
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

ANALYSIS OF THE FUNCTIONAL 

ELEMENTS IN THE UTRS OF THE 

MULTICELLULAR BROWN ALGA 

ECTOCARPUS SILICULOSUS
 

Word count: 28 577 

 

 

 

 

 

 

 

Bram Danneels 
Student number: 01000539 

 

Supervisor(s): Prof. Dr. Yves Van de Peer, Dr. Lieven Sterck 

 
A dissertation submitted to Ghent University in partial fulfilment of the requirements for the degree of  

Science in Bioinformatics: Systems Biology  

 

Academic Year: 2016- 2017 



 
  

 

  



 
  

  



 
  

 



Preface 

 

3 
 

Preface 

Scientific research is never a one-man job. That is why I would like to thank some people for 
contributing to this thesis. First of all, I would like to thank Dr. Lieven Sterck for the supervision 
and guidance during my thesis, and for providing feedback on my work and my manuscript. I 
would also like to thank Prof. Dr.  Yves Van de Peer and the UGent Department of Plant 
Biotechnology and Bioinformatics for offering me this thesis, hosting me, and providing the 
necessary infrastructure and data to bring this thesis to a good end. Furthermore, I would like 
to thank Michiel Van Bel for providing scripts for performing GO-enrichment analysis and 
Srilakshmy Harikrishnan for providing the gene expression data. Lastly, I would like to thank 
friends and family for their support.





Table of contents 

 

5 
 

Table of contents 

Preface ........................................................................................................................................ 3 

Table of contents ........................................................................................................................ 5 

List of abbreviations and symbols .............................................................................................. 7 

1. Abstract .............................................................................................................................. 9 

2. Samenvatting .................................................................................................................... 11 

3. Introduction ...................................................................................................................... 13 

3.1. Ectocarpus, and the development of multicellularity ............................................... 13 

3.2. Ectocarpus genomic research .................................................................................... 15 

3.3. Role of the untranslated regions in gene regulation................................................. 16 

3.3.1. Regulation in the 5’ UTR ..................................................................................... 17 

3.3.2. Regulation in the 3’ UTR ..................................................................................... 19 

3.4. Tools, resources and methods for studying UTRs ..................................................... 21 

3.4.1. Sequence motifs ................................................................................................. 21 

3.4.2. uORFs and miRNA binding sites ......................................................................... 22 

4. Aims .................................................................................................................................. 25 

5. Results .............................................................................................................................. 27 

5.1. UTR statistics ............................................................................................................. 27 

5.2. Statistics of predicted ORFs ....................................................................................... 28 

5.3. Statistics of conserved ORFs ...................................................................................... 38 

5.4. Functional analysis of conserved ORFs ...................................................................... 39 

5.5. Other UTR elements .................................................................................................. 44 

5.5.1. Motif detection .................................................................................................. 44 

5.5.2. Motif discovery ................................................................................................... 47 

5.5.3. miRNA target prediction .................................................................................... 58 

6. Discussion ......................................................................................................................... 63 

7. Materials and methods .................................................................................................... 71 

7.1. Data acquisition ......................................................................................................... 71 

7.2. ORF prediction ........................................................................................................... 71 

7.3. Conservation analysis ................................................................................................ 72 

7.4. Functional analysis of conserved ORFs ...................................................................... 73 

7.5. Detection of non-ORF functional motifs ................................................................... 73 

7.6. Scripts and data storage ............................................................................................ 74 

References ................................................................................................................................ 75 





List of abbreviations and symbols 

 

7 
 

List of abbreviations and symbols 

% GC  Percentage of guanine and cytosine residues in a sequence 

A/C/G/T/U Adenosine, Cytosine, Guanine, Thymine, Uracil; Nucleotide residues 

ARE  AU-rich Element 

AUG  Start codon; uAUG: upstream AUG 

bp  Base pairs 

CDS  Coding DNA sequence 

ESE  Exonic splice enhancer 

EST  Expressed sequence tag 

FPKM  Fragments per kilobase of exon per million fragments mapped 

GO  Gene ontology 

IMM  Interpolated Markov model 

IRES  Internal ribosome entry site 

LINE  Long interspersed element 

lncRNA Long non-coding RNA 

miRNA  Micro-RNA 

mRNA   Messenger RNA 

NMD   Nonsense-mediated mRNA decay 

nt   Nucleotides 

ORF   Open reading frame; uORF/dORF/sORF: upstream/downstream/small ORF 

PABP   Poly-A binding protein 

RBP   RNA-binding protein 

SINE   Short interspersed element 

siRNA   Small interfering RNA 

snoRNA  Small nucleolar RNA 

SSR   Simple sequence repeat 

TE   Transposable element 

TF   Transcription Factor 

UTR   Untranslated region 



 



Abstract 

 

9 
 

1. Abstract 

Ectocarpus siliculosus is an interesting species in many ways. It belongs to the brown algae, a 
class which evolved complex multicellularity separately from other eukaryotic groups like the 
plants, fungi, and animals. Furthermore, brown algae are of major economic and ecological 
importance in certain regions of the world. Research into the genome of E. siliculosus revealed 
an interesting feature: the 3’ untranslated regions of the mRNAs are surprisingly long. They 
are similar in length to those of mice, despite the mouse genome being at least ten times 
larger. An important function of UTRs is to regulate mRNA stability, turnover, and translation 
efficiency. This form of gene regulation (post-transcriptional regulation) allows an extra layer 
of control on the expression of genes. In this manuscript, the presence and conservation of 
functional elements in the UTRs of E. siliculosus and E. subulatus were investigated. 

It was found that 3’ UTRs in general harboured more ORFs than 5’ UTRs (81-92 % versus 16-
29 %). The presence of ORFs in the 5’ UTR (uORFs) had a significant negative effect on mRNA 
levels of the gene. Interestingly, the presence of ORFs in the 3’ UTR (dORFs) were shown to 
increase mRNA levels. This despite the fact that dORFs are generally found in long 3’ UTRs, 
and mRNAs levels of genes with long 3’ UTRs are often low. It was hypothesised that the 
presence of these dORFs might decrease the amount of non-sense mediated mRNA decay 
(NMD), and protect mRNAs from breakdown. Based on the analysis of ORFs in the UTRs, 
sORFfinder was found to be a suitable gene predictor for finding uORFs and dORF. Only a small 
amount (1-1.5 %) of predicted ORFs were conserved between both Ectocarpus species. 
Interestingly, the conserved ORFs were found to be more conserved than the protein 
sequences of the genes in which they reside. Of the conserved ORFs, only two very similar 
sequences were found in the genome of Cladosiphon okamuranus, a brown alga of the 
Ectocarpales order. In the genome of the further related brown alga Saccharina japonica only 
partially similar sequences were found. Lastly, in the diatom Phaeodactylum tricornutum, no 
similar sequences were found.  

Motif detection in the UTR sequences showed many predictions of IRES (internal ribosome 
entry site) elements in both Ectocarpus species. However, predictions in non-UTR sequences 
showed that this was probably due to overprediction. De novo motif detection yielded very 
similar results in the 5’ UTR of both Ectocarpus species. As the genes harbouring these motifs 
were often enriched in functions related to one or a few specific processes, it seems possible 
that these motifs might be functional. 

Further research into the functional UTR elements could provide better insight into gene 
regulatory mechanisms in brown algae, and by extension also in other species. Sequencing 
and quality annotation of more brown algal genomes is essential to draw further conclusions 
on the evolution and functionality of the proposed gene regulatory mechanisms in these 
organisms. Furthermore, experimental approaches such as peptidomics and ribosome 
profiling can provide valuable insights into the translation of putative uORFs and dORFs, and 
their influence on gene regulation. 
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2. Samenvatting 

Ectocarpus siliculosus is een interessante soort om verscheidene redenen. De soort behoort 
tot de bruinwieren, een klasse die apart van andere eukaryote groepen zoals de dieren, 
planten, en schimmels, complexe multicellulariteit heeft geëvolueerd. Daarenboven zijn 
bruinwieren ook van groot ecologisch en economisch belang in verscheidde regionen van de 
wereld. Onderzoek naar het genoom van dit bruinwier leidde tot een interessante vaststelling: 
de 3’ untranslated regions (UTRs) van het E. siliculosus mRNA zijn verrassend lang. Deze UTRs 
hebben een gelijkaardige lengte als deze van, bijvoorbeeld, de muis. Dit terwijl het 
muisgenoom minstens tien keer groter is. Een belangrijke functie van de UTRs is het reguleren 
van stabiliteit, turnover, en translatie efficiëntie van het mRNA. Deze vorm van genregulatie 
(post-transcriptionele regulatie) stelt een organisme in staat om de genexpressie nog sterker 
te reguleren. In dit onderzoek werden het voorkomen en de conservatie van functionele 
elementen in de UTRs van E. siliculosus en E. subulatus onderzocht.   

Er werd vastgesteld dat de 3’ UTRs in het algemeen veel meer ORFs bevatten dan de 5’ UTRs 
(81-92 % versus 16-29 %). De aanwezigheid van ORFs in de 5’ UTR (uORFs) had een significant 
negatief effect op de mRNA hoeveelheden van het gen. Ook interessant was het feit dat de 
mRNA niveaus van genen met een ORF in de 3’ UTR (dORFs) hoger waren dan wanneer een 
dORF ontbrak. Nochtans werden dORFs voornamelijk in lange 3’ UTRs gevonden, en deze 
hadden over het algemeen een lager mRNA niveau. De hypothese achter deze observatie is 
dat de aanwezigheid van dORFs het voorkomen van non-sense mediated mRNA decay (NMD) 
kan verminderen, en zo de mRNAs beschermt tegen afbraak. Uit analyse van de voorspelde 
uORFs en dORFs bleek dat sORFfinder de meest geschikte gen predictor lijkt te zijn voor het 
voorspellen van ORFs in UTRs. Verder werd gevonden dat slechts een klein deel (1-1.5 %) van 
de voorspelde ORFs waren geconserveerd in beide Ectocarpus soorten. Interessant hierbij was 
dat deze ORFs vaak meer geconserveerd waren dan de eiwitten die gecodeerd worden door 
het gen waarin ze liggen. Voor slechts twee van de 187 geconserveerde ORFs werd een sterk 
gelijkaardige sequentie gevonden in het genoom van Cladosiphon okamuranus, een bruinwier 
uit de Ectocarpales orde. In het genoom van een minder nauw verwant bruinwier, Saccharina 
japonica, werden enkel gedeeltelijk gelijkaardige sequenties gevonden, terwijl in de diatomee 
Phaeodactylum tricornutum geen enkele gelijkaardige sequenties werd teruggevonden.  

Het zoeken naar motieven in de UTRs voorspelde het voorkomen van veel IRES (internal ribose 
entry site) elementen in beide Ectocarpus soorten. Echter, vergelijking met voorspellingen in 
niet-UTR sequenties gaf aan dat dit waarschijnlijk komt door overpredictie. De novo motief 
voorspellingen gaven zeer gelijkaardige resultaten in de 5’ UTRs van beide Ectocarpus soorten. 
Aangezien de genen met die motieven vaak ook verrijkt waren in functies gerelateerd aan een 
of enkele specifieke processen, lijkt dit aan te geven dat sommige van deze motieven mogelijks 
functioneel zijn.  

Verder onderzoek naar de functionele elementen in UTRs kan zeker verdere inzichten 
verschaffen in genregulatie bij bruinwieren, en bij uitbreiding ook bij andere soorten. 
Sequenering en kwalitatieve annotatie van meer bruinwier genomen is essentieel om verdere 
conclusies te trekken omtrent de evolutie en rol van de voorgestelde genregulatie 
mechanisme binnen deze groep van organismen. Verder kunnen bepaalde experimentele 
technieken zoals peptidomics en ribosome profiling waardevolle informatie verschaffen 
omtrent de translatie van uORFs en dORFs, en hun invloed op genregulatie.  
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3. Introduction 

3.1. Ectocarpus, and the development of multicellularity 

Multicellularity is a feature that allows organisms to achieve a higher degree of organisation 
and specialisation. On the downside however, it may lead to genetic conflicts where mutant 
cells favour their own proliferation instead of that of the multicellular organism  (Grosberg & 
Strathmann, 2007). While simple multicellularity has arisen quite often, up to 25 times in 
eukaryotes, complex multicellularity has been developed in only 6 groups: the animals, land 
plants, fungi, green algae, red algae and brown algae (Grosberg & Strathmann, 2007; Parfrey 
& Lahr, 2013). These first three groups are well known and well studied, and contain model 
organisms of major importance in current research such as Mus musculus  and Caenorhabditis 
elegans for the animals, Arabidopsis thaliana for the plants, and Saccharomyces cerevisiae  for 
the fungi (Hedges, 2002). Taking into account the five eukaryotic supergroups (Adl et al., 2012, 
Figure 1), complex multicellularity can be found in three of them: Archaeplastida (green 
plants, green algae, and red algae), Opisthokonta (fungi and animals) and the SAR-clade 
(brown algae). The brown algae are thus an interesting group, as they have developed 
complex multicellularity separately from the more known complex multicellular organisms.   

Figure 1: Eukaryote phylogeny. Overview of the eukaryote phylogeny according to Adl et al., 2012. The five main 
supergroups are represented in different colors. Groups which have developed complex multicellularity are 
surrounded by a black box. Chloroplastida contains both the land plants and green algae. (Adapted from Adl et 
al., 2012.) 
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The brown algae (Phaeophyceae) form a large group within the Heterokonta, mostly found in 
marine environments. In these environments, they play important roles as primary producers, 
but can also serve as a habitat for other species. Seaweeds such as the giant kelp (Macrocystis 
pyrifera) and Sargassum species are well known to form ‘underwater forests’, unique 
ecological niches for marine wildlife. Furthermore, species such as Cladosiphon okamuranus 
(mozuku), Sargassum and many kelp species (Laminariales) are edible, and are of major 
economic importance in some regions (McHugh, 2003). Apart from their evolutionary history, 
also their ecological and economical importance makes them interesting to study. Brown 
algae evolved complex multicellularity independently from other major eukaryote groups like 
the plants, animals, and fungi. As such they developed and expanded metabolic pathways (e.g. 
halide metabolism), signalling pathways, cell cycle regulation pathways, and many more (Cock 
et al, 2010, 2012, 2014). As the brown algae is such a unique group, studying them provides 
many insights on the evolution of complex multicellularity. As such, the need arose to 
establish a models species for the brown algae: Ectocarpus siliculosus (Dillwyn) Lyngbye  
(Figure 2; Peters et al., 2004). 

The choice for Ectocarpus siliculosus has several reasons: it has small mature thalli, which are 
highly fertile and develop rapidly (Müller et al, 1998), and making genetic crosses is fairly easy 
(Brautigam et al, 1995). These characteristics made Ectocarpus siliculosus already a popular 
species for studying brown algal reproduction, ultrastructure, photosynthesis, and carbon 
uptake (Charrier et al, 2007). A major breakthrough in the development of Ectocarpus as a 
model organisms, was the generation and annotation of the complete genome (Cock et al, 
2010), followed by the development of a whole range of tools and resources  (Gschloessl et 
al, 2008; Heesch et al, 2010; Coelho et al, 2011; Ahmed et al, 2014; Prigent et al, 2014). 
Recently, the genomic information was further refined by improving the large-scale assembly 
and completely re-annotating the genome based on extensive RNA-sequencing data, leading 
to improved gene prediction, isoform information, and non-coding loci (Cormier et al, 2017).  

Figure 2: Ectocarpus siliculosus. A: Herbarium specimen; B-C: Microscopic images of male gametophyte (B: 40x 
magnification; C: 20x magnification). Sources: (A) Pierre-Louis & Hippolyte-Marie Crouan, Alguier des frères 
Crouan, Université de Bourgogne (http://serres.u-bourgogne.fr/article.php3?id_article=586); (B-C) D.G. Müller 
(http://www.research.kobe-u.ac.jp/rcis-ku-macc/j.p.folder/det.folder/ectocarpus.html) 
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3.2. Ectocarpus genomic research 

The publishing of the genome of Ectocarpus siliculosus in 2010 (Cock et al, 2010) provided a 
whole new resource for studying brown algae, their functioning, and their evolutionary 
history. It was found that the genome contained many introns, and that these introns were 
often quite long (on average 7 introns per gene, with an average intron length of 704 bp). 
Altogether, introns make up 40.4% of the E. siliculosus genome. Another interesting feature, 
and the feature of interest in this thesis, are the very long 3’ untranslated regions (UTRs) of 
the mRNA. With an average size of 902 bp, their length can be compared to the length of 3’ 
UTRs of mice, despite the mouse genome being over 13 times larger (Cock et al, 2012; Cormier 
et al, 2017). In contrast, the 5’ UTRs were not exceptionally longer than could be expected for 
a genome of this size. It was hypothesised that these long 3’ UTRs contain many regulatory 
elements, and by using alternate polyadenylation sites, different sets of regulatory elements 
could be incorporated in the mRNA. Compared to other genomes however, no increase in 
frequency of alternative polyadenylation was found (Cock et al, 2010).  

Another interesting feature of the Ectocarpus genome, is the high number of predicted genes 
which lie in alternating directions, on alternating strands on the genome (61.5%). This high 
number of alternating genes is normally found in very compact genomes, such as those of 
Ostreococcus tauri or Phaeodactylum tricornutum (Cock et al, 2010).  Consequently, many 
genes lie adjacent to each other with their 5’ end, but on opposite strands. The intergenic 
region between those 5’ gene ends was found to be quite small as well. This leaves little room 
for long promotor regions, indicating that gene regulatory elements might lie further away, or 
regulation happens primarily post-transcriptionally. In the genome, several possible miRNA 
genes were found, indicating that microRNA-mediated RNA silencing and regulation of 
expression might also be present in the brown algae. In the re-annotation (Cormier et al, 
2017), also other non-coding RNAs were investigated, leading to the discovery of 656 small 
nucleolar RNA (snoRNA) loci and 717 long non-coding RNA (lncRNA) loci.  

Repeated sequences also make up a big part of the genome (22.7 %). Transposable elements 
(TEs) were the most common type of repeated sequences that were found. Furthermore it 
was found that some of these TEs were expressed in unstressed tissue (Cock et al, 2010). The 
observation that many small RNAs mapped to TEs in the genome might indicate some sort of 
silencing mechanism of these elements on the RNA level.  Lastly, it was also found that 
Ectocarpus siliculosus has integrated a full viral genome (> 310 kbp) in its genome. Expression 
analysis revealed that none of the viral genes were expressed, not even in stressed conditions 
(Cock et al, 2010). In contrast to the TEs, small RNAs did not show a preference to bind to this 
integrated genome. 

As mentioned before, microRNAs (miRNAs) are an advanced way of regulating gene 
expression. By binding to mRNAs and marking them for destruction, specific genes, or even 
groups of genes, can be targeted for downregulation. It has been hypothesized that miRNAs 
may have played a key role in the evolution of complex multicellularity (Mattick, 2004). 
Furthermore, the lack of sequence similarity of miRNA families between animals and plants 
might indicate that miRNAs have evolved independently. Consequentially, miRNAs in the 
brown algae lineage might also have their own, separate origin (Axtell et al, 2011; Tarver et 
al, 2015). Initial research into miRNAs of E. siliculosus found 23 possible miRNA loci in the 
genome (Cock et al, 2010). However, later research using more strict criteria and extended 
sequencing data found that most of these loci are more likely to be small interfering RNA 
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(siRNA) loci. Nevertheless, they increased the number of well-supported miRNA loci to 64 
(Tarver et al, 2015). In general, these miRNAs are very diverse, and can be divided into 62 
miRNA families. They also showed long foldback loops and a preference for a uracil residue at 
the miRNA start. While some similarities with miRNAs from plants, animals, and fungi were 
found, real homology between miRNAs of these species could not be detected. As the 
discovered miRNA loci were not found in other heterokont genomes, it might be concluded 
that the brown algae, similar to plants and animals, evolved their own miRNA genes. This 
strengthens the link between emergence of complex multicellularity and the development of 
miRNAs (Tarver et al, 2015). 

