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Abstract
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Acta Universitatis Upsaliensis. ISBN 978-91-513-2028-1.

Organisms throughout the tree of life have evolved distinct ways to regulate gene expression.
Some of these processes involve non-coding RNAs (ncRNAs), which are not translated but
functional nonetheless. These ncRNAs are of utmost importance, with dysregulation of some
causing severe developmental effects or even being lethal.

In order to get a better fundamental understanding of gene regulation, and the ncRNAs that
evolved to regulate gene expression, we study this in Amoebozoa. Members of this taxon vary
greatly in lifestyle and organismal complexity. Some are strictly unicellular, free-living, whereas
others, such as the social amoeba Dictyostelium discoideum can transition between unicellular
and multicellular lifestyles.

D. discoideum features a variety of small ncRNAs. Among these are the microRNAs.
microRNAs have mostly been studied in plants and animals, where they are believed to
have evolved convergently, and hypothesized to have played a role when these taxa evolved
multicellular lifestyles. At what point the D. discoideum microRNAs evolved, how they
function, and if they are involved in its multicellular lifestyle are fundamental questions
addressed in this thesis.

Here, we studied the evolution and function of microRNAs in a broad set of species belonging
to Amoebozoa. We could identify microRNAs in all studied amoebae, and concluded that
they are probably not involved in the evolution of multicellularity. To in detail investigate the
evolution of microRNAs, we performed comparative genomics using D. discoideum and the
close relative Dictyostelium firmibasis. For this, we sequenced, assembled and annotated the
genome of the latter. At this point, our findings suggest that the microRNAs evolved several
times in Amoebozoa, although we cannot rule out if they have a deep evolutionary history.

The Class I RNAs are another type of ncRNAs. These, on the other hand, are only present
in the social amoebae. They are hypothesized to regulate the transition from unicellular to
multicellular in these species, potentially in a post-transcriptional manner. In order to investigate
this, it is essential to understand to what extent the proteome and transcriptome correlate. Hence,
we performed paired transcriptomics and proteomics in a time-series during multicellular
development. By including a strain in which a specific Class I RNA is knocked out, we have
initiated studies of its role during the transition to multicellularity.

In conclusion, we were able to answer broad evolutionary and functional questions about
gene regulation and ncRNAs by studying Amoebozoa from genome to proteome.
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Introduction 

Gene expression is the translation of genomic information into functional gene 
products. Gene regulation in turn, controls gene expression – how much of a 
given gene product is synthesised from the genetic information. It is gene reg-
ulation which explains that it is possible to have a variety of different cell 
types in a multicellular organism, all with the exact same genetic information. 
Additionally, gene regulation is what allows organisms to adapt to the chal-
lenges they may encounter, such as changing environments. Over the last 1.5 
billion years, all extant eukaryotes evolved from the last eukaryotic common 
ancestor (LECA), and also evolved unique ways to control gene expression 
(Betts et al. 2018). Gaining a deeper understanding of gene regulation in a 
wide range of organisms is at the heart of biology, and leads to important sci-
entific breakthroughs enhancing our and future lives. 

In this work, we have studied gene regulation in a number of amoebae. By 
sequencing genomes, transcriptomes and proteomes, and investigating path-
ways in-depth, we were able to enhance our understanding of the evolution 
and function of a variety of gene regulatory processes, and provide the scien-
tific community with new tools which may facilitate future studies.  

Non-coding RNA 
Many of the key players in gene regulation are proteins, such as transcription 
factors, histones and RNA-binding proteins. It is, however, becoming increas-
ingly clear that so called non-coding RNAs (ncRNAs) also play key roles at 
all facets of gene regulation. These are RNAs which are not translated into 
proteins, but which might still fulfil a function.  

ncRNAs come in many flavours. The ribosomal RNAs (rRNAs) and trans-
fer RNAs (tRNAs) can be considered the earliest discovered ncRNAs. Small 
nuclear RNAs (snRNAs) form the core of the spliceosome (Matera, Terns, and 
Terns 2007). Small nucleolar RNAs (snoRNAs) catalyse RNA modifications 
on the beforenamed rRNAs, tRNAs and snRNAs (Watkins and Bohnsack 
2012). snoRNAs can be divided into two classes, both with a characteristic 
secondary structure: the box C/D snoRNAs, which catalyse methylation of the 
target, and the box H/ACA snoRNAs, which direct pseudo uridylation of the 
target (Watkins and Bohnsack 2012). Long non-coding RNAs (lncRNAs) are 
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a broad class of non-coding transcripts, which are larger than 200 nucleotides 
(nt) and may or may not be spliced (Mattick et al. 2023). lncRNAs rapidly 
evolve, and there is a great number of them, with approximately 20,000 anno-
tated lncRNA genes in the GENCODE human reference annotation (Frankish 
et al. 2023; Uszczynska-Ratajczak et al. 2018). Only a fraction of the anno-
tated lncRNAs have thus far been shown to be functional (Mattick et al. 2023). 
Several of the functional lncRNAs however regulate gene expression. Some 
do so by affecting transcription in various ways, whereas others function in a 
post-transcriptional manner (Statello et al. 2021). Other ncRNAs which can 
affect gene expression in many ways are classes of small ncRNAs between 20 
and 30 nt in size, discussed in more detail below. 

Small ncRNAs 
RNA interference (RNAi) is a process in which small RNAs (20 to 30 nt long) 
are generated from double stranded RNA (dsRNA). These generated small 
RNAs are then utilized by the cell to target and regulate transcripts (Fire et al. 
1998). The small RNAs are bound by Argonaute proteins (or derivatives), 
which conveys the effector function (Hutvagner and Simard 2008). RNAi was 
initially studied by introducing dsRNA exogenously. The researchers realised, 
however, that this system of Argonaute proteins and small RNAs, likely 
evolved to regulate genes with small RNAs processed from endogenous 
dsRNA (Fire et al. 1998). Indeed, it is now clear that there are multiple types 
of small ncRNAs processed from endogenous dsRNA, which are bound by 
Argonaute proteins and which perform a plethora of functions (Czech and 
Hannon 2011; Sharp 2001). 

siRNAs 
Small interfering RNAs (siRNAs) were discovered alongside RNAi, and can 
be generated from exogenously introduced dsRNA or endogenous dsRNA 
(Claycomb 2014). There are generally no individual siRNA genes, but a mul-
titude of siRNAs are generated from longer dsRNA. Because many siRNAs 
target viruses and mobile genetic elements, they are thought to have evolved 
to maintain genome integrity.  

Biogenesis 
Most siRNAs are processed from perfectly paired dsRNA by a Dicer (-like) 
protein. The dsRNA can be generated in various ways. For instance, two com-
plementary RNA strands can be synthesized by bidirectional transcription of 
a locus, or by transcription of complementary RNA from separate loci which 
pair to form dsRNA (Fig. 1). Alternatively, a single mirrored transcript can 
fold into a long perfectly paired hairpin (Claycomb 2014). The short, ~22 nt 
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dsRNAs, which result from Dicer processing, are then further processed by 
Argonautes, which results in a single stranded siRNA (see below). In verte-
brates and most insects, which do not feature RNA dependent RNA polymer-
ases (RdRPs) (Cerutti and Casas-Mollano 2006; Pinzón et al. 2019), this is the 
main source of endogenous siRNAs (Claycomb 2014). Another mechanism 
of generating dsRNA, is by amplifying a complementary RNA strand from 
single-stranded RNA by RdRPs (Fig. 1), which is how the plant phased siR-
NAs, as well as the Caenorhabditis elegans 26G-RNAs are generated 
(Claycomb 2014; Yuanlong Liu et al. 2020). In some cases, like the C. elegans 
22G-RNAs, the single stranded siRNAs are generated directly by RdRPs, in-
dependent of Dicer(-like) proteins (Vasale et al. 2010).  

Mode of action 
The short double stranded siRNA-precursors are further processed by Argo-
naute proteins: one strand is cleaved and discarded, and the other strand incor-
porated into the Argonaute protein (Matranga et al. 2005). The complex which 
forms when the siRNA is bound by an Argonaute protein, is known as the 
RNA induced silencing complex (RISC, Fig. 1) (Fagard et al. 2000; Hutvagner 
and Simard 2008; Meister 2013). The RISC utilizes the guide siRNA to bind 
a target RNA with perfect complementarity – often a copy of the dsRNA it 
was generated from. The target RNA is then “sliced” by the Argonaute cata-
lytic site, initiating degradation (Fig. 1) (Claycomb 2014; Meister et al. 2004; 
Rivas et al. 2005).  

