of Gulliver 

related elements, the new ‘Full annotation’ of Gulliver in CC-503 v5 was compared to two 

publicly available annotations of Gulliver for the same assembly (Gallaher et al. 2015b; 

Merchant et al. 2007). In addition, the raw hits obtained from the newest RepeatMasker version 

(v 4.1.0) were included. too. The results of this analysis displayed in Figure 4.11, highlight the 

significant improvements made in calling GRE in C. reinhardtii by employing the above 

described and custom developed multi-tool approach. From initially 17 unique locations of 

GRE (Gallaher et al. 2015b; Merchant et al. 2007), the annotation by Gallaher et al. (2015) 

map 243 locations of GRE, while the new ‘RepeakMasker’ and finally the here presented ‘Full 

annotation’ identify 268 and 277 GRE, respectively. Both the ‘Merchant et al. (2007)’ and the 

Figure 4.11: Improvement of the Gulliver annotation. (a) Genome wide annotation of 
Gulliver related sequences/elements (GRE) by ‘Merchant et al. 2007’ and (Gallaher et al. 
2015a) are compared against the hits from the newest version of RepeatMasker (v4.1.0) as 
well as the here presented improved annotation. Horizontal lines indicate position of a GRE of 
a particular type classified via the approach described in 4.2.6 (see colour code). (b) Upset 
plot visualises total number of positions annotated in each dataset and their overlap. (c) 
Density distribution of the total length of the Gulliver elements as annotated by the different 
datasets.  
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‘Gallaher et al. (2015)’ annotations lack any direct information on the type of GRE and further 

share a limitation when it comes to mapping accuracy of full length Gulliver TEs. The new 

‘RepeatMasker’ annotation already allowed discriminating between smaller, potentially 

Gulliver MITE, and larger, potentially autonomous Gulliver elements, however harbours a 

similar issue of partial hits which only became visible once compared to the size distribution 

from the new ‘Full annotation’. By browsing through the hits using IGV, manual inspection 

further confirmed the accuracy of mapping GRE as part of the new ‘Full annotation’. In 

summary, the here applied muti-tool approach enabled detection of GRE to a greater extent 

than previously used methodologies allowing for significant improvements in mapping of full 

length Gulliver TEs, Gulliver MITEs and what presumably are Gulliver derived sequences.  

 

4.2.8 Improved annotation of Gulliver elements  

Subsequent to comparing and optimising transposon mapping strategies, GREs were 

annotated in all four available C. reinhardtii genome assemblies. Between 9 and 13 

autonomous Gulliver TEs were detected in each of the assemblies and relatively equal 

amounts of ~150 hits were obtained for Gulliver MITE and potentially derived sequences. While 

GRE were widely scattered along the various chromosomes, their appeared to be a few local 

hotspots of higher density in GREs, particularly towards the ends of chromosome 4, 6, 9 and 

15 (Figure 4.12). As reported for other DNA transposons, no GRE were present at centromeric 

regions. The total number of GRE was observed to be relatively consistent (306-313) between 

the various assemblies, suggesting that entry of Gulliver into the C. reinhardtii population 

happened prior to the differentiation of the three here examined lab strains (Figure 4.12). This 

also implied that Gulliver locations are not too much overlapping with the various haplotype 

regions which based on the results in 4.2.3 are responsible for the vast amount of smaller 

sequence variations. Large changes in copy number were not expected as Gulliver is a DNA 

transposon, thus transposase activity follows a cut and paste, rather than copy and paste 

strategy. 

The improved maps of GRE were further used to perform the first in detail characterisation of 

the Gulliver transposon family based on sequence data performed on the level of its 

autonomous and non-autonomous members. Gulliver annotation/data obtained from CC-503 

v5 was employed for this purpose as this assembly was base of to current reference genome 

when the analysis was performed.  
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4.2.9 The autonomous Gulliver transposable element 

In detail mapping of GRE revealed 13 loci of potentially autonomous Gulliver TEs in the current 

C. reinhardtii reference genome (CC-503 v5). Displayed in Table 4.5, genomic coordinates, 

element length and overlap with annotated coding sequence/genes are provided. Mean 

element length was determined to be 10.5 kb with a standard deviation of 0.4 kb which is 

slightly shorter than the initial estimates of roughly 12 kb (Ferris 1989). Distribution of 

Figure 4.12: Accurate maps of Gulliver related sequences in assemblies of different C. 
reinhardtii lab strains. Locations of autonomous transposable elements (TEs), non-
autonomous (MITE) as well as potential derived sequences are highlighted on chromosome 
ideograms with composition of individual types displayed by pie charts for lab strains (a) CC-
503 v5, (b) CC-503 v6, (c) CC-4532 v6 and (d) CC-1690 v1.  
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autonomous Gulliver TEs appeared scattered along the genome with appearance in 9 out of 

17 chromosomes. Elements were observed in equal numbers on the plus and minus strand. 

Table 4.5: Overview about autonomous Gulliver TEs in CC-503 v5. Genomic coordinates 
of TEs are provided together with length and overlap with annotated gene in CC-503 v5.6. 

ID Chromosome Start End Strand Size (bp) Gene 
       

GulliverTE 1 chr10 4652928 4662109 + 9181 Cre10.g453200 
GulliverTE 2 chr11 2155495 2156985 + 1490 Cre11.g469550 
GulliverTE 3 chr12 1057077 1069103 - 12026 Cre12.g490950 
GulliverTE 4 chr16 6521662 6532943 + 11281 Cre16.g672700 
GulliverTE 5 chr17 231326 236092 + 4766 Cre17.g697850 
GulliverTE 6 chr17 4299436 4311118 - 11682 Cre17.g730817 
GulliverTE 7 chr2 7527056 7537369 - 10313 Cre02.g144008 
GulliverTE 8 chr6 987189 1001398 + 14209 Cre06.g255850 
GulliverTE 9 chr6 4179595 4193545 + 13950 Cre06.g278232 
GulliverTE 10 chr8 185633 203540 + 17907 Cre08.g358544+Cre08.g358545 
GulliverTE 11 chr8 4007983 4016125 - 8142 Cre08.g379150 
GulliverTE 12 chr8 4020439 4029140 - 8701 Cre08.g379187 
GulliverTE 13 chr9 954947 967553 - 12606 Cre09.g400900 

              

 

Comparison of the loci by multiple sequence alignment further revealed strong sequence 

conservation in addition to sites of insertions and deletions (Figure 4.13a). Highly conserved 

regions encompassed the 5’ (~600 bp) as well as the 3’ end (~1,400 bp) harbouring the 15 bp 

imperfect TIR sequence which confirms their relevance as recognition sites for the 

transposase. Notably, many elements further shared a much larger part of their 3’ end 

sequence of up to ~6.6 kb together with several intermediate regions (see Figure 4.13a). MSA 

analysis based on all full length Gulliver TEs further allowed to enhance the consensus 

sequence for the autonomous Gulliver TEs from the initial Repbase entry encompassing 7 kb 

(Kapitonov & Jurka 2006a) up to 11.8 kb (see Figure 4.13b).  

Conservation of the 3’ ends overlapped with annotated coding sequence that revealed to be 

the Gulliver transposase (Table 4.5). MSA analysis on the encoded protein amino acid 

sequences exhibited 4 full length Gulliver transposases (Cre12.g490950, Cre17.g730817, 

Cre06.g255850, Cre09.g400900) corresponding to the Gulliver TEs 3, 6, 8 & 13, respectively 

(Figure 4.13c), while all others showed larger truncations at the 5’ or 3’ end. To which extend 

truncations effect the biological function of the proteins remains to be experimentally 

investigated. However, results suggest that at least four of the potentially autonomous Gulliver 

TEs encoding a functional Gulliver transposase. Finally, the consensus sequence for the 

Gulliver transposase was updated (Kapitonov & Jurka 2006a). 
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Both newly curated consensus sequences generated here were shared with Rory Craig in 

order to contribute and update the new manually curated TE database of C. reinhardtii. 

 

4.2.10 The non-autonomous Gulliver miniature inverted transposable element 

Besides a small number of autonomous Gulliver TEs, the majority of GRE were found to be 

non-autonomous elements, here referred to as miniature inverted transposable elements 

(Gulliver MITEs). Gulliver MITEs lack the Gulliver transposase gene and therefore rely on the 

activity of the larger Gulliver TEs. In CC-503 v5, 146 such elements were identified with a 

median length of 238 bp. Their genomic locations were summarised in Supplementary Table 

1. 66% of all identified Gulliver MITEs shared an exact length of 238 bp while 20% were smaller 

elements and 14% were slightly larger, spanning up to ~1kb. 

Alongside the overall analysis of Gulliver MITEs, it was of particular interest to trace back the 

origin of the 238 bp Gulliver-like element which by translocation caused the evolution of the 

vitamin B12 deficient C. reinhardtii strain (S-type and eventually metE7) from Helliwell et al. 

(2015) which was heavily used and further investigated in the other chapters of this study. To 

Figure 4.13: Comparison of autonomous Gulliver TEs in Chlamydomonas reinhardtii.  
(A) Multiple Sequence Alignment (MSA) using Clustal W was performed for all FATSA 
sequences of the Gulliver TEs identified. (B) The improvements of the new consensus 
sequences over the existing Repbase concensus sequence are shown. (C) Multiple Sequence 
Alignment (MSA) using Clustal W was performed for all amino acid sequences of the Gulliver 
encoded genes. 
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achieve this, another BLAST analysis (Altschul et al. 1990) was carried out using the 238 bp 

Gulliver-like nucleotide sequence from Helliwell et al. (2015) as a query against the, by this 

time available reference genome which was CC-503 v5. While the analysis was in some ways 

repetitive to the attempts made to accurately annotate GRE in C. reinhardtii, this additional 

analysis allowed using different thresholding. As result, the BLASTN search revealed a total 

of 350 hits with E-values < 0.04. Among them alignment length varied between 24 bp and 250 

bp (Figure 4.14a). Thus, only Gulliver MITEs and Gulliver derived sequences were identified 

by this search. With a total number of 142 alignments, the most abundant hits were found to 

have a length identical to the search sequence. The sequence identity of these sequences 

compared to the query varied with most of the alignments showing between 12 and 20 

mismatches (Figure 4.14b). Only two hits with 100% sequence identity were found, both in 

close neighbourhood to each other mapped to chromosome 8 in CC-503 v5 (GulliverMITE 120 

(chr8:401,540-401,778(-)); GulliverMITE 121 (chr8:450,819-451,057(+))). Using a custom Perl 

Figure 4.14: Distribution of Gulliver-like elements in the reference genome of 
Chlamydomonas reinhardtii. (A) Size distribution of hits found by a Blast search for the 238 
bp S-type product against the Chlamydomonas reinhardtii CC-503 reference genome. (B)  
Frequency distribution for mismatches between hits with a length of 238 bp when compared 
to the search sequence. (C) Circular genome map of C. reinhardtii with black lines indicating 
the locations of 350 hits found by the Blast search for Gulliver-like elements and blue bars 
indicating the density of elements. Green and red triangles/ rectangles indicate original and 
current position of the Gulliver-like MITE that causes B12-dependency in S-type cells, 
respectively.  
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script together with the visualisation tools provided by the Cyclos package (Cheong et al. 2015) 

the distribution of the BLAST hits, notably the Gulliver transposon landscape of MITE and 

derived sequences. Results suggest that the Gulliver MITE which is affecting the B12-

dependent phenotype observed by Helliwell et al. (2015) is located on chromosome 8 in CC-

503 (Figure 4.14c). To confirm whether this is also the case in the WT12 background strain 

CC-124, a simple PCR approach using primers designed for the here presented genomic 

location could be performed. 

 

4.2.11 Tracking of Gulliver translocations between strains 

While activity of Gulliver transposases was not expected to result in alterations of copy number 

but rather in translocations of individual elements, locations of GREs were compared between 

assemblies of the three C. reinhardtii lab strains CC-503, CC-4532 and CC-1690. Tracking of 

GREs was achieved by comparing the nucleotide sequences of the individual elements 

mapped in sections 4.2.6 and 4.2.8. Analysis was performed for all GREs annotated to 

chromosomes. Briefly, information about the individual hits was extended by 10 bp upstream 

as well as downstream sequence information to include the genomic context. BLASTN 

searches then allowed to associate GREs between assemblies based on highest identify and 

BLAST scores. A change in genomic context while sequence identity of a GRE remained 

above 95% was annotated with a translocation event. A gain or loss of an element was called 

whenever identity of a GRE was below 95% and the genomic context was not shared with any 

GRE in the other assemblies (Figure 4.15). In all other cases, GRE were associated based on 

the hit and classified as conserved. As result, GREs were associated between the different 

strains including the Gulliver TEs of which several were observed to have translocated since 

the divergence of the different lab strains (Table 4.6). 

Table 4.6: Summary of autonomous Gulliver TEs found in high-quality assemblies. 
Genomic coordinates alongside percentage sequence conservation of TEs are provided for 
the assemblies CC-503 v6, CC-4532 v6 and CC-1690 v1 in relation to CC-503 v5. 
Translocation events are highlighted in red, while loss/gain of elements is highlighted in blue. 