A study on the presence of viral elements in algal genomes, identified 172 endogenous viral 
elements (EVEs) in the genome of Ectocarpus siliculosus. This number was seven times higher 
than that of the runner-up, Chlamydomonas reinhardtii (25 EVEs, Wang et al., 2014). Short 
viral sequences could function as siRNAs, silencing the expression of viral proteins (Mette et 
al, 2002). Larger EVEs (> 90 amino acids), which were also found in the genome, could encode 
for full viral proteins and possibly provide novelties for their host. 

Given the fact that Ectocarpus siliculosus has many and large introns, research into the splicing 
machinery and mechanisms emerged soon. It was found that Ectocarpus siliculosus has the SR 
proteins needed for splicing, and the GT-AG motif at splice junctions was found in 95.3% of 
introns (Cock et al, 2010). Analysis of codon and amino acid usage near the splice-junctions 
revealed a similar pattern of preference or avoidance of codons and amino acids at both exon 
ends, and this pattern is symmetric (similar at both exon ends) (Wu et al, 2013). Furthermore, 
the authors suggested the presence of purine-rich hexameric exonic splice enhancers (ESE). 
Many of those suggested ESEs were also identified in humans, indicating a possible deep 
phylogenetic conservation of the binding motif for SR proteins.  

The availability of the Ectocarpus siliculosus genome could also provide more insight in its 
biology, and the conservation or restraints on some core eukaryotic or multicellular processes. 
For example, it was found that many components of the mitochondrial protein import 
apparatus are conserved between a range of diverse eukaryotic species. Other parts on the 
other hand, seem to have undergone rearrangement, replacement, or new components 
emerged during evolution (Delage et al, 2011). By combining bioinformatics and experimental 
approaches, many genes involved in key processes such as endoreduplication, auxin 
biosynthesis and carbon storage were identified (Le Bail et al, 2010; Bothwell et al, 2010; 
Rousvoal et al, 2011). Analysis of the secretome, the fraction of proteins that is targeted for 
extracellular secretion, revealed similarities with other multicellular organisms, but also 
showed the presence of unique mechanisms  that even radiated further within the brown algal 
lineage (Terauchi et al, 2017).  

3.3. Role of the untranslated regions in gene regulation 

Genes can be regulated in many ways. While transcriptional control has a big impact on the 
expression or silencing of genes, a lot of regulation also happens on the mRNA level (post-
transcriptional regulation). The main ways of regulating gene expression on the mRNA level 
involve regulation of mRNA localization and stability, and regulation of translation efficiency. 
Similar to how non-coding regions in the DNA can play a role in regulating transcription (e.g. 
promotors, enhancers and silencers), it can also be expected that the untranslated regions in 
the mRNA play a role in regulation of translation and mRNA stability (Pesole et al, 2001). 
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3.3.1. Regulation in the 5’ UTR 

Across eukaryotic species, 5’ UTRs are on average 100 bp to 220 bp long, have higher GC 
content than their 3’ counterparts, and are home to a variety of repeats, including SINEs, 
LINEs, SSRs, micro- and macrosatellites  (Pesole et al, 2001). The role of the 5’ UTR in 
translational control is mainly to initiate mRNA translation by recruitment of the small 
ribosomal subunit at the 5’ cap structure. From there, the ribosome starts scanning for the 
start codon. This scanning involves movement of the ribosomes along the mRNA, and is not 
always linear. In some viral mRNAs it has been found that ribosomes can bypass certain areas 
of the 5’ UTR such as upstream start codons (uAUGs) and secondary structures during 
scanning (Yueh & Schneider, 2000; Ryabova et al, 2002). Furthermore, different 5’ UTRs can 
be generated for the same gene by using alternative promotors during transcription or by  
alternative splicing (Trinklein et al, 2003; Zhang et al, 2004). In general, three mechanisms can 
be discriminated when assessing the influence of the 5’ UTR on gene expression: regulation 
via secondary structure, regulation via RNA-binding proteins, and regulation by upstream 
ORFs or AUGs (Figure 3, Araujo et al., 2012). 

Secondary structures are obvious downregulators for translation. They can hinder or even 
fully block the scanning ribosome, reducing the efficiency of translation initiation. In humans 
it has been found that many poorly translated transcripts have 5’ UTRs containing stable 
secondary structures, often very close to the cap structure (Davuluri, 2000). In general, a free 
energy of -30 to -50 kcal/mole, depending on the distance from the cap structure, is needed 
to effectively block translation initiation (Gray & Hentze, 1994). Such stable secondary 
structures cannot be unwound by the eIF4A helicase of the translation initiation complex, 
halting translation altogether. Overexpression of eIF4A (and eIF4B) can partially overcome this 
problem (Rozen et al, 1990). A classic example of secondary structures regulating translation 
efficiency is the iron-responsive element (IRE) (Hentze et al, 1987). As RNA-binding proteins 
are also involved in this regulatory mechanism, it will be explained below.   

RNA-binding proteins (RBPs) also play an important role in translation (Wilkie et al, 2003). 
Many of them are essential parts of the translational machinery and are needed for efficient 
translation of all coding mRNAs (e.g. PABPI, eIF4E). Other RBPs can function in a more selective 
way, binding to motifs only present in certain mRNAs (e.g. Musashi1), leading to up- or 
downregulation of translation, or mRNA breakdown (Araujo et al, 2012). RBPs are not 
restricted to binding the 5’ UTRs, but they do seem to show a preference of interfering with 
the initiation step of translation (Abaza & Gebauer, 2008). As mentioned before, RBPs also 
play a role in regulation trough the IRE. The RBPs involved are IRP1 and IRP2, which can bind 
the IRE secondary structure (Hentze et al, 1987). The IRE can be found in the mRNA of many 
genes involved in cellular iron homeostasis (e.g. ferritin, Figure 4). Its presence allows 
regulation of gene expression trough translational regulation based on the cellular iron levels. 
In short, presence or absence of iron-containing complexes, depending on iron levels in the 

Figure 3: General structure of the 5’ UTR. m7 GCAP: 5’ mRNA cap; uAUG: upstream start codon; RBP: RNA-binding 
protein; uORF: upstream open reading frame. Source: Araujo et al., 2012. 
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cells, will determine if the IRPs can bind to the IRE or not. If iron levels are low, IRPs are able 
to bind the IRE, blocking translation initiation by steric hindrance trough preventing binding 
or scanning of the ribosome complex. When iron levels increase, this blockade will be 
released, resuming normal translation (Goss & Theil, 2011). More complex regulation via RBPs 
also exist. The SXL protein in Drosophila melanogaster can alter splicing by binding to U-rich 
elements, or can boost the translation of an upstream ORF, resulting in lowered translation of 
the main protein (Abaza & Gebauer, 2008).  

Upstream ORFs (uORFs) and upstream AUGs (uAUGs) are found quite often in both the human 
and the mouse transcriptome, with estimates ranging from 44 % to 49 %. Their position in the 
5’ UTR, and the number of uORFs/uAUGs can vary widely (Iacono et al, 2005; Calvo et al, 2009). 
While the number of uORFs and uAUGs might sound high, it is actually less than what would 
be expected just by chance alone. This might indicate they are under negative selective 
pressure. (Davuluri, 2000). Conservation analysis of uORFs and uAUGs in human, mouse, and 
rat showed moderate conservation of 38% of uORFs and 24 % of uAUGs (Iacono et al, 2005). 
It was postulated that many uAUGs might be converted to uORFs due to creation of a 
downstream stop codon by mutation. In yeast, evidence for selective pressure on uORFs has 
also been detected (Lawless et al, 2009). While negative correlations between the presence 
of uORFs in transcripts and protein levels have been detected (Matsui et al, 2007; Calvo et al, 
2009), there is only limited experimental evidence of the influence of uORFs on  translation 
efficiency (Somers et al, 2013; von Arnim et al, 2014). Nevertheless, a couple of mechanisms 
of uORF regulation have been proposed. A first mechanism is known as leaky scanning. 
Normally when a uORF is present, the ribosome will translate it, as it is the first ORF it 
encounters. When the stop codon is reached, translation will terminate, preventing 
translation of the main ORF. However, during leaky scanning the start codon of the uORF 
might be skipped, and the ribosome will continue scanning, eventually finding the start codon 
of the main ORF (Morris & Geballe, 2000). In another mechanism, the uORF might transcribe 
a cis-acting peptide, that can reduce or enhance the initiation of translation of the main ORF 
(Oyama et al, 2004). A last mechanism involves multiple uORFs working together. In the yeast 
GCN4 transcription factor mRNA, there are 4 uORFs. In normal conditions, ribosomes are 
quickly recruited to these uORFs via initiation cofactors, resulting in inhibition of translation 
of the main ORF. However, during starvation cofactors are scarce and the ribosome will scan 

Figure 4: Regulation of the ferritin gene by iron responsive elements. When iron levels are high (top), IREs will 
not interfere with translation. When iron levels are low, IRE-binding proteins will bind the IREs, blocking ribosome 
scanning and translation. Source: http://bioinformatica.upf.edu/2002/projects/4.2/pages/english/page04.htm 
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past the uORFs until it reaches the main ORF start codon (Hinnebusch, 2005). Additional 
evidence of the role of uORFs in the regulation of translation is found by the observation that 
mutations eliminating or creating uORFs can be linked to human diseases (Wethmar et al, 
2010) and the observation that there seems to be a connection between uORF presence and 
mRNA decay, based on comparisons of transcript levels (Matsui et al, 2007). 

3.3.2. Regulation in the 3’ UTR 

On average, 3’ UTR length across species ranges from 250 to 1027 bp, and is in general greater 
than 5’ UTR length. More than in 5’ UTRs there seems to be a trend toward longer 3’ UTRs in 
more complex organisms (Pesole et al, 2001; Mazumder et al, 2003). While the location of 5’ 
UTRs upstream of the main ORF makes them suitable regulators for translation initiation, 3’ 
UTRs are situated downstream of the main ORF and ribosomes will rarely reach them.   
Nevertheless, 3’ UTRs can influence translation, mainly by interfering with the rate-limiting 
step of translation initiation. The main mechanism of 3’ UTRs influencing translation initiation 
is circularization of the mRNA, bringing 3’ and 5’ UTRs in close proximity, allowing interactions 
between both ends (Gallie, 1998; Sachs & Varani, 2000; Mazumder et al, 2003). Apart from 
influencing translation, 3’ UTRs can also alter gene expression via other mechanisms. The 3’ 
UTR harbours the polyadenylation signal necessary for formation of the poly-A tail which 
stabilizes the mRNA (Mitchell & Tollervey, 2001). It also harbours many signals that may 
regulate subcellular localization (Jansen, 2001). As mentioned before, RBPs can also bind to 
the 3’ UTR of mRNA where they can play a role in mRNA stabilization, breakdown, or 
translation termination (Szostak & Gebauer, 2013; Wilkie et al, 2003). Lastly, 3’ UTR are often 
targeted by miRNAs which may lead to mRNA degradation (Zhang & Su, 2009). 

 

Figure 5: Examples of RNA circularization events. PABP: Poly-A binding protein; eIF4X: Translation initiation 
factors; IRES: Internal ribosome entry site; SLBP: Stem-loop binding proteins; NSP3: Non-structural protein 3; 
Source: Mazumder et al., 2003. 

It has been found that mRNA circularization and 5’-3’ interactions in (m)RNA do not work via 
a single mechanism (Figure 5, Mazumder et al., 2003). The main mechanism found in 
eukaryotic transcripts is the interaction of the Poly-A binding protein (PABP) and eIF4G. PABP 
binds to the poly-A tail and can form a complex with eIF4G in the translation initiation 
complex. This circularization is presumed to lead to more efficient binding and/or recycling of 



Introduction 

 

20 
 

the ribosomes (Gingras et al, 1999). In histones, which lack a poly-A tail, an alternative 
mechanism was found. There, a 3’ stem-loop structure acts as a binding site for an RNA-
binding protein that mimics the function of PABP (Ling et al, 2002). In viruses, other 
mechanisms are found, such as RBP-mediated direct interaction between secondary mRNA 
structures, interaction between the poly-A tail and an IRES, and RBPs that act similar to PABP 
in recycling or recruiting ribosomes (Figure 5, Michel et al., 2000; Guo et al., 2001; Padilla-
Noriega et al., 2002). While the poly-A tail might strictly not be part of the 3’ UTR, the actual 
3’ UTR can contain binding regions for RBPs which can affect either binding of PABP on the 
poly-A or interfere with the interaction between PABP and eIF4G (Grosset et al, 2000). 
Alternatively, the circularization of the mRNA can bring an RBP bound to the 3’ UTR close to 
the initiation complex, leading to inhibitory effects and reducing translation (Mazumder et al, 
2003). While most examples involve interference with translation initiation, some RBP-
complexes binding to the 3’ UTR are known to interact with elongation factors reducing the 
rate of translation elongation (Hussey et al, 2011).  

Apart from interfering with the translation process, RBPs binding to the 3’ UTR can also affect 
the mRNA itself. A process frequently modulated by 3’ UTR-binding RBPs is deadenylation. 
The poly-A tail plays an important role in the stability of mRNAs and protects them from 
nucleases. Thus, deadenylation is often the first step in mRNA decay pathways. Furthermore, 
removal of the poly-A tail prevents the formation of the closed-loop that enhances recycling 
of ribosomes to the 5’ end of the mRNA, reducing translation efficiency (Szostak & Gebauer, 
2013; Goldstrohm & Wickens, 2008). RBPs have also been found to regulate the binding of 
microRNAs, both positively and negatively (Kedde et al, 2010). Interactions with other proteins 
to initiate oligomerization and formation of ribonucleoproteins (RNPs) has also been observed 
(Besse & Ephrussi, 2008). The mRNAs in these RNPs are inaccessible for ribosomes and cannot 
be translated into proteins. 

Another way in which sequences in the 3’ UTR can influence gene expression, is through 
regulating the stability of the mRNA. A very well-known stabilisation element is the AU-rich 
element (ARE, Chen and Shyu, 1995). These AREs are often binding sites for proteins that can 
promote or inhibit mRNA decay, depending on the context.  In addition, 3’ UTR length can play 
a role in gene regulation. It has been experimentally shown that extending the 3’ UTR leads to 
lowered protein levels (Tanguay & Gallie, 1996), and there has also been found a negative 
correlation between 3’ UTR length and mRNA-levels (Sandberg et al, 2008). In general, longer 
3’ UTRs are hypothesised to have an increased potential to be targeted by miRNAs, increased 
presence of regulatory elements, or promote non-sense mediated RNA decay (Mazumder et 
al, 2003; Amrani et al, 2004; Peccarelli & Kebaara, 2014). Similarly to the 5’ UTR, secondary 
structures can also play a role in the 3’ UTR, and their presence in 3’ UTRs has been linked to 
human disease (Chen et al, 2006).  

Apart from regulating the amount of translation, also the location can play an important role 
in the overall regulation of genes. For example, in Drosophila melanogaster, many genes 
transcripts are present in spatially distinct patterns during development (Lécuyer et al, 2007). 
Also in polarized somatic cells mRNA localization can be of importance. In neurons for 
example, the site of transcription (the nucleus) can be quite distant from the target location 
of the protein (e.g. synapse). As mRNAs are smaller than proteins, they are transported faster 
and can then be translated at the target site (Campenot & Eng, 2000). Localization of mRNAs 
is mostly regulated by elements of varying size and copy number present in the 3’ UTR 
(Jambhekar & Derisi, 2007). Often RBPs are also involved in the localization of mRNAs.  
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An important regulator of mRNAs are micro-RNAs (miRNAs). These non-coding RNA molecules 
can interact via base pairing to the mRNA, and recruit Argonaut proteins leading to eventual 
breakdown of the mRNA (Fabian et al, 2010). miRNAs are the topic of extensive research, and 
are now known to regulate many key processes such as development, nervous system 
regulation, and cell differentiation (Huang et al, 2011). As complementarity is only needed in 
the 22 nucleotide long seed region of the miRNA, they are able to regulate a whole range of 
mRNAs at once. Furthermore, mRNAs can contain multiple binding sites for miRNAs, allowing 
cells to regulate mRNA-levels via expressing specific miRNAs  (Stark et al, 2005). The presence 
of miRNA binding sites in the 3’ UTRs has even impacted its evolution, leading to evolutionary 
conserved miRNA-biding sites between (Stark et al, 2005; Xie et al, 2005; Zhang & Su, 2009).  

Similar to the 5’ UTR, ORFs can be present in the 3’ UTR. As the 3’ UTR is located downstream 
of the main ORF, their presence will probably not influence translation. However, as leaky 
scanning and translation re-initiation are found in the 5’ UTRs, it is not unthinkable that they 
might also occur in the 3’ UTR. These downstream ORFs (dORFs) might code for small peptides 
with a regulatory role. In long 3’ UTRs, these ORFs might guide the ribosomes further towards 
the 3’ end, where they can be recycled in circularized mRNAs. Sadly, no research was found 
that investigates the presence and/or functioning of ORFs in the 3’ UTR, so their role in gene 
regulation is purely hypothetical.  

3.4. Tools, resources and methods for studying UTRs 

Despite the fact that UTRs play a key role in mRNA regulation and turnover, specific research 
on these regions is quite scarce (Pesole et al, 1997; Conne et al, 2000; Pesole et al, 2001; 
Iacono et al, 2005). Nevertheless, many tools and resources can be applied to studying UTRs 
depending on the setting. The main types of analysis involve motif detection and prediction, 
uORF analysis, and miRNA target prediction. 

3.4.1. Sequence motifs 

Very often, regulatory sequences that share functionality have at least some degree of 
similarity. For example, sequences that act as a binding site for a certain protein are not 
random, and can be predicted and detected based on the nucleotide or protein sequences. 
Similarly, secondary structures often have certain sequence features that makes us able to 
detect and/or predict them. These motifs are widely used for making predictions about 
protein functionality or detected regulatory regions (e.g. promotors) in nucleotide sequences. 
In general, two approaches can be distinguished: de novo motif detection to find new motifs 
in certain sets of genes or proteins, and motif scanning to detect known motifs in a set of 
sequences.  

De novo motif detection tools can be roughly divided into three groups: tools based on 
functional similarities of genes, tools based on genetic footprinting, and mixed tools using 
both approaches (Das & Dai, 2007). Functional similarity based tools assume that genes that 
share certain functionalities will have similar motifs. By creating a subset of similar genes, 
these tools look for motifs that are overrepresented in this subset compared to the total pool 
of genes. For example, one could extract a set of proteins that are known to bind to a certain 
other protein. By looking for an overrepresented motif in the amino acid sequence of these 
proteins compared to the general population of proteins, it could be possible to detect motifs 
(or protein domains) that serve as binding region for the target protein. Similarly, in 
transcription factor (TF) binding site detection, genes that are co-regulated can be extracted, 
and the promotor regions can be searched for overrepresented DNA motifs. If such a motif 
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exists, it is likely that this region acts as TF-binding site. Phylogenetic footprinting on the other 
hand assumes that functional motifs will evolve slower than non-functional regions. By 
searching for regions of conservation between homologous genes, identifying functional 
motifs is possible. The advantage of phylogenetic footprinting is that it can theoretically detect 
motifs that are unique to only one gene. However, it requires the presence and detection of 
homologous genes, which is not always trivial. Lastly, by combining both methods, it is 
possible to gain a lot of power for detecting motifs. On the downside, both information on 
functional similarities, and homology information are necessary  (Das & Dai, 2007). 

