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ABSTRACT 

This thesis analyzes the generation of new genes created de novo 

and evaluates their evolution mainly in yeast but also in flies. First 

of all, we used next generation sequencing technology to analyze 

both new sequences that had not been described and new isoforms 

that could give rise to new peptides with functions not yet described 

in the species Schizosaccharomyces pombe. In addition, using 

specific methodologies such as Ribo-seq we have been able to 

detect open reading frames that are translated. Secondly, we used 

the same methodology to compare the evolution of de novo genes 

with the most well-known mechanism to generate new genes: gene 

duplication. In this analysis we have been able to see that there is an 

enrichment of both de novo and duplicated genes at the species 

level but their conservation over time is limited. In addition, we 

have seen how de novo genes tend to exhibit a high rate of change 

in their amino acids sequences favoring the loss of positively 

charged amino acids. Finally, we also analyzed the untranslated 

regions of mRNAs which we found to have translational activity 

and possibly encode novel proteins. As a whole, the thesis shows us 

methods for the identification of de novo genes, their properties and 

their evolution. 
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RESUM 

Aquesta tesi analitza la generació de nous gens creats de novo i 

avalua la seva evolució principalment en llevats però també en 

mosques. En primer lloc, hem utilitzat la tecnologia de seqüenciació 

de nova generació per analitzar tant noves seqüències que no havien 

estat descrites com noves isoformes que podrien donar lloc a nous 

pèptids amb funcions encara no descrites a l'espècie 

Schizosaccharomyces pombe. A més, utilitzant metodologies 

específiques com Ribo-seq hem pogut detectar marcs de lectura 

oberts que són traduïts. En segon lloc, hem utilitzat la mateixa 

metodologia per comparar l'evolució de gens de novo amb el 

mecanisme més conegut per generar nous gens: la duplicació 

gènica. En aquesta anàlisi hem pogut veure que existeix un 

enriquiment tant de gens de novo com de gens duplicats a nivell 

d'espècie però la seva conservació al llarg del temps és limitada. A 

més, hem vist com els gens de novo tendeixen a tenir una alta taxa 

de canvi en les seves seqüències d'aminoàcids afavorint la pèrdua 

d'aminoàcids carregats positivament. Finalment, també hem 

analitzat les regions no traduïdes dels ARNm que, segons hem 

comprovat, tenen activitat traduccional i possiblement codifiquen 

noves proteïnes. En conjunt, la tesi ens mostra mètodes per a la 

identificació de gens de novo, les seves propietats i la seva evolució. 
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PREFACE  

I have spent my whole life questioning why many things happen, 

and when I had the opportunity, I decided to investigate the reasons 

behind them. When I started in the world of science, I began on the 

bench side, learning how to extract information from a set of cells 

or different tissues. Over time, I saw the need to expand my 

research and not limit myself to the use of laboratory science but 

also to computer science, where the number of opportunities 

increases exponentially. 

As I was finishing my learning stage, I met my current mentor, who 

sparked new questions about topics I was previously unaware of. 

Before joining Mar's laboratory, I was unaware of the existence of 

de novo genes and did not consider what could or could not be 

considered as a gene. 

Many things have changed since then, and many questions have 

been solved while others have emerged. With this thesis, I aim to 

provide answers to some of the questions that arose initially and to 

contribute to the field of genetics by shedding more light on the 

genes that fascinated me when I entered this laboratory. 
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1. INTRODUCTION 

1.1 The Code of Life 

1.1.1 The pillars of genetics  

The way we understand life has changed throughout human history. 

In the 15th century Robert Hooke described the fundamental unit of 

life, the cell.  

The discovery of the cell was a significant leap in unraveling what 

constitutes a living being. During the 19th century, two great 

scientists laid the foundations of genetics and evolution: Charles 

Darwin and Gregor Mendel. 

Darwin, in his book "On the Origin of Species," published in 1859, 

described what he called "descent with modification," which is now 

known as evolution through natural selection. From his book, we 

currently understand that evolution occurs in a population primarily 

through three factors: 

• Variation: There is a genetic variation among all individuals 

in a population. 

• Differential reproductive success: Each organism in a 

population, with its unique traits, will experience an 

enhanced or diminished rate of reproductive success. This 

inevitably favors specific organisms over others in the same 

population
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• Inheritance: The characteristics of an individual that 

succeeds in survival and reproduction will be passed on to 

its offspring. 

However, inheritance faced a problem that was emphasized by 

Darwin: the lack of information on how this occurred. The solution 

to this problem would be provided by Mendel in 1865 when he 

published the three basic laws of inheritance: 

• Dominance: Heritable factors can be dominant or recessive. 

These factors may be carried by an individual, but only the 

dominant ones will be expressed. 

• Segregation: Each organism possesses two alleles for each 

characteristic, and these are randomly inherited by the 

offspring. 

• Independent assortment: The inheritance of each 

characteristic is independent of other features. 

Nowadays, we know that there are exceptions to each of these rules, 

however, they served as the starting point for the initiation of 

genetics, establishing the units that could be inherited in offspring. 

From this point on, the unraveling of the basis of inheritance in 

living organisms continued. The nucleotides that form the nucleic 

acids were isolated in 1869 by Friedrich Miescher. Subsequently, in 

1881, Albrecht Kossel identified the five nitrogenous bases: adenine 

(A), thymine (T), cytosine (C), guanine (G), and uracil (U), which 
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are part of the genetic material of all living organisms. In 1944, it 

was discovered that DNA carried the heritable genetic information 

of living organisms, and finally, in 1953, thanks to Rosalind 

Franklin, Watson, and Crick, the structure of the DNA molecule 

was revealed (Durmaz et al., 2015). 

1.1.2 The definition of a gene 

The term "gene" emerged in 1909, introduced by the botanist 

Wilhelm Johannsen. From the beginning, there was an analogy 

between the term gene and Mendel's term "cellular elements". In the 

early 1930s, the gene became more sharply defined as an indivisible 

unit of inheritance located in specific regions of chromosomes 

(Portin & Wilkins, 2017). 

Following the discovery of DNA structure in 1958, Francis Crick 

established the central dogma of molecular biology. This dogma 

stated that gene information could only be transferred from nucleic 

acid to nucleic acid or from nucleic acid to protein, making the 

transfer of information from protein to protein or from protein to 

amino acid impossible. This led to a change in the definition of a 

gene, implying that a gene gave rise to messenger RNA (mRNA), 

and this, in turn, led to a polypeptide—known as the one gene-one 

mRNA-one polypeptide hypothesis. Over time, it became apparent 

that this definition was not precise enough, as a single gene could 

give rise to more than one mRNA and, consequently, more than one 

polypeptide. In 2017, an article proposed a more updated definition 

of a gene that encompasses the subtleties mentioned earlier. 
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 “A gene is a DNA sequence (whose component segments do not 

necessarily need to be physically contiguous) that specifies one or 

more sequence-related RNAs/proteins that are both evoked by 

genetic regulatory networks(GRNs) and participate as elements in 

GRNs, often with indirect effects, or as outputs of GRNs, the latter 

yielding more direct phenotypic effects” (Portin & Wilkins, 2017).  

Therefore, a gene is a DNA sequence that gives rise to one or more 

RNAs or proteins with a phenotypic effect. 

We have seen that genes contain the instructions to make proteins, 

which carry out a multitude of functions in the cell. But how does 

DNA lead to the production of proteins? First, DNA is transcribed 

into RNA. This process is carried out by an enzyme known as RNA 

polymerase II, which can catalyze the formation of a pre-mRNA 

molecule from the complementary DNA sequence, always 

following the same orientation from 5' to 3'. Subsequently, the pre-

mRNA molecule is processed to form its mature form, known as 

mRNA. This mature version of mRNA is read by ribosomes, 

leading to the synthesis of proteins. 

The pre-mRNA undergoes various modifications during its 

maturation process. The first change occurs in the 5' region of the 

nascent transcript, where a 5-methyl guanosine cap is added. The 

added molecule in the 5' region (process called 5'-end capping) 

facilitates subsequent steps in mRNA maturation, as well as its 

export from the cell nucleus to the cytoplasm and even its 

translation. After the pre-mRNA molecule has been completely 
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transcribed, a multiprotein complex attaches to the 3' region. The 

modification of the 3’ region occurs by recognizing a specific 

region in the transcript (typically the AAUAAA sequence), which 

serves as a reference point for the protein complex to cut the 3' 

region of the transcript and subsequently attach a sequence of 

adenines known as the poly(A) tail. The function of the poly(A) tail 

is to provide stability to the transcript. Finally, the third change that 

usually occurs in pre-mRNA is known as splicing. Splicing 

produces a shorter mRNA than the original one, eliminating specific 

regions of the initial transcript (called introns). The remaining 

fragments (exons) are spliced together to form the mature mRNA 

molecule.  

When the mature mRNA is formed, it will be exported to the 

cytosol (in the case of eukaryotic cells), where it will be scanned by 

ribosomes and translated. The coding sequence (CDS) is the region 

that encodes the main protein of the gene. The CDS is scanned by 

ribosomes in groups of 3 nucleotides or codons. Translation 

requires the binding of a specific type of RNA, known as tRNA, 

through nucleotide complementarity. The tRNA molecules carry an 

attached amino acid, and once they recognize their complementary 

sequence in the ribosome, they release the amino acid into the 

ribosome, forming a protein chain with all the previously 

incorporated amino acids. This process continues until one of the 

three codons known as "STOP" is read by the ribosome, at which 

point the ribosome dissociates from the mRNA. The untranslated 

regions of the mRNA are called 5' UTR (untranslated region) or 
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leader sequence and 3' UTR or trailer sequence, depending on their 

location in the mRNA. UTR regions have many functions, such as 

modulating mRNA transport to the cytosol, subcellular localization, 

and transcript stability (Mignone et al., 2002). 

Genes change over time due to the accumulation of mutations. 

When DNA is duplicated during mitosis by DNA polymerase, it 

synthesizes a DNA strand that is complementary to the original one 

(A:T and C:G). But the DNA polymerase has an error rate between 

10-6 and 10-4, resulting in the introduction of mutations in each 

DNA replication round (Matsuda et al., 2001). Other types of 

possible errors during DNA replication include sequence insertions 

and deletions. These errors are the basis of the genetic variability 

observed among different individuals of the same species, and 

ultimately of the genetic differences between species.  

All living beings derive from a single organism, which we now call 

LUCA (Last Universal Common Ancestor). It has been 

hypothesized that this organism had around 355 genes, a number 

that is much lower than the number of genes in most organisms 

nowadays. For example, the budding yeast (Saccharomyces 

cerevisiae) has around 6000 genes, and humans have more than 

20,000 genes (International Human Genome Sequencing 

Consortium, 2004; Wood et al., 2001). This implies that the original 

genes have been radically modified, and that new genes have been 

created. Other genes tend to degenerate over time. Pseudogenes are 

genes that are similar to other genes, but they have accumulated 

mutations and are non-functional, either because they are not 
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correctly transcribed or translated. The probable origin of 

pseudogenes is the duplication of an existing gene. The 

accumulation of mutations have rendered them non-functional, 

remaining in the genome as gene fossils (Mighell et al., 2000). 

1.1.3 Alternative splicing  

Alternative splicing is a mechanism that allows to expand the 

number and complexity of the proteome in eukaryotic organisms. 

Splicing and alternative splicing were mention in 1977 but 

described in more detail in 1978 (Chow et al., 1977; Crick, 1979; 

Darnell, 1978). While it was already known before 1977 that 

prokaryotic cells could generate multiple proteins from a single 

gene due to the polycistronic capacity of their genes, alternative 

splicing increased the complexity of each of the genes in the 

eukarya domain. This is possible because many eukaryotic genes 

consist of a set of exons separated by introns, and therefore, the 

ability to modify the exonic regions that will be retained in the 

mature mRNA can vary depending on the situation or cell type 

within the same organism producing subtle modifications in the 

final protein or significant alterations in its functionality. 

Initially, alternative splicing events were studied individually. 

However, with the advent of more advanced sequencing techniques 

such as second and third-generation sequencing, it was observed 

that this event is much more common than expected. In humans, it 

has been observed that 95% of their genes undergo alternative 

splicing (Pan et al., 2008). 
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The splicing mechanism begins with the formation of the nascent 

mRNA through complementary binding to the DNA sequence by 

RNA polymerase II (Pol II). Subsequently, a complex of proteins 

and ribonucleoproteins known as the spliceosome recognizes 

specific regions within the transcript, leading to the excision of 

intronic regions and the ligation of the remaining exons, forming 

the mature transcript. There are two types of splicing sites 

recognized by the spliceosome: strong and weak sites. Strong 

regions are more efficiently identified by the spliceosome and 

therefore are signals of constitutive splicing. Weak regions lead to 

alternative splicing as their detection is not as efficient as the strong 

sites, resulting in several isoforms of the same transcript. In addition 

to the sequences within the mRNA, there are proteins that bind to 

specific exonic and intronic regions, either promoting (splicing 

enhancers) or inhibiting splicing (splicing silencers). Another factor 

influencing transcript splicing is the speed of Pol II, which varies 

mainly due to chromatin compaction. Exons that are retained when 

transcription speed is slow are referred to as Class I. Their presence 

in the final transcript requires the recruitment of inclusion-

enhancing splicing factors, a process facilitated by slow Pol II 

speed. Conversely, Class II exons are excised from the final 

sequence if transcription is slow, as they are targeted by inclusion-

suppressing factors (Marasco & Kornblihtt, 2023). 

Not all mature transcripts that are produced are ultimately 

translated. Those mRNAs containing premature termination codons, 

due to alternative splicing are degraded. Typically, they are present 
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in very low concentrations within the cell as they can potentially 

have toxic effects. They are eliminated by a process known as 

nonsense-mediated mRNA decay (NMD). In humans, there are two 

models. The first mechanism, called the EJC-dependent model, is 

activated during the mRNA's initial translation by the binding of the 

EJC protein to the transcript. The second model is known as the 

EJC-independent model. The EJC-independent model occurs after 

multiple translation rounds of the target mRNA, and its activation 

depends on the distance between proteins binding to the mRNA's 

poly(A) tail and the stop codon. Once NMD is activated in a 

transcript, it promotes its degradation through both exo- and 

endonucleases acting on the mRNA (Lejeune, 2022). 

The conservation of different isoforms produced by alternative 

splicing varies. While alternative forms related to cellular 

differentiation or cellular destiny are conserved across many 

species, numerous other isoforms are species-specific. Species-

specific isoforms are subject to less selective pressure and are often 

more highly expressed in specific tissues. Despite the lack of 

homology of these types of isoforms, there are well-studied species-

specific examples (Marasco & Kornblihtt, 2023). 

The formation of different splicing isoforms has phenotypic effects. 

EZH2 is a protein whose function is to repress the transcription of 

specific genes. Its absence has been linked to the development of 

acute myeloid leukemia. Genomic modifications that promote the 

formation of an alternative form lead to a premature stop codon and 

a reduction in protein expression (Rahman et al., 2020). Telomere 
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shortening is a common process in somatic cells. However, the 

maintenance of telomere length is crucial during embryogenesis. 

One of the proteins involved in maintaining telomere length is 

TERT (a telomerase reverse transcriptase). An alternative form in 

which the second exon is skipped (hTERT) results in transcript 

degradation. In pluripotent cells, a splicing cofactor called SON 

promotes the formation of this TERT isoform and thus maintains 

telomere length (Penev et al., 2021). 

1.1.4 Translation of non-canonical open reading frames  

The annotation of open reading frames (ORFs) in eukaryotes has 

followed a set of guidelines to avoid false positives. Some of these 

requirements include a size larger than 300 nucleotides, an AUG 

start codon, and lack of overlap with other ORFs. However, over 

the years, it has been observed that these rules may exclude 

functional proteins that are relevant to the cell. Two examples of 

this are the RPL41 gene, which yields a 25-amino-acid protein, and 

the DEDD2 gene produced from an alternative frame of the original 

transcript (Slavoff et al., 2013; Wright et al., 2022). This group of 

ORFs that deviate from the norm is known as non-canonical open 

reading frames (ncORFs).  

A group of ncORFs that has gained recognition lately comprises the 

small ORFs (smORFs), characterized by their size, typically below 

300 nucleotides. smORFs have often gone undetected due to their 

short length. Traditional algorithms for predicting protein-coding 

ORFs relied on various criteria to reject biologically insignificant 
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ORFs, such as a size cutoff of 300 nucleotides or sequence 

conservation, the statistical power of which has a strong correlation 

with sequence size. These initial criteria hindered the identification 

of smORFs (Guerra-Almeida et al., 2021; Yeasmin et al., 2018). 

Nevertheless, there are numerous examples of smORFs playing 

significant functional roles in various organisms (Albuquerque et 

al., 2015; Magny et al., 2013; Prasse et al., 2015). 

There are several types of ncORFs depending on their location. In 

this thesis, they will be divided into two main groups, each with 

subdivisions: ncORFs found in transcripts of coding genes and 

ncORFs found in transcripts not annotated as coding. In addition, 

several studies have examined the conservation of genomics 

ncORFs and observed that several thousand of them are conserved, 

indicating potential functionality (Warren et al., 2010). Studies in 

bacteria have shown that under stressful conditions, they can be 

transcribed (Hücker et al., 2017). 

Small RNAs (sRNAs) are a type of RNA sequences of less than 200 

nucleotides. This type of RNAs play essential roles in various 

functions, such as stress responses and blocking transposons 

(Kantar et al., 2011; J. Zhang et al., 2022). sRNAs also contain 

ncORFs that can be translated and which are under purifying 

selection (Friedman et al., 2017). In Escherichia coli, it has been 

documented that under glucose-phosphate stress conditions, the 

sRNA SgrS functions at both the transcript and protein levels 

through the ncORF it contains (Wadler & Vanderpool, 2007). 
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However, our understanding of this phenomenon in eukaryotes 

remains limited and requires further investigation. 

Long non-coding RNAs (lncRNAs) are transcripts consisting of 

more than 200 nucleotides. The expression of lncRNAs is 

associated with various biological processes such as embryonic 

development or stress response; however, their expression levels 

tend to be low, and their sequences are typically non-conserved 

(Johnsson et al., 2014). These sequences lack a main coding 

sequence and are under low selective constraints (Guerra-Almeida 

et al., 2021). Nevertheless, multiple studies have demonstrated that 

they can contain translated ncORFs and in some cases produce 

functional peptides (Galindo et al., 2007; Nelson et al., 2016; Pauli 

et al., 2014). The composition of ncORFs in lncRNAs differs from 

canonical proteins coding sequences. In some cases the lncRNAs 

also lack a 5’ cap or a poly(A) tail (Guerra-Almeida et al., 2021). 

The group of ncORFs located within protein-coding genes can be 

divided into several subtypes. Upstream ORFs (uORFs) are situated 

in the 5' region of the gene, while downstream ORFs (dORFs) are in 

the 3' region. Those ORFs found within the coding sequence (CDS) 

but in a different frame of the mRNA are termed overlapping ORFs. 

One of the well-known functions of uORFs is regulating the main 

CDS by promoting ribosome dissociation before reaching the main 

CDS (Calvo et al., 2009). However, it has also been observed that in 

certain instances, uORFs are capable of promoting CDS translation 

(Starck et al., 2016). Additionally, in recent years, functional 
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peptides derived from uORFs have also been reported. In some 

cases, the peptide interacts with the main protein encoded by the 

gene, such as the peptides encoded by uORFs in ASNSD1 or  

MIEF1 (Cloutier et al., 2020; Rathore et al., 2018).  

There is evidence suggesting interactions between the ribosome and 

the 3’UTR region of many transcripts. This leads to the speculation 

that some dORFs might indeed be translated. However, the 

literature on dORFs is both controversial and limited. On one hand, 

ribosome binding might be due to an extension of the CDS caused 

by a readthrough of the stop codon (Arribere et al., 2016; Hogg & 

Goff, 2010). On the other hand, a recent study indicates that the 

translation of dORFs contributes to increased translation levels of 

the mRNA's main coding sequence (Q. Wu et al., 2020). Another 

study published in 2020 indicates that the human gene ABCB5 

contains a dORF that generates an immunogenic peptide in 

melanoma cell cultures (Chong et al., 2020). 

Overlapping ORFs are in a different frame from the mRNA's main 

CDS and can be internal (iORF) or partially overlap with the 

5’UTR (ouORF) or the 3’UTR (odORF) regions. Although most of 

the literature references overlapping ORFs in prokaryotes, examples 

in eukaryotic organisms also exist (Fonseca et al., 2013; Pavesi, 

2021; Sanna et al., 2008). Various instances in the literature 

contribute to shaping our understanding of this type of ncORF. For 

instance, the FUS gene generates a protein related to pre-mRNA 

splicing. However, an alternative form of FUS in a different reading 

frame has the ability to inhibit autophagy. Additionally, it has been 
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observed that in flies, suppressing the expression of this alternative 

form has a protective effect against neurodegeneration (Brunet et 

al., 2021).  

The translation and functionality of ncORFs can be assessed using 

several methodologies (Wright et al., 2022): 

• Conservation: The conservation of a sequence in multiple 

species is indicative of its relevance. However, the lack of 

conservation is not enough for the exclusion of ncORFs as 

they may be very recently generated ORFs. 

• Ribosome profiling: This technique allows us to predict 

bona fide translation events. The 3 nucleotide periodicity of 

the translating ribosome allows us to identify not only the 

region that is being translated but also the translation frame, 

making it possible to detect overlapping non-canonical 

ORFs within canonical coding sequences. 