ID CC-503 v6 CC-4532 v6 CC-1690 v1 

GulliverTE 1 chr10:4768979-4779462 chr10:4816270-4826753 chr10:4804059-4814543 

GulliverTE 2 chr11:1390209-1391699 - - 
GulliverTE 3 chr12:1097123-1109335 chr12:1130054-1142266 chr12:1096244-1108455 
GulliverTE 4 chr16:6550113-6561764 - chr16:5780748-5792403 

GulliverTE 5 chr17:240878-245644 chr17:280831-285597 chr17:243442-248208 
GulliverTE 6 chr17:4317037-4328719 - chr17:4307262-4320822 

GulliverTE 7 chr2:8270931-8282264 chr2:8168391-8178874 chr2:8101224-8111704 
GulliverTE 8 chr6:991096-1002579 - - 
GulliverTE 9 chr6:4184620-4195103 chr6:4154941-4165424 chr6:4209563-4220045 
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GulliverTE 10 - - - 
GulliverTE 11 chr8:3492634-3500777 chr8:3524255-3533459 chr8:3537222-3545365 

GulliverTE 12 - - - 
GulliverTE 13 chr9:455468-465781 chr9:1209649-1220982 chr9:1216520-1227851 

GulliverTE 14 chr15:5309675-5327582 chr15:5534484-5552391 - 
  chr10:566050-577701 - 
   chr4:214338-226544 

   chr16:7815125-7826782 

   chr18:1340589-1358494 

 

  

Figure 4.15: Gulliver translocation events observed between three C. reinhardtii lab 
strains. Triple genome comparison of CC-503 v6, CC-4532 v6 and CC-1690 v1 is 
displayed with blue lines highlighting translocation events of Gulliver MITEs and orange 
lines showing relocation of Gulliver TEs. Grey lines represent location of all other Gulliver 
TEs and MITEs with identical genomic positions between the three assemblies.  
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4.3 Discussion 

4.3.1 Improvements made by the new whole-genome assemblies 

Overall three new assemblies of the commonly used C. reinhardtii lab strains CC-503, CC-
4532 and CC-1690 were extensively compared and analysed in this chapter. Results 

highlighted a significant improvement in assembly contiguity, alongside a reduction in total 

number of contigs, whereas genome size based on contig length, GC content and 

completeness measured by BUSCO was only slightly affected when compared to the current 

reference genome CC-503 v5. The improvements could be traced back to the advantages of 

coupling short-read with newer long-read sequencing technology, illustrating the capabilities 

of PacBio (Eid et al. 2009) and Nanopore sequencing (Jain et al. 2016; Madoui et al. 2015) as 

well as allowed to investigate changes in the genomic landscape of closely related C. 

reinhardtii strains based on WGAs for the first time. As additional methodological information 

regarding the exact assembly strategy and software used to generate the new version 6 

assemblies was missing at the time of analysis, this aspect has not been looked at for the 

purpose of this chapter. However, parts of this have now been described in the dissertation of 

the lead author behind the version 6 reference genome project (Craig 2021). Together with 

novel structured measures like the GMASS score (Kwon et al. 2019) that quantify similarity or 

difference in assemblies, this information could be used to further assess the genomes and 

help to compare applied bioinformatic strategies for de novo assembly. 

Alongside significant improvements in scaffolding, now providing high confidence layouts for 

all 17 chromosomes of CC-503, CC-4532 and CC-1690, inter-strain comparisons revealed 

several evidences for higher genetic instability in CC-503. Being prone to chromosomal 

rearrangements, in particular between the ends of chromosome 2 and 9, structural variant 

analysis further suggested higher genetic variability in general, despite reproducing the finding 

of different haplotype regions in C. reinhardtii (Gallaher et al. 2015a). While observations on 

genetic rearrangements did not follow expected patterns of relatedness, where CC-503 is 

closer related to CC-4532 then to CC-1690 (Gallaher et al. 2015a), the pattern of SNPs 

however did. Considering that the community has been aware of some problems with the CC-

503 genome being structurally different from other lab strains before, the here presented 

outcomes finally advice to switch from using CC-503 to CC-4532 or CC-1690 as a more reliable 

new C. reinhardtii reference strain. An observation which is in line with findings by Rory Craig 

and the Chlamydomonas reference genome project. As a result the project leaders are 

proposing CC-4532 v6 as the new version 6 C. reinhardtii reference genome together with an 

updated locus nomenclature that reflects the true gene content of CC-4532. 
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Despite all these advances, the fact it’s only been now that the quality of the C. reinhardtii 

genome assembly has been improved to a level where other model organisms have been 

around a decade ago reveals that there is still much scope to work on and learn from algal 

genomics. Many of the here performed analysis could greatly be enhanced by including 

additional genome assemblies. In particular, this framework could be expanded into a 

Chlamydomonas pan-genome project (as proposed by Olivier Vallon and others in the 

community), comparing assembled genomes of various lab and field-isolates in order to 

extensively explore the genomic diversity of the species. This might include genomic variants, 

haplotype regions and epigenetic marks with the aim to provide a better genomic description 

of the important green model alga. It can be visioned that the results from this chapter together 

with the release of the new version 6 assemblies will encourage the Chlamydomonas 

community to push algal genomics in novel directions. 

 

4.3.2 The role of transposable elements in C. reinhardtii 

Despite a relatively low abundance of TEs in genomes of green algae (~12%, Prochnik et al., 

2010) when compared to mammals including human (46%, (Lander et al. 2001)) or mouse 

(38% (Chinwalla et al. 2002)), there are still numerous contributions to gene architecture and 

evolution found in the green model alga C. reinhardtii (Joly-Lopez et al. 2012). The recent 

curations of TE libraries for C. reinhardtii together with the release of the three new whole-

genome assemblies, provided a unique opportunity to further investigate the TE content of C. 

reinhardtii and apply comparative genomic approaches to assess to which extent TE activity 

is shaping strain divergence. The results highlight that the repeat content of C. reinhardtii 

consistently comprises ~18% of the nuclear genome, ~10.5% of which is are transposable 

elements. Although the overall TE content was observed to be highly comparable between the 

different lab strains, the proportion of genetic divergence caused by alterations in the TE 

landscape was much larger than that caused by simple sequence variants. While most TE 

superfamilies showed gradual changes in terms of total element numbers, a few 

retrotransposon families such as the Gypsy elements revealed a burst in individual elements 

in one of the strains. While the event could be tracked back to the expansion of one particular 

subclass of Gypsy retrotransposons (Gypsy 7a), similar observations have been made when 

comparing C. reinhardtii with Volvox (Prochnik et al. 2010). In this study a comprehensive list 

of active TE families is presented alongside the observation that around 50% of all larger 

structural variants (insertion or deletions) were associated with a TE element. By separating 

translocations based on overlap with haplotypes it will be possible to calculate the rate of 

transposition events per time during what is expected to be normal genetic drift under 

laboratory conditions. While further comparative genomic studies together with experimental 
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approaches should be conducted to confirm this number, this work provide evidence for the 

hypothesis by Philippsen et al. (2016) that the relatively low abundance of TEs in green algae 

is corelated with a strict negative selection process, combined with retention of copies that 

contribute positively with gene structures. 

Most notably, while screening the existing literature about TEs in C. reinhardtii it became 

obvious that many TE families were originally identified due to translocating members of the 

families causing phenotypic mutants as a response to stress conditions, such as nutrient 

requirements/limitation conditions. One of the key questions therefore is whether these stress 

conditions result in a general activation of TEs or a more targeted activation of particular 

elements maybe depending on the stress type. In both cases adaptation to the stress can be 

achieved as previously observed in C. reinhardtii studies (Kim et al. 2005; Schnell & Lefebvre 

1993) and explains the observed higher variability in TE landscape between natural isolates  

In two similar incidences within the work of our group, the first Gulliver MITE element was 

discovered (Helliwell et al. 2015) as well as recently a new potential DNA transposon element 

(Sayer 2019). Thus, it can be expected that TEs have considerably contributed to gene function 

evolution as previously suggested by Philppsen and Prochnik and considering the 

accumulation of Gulliver TEs in Location in 5’ and 3’ regions, potentially for gene regulatory 

sequences evolution in this species, too. Results further show that a large fraction of the TE 

hits are fragmented elements or as seen for the Gulliver family potential MITE elements. The 

role of those elements remains to be further investigated. 

 

4.3.3 Identification and characterisation of Gulliver related elements 

A variety of programmes have been developed to mask repetitive sequences in genome 
assemblies such as RepeatMasker (Smit et al. 2013), REPuter (Kurtz et al. 2001), 

RepeatFinder (Volfovsky et al. 2001), FORRepeats (Lefebvre et al. 2003) or RECON (Bao & 

Eddy 2002) (see section 1.5.2). Throughout this study the RepeatMasker programme was 

employed in order to annotate the repeat content in various assemblies of C. reinhardtii. The 

RepeatMasker tool was selected due to its common use with de novo assemblies, low false 

positive detection rate and its ability to discriminates between low-complexity sequences in 

addition to repeats. While RepeatMasker requires a database of known repeats, a recently 

manually curated C. reinhardtii repeat library (Craig et al. 2019) was provided. Other TE callers 

such as the RepeatFinder programme which in addition to identifying exact repeats with 

RepeatMasker further allows to merge overlapping or very close repeats and cluster repeats 

into families, could have been used, too. However, this approach for example would have 

required higher memory and running times which were unnecessary when looking for 
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general/approximate repeat mappings. Nonetheless, a change in programme might alter the 

overall numbers regarding the repeat content as previously shown by (Ou et al. 2019; Saha et 

al. 2008b). This might also explain the slightly variations observed compared to (Philippsen et 

al. 2016b; Prochnik et al. 2010), but does not affect any of the findings of this chapter generated 

by comparing TE content in different assemblies/strains.  

Accurate mapping of the repeat landscape using RepeatMasker underlies several well-known 

challenges. Therefore this study has presented a custom developed multi-tool approach 

centred around the use of RepeatMasker together with multiple BLAST and motif searches 

which allowed to overcome these challenges for mapping of DNA transposons. Subsequent 

literature search revealed that alternative algorithms parsing RepeatMasker’s outputs to deal 

with its limitations such as the “one code to find them all” hit curation tool (OCTFTA) (Bailly-

Bechet et al. 2014) existed already. Advantages of using this tool enclose it’s applicability for 

class I as well as class II transposable elements. When testing the latter in comparison to the 

here developed custom approach to accurately map GREs, the OCTFTA approach performed 

similarly well however showed issues with calling elements in their correct orientation. Thus, it 

can be argued that for the purpose of accurately calling DNA transposons the here presented 

approach yields more reliable results than OCTFTA.  

As a result, the first highly accurate maps of Gulliver related elements have been presented 

for CC-503 v5, CC-503 v6, CC-4532 v6 and CC-1690 v1. Using a custom classification system 

to annotate elements into three classes, namely autonomous Gulliver TEs, non-autonomous 

Gulliver MITEs and Gulliver derived sequences, 9-13 potential autonomous Gulliver TEs were 

identified in the genome. This finding is in consistence with the twelve Gulliver elements initially 

identified in the C. reinhardtii strain CC-620 (Ferris 1989). Based on the length of encoded 

transposase genes, 4 elemental have been suggested to be fully functional while the remaining 

Gulliver TEs showed truncations in the CDS. It remains to be investigated whether all of them 

are expressed and encode a functional transposase or to which extend alterations in the CDS 

effects this. Experiments employing synthetic constructs encoding the TE sequences have 

been designed to test with experimental work still need to be conducted.  

The results of the BLAST search for the Gulliver-like MITEs suggested that the original element 

that has moved in the B12-dependent strains is located on chromosome 8 in the reference 

genome (Figure 4.14C). Compared to current knowledge about the Gulliver element which 

was found to move to nearby genetic regions, the observed transposition represents a massive 

change in localisation. It is important to remember that the B12-dependent C. reinhardtii strains 

have experimentally evolved from an ancestral C. reinhardtii strain of the wt12 background 

(CC-124), whereas the here tested genome were assemblies of CC-503, CC-4532 and CC-
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1690. It is therefore possible that the corresponding TE is closer to the metE gene in the CC-

124 strain. In order to address this, the CC-124 background strain should be sequenced and 

assembled (see Chapter 5 & 6). 
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4.4 Conclusions 

In this chapter the first whole-genome-assembly based comparative genomics framework 

between closely related C. reinhardtii lab strains has been presented. The study provides 

essential information on the properties and advances of three recently generated assemblies 

of commonly used C. reinhardtii lab strains in comparison to the limitations of the current 

version 5 reference genome and presents shared and distinct genomic features between 

these. By comparing the assemblies, some of which will only soon become publicly available, 

key resources are provided to the community expected to be of interest to many researches 

starting to use the new version 6 reference genomes, informing them about the genomic 

variability between the investigated strains.  

Further, substantially updated maps of the overall repetitive landscape as well as the TE 

distribution variability between lab strains have been presented. The latter which provides 

essential information on which TEs exist in C. reinhardtii and how frequent those are observed 

to transpose. It’s expected that the presented findings will advance our understanding of TEs 

and their regulation in green algae while providing additional knowledge on the journey to 

untangle their biological role during evolution, species adaptation and genomic drift in this 

important model alga. 

Since the discovery of the Gulliver transposon in 1989 this study has been the first to follow 

up, summarise and update existing knowledge about this prominent family of DNA transposons 

unique to C. reinhardtii. Work from this chapter has displayed how to accurately locate DNA 

transposons in the genome while providing an in detail map and characterisation of the Gulliver 

transposon family. The latter which was desperately needed and highly essential as a point of 

reference for the tracking of Gulliver translocations as a result of vitamin B12 deprivation stress 

tested for in the subsequent Chapter 5.  
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Chapter 5: Analysis of genomic variants in evolved 
Chlamydomonas reinhardtii strains  

5.1 Introduction 

5.1.1 An experimental model system to study transposable elements in C. 
reinhardtii 

From the evolutionary experiment and discoveries made by Helliwell et al. (2015) there is 
experimental evidence that a derivative of the class II DNA transposon family Gulliver played 

a role during the evolution of B12 dependency by inserting into the METE gene. This event 

which is reversible under B12 deprivation further led to the identification of an unique model 

system that we suggest can be used to investigate the regulation and function of TEs more 

generally (Figure 5.1). While most existing research on TEs, especially in C. reinhardtii, has 

been limited in that the activity of a TE could only be determined using genetic screens in 

retrospect, meaning by looking for leftover footprints or INDELs overlapping with TEs, the 

strains generated by Helliwell et al. (2015), fully described in section 1.3.4, provide the 

advantage of real-time TE tracking. This is because in a haploid organism as C. reinhardtii, a 

loss-of-function mutation is immediately scorable, meaning that the METE genotype of S-type 

and R-type strains directly correlates with a B12-dependent/-independent phenotype. Most 

interesting however, reversion can be activated by induction of B12 derivation (Figure 5.1).  