In UTRs, or mRNA in general, several approaches have been used to detect functional motifs. 
Analysis of human UTR sequences with a basic motif detection tool (Pesole et al, 2001) was 
able to detect several motifs, some of which are already known to be functional such as the 
poly-A signal and AU-rich elements. Phylogenetic footprinting has also been used to analyse 
UTR sequences (Conne et al, 2000). Several conserved regions were detected, some of which 
could even be linked to human disease. Similar to how TF-binding motifs are mostly detected, 
it could also be possible to group UTRs of genes based on expression, binding partners, or 
other features and search for overrepresented motifs. Unfortunately, de novo motif detection 
is not always trivial. Especially in genomes of under-explored branches of the tree of life, it is 
often hard to find enough information for performing phylogenetic footprinting. Furthermore, 
it is often also very difficult to functionally group genes and/or their UTRs. Motif detection can 
be performed on the full set of UTRs, but will often miss many interesting motifs that might 
occur only a couple of times. Luckily, databases of know motifs exist, such as the UTRdb (Grillo 
et al, 2009), which is specific for UTR motifs. This database contains sequence motifs for many 
UTR-specific motifs in a diverse range of eukaryotes. It also provides the tools for scanning 
sequences against the motif database, and allows blast searches against their database of 
UTRs of differing eukaryotes. A more general RNA database is Rfam (Nawrocki et al, 2015). 
Rfam contains information about non-coding RNAs (ncRNAs) and other non-coding RNA 
elements, and allows detection of these families and/or elements by the use the Infernal 
software (Nawrocki & Eddy, 2013). A last resource for finding RNA motifs is a set of conserved 
eukaryotic RNA motifs recognized by RNA-binding proteins (Ray et al, 2013).  

3.4.2. uORFs and miRNA binding sites 

The analysis of uORFs is different from that of functional motifs. While motifs with a similar 
function are often also similar in sequence, this is not the case with uORFs and uAUGs. As 
stated before, there are different methods in which uORFs can regulate gene expression, and 
most uORFs are specific for only one gene (Iacono et al, 2005; Araujo et al, 2012). Detecting 
uORFs is in essence quite simple. It suffices to scan the 5’ UTR of a mRNA for the presence of 
an ORF or start codon. However, the presence of an ORF does not always implicate that it is 
functional and interferes with protein translation or gene regulation in general. A possible 
solution would be to use gene predictors and try to extract the functional ORFs from the pool 
of total ORFs. Some gene predictors use ESTs or RNA-sequencing data to support gene 
predictions. However, as uORFs are located in the mRNA, these approaches are not useful. 
Other predictors use sequence features to estimate the coding potential of genes. One could 
train a gene predictor with features such as GC % and codon usage to predict the coding 
potential uORFs, but it is far from certain that uORFs are similar to normal ORFs in this regard. 
Another factor to take into consideration is the fact that only a subset of uORFs actually 
produce a functional peptide. Consequentially, the sequence of the uORF itself will not matter 
that much, as many uORFs only stall ribosomes (Iacono et al, 2005; Araujo et al, 2012). 
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Nevertheless, different approaches can be applied to make some estimations of the 
functionality of an uORF. A first approach would be to use experimental evidence. Similar to 
ESTs and RNA-sequencing data, one could try to detect the peptide products (if present) of 
the uORF. However, these peptides are often very small and require specific peptidomic 
approaches to find (Oyama et al, 2004; Slavoff et al, 2012). As not every uORF translates to a 
peptide, or these peptides have very short half-lives, ribosome profiling (Ingolia et al, 2009) is 
a more suited method. In this approach, ribosomes are ‘frozen’ to the RNA during translation, 
extracted, and the RNA they are bound to is sequenced. This allows for precise detection of 
translated regions. As most uORFs interfere by stalling ribosomes, they should be detected by 
ribosome profiling. A last approach to estimate the functionality of an uORF would be to look 
at evolutionary conservation. As functional sequences are often more conserved than non-
functional ones, conservation of an uORF in different species could imply its functionality. A 
recent study combining ribosome profiling, machine learning, and sequence conservation was 
able to detect a whole range of small ORFs (sORFs) in the mouse genome (Crappé et al, 2013). 
Many of these sORFs were in fact located in 5’ UTRs and are likely functional uORFs. 
Interestingly, also some conserved dORFs were found, with evidence of translation happening 
at these sited.  

Lastly, UTRs often contain target sites for miRNAs. Finding the target site for a miRNA is often 
less difficult than finding the miRNA genes themselves (Cock et al, 2010; Tarver et al, 2012; 
Billoud et al, 2014; Tarver et al, 2015). Once the miRNA genes are found, complementarity 
with the seed region suffices for prediction of targets sites (Bonnet et al, 2010; Tarver et al, 
2012, 2015). 
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4. Aims 

The main incentive for this thesis is to make an assessment of the functional elements present 
in the UTRs of the brown alga Ectocarpus siliculosus. As it was found that the 3’ UTRs of mRNA 
of this species are surprisingly long (Cock et al, 2010; Cormier et al, 2017), it is hypothesised 
that these long UTRs might play an important role in gene regulation, and potentially have 
influenced the evolution of this species.  The main goal will be to collect and analyse the 
repertoire of uORFs and dORFs in these UTRs. Furthermore, the presence of other functional 
elements will be assessed, and de novo motif analysis will be used in an effort to find new 
functional motifs. This analysis will be repeated on Ectocarpus subulatus to find similarities 
and differences between these two closely related species.  

The UTR sequences of both Ectocarpus species will be extracted based on the annotation 
information and genome available from ORCAE (Sterck et al, 2012). The presence of ORFs in 
these UTRs will be assessed using three different gene predictors, and a manual approach. 
The manual approach consists of finding the longest ORF present in the UTR. The gene 
predictors that will be used are FrameD (Schiex et al, 2003), TransDecoder 
(http://transdecoder.github.io/) and sORFfinder (Hanada et al, 2009). 

The predicted ORFs in the UTRs of both Ectocarpus species will be compared, and two 
different methods will be used to assess the conservation of ORFs between species. The first 
approach uses the local alignment tool Blast (Camacho et al, 2009) to find significant matches 
of each ORF of one species in the other species. The second approach uses pairwise global 
alignments of ORFs with similar length in both species. Muscle (Edgar, 2004) will be used to 
perform these pairwise alignments.  

The resulting set of conserved uORFs and dORFs will be functionally analysed using 
InterProScan (Jones et al, 2014), and motif detection using MEME (Bailey & Elkan, 1994) will 
be performed to search for enriched motifs in the resulting peptides. The presence of these 
conserved ORFs in three other heterokont genomes will be tested using Blast (Camacho et al, 
2009). The genomes in question are Cladosiphon okamuranus, a brown alga in the same order 
(Ectocarpales) as the Ectocarpus species, Saccharina japonica, a brown alga in the Laminariales 
order, and Phaeodactylum tricornutum, a pennate diatom. Similarly, a Blast search of the 
conserved ORFs and resulting peptides against the NCBI non-redundant DNA and protein 
databases will be performed to check if something similar is found in other genomes. Lastly, 
GO-enrichment will be performed on the set of genes with an ORF in their 3’ UTR, 5’ UTR, or 
both, and for the set of genes with a conserved ORF in either UTR. Using available gene 
expression data, the effect of uORFs and/or dORFs on mRNA levels will be assessed.  

Other UTR elements will be analysed by using UTRscan (Grillo et al, 2009) to detect known 
UTR elements from the UTRdb, using Infernal (Nawrocki & Eddy, 2013) to scan the UTRs 
against the Rfam database (Nawrocki et al, 2015). De novo motif detection using MEME-ChIP 
(Machanick & Bailey, 2011) will be performed to detect overrepresented motifs in 3’ UTRs and 
5’ UTRs. GO-enrichment analysis will determine if the genes containing the detected motifs 
are enriched in certain ontologies. Known miRNA for Ectocarpus siliculosus will be extracted 
from miRBase (Kozomara & Griffiths-Jones, 2014) and TAPIR (Bonnet et al, 2010) will be used 
to check if these miRNAs have targets in the extracted UTR sequences.  

http://transdecoder.github.io/
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5. Results  

5.1. UTR statistics 

In total, 13 275 and 25 350 UTR sequences were extracted from the genomes of Ectocarpus 
siliculosus and Ectocarpus subulatus respectively (Table 1). For Ectocarpus siliculosus this is 
just above half of the annotated UTRs according the recent re-annotation (Cormier et al, 
2017). Two causes might explain this observation. Firstly, only the UTRs of the .1 isoform (the 
main mRNA isoform) were extracted. It was observed however that some genes had no UTR 
annotated for this main isoform, but did have one annotated for other isoforms. These UTRs 
were thus not extracted, but do count towards the total UTR count reported in the literature. 
Secondly, UTRs were filtered on length, and those shorter than 30 nucleotides were discarded. 
Ectocarpus subulatus has a larger genome, which also contains more genes than E. siliculosus. 
This is also reflected in the number of extracted UTRs, as more UTRs were extracted from the 
E. subulatus genome. Nevertheless, this is only about half of the UTRs which can be expected 
based on the number of genes. The main reason for the lack of extracted UTRs in this species 
is probably the lack of annotation. The annotation of E. subulatus is not as detailed yet as that 
of E. siliculosus. Problems with isoforms should not appear, as no isoforms are annotated for 
E. subulatus. The minimal length cut-off will again also play a small roll in reducing the number 
of UTRs.  

Table 1: General statistics of extracted UTRs. UTR lengths are expressed in nucleotides.  

 

On average, 3’ UTRs of E. siliculosus were 1144.50 nucleotides long, while 5’ UTRs were 236.14 
nucleotides long. These numbers are higher than reported in the most recent annotation 
(Cormier et al, 2017), where mean UTR lengths were 901.66 nucleotides for 3’ UTRs, and 
139.61 nucleotides for 5’ UTRs. This discrepancy could be explained by the fact that a lower 
bound cut-off of 30 nt was used for the UTRs, and that not all UTRs were extracted. Another 
discrepancy is that the longest E. siliculosus 5’ UTR found here is 4412 nucleotides long, while 
according to the most recent annotation, UTRs longer than 2500 nucleotides were discarded. 
When comparing between species, E. siliculosus 3’ and 5’ UTRs are on average longer than 
those of E. subulatus. Nevertheless, the 3’ UTRs of E. subulatus are still quite long. In GC % 
there was barely any difference between species. It was observed however that 5’ UTRs have 
a higher GC % than their 3’ UTR counterparts.  

Species UTR Amount 
Min. 

Length 
Mean 
Length 

Max. 
Length 

Min. 
GC % 

Mean 
GC % 

Max. 
GC % 

Ectocarpus 

siliculosus 

Both 13275 30 702.67 8259 0.29 0.54 0.89 

5’ 6457 30 236.14 4412 0.29 0.57 0.89 

3’ 6818 30 1144.50 8259 0.36 0.52 0.82 

Ectocarpus 

subulatus 

Both 25350 30 492.64 5790 0.16 0.54 0.85 

5’ 10619 30 142.72 1143 0.28 0.57 0.85 

3’ 14731 30 744.89 5790 0.16 0.52 0.83 

Total 38625 30 564.83 8259 0.16 0.54 0.89 
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Assessing the relationship of UTR length and mRNA levels (Figure 6), there seems to be a 
negative effect of UTR length on mRNA level. Genes with an UTR longer than a certain value 
(± 3000 nt for 3’ UTRs; ± 500 nt for 5’ UTRs) rarely have expression levels above 250 FPKM. 
This observation does not come as a surprise, as previous research already found a negative 
correlation between UTR length and mRNA levels (Tanguay & Gallie, 1996; Sandberg et al, 
2008).  

5.2. Statistics of predicted ORFs 

Summarised over all four prediction methods, 14 579 and 21 424 ORFs were predicted in E. 
siliculosus and E. subulatus respectively (Table 2). The manual approach predicted the most 
ORFs. This could be expected as this method does not make any assumptions about coding 
potential, and only reports the longest ORF sequence present. As this method will only report 
one ORF per UTR, and will always report an ORF when there is one present, it can be concluded 
that in E. siliculosus 6272 genes have at least one ORF in their 3’ UTR and 1852 have at least 
one ORF in their 5’ UTR (ORFs longer than 30 nucleotides). This corresponds to 92 % of 3’ UTRs 
and 29 % of UTRs having at least one ORF present. For E. subulatus 81 % of 3’ UTRs contained 
at least one ORF, while only 16 % of 5’ UTRs contained at least one ORF. The numbers of 
reported ORFs in the 5’ UTRs (uORFs) are lower than found in other eukaryotes (44% - 49%, 
Calvo et al., 2009). However, these numbers include upstream start codons (uAUGs) as well, 
which were not considered here. Furthermore, a lower cut-off of 30 nucleotides was used for 
the ORFs, while uORFs are known to sometimes be shorter (Calvo et al, 2009; von Arnim et al, 
2014). 

Figure 6: mRNA levels of genes for which an UTR was extracted. FPKM (fragments per kilobase of exon per 
million fragments mapped) values of E. siliculosus genes for which an UTR could be extracted, sorted by UTR 
length. In the right plots, only genes with an FPKM value of at most 2000 are shown. 
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Table 2: General statistics of ORFs predicted in the UTRs. ORF lengths are expressed in nucleotides.   

 

The low number of predicted ORFs in 5’ UTRs compared to 3’ UTRs is probably due to two 
things. On the one hand 5’ UTRs are shorter than their 3’ UTR counterparts, and are thus 
generally less likely to contain ORFs. On the other hand, ORFs in the 5’ UTRs (uORFs) are more 
likely to interfere with mRNA translation and thus are more likely to experience negative 
selection pressure. Surprisingly, more ORFs are predicted in the E. siliculosus 5’ UTRs than in 
those of E. subulatus, despite the lower number of extracted 5’ UTRs. However, UTR length 
might play a role, as 5’ UTRs of E. siliculosus are generally longer, and are thus more likely to 
contain an ORF by chance.  

The gene predictors all predict less ORFs than the manual approach, even those that can 
predict multiple ORFs in the same UTR (TransDecoder and sORFfinder). FrameD only predicted 
a small amount of ORFs. This is not too surprising given the fact that FrameD is mainly designed 
for GC-rich, prokaryotic genomes. Nevertheless, its performance on other genomes is often 
still quite decent (Schiex et al, 2003). ORFs predicted with FrameD also have in general a higher 
GC % than other ORFs. TransDecoder was able to predict the most ORFs out of the three gene 
predictors. TransDecoder only uses information inherent to the provided sequences to assess 
coding potential, while the other two gene predictors use custom gene models based on 
provided coding/non-coding information.  

Species Method UTR Amount 
Min. 

Length 
Mean 
length 

Max. 
length 

Min. 
GC % 

Mean 
GC % 

Max. 
GC % 

Ectocarpus 
siliculosus 

Manual 

Both 8124 33 227.67 2163 0.07 0.52 0.78 

3' 6272 33 248.59 2163 0.06 0.52 0.78 

5' 1852 33 156.81 1503 0.21 0.54 0.76 

FrameD 

Both 396 24 198.96 2157 0.45 0.58 0.82 

3' 351 24 192.92 2157 0.45 0.58 0.82 

5' 45 51 246.07 1503 0.48 0.58 0.73 

Trans-
Decoder 

Both 3829 30 215.68 2157 0.23 0.51 0.79 

3' 3489 30 215.31 2157 0.23 0.51 0.79 

5' 340 30 219.41 1206 0.36 0.54 0.72 

sORFfinder 

Both 2230 33 115.41 303 0.37 0.56 0.82 

3' 1979 33 114.46 303 0.38 0.56 0.82 

5' 251 33 122.94 300 0.37 0.58 0.73 

Ectocarpus 
subulatus 

Manual 

Both 13550 33 199.22 2211 0.19 0.52 0.81 

3' 11897 33 212.93 2211 0.19 0.51 0.81 

5' 1653 33 100.60 579 0.24 0.54 0.74 

FrameD 

Both 600 33 178.36 1413 0.41 0.58 0.83 

3' 571 33 179.88 1413 0.41 0.58 0.83 

5' 29 45 148.45 348 0.50 0.58 0.67 

Trans-
Decoder 

Both 4122 30 195.58 1905 0.25 0.51 0.72 

3' 4030 30 196.98 1905 0.25 0.50 0.72 

5' 92 48 134.25 393 0.32 0.54 0.67 

sORFfinder 

Both 3152 33 117.92 303 0.35 0.56 0.83 

3' 2977 33 118.16 303 0.35 0.56 0.83 

5' 175 33 113.93 300 0.40 0.59 0.72 
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Despite their difference in assessment of coding potential, TransDecoder and sORFfinder both 
work in a similar fashion. First, they search for all possible ORFs in the provided sequences. 
Next, they analyse the coding potential of these ORFs based on inherent (TransDecoder) or 
external (sORFfinder) information. Both methods also reported the total number of ORFs 
found: TransDecoder found 57 444 and 71 240 ORFs in E. siliculosus and E. subulatus 
respectively, while sORFfinder found 58 289 and 75 334 ORFs in these species. The lower 
number of predictions for sORFfinder compared to TransDecoder is probably due to the 
difference in coding potential estimation, but also due to the fact that sORFfinder only predicts 
small ORFs (33 to 300 nucleotides long). The other ORFs reported mostly longer ORFs, up to 
2100 nucleotides long. The average lengths however are mostly around 200 to 250 
nucleotides, a bit smaller than the average exon size of E. siliculosus (300 nt, Cormier et al., 
2017). The observed difference in GC % of 5’ and 3’ UTRs is also reflected in most ORF 
predictions. Apart from FrameD-predicted ORFs, most 5’ ORFs had higher GC % than those in 
3’ UTRs.  

When assessing the effect of the presence or absence of ORFs in the UTRs, it was found that 
uORF presence significantly decreased the mRNA level of its host gene (Wilcoxson Rank Sum 
p-value < 0.001). Genes without an uORF had an average mRNA level of 104.72 FPKM, while 
genes with an uORF had an average mRNA level of only 37.21 FPKM. Interestingly, genes with 
an ORF in their 3’ UTR showed significantly higher mRNA levels than genes without one, 
although the difference is less pronounced (Wilcoxson Rank Sum p-value = 0.003). Average 
mRNA levels were 113.87 FPKM for genes with a 3’ ORF and 42.51 FPKM for genes without 
one. Not surprisingly, the difference in length of UTRs who harbour ORFs was also found to 
differ significantly. Both 3’ UTRs and 5’ UTRs with predicted ORFs were found to be 
significantly longer than UTRs without predicted ORFs. In both cases the reported p-value 
based on the Wilcoxon Rank Sum test were smaller than 0.001. Average length of 3’ UTRs with 
a predicted ORF was 1255.02 nucleotides and 150.27 nucleotides for 3’ UTRs without a 
predicted ORF. For 5’ UTRs, average UTR lengths were 492.63 and 132.29 nucleotides for UTRs 
with and without predicted ORFs respectively. 

Table 3: Enriched GO categories in genes with a predicted ORF in one or both UTRs. Enrichment was calculated 
in comparison to all genes for which at least one UTR was extracted. BP: Biological process; CC: Cellular 
component; MF: Molecular function. 