• Mass spectrometry (MS): This technique is used for the 

detection of proteins in biological samples. The detection of 

proteins by this method can be useful for detecting new 

peptides encoded by ncORFs. However, small ORFs can be 

difficult to detect by MS, so it has been proposed to combine 

this technique with immunoprecipitation of HLA (human 

leukocyte antigen) complexes to enrich for smaller peptides. 

• Functional genetics: Finally, after determining the existence 

of a translated ncORF, it is necessary to check its 
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functionality. This can be done by preventing its expression 

(e.g. by CRISPR-Cas9) or by overexpressing it, and then 

examining any associated phenotypic effects. The 

generation of antibodies specific for the peptide, and the 

study of its subcellular localization, can also provide clues 

on its possible function. 
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1.2. Gene duplication  

Gene duplication is a mechanism by which a copy of a genomic 

region is obtained from a pre-existing one. If the duplicated region 

contains at least one gene, new coding material is acquired, which 

can be modified in a continuous process of adaptation to the 

environment by the organism. New genes that provide an 

evolutionary advantage will have a greater chance to become fixed 

in the population of a species and be preserved over longer 

evolutionary periods. Gene duplication has been extensively 

studied, revealing several mechanisms that lead to the duplication of 

a gene. 

• Tandem or unequal crossing over: This is a mechanism in 

which two chromatids of homologous chromosomes cross 

over during meiosis. This results in fragments of different 

sizes, with one of the chromatids acquiring duplications of 

various genes while the other loses them. This process of 

tandem duplication is positively correlated with the number 

of repetitive sections (such as microsatellites) due to the 

increased likelihood of these repetitive regions aligning 

incorrectly (Mercer, 2017). 

• Retrotransposition: These are duplicated genes that originate 

from the retrotranscription of mRNAs and are inserted into 

the genome without introns, including their poly(A) tail. 

Most of the genes duplicated through this process tend to be 

non-functional because they are not inserted with the 
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promoter regions of the initial gene. These non-functional 

genes that result from this process are referred to as retro-

pseudogenes (Esnault et al., 2000; Kaessmann et al., 2009).  

• DNA transposition: This involves the duplication of mobile 

elements within the genome. Although it is speculated to be 

the most abundant type of duplication in humans, it is one of 

the least characterized and least understood types of 

duplication in terms of the mechanism by which genetic 

material duplicates when it moves within the genome 

(Cerbin & Jiang, 2018; Hahn, 2009).  

• Polyploidy: This represents the ultimate form of duplication. 

This mechanism involves not only duplicating a region of 

the genome but the entire genome, resulting in a duplication 

of every gene. However, the conservation of this gene 

duplication is often not maintained across generations. In 

yeast, it has been observed that the conservation of 

duplicated genes from the whole-genome duplication event 

that occurred approximately 100 million years ago ranges 

from 10% to 25% (Byrne & Wolfe, 2005; Hahn, 2009; 

Wolfe & Shields, 1997). 

When a gene undergoes duplication, it tends to experience relaxed 

selection initially. It has been observed that the most likely fate for 

the newly duplicated gene is to accumulate deleterious mutations, 

become silenced, and eventually vanish from the host genome 

(Lynch & Conery, 2000). Nevertheless, not all duplicated genes 
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disappear over time. In 1970, Ohno explained in his book that 

various models could account for the conservation of these genes 

and how they might change to develop new functions. The terms 

used below are not the original ones described by Ohno but are 

modern adaptations of the processes he outlined (Hahn, 2009; 

Ohno, 1970). 

1.2.1 Conservation of duplicated genes 

For the acquisition of new genes through gene duplication, it is 

necessary for the duplicated gene to become fixed in the population. 

If the lack of regulation of the new copy, due to its location in 

another genomic region, is detrimental to the organism, it will likely 

lead to the disappearance of that duplication in the population. 

However, there are three main reasons why the duplicated gene 

persists over time: redundancy, dosage of the gene product, and 

segregation avoidance (Hahn, 2009). 

Redundancy: This model refers to the importance of retaining two 

copies of a gene to preserve the original function in case the parent 

gene loses its functionality due to a deleterious mutation. This 

model has the limitation that it is only effective when the population 

of the species where this event occurs is large (Lynch et al., 2001).  

Dosage: This second model suggests that in certain genes, an 

increase in the number of gene copies can be advantageous for the 

organism, leading to fixation in the population. This case has been 

observed in humans with the AMY1 gene, which has been found to 

have more copies in populations with higher starch consumption. 
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AMY1 is involved in the degradation of starch, and having more 

copies likely facilitates the digestion of dietary starch (Perry et al., 

2007).  

Segregation avoidance: This model suggests that an individual 

heterozygous for a specific gene can insert one of the copies 

elsewhere in the genome, making the organism permanently 

heterozygous. If the persistence of both genes is beneficial for the 

organism, they will tend to become fixed in the population. A 

classic example of this is the AChE1 gene in the mosquito Culex 

pipiens. In this mosquito population, segregation avoidance has 

occurred repeatedly, resulting in several copies of the AChE1 gene 

that differ by one amino acid. The accumulation of several slightly 

different copies of the same gene makes it difficult to eliminate 

them with pesticides, increasing the survival of individuals with 

these duplications (Labbé et al., 2007). 

Subfunctionalization 

Subfunctionalization through gene duplication involves the 

duplication of an ancestral gene, and each of the resulting genes 

performs part of the functions that the ancestral gene could perform 

(Hahn, 2009). Currently, there are two models to explain the 

subfunctionalization of duplicated genes: duplication-degeneration-

complementation and escape from adaptive conflict. 

The first subfunctionalization model, known as DDC (Duplication-

Degeneration-Complementation), was proposed in 1999 by Force, 

et al. This model describes how acquiring deleterious mutations is 
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not necessarily detrimental to duplicated genes; instead, it can 

increase the chances of preserving duplicated genes. For this to 

occur, the ancestral gene must have at least two functions that can 

be partitioned among the duplicated genes, or the expression of the 

duplicated genes must be equivalent to that of the ancestral gene. 

This model is independent of when the mutation arises; it could 

occur in the pre-duplication stage, during the fixation of 

duplication, or after the duplicated genes have already been fixed. 

An example of this model is the engrailed gene family in Zebrafish. 

In this species, orthology analysis has shown that the four genes 

eng1/eng1b and eng2/eng3 originated from ancestral duplications 

that occurred in the zebrafish lineage when it diverged from 

tetrapods (Force et al., 1999). 

There is a second subfunctionalization model called "Escape from 

Adaptive Conflict," which was initially proposed by Austin L. 

Hughes in 1994. However, the current name of the model first 

appeared in 2008, described by Des Marais and Rausher. This 

model assumes that the ancestral gene performs multiple functions 

that could be improved if carried out by different genes instead of a 

single gene. Therefore, this model not only assumes gene 

duplication but also positive selection for both copies, resulting in 

the optimization of each function of the ancestral gene in separate 

genes (Des Marais & Rausher, 2008; Hughes, 1994; Lynch & 

Katju, 2004).  
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Neofuncionalization 

Neofunctionalization is the process by which a gene acquires a new 

function after it has been duplicated. It was initially described by 

Ohno as the ultimate goal of gene duplication. The newly formed 

gene may be considered new either because it has a novel function 

or because it is regulated differently. As with the previous cases, 

there are multiple models to explain the occurrence of this process.  

The Dyhkhuizen-Hartl model suggests that initially, the duplicated 

gene with accumulated mutations due to genetic drift becomes fixed 

in the population. Subsequently, the gene becomes advantageous for 

the organism  (Kimura, 1983).  

Another existing model to explain neofunctionalization is the 

adaptive model, which proposes that the mutation occurring in the 

duplicated gene is immediately fixed because it is advantageous for 

the organism (Innan & Kondrashov, 2010). 
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1.3. De novo genes 

There is a term in genetics known as orphan genes. They are genes 

that have not been detected in other species or are found only in a 

very limited subset of species. For this reason, they are also referred 

to as taxonomically restricted genes. Previously, it was believed that 

these genes originated solely from duplicated genes that diverged 

rapidly. However, in recent years, a new mechanism has been 

discovered that could be involved in the formation of many of these 

genes, known as de novo gene birth (Tautz & Domazet-Lošo, 

2011). 

Although the existence of de novo genes is now recognized by the 

scientific community, initially, it was believed to be an extremely 

rare phenomenon. Previously, it was thought that almost all existing 

genes originated from pre-existing genes (Jacob, 1977; Ohno, 

1970). However, sequencing technology changed this view as more 

genes were found that couldn't be seen in other, even closely 

related, species (Dujon, 1996). This led more researchers to 

consider alternative theories for gene evolution beyond gene 

duplication. 

The definition of de novo gene birth is a process in which new 

genes emerge from non-genic regions of the genome. This process 

results in a new transcript that either performs a function on its own 

or encodes a protein. Since this mechanism is not bound by the 

constraints of previously existing genes, it can rapidly introduce 

completely novel functions (Levy, 2019). However, just as it is 
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possible to obtain genes that outperform existing ones, the products 

of de novo genes may be harmful to the organism. Thus, many de 

novo genes might be quickly eliminated by natural selection.  

There are two conditions for a non-coding DNA region to form a 

coding de novo gene: it must be transcribed and it must acquire 

open reading frames (ORFs) that can be translated. If the non-genic 

sequence first gains the ability to be transcribed and subsequently 

acquires an ORF, the mechanism is called "transcription-first." If 

the order is reversed, it is termed "ORF-first" (Schlötterer, 2015). 

As we can see, the final outcome is the same regardless of the 

mechanism, but both steps are necessary to form a de novo gene. 

 

 
Figure 1. Mechanisms for generating de novo genes. The figure illustrates the 2 

necessary steps for the creation of a de novo gene. White squares represent the 

genome, brown circles represent the RNA polymerase II transcribing the genome, 
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purple squares represent open reading frames (ORFs), green lines nascent 

mRNAs and black circles represent promoter regions. 

Pervasive transcription is a phenomenon observed across all 

organisms. This mechanism enables the transcription initiation of 

non-coding regions, and if these regions are stable enough, they 

could serve as precursors for potential de novo genes. Due to the 

lack of coding sequences, these precursors are often classified as 

lncRNAs. It has been observed that these newly transcribed 

sequences can end up in the cytoplasm associated with ribosomes, 

indicating early stages of a potential de novo gene. However, if the 

transcription (or translation) product is harmful to the organism, 

additional mechanisms exist to degrade the transcripts (Broeils et 

al., 2023; Villa & Porrua, 2023). 

On one hand, we have explored how de novo genes emerge, but 

how are they conserved over time? Currently, two models describe 

how this conservation might occur. The continuous model suggests 

that new ORFs gradually develop from a non-genic state, passing 

through a proto-gene stage until they are preserved by natural 

selection. In the continuous model, most changes that occur during 

the multiple steps of de novo gene formation are not drastic and can 

be reversed (Carvunis et al., 2012). The second model is called the 

preadaptation model. This model indicates that genes undergo an 

"all-or-nothing" transition. For a de novo gene to emerge, it must 

possess gene-like characteristics; otherwise, it will produce a toxic 

product for the cell (Wilson et al., 2017). Several studies have tested 

both theories, and it has been established that both models can 
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contribute to the formation of de novo genes. Additionally, studies 

using random sequences of the same sizes and amino acid 

proportions as novel genes have revealed shared characteristics but 

also differences, such as the higher solubility of the proto-genes 

(Broeils et al., 2023).  

Currently, there are several examples of de novo genes that have 

been studied by the scientific community. 

The first example dates back to 2006 in the Drosophila genus, 

identified by Levine et al. In this publication, five Drosophila-

specific de novo genes were discovered, with four of them being 

linked to the X chromosome (Levine et al., 2006). Subsequent 

experiments using RNA interference (RNAi) demonstrated that, 

despite being predominantly expressed in males, these genes were 

crucial for the survival of both males and females during 

metamorphosis (Reinhardt et al., 2013). 

Another example is BSC4 in Saccharomyces cerevisiae. In the study 

by Cai et al., it was observed how a gene that was unique to the 

Saccharomyces cerevisiae species retained part of its sequence in 

very closely related yeast species. Additionally, they observed that 

its function was related to DNA repair (Cai et al., 2008a). 

In vertebrates, we also find examples of de novo genes. In 2018, a 

family of glycoproteins (afgps) was described to have evolved from 

non-coding regions of the genome between 13 and 18 million years 

ago, enabling arctic codfishes to survive freezing conditions 

(Baalsrud et al., 2018). A year later, it was shown that the mouse 
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gene Gm13030, despite showing no signals of positive selection, 

played a significant role in pregnancy regulation (Xie et al., 2019). 

Another example of a de novo gene in humans is SP0535. 

Discovered in 2023, this gene has been found to be associated with 

brain development in embryos (Qi et al., 2023). 

1.3.1 Identification methods 

One of the major challenges in de novo gene research is the 

identification of the genes. The literature demonstrates that 

depending on the strategies employed, the final number of potential 

de novo genes varies across studies (Blevins et al., 2021; Knowles 

& McLysaght, 2009; Wacholder et al., 2023; B. Wu & Knudson, 

2018; D.-D. Wu et al., 2011). Currently, the most effective methods 

for discovering de novo genes involve phylostratigraphy and 

genomic synteny.  

Phylostratigraphy 

Phylostratigraphy involves the search of homologous sequences for 

each sequence of a reference organism. This search for homologous 

sequences can be conducted in closely related species to the 

reference organism or in organisms that are evolutionarily distant. 

Various tools employing different algorithms, such as BLAST and 

its variants (i.e., PSI-BLAST), or DIAMOND, are used to perform 

this type of sequence analysis (Altschul et al., 1990; Buchfink et al., 

2021).   

Phylostratigraphy is crucial in the search for de novo genes because 

it helps determine the origin of a sequence. If a specific sequence is 
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found in multiple organisms that are evolutionarily distant, it likely 

has a long evolutionary history, making it challenging to deduce its 

origin due to the multitude of changes it may have undergone over 

millions of years. Alternatively, if no homologs are found for a 

sequence, it likely emerged recently. Therefore, this method allows 

us to assign "ages" to genes based on their conservation across 

increasingly distant species. In the search for de novo genes, we 

typically focus on sequences with limited conservation, specific to a 

single species or a few species, to more accurately discern their 

origins (Van Oss & Carvunis, 2019). 

Despite the advantages offered by phylostratigraphy, there are 

limitations. One obvious limitation is the need for sequences. 

Depending on the quality of an organism's genome sequence, 

numerous genes can be omitted. This quality is crucial not only for 

the reference organism but also for the closely related species 

intended for analysis.  If a particular organism is sequenced but its 

close relatives are not, or their sequences are of insufficient quality, 

many sequences might be erroneously classified as orphans simply 

because they couldn't be detected. It's worth mentioning that rapidly 

evolving sequences are also prone to being misclassified. The 

changes might result in lack of homology detection, making their 

age appear younger than it actually is (Casola, 2018). 

Genomic synteny 

Synteny refers to the conserved arrangement of genes or genetic 

elements in the genomes of different species. It involves identifying 

corresponding gene blocks or regions in one organism that have 
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counterparts in another, indicating shared evolutionary origins. This 

concept is crucial in comparative genomics, allowing researchers to 

explore the structural similarities and differences between genomes. 

For example, when comparing the genomes of humans and 

chimpanzees, which shared a common ancestor approximately 7 

million years ago, synteny analysis can reveal regions where genes 

or genetic elements have been retained with similar sequences or in 

the same order (Amster & Sella, 2016). In Figure 2, we can observe 

the syntenic regions of human chromosome 17 and chimpanzee 

chromosome 17. 

 
Figure 2. Graphical representation of synteny between human Chromosome 17 

and chimpanzee Chromosome 17. The blue regions indicate highly similar 

segments present on both chromosomes. Red regions signify conserved segments 

that are inverted. Made with  SynVisio (Bandi and Gutwin 2020). 

The use of genomic synteny to define de novo genes has the 

advantage that mutations enabling the transcription/translation of 

the new gene can be identified. It is also possible to reconstruct 

ancestral sequences, obtaining valuable information about the origin 

and history of the potential new gene (Van Oss & Carvunis, 2019). 
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1.4. Sequencing technologies 

1.4.1 First generation sequencing 

In 1953, the work of Watson, Crick and Franklin led to the 

discovery of the DNA double helix structure (Watson & Crick, 

1953). Understanding the instructions for life's processes was 

fundamental for the development of the early DNA sequencing 

technologies, allowing us to decipher the nucleotide sequence that 

encodes our genome. The initial strides in sequencing were made by 

Robert Holley in 1965 when he identified the nucleotide sequence 

of tRNA encoding the amino acid alanine, earning him the Nobel 

Prize (Holley et al., 1965). Subsequently, Walter Fiers et al. in 1972 

published the sequence of the first gene in history (Jou et al., 1972). 

Then, in 1975, Sanger and Coulson published a sequencing method 

that was based on the synthesis of DNA under conditions of 

different limiting nucleoside triphosphates, which was rapidly 

adopted by laboratories around the world (Sanger & Coulson, 

1975).  

This first generation sequencing was time-consuming and 

expensive. Additionally, the DNA fragments obtained initially were 

quite short, around 100 base pairs (bp) (Gondane & Itkonen, 2023). 

Nevertheless, this technology provided highly reliable information 

about each reported nucleotide. Continuous research in this field 

allowed longer sequences of up to 800 bp and was employed in the 

collaborative effort of multiple countries and 20 sequencing centers 

for the Human Genome Project (Human Genome Project Fact 



1.4. Sequencing technologies 

32 

 

Sheet, n.d.; Lander et al., 2001). Even though more advanced DNA 

sequencing technologies exist today, the first generation method is 

still in use due to its precision in reporting sequences and its cost-

effectiveness. 

1.4.2 Second generation sequencing 

Second generation sequencing, also known as next-generation 

sequencing (NGS), is considered to have begun in 1993 with the 

development of pyrosequencing by Uhlen et al., based on the 

sequencing-by-synthesis method (Nyren et al., 1993). The more 

relevant part of this technique is the addition of three enzymes: 

DNA polymerase, luciferase, and ATP sulfurylase, which work 

together to copy a pre-existing DNA fragment. Additionally, a mix 

containing one of the four existing nucleotides (A, C, T, or G) is 

added. This nucleotide will be incorporated into the growing DNA 

fragment only if it is complementary to the original sequence. The 

binding of each nucleotide to the growing chain produces light, 

which can be detected using a camera. The mix is then changed to 

another nucleotide to continue elongating the new DNA strand. 

In 1996, a study conducted by Mostafa Ronaghi et al. achieved an 

enhancement in the automation of the sequencing process by adding 

an additional enzyme, apyrase, capable of removing nucleotides that 

were not incorporated by the DNA polymerase (Ronaghi et al., 

1996). Thanks to pyrosequencing, in 2005, researchers at 454 Life 

Sciences developed the first automated sequencing platform 

(Margulies et al., 2005). The machines produced by 454 enabled the 
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sequencing not only of a single DNA fragment, as first generation 

methods did, but of thousands of DNA fragments simultaneously, 

ranging from 100 to 800 base pairs. This was achieved using water-

in-oil emulsions with beads enclosed within each water droplet. In 

each bead, a single DNA molecule (with attached primers) was 

bound, and through pyrosequencing, the complete sequence of each 

DNA fragment was obtained (Heather & Chain, 2016). 

Later, one of the most significant companies in this generation of 

sequencing methods emerged, Solexa, which was later acquired by 

Illumina. Instead of using beads like 454, Solexa employed various 

oligonucleotides attached to flow cells. This method allowed DNA 

molecules to bind to these oligonucleotides in an isolated manner. 

Subsequently, bridge amplification created regions where the same 

sequence was amplified multiple times, facilitating the 

reconstruction of the original sequence. In this case, a variant of 

sequencing by synthesis called sequencing by reversible terminator 

was used, where each nucleotide was added one by one, even if 

identical nucleotides appeared consecutively in the original 

sequence. Additionally, they enhanced the previous sequencing by 

synthesis methodology. This new process was named sequencing by 

reversible terminator and differed from the previous method in that 

each nucleotide was added one by one, even if identical nucleotides 

appeared consecutively in the original sequence. This new approach 

resolved an issue faced by the older 454 machines related to 

homomers, because in that moment the machines provided an exact 

count of identical nucleotides. The main drawback of this 
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technology was that the resulting fragments were relatively short, 

typically ranging from 100 to 150 base pairs (F. Chen et al., 2013; 

Hong et al., 2020). 

Another significant company in second generation sequencing was 

Applied Biosystems, which utilized sequencing by oligonucleotide 

ligation and detection (SOLiD). Unlike the methods mentioned 

earlier that employed sequencing by synthesis, SOLiD utilized 

sequencing by ligation with octamers. This technique was highly 

accurate, although the read length was relatively short (75 base 

pairs) (Buermans & den Dunnen, 2014).  

Second generation sequencing has been crucial for the creation of 

new genomes and the analysis of various types of transcriptomes. 