 

Figure 5.1: Evolution of vitamin B12 deficiency in algae as a model system to study TEs. 
The distinct changes in the genotype and phenotype of C. reinhardtii that were observed to 
correlate with changes in the environmental vitamin B12 display a potent model system to study 
the evolution of vitamin B12 in algae in more detail, to investigate the characteristics of Gulliver-
like TEs transposons as well as to address fundamental questions in transposon research. It 
is likely that their R-type genotype is slightly different to H-type cells, which remains to be 
investigated, and therefore it is also possible that R-type cells are more likely to become B12 -
dependent again. 
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5.1.2 Scope of this chapter 

The aim of this chapter is to follow on findings from Chapter 3 & 4 and answer to which extent 

environmental B12 availability influences the TE landscape, thereby shining light on whether 

TEs are employed by eukaryotic cells to survive dramatic changes in their environment by 

inducing structural genetic rearrangements. I will use the recently discovered model system in 

C. reinhardtii (see sections 1.3.4 & 5.1.1) to investigate the questions posed above in the 

context of vitamin B12 dependency. Therefore, the overall purpose of this chapter is to make 

use of the C. reinhardtii strains Ancestral line, H-type, several unstable B12-dependent isolates 

(S-type) as well as their revertants (R-type), the metE7 mutant and various stock points from 

the B12 evolution experiment to investigate the effect of the B12 status of the environment on 

transposition and state of the algal genome. In detail, dependency of transposon landscape to 

different histories of B12 exposure will be examined while special emphasis will be put on the 

METE loci in the evolved strains of C. reinhardtii. In order to achieve this I mainly focused on 

the controllable induction of reversion from S-type to R-type, with the three main objectives of 

this chapter being: Firstly, to revive the experimental system and characterise it regarding 

reversion frequency and timing in more detail. Secondly, to generate whole-genome 

sequencing data on all strains of the experimental evolution assay to conduct a comparative 

genomics analysis based on the findings from Chapter 4. Thirdly, to investigate differences in 

the Gulliver TE landscape and compare those to the changes in other TE families and the 

extent of larger structural as well as single nucleotide variants. Together, this will address the 

current lack of knowledge about function and potential mechanism of transposons in algae. 

Moreover, it will provide evidence to address the question whether TEs are not only drivers of 

genetic alteration but rather involved in a targeted response mechanism to environmental 

signals.  

 

5.1.3 Collaboration note 

I hereby wish to highlight the collaborative nature of the whole-genome shotgun sequencing 

experiments as well as the CC-124 assembly project that has been initiated as result of this 

chapter. Without the dedicated work of several talented internal and external collaborators, this 

work would have not been possible. 

• Testing of DNA extraction methodologies for short-read sequencing was supported by 

advice from my internal collaborators Dr Pawel Mordaka, Dr Andrew Sayer and Dr 

Matt Davey. 
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• Processing of short-read Illumina sequencing data was performed interpedently with 

ongoing analysis of single-nucleotide variants conducted by my internal collaborator 

Shelby Newsad. 

• Preparations for Nanopore sequencing were performed together with my internal 

collaborator Dr Pawel Mordaka with advice from our external collaborators Dr 

Matthew Naish and Professor Ian Henderson of the Genetic and Epigenetic 

Inheritance in Plants Group, University of Cambridge, UK. 

• Algorithm development to generate a hybrid assembly based on long-read nanopore 

and short-read sequencing data were executed by my internal collaborator Dominic 

Absolon.  
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5.2 Results 

5.2.1 Reviving and phenotypic characterisation of the experimental system 

Since the publication of the B12 responsive strains in 2015 (Helliwell et al. 2015), a limited 

amount of work had been done on the experimental system. As a consequence, the system 

had to be recovered in a way that fresh strains were generated from the original stock points 

that had been stored on liquid nitrogen from the evolution experiment (Helliwell et al. 2015) 

and all strains used had to be phenotypically as well as genotypically validated.  

In detail, 8 stock points of the original well B2 were revived from liquid nitrogen (AHS38-45) of 

which 4 were taken from time point T50 (50 transfers, ~500 generations) and another 4 from 

time point T70 (70 transfers, ~700 generations). Those timepoints were selected in order to 

have the best chances to recover both, healthy H-type as well as smaller S-type colonies. By 

plating the cultures on solid TAP media with or without a source of CNCbl, the existence of two 

phenotypically different subgroups, notably H-type and S-type cells, was confirmed (Figure 

5.2a). Based on the phenotypical difference in colony size, the ratio of B12-independent (H-

type) compared to B12-dependent (S-type) colonies was analysed and found to be similar to 

those numbers calculated for the individual stock points prior to cryopreservation (Helliwell et 

al. 2015). Whilst there was only a small fraction of S-type cells present after ~500 generations 

(T50), they completely dominated after ~700 generations (Figure 5.2a). Based on their 

characteristic phenotype when grown in the absence of B12, 6 S-type colonies (S1-6:  AHS48-

53) were picked form the T70 plates and 4 H-type (H1-4: AHS54-57) colonies were selected 

from the T50 plates, 9 days prior to inoculation. The full functionality of the system was further 

confirmed when 12-18 days after plating the T70 stock points on plates without B12, revertant 

cells started to appear as sectors in the S-type colonies (Figure 5.2b). 

The phenotypic characteristics of the new revived S- and H-type cells were further validated in 

liquid medium and compared to several lab-maintained samples of the strains that had been 

maintained on slopes since their original generation in 2014. The latter comprised two 

independently picked S-type lines (Sc1: AHS27, Sc2: AHS47), two separately maintained 

replicates of the stable B12-depedent metE7 strain (Dc1: AHS30, Dc2: AHS46), one H-type strain 

(Hc1: AHS34) and the Ancestral line (Ac: AHS32). Similar to the assays performed on solid 

medium, each strain was grown in liquid TAP in the presence and absence of vitamin B12 

(Figure 5.3). Liquid cultures were inoculated with comparable initial cell density and incubated 

for 7 days before they were sub-cultured every second/third day. Optical density at 730 nm 

(OD730) was measured daily and snapshots of the cultures were taken after 1, 2, 3, 4, 7, 9 and 

12 days (Figure 5.3). Notably, all potential S-type strains behaved similarly to the control S-

type strains in that they were significantly impaired in growth when cultivated in the absence 
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of B12 (Figure 5.3a+c). All H-type cells as well as the Ancestral line showed B12-independent 

growth as expected (Figure 5.3b+c). Moreover, all B12-dependent strains except the permanent 

B12-dependent metE7 control strains produced revertants, which overgrew the population 

when cultivated long enough in the absence of B12 (Figure 5.3a+c). These findings confirmed 

that the new extracted strains behaved phenotypically the same as the corresponding pre-

characterised control strains, both on solid as well as in liquid medium. Moreover, the control 

strains revealed no phenotypical difference compared to their initial description (Helliwell et al. 

2015). In order to know their direct evolutionary background, fresh R-type lines were generated 

from each S-type strain by exposing the latter to B12 starvation. For each S-type strain, two 

revertant colonies were picked and further maintained on medium lacking a source of B12. All  

Figure 5.2: Recovery of algal strains from stock points of the experimental evolution 
experiment. (a) Phenotypic growth assay performed on defrosted stock points from the 
evolution experiment (T50: stock point after 50 sub cultures; T70: stock point after 70 sub 
cultures). Cultures were plated on solid TAP medium in the presence and absence of vitamin 
B12 and incubation under standard growth conditions. Images taken from plates of different B12 
concentrations were halved and stacked. (b) A clear size difference between H-type and S-
type colonies became visible after 6 days of incubation. R-type cells were observed to emerge 
after around 12 days on B12 deplete media where they start overgrowing surrounding S-type 
colonies (black arrow). 
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Figure 5.3: Phenotypic assay in liquid medium. The phenotypic characteristics of (a) the 
fresh extracted potential S-type strains (S1-6:  AHS48-53) and (b) the fresh extracted potential 
H-type strains (H1-4: AHS54-57) were compared to (c) a negative control (0: TAP medium) 
and several control strains including two original S-type strains (Sc1: AHS27, Sc2: AHS47), two 
copies of the metE7 strain (Dc1: AHS30, Dc2: AHS46), one H-type strain (Hc1: AHS34) and the 
Ancestral line (Ac: AHS32). Cells were inoculated to the same OD730 and cultivated in liquid 
medium (triplicates) over several days and subcultures in the presence or absence of a source 
of vitamin B12.  
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R-type strains (AHS58-75) showed normal growth rates under B12 deficient conditions with 

exception of strain AHS73, which originated from the S-type line AHS52. The AHS73 strain 

was found to grow to high densities in medium without B12, however its growth rate was 

significantly lower compared to the other B12-independent strains cultivated in this study (data 

not shown). This might partly be explained by the fact that AHS73 cells were found to form cell 

aggregates that clumped together rather than growing in a homogenous single cell solution. 

The phenotypic assay for B12-dependent growth shown in Figure 5.3 was repeated several 

times over the course of this work with results for some of the key strains used in this thesis 

(Ancestral, H-type, S-type, R-type, metE7) alongside their WT12 and UVM4 background stains 

(UVM4, CW15) and alternative METE mutants (metE4, metE2, Bunbury et al. (2020)) again 

summarised in form of growth curves in Figure 5.4.  

 

Figure 5.4: Testing the B12 requirement of several C. reinhardtii strains. All strains were 
cultured mixotrophically (TAP medium in continuous light) with 200 ng·l-1 B12, then washed and 
inoculated to a final OD730 of 0.01 with media lacking B12 (deplete) or containing 1 µg·l-1 B12 
(replete). OD730 was measured daily over a period of 6 days. The growth curves of the following 
strains are provided: WT12 (AHS76), Ancestral (ASH32), S-type (AHS27), H-type (AHS34), 
R-type (AHS59), metE7 (AHS30), CW15 (AHS83), UVM4 (AHS84), metE2 (AHS77) and 
metE4 (AHS78). All details regarding these strains and their evolutionary relationship have 
been summarised in section 2.1.1, Table 2.2 & Table 2.3. Error bars = sd, n = 4 biological 
replicates measured using 2-3 technical replicates. P values: ns>0.05,*<0.05, 
**<0.01,***0.001,****<0.0001 (Welch’s t-test). 
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5.2.2 Determination of the METE genotype 

In addition to the phenotypic characterization of the strains derived from the evolution 

experiment, a targeted genomic characterisation was performed for all new and control strains 

in order to confirm their METE genotype. PHIRE-PCRs were conducted targeting a ~1 kb 

region including exon 8 and 9 of the METE gene by using two different sets of primers (AHP01 

+ AHP02 and AHP03 + AHP04, respectively, Supplementary Table 6) followed by gel 

electrophoresis (section 2.6.1). The findings obtained from amplification with the primers 

AHP01 + AHP02 are displayed in Figure 5.5. Similar results were obtained for the second 

primer pair (data not shown). Briefly, all strains that were expected to contain a Gulliver MITE 

element in exon 9 (S-type) showed a band at the expected position of ~1,359 bp. All other 

strains showed a single band of ~1,113 bp, the predicted length of the fragment from the WT 

gene, confirming the absence of the Gulliver MITE element in those strains at this position. 

The only exception was the revertant line number 15 (AHS72) for which bands of both sizes 

were observed. In order to test whether this was due to a mixed population, the R-type line 

number 15 was again plated out on solid TAP medium with and without a source of B12. No 

contamination or a mixed population was observed as all cells from that culture were able to 

Figure 5.5: Agarose gel electrophoresis of METE PCR fragments from revived strains of 
the evolution assay. A ~1.1-1,4 kb sequence of the METE gene was amplified using the 
primers AHP01 + AHP02 (Supplementary Table 6). Control strains included the two original S-
type strains (Sc1: AHS27, Sc2: AHS47), two copies of the metE7 strain (Dc1: AHS30, Dc2: 
AHS46), one H-type strain (Hc1: AHS34), the Ancestral line (Ac: AHS32) and the WT12 strain 
(wt: AHS76). The fresh extracted S-type strains (S1-6:  AHS48-53), H-type strains (H1-4: 
AHS54-57) and newly generated R-type strains (R1-18, AHS58-75) were tested for the Gulliver 
MITE insertion known from Helliwell et al. (2015). L: HyperLadder 1 kb. 
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grow on B12 deplete medium and reached a similar colony size than under B12 replete 

conditions. 12 of these colonies were picked to again repeat METE genotyping using the same 

PHIRE PCR approach. Interestingly, all isolates yielded the same characteristic two bands as 

seen before. 

From the key strains used in this study (S-type: AHS27, metE7: AHS30, Ancestral: AHS32, H-

type: AHS34, R-type: AHS59, WT12: AHS76, see Table 2.2) alongside the independently 

maintained replicates of metE7 (AHS46) and S-type (AHS47) as well as the R-type AHS72, 

the obtained PCR products were further purified and analysed via Sanger sequencing. Using 

the sequencing primer AHP03, maximal sequencing read lengths of 340 bp (in the absence of 

the Gulliver MITE insertion) or 586 bp (in the presence of the Gulliver MITE insertion) were 

obtained. Sequencing results confirmed that in both replicates of the S-type line (AHS27 & 

AHS47) the exact 238 bp insertion as described by Helliwell et al. (2015) was still present and 

that in both metE7 lines (AHS30 & AHS46) the characteristic 9 bp footprint motif (-caccatgct-) 

was present (Supplementary Figure 10). Both features were absent in all other B12-

independent lines. Moreover, no SNPs were identified in any of the sequenced strains over 

the examined genomic region. In contrast to the R-type derived from AHS27 (AHS59, revertant 

2), Sanger sequencing results of AHS72 revealed that this strain still harboured the Gulliver 

MITE sequence in the original S-type location, but the first 26 bp (-gcagggctcctatcttaatgtctcca-

) which include the 15 bp TIR sequence, were found to be mutated and truncated by one bp (-

cnncggccccgannnannntcnnct-) (Supplementary Figure 10). With C. reinhardtii being haploid, 

one could hypothesise that this kind of mutation would be sufficient to recover METE function, 

although considering the double band observed by gel electrophoreses, a more likely 

explanation might be that the METE gene is duplicated in AHS72, with one copy still containing 

a slightly mutated form of the Gulliver MITE element, alongside a wild-type copy. 