Evolution 
The RNAi machinery which generates the siRNAs is widespread throughout 
eukaryotic evolution (Cerutti and Casas-Mollano 2006). Some components of 
the RNAi machinery are missing in some organisms, with Saccharomyces 
cerevisiae notably lacking all, but the general consensus is that the LECA fea-
tured a fully functioning RNAi machinery and might have utilised siRNAs for 
defence against exogenous and endogenous threats to genome integrity 
(Cerutti and Casas-Mollano 2006).  
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Fig. 1 | Biogenesis and function of siRNAs. dsRNA that can be generated in various 
ways, is processed into siRNA duplexes. The guide siRNAs are loaded into Argo-
nautes to form RISCs, which base pair to the target RNA and slice it via the Argonaute 
protein. 

miRNAs 
microRNAs (miRNAs) are small, ~21nt long, ncRNAs that have been exten-
sively studied over the last 20 years. miRNAs resemble the siRNAs, but in 
contrast, are always endogenously transcribed as a short precursor hairpin and 
subsequently processed into a single small RNA duplex. The first miRNA to 
be discovered was lin-4, in C. elegans (Lee, Feinbaum, and Ambros 1993). 
This was soon followed by more miRNAs discovered (Lau et al. 2001; Lagos-
Quintana et al. 2001; Lee and Ambros 2001). Currently, in humans alone, 567 
individual miRNAs have been described with high confidence (Fromm, Høye, 
et al. 2022). miRNAs are key regulators of gene expression, believed to regu-
late the majority of all human protein-coding genes (Friedman et al. 2009). 
The importance of miRNAs is exhibited upon dysregulation or loss of even 
single miRNA genes. In animals, disruption of miRNAs was shown to cause 
developmental defects and lead to serious conditions such as immune disor-
ders and cancer (Bartel 2018). Besides animals, miRNAs are also present in 
plants. In analogy to animals, loss of miRNAs in plants is similarly associated 
with developmental defects (Jones-Rhoades, Bartel, and Bartel 2006). Owing 
to their importance, a thorough understanding of the function and evolution of 
miRNAs is vital. 
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Biogenesis 
miRNA biogenesis starts with endogenous transcription of a larger pri-
miRNA by, in most cases, RNA Polymerase II (Borchert, Lanier, and 
Davidson 2006; Xie et al. 2005). The transcript folds into an imperfectly 
paired hairpin structure (Lee, Feinbaum, and Ambros 1993), which is then 
processed in two steps, first by cleavage of 5’ and 3’ ends forming the pre-
miRNA, followed by removal of the loop, resulting in the miRNA-duplex 
(Fig. 2a). In animals the first step is performed by the nuclear localised micro-
processor with Drosha at the heart, and next by Dicer which is cytoplasmic 
(Fig. 2a). Both Drosha and Dicer are RNase III enzymes. In plants, the Dicer-
like (DCL) proteins perform both maturation steps in the nucleus (Fig. 2a), 
with the majority of miRNAs processed by DCL1 in Arabidopsis thaliana 
(Axtell, Westholm, and Lai 2011; Moran et al. 2017). The resulting miRNA-
duplex from both animal and plant miRNAs consists of two ~21 nt long 
ncRNAs, referred to as the miRNA-5p and miRNA-3p (Fig. 2b, c). These are 
bound to each other by base pairing, with characteristic 2 nt 3’ overhangs. 
Additionally, in plants but not animals, the 3’ ends of the miRNA-duplex are 
2’-O-methylated by HEN1 (Voinnet 2009). The miRNA-duplex is then bound 
by an Argonaute protein, which discards one of the strands (the passenger 
strand or miRNA*), and selects the miRNA (the guide strand), forming the 
RISC.  

There are some key differences in the miRNA biogenesis which distinguish 
them from siRNAs processed from hairpin structured RNAs. The pri-miRNAs 
are transcribed from distinct loci on the genome, they form relatively short 
hairpins, usually with several bulges or unpaired nucleotides, and a single 
miRNA-duplex is processed from each hairpin. In contrast, the RNA hairpins 
which give rise to siRNAs are longer, perfectly paired, and generate numerous 
different small RNAs (Fig. 1, Fig. 2) (Bartel 2004). It should be noted that in 
some cases, miRNA duplexes are generated with a slight 5’ or 3’ difference 
from the “reference”, however these so called isomiRs are not randomly gen-
erated and are of biological importance since they have a shifted seed and 
distinct targets (Morin et al. 2008; Telonis et al. 2015).  

Mode of action 
Binding of the small RNA by an Argonaute forms a RISC both for siRNAs 
and miRNAs. In many organisms, however, specific Argonautes bind specific 
classes of small non-coding RNAs which affects their mode of action (Czech 
and Hannon 2011; Meister 2013). Additionally, for plants and animals, where 
miRNA targeting is most extensively studied, the way in which miRNAs bind 
and downregulate their targets differs (Axtell, Westholm, and Lai 2011).  

Plants commonly feature multiple Argonautes: A. thaliana for example has 
10 whilst rice (Oryza sativa) features 19. Of these, it is the A. thaliana AGO1, 
or an ortholog thereof, which binds the miRNAs (Fang and Qi 2016). This 
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Argonaute has a functional catalytic domain and can cleave target RNAs 
through binding of the associated miRNA. The first reports of miRNA targets 
in plants featured extensive or full complementarity to the target (Fig. 2b), and 
loss of complementarity was paired with a loss of target cleavage (Llave et al. 
2002; Rhoades et al. 2002). More recent work suggests that many of the in-
vivo plant miRNA targets do feature mismatches and even showed examples 
of miRNAs where targets with mismatches were regulated to a greater extent 
than those with perfect complementarity (Q. Liu, Wang, and Axtell 2014). It 
is not uncommon for conserved targets to feature up to 5 mismatches, espe-
cially at the 3’-end of the miRNA (J. Liu et al. 2021). Still, extensive comple-
mentarity is required for plant miRNA targeting, with mismatches in the 5’-
end of the miRNA especially impeding target binding (Axtell and Meyers 
2018; Wang, Mei, and Ren 2019; J. Liu et al. 2021). Many of the plant miR-
NAs target coding regions and reduce the target mRNA levels through cleav-
age, however translational repression also occurs, for instance by miRNAs 
targeting 5’ untranslated regions (UTRs) of transcripts, which blocks ribo-
some recruitment (Song et al. 2019). 

In contrast to the targeting in plants, in most bilaterian animals targeting 
with extensive complementarity and cleavage of the target mRNA is rare 
(Bartel 2018). Not only are many of the animal miRNA-associated Argo-
nautes slicer-defective, the majority of bilaterian miRNA-mRNA targets also 
mainly depend on the miRNA “seed region” (miRNA nucleotides 2-8), and 
only in atypical cases do the miRNAs additionally pair with the 3’ region (Fig. 
2c) (Bartel 2018). Target sites for animal miRNAs were discovered in the 3’ 
UTRs of target mRNAs shortly after their discovery, and this appears to be 
the dominant mode of action (Fig. 2c) (Moss, Lee, and Ambros 1997; Reinhart 
et al. 2000). The seed-based targeting in 3’UTRs of vertebrates is also re-
flected in how the miRNAs and their targets have evolved. Often, the seed 
sequence of the miRNAs is the most conserved, and their target mRNAs fea-
ture conserved complementary sequences in the 3’UTR (Lewis, Burge, and 
Bartel 2005). Following binding of the animal miRNA-RISCs to the 3’ UTR, 
the target may be deadenylated and degraded, or it may cause translational 
inhibition (Axtell, Westholm, and Lai 2011). In the cnidarian sea anemone 
Nematostella vectensis, targeting appears to be more similar to that in plants, 
with extensive complementarity and cleavage of the target, suggesting that 
“seed targeting” might be a bilaterian invention (Moran et al. 2017; Fridrich 
et al. 2020). 
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Fig. 2 | miRNA biogenesis and function in animals and plants. a miRNA biogen-
esis and function shown in animals and plants to highlight their differences and com-
monalities. Biogenesis starts with transcription of a longer pri-miRNA which folds 
into a hairpin structure. They are processed by the indicated proteins (or homologs 
thereof). Characteristic mRNA targeting is shown with seed complementarity in the 
3’UTR for Animals, and complete complementarity in the CDS for Plants. Processing 
and targeting are shown from top to bottom. Examples of processing and targeting of 
miRNAs in animals and plants, are shown in b and c, respectively. b, c Processing of 
the C. elegans miRNA lin-4 and A. thaliana miRNA miR156 are shown with their 
mRNA targets (here lin14 and SPL3, respectively). Paired nucleotides shown in close 
proximity, unpaired as bulges. The cleavage sites on the pri-miRNA and pre-miRNA 
are indicated with dashed lines, together with the protein performing the maturation. 

Criteria for miRNA annotation 
Because the miRNAs are similar to siRNAs and other small RNAs, mis-an-
notation is common (Tarver, Donoghue, and Peterson 2012). In response, 
there have been many reports that advocate caution when annotating miRNAs, 
and various studies have put forward new (sets of) criteria to annotate bona-
fide miRNAs and avoid mis-annotation (Ambros et al. 2003; Meyers et al. 
2008; Tarver, Donoghue, and Peterson 2012; Taylor et al. 2014; Kozomara 
and Griffiths-Jones 2014; Axtell and Meyers 2018; Kozomara, Birgaoanu, and 
Griffiths-Jones 2019; Fromm et al. 2020; Fromm, Zhong, et al. 2022). Gener-
ally, these sets of criteria aim to ensure that i) a potential pri-miRNA forms a 
hairpin structure with specific energy and mismatch requirements, ii) both the 
miRNA-5p and miRNA-3p are expressed and identified and map to the hair-
pin with 2nt 3’ overhangs (Fig. 2b, c), iii) the miRNAs are precisely cleaved 
from the hairpin without additional small RNAs formed, and iv) the miRNAs 
are not generated from other larger structured non-coding RNAs (discussed in 
more detail below).  

It should be noted that some small RNAs, which function similarly to miR-
NAs, can be generated in ways that do not adhere to these criteria, known as 
noncanonical miRNAs (Bartel 2018). One such example are the so called 
mirtrons – miRNAs processed from introns (Okamura et al. 2007). In those 
cases, a pre-miRNA can result from splicing, and thus the initial maturation 
step (from pri-miRNA to pre-miRNA) is not required (Axtell, Westholm, and 
Lai 2011).  

miRNAs everywhere? 
Currently, the species in which miRNAs have been identified that hold up to 
scrutiny belong to the Bilateria (Lee, Feinbaum, and Ambros 1993; Reinhart 
et al. 2000; Fromm, Høye, et al. 2022), Cnidaria (Grimson et al. 2008; Moran 
et al. 2014), Porifera (Grimson et al. 2008), Ichthyosporea (Bråte et al. 2018), 
land plants (Reinhart et al. 2002; Taylor et al. 2014), green algae (Molnár et 
al. 2007; Zhao et al. 2007; Voshall et al. 2015), brown algae (Cock et al. 2010; 
2017; Tarver et al. 2015), dinoflagellates (Baumgarten et al. 2013; Lin et al. 
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2015), and social amoebae (Hinas et al. 2007; Avesson et al. 2012) (Fig. 3). 
Between these taxa, only Bilateria and Cnidaria feature common conserved 
miRNAs (Fig. 3) (Grimson et al. 2008; Voshall et al. 2017). 