However, one of the main challenges of NGS is its inability to 

sequence long fragments at once. This issue means that repetitive 

and/or duplicated genomic regions are difficult to complete due to 

the multitude of possibilities for these short fragments to be located 

in multiple places, all of them being potentially correct. 
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Platform Company Read 
length 

Run 
time 

Volum
e per 
run 

Cost Template 
preparati
on 

Sequencing 
chemistry 

The first generation sequencing 

Sanger Life 
sciences 

800 bp 2 h 1 read $2400 
per 
million 
bases 

Bacterial 
cloning 

Dideoxynucleosi
des terminator 

The next-generation sequencing 

Roche 454 
pyrosequenci
ng 

454 Life 
sciences 

700 bp  < 24 h 0.7 Gb $10 per 
million 
bases 

Emulsion 
PCR 

Sequencing by 
synthesis, 
pyrosequencing 

Illumina 
HiSeq 

Illumina 100 bp 3–
10 day
s 

120–
1500 G
b 

$0.02
—
$0.07 
per 
million 
bases 

Bridge 
PCR 

Reversible 
terminator 
sequencing 

Illumina 

MiSeq 

Illumina 100 bp 1–
2 days 

0.3–
15 Gb 

$0.13 
per 
million 
bases 

Bridge 
PCR 

Reversible 
terminator 
sequencing 

SOLiD Applied 
biosystem
s 
instrument
s (ABI) 

50–
75 bp 

7–
14 day
s 

30 Gb $0.13 
per 
million 
bases 

Emulsion 
PCR 

Sequencing by 
ligation 

The third generation sequencing 

SMRT Pacific 
bioscience
s 

 > 900 
bp 

1-2 h 0.5–
1 Gb 

$2 per 
million 
bases 

No need Sequencing by 
synthesis 

Helicos 
sequencing 

Helicos 
bioscience
s 

25–
60 bp 

8 days 21–
35 Gb 

$0.01 
per 
million 
bases 

No need Hybridization 
and synthesis 

Nanopore 
sequencing 

Oxford 
nanopore 
technologi
es 

Up to 
98 kb 

48/72 
h 

Up to 
30 Gb 

 < $1 
per 
million 
bases 

No need Nanopore 

Table 1. Characteristics of several sequencing platforms. Adapted from Hong, et 

al.,2020.  

Ribosome profiling 

Sequencing technologies can be used to sequence both the genome 

and the transcriptome (RNA). In the second case a complementary 

DNA sequence is first obtained using poly dT primers. RNA 

sequencing, or RNA-Seq, has been fundamental to measure 

expression levels in the cell and to identify gene expression 

regulatory changes. 
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Presently, the identification and quantification of the proteins in the 

cell is conducted through Mass Spectrometry. This technique is 

valuable for identifying proteins, observing their post-translational 

modifications, and quantifying their abundance. However, protein 

sequencing has its limitations, as reference protein databases only 

contain the set of annotated proteins, and this hinders the discovery 

of additional proteins. In addition, certain types of proteins, such as 

hydrophobic and membrane proteins, are difficult to detect. These 

limitations prevent a complete view of the sample's proteome (Koch 

et al., 2014). 

Ribosome profiling, introduced in 2009 by Ingolia, et al., allows 

researchers to sequence the regions in mRNAs that are being 

actively translated. This technique, first applied to S. cerevisiae, is 

highly quantitative and provides a more comprehensive view of the 

set of translated proteins (Ingolia et al., 2009).  

In summary, the protocol involves mRNA extraction, digestion of 

RNA not protected by ribosomes, and selection of RNA fragments 

matching the ribosomal pocket size (around 30 nucleotides). The 

standard RNA sequencing protocol follows, where RNA is 

converted to DNA and then sequenced using next-generation 

sequencing technology. This approach provides insights into the 

actively translated regions of the transcriptome, enabling a more 

accurate understanding of cellular protein synthesis. 

Ribosome profiling provides high sensitivity and precision. The 

sequencing reads are mapped on the genome, and infrequent or 



1. INTRODUCTION 

37 

 

unannotated translation events can be discovered. Its precision is 

derived from a unique feature of ribosome profiling: the detection 

of periodicity in translated genes. Due to the paucity of the genetic 

code, a consistent 3-nucleotide periodicity is observed in actively 

translated regions. Periodicity serves as an additional checkpoint to 

distinguish actively translated regions from those merely protected 

by the ribosome during scanning for translation initiation (Brar & 

Weissman, 2015). 

Despite its advantages, ribosome profiling also has some 

limitations, which are outlined below (Brar & Weissman, 2015): 

• Introduction of distortions: A key aspect of ribosome 

profiling is halting ribosomes during mRNA translation to 

gain a stronger translation signal. Typically, elongation 

inhibitors like cycloheximide are used for this purpose. 

However, these translation inhibitors can alter ribosome 

distribution on mRNA, leading to their accumulation in 

specific regions of transcripts that might not necessarily 

coincide with the authentic translation start site. To address 

this issue, recent approaches involve instant freezing of 

samples, avoiding the use of translation inhibitors. 

• Inference of protein synthesis: In protein level inference, it is 

assumed that ribosomes always complete translation. 

However, this is not always true. Literature has shown 

instances where fasting can cause ribosome stalling and 
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uncoupling, leading to false positives in protein detection 

(Subramaniam et al., 2014).  

• Multimapping: Due to the small size of the reads obtained, it 

might be challenging to identify repeated sequences, as 

reads will map to multiple genomic regions (Halpin et al., 

2020). 

• Sample amount: Unlike mRNA sequencing, ribosome 

profiling requires large initial sample amounts, making its 

implementation challenging. Because of this, until recently, 

single-cell ribosome profiling was not feasible 

(VanInsberghe et al., 2021). 

• Contamination with ribosomal RNAs: Due to the 

methodology, many reads obtained from ribosome profiling 

sequencing are ribosomal RNA molecules that do not 

provide information about the translational state of the 

sample. One of the causes of this contamination is the 

inability to filter out mRNAs after nuclease treatment. In 

RNA-seq methodology, mRNA sequences can be filtered 

using their poly(A) tails. This filtration is not possible with 

RNA sequences obtained from ribosome profiling as they 

lack these tails. 

As mentioned earlier, ribosome profiling is a highly valuable 

technique for detecting new translation products. By mapping the 

reads produced by this technique, it is possible to discover new 

open reading frames (ORFs) that were not previously detected, as 
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observed in lncRNAs or in the untranslated regions like upstream 

ORFs (uORFs) of established genes (Hinnebusch et al., 2016; 

Jürgens & Wethmar, 2022; Ruiz-Orera et al., 2014). Therefore, 

ribosome profiling is a crucial method for identifying novel 

proteins. 

1.4.3 Third generation sequencing  

Third generation sequencing emerged with the aim of addressing 

the challenges posed by NGS, including the size of sequenced 

fragments and the biases introduced by PCR amplification 

(Athanasopoulou et al., 2022). 

The first step in this direction was taken by Helicos Bioscience in 

2009. The company developed a method capable of sequencing 

complete DNA molecules using fluorescence without the need for 

cloning, amplifying or ligating the original molecules. This was 

achieved by adding poly(A) tails to the nucleotide fragments and 

hybridizing them with poly(T) tails fixed on the substrate to 

immobilize the target sequences. Each nucleotide was then added to 

the poly(T) sequence. The addition of each nucleotide emitted 

fluorescence, which was detected. However, a significant drawback 

of this initial advancement was that, despite the absence of original 

material amplification, the sequenced fragments were very short, 

around 32 bp (Athanasopoulou et al., 2022; Thompson & 

Steinmann, 2010). 

Helicos Bioscience's business was not profitable, leading to its 

withdrawal from the market in 2012 due to bankruptcy. Pacific 
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Bioscience (PacBio) and Oxford Nanopore Technologies (ONT) 

took over the reins of the third generation of sequencing (Summary 

of HELICOS BIOSCIENCES CORP - Yahoo! Finance, 2012). 

PacBio emerged in 2011 with a new technology called single-

molecule real-time (SMRT) sequencing. This methodology is based 

on the creation of SMRTbell libraries, which add single-strand 

adapters to double-stranded DNA, creating a circular template. A 

polymerase and a primer complementary to the adapter sequence 

are added to these templates. The libraries are then deposited into 

the sequencing machine, specifically into wells designed to obtain 

nucleotide sequences, known as SMRT cells. These SMRT cells 

contain nanosensors called zero-mode waveguides (ZMWs), which 

detect the signal produced during sequencing while preventing the 

spread of light. Once the templates are added to the SMRT cell, the 

polymerase is attached to the ZMW, and the DNA molecule moves 

as complementary marked nucleotides are added to the template. 

Each time a marked nucleotide is added, a laser and a camera 

capture each insertion, allowing the complete sequence to be 

obtained (Figure 3). Circularization of the DNA molecule allows for 

multiple sequencing passes of the same DNA fragment minimizing 

sequencing errors. Initially, PacBio started with a read size of 

around 1.5 kb and a high error rate (13%). However, this 

technology evolved and these numbers improved, reaching the 

current state with its HiFi technology, which has an average read 

length between 10 and 25 kb, with a precision of 99.5%, or the 

Continuous Long Read technology, which allows reads of more 
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than 50 kb (Athanasopoulou et al., 2022; Garrido-Cardenas et al., 

2017; Logsdon et al., 2020). 

 

 
Figure 3. Scheme of the PacBio method. (A) Representation of a Zero Mode 

Waveguide (ZMW) with an attached polymerase that is duplicating a circularized 

DNA fragment. (B) Illustration of the polymerase anchored in the ZMW. Upon 

adding a new nucleotide to the emerging strand, it emits fluorescence, which 

differs for each added nucleotide. 

Nanopore sequencing 

In contrast to PacBio, Oxford Nanopore Technologies (ONT) 

emerged in 2014 with a different approach. ONT relies on detecting 

voltage changes caused by the passage of single-strand RNA or 

DNA molecules pushed by a motor protein through a nanopore in a 

membrane (Figure 4). 
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Figure 4. Scheme of the nanopore sequencing process. The double-stranded 

DNA is unwound by the action of helicase, and one of the strands enters the 

interior of the pore. When each nucleotide passes through the membrane, it 

induces a change in the electrical current that can be measured. The current 

alteration is distinct for each nucleotide, enabling to decipher the sequence 

traversing the pore. 

The theory is easy to comprehend, but there are many intricate 

details that make this technology work. The concept of nanopore 

sequencing emerged in the 1980s. The first article measuring 

voltage fluctuations of a nanopore using a homopolymer of RNA or 

DNA with the Staphylococcus aureus alpha-hemolysin protein was 

published in 1996 (Song et al., 1996). However, there was still a 

need for the nucleotide chain to move through the pore at a constant 

speed. This was achieved in 2012 with the addition of a motor 

protein (phi29 DNA polymerase) that ensured a constant nucleotide 

chain entry rate through the pore (Cherf et al., 2012; Manrao et al., 

2012). The combination of these early proteins led ONT to 

announce its first sequencing device in 2012, which was later 

launched in the market in 2014. Since that initial model in 2014 

(known as R6), new combinations of proteins (not disclosed by the 
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company) have emerged, culminating in the most recent version, 

R10.4. This latest version achieves an accuracy above 99.1%, 

making it suitable for single-cell whole-genome amplification and 

the detection of DNA methylation patterns (Ni et al., 2023). 

The precision of sequence detection using this technique has been 

significantly improved since its first appearance. This progress has 

been made not only through the optimization of the nanopore and 

motor protein but also with the aid of new algorithms. These 

algorithms are essential for translating changes in electrical current 

to nucleotides and are therefore called basecallers. The best 

basecaller developed for Nanopore technology is guppy (Ni et al., 

2023). 

The number of nucleotides in each read has increased over the years 

with technological advancements, from around a thousand 

nucleotides to much higher values of approximately 23 kb 

(Deschamps et al., 2018). The ability to increase read length is 

primarily attributed to how DNA fragments are extracted from 

samples. However, the increase in obtaining longer sequences 

comes with the disadvantage that coverage is lower because 

truncated sequences are typically discarded (Y. Wang et al., 2021). 

One of ONT's advantages is its ability to directly sequence RNA 

(known as dRNA). Current protocols allow the utilization of RNA 

by ligating a primer to the poly(A) tail of the mRNAs molecules 

and then adding an adapter. This adapter facilitates the passage of 

RNA through the pore, allowing it to be sequenced (Garalde et al., 
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2018). This method offers advantages over other techniques 

because it not only enables the identification of complete mRNA 

sequences without gaps but also allows the quantification of a 

transcript without the need for PCR, thus avoiding potential biases. 

However, a significant drawback of this method is its accuracy, 

which currently hovers around 90% (M. Jain et al., 2022).  

The direct sequencing of DNA and RNA molecules allows the 

detection of nucleotide modifications in these molecules. When a 

modified nucleotide passes through the pore, it can be detected 

because it causes an abnormal voltage change that cannot be fully 

registered as one of the four basic nucleotides. This allows the 

detection of methylated nucleobases such as 5mC, 6mA, or 5moU, 

which have been verified in DNA and RNA using tools like 

nanoDoc2, Nanopolish, or ELIGOS (Jenjaroenpun et al., 2020; 

Simpson et al., 2017; Ueda et al., 2023; Y. Wang et al., 2021). 

On average, the precision of reads produced by ONT has increased 

over time. However, there are still nucleotide sequences that show 

low precision with nanopore, such as homopolymers or regions with 

high GC content (Delahaye & Nicolas, 2021). Therefore, algorithms 

have been devised for read correction, based on two strategies. The 

first strategy uses the reads themselves and graph approximations to 

create consensus sequences among all reads with the same origin 

(for example, Canu (Koren et al., 2017)). The second strategy 

involves using external information, such as second generation 

reads or the genome of the organism being studied. Examples of 

this second strategy include FMLRC (J. R. Wang et al., 2018), LSC 
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(Au et al., 2012) o TranscriptClean (Wyman & Mortazavi, 2019). ). 

It has been observed that the most accurate corrections follow the 

second strategy, but as mentioned, it requires additional information 

apart from ONT reads (L. Lima et al., 2020). 

Current efforts are focused on reducing both the error rate and the 

initial amount of genetic material required (which is currently high). 

Additionally, attempts are being made to use this type of technology 

to sequence proteins. A very recent article indicates that 

polypeptides with more than 1200 residues have already been 

sequenced, and post-translational modifications have been detected 

(Martin-Baniandres et al., 2023). 



1.4. Sequencing technologies 

46 

 

 



 

47 

 

2. RESULTS 

2.1 Native RNA sequencing in fission yeast 
reveals frequent alternative splicing isoforms 

Authors: José Carlos Montañés, Marta Huertas, Simone G. Moro, 

William R. Blevins, Mercè Carmona, José Ayté, Elena Hidalgo, and 

M. Mar Albà 

Published: Genome research (May 26th, 2022) 

DOI: https://doi.org/10.1101/gr.276516.121 



2.1 Native RNA sequencing in fission yeast reveals 
frequent alternative splicing isoforms 

48 

 

2.1.1 Abstract 

The unicellular yeast Schizosaccharomyces pombe (fission yeast) 

retains many of the splicing features observed in humans and is thus 

an excellent model to study the basic mechanisms of splicing. 

Nearly half the genes contain introns, but the impact of alternative 

splicing in gene regulation and proteome diversification remains 

largely unexplored. Here we leverage Oxford Nanopore 

Technologies native RNA sequencing (dRNA), as well as ribosome 

profiling data, to uncover the full range of polyadenylated 

transcripts and translated open reading frames. We identify 332 

alternative isoforms affecting the coding sequences of 262 different 

genes, 97 of which occur at frequencies >20%, indicating that 

functional alternative splicing in S. pombe is more prevalent than 

previously suspected. Intron retention events make ∼80% of the 

cases; these events may be involved in the regulation of gene 

expression and, in some cases, generate novel protein isoforms, as 

supported by ribosome profiling data in 18 of the intron retention 

isoforms. One example is the rpl22 gene, in which intron retention 

is associated with the translation of a protein of only 13 amino 

acids. We also find that lowly expressed transcripts tend to have 

longer poly(A) tails than highly expressed transcripts, highlighting 

an interdependence between poly(A) tail length and transcript 

expression level. Finally, we discover 214 novel transcripts that are 

not annotated, including 158 antisense transcripts, some of which 

also show translation evidence. The methodologies described in this 
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work open new opportunities to study the regulation of splicing in a 

simple eukaryotic model. 

2.1.2 Introduction 

The unicellular eukaryote Schizosaccharomyces pombe, with 

around 7000 genes, is an ideal model to study cellular processes 

that are conserved across eukaryotes (D.-U. Kim et al., 2010; 

Wood et al., 2002). About 43% of the genes contain introns, often 

multiple ones. Thus, in contrast to other unicellular yeast species 

such as Saccharomyces cerevisiae, which has a very limited 

number of introns, S. pombe can also be used to study the 

molecular basis of splicing. Previous studies using intron lariat 

sequencing, short-read RNA sequencing (RNA-seq), and Iso-

Seq have uncovered many low-frequency alternative isoforms 

(Bitton, Atkinson, et al., 2015; Kuang et al., 2017; Stepankiw et al., 

2015), suggesting that splicing fidelity in the species is relatively 

low. 

Little is known about the impact of alternative splicing (AS) in 

generating functional isoforms and expanding the proteome of 

S. pombe. One of the few well-studied cases is rem1, encoding a 

cyclin required for meiosis. The expression of the Rem1 protein 

is regulated at the level of splicing; the retention of an intron 

ensures that no protein is produced before the start of meiosis 

(Malapeira et al., 2005; Moldón et al., 2008). At the same time, the 

intron retention (IR) isoform results in a 17-kDa protein with a 

role in recombination in the premeiotic S phase. Other possible 
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examples of functional AS events are three exon skipping (ES) 

transcripts that have been reported to be conserved between S. 

pombe and humans (Awan et al., 2013). A complete catalog of 

AS isoforms occurring at high frequencies, together with the 

putative encoded proteins, is still missing.  

Here we use native RNA-seq (Garalde et al., 2018; Workman et 

al., 2019), in combination with ribosome profiling (Brar & 

Weissman, 2015; Ingolia et al., 2009), to uncover the complete 

transcriptome and translatome of S. pombe. Oxford Nanopore 

Technologies (ONT) direct RNA (dRNA) sequencing (dRNA-

seq) offers several important advantages over previous RNA-seq 

approaches: (1) It provides an unbiased snapshot of the native 

polyadenylated RNAs in the cell; (2) there is no need to assemble 

the transcripts using reads that are much shorter than the RNA 

molecule; (3) it is highly quantitative, as each sequence 

corresponds to a single RNA molecule; and (4) it is very sensitive 

because millions of reads can be generated per experiment. 

dRNA-seq has been successfully used to discover new gene 

isoforms in Homo sapiens (Workman et al., 2019), Arabidopsis 

thaliana (S. Zhang et al., 2020), and Caenorhabditis (R. Li et al., 

2020; Roach et al., 2020). Additionally, unlike Nanopore cDNA 

sequencing, dRNA provides information on the orientation of 

the transcript, which is essential to be able to detect new 

antisense transcripts. As we have recently shown in S. 

cerevisiae, antisense transcripts can originate rapidly during 

evolution, providing new functionalities (Blevins et al., 2021). 
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No dRNA-seq of S. pombe has yet been produced, limiting our 

knowledge on the complexity of the transcriptome of this 

model eukaryotic species.  

Nanopore dRNA-seq starts from the 3′-end of the molecule, 

capturing the full-length poly(A) tail of each RNA. This 

enables the investigation of poly(A) tail variation among 

different transcripts and individual mRNA molecules 

(Workman et al., 2019). Poly(A) tail length is the result of 

polyadenylation and deadenylation processes and has been 

related to transcript stability and translatability (Dreyfus & 

Régnier, 2002). Poly(A) tail shortening can initiate mRNA 

degradation in the cytoplasm (Parker & Song, 2004). In 

humans, it has been shown that poly(A) polymerase activity 

can result in the decay of nuclear noncoding RNAs (ncRNAs) 

or mRNAs with retained introns (Bresson et al., 2015). By 

using dRNA, it is possible to study both AS and alterations in 

the poly(A) length, obtaining new clues about the possible 

regulatory functions of poly(A) length. 

AS isoforms can encode proteins that are different from the 

canonical ones. These proteins remain poorly annotated 

because they are frequently short and partially overlap the 

annotated protein. A high-throughput method to test for 

translation activity in putative open reading frames (ORFs) is 

ribosome profiling (Ribo-seq) (Ingolia et al., 2009). This 

technique is based on the sequencing of ribosome protected 

RNA fragments and has single-nucleotide resolution. The 3-
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nucleotide (nt) periodicity of the reads has been used to 

discover novel translated ORFs in long ncRNA and 5′ 

untranslated regions (5′ UTRs), as well as in alternative 

transcript isoforms (Reixachs-Solé et al., 2020). Here we use 

Ribo-seq data to investigate the hallmarks of translation of 

alternative protein isoforms, as well as to identify translated 

ncRNAs and novel transcripts. Our aim is to exploit 

Nanopore dRNA data in conjunction with Ribo-seq to 

uncover parts of the transcriptome and translatome that might 

have remained hidden owing to previous technical 

limitations. 

2.1.3 Results 

Native sequencing of poly(A)+ RNAs in S. pombe 

We extracted total RNA from S. pombe cells growing at log-phase 

and subsequently performed poly(A)+ selection. Then we 

performed dRNA-seq of the polyadenylated RNA using an ONT 

Grid-ion instrument (Garalde et al., 2018). We obtained a total of 

7,297,642 dRNA-seq reads from four sequencing runs. Each of 

these reads corresponds to a single native poly(A)+ RNA. The 

average read length was ∼650 nt (for more details, see 

Supplemental Table S1). 

Nanopore reads are remarkably long compared with other short-

read sequencing technologies, and they contain more errors, which 

need to be corrected (Amarasinghe et al., 2020). One commonly 
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used approach to try to decrease the proportion of errors is to select 

reads that pass a certain quality score (typically Q ≥ 7). 