 

5.2.3 Frequency and timing of TE excision 

During all previously described experiments variations in the number of revertants as well as 
the time when they appeared were noticed. As result, an additional phenotypic assay was 

performed to quantify differences with respect to timing and frequency of TE excision observed 

for each of the S-type strains. It was found that all S-type lines that were generated from the 

revived liquid nitrogen stocks behaved very similarly with respect to the time point after which 

the first revertants were found (Figure 5.6). Between 8-11 days of incubation on solid medium 

without B12, they all produced some revertants with only a few more appearing within the 

following days. The frequency of the reversions was found to vary between the individual 

strains (0.6-2.3%), which might be an artefact of the sampling size. A similar saturation effect 

was observed for the two control strains which were maintained in the lab since 2014, however 
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both revealed approximately two-fold higher reversion frequencies (~4%). Most notably, the 

timing of revertants from the control strain Sc1 (Figure 5.6) was significantly different to all other 

strains. Revertants of this strain were found to arise 2-3 days earlier. Moreover, two-phases of 

reversion were observed, the first after 6-8 days and a second phase taking place between 11 

and 14 days of incubation.  

In parallel to quantifying the number of colonies that showed revertants, a genetic screening 

of phenotypically reverted and non-reverted colonies was conducted to see how many excision 

events could be observed at the genomic level. Different concentrations (~100-400 cells/plate) 

of the unstable B12-dependent S-type line (AHS27) were plated on solid TAP medium without 

a source of B12. Cells were incubated under standard conditions for 7 days before 86 colonies 

without a phenotypic sign of reversion (likely still S-type) were picked alongside nine colonies 

that appeared to have reverted to B12-independence (R-type). All strains were cultivated in 

liquid TAP medium containing 1 µg·l-1 B12 and a PHIRE PCR was performed as described in 

section 5.2.2 on day 10 (Figure 5.7). While 82/86 colonies which phenotypically appeared to 

be B12 auxotroph still contained the Gulliver MITE in exon 9 of METE, no PCR product was 

obtained for the remaining four. Surprisingly, out of the nine revertant colonies investigated, 5  

Figure 5.6: Differences in reversion timing and frequency. Number of colonies that show 
a reversion on a percentage basis after a certain incubation time. Data from a single 
experiment of around 1,000 S-type colonies per plate of TAP medium without B12. In contrast 
to experiments in liquid, cells were not washed in B12 deplete media prior to inoculation of 
plates. Control strains include Sc1(AHS27), the original S-type strains characterised by 
Helliwell et al. (2015) and Sc2 (AHS47) a descendant of Sc1 which was sub cultivated many 
more times and therefore has a slightly different evolutionary background. 
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Figure 5.7: Agarose gel electrophoresis of METE PCR fragments to determine TE 
excision frequency. In 86 colonies which derived from the S-type strain AHS27 gown in the 
absence of B12 and phenotypically still appeared to be B12-dependent alongside 9 revertant 
colonies (R-type) and a negative control containing water, a ~1.1-1.4 kb sequence of the METE 
gene was amplified using the primers AHP01 + AHP02 (Supplementary Table 6) in a similar 
manner as in Figure 5.5 to test for the presence/excision of the Gulliver MITE element known 
from Helliwell et al. (2015). L: HyperLadder 1kb. 
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appeared to still harbour the Gulliver MITE sequence (Figure 5.7). The latter was also 

confirmed by Sanger sequencing. However, it is possible that due to the additional subculturing 

of the picked colonies in media supplemented with B12 prior to PCR amplification, mixed 

populations could have been selected for a preference for the B12-dependent genotype as 

previously reported by Helliwell et al. (2015). Thus, this experiment should be repeated this 

time performing the PHIRE PCR directly on the picked colonies without previous inoculation in 

liquid medium. 

 

5.2.4 DNA extraction, purification and quality control for whole-genome 

sequencing of evolved C. reinhardtii lines 

Subsequent to the genomic studies performed in Chapter 4, an essential task of this study was 

to perform bulk whole-genome sequencing on the evolved C. reinhardtii strains as well as their 

original background strains. Knowing their evolutionary history, the aim was to generate short-

read data to determine the amount of single nucleotide variants as well as structural variants 

and compare TE locations between the different lines.  

In the first instance, it was decided that one set of S-type, H-type, and R-type strains should 

be sequenced, together with the Ancestral line (AHS32) and the C. reinhardtii WT12 strain 

(AHS76). The set of samples was selected out of the original strains generated during the 

evolutionary study and maintained through serial subculturing (Sc1: AHS27, Hc1: AHS34) 

together with a freshly generated R-type line that evolved from Sc1 (Rc1: AHS59). In parallel a 

second sequencing experiment was designed and conducted by my internal collaborator 

Andrew Sayer, to include the extracted strains revived from liquid nitrogen storage (S5: 

AHS52, H1: AHS54) together with the freshly generated R-type line that evolved from S5 (R52: 

AHS73). Due to their interesting phenotype, the stable B12-dependent METE mutant lines 

metE7 (AHS30) and metE4 (AHS78) were chosen for sequencing too (Table 5.1).  

Genomic DNA was extracted using several different methodologies including commercial kits, 

CTAB as well as classical phenol-chloroform based protocols. While most extraction methods 

resulted in DNA samples of sufficient concentration (100-1,000 ng·l-1), spectroscopic analysis 

however suggested that the samples were often not pure enough (A260/A280 ratios between 1.4-

2.0 and A260/A230 rations <1) (Supplementary Table 4). Therefore many different protocols were 

tested and sometimes also adjusted by several washing and cleaning steps. In one case (see 

protocol 1 in section 2.6.2) these adjustments yieled samples with significantly higher amounts 

of DNA content with A260/A280 ratios >2.0 and A260/A230 ratios between 1.7-2.0, suggesting 

better purity too (Supplementary Table 5). As a result, samples were sent for library 

preparation, quality control and Illumina short-read sequencing to the NGS sequencing facility 
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in the Department of Biochemistry (University of Cambridge, UK). Unfortunately, the data we 

received backed from these samples was very poor and due to the uncertainty whether it was 

an issue related to the quality of the provided DNA extracts the whole experiment was 

repeated. 

 

Table 5.1: List of sequenced C. reinhardtii strains alongside publicly available datasets. 

Strain name Alternative names Data 
source1 

ENA accession 
number 

Sequencing 
platform 

Read 
length 

      
Sequenced strains as part of this study: 

WT12 WT-12 nit− (CC124 137c mt− nit1 nit2); 
AHS76 a - NovaSeq 6000 150+150 

Ancestral line ancestral line iii; AHS32 a - NovaSeq 6000 150+150 
H-type H-Chlamy 4; AHS34 a - NovaSeq 6000 150+150 
S-type unstable stunty 7; AHS27 a - NovaSeq 6000 150+150 
R-type AHS27 revertant 2; AHS59 a - NovaSeq 6000 150+150 
metE7 stable metE mutant iii (NR7iii); AHS30 a - NovaSeq 6000 150+150 
metE4 stable metE CPF1 mutant 4; AHS78 a - NovaSeq 6000 150+150 

      
Additional sequence data from within the Smith group: 

UVM4 cw15-302 cwd mt+ arg7; AHS84 b - NovaSeq 6000 150+150 
UVM4-T12  UVM4::pAS_R1; T12 b - NovaSeq 6000 150+150 
UVM4-G2 UVM4-T12::pHyg3; 1.G2 b - NovaSeq 6000 150+150 

      
Publicly available sequence data: 

CC-124 (M) 137c mt- nit1 Merchant lab c SAMN03275647 HiSeq 2000 100+100 
CC-124 (P) 137c mt- nit1 Purugganan lab d SAMN03272887 HiSeq 2000 NA 
CC-125 (M) 137c mt+ nit1 nit2 Merchant lab c SAMN03275644 HiSeq 2000 100+100 
CC-125 (P) 137c mt+ nit1 nit2 Purugganan lab d SAMN03272883 HiSeq 2000 NA 
CC-620 R3+ c SAMN03275661 HiSeq 2000 100+100 
CC-621 NO– c SAMN03275648 HiSeq 2000 100+100 
CC-1690 (M) 21gr Merchant lab c SAMN03275664 HiSeq 2000 50+50 
CC-1690 (P) 21gr Purugganan lab d SAMN03272886 HiSeq 2000 NA 
CC-4532 reference strain (v6) c SAMN03275678 HiSeq 2000 76+76 

      
CC-425  c SAMN03275645 HiSeq 2000 100+100 
CC-503 (M) cw92, reference strain (v5) Merchant lab c SAMN03275646 HiSeq 2000 100+100 

CC-503 (P) cw92, reference strain (v5) Purugganan 
lab d SAMN03272882 HiSeq 2000 NA 

CC-4350 302, CRC cw15 c SAMN03275669 HiSeq 2000 100+100 
302 Hegemann cw15 c SAMN03275679 HiSeq 2000 100+100 
CC-4351 325 c SAMN03275653 HiSeq 2000 100+100 
CC-4425 D66+ c SAMN03275655 HiSeq 2000 50+50 

Elow47 cw15-302 cwd mt+ arg7 ::pCRY1-
1::pCB412 c SAMN08719815 HiSeq 2000 NA 

UVM11 UVM11 c SAMN08719817 HiSeq 2000 NA 
UVM4 (M) UVM4 Merchant lab c SAMN08719816 HiSeq 2000 NA 

            
1 a: this study; b: Sawyer (2019); c: Gallaher et al. (2015); d: Flowers et al. (2015) 
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This time I decided to use another phenol-chloroform based DNA extraction method (Zhang et 

al. 2014) which was further optimised by Dr Pawel Mordaka (see protocol 2 in section 2.6.2). 

The resulting samples revealed a total amount of ~5 µg double stranded DNA with no RNA 

contamination and little or no DNA degradation visible on an standard 1% agarose gel. This 

time samples were passed to Novogene (China) for library preparation, additional quality 

control and Illumina short-read sequencing. Briefly, sequencing libraries were generated using 

NEB Next Ultra II DNA Library Prep Kit (New England BioLabs, England). Genomic DNA was 

randomly fragmented to a size of 350 bp by Bioruptor, before DNA fragments were narrowly 

size-selected with sample purification beads. The selected fragments were then end polished, 

dA-tailed, and ligated with the full-length Illumina adapter. After the quality of the libraries was 

controlled, qualified DNA libraries were pooled according to their effective concentration and 

pair-end sequencing was executed on a Illumina® NovaSeq 6000 sequencing platform, with 

the read length of 150 bp at each end. 

 

5.2.5 Pre-processing of whole-genome sequencing data 

For the strains of the evolution assay, Illumina shotgun sequencing resulted in a total of 70-80 

million 150 bp long paired-end sequencing reads per sample (Table 5.2). In addition, strains 

derived from the cell-wall mutant UVM4, sequenced as part of a parallel study led by Andrew 

Sayer (Sayer 2019; Sayer et al. 2021) yielded 230-250 million raw reads. To analyse both 

WGS datasets, a custom python analysis pipeline based on the Snakemake management 

system was developed (see section 2.9.3). Briefly, raw reads were trimmed for adapter 

contamination and mapped to version 5.6 of the C. reinhardtii reference genome. Resulting 

.sam files were converted into .bam file format and read group information was added before 

duplicates were marked and filtering for high quality reads was applied. As a result, around 

70% of the raw reads, corresponding to a mean sequencing depth of ~70 X and ~220 X per 

sample, respectively, were found to be of high quality, all of which harboured a median Phred 

score >35 and matched the expected GC content >60%. Median insert size slightly varied 

between the two independent sequencing runs, being ~310 bp and 290 bp, respectively.  
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Table 5.2: Summary of WGS read statistics. Total number of short-reads were pre-
processed according to the pipeline described in section 2.9.3, yielding the given numbers of 
high-quality reads. Based on the latter, mean sequencing depth, percentage coverage, GC 
content and insert size were calculated. Dashed line separates the here generated sequencing 
data from that on UVM4-derived strains generated by A. Sayer. 

Strain 
name 

Total 
reads 

High-quality 
reads1 

Mean depth 
(X) 

Median 
insert size (bp) 

GC 
(%) 

WT12 73,531,638 51,384,345 (70 %) 68 310 60.4 

Ancestral 84,501,926 59,005,334 (70 %) 78 310 60.8 

H-type 74,840,022 51,219,063 (69 %) 67 304 60.9 

S-type 84,580,060 57,863,165 (68 %) 76 311 61.3 

R-type 71,894,182 50,482,106 (70 %) 66 306 61.2 

metE7 73,090,358 51,428,606 (70 %) 68 304 61.4 

metE4 71,537,040 49,656,885 (69 %) 65 307 60.7 

UVM4 248,757,798 167,444,289 (67 %) 221 289 62.1 

UVM4-T12 235,569,712 166,880,340 (71 %) 220 289 62.3 

UVM4-G2 244,290,102 166,711,318 (68 %) 220 282 61.7 

1 high-quality reads after complete pre-processing in number and percentage of total reads 

 

5.2.6 Variant analysis and TE polymorphism detection  

Although downstream analysis of sequencing data is currently still ongoing and comprises i) 

detection of single nucleotide polymorphisms (SNP) (partially conducted by Shelby Newsad), 

ii) analysis of larger structural variants (SV), and iii) investigation of TE insertion polymorphisms 

(TIP) between individuals, I would like to highlight some of the preliminary results obtained 

regarding the latter in this final results section. With respect to the importance of the Gulliver 

family for the questions in this study, the results will concentrate on insights and challenges 

from identifying the position of Gulliver in the different strains.  