GO ID 
GO 

Class 
Description 

GO:0050794 BP Regulation of cellular process 

GO:0050790 BP Regulation of catalytic activity 

GO:0019538 BP Protein metabolic process 

GO:0006220 BP Pyrimidine nucleotide metabolic process 

GO:0006221 BP Pyrimidine nucleotide biosynthetic process 

GO:0018130 BP Heterocycle biosynthetic process 

GO:0010646 BP Regulation of cell communication 

GO:0051171 BP Regulation of nitrogen compound metabolic process 

GO:0048583 BP Regulation of response to stimulus 

GO:0006778 BP Porphyrin-containing compound metabolic process 

GO:0006779 BP Porphyrin-containing compound biosynthetic process 

GO:0006352 BP DNA-dependent transcription, initiation 
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GO:0065009 BP Regulation of molecular function 

GO:0016070 BP RNA metabolic process 

GO:0033013 BP Tetrapyrrole metabolic process 

GO:0006412 BP Translation 

GO:0009966 BP Regulation of signal transduction 

GO:0019219 BP 
Regulation of nucleobase-containing compound metabolic 
process 

GO:0031323 BP Regulation of cellular metabolic process 

GO:0008150 BP Biological process 

GO:0008152 BP Metabolic process 

GO:0044238 BP Primary metabolic process 

GO:0044271 BP Cellular nitrogen compound biosynthetic process 

GO:0023051 BP Regulation of signalling 

GO:0080090 BP Regulation of primary metabolic process 

GO:0016021 CC Integral to membrane 

GO:0044446 CC Intracellular organelle part 

GO:0000428 CC DNA-directed RNA polymerase complex 

GO:0044422 CC Organelle part 

GO:0044425 CC Membrane part 

GO:0016591 CC DNA-directed RNA polymerase II, holoenzyme 

GO:0030880 CC RNA polymerase complex 

GO:0031224 CC Intrinsic to membrane 

GO:0005840 CC Ribosome 

GO:0030529 CC Ribonucleoprotein complex 

GO:0005667 CC Transcription factor complex 

GO:0055029 CC Nuclear DNA-directed RNA polymerase complex 

GO:0048037 MF Cofactor binding 

GO:0016491 MF Oxidoreductase activity 

GO:0003674 MF Molecular function 

GO:0003676 MF Nucleic acid binding 

GO:0001071 MF Nucleic acid binding transcription factor activity 

GO:0005488 MF Binding 

GO:0005515 MF Protein binding 

GO:0097159 MF Organic cyclic compound binding 

GO:0003723 MF RNA binding 

GO:0003735 MF Structural constituent of ribosome 

GO:0003700 MF Sequence-specific DNA binding transcription factor activity 

GO:0016757 MF Transferase activity, transferring glycosyl groups 

GO:1901363 MF Heterocyclic compound binding 

GO:0005198 MF Structural molecule activity 

GO:0008270 MF Zinc ion binding 

GO:0008276 MF Protein methyltransferase activity 

GO:0030170 MF pyridoxal phosphate binding 

GO:0003824 MF Catalytic activity 
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Enriched gene ontology (GO) categories in the set of genes for which an ORF was predicted in 
one or both UTRs are depicted in Table 3. In the biological processes, enrichment in processes 
involved in nucleotide metabolism and/or regulation, signalling regulation, translation, and 
transcription was found. Enriched cellular components were membrane components, 
intracellular organelle components, RNA-polymerase complex, and ribosomes. Both can be 
nicely linked to each other. RNA-polymerase complex plays a role in transcription, ribosomes 
in translation, and many signalling events start and/or contain a membrane-bound 
component. Enriched molecular functions of DNA and RNA binding can also be linked to 
transcription and translation.  

Table 4: Enriched GO categories in genes with a predicted ORF in the 3’ UTR. Enrichment was calculated in 
comparison to all genes for which at least one UTR was extracted. BP: Biological process; CC: Cellular component; 
MF: Molecular function. 

GO ID 
GO 

Class 
Description 

GO:0050794 BP Regulation of cellular process 

GO:2000112 BP Regulation of cellular macromolecule biosynthetic process 

GO:0050789 BP Regulation of biological process 

GO:0051252 BP Regulation of RNA metabolic process 

GO:0019538 BP Protein metabolic process 

GO:0018130 BP Heterocycle biosynthetic process 

GO:0010648 BP Negative regulation of cell communication 

GO:0055114 BP Oxidation-reduction process 

GO:0010646 BP Regulation of cell communication 

GO:0051171 BP Regulation of nitrogen compound metabolic process 

GO:0034654 BP Nucleobase-containing compound biosynthetic process 

GO:0045744 BP 
Negative regulation of G-protein coupled receptor protein 
signalling pathway 

GO:0034641 BP Cellular nitrogen compound metabolic process 

GO:0060255 BP Regulation of macromolecule metabolic process 

GO:0048583 BP Regulation of response to stimulus 

GO:0048585 BP Negative regulation of response to stimulus 

GO:0006778 BP Porphyrin-containing compound metabolic process 

GO:0006779 BP Porphyrin-containing compound biosynthetic process 

GO:0009889 BP Regulation of biosynthetic process 

GO:0006351 BP Transcription, DNA-templated 

GO:0006355 BP Regulation of transcription, DNA-dependent 

GO:0006352 BP DNA-dependent transcription, initiation 

GO:0065007 BP Biological regulation 

GO:0016070 BP RNA metabolic process 

GO:0007186 BP G-protein coupled receptor signalling pathway 

GO:0007154 BP Cell communication 

GO:0007166 BP Cell surface receptor signalling pathway 
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GO:0006412 BP Translation 

GO:0038032 BP Termination of G-protein coupled receptor signalling pathway 

GO:0044710 BP Single-organism metabolic process 

GO:0009966 BP Regulation of signal transduction 

GO:0019752 BP Carboxylic acid metabolic process 

GO:0009968 BP Negative regulation of signal transduction 

GO:0019219 BP Regulation of nucleobase-containing compound metabolic process 

GO:0044699 BP Single-organism process 

GO:0019222 BP Regulation of metabolic process 

GO:0031326 BP Regulation of cellular biosynthetic process 

GO:0031323 BP Regulation of cellular metabolic process 

GO:0008150 BP Biological process 

GO:0008152 BP Metabolic process 

GO:0010468 BP Regulation of gene expression 

GO:0046483 BP Heterocycle metabolic process 

GO:0044238 BP Primary metabolic process 

GO:0044237 BP Cellular metabolic process 

GO:0044267 BP Cellular protein metabolic process 

GO:0044271 BP Cellular nitrogen compound biosynthetic process 

GO:0023057 BP Negative regulation of signalling 

GO:0023051 BP Regulation of signalling 

GO:1901362 BP Organic cyclic compound biosynthetic process 

GO:0080090 BP Regulation of primary metabolic process 

GO:2001141 BP Regulation of RNA biosynthetic process 

GO:0019438 BP Aromatic compound biosynthetic process 

GO:0032774 BP RNA biosynthetic process 

GO:0008277 BP 
Regulation of G-protein coupled receptor protein signalling 
pathway 

GO:0010556 BP Regulation of macromolecule biosynthetic process 

GO:0023021 BP Termination of signal transduction 

GO:0005737 CC Cytoplasm 

GO:0016021 CC Integral to membrane 

GO:0044444 CC Cytoplasmic part 

GO:0000428 CC DNA-directed RNA polymerase complex 

GO:0016591 CC DNA-directed RNA polymerase II, holoenzyme 

GO:0030880 CC RNA polymerase complex 

GO:0031224 CC Intrinsic to membrane 

GO:0005840 CC Ribosome 

GO:0030529 CC Ribonucleoprotein complex 

GO:0005667 CC Transcription factor complex 
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GO:0055029 CC Nuclear DNA-directed RNA polymerase complex 

GO:0048037 MF Cofactor binding 

GO:0016491 MF Oxidoreductase activity 

GO:0043565 MF Sequence-specific DNA binding 

GO:0043169 MF Cation binding 

GO:0016813 MF 
Hydrolase activity, acting on carbon-nitrogen (but not peptide) 
bonds, in linear amidines 

GO:0003674 MF Molecular function 

GO:0003676 MF Nucleic acid binding 

GO:0003677 MF DNA binding 

GO:0070001 MF Aspartic-type peptidase activity 

GO:0001071 MF Nucleic acid binding transcription factor activity 

GO:0005488 MF Binding 

GO:0004190 MF Aspartic-type endopeptidase activity 

GO:0004175 MF Endopeptidase activity 

GO:0000981 MF 
Sequence-specific DNA binding RNA polymerase II transcription 
factor activity 

GO:0005515 MF Protein binding 

GO:0046914 MF Transition metal ion binding 

GO:0046872 MF Metal ion binding 

GO:0097159 MF Organic cyclic compound binding 

GO:0003723 MF RNA binding 

GO:0003735 MF Structural constituent of ribosome 

GO:0003700 MF Sequence-specific DNA binding transcription factor activity 

GO:0008170 MF N-methyltransferase activity 

GO:1901363 MF Heterocyclic compound binding 

GO:0005198 MF Structural molecule activity 

GO:0008270 MF Zinc ion binding 

GO:0030170 MF Pyridoxal phosphate binding 

GO:0003824 MF Catalytic activity 

 

The enriched GO-categories for genes with a predicted ORF in their 3’ UTR were similar to 
those found in genes with a predicted ORF in one or both UTRs (Table 4). This is not surprising, 
as there are much more genes with a predicted ORF in their 3’ UTR than genes with a predicted 
ORF in their 5’ UTR. In the biological processes, there is enrichment of processes involved in 
termination of G-protein coupled receptor signalling pathways, regulation of DNA-templated 
transcription, translation, and some biosynthetic processes. Enriched cellular components 
were ribosomes and the RNA polymerase II complex. Molecular functions that were enriched 
were several binding functions (to DNA, RNA, pyridoxal phosphate, and zinc ions), 
endopeptidase activity, and methyl transferase.  
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Table 5: Enriched GO categories of genes with a predicted ORF in their 5’ UTR. Enrichment was calculated 
compared to the full set of genes with a predicted ORF in one or both of their UTRs. BP: Biological process; CC: 
Cellular component; MF: Molecular function. 

GO ID 
GO 

Class 
Description 

GO:0005992 BP Trehalose biosynthetic process 

GO:0005991 BP Trehalose metabolic process 

GO:0051641 BP Cellular localization 

GO:0051649 BP Establishment of localization in cell 

GO:0005984 BP Disaccharide metabolic process 

GO:0006886 BP Intracellular protein transport 

GO:0006412 BP Translation 

GO:0050789 BP Regulation of biological process 

GO:0038032 BP Termination of G-protein coupled receptor signalling pathway 

GO:0044710 BP Single-organism metabolic process 

GO:0046907 BP Intracellular transport 

GO:0006457 BP Protein folding 

GO:0009966 BP Regulation of signal transduction 

GO:0019752 BP Carboxylic acid metabolic process 

GO:0019538 BP Protein metabolic process 

GO:0009968 BP Negative regulation of signal transduction 

GO:0008652 BP Cellular amino acid biosynthetic process 

GO:0009987 BP Cellular process 

GO:0070727 BP Cellular macromolecule localization 

GO:0034613 BP Cellular protein localization 

GO:0019219 BP Regulation of nucleobase-containing compound metabolic process 

GO:0044699 BP Single-organism process 

GO:0019222 BP Regulation of metabolic process 

GO:0010648 BP Negative regulation of cell communication 

GO:0010646 BP Regulation of cell communication 

GO:0051171 BP Regulation of nitrogen compound metabolic process 

GO:0008150 BP Biological process 

GO:0034660 BP ncRNA metabolic process 

GO:0008152 BP Metabolic process 

GO:0045744 BP 
Negative regulation of G-protein coupled receptor protein signalling 
pathway 

GO:0044281 BP Small molecule metabolic process 

GO:0044238 BP Primary metabolic process 

GO:0044237 BP Cellular metabolic process 

GO:0044249 BP Cellular biosynthetic process 

GO:0071840 BP Cellular component organization or biogenesis 

GO:0043170 BP Macromolecule metabolic process 

GO:0044260 BP Cellular macromolecule metabolic process 



Results 

 

36 
 

GO:0044267 BP Cellular protein metabolic process 

GO:0023057 BP Negative regulation of signalling 

GO:0023051 BP Regulation of signalling 

GO:1901564 BP Organonitrogen compound metabolic process 

GO:1901566 BP Organonitrogen compound biosynthetic process 

GO:0048583 BP Regulation of response to stimulus 

GO:0048585 BP Negative regulation of response to stimulus 

GO:1901576 BP Organic substance biosynthetic process 

GO:0006284 BP Base-excision repair 

GO:0009312 BP Oligosaccharide biosynthetic process 

GO:0009311 BP Oligosaccharide metabolic process 

GO:0065007 BP Biological regulation 

GO:0071704 BP Organic substance metabolic process 

GO:0007186 BP G-protein coupled receptor signalling pathway 

GO:0008277 BP Regulation of G-protein coupled receptor protein signalling pathway 

GO:0007166 BP Cell surface receptor signalling pathway 

GO:0046351 BP Disaccharide biosynthetic process 

GO:0023021 BP Termination of signal transduction 

GO:0005737 CC Cytoplasm 

GO:0005575 CC Cellular component 

GO:0030529 CC Ribonucleoprotein complex 

GO:0032991 CC Macromolecular complex 

GO:0044444 CC Cytoplasmic part 

GO:0044446 CC Intracellular organelle part 

GO:0044464 CC Cell part 

GO:0044422 CC Organelle part 

GO:0044424 CC Intracellular part 

GO:0005623 CC Cell 

GO:0005622 CC Intracellular 

GO:0043229 CC Intracellular organelle 

GO:0043226 CC Organelle 

GO:0043228 CC Non-membrane-bounded organelle 

GO:0043232 CC Intracellular non-membrane-bounded organelle 

GO:0043234 CC Protein complex 

GO:0005840 CC Ribosome 

GO:0005506 MF Iron ion binding 

GO:0005524 MF ATP binding 

GO:0036094 MF Small molecule binding 

GO:0046906 MF Tetrapyrrole binding 

GO:1901265 MF Nucleoside phosphate binding 

GO:0030554 MF Adenyl nucleotide binding 

GO:0017076 MF Purine nucleotide binding 

GO:0003735 MF Structural constituent of ribosome 
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GO:0020037 MF Heme binding 

GO:0043167 MF Ion binding 

GO:0043168 MF Anion binding 

GO:0016817 MF Hydrolase activity, acting on acid anhydrides 

GO:0016769 MF Transferase activity, transferring nitrogenous groups 

GO:0016772 MF Transferase activity, transferring phosphorus-containing groups 

GO:0000166 MF Nucleotide binding 

GO:0003684 MF Damaged DNA binding 

GO:0016740 MF Transferase activity 

GO:0070001 MF Aspartic-type peptidase activity 

GO:0016779 MF Nucleotidyltransferase activity 

GO:0097367 MF Carbohydrate derivative binding 

GO:0004190 MF Aspartic-type endopeptidase activity 

GO:0005198 MF Structural molecule activity 

GO:0032559 MF Adenyl ribonucleotide binding 

GO:0032553 MF Ribonucleotide binding 

GO:0032555 MF Purine ribonucleotide binding 

GO:0032550 MF Purine ribonucleoside binding 

GO:0032549 MF Ribonucleoside binding 

GO:0035639 MF Purine ribonucleoside triphosphate binding 

GO:0001882 MF Nucleoside binding 

GO:0008483 MF Transaminase activity 

GO:0001883 MF Purine nucleoside binding 

GO:0016705 MF 
Oxidoreductase activity, acting on paired donors, with incorporation 
or reduction of molecular oxygen 

 

The enriched GO categories for genes with a predicted ORF in their 5’ UTR (Table 5) are quite 
different from those of genes with a predicted ORF in their 3’ UTR. There is some overlap 
however, for example of the translation and G-protein coupled signalling processes. New 
processes are ncRNA-metabolism, protein folding, biosynthesis of trehalose and cellular 
amino acids, base-excision repair, and intracellular protein transport. In the cellular 
components, there is no more enrichment of RNA-polymerase II, as there was also no 
enrichment of transcription processes, only of cytoplasm and non-membrane-bounded 
organelles. Enriched molecular processes were iron/heme, ATP, and damaged DNA binding, 
nucleotidyltransferase activity, and structural constituent of ribosomes.  
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5.3. Statistics of conserved ORFs 

The first approach for detecting conserved ORFs between both Ectocarpus species was to use 
Blast. In this approach, a database of ORFs of one species (E. subulatus) was created, and all 
ORFs of the other species (E. siliculosus) were searched against this database. This was done 
on both the nucleotide level and the protein level. With this approach, 90 ORFs were found to 
be conserved (see ‘Materials and Methods’ for an overview of criteria to call an ORF 
conserved) on the nucleotide level, while 153 ORFs were found to be conserved on the protein 
level. When comparing both sets, it was found that some ORFs were conserved on the 
nucleotide level, but not on the protein level, and vice versa. Further investigation lead to the 
discovery that some conserved ORFs were not detected by Blast. The reason for this most 
likely lies in the fact that Blast is a local alignment tool, and will sometimes not extend the 
local alignment, even when the full alignment is still quite good. To overcome this problem, a 
global alignment tool (Muscle) was used to make pairwise global alignments of the ORFs. 

Table 6: General statistics of the conserved ORFs. ORF lengths are expressed in nucleotides. 

 

The global pairwise alignment method yielded 241 conserved ORFs on the nucleotide level, or 
1.5 % of all predicted ORFs in E. siliculosus. On the protein level, only 216 conserved ORFs 
were conserved. When comparing these two sets of conserved ORFs, 54 ORFs were conserved 
on the nucleotide, but not on the protein level, while 29 ORFs were conserved on the protein, 
but not on the nucleotide level. When investigating these ORFs, it was found that the ORFs 
that were conserved on the protein level, but not the nucleotide level, were mainly ORFs with 
a high number of ‘positive’ matches: non-identical, but structurally similar residues. As these 
residues are different, their encoding codon will also differ, leading to more differences on the 
nucleotide level. Conserved ORFs on the nucleotide level but not the protein level were mainly 
alignments which scored just above the 75 % identity cut-off, leading to their protein products 
not passing the threshold of 75 % similarity. The final set of conserved ORFs that was further 
investigated is the intersection of both ORF sets, and contains 187 ORFs conserved on both 
the nucleotide and the protein level. 

Of the 187 conserved ORFs, 160 were found in the 3’ UTR, while 27 were located in the 5’ UTR 
(Table 6). Conserved 3’ ORFs seem to be generally longer than conserved 5’ ORFs, which could 
be explained by the general difference in length between 3’ UTRs and 5’ UTRs. The range of 
ORF lengths is quite small, especially for 5’ ORFs, with ORF lengths only ranging from 33 to 105 
nucleotides. Also in GC % a narrower range is seen in these conserved ORFs, and mainly in the 
5’ ORFs. This could indicate that these conserved ORFs might be functional, and thus 
constrained to having certain length and/or GC %. Interestingly, in the conserved ORFs no 
difference in average GC % can be detected between 5’ and 3’ ORFs. 

 

UTR Amount 
Min. 

 Length 

Mean 

 Length 

Max. 

 Length 

Min.  

GC % 

Mean  

GC % 

Max.  

GC % 

Both 187 33 122.18 555 0.41 0.55 0.67 

3’ 160 33 131.81 555 0.41 0.55 0.67 

5’ 27 33 65.11 105 0.48 0.55 0.61 
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The average alignment scores of 
conserved ORFs were 89.44 % on the 
nucleotide level and 81.98 % on the 
protein level. When looking at the 
histograms (Figure 7), one can see that 
most scores are quite high, with only a 
smaller fraction of close to the lower 
border. The scores lower than 75 % for 
protein alignments is because the 
figure reports the percentage of 
identities, while conservation was 
assessed based both on identities and 
positives. In both figures, there is a 
peak around the mean alignment 
score. This could indicate that there is 

a subset of ORFs that is conserved and consequentially, show higher alignment scores than 
can be expected at random. If this subset would not be present, it would be expected that the 
figure shows a declining number of ORFs with increasing alignment score. 

Looking at which methods reported the conserved ORFs, it was found that of the 241 ORFs 
conserved on the nucleotide level, 148 were predicted with the manual approach, 136 with 
sORFfinder, 42 by TransDecoder, and 21 by FrameD. For the 216 conserved ORFs on the 
protein level, 118 were found by the manual method, 141 by sORFfinder, 42 by TransDecoder 
and 35 by FrameD. Based on these numbers, sORFfinder seems like the best candidate gene 
predictor for finding conserved ORFs in UTRs. While TransDecoder predicts a similar amount 
of total ORFs as sORFfinder, it predicted fewer conserved ORFs. Note that the numbers do not 
sum to the total number of conserved ORFs, because one conserved ORF could be predicted 
by multiple methods. 

5.4. Functional analysis of conserved ORFs 

The protein sequences of the genes that have a conserved ORF in their UTR were aligned. This 
resulted in an average similarity of 20 % between proteins. Only five proteins pairs were more 
than 50 % similar, and the most similar pair showed 71 % similarity. It was observed that these 
low similarity scores were mainly due to big differences in protein length. Nevertheless, it can 
be concluded that in general the conserved UTR ORFs are more conserved than the proteins 
of the genes in which they reside.  