However, we found that eliminating reads with Q < 7 had nearly no 

effect on the error rate (Fig. 1A), and thus, we did not apply this 

filter. Instead, we performed a correction based on Illumina reads 

with the program fmlrc (J. R. Wang et al., 2018), taking advantage 

of a previous S. pombe Illumina RNA-seq experiment performed in 

the same growth conditions as here (Blevins et al., 2019). The error 

rate decreased to about half its original values, but some regions, 

such as the 3′-end of transcripts, still remained largely uncorrected. 

For this reason, we subsequently applied TranscriptClean, which 

uses the genome sequence as reference to correct ONT reads 

(Wyman & Mortazavi, 2019). The final “clean” set had an average 

error rate of only 1.24%, which basically corresponded to short 

indels. 

The reads were mapped to the PomBase gene annotations with 

minimap2 (H. Li, 2018). The total number of mapped reads was 

5,054,233. The longest mapped read was 13,899 nt long. The 

mapped reads had an average length of 756 nt and were 

significantly longer than the raw reads (Fig. 1B). We could see 

expression of the vast majority of the protein-coding transcripts 

(97.8%), as well as of a very large percentage of ncRNAs (87.8%) 

and smaller amounts of other RNA classes (Supplemental Fig. S1). 

In general, ncRNAs were expressed at much lower levels than 

mRNAs (average 70 dRNA reads vs. 1130 dRNA reads). 
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We inspected the correlation between dRNA and Illumina derived 

transcript abundances. Whereas each dRNA read corresponds to 

one native molecule, Illumina sequencing involves cDNA synthesis 

and PCR amplification, and the number of mapped reads needs to 

be normalized by length. In addition, we found that 13.41% of the 

Illumina reads were multimapping, increasing the uncertainty in the 

transcript abundance estimates. There was a high positive 

correlation between the abundance estimates obtained with the two 

technologies (Spearman’s ρ = 0.849, P < 10−12) (Fig. 1C), after 

excluding transcripts with multimapping reads. Inclusion of the 

1800 transcripts with Illumina multimapping reads caused an 

overestimation of transcript expression levels for some of the 

transcripts (Supplemental Fig. S2). 

Nanopore mRNA sequencing starts from the 3′-end of the transcript 

and proceeds toward the 5′-end. Some of the mRNAs are sequenced 

to completion (full-length reads), whereas others are truncated at 

their 5′-end. We estimated the number of full-length reads by 

mapping the reads to the gene annotations and then comparing the 

length of each mapped read with the length of the corresponding 

annotated transcript. To be considered full length, the read had to be 

equal or longer than the annotated transcript, or in case it was 

shorter, the difference should be <50 nt. This accounted for the fact 

that the first 10–15 nt of the 5′ UTR are systematically missed with 

Nanopore and that the real 3′-end might also show some variation 

with respect to the annotated transcript. We estimated that the total 

number of full-length reads was 1,013,789 (20.06%). Perhaps more 
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importantly, the vast majority of the transcripts with expression 

evidence had at least one full-length read (5165 out of 6453, 

80.04%). As expected, the fraction of transcripts recovered as full-

length reads decreased with transcript length, with the strongest 

effect being observed in transcripts >3.45 kb (Fig. 1D, last decile; 

Supplemental Fig. S3). We observed that this subset of very long 

transcripts also tended to be expressed at lower levels than 

transcripts of intermediate length (Fig. 1E; Supplemental Fig. S4). 

Transcripts in the first decile (<633 nt) were expressed at even 

lower values, but because of their short size, they were normally 

recovered as full-length reads. 
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Figure 1. dRNA sequencing (dRNA-seq) of S. pombe. (A) Error rate distribution 

of raw and clean reads. Error rate is the percentage of aligned positions that 

contain a mismatch or indel. (Raw) The original reads, (raw P7) original reads 

with quality score Q ≥ 7, and (clean) corrected reads used in this work. (B) 

Sequence length distribution of raw and clean reads. Number of raw reads, 

7,097,130; number of clean reads, 5,054,233; median value raw reads, 500; and 

median value clean reads, 620. Differences in the distribution are significant by a 

Wilcoxon test (P-value < 2.2 × 10−16). (C) Correlation transcript abundance 

ONT dRNA versus Illumina. The reads were mapped to the PomBase 
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transcriptome. In the case of dRNA reads, we simply divided the number of reads 

by the number of million reads (reads per million [RPM]). For Illumina reads, we 

calculated transcripts per million (TMP), normalizing by transcript length as well 

as number of million reads. We selected transcripts expressed in at least one of 

the two data sets; transcripts with multimapping Illumina reads were removed. 

Number of transcripts analyzed was 4999. (D) Estimated number of transcripts 

with at least one full-length read with respect to transcript length. The data are 

shown for different transcript length deciles: (71.0–633.2), (633.2–923.4), 

(923.4–1175.0), (1175.0–1395.0), (1395.0–1637.0), (1637.0–1911.2), (1911.2–

2227.4), (2227.4–2695.0), (2695.0–3444.6), (3444.6–15,022.0]. Number of 

transcripts was 6453. (E) dRNA counts with respect to transcript length. Bins are 

the same as in D. (F) Poly(A) tail distribution in mRNAs and ncRNAs. Poly(A) 

tail is estimated as the mean of the poly(A) tail length of all the reads that map to 

each transcript. Differences are significant according to a Wilcoxon test (P-value 

< 10−5). (G) Relationship between poly(A) tail length and transcript abundance. 

For each transcript, the average poly(A) tail length of all the reads mapping to the 

transcript is taken. Only mRNAs are taken into account for this calculation (n = 

4995). Genes related with reproduction (GO:0000003) and translation 

(GO:0006412) are highlighted. Highly expressed transcripts tend to have shorter 

poly(A) tails. The correlation is significant (Spearman’s ρ = −0.376; P-value = 

9.3 × 10−168) (H) Distribution of poly(A) tail length with respect to transcript 

length. Bins are the same as in D. Poly(A) tail length is homogeneously 

distributed across different transcript length classes. 

Poly(A) tail length depends on expression level but not 

transcript length 

Extended poly(A) tail lengths have been previously associated with 

increased transcript’s stability and translatability (Dreyfus & 

Régnier, 2002). We used nanopolish to measure poly(A) tail length 
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directly from the dRNA data. The average poly(A) length was ∼50 

nt, similar to that observed in humans (Workman et al., 2019). 

Poly(A) tails tended to be slightly shorter in mRNAs (median, 48.9 

nt) than ncRNAs (median, 51 nt) (Fig. 1F). We found that poly(A) 

length and transcript abundance were negatively correlated 

(Spearman’s ρ = −0.376 and P-value < 10−5) (Fig. 1G). The median 

number of counts for the top 10% transcripts with the shortest 

poly(A) tail (length <40) was 581.5, whereas the 10% of genes with 

the longest poly(A) tail (length >58) had a median of 131 counts. 

Gene Ontology (GO) term enrichment analysis indicated that genes 

with the shortest poly(A) tail were significantly enriched in 

translation-related functions, whereas those with the longest 

poly(A) tail were in sexual reproduction and meiosis-related 

functions (Supplemental Fig. S5). Consistently, these two groups 

also showed clear differences in their expression levels, with the 

translation genes being expressed at very high levels and the 

meiosis genes at much lower levels (Fig. 1G). No major differences 

in poly(A) length were observed in relation to transcript length (Fig. 

1H). 

Identification of hundreds of alternative transcript isoforms 

We used StringTie2 to identify possible transcript isoforms 

supported by the dRNA reads (Kovaka et al., 2019). This program 

has the advantage that it does not require that the reads are full 

length, something which a priori cannot be determined for dRNA 
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reads. StringTie2 yielded 5799 transcripts that showed a length 

distribution similar to that of annotated transcripts (Supplemental 

Table S2; Supplemental Fig. S6). 

We identified a total of 332 alternative isoforms, in 262 different 

genes, that had an effect on the coding sequence. These events were 

novel and not annotated in PomBase. Because not all reads 

corresponded to full-length transcripts, a small proportion of the 

reads, 3.7%, mapped to different gene isoforms (7271 

multimapping reads out of 189,281). The formation of alternative 

isoforms decreased the relative amount of the reference protein and, 

in some cases, could potentially lead to different protein products. 

We could distinguish between four types of events: intron retention 

(IR), intron inclusion (II), use of alternative splicing (AS) sites, and 

exon skipping (ES) (Fig. 2A). IR events were denoted by dRNA 

sequences in which the intron was not spliced out. In the case of II, 

a nonannotated intron was observed in a subset of the reads. AS 

sites implied the use of different splice site donor or acceptor 

signals in a subset of the mRNA molecules. Finally, ES was 

represented by sequences that lacked a complete exon. The most 

common event was IR, which represented ∼80% of all events, 

followed by II in ∼12% of the cases (Fig. 2B). 

In general, the number of alternative isoforms observed was one or 

at most two, although in some cases, a larger number of isoforms 

could be observed (Fig. 2C). The latter cases corresponded to genes 

of the killer meiotic drive system, a rapidly evolving family of 

parasitic and antidote genes (Eickbush et al., 2019). The maximum 
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number of alternative isoforms recovered by StringTie2 was nine in 

wtf19. These isoforms apparently originated from different types of 

exon/intron inclusion and exclusion events, as well as by the use of 

alternative splice sites. The capacity of this gene to generate many 

alternative isoforms might be important for the ongoing arms race 

that characterizes the gene family. 

To quantify the isoform expression levels, we mapped the dRNA 

reads to the transcriptome and used only uniquely mapped reads. 

This allowed us to unambiguously distinguish between the 

reference and alternative isoform transcripts. As expected, 

alternative isoforms were, in general, found at lower frequencies 

than the annotated isoform (Fig. 2D). Nevertheless, some 

nonannotated isoforms were found at very high frequencies, and 

there was a clear overlap between the expression levels of 

alternative isoforms and already annotated transcripts (Fig. 2E). As 

many as 92 alternative isoforms had a frequency >20%; 172 cases, 

>10%. For example, retention of the first intron in rpl22, a gene 

encoding 60S ribosomal protein 22, showed a frequency of 30% 

(12,003 dRNA reads vs. 28,910 for the reference mRNA). In gdt2, 

coding for a Golgi calcium ion transporter, the IR isoform was 

supported by 40% of the dRNA reads (565 vs. 858). In the case of 

elo1, encoding an enzyme involved in fatty acid elongation, an 

isoform in which the third intron was included represented 42% of 

all transcripts (201 dRNA reads vs. 276 for the reference mRNA). 

An extreme case was etp1, a gene involved in the adaptation to high 

concentrations of ethanol (Snowdon et al., 2009). In this case, the 
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transcript containing the intron was the predominant one (85% of 

the dRNA reads, 182 out of 212). These examples were further 

validated by RT-PCR (Supplemental Fig. S7; Supplemental Table 

S7). 

We observed a moderate but significant tendency for the first intron 

to be retained. In genes with two introns and for which only one of 

the introns was retained, we found 64 cases in which the first intron 

was retained and 36 in which the second intron was retained (P-

value = 0.007 compared with 50/50, proportion test). We identified 

nine ES events, mostly affecting very small exons (Fig. 2F). One 

example was sir2, encoding a histone deacetylase. An isoform in 

which the fourth exon was skipped represented 17.2% of the 

transcripts (37 dRNA reads vs. 178 for the reference isoform). 

Virtual translation of the sequences of the alternative isoforms 

indicated that, except in 10 cases, they resulted in proteins that were 

shorter than the annotated one (Fig. 3A). We sought evidence of 

protein translation using previously published Ribo-seq data 

(Duncan & Mata, 2017). We focused on IR isoforms, which are the 

easiest to analyze, because we do not expect to have Ribo-seq reads 

mapping to the intron except if the intron is retained and translated. 

In 18 cases, we found a minimum of five Ribo-seq reads supporting 

the alternative protein. One remarkable example was the translation 

of an ORF coding for a protein of only 13 amino acids (aa) in the IR 

isoform of rpl22 (Fig. 3B). The 13-aa protein was supported by 311 

isoform-specific Ribo-seq reads. The number of Ribo-seq reads that 

map to a sequence can be used as a proxy of translation level, 
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because each mapped Ribo-seq read potentially corresponds to a 

translating ribosome (Ingolia et al., 2009). Examination of the Ribo-

seq coverage in the isoform-specific intronic region indicated that, 

although the 13-aa isoform was translated at levels estimated to be 

around 1/10 of the canonical 117-aa-long protein, it was still among 

the top 10% most expressed proteins in the cell. 

Another example of IR supported by ribosome profiling data was 

uap2, encoding the U2 snRNP-associated protein Uap2. About one-

fourth of the transcripts corresponded to retention of the first intron, 

resulting in a putative protein of 38 aa instead of the standard 367-

aa protein (Fig. 3C). Other genes displaying similar patterns were 

mal3, encoding a microtubule protein (des Georges et al., 2008); 

rpb4, encoding a RNA polymerase II complex subunit (Sakurai et 

al., 1999); and not11, encoding a CCR4-NOT complex subunit 

involved in the shortening of the poly(A) length and initiation of 

cytoplasmic mRNA decay (Ukleja et al., 2016). In mal3, IR was 

found at a frequency of 38% and resulted in a putative protein of 26 

aa; in rpb4, 26.8% and a protein of 20 aa; and in not11, 60% and a 

protein of 55 aa. A very different case was etp1; the intron 

contained no stop codon in frame, and for this reason, the resulting 

protein was predicted to be 15 aa longer than the reference one (Fig. 

3D). 

In other genes, different isoforms were generated by the use of AS 

sites, ES, or II. One example was pat10 (SPAC18B11.08c), a gene 

that encodes an endoplasmic reticulum protein that is part of a 
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chaperone complex involved in the biogenesis of proteins with 

multiple transmembrane domains (Chitwood & Hegde, 2020). The 

reference transcript is composed of five exons and encodes a protein 

that is 95 aa long. The dRNA reads provided direct evidence of an 

alternative isoform arising from a downstream alternative splice site 

in intron 3 and skipping of exon 4. The alternative isoform had a 

frequency of 27% (161 dRNA reads alternative isoform vs. 431 for 

the reference) and resulted in a putative protein of 74 aa 

(Supplemental Fig. S8). 

Figure 2. Identification of alternative isoforms using dRNA-seq. (A) Alternative 

splicing (AS) isoform classes. We built a transcriptome using the dRNA reads 

with StringTie2. We identified 332 alternative isoforms in 263 different genes. 

The plot shows one example of each of the four main classes of alternative 

isoforms detected. Diagrams of the exons of the reference and the alternative 
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isoform as shown, together with the dRNA coverage along the gene. (B) Number 

of different types of splicing isoforms. Intron retention (IR) represents ∼80% of 

the events. (C) Number of isoforms per gene. In most cases, only one alternative 

isoform was detected. The most extreme case corresponds to wtf19, with two 

annotated isoforms and nine additional alternative isoforms detected here. (D) 

Relative abundance of reference and alternative isoforms for each gene. Data are 

for the genes containing at least one alternative isoform. The abundance is 

computed using the number of mapped dRNA reads; the fraction is then 

calculated over all isoforms containing mapped reads. Number of reference 

isoforms is 263 (two for wtf19); number of new alternative isoforms detected 

here, 332; median fraction reference isoforms, 0.873; and median fraction 

alternative isoforms, 0.105. (E) Abundance of reference and alternative isoforms. 

Number of dRNA reads mapped to reference and alternative isoforms. Numbers 

of isoforms as in D. (F) Skipped exons tend to be smaller than the complete set of 

exons in the reference annotations. Median length reference exons is 170; median 

length skipped exons, 63. P-value = 0.00752 Wilcoxon test. 

 

 

Figure 3. Proteome expansion by AS. (A) Difference in size between the putative 

alternative protein and the reference protein. Data are shown for the four main 

A B 

C D 
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classes of AS events. In the vast majority of cases, the alternative protein would 

be smaller than the canonical protein. (B) Alternative 13-aa protein isoform in the 

rpl22 gene. The diagram shows the putative coding sequence in the alternative IR 

isoform. A stop codon in frame in the intronic region results in the translation of a 

13-aa protein. We obtained Ribo-seq support for the 13-aa alternative protein. We 

also estimated the Ribo-seq coverage of the Rpl22 canonical protein 

(SPAC11E3.15.1) and the 13-aa alternative isoform (STRG.1957.2) using 

isoform-specific coding sequences. The values are compared with those for the 

coding sequences of all transcripts with five or more Ribo-seq reads mapped to 

the P-site (n = 5669). The gray area covers 90% of cases. (C) Alternative 38-aa 

protein isoform in the uap2 gene. IR in uap2 generates a shorter coding sequence, 

encoding a putative 38 aa protein. (D) Alternative 361-aa protein isoform in the 

etp1 gene. IR in etp1 results in a protein that is 15 aa longer than the reference 

one. 

IR is associated with extended poly(A) tails 

We next investigated poly(A) tail length with respect to AS events. 

First, for each type of event, we compared the poly(A) length of the 

dRNA reads in the alternative isoform and the reference isoform. 

Collectively, we could observe significant differences for IR events 

and AS site events (Fig. 4A). In both cases, poly(A) tails tended to 

be longer in the alternative isoform. However, when we compared 

the differences in poly(A) length for each gene, taking the average 

value for all reads mapping to the same isoform, a consistent 

difference was only observed for IR events (Fig. 4B). 

In a recent study in S. cerevisiae, the investigators concluded that 

the poly(A) tail of newly transcribed transcripts is 50 adenosines 

long on average and is shortened in the cytoplasm to 40 adenosines 
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on average (Tudek et al., 2021). We thus considered the possibility 

that longer poly(A) tails could be indicative of not fully processed 

transcripts still retained in the nucleus. However, isoforms with 

translation evidence, and thus presumably located in the cytoplasm, 

also had longer poly(A) tails than the reference isoforms 

(Supplemental Fig. S9). Thus, the data fit quite well the previously 

observed negative correlation between expression level and poly(A) 

length (Fig. 4C). Another possible explanation was that only a 

fraction of the molecules was being translated, whereas the rest was 

retained in the nucleus, resulting in overall longer poly(A) tails. 

Because the latter possibility cannot be tested with the current data, 

the question remains open. 

In general, IR isoforms tended to be less abundant than the 

reference isoform and also tended to have longer poly(A) tails, as 

shown in the examples in Figure 4D. When we examined cases in 

which the alternative and reference isoforms had relatively similar 

abundances, the results varied depending on the gene. In some 

cases, such as not11, the poly(A) tail length of the alternative and 

reference isoform was not significantly different. In other cases, 

including mal3, rps13, and vps38, the differences were significant, 

although relatively small (Supplemental Fig. S10). In contrast, slm3 

and red1 showed very strong and significant differences in poly(A) 

tail length between the alternative and reference isoforms 

(approximately 80 vs. 50 nt, respectively) (Supplemental Fig. S11). 
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Figure 4. Poly(A) length in alternative transcript isoforms. (A) Distribution of 

poly(A) length by isoform type. We computed poly(A) length for all dRNA reads 

with nanopolish. Only reads with the label PASS were considered. (n) Number of 

reads with poly(A) length information; (m) median poly(A) length. (IR) Intron 

retention; (II) intron inclusion; (AS) alternative splicing site; and (ES) exon 

skipping. Significant differences were identified for isoform retention and AS site 

events compared with the corresponding reference isoforms. (∗∗∗) P-value < 

10−5, Wilcoxon test. (B) Difference in the average poly(A) length between the 

alternative and reference isoforms. Longer poly(A) lengths were consistently 

observed for IR isoforms. (C ) Negative correlation between average poly(A) 

length and expression level for reference and alternative transcript isoforms. The 

data are only for genes in which we detected alternative isoforms. Reference 

refers to the annotated isoform. Spearman’s ρ = −0.41, P = 3.14 × 10−23. (D) 

Examples poly(A) length differences between the reference and the IR isoforms. 

We computed the poly(A) length for the dRNA reads that correspond to each of 
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the isoforms. The first example corresponds to RNA polymerase II subunit 4 

(rpb4, SPBC337.14), with ∼27% of the reads corresponding to the IR isoform. 

The second example corresponds to a nucleolar RNA-binding protein also 

implicated in mRNA processing (tam10, SPBC14C8.19), with ∼18% of the reads 

mapping to the IR isoform. In both cases poly(A) length showed a significant 

tendency to be longer in the IR isoform. (∗∗∗) P-value < 10−5; (ns) 

nonsignificant, Wilcoxon test. 

Discovery of new transcribed loci 

The reconstruction of the transcriptome using the dRNA reads also 

resulted in the discovery of 214 completely novel transcripts, whose 

coordinates on the genome did not show any overlap to annotated 

genes on the same strand. Mapping the Illumina reads to these 

transcripts confirmed the expression of the majority of them (168 

out of 214). We found that about three-fourths of them, 158 (74%), 

overlapped other genes on the opposite orientation and were 

classified as antisense. The remaining 56 transcripts were located in 

regions with no other annotated features and were classified as 

intergenic. 

The novel transcripts tended to be shorter than the annotated ones, 

especially the intergenic ones (Fig. 5A; Supplemental Table S2). 