 
Fig. 3 | Phylogeny of the taxa which feature bona fide miRNAs. Presence of the 
miRNAs indicated red, with the link between Bilateria and Cnidaria red to indicate 
the presence of conserved miRNAs between these taxa. Phylogeny and approximate 
divergence times (in million years ago; Mya) based on (Strassert et al. 2021). Protists 
are not a natural clade but instead used to group (mostly) unicellular eukaryotes out-
side of animals, plants and fungi.  

piRNAs 
A third class of small ncRNAs are the piRNAs. piRNAs are 21-35 nt long, 
RNAs, thus far only discovered in animals (Grimson et al. 2008), which bind 
the PIWI proteins (Ozata et al. 2019). Just like plant miRNAs and siRNAs, 
the piRNAs are 2’-O-methylated by Hen1 to protect them from degradation 
and enhance binding by the PIWI proteins (Ozata et al. 2019). They are in-
volved in germline genome stability, by inhibiting expression of transposable 
elements. The piRNAs can do so post-transcriptionally, by base pairing to 
transposable element RNA and hereby inducing cleavage of the target by the 
bound PIWI protein (Ozata et al. 2019). Alternatively, piRNAs can affect 
transposon expression transcriptionally by directing methylation of the trans-
posable element DNA or methylation of the histones (Ozata et al. 2019).  
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Small RNAs from other structured non-coding RNA 
Besides the abovenamed small ncRNAs, some small RNAs are generated 
from other larger structured ncRNAs such as tRNAs, rRNAs, and snoRNAs 
(Lambert, Benmoussa, and Provost 2019; Su et al. 2020; Taft et al. 2009). 
These fragments seem to be stabilized, bound by Argonaute proteins, and have 
a wide range of functions, and are not unspecific by-products of degradation 
or maturation of other RNAs (Kumar, Kuscu, and Dutta 2016; Röther and 
Meister 2011). Biogenesis of various small RNAs derived from longer 
ncRNAs depends on (some of) the same machinery as the miRNA maturation 
machinery, and are sometimes considered noncanonical miRNAs (Bartel 
2018). Notably, however, some of these appear to bypass biogenesis by the 
miRNA machinery entirely (Su et al. 2020).  

The presence of small RNAs generated from longer ncRNAs appears to be 
as widespread as the presence of their larger counterparts, spanning the entire 
tree of life (Kumar, Kuscu, and Dutta 2016; Saraiya and Wang 2008). For 
them to function by guiding a RISC however, requires binding to an Argo-
naute protein.  

ncRNAs and Organismal Complexity 
Although all extant organisms have been successful over the course evolution, 
some intuitively seem more complex than others. However, complexity in bi-
ology is rather hard to define precisely (Wolf, Katsnelson, and Koonin 2018). 
Some organisms are able to perform more functions, and quantifying the num-
ber of functions an organism can perform might be a good measure of com-
plexity, but “functions” themselves are hard to define and quantify (Adami 
2002; McShea 2000). One measure used to quantify complexity is the number 
of cell types an organism is made up of, also defined as organismal complexity 
(Schad, Tompa, and Hegyi 2011; Yang, Lusk, and Li 2003). 

There have been attempts to study the correlation of organismal complexity 
with features of the cells or genome. For instance, it was hypothesized that 
organismal complexity could be linked to the amount of cellular DNA content 
(C-value). However, there is no clear correlation, known as the C-value para-
dox (Thomas 1971). Additionally, while a correlation exists between the num-
ber of protein-coding genes and organismal complexity, inconsistencies here 
exist as well, referred to as the G-value paradox (Hahn and Wray 2002; Schad, 
Tompa, and Hegyi 2011). By studying the amount of the genome that is non-
protein-coding as opposed to protein-coding, a clear correlation could be ob-
served with regards to organismal complexity (G. Liu, Mattick, and Taft 2013; 
Taft, Pheasant, and Mattick 2007). Although this non-coding DNA was ini-
tially considered “junk”, we presently know that 75% of the human genome 
is transcribed (Djebali et al. 2012). Considering that only 3% of the human 
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genome contains exons of protein-coding genes, it is clear that a tremendous 
number of ncRNAs are produced (Dunham et al. 2012). It is not unlikely that 
ncRNAs regulate many of the processes or functions which appeared during 
the evolution of highly complex organisms. 

miRNAs and the Evolution of Multicellularity 
One of the small ncRNAs which could have played a role in evolution of or-
ganismal complexity is the miRNA. The great majority of miRNAs have been 
discovered in plants and animals, the lineages with some of the most complex 
organisms (Kozomara, Birgaoanu, and Griffiths-Jones 2019). The key differ-
ences in miRNA biogenesis between plants and animals (Fig. 2), have led to 
the idea that they independently adapted and expanded the RNAi machinery 
to start producing not only siRNA, but also miRNAs, and utilize them to reg-
ulate their gene expression (Jones-Rhoades, Bartel, and Bartel 2006). Addi-
tionally, no miRNA sequences have been found to be conserved between an-
imals and plants, further arguing for the convergent evolution theory. In ani-
mals, mir-100/mir-10 is the deepest conserved, which is present in Cnidaria 
and Bilateria (Grimson et al. 2008). Drosha, which performs the first step in 
animal miRNA maturation (Fig. 2), is thought to have evolved early in holo-
zoan evolution, before the Ichthyosporea split from the lineage containing the 
animals (Fig. 3) (Bråte et al. 2018). This suggests that miRNA-mediated gene 
regulation might have been present in the unicellular ancestor of the animals. 
In plants, the miRNA might have been present before the green algae split 
from the land plants, but there are no miRNAs conserved between the green 
algae and land plants (Voshall et al. 2017). Combining the evolution of the 
miRNAs and the fact that many play key roles in development and morphol-
ogy, it is not unlikely that miRNAs could have played a role in the evolution 
of multicellularity (Bartel 2004; K. Chen and Rajewsky 2007; Peterson, 
Dietrich, and McPeek 2009; Tarver et al. 2015). It should be noted however 
that miRNAs have not been detected in Ctenophora and Placozoa multicellu-
lar animals (Bråte et al. 2018; Grimson et al. 2008; Maxwell et al. 2012). Ad-
ditionally, since the discovery of miRNAs, the number of reports of miRNAs 
in protists has grown (Fig. 3). Some with multicellular lifestyles such as the 
brown algae, and D. discoideum social amoeba (Avesson et al. 2012; Cock et 
al. 2010; 2017; Hinas et al. 2007; Tarver et al. 2015), but some which are 
exclusively unicellular (Baumgarten et al. 2013; Lin et al. 2015; Molnár et al. 
2007; Voshall et al. 2015; Zhao et al. 2007). Presence of miRNAs in protists 
and potential lack of miRNAs in some animals calls into question if they are 
linked to multicellularity.  
To study the questions regarding links between small regulatory RNAs and 
the evolution of multicellularity and organismal complexity, we studied spe-
cies belonging to Amoebozoa. 
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Amoebozoa 
One taxon with organisms which show great variety in organismal complexity 
and lifestyle, is the Amoebozoa. Some of the protists in this lineage are exclu-
sively unicellular and may feature parasitic lifestyles, whereas others can tran-
sition from free-living, feeding on bacteria, to multicellular organisms. Since 
they evolved such distinct lifestyles, they form an intriguing set of species to 
study, especially since it is expected that they repurposed and invented many 
gene-regulatory pathways to suit these lifestyles. Of particular interest for us, 
is how they evolved and diversified their ncRNA repertoire, and what roles 
these ncRNAs play.  
The Amoebozoa are part of the Amorphea which also contains the animal and 
fungi lineages. It diverged after the plant-animal split and members of the 
Amoebozoa retained much of the ancestral genome, making them interesting 
models to study evolution of the eukaryotes. Additionally, they are relatively 
easy to grow and manipulate in laboratory environments. 

Acanthamoeba 
Within the Amoebozoa are a number of (opportunistic) parasites. Among 
these are the Acanthamoeba, which can cause blinding keratitis and fatal gran-
ulomatous encephalitis. They feature an actively growing trophozoite stage 
and a dormant cyst stage to which they transition upon exposure to harsh con-
ditions (Bernard et al. 2022). The trophozoites may be free-living, feeding on 
microorganisms, but they also feature parasitic lifestyles, given the chance 
(Siddiqui and Khan 2012). 

In Acanthamoeba keratitis, the trophozoites first bind to the corneal epithe-
lium, especially if it features abrasions (Clarke and Niederkorn 2006; Khan 
2006). Acanthamoeba spp. then degrade the corneal epithelium and next enter 
and degrade the corneal stroma, where they can cause loss of vision (Clarke 
and Niederkorn 2006). In Acanthamoeba granulomatous encephalitis, the 
Acanthamoeba spp. are thought to enter through the respiratory tract of im-
munocompromised patients, invading the alveolar blood vessels and entering 
the central nervous system through the blood-brain barrier (Siddiqui and Khan 
2012). There is no recommended treatment, and most cases of Acanthamoeba 
granulomatous encephalitis are fatal (Siddiqui and Khan 2012). Finally, Acan-
thamoeba spp. may host a variety of microorganisms which can resist amoeba-
mediated killing. These microorganisms, which themselves might be patho-
genic, can utilize the Acanthamoeba as a “Trojan horse”, evading harsh envi-
ronments and drugs (Mungroo, Siddiqui, and Khan 2021). 

Currently, not much is known about the small ncRNA population in Acan-
thamoeba species. Gene silencing by introducing exogenous siRNAs into 
Acanthamoeba castellanii, and Acanthamoeba healyi has been successful and 
demonstrates they have the ability to form siRNA-RISCs (Lorenzo-Morales 
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et al. 2005; 2008; Moon et al. 2008; 2009). Extensive searches for small 
ncRNAs in Acanthamoeba, have yet to be performed.  