Motif detection on the protein sequences of the conserved ORFs was performed using the 
MEME software. The top five discovered motifs are visualized in Figure 8. Apart from one motif 
which was found four times, all motifs showed only two occurrences. The detected motifs did 
not correspond to know protein motifs or domains. When looking more in detail, motifs 2 is 
quite interesting. It is found in two conserved ORFs lying next to each other in the same 3’ 
UTR. Furthermore, the alignment indicates that the whole ORF is conserved, not only this 
motif. The third motif is also interesting, as it is the only one that has four occurrences. When 
looking in closer detail, the occurrences can be subdivided in two groups. The first two 
occurrences, are very similar to what was found in motif 2. The same motif occurs twice in the 
same UTR, and the conservation extends beyond the motif. The other two motifs mainly share 
similarity because of a long alanine stretch.  

Figure 7: Histograms of alignment scores of conserved ORFs. 
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Figure 8: Top 5 protein motifs in the protein sequence of the conserved ORFs.   
Protein naming:  Ec-XX_YYYYYY: Ectocarpus siliculosus chromosome (XX) and gene (YYYYYY); #P: location of ORF 
(3’ or 5’); XXX_YYY_ZZZ: start and end coordinate, and length (in nucleotides) of the predicted ORF. Figure is 
derived from the html output of the MEME software (Bailey & Elkan, 1994).  
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The nucleotide and protein sequences of the conserved ORFs were blasted against the NCBI 
non-redundant DNA and protein databases. Only on hit was found in the nucleotide blast. The 
match in question is a partial protein match of ORF EC-12_005050.3P_301_369_69 with an 
expressed unknown Ectocarpus siliculosus protein. The gene in question is Esi_0287_0018, 
and corresponds to a protein identified in the first annotation of the genome. In the recent 
annotation update, the protein of this gene was shortened, and is now known as Ec-
12_005050, the gene in which the ORF was found.  It is likely that the conserved ORF was part 
of the last exon in the first annotation, and this exon was changed to 3’ UTR in the updated 
annotation. 

A separate nucleotide blast search of the conserved ORFs was performed against three other 
heterokont genomes: the brown algae Cladosiphon okamuranus and Saccharina japonica, and 
the diatom Phaeodactylum tricornutum. A few hits were found in the brown algal genomes 
but none were found in the P. tricornutum. In total, nine conserved ORFs showed a hit against 
one or both the other brown algal genomes, and these hits could roughly be divided into three 
groups: 

1) The ORF shows many hits with S. japonica and/or C. okamuranus, the alignment shows 
decent similarity, but also has quite some gaps: 

Ec-00_000970.3P_816_1223_408  402 hits in both species, 65-70 % similarity, 10-15 % gaps 

Ec-05_000930.3P_90_203_114  71 hits, only in S. japonica, 75-80 % similarity, 5-10 % gaps 

2) Partial hits, high similarity but only of a part of the ORF: 

Ec-00_003730.3P_798_1223_426  1 partial hit in S. japonica 

Ec-06_009660.3P_134_205_72  16 partial hits in both S. japonica and C. okamuranus 

Ec-08_002300.3P_33_467_435  2 partial hits in C. okamuranus 

Ec-08_006300.3P_713_1267_555  9 partial hits in S. japonica 

Ec-25_002440.3P_240_356_117  3 partial hits in S. japonica 

3) High alignment score over the whole ORF: 

Ec-00_005000.5P_385_441_57  96%, no gaps, 2 hits in C. okamuranus scaffolds 7 and 460 

Ec-19_004290.3P_18_80_63  83%, no gaps, 1 hit in C. okamuranus scaffold 363 

Performing the same analysis on the protein level gave similar results. However, the two hits 
with high alignment scores were not detected, possibly due to their short protein lengths (18 
– 20 amino acids). The location on the C. okamuranus genome of the hits was assessed, but 
no evidence was found that the conserved region was located in an UTR. The hit with Ec-
19_004290.3P_18_80_63 was located just at the end of a protein kinase gene 
(Cok_S_s363_17273). In fact, the stop codon of the conserved ORF aligns to the stop codon of 
the main ORF of the C. okamuranus gene. For the hits with Ec-00_005000.5P_385_441_57, 
both were located in intergenic sequences.  

Performing GO-enrichment analysis on the subset of genes that contained a conserved ORF 
yielded seven significant enriched categories (Table 7): four biological processes and three 
molecular functions. Based on the results, there seems to be an enrichment of genes involved 
in the biosynthesis of carboxylic acids, possibly by binding to L-ascorbic acid. 
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Table 7: Enriched GO-categories of the genes with a conserved ORF. Enrichment was calculated in comparison 
to all genes for which an UTR was extracted. 

 

Scanning of the putative proteins coded by the conserved ORFs with InterProScan resulted in 
predictions for 52 proteins (Table 8). The most common hits are ‘consensus disorder 
prediction’ from the MobiDBLite database (28 hits), transmembrane sequences from Phobius 
(14 hits) and/or TMHMM (17 hits), and signal peptides (13 hits) from Phobius. In many cases, 
the transmembrane prediction is found by both Phobius and TMHMM, increasing their 
prediction reliability. Also, some predicted signal peptide sequences of Phobius are supported 
by a predicted signal sequence from the SignalP eukaryotic database. It could also be possible 
that these ORFs are missed parts of the main protein sequences, and the predicted domains 
should actually be present in the main protein.  

  

GO ID GO type Description 

GO:0072330 
Biological 
process 

Monocarboxylic acid biosynthetic process 

GO:0006633 
Biological 
process 

Fatty acid biosynthetic process 

GO:0006631 
Biological 
process 

Fatty acid metabolic process 

GO:0032787 
Biological 
process 

Monocarboxylic acid metabolic process 

GO:0048029 
Molecular 
function 

Monosaccharide binding 

GO:0031418 
Molecular 
function 

L-ascorbic acid binding 

GO:0016706 
Molecular 
function 

Oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen, 2-
oxoglutarate as one donor, and incorporation of one atom 
each of oxygen into both donors 
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Table 8: Predicted protein motifs in the conserved ORFs. Top row represents the databases of the motifs, the 
second row represents the specific motifs. ORF naming: Ec-XX_YYYYYY: Ectocarpus siliculosus chromosome (XX) 
and gene (YYYYYY); #P: location of ORF (3’ or 5’ UTR); XXX_YYY_ZZZ: start and end coordinate and length (in 
nucleotides) of the ORF. 

 

  

ORF 

MobiDBLite Phobius TMHMM 
SignalP

-EUK 

Consensus 
disorder 

prediction 

Cytoplasmic 
domain 

Non-
cytoplasmic 

domain 

Trans-
membrane 

Signal 
peptide 

TMHelix 
SignalP
-noTM 

Ec-00_000970.3P_816_1223_408 X       

Ec-00_003730.3P_798_1223_426 X       

Ec-00_011400.3P_4_156_153  X X X  X  

Ec-01_002150.5P_134_229_96 X       

Ec-01_004300.3P_41_220_180 X       

Ec-01_009500.3P_187_411_225  X X X  X  

Ec-02_004060.3P_2317_2553_237 X       

Ec-02_005800.3P_16_171_156   X  X  X 

Ec-03_000880.3P_66_221_156  X X X  X  

Ec-05_000930.3P_90_203_114 X       

Ec-05_006570.3P_157_261_105   X  X   

Ec-06_003710.3P_182_244_63 X       

Ec-06_003710.3P_415_477_63 X       

Ec-06_009660.3P_134_205_72 X       

Ec-06_010590.3P_110_292_183  X X X    

Ec-06_011045.5P_81_176_96  X X X  X  

Ec-07_000840.3P_566_688_123   X  X X  

Ec-07_001070.3P_170_523_354  X X X X X  

Ec-07_003690.3P_394_483_90 X  X  X   

Ec-07_006010.3P_844_990_147 X       

Ec-08_001190.3P_524_835_312      X  

Ec-08_002930.3P_121_198_78 X       

Ec-08_002930.3P_316_468_153   X  X  X 

Ec-08_003190.3P_29_175_147   X  X  X 

Ec-08_006300.3P_713_1267_555  X X X  X  

Ec-09_002720.3P_194_571_378  X X X X X  

Ec-10_004080.3P_198_266_69 X       

Ec-11_002440.3P_15_206_192  X X X  X  

Ec-11_006160.3P_26_175_150 X       

Ec-12_005050.3P_301_369_69 X       

Ec-12_005760.3P_127_198_72 X       

Ec-12_006360.3P_79_327_249   X  X X X 

Ec-14_002870.5P_28_96_69 X       

Ec-14_004000.3P_431_694_264  X X X  X  

Ec-14_006980.3P_53_238_186   X  X   

Ec-17_000180.3P_1310_1381_72 X       

Ec-17_004130.3P_60_122_63 X       

Ec-18_003450.3P_24_152_129 X       

Ec-19_000970.3P_77_169_93 X       

Ec-19_003710.3P_153_365_213   X  X X  

Ec-19_005320.3P_102_212_111 X       

Ec-20_002530.3P_1001_1069_69 X       

Ec-20_002660.5P_3_98_96 X       

Ec-21_003580.3P_129_245_117 X       

Ec-22_000990.3P_5_196_192  X X X X X  

Ec-22_003010.3P_525_602_78  X X X  X  

Ec-23_003780.3P_550_615_66 X       

Ec-26_000340.3P_1060_1182_123  X X X  X  

Ec-27_000630.3P_656_841_186 X       

Ec-27_000980.3P_261_566_306  X X X  X  

Ec-27_001440.3P_197_367_171   X  X   

Ec-28_000680.3P_292_381_90 X       
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5.5. Other UTR elements 

5.5.1. Motif detection 

Running UTRscan on the extracted UTR sequences of E. siliculosus, yielded hits in 5562 UTRs 
or 42 % of the total UTRs. For E. subulatus a motif was found in 9583 UTRs, or 38 % of total 
UTRs.  In total 21 types of motifs were detected in the UTR sequences (Table 9). By far the 
most detected motif is the internal ribosome entry site (IRES). Other common motifs were the 
GY-BOX, K-BOX, polyadenylation signal (PAS), SXL-binding site, and the UNR-binding site. To 
make an estimation of the amount of false positive predictions, UTRscan was also run on a 
random set of CDS sequences. As it can be expected that no UTR elements are present in the 
CDS, the predicted number of motifs in these sequences should allow to estimate the degree 
of false positive estimations.  

Table 9: Predicted UTR motifs by UTRscan for both Ectocarpus species. IRES: internal ribosome entry site; PAS: 
polyadenylation signal; XXX-BS: XXX binding site; TOP: terminal oligopyrimidine tract; ADH-DRE: alcohol 
dehydrogenase 3’ UTR downregulation control element; SECIS: selenocysteine insertion sequence; BRE: Bruno 
3’ UTR responsive element; IRE: iron responsive element; GLUT1: glucose transporter type-1 3’ UTR cis-acting 
element; TGE: TGE translation regulation element; G3A: elastin G3A 3’ UTR stability element; 15-LOX-DICE: 15-
lipoxygenase differentiation control element; CPE: cytoplasmic polyadenylation element; ARE2: AU-rich element 
type-2; INS-SCE: insulin 3’ UTR stability element. 

 

 

 

Motif 
Ectocarpus siliculosus Ectocarpus subulatus 

Total 3' UTR 5' UTR Total 3' UTR 5' UTR 

IRES 2770 1913 857 5319 4148 1171 

PAS 993 696 297 1792 1269 523 

K-BOX 939 833 106 1339 1241 98 

GY-BOX 719 588 131 903 806 97 

UNR-BS 676 573 103 780 666 114 

SXL-BS 606 550 56 910 868 42 

TOP 395 122 273 707 230 477 

BRD-BOX 271 255 46 380 335 45 

ADH-DRE 120 99 21 148 120 28 

SECIS1 25 22 3 53 52 1 

SECIS2 17 16 1 36 36 0 

BRE 15 15 0 14 12 2 

IRE 6 5 1 6 6 0 

GLUT1 6 5 1 8 8 0 

TGE 4 4 0 4 4 0 

G3A 3 3 0 5 4 1 

15-LOX-DICE 3 2 1 7 6 1 

CPE 2 2 0 8 7 1 

PRONEURAL-BOX 1 1 0 0 0 0 

ARE2 0 0 0 4 4 0 

INS-SCE 0 0 0 2 2 0 
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Based on the UTRsite entry (Grillo et al, 2009), the random incidence of an IRES element is 
0.00688 hits/kb sequence. Considering the amount of UTR sequence that was provided, the 
expected number of random hits would be around 65 for E. siliculosus, and 85 for E. subulatus. 
The identification of 2770 and 5319 hits in these species’ UTRs is much higher than expected. 
However, a set of CDS sequences of E. siliculosus was also scanned by UTRscan as negative 
control. There, 727 IRES sequences were detected, more than the expected 36 random hits 
based on the information on UTRsite. It is thus quite safe to assume that most of the predicted 
IRES are false positives. Nevertheless, it was investigated if IRESs were present in the UTRs 
containing a conserved ORF. Out of the 51 IRES sites found in such UTRs, none of these sites 
were located upstream from the conserved ORF. The utilisation of an IRES for uORF or dORF 
translation is thus highly unlikely.  

The number of detected polyadenylation signals is surprisingly low, with only 993 and 1792 
instances detected in E. siliculosus and E. subulatus respectively. Furthermore, only 696 and 
1269 of those are predicted in 3’ UTRs, leaving 297 and 523 wrongly predicted polyadenylation 
signals in the 5’ UTRs. Thus, only about 10 % of E. siliculosus, and 12 % of E. subulatus 3’ UTRs 
have a predicted polyadenylation signal, which is less than expected, as almost all eukaryotic 
mRNAs are polyadenylated. In the CDS sequences, only 67 were detected. As this set is only 
about a third in size of the E. subulatus set, it can be concluded that relatively more PAS were 
found in the UTRs, but still not as much as could be expected.  

The terminal oligopyrimidine tract (TOP) was also found quite a lot in the UTRs, and it is one 
of the few motifs that is found more in 5’ UTRs than in 3’ UTRs. The TOP is normally found at 
the 5’ end of the 5’ UTR of vertebrate ribosomal proteins and other proteins related to 
translation (Avni et al, 1997). However, this motif has also been found in plants (Sangwan et 
al, 1993; Lagrange et al, 1993). Since this motif can be quite short (5 – 16 nucleotides), their 
high occurrence could be attributed to random chance. Nevertheless, the protein annotation 
of genes with a predicted TOP in their 5’ UTR were checked. Of the 254 genes in E. siliculosus, 
none coded for ribosomal proteins or other translation-related proteins. However, 40 of these 
proteins are hypothetical proteins, and might be candidates to be involved in the translational 
machinery. 

The K-BOX, GY-BOX, and BRD-BOX are conserved 3’ UTR motifs found in many Notch pathway 
target genes in Drosophila melanogaster (Lai et al, 1998). These motifs are generally quite 
short (7-8 nucleotides), and thus are likely to be found by chance. Using the estimated random 
expectation from UTRsite, the expected number of hits in the UTR sequences would be 1151, 
455, and 743 for the K-BOX, GY-BOX and BRD-BOX respectively in E. siliculosus, and 1541, 609, 
and 994 in E. subulatus. In both species, the K-BOX and the BRD-BOX were found less than 
expected, while the GY-BOX was detected more than expected. Also in the analysis of the CDS 
sequences this observation was made. 

The UNR and SXL binding sites are relatively short (11 and 14 nucleotides) binding motifs found 
in human and fruit fly respectively (Boussadia et al, 1993; Gebauer et al, 1999). As these 
sequences are relatively short, they again are probably found due to chance alone. For 
example, the SXL binding sites that were detected were almost always sequences of multiple 
thymine/uracil residues. The UNR binding site was also found a lot in the CDS sequences, while 
the SXL binding sites were way less prevalent. This seems logical, as it can be expected that 
long thymine stretches will be less likely to occur in CDS sequences, which are under more 
evolutionary constraints, than in UTRs. Furthermore, the polyadenylation site is often 
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followed by a (G)U-rich stretch (Zarudnaya et al, 2003; Nunes et al, 2010). It could be possible 
that these are wrongly predicted as SXL binding sites. 

The SICES motifs are 3’ UTR motifs that forces upstream UGA codons to be translated as 
selenocysteine instead of a stop codon. Previous research indicates that the E. siliculosus 
genome might have some selenoproteins, and thus might also contain SICES elements (Cock 
et al, 2010). However, further analysis was able to only detect two SICES elements. The 
predicted SICES motifs here are thus likely false-positives, as there were also 11 SICES found 
in the CDS sequences.  

Scanning of the UTR sequences against the Rfam database yielded only a couple of significant 
hits (Table 10). No RNA-motifs were found, only predictions of types of RNA. These predictions 
are likely false positives, as it is not expected that UTRs are, or contain tRNA, or rRNA 
sequences.  

Table 10: Predicted Rfam motifs in UTRs. Location depicts the start and end of the predicted motif on the UTR. 
Truncation indicates if motif was found as a whole, or is truncated at certain ends.  

Analysis of repeated elements showed only a small number of repeats present in both 
genomes (Table 11). Ectocarpus subulatus seems to have a higher percentage of repeats 
present, despite their generally shorter UTRs. The composition of the different elements 
however, is similar in both species. The higher number of repeats in E. subulatus seems to 
mainly due to a higher number of LTR elements, which are the biggest source of repeats in the 
E. subulatus UTRs. In E. siliculosus, simple repeats are the most common type of repeat. 

Table 11: Presence of repeats in the UTR sequences of both Ectocarpus species. Percentages are relative to the 
full set of UTR sequences. LTR: Long Terminal Repeat. 

Repeat type E. siliculosus E. subulatus 

Retroelements LTR elements 
Ty1/Copia 0.41 % 1.95 % 

Gypsy/DIRS1 0.46 % 1.24 % 

DNA transposons 

Hobo-Activator 0.04 % 0.02 % 

Tc1-IS630-Pogo 0.01 % 0.04 % 

Tourist/Harbinger 0.08 % 0.08 % 

Small RNA 0.01 % 0.01 % 

Simple repeats 1.44 % 1.13 % 

Low complexity 0.14 % 0.14 % 

Total 2.59 % 4.61 % 

UTR Type Location Truncation E-value 

Ec-02_004990.3P tRNA 1714 - 1785 no 1.8e-12 

Ec-14_003860.5P LSU rRNA (eukaryote) 1 - 288 5' and 3' 8.7e-67 

EsuBft1042_6.3P U3 1288 - 1439 no 4.9e-11 

EsuBft237_14.3P tRNA 1900 - 1971 no 4.1e-14 

EsuBft858_13.3P tRNA 31 - 102 no 4.7e-14 

EsuBft858_13.3P tRNA 135 - 206 no 7.3e-12 
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5.5.2. Motif discovery 

De novo motif detection yielded similar results for both Ectocarpus species (Figure 9-12). In 
the 5’ UTR both species, a very similar motif was found the at the top of the best scoring 
predicted motifs. This motif, involving a double repeat of the sequence ‘CAG’ was found 158 
times in E. siliculosus and 79 times in E. subulatus. No similar motifs were found in the RNA-
motif database (Ray et al, 2013). It did show similarity with a DNA-motif that binds three zinc-
finger proteins found in the cerebellum of Mus musculus: Zic1, Zic2, and Zic3 (Badis et al, 
2009). Another similar DNA-motif is the binding site of the Arabidopsis thaliana AtNLP4 
protein (O’Malley et al, 2016). Additionally, CAG repeats have been linked to diseases in 
humans (Basso et al, 2011; Busan & Weeks, 2013; Nalavade et al, 2013). Interesting hereby is 
that repeated CAG could influence RNA-folding. 

Another short motif that was found in the 5’ UTR of both species is the CUG double repeat, 
occurring 82 times in E. siliculosus and 51 times in E. subulatus. Searching this motif against 
the RNA- and DNA-motif database yielded the same results as with the CAG repeat motifs. 
This can be expected, as CUG is the reverse complement of CAG. Nevertheless, CUG repeats 
have been identified as binding sites for certain RNA-binding proteins (Timchenko et al, 1996; 
Edwards et al, 2011), and can also be involved in hairpin formation (Tian et al, 2000; Tamjar 
et al, 2012). 