They also tended to be expressed at lower levels than annotated 

transcripts, although in this case, there were no significant 

differences between antisense and intergenic transcripts. Because 

novel transcripts are lowly expressed, their detection might largely 

depend on the sequencing coverage. To explore this, we generated 

saturation curves by subsampling the number of original mapped 
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dRNA reads. Whereas the number of known genes that could be 

detected reached a plateau at approximately 1.5 million reads, the 

number of novel transcripts showed an approximately linear 

relationship with the number of sequencing reads (Supplemental 

Fig. S12). We also investigated the fitness associated with the novel 

transcripts by using data from a previous saturating transposon 

mutagenesis experiment (Grech et al., 2019). We found that the 

level of constraints in the set of novel transcripts showed no 

significant differences to that of annotated ncRNAs and was clearly 

weaker than in coding sequences (Supplemental Fig. S13). 

We next used the ribosome profiling data to investigate the 

translation patterns in the novel transcripts. We predicted putatively 

translated ORFs using RibORF (Ji, 2018). This program produces a 

score based on 3-nt periodicity and homogeneity of the Ribo-seq 

reads along the ORF. In previous studies, we established that a 

RibORF score >0.7 was associated with significant translation 

activity. As expected, the vast majority of the annotated coding 

sequences in mRNAs were classified correctly by the program 

(4514 out of 4560, 98.99%) (Fig. 5B). In addition, 16% of the 

annotated ncRNAs also contained ORFs with evidence of 

translation (Supplemental Table S3; Supplemental Fig. S14). These 

findings are in line with the translation signatures observed in a 

large fraction of the long ncRNAs in other biological systems (J. 

Chen et al., 2020; Ji et al., 2015; Ruiz-Orera et al., 2014). 

Among the newly discovered transcripts we identified 12 cases with 

evidence of translation: eight antisense and four intergenic. One of 
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the intergenic transcripts contained two putatively translated ORFs. 

The encoded proteins were small, with a median length of 44.5 aa 

for antisense transcripts and 25 aa for intergenic transcripts 

compared with 393 aa for canonical ORFs (Fig. 5C). The 

orientation of four of these novel transcripts, as well as the distance 

to the nearest transcription start site (<400 bp), suggested divergent 

transcription from a bidirectional promoter (Supplemental Table 

S4). One of the newly identified proteins showed significant 

homology with several prokaryotic proteins as well as to an 

uncharacterized protein from the fungus Macrophomina phaseolina 

(Fig. 5D). Given the sparse species distribution, it seems likely that 

this protein has originated by horizontal gene transfer, probably 

from bacteria. The rest of genes did not have homology with any 

other annotated protein or to a set of novel translated ORFs recently 

discovered in S. cerevisiae (Blevins et al., 2021). Therefore, these 

genes might have originated de novo in the S. pombe lineage. 

Finally, we also used the dRNA-seq data to annotate 5′ and 3′ 

UTRs, focusing on those that were not yet annotated in PomBase 

(266 mRNA without a 5′ UTR and 337 mRNAs without a 3′ UTR). 

Nanopore data are expected to be very accurate for the 3′-end but 

less so for the 5′-end, as the first 10–15 nt of the mRNA are 

normally not recovered. Using the dRNA-based transcriptome, we 

annotated 105 5′ UTRs and 75 3′ UTRs that were previously 

missing. The median size of these sequences was 217 and 256, 

respectively, which was comparable to the length of the annotated 

ones (median 168 for 5′ UTR and 259 for 3′ UTR, respectively). 
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Thus, dRNA provides an effective way to annotate 3′ UTRs and, to 

some extent, also 5′ UTRs. 

 

Figure 5. New transcripts and peptides. (A) Transcript length and gene expression 

for novel antisense and intergenic transcripts. Novel antisense transcripts tend to 

be longer than intergenic transcripts, and both classes of transcripts are shorter 

than already characterized ones (Wilcoxon test, P-value < 10−5). Gene expression 

levels are lower in novel transcripts compared with not novel ones (Wilcoxon 

test, P-value < 10−5). Novel antisense and intergenic transcripts show a similar 

expression level distribution. (TPM) Transcripts per million, quantification 

provided by StringTie. (B) Prediction of translated ORFs. The plot shows the 

RibORF score versus the number of Ribo-seq mapped reads for different classes 

of transcripts. ORFs with at least 10 mapped reads and a RibORF score higher 

than 0.7 were selected as translated. The score is based on the Ribo-seq read 3-nt 

periodicity and homogeneity. Nanopore novel indicates transcripts that did not 

overlap any annotated transcript, 12 of these transcripts contained ORFs with 

translation signatures. PomBase noncoding indicates annotated ncRNAs that also 

had translation signatures. (C) Novel translated ORFs are shorter than annotated 
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ones. Comparison of aa length for ORFs with evidence of translation in novel 

transcripts and annotated coding sequences. Differences are statistically 

significant (Wilcoxon test, P-value < 10−5). (D) New protein identified in S. 

pombe. The protein labeled as STRG.2094.1 showed significant similarity to 

other bacteria proteins (BLASTP e-values between 10−2 and 10−7) and, in 

eukaryotes, only to a protein from the fungus Macrophomina phaseolina (e-value 

<10−9). The blue box represents the homologous region; lines at the side represent 

additional protein sequence. 

2.1.4 Discussion 

Native or direct RNA sequencing (dRNA) provides unprecedented 

resolution to study the transcriptome. The technique has provided 

new insights into the features of the transcripts expressed in several 

eukaryotic species, including human, C. elegans, and Arabidopsis 

(R. Li et al., 2020; Roach et al., 2020; Workman et al., 2019; S. 

Zhang et al., 2020). Here we applied dRNA to the fission yeast S. 

pombe, an intron-rich unicellular eukaryote that has become a very 

useful model to study splicing (Fair & Pleiss, 2017, p. 20; Yan et 

al., 2015). Our strategy was based on obtaining a very high 

coverage of the transcriptome to uncover alternative splice forms 

and lowly expressed transcripts. We obtained RNA sequences for 

97% of the annotated mRNAs and 87% of the ncRNAs. 

Additionally, we characterized 332 nonannotated alternative 

isoforms and 214 completely new transcripts, about three-fourths of 

which overlapped other genes in antisense orientation. The work 

presents a new view of the S. pombe transcriptome because a 

substantial number of the newly identified AS isoforms occur at 

high frequencies, and some are likely to translate alternative 
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proteins, indicating that the transcriptome is more complex and 

functionally diverse than previously thought. 

By using dRNA-seq, it is possible to recover poly(A) tail length 

information from the sequencing reads. In eukaryotes, poly(A) tail 

lengthening is associated with increased mRNA stability and 

poly(A) tail shortening with mRNA degradation (Dreyfus & 

Régnier, 2002; Richter, 2000). Here we characterized poly(A) 

length in S. pombe and investigated if transcripts that showed 

diverse splicing patterns presented alterations in poly(A) length. For 

the complete S. pombe poly(A)+ transcriptome, we found that the 

average poly(A) tail is ∼50 nt, very similar to humans (Workman et 

al., 2019) and C. elegans (Roach et al., 2020), highlighting the high 

evolutionary conservation of this trend. We also found that poly(A) 

length tends to be shorter in mRNAs encoding highly expressed 

proteins, such as translation-related proteins, than in mRNAs that 

are expressed at low levels during exponential growth conditions, 

such as many meiosis-specific proteins. Similar results were 

recently observed using TAIL-seq data in C. elegans (S. A. Lima et 

al., 2017). These results are unexpected given previous 

experimental evidence that poly(A) tail elongation promotes 

transcript stability and translatability (Eichhorn et al., 2016; Preiss 

et al., 1998), and point to yet poorly understood mechanisms 

controlling poly(A) tail dynamics in different kinds of transcripts. 

Upon synthesis, transcripts are polyadenylated and later exported to 

the cytoplasm, where they eventually decay, a process that involves 

poly(A) tail deadenylation (Tudek et al., 2021). We found that the 
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poly(A) tail of the alternative isoforms was generally longer than 

that of the reference transcripts, especially in the case of IR events. 

This could be explained by the negative relationship between 

expression level and poly(A) tail length, but it could also be that 

some IR isoforms were retained in the nucleus, whereas others, 

including those for which we found translation evidence, are 

exported to the cytoplasm. To eliminate the influence of expression 

level, we examined the differences in poly(A) length for cases in 

which the reference and alternative isoform were expressed at 

similar levels. We found two different scenarios. In the first one, the 

alternative isoform had a similar poly(A) tail length to the reference 

isoform. One example was not11, with a median poly(A) length of 

51.2 for the reference isoform and 50.1 for the IR isoform. In the 

case of rps13, poly(A) length was 34 for the reference isoform and 

37.6 for the IR isoform, in line with the high expression of this 

gene. In the second scenario, there was a very clear difference in 

poly(A) length between the two isoforms. This was the case with 

slm3 and red1, with a median poly(A) tail of around 80 for the IR 

isoform and 50 for the fully spliced form. These results pointed to 

the existence of two classes of isoforms: the first class representing 

possibly functional alternative proteins and the second class 

transcripts retained in the nucleus. Nuclear retention of 

incompletely processed mRNAs might be an additional layer of 

gene expression control. For example, in mouse cells, Gabbr1 RNA 

remains incompletely spliced on the chromatin in embryonic stem 
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cells, being only fully processed and exported for translation upon 

neuronal differentiation (Yeom et al., 2021). 

Nanopore native mRNA sequencing is a powerful technique to 

uncover the full set of transcripts generated by different 

combinations of exons and introns, which cannot be accurately 

solved by Illumina reads. At the same time, the cost and scalability 

it offers is comparable to that of Illumina sequencing. We generated 

around 7 million dRNA reads in an organism with about 7000 

genes. This high coverage and the lack of amplification biases 

allowed us to perform a very precise estimation of the abundance of 

AS transcripts. We found that about one-third of the events 

occurred at a very high frequency (>20%), which suggests that 

many of the events are functional. IR events were the most common 

ones, as also observed in other fungi and plants (Gonzalez-Hilarion 

et al., 2016; Ullah et al., 2018). IR often results in premature 

termination codons, which could potentially trigger nonsense 

mediated decay (NMD). However, studies in Cryptococcus 

neoformans have shown that IR is largely independent of NMD 

because mutants that do not express Upf proteins, which are the 

proteins that mediate NMD (Kervestin & Jacobson, 2012), do not 

show IR up-regulation (Gonzalez-Hilarion et al., 2016). By using 

ribosome profiling data, we obtained evidence that some IR 

isoforms are likely to translate alternative proteins. Thus, in some 

cases, the same gene may be used to express multiple proteins. A 

previously described example is cardiolipin synthase, which is 

specifically produced by the intron IV retention isoform of SPA-
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C22A12.08c mRNA (Virčíková et al., 2018). Here we found several 

possible examples of novel proteins generated by IR isoforms, 

which will need to be inspected in more detail. In addition to IR, 

other not yet characterized proteins can be formed by II, ES, or the 

use of AS sites. Taken together, the results show that AS in fission 

yeast is likely to play a more important role in proteome 

diversification than previously anticipated. 

ORFs encoding proteins smaller than 100 aa are difficult to annotate 

because they cannot be distinguished from randomly occurring 

ORFs using computational means. The emergence of ribosome 

profiling has changed this situation because it enables the 

identification of ORFs with significant translation signatures 

regardless of the size of the ORF (Ingolia et al., 2009; Ruiz-Orera & 

Albà, 2019b). The technique has revealed that the number of small 

proteins in the cells is probably much higher than previously 

suspected, including many micropeptides resulting from the 

translation of small ORFs in transcripts currently annotated as long 

ncRNAs (Calviello et al., 2016; J. Chen et al., 2020; Douka, Birds, 

et al., 2021; Ji et al., 2015; Ruiz-Orera & Albà, 2019a). When we 

examined the Ribo-seq data in S. pombe for the complete 

transcriptome, we found very similar results to those previously 

described in mammals. The genome contains a relatively large 

number of annotated ncRNAs, 1527, many of which are antisense to 

protein-coding genes. Here we identified 214 additional ones. In 

line with previous findings in S. pombe (Duncan & Mata, 2014), a 

sizable fraction of these ncRNAs (16%) showed translation 
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evidence. Some of the translated ORFs in ncRNAs might encode 

functional micropeptides, whereas others, especially for very lowly 

abundant ncRNAs, could represent pervasive nonfunctional 

translation activities. 

In summary, deep native RNA sequencing using Nanopore has 

uncovered an unexpectedly large number of high-frequency AS 

isoforms in S. pombe. Many of these isoforms could encode 

alternative, generally smaller, proteins, of as-yet-unknown 

functions. We have also identified a group of IR RNAs that show 

abnormally long poly(A) tails and that could potentially be 

regulating gene expression. The work provides new resources and 

methodologies for researchers investigating differential splicing in 

the fission yeast model. 

2.1.5 Methods 

S. pombe cultures 

S. pombe (strain CBS5682) was grown in a rich medium at 30°C 

and harvested during log-phased growth (OD600 ∼ 0.5). The 

medium was identical to the one previously used to perform RNA 

sequencing of the same S. pombe isolate using Illumina Technology 

(Blevins et al., 2019). The composition of the medium, defined by 

Tsankov et al. (2010), can be found in Supplemental Tables S5 and 

S6. 
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RNA extraction 

We extracted total RNA from S. pombe using the phenol 

chloroform extraction method (Castillo et al., 2003). Briefly, cells 

were grown to a final OD600 of 0.5. Yeast cultures (25–50 mL) 

were then centrifuged at 1500 rpm for 3 min and washed with H2O, 

and cell pellets were immediately kept on ice. Each sample was 

then resuspended in 0.4 mL of AE buffer (50 mM sodium acetate at 

pH 5.3, 10 mM EDTA at pH 8.0). Sodium dodecyl sulfate was then 

added to a final concentration of 1%, and proteins and DNA were 

extracted by adding 0.6 mL of acidic phenol/chloroform (V/V), 

followed by incubation for 5 min at 65°C. The aqueous phase was 

separated by centrifugation at 14,000 rpm for 2 min at 4°C and 

washed with a volume of chloroform and separated by 

centrifugation at 14,000 rpm for 2 min at 4°C. RNA was 

precipitated from the aqueous phase with ethanol. RIN quality 

scores were in the range of 9.6–10. We subsequently performed 

poly(A)+ RNA purification using the NEBNext Poly(A) magnetic 

isolation module and concentration with the Monarch RNA cleanup 

kit. The poly(A)+ purification steps were performed at the 

Genomics Core Facility of the Universitat Pompeu Fabra. 

Direct RNA sequencing 

The poly(A)+ RNA was used for dRNA-seq in an ONT Gridion X4. 

dRNA-seq offers the advantage over cDNA sequencing in that 

strand orientation information is maintained. The protocol involves 
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adaptor ligation, and the molecules pass through an ionic current, 

adaptors and poly(A)+ tail first and then the rest of the molecule. 

The S. pombe samples were run in four flowcells. For each run, we 

used ∼600 ng of poly(A)+ RNA in 10 µL of volume. The dRNA-

seq kit SQK-RNA002 was used. The base-calling was performed on 

live mode (during the sequencing) through the Guppy v.4.0.11 

integrated on minKNOW v.4.0.5, using the HAC model. Nanopore 

dRNA-seq and base-calling was performed by the Centro Nacional 

de Análisis Genómico (CNAG).  

We pulled together the output of the four runs, obtaining a total of 

7,297,641 reads. We discarded any reads smaller than 150 bases 

and longer than 15,000 bases (likely artifacts) and removed any 

possible adapters with Porechop (https://github.com/ 

rrwick/Porechop). 

Read mapping and correction 

To decrease the error rate of the reads and facilitate the subsequent 

de novo transcript assembly, we decided to correct the dRNA reads 

with Illumina RNA-seq reads from yeast grown in the same 

conditions using the software fmlrc with default parameters (J. R. 

Wang et al., 2018). Subsequently, we used TranscriptClean to 

correct the remaining errors (Wyman & Mortazavi, 2019). The set 

of Illumina reads comprised 22,389,887 strand-specific 50-bp reads 

(Blevins et al., 2019). To run fmlrc, we first had to transform all 

uracil (U) bases in the dRNA reads to thymine (T) bases and, once 

the reads had been corrected, transform them back to U’s. The reads 
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were mapped to the genome using minimap2 (H. Li, 2018) with the 

following options: minimap2 -t 6 -ax splice -uf -k14 ‐‐secondary = 

no -G 260. The Nanopore/Illumina hybrid reads showed an error 

rate of 7.2%, mainly because of poor coverage of the mRNA 3′-

ends by Illumina reads. Individual read error rate was calculated 

using the CIGAR values of the reads aligned to the reference 

genome. Average error rate was calculated using SAMtools stats 

(H. Li et al., 2009). Reads that had a mapping quality of less than 

five were eliminated. The final set of “clean” reads comprised 

5,054,233 reads.  

To estimate the number of reads that were full length, we first 

obtained the length of the mapped reads with 

bam_alignment_length.py from the wub package. Reads with a 

length equal or longer than the transcript in which they are aligned 

minus 50 nt were estimated to be full-length reads. 

Transcript assembly 

We used StringTie2 to obtain a S. pombe transcriptome directly 

from the set of dRNA clean reads, as previously described (Kovaka 

et al., 2019). The parameters were as follows: –l – conservative –G 

-t -c 1.5 -f 0.05. The program uses the reference genome and the 

mapped reads for the assembly and, optionally, a gene annotation 

file. We chose to use the gene annotations to guide the assembly 

because this option provided a direct mapping to already known 

genes, facilitating the assembly. The reference genome and gene 
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annotation files were downloaded from the PomBase database on 

February 1, 2021 (Lock et al., 2019). For the assembly, we 

considered all mapped reads except those that mapped to multiple 

sites (those with a MAPQ score greater than five and that had 

alignments with the flags 0 and 16 in the SAM file). The number of 

reads used for the assembly was 5,054,233 reads (“clean” reads). 

We eliminated any assembled transcripts <150 nt. The resulting 

annotation file was named “StringTie transcriptome.” It contained 

5799 different transcripts.  

The identification of alternative isoforms was based on the 

StringTie transcriptome. StringTie2 recovered all isoforms with an 

estimated frequency >5% with respect to the most common isoform. 

StringTie transcripts that corresponded to annotated genes but were 

different from the reference transcript were classified into one of the 

following transcript alternative isoform types: IR, II, ES, and AS 

site. The classification was based on the number and genomic 

position of the exons represented in the dRNA reads. We focused 

on events affecting the coding sequence as they were the ones most 

likely to have functional consequences. These selection steps 

resulted in 262 genes with alternative isoforms. The total number of 

events was 332 because some genes had more than one possible 

event.  

The identification of novel transcribed loci was also based on the 

StringTie transcriptome. Novel transcripts were defined as those not 

overlapping any annotated gene. We obtained 214 novel transcripts, 

158 of which overlapped another gene in antisense orientation. 
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Saturation curves were produced by subsampling the mapped reads 

with SAMtools -s (0.1 to 0.9 of the total number of reads) and 

running StringTie2 again. The assembled transcripts were then 

compared with the set of novel or annotated transcripts using the 

intersect function from BEDTools (Quinlan & Hall, 2010). 

Transcript expression quantification with Nanopore reads 

The number of mapped dRNA transcripts was calculated first 

mapping the transcripts to the transcriptome with minimap2 

(arguments were -t 6 -ax map-ont -K 10G ‐‐for-only ‐‐no-long-join -

r 10,10 ‐‐secondary = no) and then using the script 

bam_counts_reads.py from the nanoporetech package with the -a 

argument set to five to consider only uniquely mapped reads. To 

quantify the expression of already annotated transcripts, we used the 

PomBase transcriptome. We mapped reads to 5026 annotated 

mRNAs (97.8%); the average number of mapped reads per mRNA 

was 1130 and the median 1259. As each read corresponds to a 

native mRNA molecule, we consider the number of mapped reads 

to be equivalent to coverage. To quantify the expression of different 

isoforms and novel transcripts we used the StringTie transcriptome. 

The data allowed to compare the relative abundance of different 

isoforms with high accuracy. For information on gene expression 

data, see Supplemental Table S8. 
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Transcript expression quantification with Illumina reads 

Illumina reads from S. pombe grown in rich medium were obtained 

from a previous study (Blevins et al., 2019). The Illumina reads 

were 50 bp long and strand specific. They were mapped to the 

reference transcriptome with HISAT2 (D. Kim et al., 2019) with the 

‐‐rna-strandness “RF” option. Reads that were not aligned in the 

expected direction (tag XS:A:-) were discarded from the resulting 

BAM file. The reads mapping to each transcript were quantified 

with bam_ counts_reads.py from the ONT nanoporetech package 

(https://github.com/nanoporetech/wub). The counts were 

normalized to fragments per kilobase per million mapped reads 

(FPKM). 

Poly(A) tail quantification 

Poly(A) tail lengths were estimated at the read level using the 

nanopolish (v 0.13.3; (Loman et al., 2015)) polya script. As input to 

the command nanopolish polya, we used the raw FAST5 and 

FASTQ files in addition to the corrected reads mapped to the 

genome of S. pombe. Finally, only those reads with the quality 

control provided by nanopolish with the tag “PASS” were 

considered. For information on poly(A) length, see Supplemental 

Table S8. 

GO enrichment 

GO term enrichment was performed using the web application 

AnGeLi (Bitton, Schubert, et al., 2015). We identified 
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overrepresented or underrepresented GO terms for genes in the top 

10% or bottom 10% regarding average poly(A) tail length. As a 

predefined background, we used all genes. GO term information 

about individual genes was extracted from AnGeLi too. 