As reviewed in section 1.5.2, a wide range of computational tools have been developed to map 

TE locations based on short-read sequencing data. Considering the unique TIR sequences 

common to all members of the family of Gulliver DNA transposons, the first attempt to map 

Gulliver elements in all sequenced C. reinhardtii strains from our lab was centred around 

applying Transposon Insertion Finder (TIF) (Nakagome et al. 2014), a split-read based tool 

that usually provide higher positional accuracy (section 2.9.4). With the software directly 

searching for reads mapping over the ends of Gulliver elements, only those reads containing 

the Gulliver 15 bp TIR motif plus additional 4 bp of the flanking sequence were retained and 

mapped to the CC-503 v5 C. reinhardtii reference genome. Chromosome ideograms were  
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Figure 5.8: Gulliver localisation in evolved WT12-derived C. reinhardtii lines. The 
transposon insertion finder (TIF) was used to map Gulliver transposons based on their 19 bp 
terminal sequence in (a) WT12 (CC-124, AHS76), and the from WT12 evolved lines (b) 
Ancestral (AHS32), (c) H-type (AHS34), (d) S-type (AHS27), (e) R-type (AHS59) and (f) 
metE7 (AHS30) (see Table 2.3). Hits obtained for potential Gulliver insertions are marked as 
dots along chromosomes. The latter which are coloured with relative gene density. Data still 
needs to be checked and corrected for potential duplicates. 
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used to visualise the overall distribution of identified hits for potential location of Gulliver 

elements for each of the sequenced C. reinhardtii lines (Figure 5.8 & Figure 5.9).  

Most notably, there appears to be a significant difference in terms of the overall number of 

Gulliver insertions between WT12 and UVM4 derived lines, respectively. While 

common/conserved insertion sites were detected for all lines, there was a relatively high 

number of changes in Gulliver insertion positions between the different WT12 derived lines 

(Figure 5.8). Moreover, there appeared to be hotspots of Gulliver element insertions in WT12 

Figure 5.9: Gulliver localisation in evolved UVM4-derived C. reinhardtii lines. The 
transposon insertion finder (TIF) was used to map Gulliver transposons based on their 19 bp 
terminal sequence in (a) UVM4 (AHS84), and the from UVM4 derived or genetically modified 
strains (b) metE4 (AHS78), (c) G2 and (d) T12 (see Table 2.3 and Sayer (2019)). Hits obtained 
for potential Gulliver insertions are marked as dots along chromosomes. The latter which are 
coloured with relative gene density. Data still needs to be checked and corrected for potential 
duplicates. Red boxes highlight changes in Gulliver localisation compared to UVM4.  
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derived lines such as seen on chromosome 4, 12 or 17. While the total number of Gulliver 

insertions differ significantly between WT12- and UVM4-derived lines, this is not a result of 

variations in sequencing coverage (Figure 5.9 & Figure 5.10). An increase in Gulliver insertions 

is observed for the evolved H-type line (AHS34) and the S-type line (AHS27), which raises the 

question whether this is a direct effect of the long-time cultivation in medium containing high 

levels of B12. Most notably, the total number of Gulliver insertions was found to decrease again 

to the level of the Ancestral line (AHS32) after B12 deprivation and reversion to the B12-

independent strains R-type (AHS59) and metE7 (AHS30). Therefore one could hypothesise 

that B12 deprivation is causing a reduction in Gulliver elements and thus is having a direct 

impact on the genome. 

A more detailed look at the Gulliver distribution on chromosome 3 further confirmed that a 

Gulliver element in the METE gene is only present in the S-type line (AHS27) (Figure 5.11a). 

To calculate the actual overlap of Gulliver insertions between the different lines, an intersection 

analysis was performed and visualised using Upset plots (Figure 5.11b). While all WT12-

derived lines shared around 45 insertion sites with more being shared between the lines of the 

evolutionary experiment and in particular the closely related strains S-type (AHS27) and R-

type (AHS59), a vast majority of insertion sites seem to be unique to the individual WT12-

derived lines (Figure 5.11b). It remained to be investigated whether these unique insertions 

are only caused by Gulliver MITEs or both autonomous Gulliver elements and Gulliver MITEs. 

Figure 5.10: Total number of Gulliver insertions found in the sequenced C. reinhardtii 
strains. Average coverage rate of the sequencing is shown in orange. Comparison of Gulliver 
transposon insertion positions (TIP) identified by using TIF in the different WT12- and UVM4-
derived strains. Abundance of Gulliver insertions identified shows independence to sequencing 
coverage at given levels.  
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Nevertheless, the high variability in Gulliver localisation in WT12-derived lines suggesting 

activity of autonomous Gulliver TEs with potential high impact on genetic flexibility in 

dependence of B12 status. 

In contrast, all UVM4-derived lines shared the vast majority of Gulliver insertion sites, with 

metE4 (AHS78) harbouring the highest number of Gulliver insertion sites (Figure 5.11b). 

Together with the much reduced number of Gulliver insertions compared to WT12-derived 

strains, Gulliver activity appeared to be much more controlled in UVM4-derived lines. It remains 

to be investigated whether UVM4-derived lines harboured a similar amount of autonomous 

Gulliver elements to WT12-derived ones or whether SNPs or other structural alterations have 

caused the loss of function in several of these elements, explaining a potential reduction in 

Gulliver activity. Alternatively, TE control mechanisms including expression and regulation of 

the Gulliver transposase might be altered in UVM4-derived lines, which have undergone 

extensive mutagenesis previously (Neupert et al. 2009). Figure 5.11b shows that there are 28 

Figure 5.11: Comparison of Gulliver locations between the sequences C. reinhardtii 
strains. (a) Localisation of Gulliver insertions as called by TIF along chromosome 3 in the 
different C. reinhardtii strains sequenced. The organe line indicates the localisation of the METE 
gene. (b) Intersection analysis of called Gulliver transposon insertion positions (TIP) in WT12- 
and UVM4-derived C. reinhardtii strains. (c) Rooted neighbour-joining tree based on pairwise 
comparisons of Gulliver TIPs. Rooting was performed using WT12 (AHS78) as the outgroup. 
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insertions that are shared between all lines. Further investigation revealed that there are only 

5 insertion sites that are unique in UVM4-derived lines. All other insertions sites were occupied 

by TEs in at least one of the other WT12-derived lines suggesting that there are preferred sites 

for Gulliver insertion. 

Based on the binary Gulliver insertion data, a distance tree was generated employing the 

neighbour-joining (NJ) approach (Figure 5.11c). The tree was further curated by using WT12 

(AHS78) as the outgroup. Branching of the tree mostly followed the known evolutionary 

topology of the different strains: it clustered S-type (AHS27) closest to R-type (AHS59) and 

then metE7 (AHS30) as well as the Ancestral line (AHS32) to the H-type (AHS34), and all the 

UVM4-derived lines together. However, the analysis suggested that the Ancestral line (AHS32) 

is more closely related to the H-type (AHS34) rather than the S-type (AHS27) line as well as 

that UVM4 (AHS84) and T12 are derived from metE4 (AHS78), both which we know are not 

true. Therefore, topology based on Gulliver TE insertions only partially followed the 

evolutionary history of the strains while branch lengths could not represent divergence time 

adequately but rather the number of genetic changes with respect to Gulliver insertion sites. 
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5.3 Discussion 

5.3.1 Differences between Gulliver excision events 

The revival experiments performed with the stock points from liquid nitrogen showed that 

cryopreservation had no significant effect on the composition of S- to H-type cells. However, 

the results revealed a difference in timing of the reversion produced in the revival assay and 

the later performed phenotypic assay on solid and liquid medium. Whereas revertants were 

found after around 12-18 days in the revival assay, all other experiments have found that 

revertants emerged earlier and had already overgrown the B12-dependent colonies after 12 

days. This difference could be explained by the fact that for the revival assay, cells were diluted 

in medium with B12 before plating out, whereas medium without B12 was used for the other 

experiments. As result, the intracellular B12 level was higher for cells at the beginning of this 

particular experiment, so they experienced B12 starvation later. It however remains to be 

uncovered to what extent different levels of vitamin B12 change the reversion frequency and 

timing (see section 6.2). 

The observed changes in reversion frequency that were found between different S-type strains 

could be an artefact of the sampling size. In order to check for this and make the results more 

reliable, future work should involve the repetition of the experiment described in section 5.2.3 

with a larger initial number of cells seeded on the plate as well as several technical replicates. 

Assuming that all S-type cells still share the same genetic background, the observed 

differences in the timing when revertants are produced is most likely a result of a changes in 

their epigenome. The latter could be explained by the fact that all S-type cells generated from 

the revived liquid nitrogen stock cultures (S1-6: AHS48-53) might have experienced additional 

stress related to the process of cryopreservation and culture thawing. As result the changes in 

their epigenome could affect differences in the intracellular B12 levels, but more likely in Gulliver 

activity. The observed differences in excision time between the two control strains can also be 

explained on the epigenetic level as Sc1 was maintained on slopes since 2014 and therefore 

underwent significantly fewer divisions than Sc2, which was originally sub-cultured from Sc1 

before it was heavily used and shared between different lab members. Thus, it is possible that 

repressive marks have accumulated in the region of the Gulliver TEs and require longer 

starvation phases to fully reactivate transposase activity. Although the given explanations are 

highly speculative, the findings are interesting and should be addressed further within the 

proposed genetic and epigenetic screening experiments (see section 6.2). 

The question whether all Gulliver MITE elements move without leaving a footprint arose when 

Helliwell et al. (2015) identified the first reversions in the original study. By screening several 

S-type strains that have experienced B12 starvation they reported only one B12-dependent 
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strain where the transposon exited the METE gene but left a 9 bp footprint which resulted in 

the expression of a non-functional METE protein, known as metE7 (Helliwell et al. 2015). 

Repetition of this experiment unfortunately did not show a similar event in this study. No 

incomplete excision of the Gulliver MITE was observed among ~100 lines tested, despite a 

few complete excision events detected. While it can be expected that not all Gulliver 

transpositions proceed without leaving a footprint, the actual frequency appears difficult to 

determine.  

 

5.3.2 Preliminary insights and outlooks from whole-genome sequencing of 

evolved C. reinhardtii strains 

Despite the still ongoing downstream analysis of the WGS datasets generated as part of this 

study and the fact that only a limited amount of analysis could be presented as part of this 

chapter, the results presented in the second part of this chapter highlight that the generated 

datasets are of excellent quality and provide great opportunities to resolve some of the 

remaining tasks. The latter include characterization and comparison of transposon localisation 

within algal strains to establish the pattern of TEs in the genomes of the evolved strains and 

determine how the TE landscape was affected by B12 availability. With respect to the 

challenges in annotating repetitive elements and in particular TEs from short-read data, several 

complementary approaches are currently being tested and briefly discussed below.  

The preliminary results generated by employing the TIF algorithm were promising and 

suggested broader genomic changes with respect to the Gulliver landscape between evolved 

lines. Surprisingly a high variability in Gulliver insertion sites was observed between the 

different WT-12 derived lines, which only partially followed the evolutionary trades of the 

strains. This suggests that the Gulliver transposon might be more active than initially expected 

and likely not completely silenced even under B12 replete conditions. However, this hypothesis 

remains to be tested in a resequencing experiment. A limitation of the presented analysis 

however is the lack of information on direct translocations. Thus, the movement of a Gulliver 

element is counted twice, first as the deletion on the original position and second as an 

insertion at the new site. The observation that the H-type strain appeared to harbour the 

highest amount of Gulliver elements was nevertheless unexpected and requires further 

validation. To achieve this, the hits obtained from the TIF tool could be compared to the highly 

accurate Gulliver maps generated for CC-503, CC-1690 and CC-4532 from Chapter 4. 

Moreover, multiple algorithms for TE insertion detection should be applied in a complementary 

manner to achieve more reliable predictions of structural variants associated with TEs. 

Programs which have already been implemented as part of the existing WGS downstream 
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analysis pipeline for this purpose comprise MELT (Gardner et al. 2017) and Mobster (Thung 

et al. 2014). The McClintock tool however would be another good alternative (Nelson et al. 

2017; Rishishwar et al. 2016). Meanwhile, a similar multi-tool approach has been implemented 

for SV and SNP detection, the latter thanks to the support of Shelby Newsad. A third strategy 

should be the used of the newly availability sequencing data from WT12-derived lines, to 

generate and characterise the first whole-genome assembly of the C. reinhardtii CC-124 strain 

background (see Chapter 6). In order to achieve the latter, I propose to conduct a hybrid 

assembly, combining the generated short-read Illumina sequencing with long-read nanopore 

data of WT12 or the Ancestral line. As the emerging long-read sequencing technologies 

provide additional advantages to overcome exiting challenges in mapping TE insertions 

(Shahid & Slotkin 2020), it would be extremely beneficial to further generated additional long-

read data on several S- and R-type lines generated during this study (see Chapter 6). The 

preliminary results on the Gulliver location in the various strains further raised several new 

question including: why there are more Gulliver elements in some WT12-derived lines than in 

others and why are there only a few elements in all UVM4-derived ones?; as well as can the 

inconsistencies between the evolutionary distance and the distances in the Gulliver trees be 

traced back to the influence of B12? Another thing that remains open is to extend the analysis 

to other TE families of C. reinhardtii and compare the overall changes in TE landscape to the 

number of larger structural as well as single nucleotide variants existing between the different 

lines. I am confident that with the experiments initiated here and those proposed in section 6.2, 

these questions and tasks can be addressed in the near future. 
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5.4 Conclusions 

In this chapter I present the successful revival of a unique experimental system centred around 

the use of stable and unstable B12-dependent C. reinhardtii strains to study activation and 

excision of a DNA transposon in more detail. In addition to the generation of fresh cell lines, I 

also show preliminary results from a more in-depth characterisation of the system which is 

controlled by a MITE element of the Gulliver family, activated upon B12 deprivation. Time point 

and frequency of TE excision under B12 starvation were investigated with interesting 

differences in reversion frequency and timing observed between strains, likely associated with 

epigenetic changes. In order to allow for a detailed genomic variant analysis between the 

different strains of the experimental system, I generated high-coverage WGS short-read data 

on six WT12-derived strains and one UVM4-derived one. While downstream analysis of these 

datasets is still ongoing, genomic Gulliver based variant analysis confirmed the role of METE 

for evolution of B12 auxotrophy and revealed the potential location of Gulliver elements in all 

strains sequenced. Genome wide comparison of Gulliver locations further suggests that 

Gulliver activity is not uniquely related to B12 starvation but also to some extent present under 

B12 replete conditions, however a broader impact of B12 stress on the Gulliver landscape is still 

likely, considering the results from the genetic screens. 
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Chapter 6: Discussion, summary and future perspectives 

Throughout this thesis, the genomic, transcriptomic and metabolic state of the green model 

alga C. reinhardtii, including available METE mutant lines, was investigated, mainly in the 

context of environmental vitamin B12 signalling. With only prokaryotes being producers of B12 

and more than 50% of all microalgal species being known B12 auxotrophs, understanding the 

effects a B12 replete/deplete environment has on algal cells is of key ecological importance and 

further relevant in the broader context of understanding eukaryotic B12 related response 

mechanisms and evolution of B12 dependency in general. In this concluding chapter, I therefore 

discuss what we have learned regarding these topics from the findings of this study, summarise 

the key conclusions and propose further work that would best builds on what has already been 

achieved. 