Also found high on the list, is a stretch of purines (A’s and G’s). Purine-rich motifs were found 
previously in plants (Vaughn et al, 2012), and many motifs, e.g. some human SRSF (Serine and 
Arginine Rich Splicing Factor) genes, in the RNA-motif database consist of purines only. In 
addition, in viruses there is an element known as the polypurine tract (Dorokhov et al, 2002; 
Fitzgerald & Drohat, 2008), involved in recognition by the reverse transcriptase, and 
Ectocarpus siliculosus is known to harbour quite some viral elements (Cock et al, 2010; Wang 
et al, 2014).  

A stretch of pyrimidines (C’s and U’s) was also found enriched in the 5’ UTR of both species. 
The polypyrimidine tract, and associated polypyrimidine tract-binding proteins, were first 
discovered to play a role in splicing (Garcia-Blanco et al, 1989), but nowadays are also know 
to play a role in in other processes such as polyadenylation, mRNA stability, and translation 
initiation (Avni et al, 1997; Sawicka et al, 2008; Cáceres et al, 2016).  

In the 3’ UTRs, only the top motif was very similar in both species. It involves a stretch of 
mainly uracil, and some guanine residues. This motif might represent the (G)U-rich region 
found downstream of the poly-adenylation signal (Zarudnaya et al, 2003; Nunes et al, 2010). 
Sadly, the poly-adenylation signal itself (AAUAAA) was not detected as enriched motif, at least 
not in the top 20 discovered motifs.  
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Figure 9: Top five predicted motifs in E. siliculosus 5’ UTRs. 
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Figure 10: Top five predicted motifs in E. siliculosus 3’ UTRs. 
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Figure 11: Top five predicted motifs in E. subulatus 5’ UTRs. 
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Figure 12: Top five predicted motifs in E. subulatus 3’ UTRs. 
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Table 12: Enriched GO categories for Ectocarpus siliculosus genes with a predicted motif in their 5’ UTR. Motif 
numbers correspond to Figure 9. BP: Biological process; CC: Cellular component; MF: Molecular function. 

GO ID 
GO 

Class 
Description 

Motif 1 

GO:0009093 BP Cysteine catabolic process 

GO:0046395 BP Carboxylic acid catabolic process 

GO:0000098 BP Sulphur amino acid catabolic process 

GO:0006562 BP Proline catabolic process 

GO:0006482 BP Protein demethylation 

GO:0016054 BP Organic acid catabolic process 

GO:0019448 BP L-cysteine catabolic process 

GO:0009987 BP Cellular process 

GO:0044699 BP Single-organism process 

GO:0070988 BP Demethylation 

GO:0008214 BP Protein dealkylation 

GO:0006275 BP Regulation of DNA replication 

GO:0071704 BP Organic substance metabolic process 

GO:0051052 BP Regulation of DNA metabolic process 

GO:0008150 BP Biological process 

GO:0008152 BP Metabolic process 

GO:0044282 BP Small molecule catabolic process 

GO:0044237 BP Cellular metabolic process 

GO:0046439 BP L-cysteine metabolic process 

GO:0043170 BP Macromolecule metabolic process 

GO:0044260 BP Cellular macromolecule metabolic process 

GO:0009063 BP Cellular amino acid catabolic process 

GO:1901606 BP Alpha-amino acid catabolic process 

GO:0044273 BP Sulphur compound catabolic process 

GO:0031305 CC Integral to mitochondrial inner membrane 

GO:0031304 CC Intrinsic to mitochondrial inner membrane 

GO:0032592 CC Integral to mitochondrial membrane 

GO:0005840 CC Ribosome 

GO:0004657 MF Proline dehydrogenase activity 

GO:0048037 MF Cofactor binding 

GO:0016620 MF 
Oxidoreductase activity, acting on the aldehyde or oxo group of 
donors, NAD or NADP as acceptor 

GO:0050660 MF Flavin adenine dinucleotide binding 

GO:0005198 MF Structural molecule activity 

GO:0003904 MF Deoxyribodipyrimidine photo-lyase activity 

GO:0031071 MF Cysteine desulfurase activity 

GO:0003735 MF Structural constituent of ribosome 
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GO:0016903 MF 
Oxidoreductase activity, acting on the aldehyde or oxo group of 
donors 

GO:0004746 MF Riboflavin synthase activity 

Motif 2 

GO:0007030 BP Golgi organization 

GO:0004652 MF Polynucleotide adenylyltransferase activity 

GO:0003904 MF Deoxyribodipyrimidine photo-lyase activity 

Motif 3 

GO:0044431 CC Golgi apparatus part 

GO:0044433 CC Cytoplasmic vesicle part 

GO:0030135 CC Coated vesicle 

GO:0030137 CC COPI-coated vesicle 

GO:0030120 CC Vesicle coat 

GO:0030126 CC COPI vesicle coat 

GO:0030117 CC Membrane coat 

GO:0005794 CC Golgi apparatus 

GO:0005798 CC Golgi-associated vesicle 

GO:0012506 CC Vesicle membrane 

GO:0048475 CC Coated membrane 

GO:0030660 CC Golgi-associated vesicle membrane 

GO:0030662 CC Coated vesicle membrane 

GO:0030663 CC COPI-coated vesicle membrane 

GO:0030659 CC Cytoplasmic vesicle membrane 

GO:0031988 CC Membrane-bounded vesicle 

GO:0031982 CC Vesicle 

GO:0000139 CC Golgi membrane 

GO:0031410 CC Cytoplasmic vesicle 

GO:0031090 CC Organelle membrane 

GO:0016023 CC Cytoplasmic membrane-bounded vesicle 

GO:0016627 MF Oxidoreductase activity, acting on the CH-CH group of donors 

GO:0070818 MF Protoporphyrinogen oxidase activity 

GO:0050660 MF Flavin adenine dinucleotide binding 

GO:0004729 MF Oxygen-dependent protoporphyrinogen oxidase activity 

Motif 4 

GO:0006275 BP Regulation of DNA replication 

GO:0051052 BP Regulation of DNA metabolic process 

GO:0034645 BP Cellular macromolecule biosynthetic process 

GO:0031047 BP Gene silencing by RNA 

GO:0009059 BP Macromolecule biosynthetic process 

GO:0031332 CC RNAi effector complex 

GO:0005673 CC Transcription factor TFIIE complex 

GO:0016442 CC RISC complex 

Motif 5 

GO:0009093 BP Cysteine catabolic process 

GO:0006402 BP mRNA catabolic process 

GO:0006401 BP RNA catabolic process 
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GO:0006897 BP Endocytosis 

GO:1901575 BP Organic substance catabolic process 

GO:0000098 BP Sulphur amino acid catabolic process 

GO:0019448 BP L-cysteine catabolic process 

GO:0044248 BP Cellular catabolic process 

GO:0009056 BP Catabolic process 

GO:0046439 BP L-cysteine metabolic process 

GO:0044265 BP Cellular macromolecule catabolic process 

GO:0044273 BP Sulphur compound catabolic process 

GO:0006909 BP Phagocytosis 

GO:0005856 CC Cytoskeleton 

GO:0016872 MF Intramolecular lyase activity 

GO:0004654 MF Polyribonucleotide nucleotidyltransferase activity 

GO:0031071 MF Cysteine desulfurase activity 

 

Results of the GO enrichment analysis of the genes with a certain motif in their 5’ UTR are 
depicted in Table 12. Genes with the ‘CAGCA(G)’ motif in their 5’ UTR (motif 1) were found to 
be enriched in processes related to regulation of DNA-replication, L-cysteine and proline 
catabolism, and protein demethylation.  The enriched cellular components indicate 
localisation to the mitochondria. This is partly explainable by the fact that some proline and L-
cysteine catabolism enzymes are located in the mitochondria (Ubuka et al, 1992; Hu et al, 
2007). The enriched molecular function categories further point to this function, with 
enrichment of cysteine desulfurase activity, proline dehydrogenase activity, and flavin 
adenine dinucleotide (FAD) binding, an important redox factor in many metabolic processes. 

The set of 67 genes with motif 2 (the purine rich region) in their 5’ UTR showed only few 
enriched categories. As it was theorised that the purine rich region might be involved in 
splicing, or a viral artefact, it is possible that these genes do not share any functionality. 

Genes with the ‘CUGCUG’ motif in their 5’ UTR showed no enrichment in the biological 
functions categories. Nevertheless, many cellular components were enriched. All of them 
indicate that these genes are associated with vesicular transport, mainly in the membrane 
and/or coat of the COPI vesicles. It might be possible that mRNA of these genes involved in 
the functioning of COPI vesicles carry this ‘CUGCUG’ motif in their UTRs as a transport signal, 
or as a binding site for RNA-binding proteins that regulate vesicular transport.  

The fourth motif, the pyrimidine rich region, was found in genes that were enriched in 
processes related to DNA-replication and gene silencing through RNA-interference. As 
polypyrimidine tracts have been associated with mRNA stability and regulation, it is possible 
that RNA-interference mRNAs are stabilised, or destabilised using this motif to better regulate 
their functionality.  

Lastly, in the genes with a (G)U-rich region, there was an enrichment of genes involved in 
mRNA catabolism, L-cysteine catabolism, and phagocytosis. The enriched cellular component 
of the cytoskeleton can be linked to phagocytosis, while the molecular functions support the 
catabolism categories.  

 

 



Results 

 

55 
 

Table 13: Enriched GO categories for Ectocarpus siliculosus genes with a predicted motif in their 3’ UTR. Motif 
numbers correspond to Figure 10. BP: Biological process; CC: Cellular component; MF: Molecular function. 

GO ID 
GO 

Class 
Description 

Motif 1 

GO:0007265 BP Ras protein signal transduction 

GO:0042147 BP Retrograde transport, endosome to Golgi 

GO:0030811 BP Regulation of nucleotide catabolic process 

GO:0032318 BP Regulation of Ras GTPase activity 

GO:0006140 BP Regulation of nucleotide metabolic process 

GO:0009894 BP Regulation of catabolic process 

GO:0016197 BP Endosomal transport 

GO:0031329 BP Regulation of cellular catabolic process 

GO:0005975 BP Carbohydrate metabolic process 

GO:0009118 BP Regulation of nucleoside metabolic process 

GO:0051056 BP Regulation of small GTPase mediated signal transduction 

GO:1902531 BP Regulation of intracellular signal transduction 

GO:0046578 BP Regulation of Ras protein signal transduction 

GO:1900542 BP Regulation of purine nucleotide metabolic process 

GO:0043087 BP Regulation of GTPase activity 

GO:0033124 BP Regulation of GTP catabolic process 

GO:0033121 BP Regulation of purine nucleotide catabolic process 

GO:0051336 BP Regulation of hydrolase activity 

GO:0005083 MF Small GTPase regulator activity 

GO:0005096 MF GTPase activator activity 

GO:0060589 MF Nucleoside-triphosphatase regulator activity 

GO:0016903 MF 
Oxidoreductase activity, acting on the aldehyde or oxo group of 
donors 

GO:0008047 MF Enzyme activator activity 

GO:0008417 MF Fucosyltransferase activity 

GO:0030695 MF GTPase regulator activity 

Motif 2 

GO:0005549 MF Odorant binding 

GO:0008428 MF Ribonuclease inhibitor activity 

Motif 3 

GO:0000077 BP DNA damage checkpoint 

GO:0000075 BP Cell cycle checkpoint 

GO:0031570 BP DNA integrity checkpoint 

GO:0044454 CC Nuclear chromosome part 

GO:0005730 CC Nucleolus 

GO:0000793 CC Condensed chromosome 

GO:0030896 CC Checkpoint clamp complex 

GO:0000794 CC Condensed nuclear chromosome 
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GO:0019867 CC Outer membrane 

GO:0017150 MF tRNA dihydrouridine synthase activity 

GO:0004476 MF Mannose-6-phosphate isomerase activity 

Motif 4 

GO:0072588 CC Box H/ACA RNP complex 

GO:0005732 CC Small nucleolar ribonucleoprotein complex 

GO:0005856 CC Cytoskeleton 

GO:0044430 CC Cytoskeletal part 

GO:0097367 MF Carbohydrate derivative binding 

GO:0032553 MF Ribonucleotide binding 

GO:0032555 MF Purine ribonucleotide binding 

GO:0032550 MF Purine ribonucleoside binding 

GO:0001883 MF Purine nucleoside binding 

GO:0032549 MF Ribonucleoside binding 

GO:0030515 MF snoRNA binding 

GO:0035639 MF Purine ribonucleoside triphosphate binding 

GO:0001882 MF Nucleoside binding 

GO:0017076 MF Purine nucleotide binding 

Motif 5 

GO:0005992 BP Trehalose biosynthetic process 

GO:0009312 BP Oligosaccharide biosynthetic process 

GO:0009311 BP Oligosaccharide metabolic process 

GO:0005991 BP Trehalose metabolic process 

GO:0000077 BP DNA damage checkpoint 

GO:0046351 BP Disaccharide biosynthetic process 

GO:0000075 BP Cell cycle checkpoint 

GO:0031570 BP DNA integrity checkpoint 

GO:0005984 BP Disaccharide metabolic process 

GO:0043233 CC Organelle lumen 

GO:0000228 CC Nuclear chromosome 

GO:0005759 CC Mitochondrial matrix 

GO:0030896 CC Checkpoint clamp complex 

GO:0044454 CC Nuclear chromosome part 

GO:0005730 CC Nucleolus 

GO:0000794 CC Condensed nuclear chromosome 

GO:0031974 CC Membrane-enclosed lumen 

GO:0000793 CC Condensed chromosome 

GO:0070013 CC Intracellular organelle lumen 

GO:0008113 MF Peptide-methionine (S)-S-oxide reductase activity 
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In the set of genes with the first motif in their 3’ UTR (Table 13) there was an enrichment of 
genes involved in regulation of (Ras) GTPase activity, both based on biological process 
categories as molecular function categories. Above, it was argued that this uracil-rich stretch 
of nucleotides might be associated with the polyadenylation mechanism, but it might also 
serve as a regulatory element to more precisely regulate GTPase activity, an important 
signalling event. 

For genes with the second motif in their 3’ UTR, only two categories were found to be 
enriched. The motif logo reveals that the motif does not show many conserved residues. It is 
possible that this motif is not functional, and as such has only a few enriched GO-categories 
in its gene set. 

The third motif, a stretch of mainly guanines, is found in the 3’ UTR of genes enriched in 
functions related to DNA integrity and damage checkpoint during the cell cycle. The gene 
products seem to be mostly located in the nucleolus, and associate with the checkpoint clamp 
complex at the condensed chromosomes to make it more accessible for repair. It might be 
possible that the G-rich motif can serves as an inducible regulatory element that can induce 
DNA-damage repair when necessary. 

The genes that contain the GU-rich fourth motif in their 3’ UTR, seem to be mainly involved in 
snoRNA binding, probably in ribonucleoprotein complexes. It is possible that this GU-rich motif 
locates the mRNAs to the nucleolus where they can be translated. As the resulting proteins 
are involved in RNA binding, translating them in the cytoplasm might result in unwanted 
binding of these proteins to other RNAs.  

The fifth motif seems to contain four double cytosines, separated by a random nucleotide. 
The genes with this motif in their 3’ UTR were enriched in categories relating to two processes: 
DNA-damage checkpoint, and trehalose biosynthesis. The same conclusion can be drawn from 
the cellular components, which were enriched in the checkpoint clamp complex, nucleolus, 
and mitochondrial matrix. Similar to above, this motif could be a localisation signal, or act as 
a binding site for RNA-biding proteins.  
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5.5.3. miRNA target prediction  

The miRNA sequences gathered from miRBase were derived from two different studies. The 
first set of miRNAs, with numbers starting with 34, were described by Cock et al., 2010. For 
these miRNAs, only zero to two targets were found for each miRNA. Out of the 26 miRNAs, 14 
had at least one target prediction in an UTR (Table 14).  

The second set of miRNA’s was derived from a study by Billoud et al., 2014. These miRNAs, 
denoted with numbers starting with 86, have way more predicted targets in UTRs. For this set, 
10 out of 14 miRNAs had predicted targets in the UTRs. For some of these miRNAs different 
versions exist in the database. For all but one of these, the most recent entry showed the most 
target predictions.  

Table 14: Predicted miRNA targets in UTRs of Ectocarpus siliculosus. 3P and 5P denote the strand of the pre-
miRNA which was used for the mature sequence and target prediction. Letters after the gene depict different 
versions of the same miRNA. If targets were predicted for multiple versions of the same miRNA, the targets for 
the most recent version were reported.   

miRNA Predicted target 

esi-miR3454g-3p Ec-19_000690.3P 

esi-miR3455-3p Ec-25_001590.5P 

esi-miR3460-5p Ec-08_000570.5P; Ec-15_002970.3P 

esi-miR3469-5p Ec-21_002920.3P 

esi-miR3463-5p Ec-06_007450.3P 

esi-miR3457-5p Ec-05_006590.3P 

esi-miR3467-5p Ec-07_000770.3P; Ec-08_002540.3P 

esi-miR3459-3p Ec-05_002760.3P 

esi-miR3462-3p Ec-19_002220.3P 

esi-miR3453-3p Ec-26_004960.5P 

esi-miR3451-3p Ec-14_003420.5P 

esi-miR3454d-3p Ec-19_000690.3P 

esi-miR3456-3p Ec-00_010880.5P 

esi-miR3458-3p Ec-19_003740.5P 

esi-miR8618a Ec-27_002380.5P 

esi-miR8620 

Ec-00_000970.3P; Ec-01_006460.3P; Ec-01_006450.5P; 
Ec-01_010610.3P; Ec-01_012100.3P; Ec-02_001950.3P; 
Ec-02_003740.5P; Ec-02_003750.5P; Ec-02_004830.5P; 
Ec-03_001280.3P; Ec-03_004890.3P; Ec-04_003820.3P; 
Ec-05_003250.3P; Ec-06_004270.5P; Ec-07_001840.3P; 
Ec-07_003690.3P; Ec-07_005810.3P; Ec-07_007220.5P; 
Ec-08_001270.5P; Ec-08_003600.3P; Ec-08_004500.5P; 
Ec-10_003240.3P; Ec-11_000400.3P; Ec-11_002670.3P; 
Ec-12_000800.3P; Ec-12_005840.5P; Ec-13_004530.5P; 
Ec-15_001650.3P; Ec-16_004290.3P; Ec-17_001500.5P; 
Ec-18_000330.5P; Ec-19_000500.3P; Ec-19_000690.3P; 
Ec-19_000700.3P; Ec-19_003090.3P; Ec-21_001170.3P; 
Ec-21_005320.5P; Ec-25_001380.3P; Ec-25_003410.3P; 

Ec-26_000760.5P; Ec-26_005770.3P 

esi-miR8621 
Ec-02_000360.3P; Ec-06_007630.3P; Ec-09_004300.3P;  
Ec-10_002380.3P; Ec-12_002360.3P; Ec-12_005460.3P;  
Ec-14_000790.3P; Ec-15_000110.3P; Ec-15_001650.3P;  
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Ec-15_004680.3P; Ec-18_000150.5P; Ec-18_001110.3P;  
Ec-22_000660.5P; Ec-28_002390.3P 

esi-miR8622c 
Ec-03_003710.3P; Ec-06_008010.3P; Ec-07_007330.3P;  

Ec-16_001110.3P 

esi-miR8623d 

Ec-00_006400.3P; Ec-00_006610.3P; Ec-01_012130.3P;  
Ec-05_004500.5P; Ec-07_000285.3P; Ec-07_000285.3P;  
Ec-09_000580.3P; Ec-12_000620.3P; Ec-12_001500.3P;  

Ec-12_001500.3P; Ec-20_003490.3P 

esi-miR8626 

Ec-00_001600.3P; Ec-00_003540.5P; Ec-00_006790.5P;  
Ec-00_006840.5P; Ec-00_009980.3P; Ec-02_001950.3P;  
Ec-03_000370.3P; Ec-04_000930.3P; Ec-04_002770.3P;  
Ec-04_005800.5P; Ec-05_002730.3P; Ec-05_004490.3P;  
Ec-06_004760.5P; Ec-06_010750.3P; Ec-06_010830.5P;  
Ec-07_002520.3P; Ec-07_003270.3P; Ec-07_003850.3P;  
Ec-07_004230.3P; Ec-08_003190.5P; Ec-09_002160.5P;  
Ec-10_000720.3P; Ec-10_000740.3P; Ec-10_000740.3P;  
Ec-10_003240.3P; Ec-11_002330.3P; Ec-11_002330.5P;  
Ec-12_004830.3P; Ec-12_005090.5P; Ec-12_006400.3P;  
Ec-12_006450.3P; Ec-12_008190.3P; Ec-13_004100.5P;  
Ec-13_004530.5P; Ec-14_000410.3P; Ec-15_003750.3P;  
Ec-17_001500.5P; Ec-17_003020.3P; Ec-19_004070.3P;  
Ec-23_000240.5P; Ec-23_001380.3P; Ec-24_001270.5P;  
Ec-24_001810.3P; Ec-26_004070.5P; Ec-27_002790.5P;  

Ec-27_002810.3P; Ec-27_004600.3P 

esi-miR8627 

Ec-02_003380.3P; Ec-04_000360.3P; Ec-08_001880.3P;  
Ec-15_004250.5P; Ec-16_003180.3P; Ec-17_002710.3P;  
Ec-18_004190.3P; Ec-19_002770.3P; Ec-21_001250.3P;  
Ec-21_005370.3P; Ec-23_003900.3P; Ec-25_001000.3P;  

Ec-28_001000.3P 

esi-miR8628 
Ec-05_002260.3P; Ec-05_003280.3P; Ec-08_003510.3P;  

Ec-08_004550.3P; Ec-21_002920.3P 

esi-miR8630 

Ec-02_003750.3P; Ec-02_004640.5P; Ec-05_005620.3P;  
Ec-06_003620.3P; Ec-10_005730.3P; Ec-11_004050.5P;  
Ec-11_004720.3P; Ec-15_001480.3P; Ec-24_003780.3P;  

Ec-27_002200.3P 

esi-miR8631 Ec-07_002100.3P 

 

GO enrichment was performed on the set of target genes for miRNAs with at least five 
predicted target gene UTRs (Table 15). The 41 target genes of miR8620 seemed to be enriched 
in genes involved in polyadenylation of mRNA. Strangely, the enriched cellular components 
are related to ER-Golgi transport, a location for which no link with polyadenylation exists. It is 
possible that the targets of this miRNA are divided in two groups: one involved in 
polyadenylation, and one involved in ER-Golgi transport. Both groups however can be seen as 
playing an important role in regulating the amount of protein formed. By reducing 
polyadenylation, less mRNA, and thus less protein will be formed. Reducing ER-Golgi transport 
in turn, could reduce the production of membrane-bound proteins.   