Physarum polycephalum 
Species within the amoebozoan taxon Myxogastria, have the ability to form 
giant multinucleate cells – also known as plasmodia – by mitosis without cell 
division (Fiore-Donno et al. 2010). One of the most extensively studied myx-
ogastrians is Physarum polycephalum (Oettmeier, Brix, and Döbereiner 
2017). This relatively simple organism has been able to solve sophisticated 
challenges, such as navigating mazes and constructing efficient railroad net-
works (Nakagaki, Yamada, and Tóth 2000; Tero et al. 2010). 

The life cycle of P. polycephalum (reviewed by Le Verge-Serandour and 
Alim 2024) starts from the haploid amoeba stage. It can freely move and orient 
itself based on external stimuli such as food, light or temperature. Alterna-
tively, two amoebae may fuse, forming a diploid zygote, which is the start of 
the formation of the plasmodium. The zygote will grow without cytokinesis 
and can form plasmodia consisting of an ectoplasm or outer wall containing 
the endoplasm, or inner fluid. The plasmodium can migrate and explore the 
surface, by controlling the flow of endoplasm through veins. This in turn in-
flates and deflates the outer edges of the network, causing them to protrude 
and retract. It leaves extracellular slime in previously explored areas, allowing 
it to avoid these during subsequent migration and enabling efficient explora-
tion. When it finds multiple nutrient sources, it is able to connect to these and 
retains vital connections while retracting unnecessary parts. In laboratory en-
vironments, with sufficient food, plasmodia have been observed to reach large 
sizes, spreading over several square meters (Oettmeier, Brix, and Döbereiner 
2017). When a plasmodium runs out of nutrients or dries out, it can form a 
dormant sclerotium. Alternatively, if exposed to light, the plasmodium can 
differentiate into a sporangium, consisting of fruiting bodies with hundreds of 
haploid spores each. These spores may spread to favourable conditions where 
they will hatch into new haploid spores (Le Verge-Serandour and Alim 2024).  

Some ncRNAs have been reported and annotated in P. polycephalum 
(Schaap et al. 2016), however these are based on mitochondrial RNA from 
another study (Bundschuh et al. 2011), and are thus not be fully representative 
of the whole ncRNA population of P. polycephalum. In addition, a wide vari-
ety of potential miRNA-producing loci were predicted, however expression 
was not shown and more evidence is necessary to test whether P. polycepha-
lum produces miRNAs (Schaap et al. 2016). Similar to Acanthamoeba, knock-
down of genes has been performed by introducing exogenous siRNAs, 
demonstrating a potentially active RNAi machinery (Haindl and Holler 2005; 
Thiriet 2022). 
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Dictyostelids 
The dictyostelids or social amoebae have been extensively studied over the 
last century (Brefeld 1869; Devreotes 1989; Eichinger et al. 2005; Loomis 
2014; Raper 1935). These haploid amoebae feed on bacteria, and show so-
phisticated behaviours while free-living, but these social amoebae become 
truly fascinating once they run out of food. Upon starvation, they signal each 
other to stream together into aggregates of approximately 105 cells. Next, each 
aggregate develops through defined morphological stages to eventually form 
one or several fruiting bodies, in which spores are lifted by stalks, in hopes of 
dispersal to more favourable conditions (Kessin 2001; Kin and Schaap 2021). 
Well over a hundred different dictyostelids species have been isolated, which 
are generally classified into four main phylogenetic groups with distinct mor-
phologies and developmental programmes (Fig. 4) (Schaap et al. 2006; 
Schilde et al. 2019; Sheikh et al. 2018).  

The group 1 dictyostelids (Cavenderia spp.) aggregate through use of the 
chemoattractant glorin (Romeralo et al. 2013; Shimomura, Suthers, and 
Bonner 1982). The cells in resulting mounds or streams differentiate into pre-
spore or prestalk cells. The prestalk cells will sacrifice themselves to form the 
stalk which lifts the spores, formed by the prespore cells (Du et al. 2015). 
Group 1 dictyostelids form relatively small fruiting bodies, and produce the 
smallest spores of all dictyostelids. The most well-studied group 1 dictyostelid 
is Dictyostelium fasciculatum (Cavenderia fasciculata), whose genome has 
been fully sequenced and annotated (Heidel et al. 2011).  

Group 2 dictyostelids have been subdivided into clades 2A and 2B, with 
distinct phenotypes and development (Romeralo et al. 2013; Schilde et al. 
2019; Sheikh et al. 2018). The clade 2B dictyostelids (Heterostelium spp.) ag-
gregate and develop similarly to the group 1 dictyostelids, but result in tall 
fruiting bodies which feature regular whorls, with each branch carrying spores 
at the tip. The clade 2A dictyostelids (Acytostelium ssp.) however do not dif-
ferentiate into prestalk cells during development. They instead collectively 
construct a cellulose stalk and all sporulate (Mohri et al. 2013). The clade 2A 
dictyostelids form the smallest fruiting bodies, and large round spores. The 
most extensively studied clade 2A and 2B species are Acytostelium subglo-
bosum and Polysphondylium pallidum (Heterostelium pallidum), respectively, 
whose genomes have been sequenced and annotated (Heidel et al. 2011; 
Urushihara et al. 2015). 

Groups 3 and 4 are thought to share a common ancestor which split from 
the group 1-2 ancestor. However, while the group 3 dictyostelids develop sim-
ilarly to the amoebae in group 1, the group 4 dictyostelids show clear devia-
tions. While all dictyostelids use cyclic AMP (cAMP) signalling molecules 
during fruiting body development, the group 4 dictyostelids also utilise cAMP 
to signal aggregation. Additionally, for some group 4 species, the multicellular 
aggregates can differentiate into “slugs” which are fully motile and allow the 



 

 25 

multicellular organism to crawl around in search of favourable conditions 
(Romeralo et al. 2013). Each slug then forms a single fruiting body, where 
some of the prestalk cells further differentiate into cup cells or basal disc cells, 
defining their role in morphogenesis of the stalk (Kin et al. 2018). The ge-
nomes of Dictyostelium lacteum (Tieghemostelium lacteum) and Dictyoste-
lium discoideum, which belong to group 3 and 4, respectively, have been se-
quenced and annotated (Eichinger et al. 2005; Glöckner et al. 2016). 

Research in the social amoebae has been mainly focussed on the model 
organism D. discoideum, and it is also in this species where the majority of 
ncRNAs have been described, discussed in more detail below. 

 
Fig. 4 | Phylogeny of dictyostelids within Amoebozoa. Visualisation of the four dic-
tyostelid phylogenetic groups, with representative organisms and their different de-
velopmental phenotypes, following aggregation. Divergence times for Amoebozoa 
are based on Kin and Schaap 2021, and divergence times for the other included taxa 
are based on Strassert et al. 2021. 
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The model organism Dictyostelium discoideum 
D. discoideum was isolated from the forest floor in North Carolina about 90 
years ago (Raper 1935). It has proven to be an excellent model because it can 
easily be grown and manipulated in laboratory environments, and due to its 
peculiar life cycle (Devreotes 1989). D. discoideum was also among the first 
protists with a fully sequenced genome (Eichinger et al. 2005). This fairly 
simple amoeba has been used to study (the evolution of) complex behaviours 
such as cooperation, altruism and cheating (Mathavarajah et al. 2021; 
Ostrowski 2019; Strassmann and Queller 2011). Furthermore, it has been stud-
ied as a model for bacterial infections and to uncover the molecular mecha-
nisms behind biological processes such as chemotaxis and phagocytosis 
(Dunn et al. 2018; Insall 2010; Kjellin et al. 2019; Vines and King 2019). 

D. discoideum tightly regulates its self-assembly into aggregates and de-
velopment into fruiting bodies with various signalling pathways (Fig. 5), 
which have been extensively studied (Loomis 2014). Starting as single celled 
amoebae, D. discoideum cells make use of the secretion of a glycoprotein 
called Prestarvation Factor (PSF) to monitor cell concentrations and promote 
aggregation (Fig. 5). The response to PSF is however downregulated by the 
presence of bacteria to ensure aggregation is only initiated upon starvation. 
Once all bacteria have been consumed, PSF induces the expression of yakA, 
which is essential for multicellular development. YakA, in turn upregulates 
the expression of the cAMP receptor 1 (CAR1) and production of cAMP (Fig. 
5). cAMP is secreted into the environment and bound by CAR1 which also 
promotes cAMP production in a positive feedback loop. The surrounding cells 
sense the high concentration of cAMP and both propagate the cAMP signal 
and move up the cAMP gradient, causing streaming together of the cells over 
a large area, to form aggregates and eventually mounds (Fig. 5). It is within 
these mounds where the differentiation into two populations of cell types can 
be observed; the cells which will become the spores (prespore cells, yellow; 
Fig. 5) and the cells which will become the stalk (prestalk, blue; Fig.5), each 
with a distinct transcriptome (Antolović et al. 2019). The prestalk cells, which 
will localise towards the tip of the mound, will direct the elongation of the 
mound into a slug by secretion of cAMP (Z. Chen and Schaap 2015). In the 
slug, the two cell types each occupy a separate part of the slug, with most 
prestalk cells at the posterior and prespore cells at the anterior. The prestalk 
cells further differentiate into basal disc cells, stalk cells, lower cup cells or 
upper cup cells by the Differentiation Inducing Factor (DIF) and c-di-GMP 
(Fig. 5). Differentiation of the prespore cells into spores is induced by Spore 
Differentiation Factor 1 and 2 (SDF-1, SDF-2). 
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Fig. 5 | Life cycle and signalling pathways of D. discoideum. Developmental cycle 
of D. discoideum from free-living (feeding on bacteria), to multicellular fruiting bod-
ies, a process which takes approximately 24 h in laboratory conditions. Prespore cells 
and spores shown in yellow, prestalk cells and derivatives shown in blue.  