Analysis of ribosome profiling data 

To study the translatability of the transcripts, we used previously 

published ribosome profiling data (Duncan & Mata, 2017). The data 

were from untreated cells (ArrayExpress 

[https://www.ebi.ac.uk/arrayexpress/] under accession numbers 

ERR1994961 and ERR1994962). We filtered out ribosomal RNAs 

and mapped the reads to the S. pombe genome with TopHat (v 

2.1.1) (D. Kim et al., 2013) with default options. We used the script 

offsetCorrect.pl from RibORF to identify the P-site of each read (Ji, 

2018). The number of mapped P-sites was used to evaluate the level 

of translation of the intronic regions in IR isoforms. Ribo-seq 

coverage was calculated in all the transcripts with CDS in PomBase 

using htseq-count (-m intersection-strict) with the genome and P-

sites obtained before. Ribo-seq coverage of the alternative isoform 

of SPAC11E3.15.1 was calculated using only the intronic region 

until the stop codon included in the intron. RibORF was also used 

to predict translated ORFs in novel transcripts and ncRNAs. We 

required at least 10 mapped reads and a ribORF score >0.7. When 

two or more ORFs showed overlapped on the same transcript, we 

kept the longest ORF. For information on isoforms with translation 

evidence (five or more mapped Ribo-seq reads), novel 
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nonannotated transcripts, and UTRs, see Supplemental Table S8. 

For information on annotated lncRNAs with evidence of translation 

(RibORF score >0.7), see Supplemental Table S9. 

Genomic DNA preparation 

Genomic DNA was prepared from 10 mL of yeast cultures grown to 

saturation. Cells were pelleted at 1500 rpm for 3 min and washed 

with H2O; pellets were immediately frozen in liquid nitrogen. 

Samples were resuspended in 0.2 mL of genomic DNA preparation 

buffer (10 mM Tris-HCl at pH 8.0, 100 mM NaCl, 2% Triton X-

100, 1% SDS, 1 mM EDTA), 0.1 mL neutral phenol, and 0.1 mL 

chloroform. Glass beads were added, and cells were lysed in a 

Vortex Genie 2 (Scientific Industries). After removal of glass beads, 

homogenates were centrifuged at 20,000 g for 5 min (4°C), 

supernatants were collected, and 0.2 mL of chloroform was added. 

Following centrifugation, supernatants were collected, and DNA 

was precipitated with 1/10 volume of 3 M sodium acetate (pH 5.2) 

and 2.5 volumes of EtOH, followed by incubation 30 min at −80°C. 

Following centrifugation, pellets were washed with 1 mL EtOH 

(70%), air-dried, and resuspended in 40 µL of TE-buffer (10 mM 

Tris-HCl at pH 8.0, 1 mM EDTA) containing 1 µL RNase A. RNA 

was digested for 30 min at 37°C, and DNA was stored at −20°C. 
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cDNA preparation 

RNA (25 µg) was treated with 0.5 µL DNase I for 30 min at 37°C 

and then inactivated for 10 min at 75°C. Reverse transcriptase (RT) 

reactions were performed with 8 µg of DNase I-digested RNA, 

following the manufacturer’s instructions (high-capacity RT kit, 

Thermo Fisher Scientific; 10 min at 25°C, 120 min at 37°C, and 5 

min at 85°C) in the presence or absence of RT. 

Polymerase chain reactions 

Polymerase chain reactions (PCRs) were performed in a total 

volume of 20 µL using 0.5 µL of the cDNA reactions with primers 

listed in Supplemental Table S7. Fifty nanograms of genomic DNA 

was used as reference for the unspliced transcript. PCR products 

were separated on 2% agarose TBE gels. Digital images were 

acquired with Bio-Rad software. 

Statistical tests and plots 

The generation of plots and statistical tests was performed using the 

R package (R Core Team 2020). Figures were made with ggplot2 

(Wickham, 2016). 

2.1.6 Data access 

The ONT dRNA raw sequences generated in this study have been 

submitted to the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject/) under accession number 
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PRJNA791394. Additional Supplemental Data can be found at 

Figshare (https://doi.org/10.6084/m9.figshare.19368146). This 

comprises the set of clean reads used for transcript reconstruction 

and quantification,  the  dRNA-based  StringTie  transcriptome 

(noncurated), the dRNA-based S. pombe transcriptome for genes 

with alternative isoforms (curated), 5′ UTR and 3′ UTR annotation 

files, and Supplemental Tables S8 and S9. Supplemental Table S8 

contains information on gene expression values, alternative gene 

isoforms, and transcript poly(A) tail length. Supplemental Table S9 

contains information on ncRNAs containing ORFs with evidence of 

translation. 
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2.2.1 Abstract 

The formation of new genes during evolution is an important motor 

of functional innovation, but the rate at which new genes originate 

and the likelihood that they persist over longer evolutionary periods 

are still poorly understood questions. Two important mechanisms 

by which new genes arise are gene duplication and de novo 

formation from a previously noncoding sequence. Does the 

mechanism of formation influence the evolutionary trajectories of 

the genes? Proteins arisen by gene duplication retain the sequence 

and structural properties of the parental protein, and thus they may 

be relatively stable. Instead, de novo originated proteins are often 

species specific and thought to be more evolutionary labile. Despite 

these differences, here we show that both types of genes share a 

number of similarities, including low sequence constraints in their 

initial evolutionary phases, high turnover rates at the species level, 

and comparable persistence rates in deeper branchers, in both yeast 

and flies. In addition, we show that putative de novo proteins have 

an excess of substitutions between charged amino acids compared 

with the neutral expectation, which is reflected in the rapid loss of 

their initial highly basic character. The study supports high 

evolutionary dynamics of different kinds of new genes at the 

species level, in sharp contrast with the stability observed at later 

stages. 
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2.2.2 Introduction 

The formation of new genes is an important source of evolutionary 

novelty, which contributes to the adaptation of species to the 

environment. Mechanisms by which new genes can be generated 

include gene duplication and de novo gene birth (Andersson et al., 

2015; Long et al., 2013; Ranz & Parsch, 2012). Single genes can be 

duplicated by unequal crossing over during meiosis or by mRNA 

retrotransposition (Kaessmann et al., 2009; Prince & Pickett, 2002). 

Whereas the majority of the new copies are likely to rapidly become 

pseudogenized, others will be preserved and continue to evolve 

under negative selection (Innan & Kondrashov, 2010). Over time, 

the new copies can acquire novel functionalities and expression 

patterns (Lynch & Conery, 2000; Ohno, 1970). In contrast, de novo 

genes emerge from previously nongenic sequences of the genome 

(Knowles & McLysaght, 2009; Levine et al., 2006; Tautz & 

Domazet-Lošo, 2011; Toll-Riera et al., 2009). Pervasive 

transcription and translation of the genome provide the required raw 

material for de novo gene origination (Carvunis et al., 2012; Neme 

& Tautz, 2013; Ruiz-Orera et al., 2018; Schmitz et al., 2018). If 

useful, the new proteins might be retained. These proteins tend to be 

smaller than the average protein (Begun et al., 2007; Toll-Riera et 

al., 2009; Zhou et al., 2008). This is expected considering that they 

derive from randomly occurring open reading frames (ORFs), the 

majority of which are very small when compared with ORFs coding 

for phylogenetically conserved proteins (Dinger et al., 2008). Small 

proteins are often missed when using computational annotation 
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pipelines (Saghatelian & Couso, 2015), and this has hampered the 

identification of de novo originated proteins. More recently, the use 

of transcriptomics and ribosome profiling data has been used to 

uncover many new putative de novo genes in different species 

(Blevins et al., 2021; Durand et al., 2019; Neme & Tautz, 2016; 

Ruiz-Orera et al., 2018; Sandmann et al., 2023; Schmitz et al., 

2018; L. Zhang et al., 2019). 

Due to their noncoding origin, recently originated de novo genes 

have a number of peculiarities with respect to other genes. In 

addition to being small, the ORFs tend to show a nonoptimal codon 

usage bias (Blevins et al., 2021; Carvunis et al., 2012; Schmitz et 

al., 2018; Toll-Riera et al., 2009), which might be associated with 

lower translation efficiencies (Durand et al., 2019). Additionally, 

the new proteins tend to be positively charged, at least in yeast and 

mammals (Blevins et al., 2021; Papadopoulos et al., 2021). Another 

reported effect of their provenance is an enrichment in 

transmembrane domains (Vakirlis, Acar, et al., 2020). In contrast, 

duplicated genes arise from copies of other existing genes, and thus 

their sequence and structural properties will be initially similar to 

those of their ancestors. 

In general, gene duplication and de novo gene origin have been 

studied independently, and for this reason, our understanding of the 

similarities and differences between the two mechanisms of gene 

origination remains limited. It has been previously noted that 

species-specific proteins are unexpectedly abundant when compared 
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with new proteins originated at deeper branches (Heames et al., 

2020; Neme & Tautz, 2013; Palmieri et al., 2014; Schmitz et al., 

2018); because the number of genes per species is relatively 

constant within a lineage, this would indicate that younger genes 

have a higher propensity to be lost (Palmieri et al., 2014). Since 

duplicated proteins have sequences and structures already 

associated with cellular functions, their retention rates could be 

expected to be higher than those of de novo evolved proteins 

(Bornberg-Bauer et al., 2021; Rödelsperger et al., 2019). However, 

whether this is the case remains an open question. Recently 

emerged de novo genes show high evolutionary rates when 

compared with more conserved genes (Carvunis et al., 2012; 

Heames et al., 2020; Toll-Riera et al., 2009); in the case of gene 

duplicates, a tendency for evolutionary rates to accelerate following 

the duplication event has also been documented (Force et al., 1999; 

Pegueroles et al., 2013; Pich I Roselló & Kondrashov, 2014). 

However, these effects have not been directly compared. Thus, it is 

currently unclear if the initial relaxation of constraints is of a similar 

magnitude in the two cases or if the subsequent changes in the rate 

and mode of evolution of the proteins show any similarities. In 

order to shed light into these questions, here we compare the 

properties of proteins originated by gene duplication and de novo in 

phylogenies of yeasts and flies. 
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2.2.3 Results 

Identifying Gene Birth Events 

We developed a novel strategy to be able to estimate both gene 

duplication and de novo gene emergence events in a well-defined 

species tree, which was based on the program OrthoFinder (Emms 

& Kelly, 2019). OrthoFinder clusters proteins into families on the 

basis of sequence similarity using BLASTP and then uses a 

duplication–loss–coalescence (DLC) approach to identify 

orthologous and paralogous proteins and to estimate the branches at 

which duplications have occurred. The information provided by 

OrthoFinder was further processed and integrated using a purpose-

built program called GeneBPhylo (fig. 1). Given a reference 

species, this program generates a list of gene duplication and 

putative de novo events and the proteins derived from each event. 

Processing of the data includes the normalization of the number of 

events inferred in each branch per the branch length (expressed as 

amino acid substitution rates), so that the rates of formation of new 

proteins on the different branches can be compared on an equal 

basis. Proteins found in only the reference species or in a restricted 

set of species according to the orthogroup species information 

provided by OrthoFinder are labeled putative de novo proteins (fig. 

1). Proteins found to be paralogous to other proteins by the program 

are defined as duplicated proteins. Putative de novo proteins that 

have subsequently duplicated are a third class of proteins (fig. 1 
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putative de novo + duplicated and supplementary fig. S1, 

Supplementary Material online). 

 

Fig. 1.Identification of duplicated and putative de novo gene birth events. The 

first step is based on running OrthoFinder on a set of proteomes for a given group 

of species. This generates protein families (orthogroups), branch-specific 

evolutionary rate estimates, and annotation of paralogous proteins originated at 

specific branches. The second step, GeneBPhylo, processes the information to 

identify gene duplication and putative de novo events, and the resulting proteins, 

originated at each branch in the species tree. Examples of putative de novo, 

duplicated, and putative de novo + duplicated events are given. N1 refers to the 

branch in which the event takes place in these examples. A speciation event 

giving rise to two contemporary species follows. De novo and gene duplication 

events are indicated with arrows. In the case of putative de novo + duplicated, the 

graph shows a de novo gene birth event followed by duplication of the gene. 

We applied this pipeline to two distinct groups of organisms, yeast 

and flies. In the first case the reference species was Saccharomyces 

cerevisiae (baker's yeast) and, in the second case, the fruit fly 

Drosophila melanogaster. These are well-annotated, extensively 

studied species, for which the genomes of close relatives have also 

been sequenced and annotated, allowing close evolutionary 

comparisons. To build the tree and protein families, we used the 
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proteomes of 11 yeast species and of 16 insect species 

(supplementary figs. S2 and S3, Supplementary Material online, 

respectively). Because our aim was to compare events affecting one 

or a few genes at a time, we discarded any genes that originated in a 

previously described whole-genome duplication prior to the 

diversification of the Saccharomyces group (Byrne & Wolfe, 2005; 

Kellis et al., 2004). We also eliminated putative de novo genes that 

had homologues in more distant species outside the clade 

(supplementary table S1, Supplementary Material online), to 

minimize the number of misclassified cases due to multiple gene 

loses within the clade. In order to avoid redundancies, we did not 

consider de novo genes that had subsequently duplicated when 

comparing the properties of putative de novo and duplicated 

proteins. 

New Genes in S. cerevisiae 

In S. cerevisiae, we found a large number of gene birth events at the 

species-specific level (N0), for both de novo and duplicated genes 

(175 and 132 events, respectively, fig. 2A and supplementary table 

S2, Supplementary Material online). The number of events strongly 

decreased in subsequent branches of the tree (N1, N2, etc.) for both 

gene origination mechanisms. The total number of S. cerevisiae–

specific proteins originated de novo was 192; this value is larger 

than the number of events (175) because a subset of the proteins had 

subsequently duplicated. The majority of the putative de novo genes 

had expression evidence in rich medium (91% with transcripts per 
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million [TPM] > 0.1% and 72% with TPM > 0.5) (supplementary 

table S2, Supplementary Material online). Among them, we 

identified BSC4, a well-characterized de novo gene with a possible 

role in DNA repair (Cai et al., 2008b). The list also contained 

YBR196C-A, encoding a protein that integrates into the membrane 

of the endoplasmic reticulum (Vakirlis, Acar, et al., 2020) and two 

recently described antisense putative de novo genes, AUA1 and 

VAM10 (Blevins et al., 2021). Among the S. cerevisiae–specific 

duplicated genes, we identified the well-characterized gene pair 

CUP1-1/CUP1-2, involved in resistance to high concentrations of 

copper and cadmium (Fogel & Welch, 1982). A previously 

described example of a duplicated gene pair originated in the 

common ancestor of S. cerevisiae, Saccharomyces paradoxus, and 

Saccharomyces mikatae (N2) was THI21/THI22, encoding a 

hydroxymethylpyrimidine phosphate (HMP-P) kinase. While 

THI21 is required for thiamine biosynthesis, like the ancestral copy 

THI20, THI22 is not, indicating rapid functional diversification 

after gene duplication (Llorente et al., 1999). The vast majority of 

the putative de novo proteins had no associated Gene Ontology 

(GO) functions (88%, 169 of 192). Duplicated proteins, on the 

contrary, were in general annotated. Significantly enriched GO 

terms included cell wall organization, flocculation, telomere 

maintenance, and maltose metabolism (false discovery rate < 10−5; 

supplementary material S2, Supplementary Material online). 
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Fig. 2. Rate of gene birth and retention in yeast and flies. (A) Phylogenetic tree of 

the yeast clade and number of events per branch. The tree is shown in a schematic 

way; see supplementary figure S2, Supplementary Material online for a tree with 

variable branch lengths. In the analysis of new gene birth events, S. cerevisiae 

was taken as the reference species. In addition to the species indicated, 

Schizosaccharomyces pombe was part of the analysis as an outgroup. The 

estimated number of putative de novo and duplication events at each branch is 

shown. The information is also provided in supplementary table S2, 

Supplementary Material online. (B) Normalized gene birth events in yeast. The 

graph shows the number of events in a branch divided by the number of amino 

acid substitutions per 100 amino acids in the branch. (C) Gene birth events in 
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yeast including RNA-Seq/Ribo-Seq ORF predictions. Number of events gene 

birth events when including new predicted proteins in S. cerevisiae using 

ribosome profiling data as well as in silico translation of novel nonannotated 

transcripts from newly assembled transcriptomes for the other species (see 

supplementary table S4, Supplementary Material online for values). (D) 

Phylogenetic tree of the insect clade and number of events per branch. The tree is 

shown in a schematic way; see supplementary figure S3, Supplementary Material 

online for a tree with variable branch lengths. In the analysis of new gene birth 

events, D. melanogaster was taken as the reference species. Tribolium castaneum 

was also included in the analysis, but it is an outgroup and therefore not shown. 

The estimated number of putative de novo and duplication events at each branch 

is shown. The information is also provided in supplementary table S5, 

Supplementary Material online. (E) Normalized gene birth events in flies. The 

graph shows the number of events in a branch divided by the number of amino 

acid substitutions per 100 amino acids in the branch. (F) Gene birth events in flies 

including RNA-Seq/Ribo-Seq predictions. Number of gene birth events when 

including predicted proteins in D. melanogaster using ribosome profiling data as 

well as in silico translation of newly assembled transcriptomes in eight other 

Drosophila species (see supplementary table S6, Supplementary Material online 

for values). 

In a previous work, we defined genomic synteny blocks between 

pairs of Saccharomyces species using clusters of maximum unique 

matches (MUMs) (Blevins et al., 2021). The synteny blocks are 

regions that share a common ancestry. Therefore, the majority of de 

novo genes should be located in regions with conserved synteny. In 

contrast, regions corresponding to large sequence insertions, such as 

new gene duplicates, are expected to lack synteny. In accordance, 

we found that ∼85% of the S. cerevisiae–specific genes classified as 

putative de novo had a syntenic region in S. paradoxus (142 out of 
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166, excluding those which had subsequently duplicated), whereas 

this value was 56% for the protein duplicates (101 out of 180). We 

also found that species-specific protein duplicates were frequently 

found in subtelomeric regions (supplementary fig. S4, 

Supplementary Material online), in line with the observation that 

subtelomeric gene families expand much faster than other families 

(Brown et al. 2010). In contrast, putative de novo genes from the 

same age, or older gene duplicates (N1–N3), showed no significant 

clustering in the genome (supplementary fig. S5, Supplementary 

Material online). 

Recently emerged de novo genes are expected to be small because 

of the short size of randomly occurring ORFs. Accordingly, the 

median size of S. cerevisiae–specific proteins was 66 amino acids, 

compared with 437 amino acids for duplicated proteins of the same 

age (fig. 3 and supplementary table S3, Supplementary Material 

online). In the case of de novo genes, the length gradually increased 

as we considered older branches. In contrast, no significant 

differences were found for duplicated genes born at different 

branches of the tree. 
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Fig. 3. Younger de novo proteins are smaller. Proteins are from S. cerevisiae 

(yeasts) and D. melanogaster (flies), classified according to the branch of origin. 

Conserved: proteins conserved in species outside the clade according to 

homology searches and not originated by gene duplications in the corresponding 

tree. The size of putative de novo proteins increases as we consider older 

branches, for both S. cerevisiae and D. melanogaster. In S. cerevisiae, duplicated 

proteins show no differences depending on the age. Instead, in D. melanogaster, 

duplicated proteins from N0 tend to be significantly smaller than proteins from 

older branches. Mann–Whitney–Wilcoxon tests were performed to compare 

contiguous groups in the graph; significance is denoted as **P < 10−2 and ***P 

< 10−3. The number of analyzed proteins is indicated in supplementary tables S2 

and S5, Supplementary Material online (S. cerevisiae and D. melanogaster, 

respectively); sizes for all proteins in the different groups can be found in 

supplementary material S2, Supplementary Material online. 

The excess of gene birth events at N0, when compared with other 

branches, became even more evident when we normalized the 

number of events by the branch length (fig. 2B). We observed a 

sharp decline in the number of events at N1 with respect to N0, for 

both duplicated and putative de novo genes. The proportion of 

proteins at N1 compared with N0 was not significantly different 

between the two types of proteins (chi-square test). However, for 
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branches N2 onwards, we observed that the number of duplication 

events was approximately double than the number of putative de 

novo events, pointing to a tendency of duplicated genes to be 

retained at higher rates in this group. 

Some recently evolved genes, especially if arisen de novo, may not 

be present in the species gene annotations. This is because 

annotations are often based on the detection of ORFs longer than 

100 amino acids and/or with clear homology to other proteins 

(Yandell & Ence, 2012). To better understand the effect of the 

possible underannotation of small proteins, we performed again the 

analyses but considered two additional sets of data: 260 novel ORFs 

with evidence of translation on the basis of ribosome profiling data 

in S. cerevisiae (Blevins et al., 2021) and virtual translations of 

RNA-Seq–based transcript assemblies of all species except S. 

cerevisiae. With this new data, the number of putative de novo gene 

births at N0, but also in branches N1–N3, approximately doubled 

(fig. 2C; supplementary table S4, Supplementary Material online 

compared with supplementary table S2, Supplementary Material 

online). In contrast, as expected, the effect was very minor for 

duplicated genes. Thus, the real number of recently evolved de novo 

genes might be at least twice the number inferred when using the 

gene annotations alone. 
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New Genes in D. melanogaster 

We applied the same pipeline to D. melanogaster and 15 other 

insect species, including ten extensively characterized Drosophilae 

species (Drosophila 12 Genomes Consortium et al. 2007) (fig. 2D). 