 

6.1 Insights obtained 

By combining traditional microbiology and classical bioscience techniques with modern next-

generation sequencing approaches and bioinformatic analysis, this PhD thesis provides key 

omics resources for the algal community and expands our understanding of B12 auxotrophy in 

single-cell eukaryotes, linking environmental B12 signalling to metabolic and transcriptomic 

status as well as TE activity. The results further improve our understanding regarding the 

biological function of transposons in algae and their role in adaptation to environmental stress. 

There is a clear connection between vitamin B12 micronutrient status, 1C (or one-carbon) 

metabolism and the epigenome in humans (section 1.4.4 & 1.4.5), results from Chapter 3 

highlighted that this link also exists in C. reinhardtii. Investigating this connection not only 

helped to understand which consequences environmental B12 status has on green algae at the 

molecular level but further how environmental factors can impact on the function of the 

genome, transcriptome and metabolome of cells more generally. Although the alteration of the 

epigenome still remains to be experimentally validated (see section 6.2), the C. reinhardtii 

system presented provides a unique advantage over correlative studies in multicellular 

organisms, in that it allows direct study of the impact that nutrient status and cellular 

metabolism have on the genome as well as on the transcriptome. Building on the comparative 

genomic analysis presented in Chapter 4, findings from Helliwell et al. (2015) and Chapter 5 

showed that transposition of a Class II mobile element is linked to B12 deficiency. A direct link 

of B12 deprivation with transposon activity has not been investigated before, so here I would 

like to summarise our current conceptual understanding and propose a model explaining a 

potential route of connection.  
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B12 rich environment: The evolution of a single, B12-dependent C. reinhardtii strain (S-type) 

has been observed by continuous culturing in B12 replete media via the transposition of a 

Gulliver MITE element into METE (Helliwell et al. 2015). While the reproducibility of this 

phenomena remains to be tested, it can be hypothesised that the transcriptional silencing of 

METE under B12 replete conditions primes this gene for insertion by TEs with heterochromatin 

insertion preference. Moreover, considering that epigenetic silencing of TEs has been 

observed to trigger inadvertent spreading of repressive marks to neighbouring genes in plants 

and animals (Choi & Lee 2020), a similar mechanism might also exist in green algae, 

potentially enhancing epigenetic silencing of METE in the TE mutant lines. Further, we know 

that under B12 replete conditions (B12 >100 ng·l-1 (Helliwell et al. 2016)), evolved and genetically 

engineered B12 auxotroph lines of C. reinhardtii are healthy and divide normally (Bunbury et al. 

2020). Uptake of B12 from the media involves the activity of CBA1 (section 4.2.6 (Sayer 2019; 

Sayer et al. 2021) and intracellular B12 is used as cofactor for METH, maintaining C1 

metabolism flux. It is these reactions that provide methyl groups in form of SAM to DNA, RNA, 

histone, protein and other methyltransferases and thereby help to maintain the cellular 

equilibrium between methylation and demethylation (Riso et al. 2020). The former is known to 

be essential for maintaining heterochromatin and plays a role in silencing of TEs (section 1.4.5 

& 1.5.3). Simultaneously, B12 acts as a transcriptional repressor on METE (section 1.3.3). 

Thanks to the findings from Sayer et al. (in preparation) we now know that the effect is only 

observed when B12 is present intracellularly. Although the exact mechanism of action has not 

yet been resolved, findings from this study suggest that since it is unlikely to be a direct 

interaction with the promoter sequence of the METE gene (section 1.3.3), it rather is an indirect 

one, via protein interaction with one or more TFs involved in regulating METE expression, 

potentially one of the six identified in the RNA-Seq experiment (section 3.2.8). Figure 6.1a 

summarises this understanding on the example of the B12-dependent S-type strain under B12 

replete conditions.  

Early B12 deprivation: When a B12 auxotroph experiences a B12 deplete environment, as 

investigated in this study with the stable METE mutants metE7 and metE4, in the first 24h or 

so, a B12-specific alongside a more general starvation response (section 3.3.1 & 3.3.2) are 

induced (Figure 6.1b). Despite the reactivation of METE transcription due to the absence of 

the repressor B12, the lack of a functional copy of METE in the B12-dependent line results in a 

disruption of C1 metabolism. It should be mentioned that characterisation of C1 metabolism in 

C. reinhardtii (section 3.2.9) revealed the existence of a HMT homologue which potentially 

could replace the activity of METE, catalysing homocysteine to methionine in a B12-

independent manner, the functionality of this homolog remains to be experimentally validated. 

The transcriptomic and metabolic results however suggest that if a functional HMT exist in C.  
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Figure 6.1 Conceptual model linking genetic alterations and TE activation to vitamin B12 deprivation. 
With the complete methodological details to be further resolved in future work, this schematic and simplified 
representation summaries transcriptomic and metabolic changes observed under different B12 conditions 
alongside the observed genetic and phenotypic changes regarding B12 dependency. Starting from the 
persepctive of (a) the S-type strain grown under B12 replete conditions, the illustration shows selected 1C 
metabolism and B12 signalling related changes induced by the absence of B12 (b) after 24 h (c) in the transition 
preiod (>76 h) and (d) at a later stage (>144 h) after reversion has yielded a B12-independent phenotype again. 
Chemical compounds highligted by organe lebelling are those which were found or are speculated to be 
accumulated under a given condition accoring to our current understanding.  
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reinhardtii, its turnover rate is much lower than that of METH and METE. After 24 h, disruption 

of 1C metabolism displays a strong transcriptional upregulation of key enzymes in both the 

folate as well as the methionine cycle of 1C metabolism (section 3.2.5 & 3.2.6 & 3.2.7) as well 

as the B12 uptake and remodelling machinery as well as DNA and histone methyltransferases 

(section 3.2.7). The latter is interesting considering their impact on the epigenome and the fact 

that DNA synthesis is likely impaired under B12 deprivation too (Bunbury 2018). Meanwhile, 

total abundance of folates (section 3.2.11), homocysteine and SAH (section 3.2.12) increases 

significantly. As a consequence, the cellular methylation index is observed to reduce by around 

one order of magnitude (section 3.2.12), a metabolic change which in other eukaryotic 

organisms has been associated with alterations in the epigenome and chromatin accessibility 

(Groth et al. 2016; Meng et al. 2018; Zhou et al. 2013). The change in methylation index is 

likely to inhibit the action of methyltransferases. In this context the transcriptional upregulation 

of DNA and histone methyltransferases potentially displays an attempt to cope with these 

changes. Moreover, the metabolite data suggests that the strong transcriptional upregulation 

of C1 cycle enzymes induced by B12 starvation did not rescue 1C flux, but rather was a 

response to the metabolic changes affected by the decreased flux. A potential regulatory 

mechanism for this is known from bacteria, where several 1C cycle enzymes were found to be 

regulated by riboswitches responsive to SAM and SAH or from human where SAM showed 

ability to mediate transcription of respective enzymes via allosteric regulation and 

posttranslational modifications (Banerjee & Ragsdale 2003; Wang et al. 2008; Yamada et al. 

2006).  

Extended B12 deprivation: At the next stage, both upregulation of 1C gene transcription as 

well as accumulation of SAH remain consistent indicators of extended B12 deprivation, and 

stay elevated even after 72 h (Bunbury et al. 2020) (Figure 6.1c). Despite not directly tested at 

later timepoints during B12 deprivation, we might assume that homocysteine and folates remain 

elevated as well. Levels of methionine and SAM have been observed to increase but changes 

were much more marginal and not always significant (section 3.2.12, (Bunbury et al. 2020)). 

Studies regarding the repetitive landscape of C. reinhardtii and in particular its TE content 

which comprises ~10.5% of the nuclear genome (section 4.2.4) revealed that the DNA 

transposon family known as Gulliver not only harbours autonomous Gulliver TEs (of which 

there are 9-13 copies, section 4.2.9 & 4.2.11) but many more non-autonomous Gulliver-like 

sequences (~150) that due to their similar TIRs can be classified as Gulliver MITEs (section 

4.2.10). Since one of these Gulliver MITE sequences inserted in the METE gene is the cause 

for the B12-dependent phenotype in S-type cells (section 5.2.2), excision as observed from 

around 6-7 days under B12 deprivation likely depends on the activity of at least one of the full 

length autonomous copies. With variability existing regarding exact timing and likelihood of this 
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event happening (section 5.2.3), I hypothesise that increased Gulliver transposase activity is 

a result of epigenetic alteration effects by the long term change in cellular methylation index 

(Figure 6.1c). Whether this is a direct effect via change in chromatin packing or more indirectly 

via for instance alterations in the RNA silencing machinery including AGO1 remains to be 

tested. I propose required experiments in the subsequent section of this chapter. Further, it 

raises the question whether other TEs are affected, too. With the NGS approach presented in 

Chapter 5 I was hoping to be able to already answer this question, however results highlighted 

that reliably mapping of structural variant including TEs is tricky especially using short-read 

sequencing data.  

Survival in a B12 deplete environment: Finally, with these details still to be investigated, we 

nevertheless know that eventually transposition of the Gulliver MITE sequence out of the 

METE gene happens in up to 4% of all S-type cells (section 5.2.3), yielding C. reinhardtii lines 

(R-type) which can permanently survive under B12 deplete conditions (Figure 6.1d). 

Interestingly, no such transposition reversion event has even been observed under B12 replete 

conditions, supporting this model of TE activation. Yet it remains to be explored which effect 

other nutrient or environmental stress conditions would have on the reversion frequency of S-

type, especially considering that the activation of TEs has previously been observed under 

some of these conditions (Bacova et al. 2020; Kim et al. 2005, 2006b; Maumus et al. 2009; 

Puente-Sánchez et al. 2018). Further findings on the Ancestral line highlighted that under B12 

deplete conditions a functional copy of METE allows maintenance of the ‘normal’ methylation 

potential and prevents accumulation of homocysteine even though total folate abundance and 

transcription of methionine cycle genes are slightly upregulated. The latter sheds light on 

potential advantages of METH over METE in the context of evolution of B12 auxotrophy. 

Moreover it raises the question what higher levels of folate means for cellular metabolism. 

Considering the increasing trend towards fortification of grains and processed food with folates 

in order to prevent diseases caused by B9 deficiency (Bekaert et al. 2008; Strobbe & Straeten 

2017), this is particularly interesting, since adverse effects of excessive folate levels are known 

(Patel & Sobczyńska-Malefora 2017; Selhub & Rosenberg 2016). These include an increased 

risk for cancer due to folic acid enhancing DNA synthesis alongside reduced natural killer cell 

response (Choi & Mason 2002; Troen et al. 2006) as well as the risks for insulin resistance in 

children and masking of vitamin B12 deficiency (Christensen et al. 2015; Deshmukh et al. 2013). 

Moreover, these findings show that not all changes in expression of 1C enzymes can be 

explained as a result of 1C metabolite alterations but rather some are directly related to B12. 
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6.2 Ongoing and future work 

Following these conclusions, there currently are several ongoing lines of research and future 

experiments. The aim would be to test and validate the proposed mechanistical concept 

presented in section 6.1 & Figure 6.1 and/or to help to close the gap between the genomic, 

phenotypic, metabolic and transcriptomic observations made, by linking them to the epigenetic 

status of the algal cells.  

First, published 5mC WGBS (Lopez et al. 2015; Xue et al. 2019) and H3K4me3 ChIP-seq data 

(Gallaher et al. 2021) together with novel 6mA methylation information (Liu et al. 2019) on wild-

type C. reinhardtii strains should be employed to perform overlays and correlation analysis 

with the genomic data presented in Chapter 4 regarding transposon localisation and activity. 

As well as providing a more comprehensive (epi-)genetic characterisation of C. reinhardtii, this 

analysis will allow to further investigate for potential epigenetic marks associated with TEs in 

the green alga. Considering that C. reinhardtii shows a relatively low DNA methylation level 

except for a few hypermethylated loci (Lopez et al. 2015) and that DNA 5mC methylation is 

only slightly enriched in repeats including transposons (Feng et al. 2010), it can be assumed 

that the high levels of histone methylation found in C. reinhardtii (Waterborg et al. 1995) are 

more significant with respect to TEs. Since most of the currently existing epigenetic information 

that is publicly available is in form of raw sequencing data, this analysis was unfortunately 

beyond the scope of this thesis. 