miRNAs in D. discoideum 
D. discoideum features a large repertoire of ncRNAs (Aspegren et al. 2004), 
and an abundance of 21 nt long small RNAs, consisting mainly of siRNAs, 
but also miRNAs (Avesson et al. 2012; Liao et al. 2018). D. discoideum is one 
of a handful of protists where miRNAs have been found (Fig. 3). In total, 28 
unique miRNAs have been reported (Avesson et al. 2012; Hinas et al. 2007; 
Liao et al. 2018; Meier et al. 2016), and while some of these do not hold up to 
all desired criteria, others are bona-fide miRNAs which adhere to both strin-
gent plant and animal miRNA criteria (Fig. 6). They are believed to play a role 
in the multicellular development of D. discoideum, since several of the miR-
NAs have been observed to be upregulated upon development (Avesson et al. 
2012; Hinas et al. 2007). It would also fit well with the perceived link between 
the evolution of multicellularity and the evolution of miRNAs.  

miRNA biogenesis in D. discoideum 
In D. discoideum, pri-miRNAs are believed to be transcribed by RNA poly-
merase II, similar to plants and animals, and are polyadenylated (Kruse et al. 
2016; Liao et al. 2018). Pri-miRNAs accumulate and mature miRNAs are lost 
in a knockout strain of drnB-, which codes for the dicer-like protein B (DrnB) 
(Avesson et al. 2012; Liao et al. 2018, Paper I). Hence, miRNA processing in 
D. discoideum is dependent on DrnB. DrnB forms a complex with a dsRNA 
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binding domain containing protein (RbdB) and relies on its dsRNA binding 
domain for processing of the miRNAs (Kruse et al. 2016; Meier et al. 2016). 
DrnB is believed to perform both the maturation step from pri-miRNA to pre-
miRNA, and from pre-miRNA to miRNA-duplex. In this way, the miRNA 
maturation resembles that of plants, where also DCL1 performs both matura-
tion steps. In addition, both D. discoideum DrnB and A. thaliana DCL1 are 
located in the nucleus (Dubin and Nellen 2010). Unlike the plant miRNAs, 
however, the D. discoideum miRNA-duplexes do not appear to be methylated. 

The miRNA-duplexes are next believed to be exported to the cytoplasm 
and bound by an Argonaute protein, or alternatively bound in the nucleus by 
and Argonaute which can shuttle between the nucleus and cytoplasm. There 
are five Argonautes in D. discoideum, Argonaute A-E (AgnA-E), although 
agnD is thought to be pseudogene. AgnA and AgnB are present both in the 
nucleus and cytoplasm, whilst AgnC is exclusively in the nucleus and AgnE 
exclusively in the cytoplasm (Boesler et al. 2014; Liao 2018). We showed that 
miRNAs levels are decreased in agnB- cells, whereas they are unaffected in 
agnC- and agnE- cells (Paper I), and known to be upregulated in agnA- (Meier 
et al. 2016). In animals and plants, knockout of an Argonaute which binds 
miRNAs leads to downregulation of those otherwise bound miRNAs 
(Seroussi et al. 2023; Vaucheret et al. 2004; Winter and Diederichs 2011). 
Thus, the decrease in miRNA level in the agnB- cells, likely reflects that AgnB 
is responsible for binding (some of) the miRNAs. So far it is not yet known 
which D. discoideum miRNAs target which mRNAs. It also remains unclear 
if the mechanism relies on extensive complementarity such as in plants and 
Cnidaria, or if acts like in bilaterians, with a small seed sequence targeting 
3’UTRs. 
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Fig. 6 | Examples of bona-fide miRNAs in D. discoideum. Mapping of small RNAs 
to miRNA loci from three biological replicates indicated with different shades of grey. 
Secondary structure of miRNA hairpins predicted with the ViennaRNA RNAlib-2.6.2 
python package (Lorenz et al. 2011). miRNA-5p and miRNA-3p shown in red and 
blue, respectively, and feature 2-nt 3’ overhangs. Small RNA sequencing data from 
Edelbroek et al. 2023 (Paper I).  

Class I RNAs in D. discoideum 
Class I RNAs belong to another group of ncRNAs in D. discoideum, with im-
plications in the evolution of multicellularity (Aspegren et al. 2004). These 
are 42-65 nt long ncRNAs with a characteristic structure in which the 5’ end 
and 3’ end are paired in a stem, and a conserved 5’-CCUUACAGCAA-3’ se-
quence motif (Fig. 7). Expression could be detected by RNA sequencing 
(RNA-seq) for 33 predicted Class I RNAs in D. discoideum, and they have 
been shown to be developmentally regulated (Avesson et al. 2011; Kjellin et 
al. 2021). Interestingly, the Class I appear to be conserved throughout the dic-
tyostelid social amoebae, but are absent in other amoebozoan taxa (Fig. 7) 
(Kjellin et al. 2021). Additionally, knockout of a single Class I RNA, DdR-
21, shows aberrant development, resulting in small fruiting bodies (Avesson 
et al. 2011). Taken together, Class I RNAs appear to have evolved in the last 
common ancestor of the dictyostelids, and might play roles in the regulation 
of development, however, thus far it remains unknown how Class I RNAs 
function.  

Pull down of the DdR-21 Class I RNA resulted in four interacting proteins 
which could be identified. One of these features two RNA recognition motifs: 
RRM domain containing protein (RNP1A), also known as Class I binding pro-
tein (CIBP) (Avesson et al. 2011). Recently, RNP1A was investigated, with 
both knockdown and overexpression resulting in defects in growth, adhesion 
and micropinocytosis (Yinan Liu et al. 2022). Additionally, 
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immunoprecipitation of RNP1A showed that it binds transcripts which encode 
proteins involved in micropinocytosis (Yinan Liu et al. 2022). If it is able to 
bind the wide range of Class I RNAs, and if the Class I RNAs function through 
this protein is still unknown.  

 
Fig. 7 | Class I RNA is exclusive to the dictyostelids. Presence of the Class I RNAs 
is indicated with arrows. Example sequence and structure of a Class I RNA (DdR-21) 
shown on the right. Besides the conserved sequence motif (red) and the stem structure 
(blue), the sequence and structure of the Class I RNAs varies between species, with 
no Class I RNAs exactly conserved between the indicated species (Kjellin et al. 2021). 
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Current investigations 

This thesis features a variety of projects with questions which range the whole 
spectrum of gene regulation. From the outside some of these projects might 
seem disjointed, but for us the projects very much led from one to the other, 
in situations where the gained knowledge brought forth new questions and 
hypotheses to test. One of the joys of basic research has been to be able to 
follow up on these new leads, chasing the projects that sparked our interest.  

Evolution of miRNAs in Amoebozoa and implications 
for the origin of multicellularity (Paper I) 
Our journey started with the miRNAs. These regulate the stability and trans-
lation of their mRNA targets. They are important regulators of gene expres-
sion, thought to regulate the majority of human genes, and dysregulation of 
individual miRNAs leads to serious defects. The miRNAs were initially 
thought to be exclusively present in plants and animals, where they evolved 
convergently. Since then, bona-fide miRNAs have been discovered in a hand-
ful of protists. Additionally, animals without miRNAs have also been de-
scribed, questioning this initial theory.  There are key questions relevant to the 
whole field of miRNA research, that we were convinced our simple Amoebo-
zoa could help elucidate. When did the miRNA in Amoebozoa evolve? Is it 
likely the miRNAs evolved several times during eukaryote evolution, or do 
they share a deep evolutionary history? Did the miRNAs play a role in the 
evolution of the social multicellular lifestyle in Amoebozoa, and what about 
the evolution of multicellularity in other lineages?  

By investigating the small RNA population in a range of species belonging 
to the Amoebozoa, which vary in their level of organismal complexity and 
multicellularity, and which cover the breadth of the amoebozoan lineage, we 
wanted to tackle these questions. To our surprise we identified bona-fide miR-
NAs in all studied amoebae, including conserved miRNAs in Acanthamoeba, 
which lack any kind of multicellular lifestyle. The miRNAs identified in 
Amoebozoa exhibit features similar to plant and animal miRNAs, with the 
majority generated from intergenic regions and enrichment of 5’ uracil nucle-
otides. 
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Presence of miRNAs in unicellular amoebae challenges the notion that they 
are strictly linked to multicellularity. We wanted to test if miRNAs played a 
role in the multicellular lifestyle in social amoebae. By studying a D. dis-
coideum mutant lacking miRNAs, we found that multicellular development is 
unaffected, and hence conclude that it is unlikely that the miRNAs play a vital 
role in the (evolution of the) multicellular lifestyle in Amoebozoa.  

To study in more detail when the Amoebozoan miRNAs might have 
evolved, we investigated the conservation of miRNAs and the miRNA ma-
chinery between the investigated species. We found that only two miRNAs 
were conserved, and that none were conserved deeply in the dictyostelids or 
Amoebozoa. In addition, we investigated the evolution of the RNAi machin-
ery in the studied amoebae, in particular the duplication and losses of Dicer 
and Argonaute proteins. The findings suggest that there seem to have been 
many relatively recent duplications of the RNAi machinery in Amoebozoa. 
We hypothesize that some of these duplications might reflect the emergence 
and expansion of a miRNA machinery. By studying the small RNA popula-
tions in different Argonaute knockouts we could identify that one of the Ar-
gonautes in D. discoideum, AgnB, appears to have evolved a specialized role 
to bind the miRNAs.  

Overall, this study provides valuable insights into the presence, conserva-
tion, and evolution of miRNAs in Amoebozoa, contributing to our understand-
ing of the role of miRNAs in both unicellular and multicellular organisms. It 
is now clear that miRNAs are more widespread than previously believed, but 
exactly how and when these regulators of gene expression evolved remains 
unresolved.  

Identification of the small ncRNA populations bound by 
the different Dictyostelium discoideum Argonautes 
Identifying miRNAs throughout the Amoebozoa and the presence of con-
served miRNAs cements them as important small ncRNAs in the (social) 
amoebae (Paper I). It is likely that the Amoebozoan miRNAs are incorporated 
into an Argonaute protein, given their preference for a 5’ uracil (Paper I), how-
ever, we have yet to show that they are bound by the Argonautes in a direct 
manner.  