Some of the terminal nodes corresponded to more than one species, 

detection of a homologous protein in at least one species was 

considered sufficient to classify the event in the branch connecting 

the terminal nodes. The number of estimated gene duplication and 

putative de novo gene birth events in N0 was 205 and 127, 

respectively (fig. 2D). Duplications outnumbered putative de novo 

gene births in N0 and N1 but not in N2 or in deeper branches. On 

the basis of the observed values, the retention rate of putative de 

novo proteins was significantly higher than the retention rate of 

duplicated proteins (P < 10−10 when comparing the proportion of 

genes in N0 vs. N1; chi-square test). 

Recently duplicated proteins were enriched in functions related to 

chromatin structure and transcriptional regulation (supplementary 

material S2, Supplementary Material online). Instead, putative de 

novo proteins did not have, in general, known functions. As 

expected, nearly all de novo genes originated at N0 had a 

corresponding genomic syntenic region in the Drosophila simulans 

genome (121 out of 122 genes, excluding genes that underwent 

subsequent duplications), whereas the proportion was much lower 

for duplicated genes (183 out of 316). As in the case of S. 

cerevisiae, putative de novo protein sequences tended to be longer 

as we considered more distant branches (fig. 3). In the case of 
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duplicated proteins, those originated at N0 showed a significant 

tendency to be smaller than proteins originated in other branches. 

This might be due to partial duplications, which have been reported 

to be relatively frequent in D. melanogaster (D. Zhang et al., 2022). 

Comparison of the size of the proteins from the same family 

indicated that ∼10–15% of the families at N0 might include partial 

duplications (supplementary fig. S6, Supplementary Material 

online). 

When we normalized the number of events by branch length, we 

again observed an excess of species-specific events, followed by a 

rapid decline in N1, and sustained relatively low numbers of 

proteins in older branches (fig. 2E and supplementary table S5, 

Supplementary Material online). We then predicted novel translated 

ORFs in D. melanogaster using ribosome profiling (Ribo-Seq) data 

from adult fly heads (Pamudurti et al., 2017) as well as from S2 

cells (Douka, Agapiou, et al., 2021). A set of 92 putative novel 

translated products were identified by RibORF (supplementary fig. 

S7, Supplementary Material online). We investigated if any of these 

different small ORFs were located in paralogous transcripts, but we 

only found one case. For comparison, we obtained in silico 

translations of newly assembled transcriptomes from eight 

Drosophila species (Yang et al., 2018). Running the pipeline with 

these extended proteomes clearly increased the number of estimated 

recent de novo gene birth events, especially at N0 and N2 (162–127 

and 383–351, respectively), whereas only minor changes were 

detected for duplication events (fig. 2F; supplementary table S6, 
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Supplementary Material online vs. supplementary table S5, 

Supplementary Material online). 

Relaxation of Selection Constraints after Gene Birth 

We next investigated the strength of purifying selection affecting 

proteins derived from any of the two types of events using single-

nucleotide polymorphism (SNP) data. For S. cerevisiae, we used 

SNPs from 1,011 S. cerevisiae isolates (Peter et al., 2018) and for 

D. melanogaster data from 192 inbred strains derived from a single 

outbred population of D. melanogaster (Mackay et al., 2012). For 

different groups of coding sequences (CDS), we calculated the 

observed ratio of nonsynonymous to synonymous SNPs and divided 

it to the expected ratio; the latter was estimated by taking into 

account the species pairwise nucleotide substitution frequencies and 

the composition of each sequence (Ruiz-Orera et al., 2018). The 

resulting normalized ratio (PN/PS) measures the strength of 

purifying selection; the lower the PN/PS value the stronger the 

purifying selection. Because of the paucity of the SNP data and the 

short size of the proteins, we merged the information from small 

adjacent protein groups (e.g., N1 and N2 in flies). The PN/PS for 

the complete set of CDS was 0.15 in the case of S. cerevisiae and 

0.1 in the case of D. melanogaster, consistent with strong purifying 

selection in most proteins. 

Yeast proteins with a putative de novo origin classified as N0 

showed a PN/PS ratio of 0.78, indicating markedly low purifying 

selection. The PN/PS ratio was around 0.4 in in older proteins from 
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N1 to N4 (fig. 4A) (supplementary table S7, Supplementary 

Material online). This tendency toward increased purifying 

selection in more phylogenetically conserved proteins is in line with 

previous observations (Carvunis et al., 2012; Heames et al., 2020; 

Ruiz-Orera et al., 2018; Toll-Riera et al., 2009). For comparison, 

the set of proteins derived from gene duplications at N0 had a 

PN/PS value of 0.26. This value was higher than that observed for 

older duplicates (0.18–0.19). In D. melanogaster, we observed a 

similar trend of decreasing PN/PS values as we considered older 

branches, which affected both de novo and duplication events (fig. 

4B) (supplementary table S7, Supplementary Material online). 

Although genes with a putative de novo origin at N0 did not display 

such high PN/PS values as in S. cerevisiae, the values were still 

very high compared with the basal levels (0.4 compared with 0.1). 

For gene duplicates at N0, the PN/PS value was 0.23, again higher 

than the basal level. Only the oldest protein duplicates (N5 and N6) 

had purifying selection levels equivalent to the complete protein 

data set (∼0.1). 
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Fig. 4. Purifying selection is weaker for young duplicated and putative de novo 

proteins than that for conserved proteins. (A) Yeast proteins. Proteins are 

classified according to the branch of origin (fig. 2A). Conserved refers to proteins 

with homologs in species outside the clade and not originated by gene 

duplications in the species tree. (B) Fly proteins. Proteins are classified according 

to the branch of origin (fig. 2D). Conserved refers to proteins with homologs in 

species outside the clade and not originated by gene duplications in the species 

tree. In both cases, Y axis represents the observed to expected ratio between 

nonsynonymous substitutions and synonymous substitutions (PN/PS). The 

expected ratio was estimated using SNPs located in intronic regions. Values ∼1 



2.2 Evolutionary Trajectories of New Duplicated and 
Putative De Novo Genes 

108 

 

indicate absence of purifying selection (dashed line). Black dashed line indicates 

the PN/PS (obs/exp) of all the species genes taken together. Proteins are from S. 

cerevisiae (yeasts) and D. melanogaster (flies), classified according to the branch 

of origin. Conserved: proteins conserved in species outside the clade according to 

homology searches and not originated by gene duplications in the corresponding 

tree. Standard deviation for each PN/PS value, shown as vertical lines, was 

calculated using subsampling (n = 1,000) of 1/3 of the genes in each group. 

It is well known that gene duplicates tend to evolve in a highly 

asymmetrical manner (Conant & Wagner, 2003; Pegueroles et al., 

2013; Pich I Roselló & Kondrashov, 2014; J. Zhang, 2003). For this 

reason, we also calculated PN/PS separately for the fastest and the 

slowest evolving copy of each gene pair. As before, the values for 

the fastest evolving copy were highest at N0 and decreased in more 

distant branches (supplementary fig. S8, Supplementary Material 

online). In the case of S. cerevisiae, the fastest evolving copy at N0 

showed a PN/PS of ∼0.43, about four times the basal level. In 

contrast, in D. melanogaster, the fastest evolving copy at N0 

showed values that were comparable with the set of putative de 

novo genes. In conclusion, the data indicated that young duplicated 

genes can experience a strong relaxation of the selective constraints, 

which in some cases is comparable with the rates observed for de 

novo genes. 

Gain of Acidic Amino Acids Over Time 

De novo genes emerge from randomly occurring ORFs in the 

genome, and this can lead to compositional biases in the nascent 

proteins (Luis Villanueva-Cañas et al., 2017; Papadopoulos et al., 
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2021). We examined the amino acid composition and charge of the 

set of putative de novo proteins and compared it with translated 

intronic regions, duplicated proteins and a control set of conserved 

proteins that did not undergo any duplications in the species 

considered. In both yeasts and flies, we found that recently emerged 

de novo proteins (N0 to N2 in yeast and N0 in flies) tended to be 

positively charged, whereas duplicated genes showed no 

compositional biases with respect to conserved proteins (fig. 5A). 

The high isoelectric point of recently originated de novo proteins 

was related to a depletion of acidic residues rather than an excess of 

basic ones (fig. 5B and supplementary figs. S9 and S10, 

Supplementary Material online). Interestingly, nascent de novo 

proteins had a similar composition than translated noncoding 

introns (fig. 5). The results are consistent with previous studies in S. 

cerevisiae reporting that recently evolved de novo genes tend to 

have a high isoelectric point and be depleted of acidic amino acids 

(Blevins et al., 2021) and that this feature is already present in 

intergenic ORFs (Papadopoulos et al., 2021). Therefore, the origin 

of the proteins from noncoding parts of the genome can explain 

their basic character. 
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Fig. 5. Recently emerged de novo genes are depleted of acidic residues. Charge 

properties of groups of proteins originated by gene duplication or with a putative 

de novo origin. Upper figures indicate the isoelectric point (IP) of putative de 

novo and duplicated genes in yeast (A) and flies (B). Bottom figures indicate the 

percentage of acidic or negatively charged amino acids in yeast (C) and flies (D). 

Mann–Whitney–Wilcoxon tests were performed to compare contiguous groups in 

the graph; significance is denoted as *P < 0.05; ***P < 10−3. 

Interestingly, putative de novo proteins originated in a more distant 

past (from N4 in yeasts and from N1 in flies) did not show a high 

isoelectric point but were similar to highly conserved proteins. We 

then hypothesized that negatively charged amino acids might be 

gained at an abnormally high rate during the first stages of the 

evolution of the proteins, the alternative explanation being that new 

basic proteins tend to persist at much lower frequencies than other 
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types of new proteins. To test the hypothesis, we examined the 

amino acid replacements in sequence alignments of D. 

melanogaster and D. simulans proteins, and of D. melanogaster and 

Drosophila sechellia proteins, for class N1 as well as for conserved 

proteins (proteins conserved in the most basal species of the tree 

and not associated with any gene duplication event). The analysis 

indicated that there was an excess of basic/acidic pairs in the 

alignments of the N1 proteins when compared with the conserved 

ones (supplementary fig. S11 and table S8, Supplementary Material 

online). Among the changes involving acidic residues, the most 

common one was lysine/glutamic acid (K/E), which accounted for 

17% of the substitutions involving acidic amino acids, compared 

with ∼9% in the case of conserved proteins (P = 0.0024, Fisher test 

with multiple test correction). The lower number of proteins in 

yeast when compared with flies (8 vs. 115 classified as N1, 

respectively) prevented performing a similar analysis in the first 

group. 

Next, we investigated if the bias in the amino acid substitutions 

occurring in young de novo proteins was expected given the codon 

frequencies of the set of sequences under study and the species 

mutational bias. The mutational bias was obtained from intronic 

SNPs (supplementary fig. S12, Supplementary Material online), and 

the codon frequencies were calculated separately for N1 and 

conserved proteins, to take into account any underlying differences 

between the two groups. For the comparison of the observed versus 

expected values, we focused on amino acid substitutions that could 
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be explained by a single-nucleotide change, which are the 

predominant ones given the short phylogenetic distance between the 

species (79% of the observed changes between D. melanogaster and 

D. sechellia N1 proteins and 88% between D. melanogaster and D. 

simulans N1 proteins). One example would be substitutions from 

lysine to glutamic acid, caused by a mutation from A to G (or G to 

A for glutamic acid to lysine). 

The comparison of the observed and expected values clearly 

showed that the alignments of young proteins (N1) contained more 

basic–acidic pairs than expected by chance (positive log2 O/E 

values in fig. 6A; data in Supplementary material 2, Supplementary 

Material online). This was observed in both alignments of D. 

melanogaster and D. sechellia and of D. melanogaster and D. 

simulans. In contrast, the same types of changes were less frequent 

than expected by chance in conserved proteins (negative log2 O/E 

values in fig. 6A). Only pairs of amino acids of the same type 

(acidic/acidic, polar/polar, etc.) had positive log2 O/E values in the 

latter class of proteins. 
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Fig. 6. Early evolution of putative de novo proteins is related to gain of negatively 

charged residues. (A) Enrichment of basic/acidic amino acids pairs in pairwise 
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alignments of young proteins. The observed frequency of different amino acid 

pairs (observed or O) was compared with a null model (expected or E). The 

logarithm (base 2) of the O/E ratio is represented. Deviations from the null model 

might indicate selection. (B) Observed versus expected frequencies of amino 

acids pairs. The heat map represents the log2 (O/E) values; pairs of amino acids 

with more than five cases in both D. melanogaster—D. sechellia and D. 

melanogaster—D. simulans protein sequence alignments were selected; for 

visualization purposes, only the groups acidic/acidic (A/A), basic/acidic (B/A), 

nonpolar/acidic (nP/A), basic/basic (B/B), basic/nonpolar (B/nP), and polar/polar 

(P/P), which show the strongest deviation from neutrality in conserved proteins, 

are displayed. KE pairs are less frequent than expected in conserved proteins but 

more frequent than expected in N1 proteins, differences in O versus E between 

the two types of proteins are significant in alignments D. melanogaster and D. 

sechellia (chi-square test P = 0.0017). (C) Acidic residues tend to be gained, and 

basic residues lost, in the early evolution of proteins. Gain and loss of acidic and 

basic residues inferred from alignments of orthologous proteins from the three 

species, for groups N1 and conserved. The number of cases in N1 is relatively 

small, and the observed biases are not statistically significant. (D) Amino acid 

changes inferred from the three species alignments. N observations refers to the 

number of changes from one amino acid to another (arrows). The shape of the 

amino acid indicates if the total number of a specific amino acid decreases, 

increases, or stays equal (gain is equal to loss). Overall, acidic amino acids (E and 

D) were gained and basic ones (K, R, and H) were lost. Proline (P) was also lost. 

(E) Model for the increase in the negative charge of young proteins. It includes 

changes from basic to acidic (e.g., K→E) as well as other acidic amino acid gains 

(e.g., G→E and G→D). 

At the level of specific amino acid changes, we again observed that 

the frequency of the KE pair in the young proteins was higher than 

expected by chance, whereas this did not happen in the case of 

conserved proteins (fig. 6B). There were 35 K/E pairs in D. 
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melanogaster and D. sechellia sequence alignments of young de 

novo proteins (N1), whereas 23 were expected by chance. In the 

case of conserved proteins, we observed 1,853 K/E pairs versus 

2,872 expected. The differences in observed versus expected 

between the two groups were statistically significant (chi-square test 

P = 0.0017). Other substitutions involving charged amino acids, 

such as K/M, P/R, or G/E, were strongly disfavored in conserved 

proteins but found at frequencies close to the neutral expectation in 

the case of young proteins. 

To gather more details into this process, we inspected the cases in 

which D. melanogaster and one of the sister species—D. simulans 

or D. sechellia—shared the same amino acid at a given position, but 

the other species had a different amino acid. For these cases, one 

can assume that the shared amino acid is the ancestral one, and this 

provides information on the direction of the change. For young 

proteins (N1), we identified 11 gains of an acidic amino acid versus 

4 loses and the opposite trend for basic amino acids, 7 gains versus 

14 loses (fig. 6C). In contrast, the tendencies were reversed in the 

case of conserved proteins. Part of these differences might be 

explained by the initial unbalance in the amount of codons for basic 

and acidic amino acids, but the deviation from the neutral model 

also points to a possible effect of positive selection. Figure 6D 

shows the different types of amino acid changes that were observed 

more than once in young proteins, as well as their directionality. All 

three basic amino acids decreased their frequency, and the two 

acidic amino acids increased it. Proline residues were also more 
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often lost than gained (12 vs. 3, respectively). Taken together, the 

observations support the hypothesis that recently emerged de novo 

proteins tend to gain negatively charged amino acids and become 

less basic over time (fig. 6E). 

2.2.4 Discussion 

Species- and lineage-specific genes, which lack homologues in 

distant organisms, have been a prominent but mysterious feature of 

newly sequenced genomes (Dujon, 1996). Over the past years, 

evidence has accumulated that a large fraction of them are likely to 

have originated de novo from previously noncoding genomic 

regions (Albà & Castresana, 2005; Schmitz & Bornberg-Bauer, 

2017; Tautz & Domazet-Lošo, 2011; Toll-Riera et al., 2009; 

Vakirlis, Acar, et al., 2020; L. Zhang et al., 2019). A previous study 

in Drosophila obscura provided evidence that younger genes are 

likely to be lost at higher frequencies than more conserved genes 

(Palmieri et al., 2014). This helped to reconcile observations of a 

large number of “orphan” species-specific genes (Dujon, 1996; 

Khalturin et al., 2009; Neme & Tautz, 2013) with the approximately 

constant number of genes in a clade. Because duplicated proteins 

have sequences and structures that have already proven to be useful, 

they could in principle be more evolutionary stable (Rödelsperger et 

al., 2019). In a recent study in nematodes (Prabh & Rödelsperger, 

2022), the researchers observed that de novo protein candidates 

contributed less to old gene age classes than known proteins 

families (defined as those in which more than half of the members 
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contained an annotated protein domain). This could mean that de 

novo candidates were not as evolutionary stable as new genes 

originating from duplication, which were part of known families. In 

this work, we have performed a more direct comparison of the 

number of gene duplication and de novo gene birth events in 

different branches of the phylogenetic tree. We have observed that, 

in both cases, there is a peak of species-specific events, which 

declines sharply when we consider older branches. This means that, 

independently of the mechanism of origin, the vast majority of the 

genes formed in a given species are likely to be subsequently lost in 

the same species lineage. In older branches, the number of events is 

relatively constant, suggesting that, in contrast, genes that survive 

beyond the species are rarely lost. 

Duplicated and putative de novo proteins showed similar 

evolutionary trajectories, including an excess of genes at the 

species-specific level, but had very distinct sequence properties. In 

the case of de novo proteins, the initial amino acid sequence length 

was remarkably short, consistent with an origin from randomly 

occurring ORFs (Albà & Castresana, 2005). This class of proteins 

tended to become progressively longer as we considered more 

distant branches as time of origination. A possible explanation is 

that proteins tend to increase in size over evolutionary time, perhaps 

by the acquisition of new domains, for example, by exon shuffling 

(Long et al., 2003), or by mutational biases favoring in-frame 

insertions over deletions (Laurie et al., 2012). We also found that 

both putative de novo and duplicated proteins experienced a 
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relaxation of the selective constraints after birth, but in the latter 

case, the effect was more limited in time, with duplicates in the 

most distant branches showing evolutionary rates similar to 

conserved proteins. A long-standing question is whether the 

progressive decrease in the evolutionary rates of putative de novo 

proteins means that the rates tend to slow down over time (Albà & 

Castresana, 2005; Vishnoi et al., 2010). As a protein evolves and 

becomes more efficient, changes in the amino acid sequence might 

tend to be more deleterious and the rate of change decrease. In the 

case of duplicated proteins, where evolutionary trees with multiple 

outgroup sequences can be examined, such a decrease in the rates 

has been observed (Pegueroles et al., 2013; Pich I Roselló & 

Kondrashov, 2014). Studying changes in the evolutionary rates of 

recently evolved de novo proteins is however more difficult because 

of the lack of outgroup species. In previous work using both 

divergence and polymorphism data, rapid evolution of mammalian-

specific genes has been related to relaxed purifying selection but not 

to an increase in the proportion of adaptive substitutions (Gayà-

Vidal & Albà, 2014). In contrast, recent work using adaptive 

landscapes has shown that younger proteins in Drosophila and 

Arabidopsis are undergoing faster rates of adaptive evolution and 

tend to accumulate more substitutions with larger physicochemical 

effects than older proteins (Moutinho et al., 2022). 

A large number of recently duplicated genes in S. cerevisiae were 

found in subtelomeric regions. These regions appear to be 

particularly flexible to accommodate new genes, such as enzymes 
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involved in the degradation of maltose (Brown et al., 2010), which 

were also detected in our study. Perhaps not surprisingly, copy 

number variants across different S. cerevisiae isolates, as well as 

horizontally transferred genes, have also been found to be enriched 

in these regions (Peter et al., 2018). Instead, putative de novo genes 

did not show any location preference and were found throughout the 

genome. 

We found clear differences in amino acid composition between 

duplicated and putative de novo proteins. Recently emerged de novo 

proteins had a marked basic character, which was not observed in 

young duplicated proteins. In Drosophila, an excess of lysine and 

arginine in small ORFs was previously noted (Couso & Patraquim, 

2017). Here, we found that the youngest putative de novo proteins 

had a high isoelectric point, similar to in silico translated intronic 

sequences. By studying the amino acid changes in alignments of 

young Drosophila proteins, we obtained evidence that they tend to 

gain acidic amino acids over time. The frequencies at which we 

observed such changes were above the neutral expectation, which 

would be consistent with selection playing a role in favoring these 

particular types of substitutions. A positive charge of the protein 

could favor the crossing of plasma membranes or interactions with 

DNA or RNA (Couso & Patraquim, 2017). Therefore, a less basic 

character could reduce the number of unspecific interactions of the 

protein with cytoplasmic RNA. This, in turn, could provide a 

selective advantage by increasing the amount of available free 

protein. 
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Many of the observations were common to yeast and flies, but there 

were also a number of differences between the two groups of 

organisms. In general, the S. cerevisiae genome appeared to encode 

more species-specific de novo proteins than D. melanogaster, when 

compared with other groups of proteins. This might be explained by 

a longer terminal branch in the former case (0.043 vs. 0.011 

substitutions/site), but differences in annotation criteria or 

completeness could also have played a role. Putative de novo 

proteins classified as N0 in D. melanogaster did not have such 

extreme PN/PS rates as those in S. cerevisiae, perhaps denoting 

more conservative criteria when annotating the fly proteins. When 

considering more ancestral branches, the number of gene birth 

events normalized by branch length was clearly higher in flies than 

that in yeast. This might be expected if we consider that the former 

have higher genome complexity—in terms of genome size and 

number of genes—than the latter. 