Despite the 14 target genes of miR8621, there only was enrichment of the chromatin binding 
molecular function. 
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The 11 target genes of miR8623d showed enrichment in categories related to regulation of 
GTPase activity, mainly those of the ARF (ADP ribosylation  factor) family. ARFs are GTP-
binding proteins involved in vesicular traffic and remodelling of actin (Pasqualato et al, 2002).  
As there is also enrichment of proteolysis and peptidase activity, this regulation might involve 
breakdown of G proteins or associated proteins. 

With 45 target genes, miR8626 has the most predicted target genes. Despite the many targets, 
there is only enrichment of few GO-categories. Nevertheless, the enriched process seems 
quite specific: cobalamin (vitamin B12) metabolism. Cobalamin plays an important role in many 
metabolic processes such as DNA synthesis, amino acid, and fatty acid metabolism (Yamada, 
2013). The latter might explain the enrichment found for lipid biosynthesis. The enriched 
cellular components, endoplasmic reticulum and oligosaccharyltransferase complex, might 
indicate targets of miR8626 also playing a role in protein modification.  

In the 13 targets of miR8627, only two enriched categories were found, both indicating 
involvement of H+-antiporter activity. 

Despite only having five predicted targets, miR8628 had quite some enriched GO-categories, 
all related to DNA-synthesis. Ribonucleoside-diphosphate reductase is an enzyme that 
catalyses the oxidation-reduction process to convert ribonucleotides into 
deoxyribonucleotides used in DNA (Elledge et al, 1992). Furthermore, this enzyme is iron-
dependant which could explain the link with iron-ion binding.  

Lastly, miR8630 showed enrichment of genes involved in protein breakdown in its 10 target 
genes. All biological processes, cellular components, and molecular functions point towards 
the genes functioning in the proteasome complex. 

Table 15: Enriched GO categories in miRNA targets of miRNA genes with at least five target genes. BP: Biological 
process; CC: Cellular component; MF: Molecular function. 

GO ID GO Class Description 

miR8620 

GO:0031123 BP RNA 3'-end processing 

GO:0043631 BP RNA polyadenylation 

GO:0030134 CC ER to Golgi transport vesicle 

GO:0030127 CC COPII vesicle coat 

GO:0012507 CC ER to Golgi transport vesicle membrane 

GO:0004652 MF Polynucleotide adenylyltransferase activity 

GO:0016779 MF Nucleotidyltransferase activity 

GO:0070566 MF Adenylyltransferase activity 

miR8621 

GO:0008150 BP Biological process 

GO:0003682 MF Chromatin binding 

miR8623d 

GO:1900542 BP Regulation of purine nucleotide metabolic process 

GO:0030811 BP Regulation of nucleotide catabolic process 

GO:0032318 BP Regulation of Ras GTPase activity 

GO:0043087 BP Regulation of GTPase activity 

GO:0032312 BP Regulation of ARF GTPase activity 

GO:0033124 BP Regulation of GTP catabolic process 
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GO:0033121 BP Regulation of purine nucleotide catabolic process 

GO:0006140 BP Regulation of nucleotide metabolic process 

GO:0031329 BP Regulation of cellular catabolic process 

GO:0032012 BP Regulation of ARF protein signal transduction 

GO:0032011 BP ARF protein signal transduction 

GO:0009118 BP Regulation of nucleoside metabolic process 

GO:0051336 BP Regulation of hydrolase activity 

GO:0006508 BP Proteolysis 

GO:0008060 MF ARF GTPase activator activity 

GO:0008233 MF Peptidase activity 

miR8626 

GO:0009236 BP Cobalamin biosynthetic process 

GO:0009235 BP Cobalamin metabolic process 

GO:0008610 BP Lipid biosynthetic process 

GO:0008250 CC Oligosaccharyltransferase complex 

GO:0005783 CC Endoplasmic reticulum 

GO:0008817 MF Cob(I)yrinic acid a,c-diamide adenosyltransferase activity 

miR8627 

GO:0015299 MF Solute: hydrogen antiporter activity 

GO:0015298 MF Solute: cation antiporter activity 

miR8628 

GO:0006260 BP DNA replication 

GO:0055114 BP Oxidation-reduction process 

GO:1990204 CC Oxidoreductase complex 

GO:0005971 CC Ribonucleoside-diphosphate reductase complex 

GO:0016725 MF Oxidoreductase activity, acting on CH or CH2 groups 

GO:0016728 MF 
Oxidoreductase activity, acting on CH or CH2 groups, disulphide as 
acceptor 

GO:0016491 MF Oxidoreductase activity 

GO:0005506 MF Iron ion binding 

GO:0004748 MF 
Ribonucleoside-diphosphate reductase activity, thioredoxin 
disulphide as acceptor 

miR8630 

GO:0019538 BP Protein metabolic process 

GO:0043170 BP Macromolecule metabolic process 

GO:0006508 BP Proteolysis 

GO:0000502 CC Proteasome complex 

GO:0005839 CC Proteasome core complex 

GO:0019773 CC Proteasome core complex, alpha-subunit complex 

GO:0070003 MF Threonine-type peptidase activity 

GO:0008233 MF Peptidase activity 

GO:0004298 MF Threonine-type endopeptidase activity 

GO:0070011 MF Peptidase activity, acting on L-amino acid peptides 
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6. Discussion 

The brown algae are a special group of eukaryotes for a variety of reasons. They are mainly 
marine organism who often grown in tidal zones, exposing them to both the marine as the 
terrestrial environment. Probably one of the reasons for their success in this niche is their 
development of complex multicellularity. They developed this separately from other complex 
multicellular organisms such as animals, plants, and fungi. With the development of 
Ectocarpus siliculosus as a model species for the brown algae, many insights have been 
gathered into the evolution of this species, and brown algae in general. With the availability 
of a sequenced genome (Cock et al, 2010) and a recently updated annotation (Cormier et al, 
2017), a whole new source of information is available for studying this interesting group. Many 
interesting features were discovered when the genome was published (Cock et al, 2010). One 
of these features are the surprisingly long 3’ UTR regions that are found in the mRNAs. While 
the 5’ UTRs are quite average in size, similar to Arabidopsis thaliana, but smaller than in most 
vertebrates, the 3’ UTRs are longer than in most plants, and comparable in length with higher 
vertebrates such as human and mouse. This while the Ectocarpus genome is more than ten 
times smaller (Cock et al, 2010). Given the fact that UTRs can harbour many regulatory, 
stabilising, and other elements, analysing these UTRs might provide interesting insights in 
gene regulatory mechanism present in Ectocarpus. To study these gene regulatory 
mechanisms the UTRs of two Ectocarpus species, E. siliculosus and E. subulatus, were 
analysed.  

General statistic of the extracted UTRs of both Ectocarpus species were similar, and in line 
with what has been found in other studies. UTR length was indeed found to be quite long, 
even longer than previously reported (Cormier et al, 2017). It was argued however that using 
a lower bound length cut-off and the set of UTRs not being complete are the most likely 
explanations for these observations. In Ectocarpus subulatus however, a lack of annotated 
UTRs was most likely the case for having fewer UTRs than expected. Despite the similarities 
between both species, Ectocarpus subulatus UTRs were shorter than those of E. siliculosus. 
However, with a mean 3’ UTR length of 744.89 nucleotides, it is still higher than most plant 
species such as Arabidopsis thaliana (225.2 nt) and Oryza sativa (406.3 nt) (Cock et al, 2010). 
The long 3’ UTRs thus seem to be a feature that is common to the Ectocarpus genus. The 
recently assembled and annotated genome of Cladosiphon okamuranus (Nishitsuji et al, 2016) 
showed many general similarities with the Ectocarpus siliculosus genome. The UTRs of this 
species are also quite long, but more interestingly the 5’ UTRs were found to be on average 
longer than the 3’ UTRs (911 versus 459 nt). Therefore, while long UTRs seem to be a general 
feature of brown algae, it appears that it does not necessarily has to be the 3’ UTR that is 
longer. It is unlikely that this feature extends beyond the brown algae, as the UTRs of the 
diatom Phaeodactylum tricornutum are not exceptionally long, with mean 3’ UTR length of 
193 nt, and mean 5’ UTR length of 134.9 nt (Bowler et al, 2008). Further genomic and 
annotation efforts in different brown algal and heterokont genomes should provide more 
clarity in this matter. Another interesting observation in the UTRs was the difference in mean 
GC % of 3’ and 5’ UTRs found in both species. With 52 % GC 3’ UTRs have a generally lower GC 
content than their 5’ counterparts (57 %). This higher GC content has been linked to the high 
presence of secondary RNA structures present in these 5’ UTRs (Babendure, 2006). This 
difference in GC content between 5’ and 3’ UTRs has also been observed in many vertebrates 
(human, mouse and chicken), plants (Arabidopsis thaliana, Oryza sativa Japonica, and Zea 
mays) and in the marine green algae Ostreococcus lucimarinus (According to Ensemble 
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genome information, browsable via http://flowgene.az/). Interestingly, Chlamydomonas 
reinhardtii, another green algae, had 5’ UTRs with lower GC % than 3’ UTRs, while the fission 
yeast Schizosaccharomyces pombe had a similar GC content in both 3’ and 5’ UTRs (Wood et 
al, 2012). 

While there was no statistically significant correlation between 3’ UTR length and transcript 
expression, it was observed that transcripts with a 3’ UTR length higher than a certain length 
showed a low average expression, and the 3’ UTR of genes with a high expression were 
generally shorter. This is in accordance with what has been found in the literature (Tanguay & 
Gallie, 1996; Sandberg et al, 2008). A likely cause of the decreased expression of genes with a 
long 3’ UTR might involve the nonsense-mediated mRNA decay (NMD) pathway (Kebaara & 
Atkin, 2009; Peccarelli & Kebaara, 2014). This pathway normally induces mRNA breakdown 
when a premature stop codon is encountered. However, it has been described that also 
natural mRNAs (not containing a premature codon) are targeted by NMD (He et al, 2003; 
Rebbapragada & Lykke-Andersen, 2009). It is suggested that due to the increased distance 
from the stop codon to downstream elements in the 3’ UTR, the NMD pathway is triggered. 
By using alternative transcripts with different length UTRs, it might be possible for organisms 
to finetune the expression of certain genes. Related to this, it has been suggested that UTR 
length might  also be correlated with cellular proliferation (Doran, 2008). It has been observed 
that during T-cell activation alternative 3’ UTR splicing and polyadenylation tends to favour 
short UTRs, possibly to prevent attraction of regulating factors and achieve a steady 
translation rate. As cellular proliferation is a key process in the development of multicellular 
organisms, this observation strengthens the hypothesis that long UTRs might helped in the 
development of brown algae towards multicellularity.  

The four different methods of predicting ORFs in the UTRs showed similar behaviour in both 
Ectocarpus species. FrameD predicted the lowest number of ORFs, while the manual approach 
predicted the most. Based on the amount of predicted ORFs that were conserved between 
both Ectocarpus species, and the fact that uORFs are generally quite small, rarely exceeding 
100 nt (Calvo et al, 2009; von Arnim et al, 2014), sORFfinder seems to be a good candidate for 
predicting uORFs. As similar performance in finding the conserved ORFs was observed in both 
5’ and 3’ UTRs, sORFfinder might also be the most suited for predicting dORFs. However, as 
there is no evidence yet of functional uORFs in Ectocarpus siliculosus, it is difficult to precisely 
assess the performance of these different prediction methods. Experimental approaches, such 
as ribosome profiling or peptidomic, will be needed to validate possible uORFs (or dORFs) as 
being expressed and thus potentially functional.  

Analysing the results of the ORF prediction, there was a clear difference between 5’ UTRs and 
3’ UTRs. While there were ORFs predicted in 81-92 % of 3’ UTRs, only 16-29 % of 5’ UTRs was 
predicted to contain an ORF. This difference could be attributed to the difference in length 
and the evolutionary constraints related to these UTRs. It can be expected that 3’ UTRs will 
have a higher chance of containing an ORF, as they are generally longer. Another factor playing 
a role could be the GC content. As mentioned previously, 5’ UTRs are generally richer in GC 
than their 3’ UTR counterparts. This while both the start codon (AUG) and the stop codons 
(UAG, UAA, UGA) are relatively GC poor. Thus, sequences with lower GC content (here the 3’ 
UTRs) could also have more start and stop codons than the GC richer 5’ UTRs of similar length. 
While these factors will have played a role in the difference in predicted ORFs, it is unlikely 
that they solely contribute to a difference of over 60 %. That is where the evolutionary 
constraints come into play. The existence of upstream ORFs (uORFs) and upstream start 
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codons (uAUGs) have been reported repeatedly before (Oyama et al, 2004; Calvo et al, 2009; 
Somers et al, 2013; von Arnim et al, 2014). As their name suggests, these ORFs lay upstream 
of the main coding ORF in the 5’ UTR. As the ribosome starts scanning at the 5’ end, it will 
encounter the upstream ORF or AUG before it reaches the main ORF, often resulting in lower 
expression of that main ORF. Thus, many uORFs might be selected against if they lower the 
individual’s fitness, resulting in lower presence of these elements in the 5’ UTR. As 
downstream ORFs (dORFs, in the 3’ UTR) should not interfere with the translation of the main 
ORF, their presence will not be selected against, or at least less so than in the 5’ UTR. On the 
contrary, similar to how the main ORF can still be translated after translation of the uORF, the 
dORF might also get translated after translation of the main ORF by re-initiation. This might 
produce a small (regulatory) peptide, or prevent RNA-binding proteins (RBPs) to bind to the 
RNA. However, as long as the dORF does not interfere with the main ORF translation, it can 
be assumed that there will be no selection against them. Maybe the high number of predicted 
ORFs in 3’ UTRs might indicate these dORFs being under positive selection. Nevertheless, a 
study on conservation and expression of small ORFs (sORFs) in the mouse genome (Crappé et 
al, 2013) found the presence of ribosomes at the 3’ UTRs using ribosome profiling, albeit in 
lower quantities than in 5’ UTRs.  

Genes with an ORF in their 5’ UTR showed lower mRNA levels than genes without one. This 
indicates that the presence of uORFs might not only affect translation, but also the mRNA 
decay. A link between uORF presence and mRNA decay has already been proposed (Matsui et 
al, 2007), and two plausible explanations can be given for this observation. A first possible 
explanation involves the translation of small peptides by the uORF. While some of these 
peptides are known to interfere with translation (Oyama et al, 2004), it is not unthinkable that 
they can also interfere with mRNA stability, and/or induce mRNA breakdown. The second 
plausible mechanism relies on the observation that actively translated mRNAs are less likely 
to decay than mRNAs that are less translated (Parker & Sheth, 2007).  As the translational 
machinery often blocks the activity of mRNA breakdown complexes such as the decapping and 
exosome complexes. When uORFs are present, they often lower the translation rate of the 
main ORF, increasing the chances of mRNA breakdown. Furthermore, if translation terminates 
after the uORF, the ribosomes are less likely to be recycled due to 5’-3’ mRNA circularisation. 
Apart from a difference in mRNA levels, there was also a significant difference in UTR length 
between genes with and without an uORF. This is not surprising, as longer UTRs will have a 
higher chance of containing an ORF by chance. Also, the predicted uORFs are quite long, with 
average lengths of 100.60 to 246.07 nt depending on the used method and species. This while 
the average lengths of the 5’ UTRs are slightly higher (236.14 nt for E. siliculosus, 142.72 for E. 
subulatus). Searching for enriched GO-categories in the genes with an uORF showed 
involvement of these genes in very diverse processes. Some of them had to do with protein 
processing, such as translation, protein folding, and cellular protein transport. Others were 
involved in DNA-repair, biosynthesis, and protein binding.  Seeing as most confirmed reports 
of functional uORFs are unique cases, with one specific gene being regulated, it can be 
expected to see such diversity in the results.  

In contrary to the uORFs, the presence of ORFs in the 3’ UTR seemed to increase the mRNA 
level of genes. This observation is even more surprising given the fact that it was also found 
that 3’ UTRs with a predicted ORF were longer than the ones without. Thus, while genes with 
a long 3’ UTR show low mRNA levels in general, the presence of an ORF in that UTR might 
overcome this. However, this observation could be somewhat explained by the NMD model 
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previously explained. In short, longer distance from the translation termination site to the 3’ 
end of the mRNA could induce NMD. However, if re-initiation happens, and a dORF is 
translated, this distance will become smaller. Thus, the amount of NMD will be reduced for 
transcripts with such a dORF. The presence of dORFs might thus protect mRNAs with long 3’ 
UTRs against NMD. This method might be a less resource-intensive way of increasing mRNA 
levels than just increasing the transcription rate, as it can be expected that transcribing a long 
mRNA will take more resources than translating a small peptide. Enrichment analysis of GO-
categories again showed enrichment of diverse range of processes. Some were similar to 
those found in uORF containing genes, while others are different. There seemed to be 
involvement in transcription, G-protein coupled signalling, protein binding and protein 
modifications. As there were so many genes with an ORF predicted in their 3’ UTR, it is unlikely 
that they all involved in the same process, leading to the observation of so many enriched 
categories. 