To study the binding of the Argonautes and small RNAs in detail, we turned 
to the model organism D. discoideum. D. discoideum features five Argo-
nautes: AgnA-E. AgnA, AgnC and AgnE are known to be involved in silenc-
ing transposons and might do so by binding siRNAs (Boesler et al. 2014; 
Schmith et al. 2015). In Paper I, we could show that AgnB is probably in-
volved in binding the miRNAs. The remaining annotated Argonaute, AgnD, 
features an unresolved 5’ end in the genome. Although the AgnD RNA is 
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expressed, we could not detect the protein (Paper III), and have so far been 
unable to identify an open reading frame. It is, for now, considered to be a 
pseudogene. Identifying which small ncRNA populations are bound by which 
Argonautes, would be a step forwards in identifying how these small ncRNAs 
function, and is a project where we have made substantial progress but which 
is not yet finished.  

In order to directly show which small ncRNAs are bound to which Argo-
naute, we aimed to co-immunoprecipitate them. Raising individual antibodies 
for the different Argonaute proteins is challenging since they feature a high 
level of sequence homology, especially in their structured domains. Instead, 
we introduced C-terminal and N-terminal GFP-tagged versions of the Argo-
nautes, constitutively expressed with the act15 promoter. We realised that the 
C-terminal fusions may disrupt the structural domain which is thought to en-
able binding of small RNAs. Additionally, attempts of immunoprecipitating 
RNA with the N-terminal GFP:Argonaute fusion proteins were unsuccessful, 
potentially due to the large size of the GFP tag (27 kDa). Instead, we rede-
signed the proteins with an N-terminal 3xFlag-tag (2.7 kDa), expressed them 
and performed RNA immunoprecipitation. The precipitate was radioactively 
labelled and size separated, and revealed clear enrichment of ~21 nt long 
RNAs in all expressed D. discoideum Argonautes (Fig. 8). We have yet to 
identify these precipitated RNAs in detail by RNA-seq. 
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Fig. 8 | Size separated RNA from immunoprecipitation of Flag-tagged D. dis-
coideum Argonautes. RNA was phosphorylated with [γ-32P] ATP, and separated on 
a 12.5% acrylamide gel (7M Urea, 1xTBE). Negative controls include wildtype cells 
without expression of a Flag-tagged protein, or expressing only the 3xFlag-tag. The 
3xFlag:AgnA and 3xFlag:AgnB immunoprecipitate was loaded on the same gel, but 
the 3xFlag:AgnB lane was exposed for a shorter time. 

Chromosome-level genome assembly and annotation of 
the social amoeba Dictyostelium firmibasis (Paper II) 
During the search for miRNAs in Amoebozoa, we realised conservation of 
these small ncRNAs was low. We included Dictyostelium firmibasis in our 
search, a close relative of the model organism D. discoideum, to get an idea 
about the extent of miRNA conservation between these amoebae. The conclu-
sions regarding miRNA evolution between these two species were obscured 
since the D. firmibasis genome was of low contiguity and contained a large 
number of undetermined bases (~13% of the genome). Out of the group 4 dic-
tyostelids, only the D. discoideum genome is of high quality, and performing 
detailed comparative genomics is currently not possible. A chromosome-
level, annotated D. firmibasis genome might be utilised to gain key insights 
into the evolution of small ncRNAs, but also the protein repertoires in this 
clade of the dictyostelids. 

In order to achieve a chromosome-level assembly, both long-read and 
short-read sequencing was performed, achieving high coverage. Additionally, 
by sequencing the transcriptome at different stages during development, the 
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genome was annotated. The new assembly is a significant improvement from 
the previous genome in all metrics, and could prove to be an important re-
source in the social amoeba research field.  

We compared the genomes and transcriptomes of D. firmibasis and D. dis-
coideum and could detect extensive synteny between the two organisms. Both 
seem to feature six chromosomes, and some are largely conserved whereas 
others are rearranged. The Class I RNA and miRNA ncRNAs appear to have 
diversified greatly, whereas the protein coding sequences are largely con-
served. Almost all of the 11077 annotated D. firmibasis genes feature homol-
ogy to D. discoideum genes. The transcriptomes of the two organisms were 
sequenced during multicellular development, and we could confirm that the 
majority of expressed orthologous proteins were regulated in a similar manner 
during development.  

Functional identification of the Class I RNA DdR-21 in 
Dictyostelium discoideum 
By studying the evolution of the miRNAs in Amoebozoa we realised that they 
are unlikely to have played a role in the evolution of multicellularity (Paper 
I). This is in contrast to Class I RNAs, since earlier searches for these have 
shown that their presence correlates with the multicellular life styles in the 
dictyostelids, and that Class I RNAs likely evolved in their last common an-
cestor (Kjellin et al. 2021). Additionally, knockout of a single Class I RNA, 
DdR-21 led to developmental defects (Avesson et al. 2011). Four proteins 
have been shown to bind to DdR-21, but it is not known if this Class I RNA 
relies on binding to these proteins for its function (Avesson et al. 2011). We 
are interested in finding out if DdR-21 regulates gene expression, which genes 
it regulates, how it does so, and if this reflects a general way in which all Class 
I RNAs might function. 

In order to study the function of DdR-21 we developed ddr21- knockout 
cells, and could confirm our suspicion that DdR-21 might be involved early 
in multicellular aggregation, with the knockout exhibiting smaller and more 
mounds (Fig. 9a), which result in smaller and more fruiting bodies (Avesson 
et al. 2011). We were interested in studying the changes in gene expression in 
the ddr21- knockout. Since the Class I RNAs might act transcriptionally or 
post-transcriptionally, we decided to resolve both the transcriptome and pro-
teome. Plates with wildtype and ddr21- mutant cells were developed and sam-
ples were taken at 2 h intervals, with half of each plate harvested for tran-
scriptomics, and the other half for proteomics. We have yet to analyse the 
affected genes in-depth. Principal component analysis (PCA) showed that in 
the RNA-seq data, 94.2% of the variance is explained by the first two principal 
components, which mainly describes the developmental trajectory of the 
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transcriptomes (Fig. 9b). There are no clear differences between the ddr21- 
mutant and the wildtype cells. On the other hand, the first two principal com-
ponents of the LC-MS/MS data only explain 56.9% of the variance, but there 
seems to be a clear difference between the ddr21- mutant and the wildtype 
cells (Fig. 9b). It will be interesting to see if indeed the Class I RNAs mainly 
act in a post-transcriptional manner, affecting the proteomes but not transcrip-
tomes.  

 
Fig 9 | DdR-21 acts early during development and potentially in a post-transcrip-
tional manner. a Multicellular mounds of D. discoideum wildtype (wt) and ddr21- 
knockout strain, 8 h post initiation of development. Mound sizes were quantified for 
four biological replicates (biorep h-k) using Fiji (Schindelin et al. 2012), with Train-
able Weka Segmentation (Arganda-Carreras et al. 2017). b Principal component anal-
ysis (PCA) of RNA-seq transcriptomics (n=4) and LC-MS/MS proteomics data (n=3) 
from wildtype (wt; red) and ddr21- (blue) strains, analysed at 2 h intervals from initi-
ation of development. The first two principal components (PC1, PC2) are shown with 
the % of variance explained by each PC.  
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Multi-omics analysis of aggregative multicellularity 
(Paper III) 
The D. discoideum transcriptome has been studied in detail during multicellu-
lar development (Rosengarten et al. 2015; Antolović et al. 2019; Katoh-
Kurasawa et al. 2021; Westbrook et al. 2023). Thus far, however, the prote-
ome has been less extensively studied. In order to bridge this gap, a detailed 
study of the proteome during development, could prove to be a useful resource 
to the community.  

For functional studies of DdR-21 Class I RNA, we performed paired tran-
scriptomics and proteomics, in wildtype and ddr21- mutant cells during de-
velopment. We realized that, by considering only the wildtype data, we could 
provide insight into the D. discoideum proteome during normal development, 
and additionally compare it to the transcriptome. Furthermore, since the data 
were generated from the exact same samples, they are well-suited to explore 
to what extent the mRNA and protein levels correlate in D. discoideum.  

In order to study which processes are regulated during development, we 
identified clusters of genes with distinct expression patterns in both the devel-
opmental transcriptome and proteome. The identified processes included mul-
ticellular aggregation, fruiting body development, and metabolic changes.  

We were interested to gauge to what extent the transcriptomics and prote-
omics datasets correlate, and took two separate approaches. First, we studied 
the correlation between mRNA levels and protein levels across all expressed 
genes. For example, do genes for which we see highly abundant mRNA also 
feature highly abundant protein expression at a given timepoint? Using this 
approach at the different time points, we found a high correlation between 
mRNA and protein, especially at the 0h time point. The reason that the corre-
lation drops at later time points, might in part be due to a time-lag between 
mRNA transcription and protein translation. From our results, we found that 
it can take between two and four hours for mRNA regulation to become dis-
cernible in the proteome. During multicellular development, the majority of 
transcripts are differentially regulated, and since the proteome lags behind, the 
correlation drops.  

We also studied the correlation between mRNA and protein in another way. 
For each gene we assessed the mRNA and protein expression in the different 
samples. A given gene might for example be increasingly transcribed as seen 
in the mRNA levels over time. Do we see that this gene is also increasingly 
translated, resulting in more protein abundance? Studying the correlation be-
tween mRNA and protein for each gene revealed that for most genes, mRNA 
and protein only modestly correlate during development.  

Finally, to be able to study the more intricate regulatory trajectories that are 
present during multicellular development, we used an unsupervised analysis 
which generated distinct factors. The factors represent a generalised regula-
tory trajectory, and each of the genes match the different trajectories to certain 
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extent, both at the mRNA and protein dimension. For many genes, the mRNAs 
matched a highly dynamic factor, but their respective protein was linearly up- 
or downregulated. For a number of genes, we could identify increasing mRNA 
levels whilst protein levels were decreasing, or vice-versa. These genes exem-
plify that caution should be taken when relying only on mRNA expression to 
describe gene expression. To simplify access to the data and investigation of 
individual genes, we wrote a shiny-application which enables users to navi-
gate to their genes of interest and follow both the mRNA and protein trajecto-
ries over multicellular development. 
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Concluding remarks and Future perspectives 

During our different studies, we used a variety of methods to study genome, 
transcriptome, non-coding RNome and proteome to answer broad and in-
depth questions about function and evolution of gene-regulatory systems – in 
particular in Amoebozoa. Many questions remain however, some outlined be-
low. 