To test for an involvement of the epigenetic landscape in the algal response to B12, several 

experiments could be conducted. In the case that a particular epigenetic pattern could be 

resolved to be associated with for example Gulliver elements or other TEs, the respective mark 

would then be studied using the appropriate whole-genome sequencing strategy on metE7 

and the Ancestral line under B12 replete against deplete conditions. For example a genome-

wide analysis of histone modifications in response to B12 could comprise testing for pattern of 

the histone marks H3K4me3 and H3K9me2 using ChIP-seq, optimized for C. reinhardtii 

(Strenkert et al. 2011). H3K4me3 and H3K9me2 would be good candidates considering their 

evolutionarily conserved role as active histone mark and specific mark of nuclear peripheral 

heterochromatin, respectively (Du et al. 2015; Santos-Rosa et al. 2003; Sims et al. 2003; 

Zhang et al. 2018a). ChIP-seq could be carry out on the Ancestral line, in H-type cells, METE 

mutants, and a revertant that were grown in the presence and absence of B12 following the 

procedure described in 3.2.1. It would be possible to do the data analysis by the same pipeline 

used to analyse existing ChIP-seq data. As result, such an analysis would reveal the genomic 

loci that undergo most significant changes in respective histone methylations in response to 

B12. Alternatively, one could consider measuring differential in vivo protein methylation rates 

using MS based techniques (Afjehi-Sadat & Garcia 2013), although this is an indirect measure  
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and so likely non-conclusive. A more holistic and potentially more successful approach would 

be to conduct a genome-wide analysis of chromatin accessibility in response to B12.  To 

investigate how the availability of B12 in the environment changes the chromatin accessibility 

and how this is related to TE activation, an ‘assay for transposase-accessible chromatin using 

sequencing’ (ATAC-seq) could be performed as described and applied to other eukaryotic 

organisms and single-cells (Buenrostro et al. 2013, 2015). I had acquired funding to conduct 

an ATAC-seq trial experiment on two replicates of both the metE7 and Ancestral line under B12 

replete and B12 deplete conditions, but this experiment required several steps of preparation 

to be complete first. Existing nuclei isolation protocols had to be tested and optimised for the 

use on cell-walled C. reinhardtii cells and a computational pipeline to analyse ATAC-seq data 

had to be implemented. Both of these preparatory steps were successfully completed thanks 

to a collaboration with Antonia Netzl (MSc intern from Heidelberg University, Germany) (Netzl 

2020) but the COVID-19 pandemic prevented the implementation of the final experiments for 

this thesis. Nonetheless, the developed methods are currently being tested by our collaborator 

Dr Indu Santhanagopalan (Department of Plant Sciences, University of Cambridge, UK). Once 

this has been completed, the final nuclei isolation, library preparation and sequencing of metE7 

and Ancestral strains can be conducted and ideally be expanded to metE4 and UVM4 as well 

as to test for differences in the epigenetic landscape of different C. reinhardtii strains such as 

the various S-type lines which showed variability in their TE excision frequency and timing 

(section 5.2.3).  

Another important line of research initiated by this study is the work towards providing the first 

whole-genome assembly of the C. reinhardtii laboratory background strain CC-124. As 

described in Chapter 3:, different background strains of C. reinhardtii are used in research 

laboratories around the world. For example researchers from Professor Sabeeha Merchant’s 

laboratory (UCLA and UC Berkeley) often used strains derived from CC-4532, wherease our 

lab mostly built on strains related to CC-124 or CC-1615. Despite the common assumption that 

all C. reinhardtii strains are genetically similar to the reference (CC-503), results from Gallaher 

et al. (2015), Craig et al. (2021) and this study (Chapter 4) have highlighted that considerable 

genetic variation exists between strains. Considering the community interest in a 

Chlamydomonas pan-genome project and the potential of the analysis presented in Chapter 3 

to be expanded, I proposed to make additional use of the short-read data generated as part of 

Chapter 5 to assemble CC-124. Ideally a hybrid assembly strategy using benchmarked 

assemblers such as MaSuRCA (Chen et al. 2020; Zimin et al. 2013), which have been shown 

to provide the best results in terms of contiguity and accuracy for WGA should be conducted 

(Rhie et al. 2021). This would require generation of additional long-read sequencing data on 

the Ancestral line. The resulting high-quality assembly would not only extend the insights from 
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Chapter 3 or 4 but further could be employed as a much more suitable and representative 

reference start point for the TE tracking presented in the sections 4.2.11 and 5.2.6 between 

the evolved lines. In order to work towards this goal, I have undergone training and trialling of 

nanopore sequencing and ONT data analysis as part of a side project on water quality 

monitoring (Urban et al. 2021), set up the required equipment at two scales (MinION and 

Flongle) in our laboratory and started testing high-molecular-weight DNA extraction methods. 

Again, given difficulties imposed by the pandemic, I was not able to obtain any long-read 

sequencing data, but this is a priority in the short term, especially as such data will be highly 

valuable to build on what has already been achieved. Furthermore, considering the described 

challenges posed by short-read data regarding structural variant calling and detection of TE 

polymorphisms and the advantages long-read sequencing provides in these areas (see section 

1.5.2), nanopore sequencing of all strains from the evolution experiment (Ancestral, S-type, H-

type, metE7, R-type) should strongly be considered. Ideally metE4 and its parental strain 

UVM4 would also be included. In contrast to PacBio SMRT-seq, I propose nanopore 

sequencing as the method of choice considering its capacity to provide ultra-long reads 

alongside easy deployability, relatively low costs and the ability to extract additional epigenetic 

information (Bowden et al. 2019; Kono & Arakawa 2019). The latter  advantage over WGBS 

could also be employed to test for changes in both 5Cm and 6mA between lines cultivated 

under different B12 conditions. 

With the fundamental characterisation of Gulliver TEs presented in Chapter 4 & 5, subsequent 

work should focus on testing of Gulliver transposase expression and activity. Following the 

preliminary results presented in section 5.2.3 more detailed analysis of reversion timing and 

frequency can be considered. A similar plating experiment, coupled to PCR and Sanger 

sequencing, to the one performed in 5.2.2 & 5.2.3 could again be applied to validate the relative 

number of TE excisions observed under B12 starvation together with the quantification of timing 

and the footprint rate in more detail. The latter will reveal how often the Gulliver-like element 

leaves without/with remaining a footprint. As a control, the same experiment should be 

performed for S-type cells grown in medium with B12 as well as under various other nutrient 

deprivation and environmental stress conditions. Considering the low throughput, the manual 

and time inaccurate detection of revertant colonies by eye of this genetic screen, I have been 

collaborating with researchers from the group of Professor Pietro Cicuta at the Cavendish 

Laboratory (Department of Physics, University of Cambridge, UK) in order to establishing a 

imaged-based solution to overcome these disadvantages. Briefly, the idea is to adopt an 

existing microscopy setup to perform live-cell single-colony time-lapse microscopy. Once the 

accurate timing of reversion initiation has been resolved and potential environmental triggers 

to induce transposition rate have been studied, the actual expression of the autonomous 
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Gulliver transposases alongside expression of ARG proteins could be measured using a RT-

qPCR based assay.  
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Supplementary Figure 1: Changes in 1C cycle metabolites and enzyme transcripts during 
B12 deprivation (days 0-3), and B12 add-back (day 3-5). (a) Cell pellets were lyophilised and 
then 1C cycle metabolites quantified by HPLC (performed by Dr Deborah Salmon, University of 
Exeter). (b) And (c) RNA extracted from cell pellets frozen in liquid nitrogen was reverse 
transcribed and cDNA quantified by qPCR, with abundance normalised to the housekeeping 
gene RACK1. Only 6 genes in panel (b) were analysed throughout the 5 days, while those in 
panel (c) were only analysed during B12 deprivation (days 0-3). Error bars = sd, n >= 3. Adapted 
from Bunbury (2018). 
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Supplementary Figure 2: Total abundance of amino acids in the ancestral and the metE7 
strain under B12 replete or limited conditions. Samples were generated according to section 
3.2.1. Two slightly different methodologies were applied for the HPLC-MS analysis (performed 
by Dr Deborah Salmon, University of Exeter). Results of run 2 are shown while quantifications 
from run 1 are provided in Figure 3.20. For more information on the differences between the 
runs read text and see 2.5.1. Grey = B12 replete, orange = B12 deplete, error bars = sd, n=5. P 
values: ns>0.05,*<0.05,**<0.01,***<0.001 (Welch’s t test). Ancestral, ancestral B12-
independent strain; metE7, experimentally evolved B12-dependent line. 
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Supplementary Figure 3: BUSCO assessment results of the various C. reinhardtii 
assemblies. Light-blue: complete and single-copy genes; dark-blue: complete and duplicated 
genes; yellow: fragmented genes; red: missing genes. 
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Supplementary Figure 4: Structural variant calling between C. reinhardtii assemblies as 
performed by paftools. The number of single nucleotide polymorphisms (green), insertions 
(dark blue) and deletions (light blue) is shown as bar plots over different variant sizes. Bars 
are labelled by the sum of insertions and deletions (INDELs) of a particular size fraction. 
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Supplementary Figure 5: Extended summary of chromosomal rearrangements and 
structural variants by type. The number of pairwise variants for each pair of indicated strains 
is displayed between the new assemblies of CC-503, CC-4532 and CC-1690 against the 
current reference genome CC-503 v5. Length of the bar charts is proportional to number (left 
panel), or total sequence length (right panel) of an indicated variant type. Besides 
chromosomal rearrangements comprising insertions, translocations and duplications, 
structural variants are displayed at the levels of new sequence information (SNPN), single 
nucleotide polymorphisms (SNP), insertions (INS), deletions (DEL), copy number gains 
(CPG), copy number loss (CPL), highly diverged regions (HDR) and tandem repeat motives 
(TDM). The colour scheme from violet to green indicates the size of individual variants (left 
panel) and accumulating length of variants of a specified size (right panel), respectively. For 
variant types with low frequency/size between a selected pair of strains, the actual number 
respectively sequence length (bp) of the variant is displayed. A similar comparison between 
all new assemblies can be found in Figure 4.6. 
 



Appendices 
 

 XXXVIII 

 
  

Supplementary Figure 6: Distribution of variants across the genome when compared to 
the current reference CC-503 v5. (a) Density of the three main structural variant types - single 
nucleotide polymorphisms (SNP), insertions (INS) and deletions (DEL) - is shown for the 
indicated strains as percent of variant number within 100,000 bp windows. Known haplotype 
patterns (Gallaher et al. 2015) are visualised as black blocks along the chromosomes. (b) 
Proportion of haplotype regions as part of the version 5 reference genome is shown as a 
comparison for (c) pie charts highlighting percentual overlap of the various structural variants, 
chromosomal rearrangements as well as syntenic regions identified (see variant analysis & 
Supplementary Figure 5) with haplotype patters. 
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Supplementary Figure 7: Extended comparison of total number and sequence coverage of 
interspersed repeats detected with RepeatMasker in available genome assemblies of C. 
reinhardtii. In detail comparison on (a) total number and (b) sequence coverage by TE subfamily 
level between the currently used reference genome (CC-503 v5) and the three newer genome 
assemblies of C. reinhardtii (CC-503 v6, CC-4532 v6, CC-1690 v1). 
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Supplementary Figure 8: Genomic distribution of selected TE subfamilies across C. 
reinhardtii assemblies. Colour coded line plots highlight genomic density of 
Gypsy7a_cRei_LTR elements across different assemblies while top green bars represent 
location of L1-5 and bottom blue bars show mappings for ZeppL-1 in CC-4532 v6. 



Appendices 
 

 XLII 

 
Ruler 1 5,000 10,000 15,000 20,000
Consensus

Gulliver_element_116
Features ... Cre06.g255850

... ... ...... ... ... ... ...... ... AGG...

Gulliver_element_22
Features Cre11.g469550

...

Gulliver_element_148
Features Cre09.g400900

... ... ...... ... ... ... ...... ... AGG...

Gulliver_element_25
Features Cre12.g490950

... ... ...... ... ... ... ...... ... AGG...

Gulliver_element_73
Features Cre17.g730817

... ... ...... ... ... ... ...... ... AGG...

Gulliver_element_143
Features Cre08.g379187

MLFHTCRQVDNLLLITCIDGVL...

Gulliver_element_142
Features Cre0...

......

Cre08.g379150

MLFHTCRQVDNLLLITCIDGVL...

Gulliver_element_94
Features

Gulliver_element_65
Features ... Cre16.g672700

... ... ...... ... ... ... ...... ... AGG...

Gulliver_element_133
Features Cre08.g35...

... ... ...... ...

Cre08.g358545

... ...... ... AGG...

Gulliver_element_67
Features Cre17.g697850

... ...... ... AGG...

Gulliver_element_121
Features ... Cre06.g278232

... ... ...... ... PLTHYVKMVKL...

Gulliver_element_87
Features Cre02.g144008

... ... ...... ... PLTHYVKMVKL...

Gulliver_element_15
Features Cre10.g453200

... ... ...... ... PLTHYVKMVKL...

Ruler 2 5,000 10,000 15,000 20,000

Supplementary Figure 9: Autonomous Gulliver TEs in C. reinhardtii. 
Multiple Sequence Alignment (MSA) using Clustal W was performed for all 
FATSA sequences of the Gulliver TEs identified. Annotated coding sequences 
are coloured in blue. 
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Supplementary Figure 10: Summary of Sanger sequencing results. (a) Schematic map 
displaying alignment of Sanger sequencing results for the unstable B12-dependent S-type 
strains AHS27 and AHS47. (b) Schematic map showing alignment of Sanger sequencing 
results for the stable B12-dependent metE7 mutant (AHS30 & AHS46) as well as the B12-
independent strains AHS32 (Ancestral), AHS34 (H-type), AHS59 (R-type), and AHS76 
(WT12). (c) Confirmation of the 9 bp footprint insert left over in the two copies of the metE7 
mutant line AHS30 and AHS46. (d) Sanger sequencing of AHS72 (R-type) revealed a strong 
alteration at the beginning of the Gulliver MITE sequence which however still seems to be at 
the same location as in S-type strains. 
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Supplementary Table 1: Overview about genomic coordinates of non-autonomous 
Gulliver MITEs in CC-503 v5.6. 