When analysing the conserved ORFs that were found using blast, it became clear that using 
blast is not always the best solution for finding similarity between sequences. As blast is a local 
alignment tool, it might report high local similarity between two sequences, but not extend it 
to the full sequences even when the full alignment is quite conserved. Thus, an alternative 
approach was developed to assess conservation between ORFs in the UTRs. In this approach 
a global alignment tool (Muscle) was used instead. All ORFs were paired, if they were similar 
in length and were either both predicted in a 3’ UTR or both predicted in a 5’ UTR. Then they 
were aligned and this alignment was scored. As this is an exhaustive approach, the running 
time was quite higher than when using blast. However, the reliability of the conservation will 
be much higher in this approach.  

Despite the high number of predicted ORFs, and the close relationship between both 
Ectocarpus species, only a small fraction of ORFs was found to be conserved between both 
species (1-1.5 %). For uORFs, this can be expected, as they are very likely negatively selected, 
resulting only in conservation of the ones that have some kind of function, or are not 
interfering with gene expression and/or functioning. The uORFs that are found, might indeed 
be functional as they are similar in length to uORFs found in other species (33 – 100 nt, Calvo 
et al., 2009; von Arnim et al., 2014). As it was argued that dORFs are not under negative 
selection pressure, the lack of conservation could be explained by their possible involvement 
in NMD. It was argued that the dORFs might extend the translational machinery towards the 
3’ end of the mRNA, and as such preventing NMD from occurring. Thus, the sequence of the 
translated peptide will not really matter in this mechanism. Consequentially, changes in the 
sequence of these ORFs will not interfere with their function, reducing selection pressure on 
the actual sequence content. It is possible that not all dORFs translation products are useless, 
as still 160 conserved dORFs were found. An interesting observation was that the proteins 
sequences of the genes which contain a conserved ORF in their UTR are less conserved than 
these UTR ORFs. Alignment of these proteins sequences yielded only five similarity scores 
above 50 %, with the highest only being 71 %. If the conservation of these UTR ORFs is due to 
homology of the gene they reside in, this could indicate that the selective pressure on these 
ORFs is larger than on the main protein sequence, as they are more conserved. Identification 
of homologues genes in both Ectocarpus species should provide further insights into this 
matter. In the histogram of the alignment scores there seemed to be a separate population of 
ORFs with mean conservation scores around 80-90 %, indicating that this conservation might 
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not be due to chance alone. This evidence points towards the conclusion that some dORFs 
might produce functional peptides. 

While there were 187 conserved uORFs and dORFs between both Ectocarpus species, only 
two of them had a significant hit in the Cladosiphon okamuranus genome. Based on the 
annotation information available for this species, it did not seem that these ORFs were located 
in an UTR. Apart from these two good hits, many partial hits were found in both the 
Cladosiphon okamuranus and the Saccharina japonica genome. It could be that some of these 
hits are actually full hits, but are not reported as full hits due to blast being a local alignment 
tool, similar to the encountered problem when assessing conservation between the 
Ectocarpus ORFs. Lastly, there were also two ORFs which showed a lot of hits in the other 
brown algae genomes, but with quite some gaps. It might be possible that these ORFs are 
similar to certain repeatable elements. Either way, the best hits were found in the C. 
okamuranus genome, partial hits were found in both C. okamuranus and S. japonica genomes, 
and no hits were found in the Phaeodactylum tricornutum genome. This nicely reflects the 
evolutionary relationship between these species. 

Functional analysis of the conserved ORFs, and their resulting peptides, yielded some mixed 
results. Motif detection in the set of conserved ORF yielded no motif that was found in more 
than 2 sequences. It was however discovered that some UTRs seem to contain repeated ORFs, 
where the same, or a very similar, ORF is found in the same UTR. Scanning the peptides with 
InterProScan did not discover the presence of any specific functional protein domains. The 
predicted domains were mainly general predictions of disorder, transmembrane, and 
signalling domains. The genes containing a conserved ORF were enriched in GO-categories of 
a small number of metabolic processes. However, as discussed before, uORFs (and dORFs) are 
more likely to be regulators of distinct genes rather than control the expression of a whole 
range of functional related genes. 

Apart from the detection and analysis of the ORFs in the UTRs, also the presence of other 
functional elements was investigated. A first approach involved scanning the UTRs for known 
UTR and RNA motifs from the UTRdb (Grillo et al, 2009) and Rfam (Nawrocki et al, 2015) 
databases respectively. Comparison with the Rfam database yielded barely any results, and 
the hits that were detected are most likely false positives. Scanning against the UTRdb 
database yielded more results. The most frequently detected UTR motif was the internal 
ribosome entry site (IRES). It was observed much more than could be expected than by chance 
alone according to the reported random occurrence of this motif. However, by comparing with 
a motif detection analysis on CDS sequences, it was found that also there more IRES were 
found than the reported number. Thus, it is quite likely that the most of the reported IRES are 
false positives. Nevertheless, keeping in mind the high amount of predicted ORFs in 3’ UTRs, 
it might be possible that some of these dORFs are translated using an IRES. Furthermore, 
Ectocarpus is known to harbour a lot of viral elements (Müller et al, 1998; Delaroque & Boland, 
2008; Wang et al, 2014). As IRESs are often found in viruses, the high number of detected IRES 
motifs might be an artefact of the integration of viral elements in the genome of these brown 
algae. Detection of TOP (terminal oligopyrimidine tract) motifs in the 5’ UTR of certain 
hypothetical proteins might indicate them being ribosomal proteins. However, the TOP motif 
was also found in many non-ribosomal proteins, and the motifs in the hypothetical proteins 
might also be false positives. In general, most other motifs were likely false positives, and most 
of the found numbers correspond to the reported false discovery rate, and the number of 
false positives found in the CDS motifs. Lastly, it was found that the UTRs did not contain many 
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repeated elements. The number of repeated elements that were found were similar between 
both Ectocarpus species, with E. subulatus having a slightly higher percentage of repeats 
mostly due to more LTR elements.  

De novo motif discovery yielded some interesting motifs in the 5’ UTRs, while the motifs in the 
3’ UTRs were less promising. Most interesting among the 5’ UTR motifs were the ‘CAGCAG’ 
and ‘CUGCUG’ motifs. ‘CAG’ repeats have been linked to RNA-folding (Busan & Weeks, 2013), 
and GO-enrichment of the genes with this motif in their 5’ UTR indicated possible involvement 
in the catabolism of proline and cysteine. As cysteine is a sulphur containing amino acid, 
regulating their metabolism could be essential in maintaining the sulphur homeostasis. It 
might very well be that this ‘CAGCAG’ repeat induces a certain secondary structure, or acts as 
a binding site for certain proteins that regulate cysteine metabolism. The ‘CUGCUG’ motif 
showed mainly enrichment of genes that are associated with vesicular transport, and COPI 
vesicles in particular. As CUG repeats are known to be able to bind RNA-biding proteins 
(Timchenko et al, 1996; Edwards et al, 2011), the ‘CUGCUG’ motif might recruit factors that 
locate the mRNAs close to or into the vesicles for translation. In general, most detected motifs 
could be linked to some function based on structure or GO-enrichment of the host genes. 
However, these links are purely hypothetical and further research is necessary to confirm or 
deny the functionality of these motifs.  

As a last analysis, miRNA targets in the UTRs were predicted. The pool of confirmed miRNAs 
could be divided in three groups: those that had no targets in an UTR, those with one or a 
small number of targets, and those with many targets. As only targets in UTRs were predicted, 
it is possible that miRNAs with only a couple target genes might actually target more genes, 
but the target sites are not located in the UTR. None of the miRNAs with multiple targets in 
UTRs were exclusively binding to either the 3’ or the 5’ UTR. Furthermore, in miRNAs for which 
both the 3’ and 5’ seed regions were available, it was never found that both regions had a 
target in the UTR. Analysis of enriched GO-categories in the target genes did show enrichment 
of specific processes for most miRNAs, indicating that these miRNAs might regulate many 
functionally related genes at once.  

While the analysis of the UTRs, and the ORFs within, yielded some interesting results, some 
caution is needed when interpreting the results. First of all, the analysis was not run on the 
full set of UTRs in both species. Only about half of the possible UTRs could be extracted from 
the available genomes and annotations. In both species, the annotation is still lacking 
annotation of quite some UTRs, mainly for E. subulatus. In E. siliculosus the annotation is more 
detailed, with often multiple mRNA isoforms annotated for the same gene. To keep things 
simple, only the main isoform was extracted (i.e. the .1 isoform). However, for some genes 
the .1 isoforms had no annotated UTRs, while some other isoforms did. To keep things 
consistent, it was decided to only work with the UTRs of .1 isoforms. Similarly, not the full 
range of ORFs was analysed. Conservation was only analysed on ORFs which were predicted 
by one of the prediction methods. Based on the estimations by the TransDecoder and 
sORFfinder gene predictors, only up to a quarter of all possible ORFs was predicted to be 
possibly coding. While these are likely candidates to have some kind of function, it cannot be 
excluded that other ORFs are conserved and/or functional. Furthermore, in this analysis only 
ORFs that are fully contained in the UTRs were considered. ORFs that start in the 5’ UTR, but 
end in the main ORF, or just upstream start codons (uAUGs) were not considered even though 
they are known to be able to influence translation (Iacono et al, 2005; von Arnim et al, 2014).  
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The analyses and their results also provide a solid base for further research. When more and 
better genome and annotation data for brown algal species will become available, the analysis 
can be extended to those species. However, also within the current species the analyses can 
be extended. It would be interesting to perform a similar analysis on intron, for example. 
Another interesting analysis would be to look at the predicted 3D structure of the UTRs and 
check if certain specific structures are present that might alter gene expression and 
translation. Additionally, homology information could be used to align UTRs of homologues 
genes in both Ectocarpus species. In these alignments, it would be possible to search for 
regions that are more conserved than the rest, indicating the possible presence of a functional 
element. Apart from extending the current research, it could also be interesting to analyse the 
results more in depth. Especially with the uORFs and dORFs, peptidomic analysis and ribosome 
profiling could be used to check if these ORFs are being translated and if their peptide products 
are present. Lastly, it would also be interesting to look at the UTRs of different isoforms of the 
same gene. It is shown that by altering the 3’ UTR of genes using alternative splicing, mRNA 
fate can be altered (Doran, 2008).  
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7. Materials and methods 

7.1. Data acquisition 

All sequence and annotation data for Ectocarpus siliculosus was retrieved from ORCAE (Sterck 
et al., 2012, annotation V2), data for Ectocarpus subulatus was available in-house.  

UTRs were extracted by searching for features marked as UTR in the GFF3 annotation files, 
and their location on the genome was extracted. UTRs were only extracted for the first 
isoforms of each gene. Using these coordinates, the corresponding genomic sequence was 
extracted from the full genomes. Sequences containing non-defined nucleotides (‘N’) were 
discarded, as were sequences shorter than 30 nt. UTRs of genes on the reverse strand were 
converted to their reverse complement. Extraction of UTR coordinates and sequences, and 
calculation of summary statistics were performed using Python scripting. Statistical test was 
performed at the 0.05 significance level. An overview of used packages for data handling and 
statistics calculation can be found at the end of this chapter. Gene expression data for 
Ectocarpus siliculosus based on RNA-sequencing were available in-house in form of FPKM 
values for each gene. Gene expression was measured in unstressed conditions. 

7.2. ORF prediction 

Prediction of ORFs in the UTRs of both Ectocarpus species was performed using four methods: 
manual extraction of the longest ORF, and the use of three gene predictors (FrameD (Schiex 
et al, 2003), TransDecoder (http://transdecoder.github.io/), and sORF finder (Hanada et al, 
2009)). 

Manual extraction of the longest ORF was performed in Python using the BioPython toolkit 
(Cock et al, 2009). First, all start codons (ATG) were identified. Then, using BioPython, the 
sequence was translated starting at each start codon, until the end, or a stop codon (TAG, TAA 
or TGA), was encountered. The longest translated sequence that stopped at a stop codon was 
then considered to be the longest ORF. Only ORFs longer than 30 nt were retained. 

FrameD (v230207) was run using a custom Perl script to process multiple sequences and 
correct frameshifts. An IMM was generated from the CDS sequences  of Ectocarpus siliculosus 
using Glimmer (v3.02, Delcher et al., 2007). This coding model was used for gene prediction 
in both Ectocarpus species. FrameD was run in EST mode, using only ATG as start codon and 
disallowing overlapping ORFs. The resulting proteins were filtered to only keep fully 
transcribed proteins (starting with methionine (‘M’) and stopping at a stop codon (‘*’)).  

TransDecoder (v2.1.0) was run using a minimum protein length of 10, and only assessing the 
sense strand. The tool first identifies all ORFs, and then predicts which ones are likely to be 
coding. Complete predictions were extracted manually from the output based on their 
information tag. 

sORF finder works similarly to TransDecoder in that it also first identifies all ORFs, and then 
assesses their coding potential. Coding/non-coding training information was provided in form 
of CDS and intron sequences respectively. The ratio of coding to non-coding was set to 0.24 
(estimated based on the ratio of total CDS sequence length to the full genome). No additional 
filtering of the resulting ORFs was required. 

 

 

http://transdecoder.github.io/
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7.3. Conservation analysis 

To assess conservation of UTR ORFs between both Ectocarpus species, two approaches were 
used. In the first approach the set of predicted UTR ORFs of E. siliculosus was blasted (Camacho 
et al, 2009) against the set of predicted UTR ORFs of E. subulatus. In a second approach, 
pairwise alignments were created for UTRs ORFs of both species using Muscle (Edgar, 2004). 
This was done both on the nucleotide sequence as on the protein level. 

In the blast approach, two blast databases were created from the E. subulatus set of ORFs 
(one for DNA, one for proteins). Blastn and blastp were performed using the default settings 
and an e-value threshold of 1e-4. The UTR ORFs of E. siliculosus were used as query sequences. 
The resulting hits were further filtered based on the following criteria: 

- Matched sequences must be approximately the same length (maximal difference in 
length of 10 nt/aa) 

- For nucleotides, the alignment must have at least 75 % identities (exact matches) 
- For proteins, the alignment must have at least 50 % identities, and the sum of the 

identities and positives should be at least 75% of the alignment. Positives are residues 
which are different, but are structurally very similar. 

- Both ORFs should be both in the 5’ UTR, or both in the 3’ UTR 

In the Muscle approach, pairwise comparisons were made between all E. siliculosus and E. 
subulatus predicted ORFs. These pairs were aligned using Muscle (default options) outputting 
the alignment in clw2 output format to be able to extract the number of identities and the 
number of strongly conserved amino acids. Pairs were only aligned if the difference in length 
(in nucleotides or amino acids) was at most 5% of the length of the longest sequence of the 
pair, or if the difference was smaller than five nt/aa. Also, pairs of ORFs predicted in different 
UTRs (5’-3’ pairs or 3’-5’ pairs) were not aligned. Similar to the blast approach, nucleotide 
matches with 75 % or more identities, and protein matches with 50 % identities and 75 % 
identities and strongly conserved amino acids (positives, denoted as colons in the clw2 
alignment) were retained. 

The UTR ORFs that were found to be conserved between both Ectocarpus species were than 
blasted against the genomes of three other heterokont genomes: Cladosiphon okamuranus 
(Nishitsuji et al., 2016, http://marinegenomics.oist.jp), Saccharina japonica (Ye et al., 2015, 
https://www.ncbi.nlm.nih.gov/genome/), and Phaeodactylum tricornutum (Bowler et al., 
2008, http://genome.jgi.doe.gov). For the nucleotide sequences, a dc-megablast 
(discontiguous megablast) was performed using the default settings and an e-value of 1e-4. 
For proteins, tblastn was performed using the standard settings and the same e-value. The 
resulting hits were further manually investigated. For determination of the location of 
conserved hits in the C. okamuranus genome, the OIST Marine Genomics Unit Genome 
Browser (http://marinegenomics.oist.jp/algae/viewer?project_id=53) was used. 
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7.4. Functional analysis of conserved ORFs 

The protein sequences of the genes in which the conserved UTR ORFs were found were 
aligned to compare the conservation of these ORFs to the conservation of their ‘parent’ genes. 
A similar pairwise alignment approach using Muscle (see above) was used to align the protein 
sequences of the E. siliculosus and E. subulatus genes containing a conserved UTR ORF. 

The conserved UTR ORFs were compared to the NCBI nrprot and nrdna databases using dc-
megablast and blastp for nucleotide and protein sequences respectively. Standard settings 
and an e-value of 1e-4 were used. 

The presence of functional domains in the conserved ORFs was investigated using 
InterProScan (v5.23, Jones et al., 2014) with default settings. 

Protein motif detection was performed using MEME (v4.11.4, Bailey and Elkan, 1994) to 
search for at most 5 motifs of 5-20 amino acids long, with zero or one site per sequence. The 
analysis was performed using the MEME suite website (http://meme-suite.org/tools/meme). 

Gene Ontology (GO) (Ashburner et al, 2000) enrichment was performed using a custom Java 
script that calculates overrepresented GO-categories in a subset of genes compared to the full 
set of genes provided. As a background, the GO-annotation of the genes from which a UTRs 
could be extracted was used. Overrepresentation was considered using a p-value of 0.05, and 
using the Bonferroni correction for multiple testing. Enriched GO-categories were visualised 
using the WebGestalt GO-View software (http://www.webgestalt.org/GOView/, Zhang et al., 
2005) to get a better overview of the relationships between different enriched categories. 

7.5. Detection of non-ORF functional motifs 

The UTRscan web service (Grillo et al., 2009, http://itbtools.ba.itb.cnr.it/utrscan) was used to 
identify common UTR motifs and functional elements in the UTRs. Apart from the UTR 
sequences of both Ectocarpus species, UTRscan was also run on a random set of CDS 
sequences of E. siliculosus to make an estimation of false positive predictions. In addition, 
Infernal (v1.1rc4, Nawrocki and Eddy, 2013) was used to scan the UTR sequences against the 
Rfam 12 database (Nawrocki et al, 2015) of RNA family covariance models. Settings were set 
according to the recommended settings for scanning the Rfam database provided in the 
Infernal documentation. In short, the cmscan functionality was used with the rfam, cut_ga 
and nohmmonly options. This allows usage of the GA (gathering) thresholds defined in the 
Rfam models. Only the top strand was analysed. 

Motif analysis on the UTR sequences was performed using MEME-ChIP (v 4.11.4; Machanick 
and Bailey, 2011). MEME-ChIP was run in RNA mode, searching for at most 20 motifs of length 
5-20 nucleotides, which could occur any number of times in the same sequence. The detected 
motif should be present in at least 10 different sequences. Detected motifs were searched 
against different MEME motif databases using TomTom (v4.11.4; Gupta et al., 2007) in the 
online MEME-suite (http://meme-suite.org/). The sets of genes containing a certain predicted 
motif in their UTR were tested for GO-category enrichment using the same method as 
described above.  

The mature miRNA sequences of Ectocarpus siliculosus miRNA genes (73 instances) were 
downloaded from miRBase (Kozomara & Griffiths-Jones, 2014). Targets of these miRNAs 
where then predicted using TAPIR (Bonnet et al, 2010) in precise mode, using the default 

http://www.webgestalt.org/GOView/
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parameters. If a certain miRNA had more than 5 target genes, the target gene set was tested 
for GO-category enrichment using the same method as described above.  

Repeats were detected using RepeatMasker (v4.0.5, www.repeatmasker.org) with the default 
settings. The target species was set to Ectocarpus siliculosus for both species, as E. subulatus 
was not recognised by RepeatMasker. 

7.6. Scripts and data storage 

Most scripting was performed using Python 3.5. Matplotlib (Hunter, 2007) was used to create 
plots, Pandas (McKinney, 2010), NumPy, and SciPy (van der Walt et al, 2011) were used for 
data handling and calculating summary statistics. Scripts, and basic software output can be 
retrieved from GitHub (https://github.ugent.be/brdannee/Thesis_Scripts). All raw and 
processed data and scripts are stored on the ‘midas’ PSB server (/scratch/ectocarpus/brdan/), 
and can be requested from Bram Danneels (bram.danneels@ugent.be) or Dr. Lieven Sterck 
(liste@psb.ugent.be). 

http://www.repeatmasker.org/
https://github.ugent.be/brdannee/Thesis_Scripts
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