Evolution of miRNAs 

miRNAs outside of animals and plants? 
miRNAs are present in both animals and plants, but believed to have evolved 
convergently. This is due to differences in processing, in what way the miR-
NAs bind their mRNA targets and how they downregulate their targets (Ax-
tell, Westholm, and Lai 2011; Jones-Rhoades, Bartel, and Bartel 2006). Re-
ports of miRNAs in organisms outside of plants and animals, make this idea 
less likely, since it means here too, the miRNAs would have evolved conver-
gently (Moran et al. 2017). Some of these reports, of miRNAs outside of plants 
and animals, have been met with scepticism, not in the least because there 
have been many false reports of miRNAs (Tarver, Donoghue, and Peterson 
2012). As such, not all studies in the field consider that D. discoideum features 
bona-fide miRNAs (Bråte et al. 2018; Tarver, Donoghue, and Peterson 2012).  

miRNAs in Amoebozoa and link to multicellularity 
In our report on miRNAs in Amoebozoa (Paper I) we were able to identify 
miRNAs in all studied amoebae, increasing the number of Amoebozoans 
which feature miRNAs from 1 to 9 (or 22 with the amoebae which feature a 
conserved miRNA in the genome). By additionally showing presence of con-
served miRNAs, there is now no doubt that the Amoebozoa feature bona-fide 
miRNAs. From our experiments in D. discoideum, and discovery of miRNAs 
in strictly unicellular amoebae, it seems that miRNAs do not play a vital role 
in the evolution of multicellularity in Amoebozoa. Considering the other (uni-
cellular) protists which feature miRNAs, as well as multicellular animals 
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which lack miRNAs, makes it clear that the link between multicellularity and 
miRNAs is weak at best. 

Divergent evolution of miRNAs 
Given our current knowledge there are two possible hypotheses which explain 
how the miRNA evolved. The first option is that the LECA already featured 
some type of miRNA-based gene regulation, which was subsequently lost in 
some lineages, and diverged in other lineages. In agreement with this, the 
seed-based miRNA targeting which was thought to be common to all animals, 
actually appears to be a later invention specific to Bilateria (Fridrich et al. 
2020). Other animals, instead, are thought to feature a more “plant-like” 
miRNA targeting (Fridrich et al. 2020). Additionally, some of the protein 
components of the miRNA machinery believed to be specific to plants, also 
plays key roles in the cnidarian animals (Tripathi et al. 2022). The fact that we 
detected miRNAs throughout Amoebozoa also shows that the miRNAs are 
more widespread than previously believed and argues for the divergent evo-
lution model. Potentially, the LECA already featured “plant-like” miRNAs 
and miRNA machinery. By studying miRNA targeting and how the targets are 
regulated in Amoebozoa, we could show if here too, the targeting is “plant-
like” or if they feature another mechanism. We aim to look into targets in D. 
discoideum, using the 3xFlag tagged Argonautes described further below. 

Convergent evolution of miRNAs 
The other option is that miRNAs evolved convergently. There are no miRNAs 
which are conserved between plants, animals, and the other major taxa where 
miRNAs have been described. Additionally, the animal miRNA machinery 
seems to have evolved in Holozoa (Bråte et al. 2018). From our results in 
Amoebozoa, miRNA conservation is low here too. Also, the amoebozoan an-
cestor appears to have featured a single Dicer and Argonaute, whereas these 
have expanded in the species we studied (Paper I). In D. discoideum, we have 
evidence which suggests that some of this recently evolved machinery specif-
ically processes miRNAs. Specifically, miRNA levels were decreased in the 
agnB- knockout strain, but unaffected in the agnE- knockout strain, the closest 
paralog to agnB. Hence, we cannot currently rule out that the miRNAs and its 
machinery evolved several times independently within the Amoebozoa. If 
even within Amoebozoa a specialised miRNA machinery evolved several 
times, which can process and utilise imperfectly paired, endogenously tran-
scribed hairpin RNAs, then this might be analogous to the rest of the eukary-
otes. By identifying which small ncRNAs are bound by which Argonautes, it 
will be possible to identify in detail if, and when the specialized miRNA-ma-
chinery arose, a study we have already initiated. We have also initiated a study 
to look at the conservation of miRNAs in close relatives to D. discoideum. 
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Between D. discoideum and D. firmibasis we could detect the conservation of 
miRNA mir-1177, but no other miRNAs. By including yet closer relatives, 
such as Dictyostelium citrinum and Dictyostelium intermedium, we can iden-
tify exactly how the miRNAs appeared/disappeared between these species. 
Hopefully these studies can give some insight into the evolution of miRNAs 
in the dictyostelids, and potentially eukaryotes as a whole.  

Function of miRNAs in the dictyostelids 
We are now certain of the presence and importance of the miRNAs in Dicty-
ostelia. Showing how these small RNAs function is the next logical step, and 
as noted above, might also inform us about their evolution. Methods to study 
miRNA-target interaction are constantly developed, but usually rely on pull-
down of the miRNA with the bound Argonaute, as well as their target (Helwak 
et al. 2013). Preliminary results with the 3xFlag:Argonaute constructs are 
promising, and hopefully these constructs will allow us to identify miRNA 
targets as well. Once a target has been identified, we will focus on verifying 
that the target is indeed regulated by the miRNA, and that it relies on base 
pairing between the miRNA and target. One caveat is that the D. discoideum 
Argonautes are moderately expressed, and their expression is regulated during 
development, whereas we have currently over-expressed the Argonaute con-
structs. Findings in other organisms have suggested that the Argonautes are in 
a careful balance that dictates which miRNAs or other ncRNAs they bind 
(Reichholf et al. 2019). Furthermore, most miRNAs in D. discoideum are also 
developmentally expressed, hence the expression of the miRNA and Argo-
naute effector might be linked to ensure correct functionality. In a later study, 
we may choose to express the Argonautes from their native promoters, or ra-
ther, insert the 3xFlag tags upstream of the Argonaute loci. 

Function of Class I RNAs 
From an evolutionary point of view, the Class I RNAs are a very interesting 
group of ncRNAs, since they appear to be exclusive to the dictyostelids social 
amoebae, are abundantly expressed, and could be involved in the multicellular 
development. Besides the conserved sequence motif and conserved stem 
structure, they vary greatly both intra- and interspecies. For now, our efforts 
of assigning a function to the Class I RNAs, have mostly revolved around a 
single D. discoideum Class I RNA, DdR-21. We have generated paired tran-
scriptomics and proteomics data, comparing the ddr21- knockout strain to 
wildtype during development. We have yet to identify which genes or path-
ways are differentially expressed in the knockout strain. If we can pin down 
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specific genes or pathways dysregulated in the ddr21- knockout, studying how 
it regulates these might become more straight-forward. 
Broadening our study to include more Class I RNAs, besides DdR-21, might 
give us key insights into the function of this varied group of ncRNAs. For 
instance, by generating knockouts of other Class I RNAs in D. discoideum, or 
even other social amoebae, we could study to what extent their phenotypic 
effects and effects on the transcriptome/proteome overlap with DdR-21. 
Hereby, we could verify their role in development and hopefully pin down 
which common genes or pathways the Class I RNAs regulate. By performing 
pull downs of other Class I RNAs, we can also deduce if they bind a common 
protein, and if they rely on this protein for their function. Additionally, by 
investigating Class I RNAs with a modified sequence motif, we could study 
the importance of the motif and if it is involved in binding of a protein.  
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Svensk sammanfattning 

Cellerna i alla typer av organismer, allt från små bakterier till oss människor, 
använder olika mekanismer för att reglera sina gener. Genregleringen styr hur 
cellerna reagerar på stimuli från sin omgivning, och det är också tack vare 
selektiv genreglering som våra kroppar kan vara uppbyggda av så många olika 
typer av celler även fast de alla innehåller samma arvsmassa. Att undersöka 
hur dessa mekanismer har uppstått i livets träd, och hur de fungerar, kan ge 
oss en ökad förståelse om livets komplexitet och hur organismer fungerar på 
intracellulär nivå. Sådana insikter kan i förlängningen leda till att vi kan bota 
diverse sjukdomar och förbättra människors livskvalité. 

En typ av genreglering använder så kallat icke-kodande RNA. Vanligtvis 
så översätts informationen från DNA till budbärar-RNA (transkription), som 
i sin tur används som mall för att skapa protein (translation). Budbärar-RNA 
är alltså ett mellansteg i bildandet av proteinet, som utför själva funktionen i 
cellen. En del RNA translateras dock aldrig till protein, men detta icke-ko-
dande RNA kan däremot utföra andra funktioner. Mutationer i detta icke-ko-
dande RNA kan leda till allvarliga sjukdomar, eller till och med vara dödliga, 
vilket understryker vikten av deras funktion i cellen.  

Våra studier handlar mestadels om två typer av icke-codande RNA: mikro-
RNA (miRNA) och Class I RNA. 

miRNA är en typ av icke-kodande RNA, som reglerar majoriteten av alla 
våra gener. miRNA transkriberas först som ett längre pri-miRNA, som viker 
ihop sig och formar en hårnålstruktur. Genom att hårnålstrukturen klyvs i än-
darna och kröken, bildas ett dubbelsträngs miRNA, där båda strängarna är un-
gefär 21 nukleotider långa. Till slut används en av dessa strängar för reglering 
av specifika gener genom att binda till deras budbärar-RNA. En enskild 
miRNA kan reglera många olika gener.  

När miRNA har uppstått är oklart. De miRNA och miRNA maskineriet 
som finns hos djur tros ha uppkommit i deras evolutionära utvecklingslinje. 
Däremot har miRNA hittats i andra arter som inte tillhör djur också. En av 
dessa är amöban Dictyostelium discoideum. Genom att studera miRNA i D. 
discoideum och andra närbesläktade amöbor vill vi försöka ge insikt i när, hur, 
och varför miRNA först uppstod. 