ID Chromosome Start End Strand Size 
(bp) 

      

GulliverMITE 1 chr1 1369020 1369258 + 238 
GulliverMITE 2 chr1 1441646 1441875 - 229 
GulliverMITE 3 chr1 1623888 1624126 - 238 
GulliverMITE 4 chr1 3211624 3211862 + 238 
GulliverMITE 5 chr1 5277859 5278097 - 238 
GulliverMITE 6 chr1 6016511 6016749 + 238 
GulliverMITE 7 chr1 6819236 6819474 - 238 
GulliverMITE 8 chr1 7352010 7352248 + 238 
GulliverMITE 9 chr1 7599645 7599883 - 238 
GulliverMITE 10 chr10 325227 325465 - 238 
GulliverMITE 11 chr10 2413880 2414116 + 236 
GulliverMITE 12 chr10 2749491 2749728 + 237 
GulliverMITE 13 chr10 3210463 3210699 - 236 
GulliverMITE 14 chr10 3267751 3267989 - 238 
GulliverMITE 15 chr10 6130147 6130384 - 237 
GulliverMITE 16 chr11 5501 5739 - 238 
GulliverMITE 17 chr11 30237 30475 - 238 
GulliverMITE 18 chr11 1398273 1398511 - 238 
GulliverMITE 19 chr11 1682851 1683089 - 238 
GulliverMITE 20 chr11 1871372 1871610 + 238 
GulliverMITE 21 chr12 171671 171909 + 238 
GulliverMITE 22 chr12 241940 242179 + 239 
GulliverMITE 23 chr12 1262022 1262264 + 242 
GulliverMITE 24 chr12 1683420 1683654 + 234 
GulliverMITE 25 chr12 4104970 4105208 + 238 
GulliverMITE 26 chr12 4207245 4207482 - 237 
GulliverMITE 27 chr12 4896637 4897221 - 584 
GulliverMITE 28 chr12 4972028 4972266 - 238 
GulliverMITE 29 chr12 6912766 6913005 - 239 
GulliverMITE 30 chr12 8562289 8562539 + 250 
GulliverMITE 31 chr12 8781068 8781306 - 238 
GulliverMITE 32 chr12 8847605 8847843 - 238 
GulliverMITE 33 chr13 99664 99902 + 238 
GulliverMITE 34 chr13 916894 917132 - 238 
GulliverMITE 35 chr13 1382902 1383140 + 238 
GulliverMITE 36 chr13 1736818 1737061 - 243 
GulliverMITE 37 chr13 2024028 2024266 - 238 
GulliverMITE 38 chr13 3637880 3638118 + 238 
GulliverMITE 39 chr13 3983994 3984232 - 238 
GulliverMITE 40 chr13 4051237 4051475 + 238 
GulliverMITE 41 chr13 4475185 4475390 + 205 
GulliverMITE 42 chr14 502170 502408 - 238 
GulliverMITE 43 chr14 600329 600555 + 226 
GulliverMITE 44 chr14 614956 615198 + 242 
GulliverMITE 45 chr14 2017710 2017930 - 220 
GulliverMITE 46 chr14 2633441 2633679 + 238 
GulliverMITE 47 chr14 3477516 3477753 - 237 
GulliverMITE 48 chr15 354924 355163 + 239 
GulliverMITE 49 chr15 546763 547001 + 238 
GulliverMITE 50 chr15 555347 555576 + 229 
GulliverMITE 51 chr15 771535 771773 - 238 
GulliverMITE 52 chr15 856998 857951 + 953 
GulliverMITE 53 chr15 940773 941011 - 238 
GulliverMITE 54 chr16 163229 163467 + 238 
GulliverMITE 55 chr16 765850 766088 + 238 
GulliverMITE 56 chr16 1531746 1531984 + 238 
GulliverMITE 57 chr16 1828955 1829192 - 237 
GulliverMITE 58 chr16 3826468 3826800 - 332 
GulliverMITE 59 chr16 4407634 4407871 - 237 
GulliverMITE 60 chr16 4461893 4462110 - 217 
GulliverMITE 61 chr16 7737786 7738024 - 238 
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GulliverMITE 62 chr17 1967277 1967515 + 238 
GulliverMITE 63 chr17 2544472 2544710 + 238 
GulliverMITE 64 chr17 2654422 2654660 + 238 
GulliverMITE 65 chr17 2817926 2818164 - 238 
GulliverMITE 66 chr17 3077671 3077908 - 237 
GulliverMITE 67 chr17 4416487 4416705 + 218 
GulliverMITE 68 chr17 4418031 4418249 + 218 
GulliverMITE 69 chr17 5610066 5610304 - 238 
GulliverMITE 70 chr2 28595 28833 - 238 
GulliverMITE 71 chr2 472792 473030 + 238 
GulliverMITE 72 chr2 1853762 1854110 - 348 
GulliverMITE 73 chr2 2292635 2292873 + 238 
GulliverMITE 74 chr2 2701133 2701371 + 238 
GulliverMITE 75 chr2 2879636 2879874 + 238 
GulliverMITE 76 chr2 3682640 3682878 - 238 
GulliverMITE 77 chr2 6328781 6329019 - 238 
GulliverMITE 78 chr2 6426818 6427056 + 238 
GulliverMITE 79 chr2 6627721 6627959 + 238 
GulliverMITE 80 chr2 8614847 8615068 - 221 
GulliverMITE 81 chr2 9174275 9174513 - 238 
GulliverMITE 82 chr2 9219621 9219859 - 238 
GulliverMITE 83 chr3 867230 867451 + 221 
GulliverMITE 84 chr3 2462815 2463046 - 231 
GulliverMITE 85 chr3 3368170 3368381 - 211 
GulliverMITE 86 chr3 5333676 5333790 + 114 
GulliverMITE 87 chr3 5333958 5334196 + 238 
GulliverMITE 88 chr3 6279806 6280044 - 238 
GulliverMITE 89 chr3 6489769 6490007 + 238 
GulliverMITE 90 chr3 6922354 6922592 - 238 
GulliverMITE 91 chr3 6922968 6923206 - 238 
GulliverMITE 92 chr3 6923582 6923820 - 238 
GulliverMITE 93 chr3 8401587 8401825 + 238 
GulliverMITE 94 chr3 8707865 8708103 - 238 
GulliverMITE 95 chr3 9136638 9136876 + 238 
GulliverMITE 96 chr3 9150387 9150625 + 238 
GulliverMITE 97 chr3 9150756 9150994 - 238 
GulliverMITE 98 chr4 95067 95305 + 238 
GulliverMITE 99 chr4 143916 144154 + 238 
GulliverMITE 100 chr4 2765452 2765690 - 238 
GulliverMITE 101 chr4 3084005 3084243 + 238 
GulliverMITE 102 chr4 3717510 3718222 - 712 
GulliverMITE 103 chr5 365484 365722 - 238 
GulliverMITE 104 chr5 717185 717422 + 237 
GulliverMITE 105 chr5 2453398 2453636 + 238 
GulliverMITE 106 chr6 1045615 1045830 - 215 
GulliverMITE 107 chr6 2052378 2052838 - 460 
GulliverMITE 108 chr6 3191767 3192006 + 239 
GulliverMITE 109 chr6 3577396 3578022 + 626 
GulliverMITE 110 chr6 7827006 7827244 + 238 
GulliverMITE 111 chr7 510953 511191 + 238 
GulliverMITE 112 chr7 1159794 1160032 + 238 
GulliverMITE 113 chr7 1375996 1376234 + 238 
GulliverMITE 114 chr7 4536557 4536795 - 238 
GulliverMITE 115 chr7 4634856 4635100 - 244 
GulliverMITE 116 chr7 5338000 5338237 - 237 
GulliverMITE 117 chr7 5389700 5389934 + 234 
GulliverMITE 118 chr7 5732502 5732740 + 238 
GulliverMITE 119 chr7 5769052 5769398 + 346 
GulliverMITE 120 chr8 401540 401778 - 238 
GulliverMITE 121 chr8 450819 451057 + 238 
GulliverMITE 122 chr8 829130 829368 + 238 
GulliverMITE 123 chr8 949133 949371 - 238 
GulliverMITE 124 chr8 1369884 1370122 - 238 
GulliverMITE 125 chr8 2414945 2415183 - 238 
GulliverMITE 126 chr8 2527936 2528174 + 238 
GulliverMITE 127 chr8 2607056 2607278 - 222 
GulliverMITE 128 chr8 4459441 4459679 - 238 
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GulliverMITE 129 chr8 4718100 4719041 + 941 
GulliverMITE 130 chr9 89287 89523 + 236 
GulliverMITE 131 chr9 355635 355873 - 238 
GulliverMITE 132 chr9 2812465 2812752 + 287 
GulliverMITE 133 chr9 3569310 3569548 - 238 
GulliverMITE 134 chr9 5266263 5266501 + 238 
GulliverMITE 135 chr9 5698806 5699044 + 238 
GulliverMITE 136 chr9 5992923 5993150 - 227 
GulliverMITE 137 chr9 6027292 6027530 + 238 
GulliverMITE 138 chr9 6117031 6117269 + 238 
GulliverMITE 139 chr9 6248896 6249850 - 954 
GulliverMITE 140 chr9 6778322 6778560 + 238 
GulliverMITE 141 chr9 7461973 7462211 + 238 
GulliverMITE 142 chr9 7689180 7689418 - 238 
GulliverMITE 143 chr9 7866963 7867201 + 238 
GulliverMITE 144 sc18 154784 155022 + 238 
GulliverMITE 145 sc19 2351 2589 + 238 
GulliverMITE 146 sc19 41272 41510 - 238 
GulliverMITE 147 sc19 107305 107543 + 238 
GulliverMITE 148 sc25 39195 39433 - 238 
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Supplementary Table 2: Composition of growth media used in this study. 

Medium Compound Concentration  
TAP medium NH4Cl 7.5 mM 
 CaCl2 · 2 H2O 0.4 mM 
 MgSO4 · 7 H2O 0.4 mM 
 KH2PO4 2 mM 
 K2HPO4 4 mM 
 Hutner’s trace elements, Merchant et al. (2007) 1 ml·l-1 
   
TAP-Agar plates TAP medium 98.5% (w/v) 
 Agar 1.5% (w/v) 
   
Lysogeny Broth (LB) medium Bacto yeast extract 0.5% (w/v) 
 Bacto tryptone 1% (w/v) 
 NaCl 86 mM 
   
LB-Agar plates LB medium 98.5% (w/v) 
 Agar 1.5% (w/v) 
   

 

 

Supplementary Table 3: Query sequences used during BLAST searches. 

Name Sequence (5’ > 3’) Length 

Gulliver MITE 
(METE insert) 

CAGGGCTCCTATCTTAATGTCTCCAGACATTAA
TCGGCCATTTTGGCCGTTTCCTAGACATTCCTC
CCGGGGGCTAATGTCTGAAGCGAGACTTTGTT
GGCGCGGGTTTGGGGCGGGTTTTGTCCGAGTT
CCTATGGGGAAGCCCCCAAACCGCCATGTGCC
CAGACAAAAGATGGCAGCCACCCAGCCGTTTT
TGTCTGGAGCTAGACATCACTCCAAAAACAAGA
TACGACCCCTG 

238 bp 

Gulliver start CAGGGCTCCTATCTTAATG 19 bp 

Gulliver end GCGCTGCGACATGCCTGTG 19 bp 

 
  



Appendices 
 

 XLVIII 

 
Supplementary Table 4: Specifications of DNA samples after extraction according to an 
alternative phenol/chloroform based DNA extraction protocol . 

Sample nucleotide conc. A260 A280 A260/A280 A260/A230 
ddH20 control -0.3 ng·µl-1 -0.007 -0.01 0.66 0.41 

 
WT 12 523.0 ng·µl-1 10.459 5.204 2.01 1.67 

AHS27 210.7 ng·µl-1 4.215 2.174 1.94 0.89 

AHS30 326.1 ng·µl-1 6.521 4.502 1.45 0.72 

AHS32 127.6 ng·µl-1 2.552 1.330 1.92 0.63 

AHS34 521.0 ng·µl-1 10.419 5.789 1.80 1.39 

AHS47 315.5 ng·µl-1 6.311 3.306 1.91 0.95 

AHS52 102.1 ng·µl-1 2.041 1.051 1.94 0.63 

AHS54 126.1 ng·µl-1 2.521 1.342 1.88 0.62 

AHS59 164.2 ng·µl-1 3.285 1.707 1.92 0.92 

AHS72 95.9 ng·µl-1 1.918 0.996 1.93 0.62 

AHS73 90.7 ng·µl-1 1.813 0.918 1.97 0.56 

 

Supplementary Table 5: Specifications of DNA samples after extraction according to 
extraction protocol 1. 

Sample nucleotide conc. A260 A280 A260/A280 A260/A230 

ddH20 control -0.6 ng·µl-1 -0.012 -0.009 1.35 -0.50 
 

AHS27 2064.2 ng·µl-1 41.184 19.758 2.09 1.82 

AHS30 1910.6 ng·µl-1 38.212 18.473 2.07 1.93 

AHS32 1141.8 ng·µl-1 22.837 11.098 2.06 1.84 

AHS34 2124.2 ng·µl-1 42.484 20.536 2.07 1.85 

AHS46 1884.3 ng·µl-1 37.686 18.074 2.09 1.75 

AHS47 1969.5 ng·µl-1 39.391 19.003 2.07 1.85 

AHS52 2010.9 ng·µl-1 40.218 19.360 2.08 1.81 

AHS54 2063.6 ng·µl-1 41.273 19.644 2.10 1.80 

AHS59 1621.0 ng·µl-1 32.420 15.696 2.07 1.84 

AHS72 2061.4 ng·µl-1 41.228 19.722 2.09 1.79 

AHS73 1329.7 ng·µl-1 27.194 13.124 2.07 1.69 

AHS76 2416.2 ng·µl-1 48.327 22.832 2.12 1.98 
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Supplementary Table 6: Overview about oligonucleotides employed in this study. 

ID Name Sequence (5’ > 3’) Tm (°C) 

AHP01 metE-fwd_F2b GTGTAGGGTGTCGGTGACAT 63 

AHP02 metE-rev_R3b CAGTTGAGGATGGTGACG 61 

AHP03 metE-fwd_F1 CTGGGTGCAGAGCTACGG 66 

AHP04 metE_rev_R1 CCTGGAAGTCCGAGTAGCAC 65 

 