Så länge D. discoideum har gott om mat – den käkar bakterier – så beter 
den sig som en helt ”vanlig” amöba. När maten däremot tar slut, byter den 
encelliga organismen livsstil. Genom att signalera till sina släktingar, 
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strömmar många celler ihop och bildar aggregat, som sedan utvecklar sig till 
maskar. Dessa kryper runt och försöker hitta nya miljöer med mer gynnsamma 
förhållanden. Till slut byggs en fruktkropp, där en femtedel av cellerna offrar 
sig för att skapa en stjälk, som lyfter de andra cellerna. De kvarlevande cel-
lerna formar sporer som sedan sprids till nya ställen där de kan växa vidare. 

Vi undrade om miRNA också finns i andra, närbesläktade amöbor, och om 
miRNA kan ha spelat en viktig roll i evolutionen av flercellighet i amöborna, 
en hypotes som har uppkommit baserat på forskning i djur och växter. I våra 
studier har vi försökt identifiera miRNA i nio olika amöbor; vissa kan utveckla 
multicellulära fruktkroppar, andra är endast encelliga, och en är en hybridform 
som formar en jättecell med flera kärnor. Till våran förvåning hittade vi 
miRNA i alla amöbor, och kunde därmed och med fler experiment visa att 
förekomsten av miRNA inte verkar ha något att göra med flercellighet.  

För att kunna studera miRNA och andra icke-kodande RNA, behövs ett bra 
kartlagt genom (arvsmassa). För en av amöborna vi studerade, Dictyostelium 
firmibasis, var det för dåligt upplöst för att kunna dra slutsatser om miRNA 
evolution. Det har tidigare varit svårt att sekvensera vissa organismers genom, 
såsom D. firmibasis, för att de har många repetitiva sekvenser som framförallt 
består av nukleotiderna adenin och tymin. När man sekvenserar, får man mest 
ut korta sekvenser som är svåra att lappa ihop till ett helt genom. Det kan 
jämföras med att försöka lägga ett pussel med många små bitar, som inte går 
att skilja åt och som passar ihop lite hur som helst. Vi använde en ny sekven-
seringsteknik som gjorde att vi kunde lägga ihop pusslet och därmed ”amö-
blera” om genomet. Vi la även till annoteringar för de ~11.000 gener som 
totalt finns i genomet, som nu har blivit en av de bättre sekvenserade amöba-
genomen och en värdefull resurs inom fältet. Efter att vi fick fram ett bättre 
genom, var det möjligt för oss att i detalj studera evolution av miRNA mellan 
D. discoideum och D. firmibasis. 

Den andra typen av icke-kodande RNA vi kollade på kallas för Class I 
RNA. Till skillnad från miRNA finns de bara i sociala amöbor – de som kan 
övergå från encellig till flercellig organism när de blir hungriga. Förmodligen 
kan de reglera gener under övergången från encellig till flercellig, fast vi vet 
inte riktigt hur. En stam av D. discoideum där vi har tagit bort en Class I RNA, 
utvecklas på ett annorlunda sätt, som resulterar i fler men mindre fruktkroppar. 
Vi har både sekvenserat allt budbärar-RNA (transkriptom) och kvantifierat en 
stor del av alla proteiner (proteom) som uttrycks under utveckling. Därmed 
tror vi att vi kan ta reda på vilka gener som regleras annorlunda när en specifik 
Class I RNA saknas.  

Även om Class I RNA projektet inte är klart, kunde vi använda nya data till 
ett annat projekt. Här kollade vi på hur väl transkriptomet, alltså mängden med 
budbärar-RNA, stämmer överens med proteomet. Man kanske skulle tro att 
när halten budbärar-RNA ökar, så ökar även proteinnivåerna. För de flesta 
gener såg vi som förväntat en positiv korrelation mellan budbärar-RNA och 
protein, men så var inte fallet för alla gener. Vi förklarar det delvis genom en 
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tidsfördröjning av ungefär två till fyra timmar som vi fann mellan det att bud-
bärar-RNA transkriberas tills dess att tillhörande protein translateras. Man bör 
alltså vara försiktig med att jämställa RNA uttryck med proteinuttryck. 

Sammanlagt har vi, med studier av genom, transkriptom, icke-kodande 
RNom och proteom av amöbor, kunnat svara på viktiga frågor som handlar 
om evolution och genreglering – specifikt hos amöbor – men som även har 
större betydelse för allt liv på jorden.  
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English summary 

Cells in all types of organisms, ranging from small bacteria to us humans, use 
different mechanisms to regulate their genes. Gene regulation controls how 
cells respond to stimuli from their environment. It is also thanks to gene reg-
ulation that our bodies can be composed of so many different types of cells, 
even though they all contain the same genetic material. Studying how these 
mechanisms have arisen throughout the tree of life, and how they function, 
can give us an increased understanding of the complexity of life and how or-
ganisms function at the intracellular level. Such insights can ultimately lead 
new ways to treat diseases and improve people's quality of life. 

One type of gene regulation uses so-called non-coding RNA. Typically, 
information from DNA is transcribed into messenger RNA (transcription), 
which in turn is used as a template to create protein (translation). Messenger 
RNA is thus an intermediate step in the formation of the protein, which per-
forms the actual function in the cell. Some RNA is never translated into pro-
tein, but these non-coding RNAs can perform other functions. Mutations in 
non-coding RNAs can lead to serious diseases, or even be fatal, underscoring 
their importance in the cell. 

The studies in this work roughly revolve around two types of non-coding 
RNAs: the microRNAs (miRNAs) and Class I RNAs. 

miRNAs are a type of non-coding RNA that regulate the majority of all our 
genes. miRNAs are first transcribed as a longer pri-miRNA, which folds and 
forms a hairpin structure. By cleaving the hairpin structure at the ends and the 
loop, a double-stranded miRNA-duplex is formed, where both strands are ap-
proximately 21 nucleotides long. Finally, one of these strands is used to regu-
late specific genes by binding to their messenger RNA. A single miRNA can 
regulate many different genes. 

It is unclear when the miRNAs originated. miRNAs and miRNA machinery 
found in animals are believed to have evolved in their evolutionary lineage. 
However, miRNAs have been found in other species not belonging to animals 
as well. One of these is the amoeba Dictyostelium discoideum. By studying 
miRNAs in D. discoideum and other closely related amoebas, we want to try 
to gain insight into when, how, and why miRNA first arose. 

D. discoideum, which eats bacteria, behaves like a “regular” amoeba as 
long as food is plentiful. However, when food runs out, the unicellular organ-
ism changes lifestyle. By signaling to its relatives, many cells come together 
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and form aggregates of up to 100,000 cells, which then develop into slugs. 
These slugs crawl around to find environments with favorable conditions. 
Eventually, a fruiting body is built, where one-fifth of the cells sacrifice them-
selves to create a stalk, which lifts the other cells. The remaining cells form 
spores that are then dispersed to new places where they can grow further. 

Since we know D. discoideum features miRNAs, we were curious if miR-
NAs also exist in other closely related amoebas, and if miRNAs may have 
played an important role in the evolution of multicellularity in amoebas, a hy-
pothesis that has arisen based on research in animals and plants. In our study, 
we tried to identify miRNAs in nine different amoebas; some of these can 
develop multicellular fruiting bodies, others are solely unicellular, and one is 
a hybrid that forms a giant cell with multiple nuclei. To our surprise, we found 
miRNAs in all amoebas. Through further experiments, we could show that the 
presence of miRNAs does not seem to be related to multicellularity. 

To study miRNAs and other non-coding RNA, a well-mapped genome is 
needed. For one of the amoebas we studied, Dictyostelium firmibasis, the res-
olution was too poor to draw conclusions about miRNA evolution. Sequenc-
ing certain organisms' genomes, such as D. firmibasis, has previously been 
difficult because they have many repetitive sequences consisting mainly of the 
nucleotides adenine and thymine. When sequencing, mostly short sequences 
are obtained, which are difficult to assemble into a complete genome. It's like 
trying to put together a puzzle with many small indistinguishable pieces. To 
resolve this, we used a new sequencing technique that allowed us to assemble 
the puzzle and thus fully resolve the genome. We also added annotations for 
the ~11,000 genes that exist in the genome, which has now become one of the 
better sequenced amoeba genomes and a valuable resource in the field. After 
obtaining a better genome, it was possible for us to study in detail the evolu-
tion of miRNAs between D. discoideum and D. firmibasis. 

The other type of non-coding RNA we studied is the Class I RNA. Unlike 
miRNAs, they are found only in social amoebas – those that can transition 
from uni- to multicellular organisms when they become hungry. We believe 
that they can regulate genes during the transition to multicellular, although we 
do not really know how. A strain of D. discoideum where we have removed a 
Class I RNA develops in a different way, resulting in more numerous but 
smaller fruiting bodies. We have both sequenced all messenger RNA (tran-
scriptome) and elucidated a large part of all proteins (proteome) expressed 
during development. Thus, we believe we can find out which genes are regu-
lated differently when a specific Class I RNA is absent. 

Although the Class I RNA project is not finished, we could use new data 
for another project. Here, we looked at how well the transcriptome, i.e. the 
amount of messenger RNA, corresponds to the proteome. One might think 
that when the amount of messenger RNA increases, the levels of protein also 
increase. For most genes, we saw as expected a positive correlation between 
messenger RNA and protein, but this was not the case for all genes. This is 
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partly explained by a time lag of about two to four hours that we found be-
tween the transcription of messenger RNA and the translation of the corre-
sponding protein. Thus, one should be cautious about equating RNA expres-
sion with protein expression. 

In conclusion, through studies of genomes, transcriptomes, non-coding 
RNomes, and proteomes of amoebas, we have been able to answer important 
questions regarding evolution and gene regulation – specifically in amoebas – 
but which also have broader significance for all life on Earth. 
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