The number of de novo originated genes in a species varies from 

study to study (Van Oss & Carvunis, 2019). This depends on the 

starting set of gene annotations and also on the methodology 

employed to identify possible homologues in other species. For 

example, in a previous study in baker's yeast, we considered that the 

detection of gene expression in the equivalent genomic region of 

another species was sufficient evidence not to consider the gene as 

species specific (Blevins et al., 2021). But these criteria could 

include cases in which the transcripts encoded completely unrelated 

proteins or were noncoding. Instead, here we based our analyses on 
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annotated proteomes, relying on the information provided by 

OrthoFinder to make further inferences. By doing so, we could 

study the two mechanisms of gene origination (de novo and 

duplication) side by side, using the same starting data and a unified 

pipeline. The number of S. cerevisiae putative de novo proteins was 

relatively similar to that previously reported by Carvunis et al. 

(2012). Instead, we identified a much larger number of S. 

cerevisiae–specific de novo proteins than Vakirlis et al. (2018), 

probably because the latter study incorporated an additional filter 

based on the coding score. 

To control for the possible heterogeneity in the gene annotations of 

different species, we investigated which was the effect of adding 

ORFs with Ribo-Seq–based evidence of translation, as well as 

ORFs derived from reconstructed transcriptomes, to the 

annotations. After running the complete pipeline again, we could 

observe that the number of putative de novo proteins clearly 

increased as a result of considering the additional data, denoting 

that many small proteins still remain to be annotated. The effect in 

D. melanogaster was more modest than that in S. cerevisiae, 

perhaps because many of the de novo genes in flies have been 

reported to be expressed in testis (Begun et al., 2007; Zhao et al., 

2014), and no Ribo-Seq data of sufficient quality were available for 

this organ. 

The estimation of the age of putative de novo genes is not 

independent of divergence time: Homologues are expected to 

become more difficult to detect with increasing phylogenetic 
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distance, because of the larger number of accumulated substitutions 

(Albà & Castresana, 2007; A. Jain et al., 2019; Rost, 1999; 

Weisman et al., 2020). This should barely affect the comparisons of 

very closely related species but be of relevance when considering 

long evolutionary distances. For example, using sequence evolution 

simulations, it has been estimated that, for comparisons of S. 

cerevisiae against the closely related species S. paradoxus, S. 

mikatae, or Saccharomyces kudriavzevii (branches N1–N3 in the 

tree we used; see fig. 2A), the proportion of misclassified proteins is 

<5%. For more distant comparisons, however, lack of homology 

can become more difficult to disentangle from rapid sequence 

divergence. Vakirlis, Carvunis, and McLysaght 2020 recently 

developed a method based on genomic synteny blocks to estimate 

the maximum percentage of true homologues that might be missed 

using sequence similarity searches alone. They concluded that this 

fraction was ∼15% for comparisons of S. cerevisiae and 

Saccharomyces castelli (equivalent to N5 in our yeast tree; fig. 2A) 

and ∼20% for comparisons of D. melanogaster and Drosophila 

mojavensis (N4 in our flies tree; fig. 2D). This means that some of 

the proteins at N4, or more distant branches, could be older than 

inferred here. Because of these limitations, we have used the term 

putative de novo proteins (rather than just de novo proteins) 

throughout the manuscript. However, it is worth noting that, if we 

were strongly overestimating the number of new genes at the most 

distant branches (N4–N6), with respect to most recent branches 

(N1–N3) (where we expect less errors), we should see an increase 
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in the rates of new genes in the former branches, which we do not 

observe. 

Despite being annotated, only a few of the putative de novo proteins 

had known functions. This can be expected given the lack of 

conservation in other species. We found that the majority of them 

were expressed in normal conditions but, without any direct 

experimental functional evidence, it remains unclear which fraction 

of the proteins are really functional. In the future, this might be 

addressed with CRISPR–based functional screenings, as recently 

been done for a set of human de novo microproteins (Vakirlis et al., 

2022). In this study, the authors inspected a large set of small ORFs 

with translation evidence in several human cell lines (J. Chen et al., 

2020) and identified 155 human de novo originated microproteins. 

Then, using the results of the CRISPR-Cas screening performed by 

Chen et al. (2020), they found that 44 of these proteins were likely 

to be functional. The characterization of the functions of a larger 

number of de novo proteins will help to understand if these proteins 

tend to be enriched in particular cellular pathways. 

Other limitations of the study are related to the incompleteness of 

the gene annotations. Because of their small size and lack of 

phylogenetic conservation, de novo proteins are expected to be 

poorly annotated. In addition, they are more difficult to detect by 

proteomics techniques than longer proteins (Ruiz-Orera et al., 

2015). Studies using Ribo-Seq data have uncovered many new 

translated small ORFs (Ingolia et al., 2009; Mudge et al., 2022). 

However, these data are still relatively scarce; for example, we only 
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found one study with data of sufficiently high quality to annotate 

translated ORFs for D. melanogaster adults. Besides, the data are 

missing from nonmodel species, preventing direct comparisons of 

the same kind of data across species. Improving the gene 

annotations will allow increasing the accuracy of the catalogs of de 

novo genes in future studies. 

This study provides new clues about the evolution of new genes, 

revealing unexpected similarities between gene duplication and de 

novo gene birth, despite the differences in the composition and 

length of the sequences. The excess of new genes in the terminal 

branches of the tree, regardless of the mechanism of origination, 

strongly suggests that there is a very high turnover of genes at the 

level of the species, which has no parallel for genes conserved in 

more than one species. Future studies at the level of populations 

might provide useful data to better understand these dynamics and 

the role of adaptive evolution. 

2.2.5 Materials and Methods 

Annotated Proteins 

We extracted the gene annotations from the different species 

considered in the study from several public resources, including the 

National Center for Biotechnology Information (O’Leary et al., 

2016), Ensembl (Yates et al., 2020) and InsectBase (Yin et al., 

2016) (see supplementary tables S9 and S10, Supplementary 

Material online for a complete list of sequence resources). We used 
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gffread to extract the sequences from the annotated CDS (using -J 

and -y options). Sequences in which the CDS did not start with an 

ATG, did not finish with a stop codon, or contained internal stop 

codons were discarded. We selected the longest protein per gene 

when several isoforms existed. We also eliminated any proteins that 

overlapped by >10% of the length of their sequence with another 

protein sequence encoded on the same genomic strand. The 

resulting set of annotated proteins was used for all analyses except 

those described for figure 2C and F (see below). 

Prediction of Novel Translated ORF Using Ribo-Seq Data 

We obtained a set of novel ORFs with translation evidence in S. 

cerevisiae and D. melanogaster. In the case of S. cerevisiae, we 

used an already described set of novel proteins that were identified 

by the analysis of ribosome profiling data with the RibORFv.1.0 

software (Blevins et al., 2021). The predictions were based on the 

observation of significant three nucleotide periodicity and 

homogeneity of the mapped Ribo-Seq reads. In the case of D. 

melanogaster, we obtained ribosome profiling data from adult fly 

heads (bioproject PRJNA316472) (Pamudurti et al., 2017) and S2 

cells (SRR13664946) (Douka, Agapiou, et al., 2021). The Ribo-Seq 

reads were mapped to a D. melanogaster de novo assembled 

transcriptome (Yang et al., 2018), and translated ORFs were 

predicted by RibORFv1.0 (Ji et al., 2015). We selected ORFs 

starting with ATG/TTG/CTG/GTG, longer than 30 nucleotides and 

a RibORF score ≥0.7. With these cutoffs, we could predict 

translation of the majority of annotated CDS as well as of 92 
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nonredundant ORFs in novel transcripts. The novel ORFs with 

translation evidence were added to the protein annotations for the 

analyses described in relation to figure 2C and F. 

In Silico Translation of Nonannotated Transcripts 

We generated in silico translated sequences from nonannotated 

transcripts derived from different de novo assembled transcriptomes 

for species other than the reference species (see below). In the case 

of yeast, we used a set of previously obtained transcriptomes that 

comprised all the species considered here (Blevins et al., 2019). For 

flies, we used previously published transcriptomes from eight 

Drosophila species: D. melanogaster, Drosophila yakuba, 

Drosophila persimilis, Drosophila pseudoobscura, Drosophila 

willistoni, Drosophila grimshawi, D. mojavensis, and Drosophila 

virilis (Yang et al. 2018). Additionally, we assembled new 

transcriptomes for D. sechellia, D. simulans, and Drosophila erecta 

from available RNA-Seq data (Ma et al., 2018), using the same 

pipeline employed by Yang et al. 2018. The ORFs were defined 

from NTG (ATG/CTG/TTG/GTG) to stop codon in frame and 

encoding at least ten amino acids. These in silico translated 

sequences were used to investigate the possible existence of 

nonannotated homologues for the analyses presented in figure 2C 

and F. 
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Gene Expression 

We checked for gene expression in the reference species, both at the 

level of the transcriptome and translatome, using RNA-Seq and 

Ribo-Seq data, respectively. In the case of S. cerevisiae, we used 

the data for yeast grown in a rich medium available from Blevins et 

al. 2021. In the case of D. melanogaster, we used the data from 

Zhang et al. (2018) in 3- to 10-day adult bodies. We mapped the 

sequencing reads to the annotated transcripts using STAR v2.7.8 

(Dobin et al., 2013) and quantified the number of reads mapping to 

each transcript with featureCounts (Liao et al., 2014). The number 

of reads per transcript was normalized to TPM. 

Identification of Putative De novo and Duplication Gene Birth 

Events 

The proteomes of each species were used as input for OrthoFinder 

(Emms & Kelly, 2019). Because we wanted to focus on local gene 

duplication events, we did not consider S. cerevisiae genes 

previously reported to have arisen from a whole-genome 

duplication at the basis of the Saccharomyces group (Byrne & 

Wolfe, 2005). OrthoFinder clusters the proteins into families 

(orthogroups), builds phylogenetic trees, and predicts the branches 

in the tree in which duplication events have taken place. We 

selected MAFFT (v7.455) for multiple sequence alignments (Katoh 

& Standley, 2013) and IQTree (v1. 6.12) for tree building (Nguyen 

et al., 2015). Putative de novo gene birth events were identified on 

the basis of the species distribution within the orthogroups and 
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taking into account the species tree. The most distant species in the 

orthogroup was used to identify the branch in which the possible 

origin of the protein had taken place. For example, proteins from 

families in which there were only proteins from S. cerevisiae were 

classified as N0; those in which there were proteins from S. 

cerevisiae and S. mikatae, but not from other species, were 

classified as N2. Those at N5 were derived from events predicted to 

have occurred in the branch connecting the Saccharomyces and 

Lachancea genus. Additionally, proteins classified as putative de 

novo were eliminated if possible homologues existed in at least two 

other species from other groups using BLASTP searches (Altschul 

et al., 1997) (BlastP E < 0.001) (supplementary table S1, 

Supplementary Material online). The branches at which duplicated 

events were inferred to have taken place were obtained from the 

OrthoFinder output. Overall, we defined six proteins classes in 

yeasts, N0–N5, from more recent to more distant events, and seven 

classes in Flies, N0–N6, from more recent to more distant events. 

The branch lengths of the species tree, generated by OrthoFinder 

using information from all families, were used to normalize the 

number of events per branch length (number of amino acid 

substitutions per site). In a small fraction of the families, we 

identified both putative de novo and duplication events (see details 

in supplementary tables S2 and S4–S6, Supplementary Material 

online). When analyzing protein properties, putative de novo 

proteins which had subsequently duplicated were not taken into 

account to differentiate more clearly between the features associated 
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with the two mechanisms. We investigated the possible enrichment 

in particular GO terms (Biological Process) in recently formed 

proteins (N0) with the software DAVID (Sherman et al., 2022). 

Genomic Synteny Blocks 

Genomic synteny blocks between S. cerevisiae and S. paradoxus, 

and between D. melanogaster and D. simulans, were obtained using 

a previously described approach, based on the identification of 

clusters of MUMs using a modification of the M-GCAT program 

(Blevins et al., 2021; Treangen & Messeguer, 2006). In this 

implementation, groups of parallel, consecutive, and neighboring 

MUMs are clustered into synteny blocks. We used a maximum 

distance of 100 bases to cluster two consecutive MUMs, for both 

yeast and flies. We then inspected how many putative de novo and 

duplicated genes were located in synteny blocks. Because of their 

noncoding origin, we expect most de novo genes to be located in 

synteny blocks. Instead, we only expect part of the duplicated genes 

to map to synteny blocks. 

Purifying Selection Tests Using SNPs 

We used published SNPs to assess the strength of purifying 

selection in different groups of CDS. In the case of S. cerevisiae, we 

used data from 1,011 isolates (Peter et al., 2018). We selected SNPs 

with a minor allele frequency of at least 5% to minimize the 

possibility of including mutations under positive selection in one or 

a few isolates. In D. melanogaster, we used the data from 192 
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inbred strains derived from a single outbred population of D. 

melanogaster known as the D. melanogaster genetic reference 

panel (Mackay et al., 2012). We discarded any sense–antisense 

overlapping CDS for this analysis, and we did not consider proteins 

with a putative de novo origin that had subsequently duplicated. 

Because of the paucity of the SNP data, and the small size of some 

of the groups (e.g., N1, N2, and N3 in S. cerevisiae), we decided to 

build three representative groups in S. cerevisiae (N0, N1–N4, and 

N5) and five in D. melanogaster (N0, N1–N2, N3–N4, N5, and 

N6). For comparison, we also extracted SNPs from CDS of 

conserved genes (present in the most basal species of the tree and 

not associated with subsequent duplication events). The observed 

SNPs were classified as nonsynonymous (PN), when they altered 

the amino acid, and as synonymous (PS), when they did not. These 

values were used to calculate PN/PS(obs) for each group of 

sequences. We also computed PN/PS(exp) using the species 

pairwise mutation frequencies (estimated from intronic regions not 

overlapping any exonic sequence) and the codon composition of the 

sequences under study (Ruiz-Orera et al., 2018). The ratio between 

PN/PS (obs) and PN/PS (exp), or normalized PN/PS, provides an 

estimation of the strength of purifying selection. Values ∼1 are 

expected in neutrally evolving CDS and values <1 in sequences 

under purifying selection. To test for significant differences 

between PN/PS (obs) and PN/PS (exp), we used a Pearson's chi-

squared test with Yate's continuity correction and one degree of 

freedom. 
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Amino Acid Composition and Charge 

We extracted amino acid frequencies from all S. cerevisiae and D. 

melanogaster proteins and clustered them according to their 

properties (acidic, basic, polar, and nonpolar). Isoelectric point was 

calculated using the computePI function from the seqinr package in 

R (Charif et al., 2005). For these analyses, we discarded any 

proteins initially classified as both putative de novo and duplicated 

(proteins with a putative de novo origin that had subsequently 

duplicated). 

Identification of Amino Acid Changes in Sequence Alignments 

We extracted amino acid substitutions from the alignments of the 

proteins in the orthogroups generated by OrthoFinder. We focused 

on orthogroups containing putative de novo proteins from class N1 

and conserved proteins. First, we extracted the data for pairs of 

species, D. melanogaster and D. sechellia, and D. melanogaster and 

D. simulans, obtaining the frequency of all possible pairs of 

different amino acids in the alignments. For D. melanogaster and D. 

sechellia N1 proteins, we found 718 changes that could be 

explained by a single-nucleotide substitution (908 in total). For D. 

melanogaster and D. simulans alignments, this number was 842 

changes (958 in total). We also analyzed alignments containing one 

protein for each the three species in order to identify substitutions 

that had occurred after the split of D. simulans and D. sechellia and 

for which we could infer the directionality of the change. These 

were cases in which D. melanogaster and D. simulans had the same 
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amino acid but D. sechellia had a different one (the change would 

have occurred on the D. sechellia branch) or cases in which D. 

melanogaster and D. sechellia had the same amino acid but D. 

simulans had a different one (the change would have occurred on 

the D. simulans branch). The latter data set consisted of 86 amino 

acid changes for N1 and 39,114 for conserved. 

Neutral Model of Amino Acid Substitutions 

We calculated the expected frequency of all possible amino acid 

substitutions generated by a single-nucleotide mutation on the basis 

of the codon frequencies in the sequences of interest (D. 

melanogaster group N1 or conserved) and the nucleotide transition 

matrix in the species. The latter was estimated from intronic SNPs 

in the genetic reference panel (Mackay et al., 2012). For example to 

calculate the frequency of lysine to glutamic acid (K→E), we 

considered the following changes AAA→GAA and AAG→GAG; 

in the first case, the expected value was the relative frequency of 

AAA multiplied by the relative frequency of the A→G mutation in 

the transition matrix and, in the second case, the relative frequency 

of AAG multiplied by the relative frequency of the A→G mutation 

in the transition matrix. To calculate the expected frequency of 

amino acid pairs with no information on the direction of change, we 

added the probabilities of the two changes; for example, for K/E, 

we calculated the expected frequency of K→E plus the expected 

frequency of E→K. The expected values were then normalized so 

that the total number of changes was equal to the total number of 
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observed changes. For the comparison, we did not consider amino 

acid substitutions that could not be explained by a single-nucleotide 

mutation or amino acid substitutions that could be explained by a 

single-nucleotide mutation but which were not observed in proteins 

from the N1 class. 

2.2.6 Supplementary Material 

Supplementary data are available at Molecular Biology and 

Evolution online. 
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2.3 Untranslated regions as a source of 
conserved microproteins in yeast 

Authors: Montañés JC, Papadopoulos C, Blevins W, Carmona M, 

Hidalgo E, Albà MM 

Status: In progress. 

2.3.2 Abstract 

The translation of small open reading frames (ORFs) has recently 

emerged as a source of peptides and regulatory functions. In yeast, 

many of these ORFs are located within the untranslated regions 

(UTRs) of transcripts and they are not annotated. In this work, we 

improve the current annotations of three yeast species – 

Saccharomyces cerevisiae, Saccharomyces paradoxus and 

Saccharomyces uvarum - using full-length direct RNA sequencing. 

In addition to recovering and expanding the majority of transcripts, 

we detect 2,596 translated ORFs in the UTRs using more than 60 

high quality Ribo-Seq libraries from S. cerevisiae. Sequence 

comparisons based on the recovered UTRs indicate that only a 

fraction of the translated ORFs is conserved in at least another 

species, including 206 out of 1,463 upstream ORFs (ORFs) and 141 

out of 905 downstream ORFs (dORF).  Conserved uORFs are 

translated at higher levels than species-specific uORFs, and they 

show evidence of purifying selection at the level of the encoded 

peptide, indicating that they are likely to encode functional 

peptides. In contrast, these features are not observed in conserved 

dORFs. The study provides a comprehensive catalog of small ORF 
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translation in the UTRs of yeast genes and provides new clues on 

their evolution and possible functions.  

2.3.3 Introduction 

Recent studies have shown significant translation of small open 

reading frames (ORFs) outside annotated coding sequences 

(Blevins et al., 2019; J. Chen et al., 2020; Ingolia et al., 2009; 

Mudge et al., 2022; Patraquim et al., 2020). A large fraction of 

these non-canonical ORFs (ncORFs) are located in the gene 5’ or 3’ 

untranslated regions (5’UTR or 3’UTR). Those located in the 

5’UTR are named upstream ORFs (uORF) and those located in the 

3’UTR are named downstream ORFs (dORF). Some ORFs can 

overlap the main coding sequence (CDS), these cases are 

abbreviated as ouORF and odORF, where the “o” stands for 

“overlapping”.  

The functionality of uORFs and dORFs remains enigmatic. It has 

been hypothesized that uORFs are general repressors of the 

translation of the CDS, since there is a negative relationship 

between the number of putatively translated uORFs and the 

translational efficiency (TE) of the CDS (Chew et al., 2016; 

Johnstone et al., 2016). However, other studies that have compared 

the translation levels of uORFs and the CDS between different 

conditions have concluded that only a small fraction of the uORFs 

are likely to be regulatory (Moro et al., 2021; Patraquim et al., 

2020; van Heesch et al., 2019). Another possibility is that some of 

these ORFs encode functional microproteins, as recently suggested 
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by CRISPR-Cas uORF deletion experiments in human cell lines (J. 

Chen et al., 2020). The possible functions of translated dORFs are 

even less clear than those of uORFs, although it has been recently 

reported that they might enhance the translation of the main CDS in 

vertebrate genes (Q. Wu et al., 2020). 

In humans, the frequency at which the variants that create or disrupt 

uORFs are found is consistent with purifying selection acting on 

these elements (Whiffin et al., 2020). Additionally, the comparison 

of intra-specific variants with inter-specific divergence at uORFs 

from different eukaryotic species indicates that positive selection is 

also likely to have shaped uORF evolution (H. Zhang et al., 2018, 

2021). While several regulatory and/or conserved uORFs have been 

described in S. cerevisiae (Cvijović et al., 2007), a complete picture 

of the number of UTR ORF (or non-canonical ORFs (ncORF)) 

translation events in this model species, and their conservation 

across closely related species, is still missing. 

In order to address this gap knowledge, we have compiled high 

quality Ribo-Seq data from a large number of studies, and used it to 

build a complete catalog of translated uORFs and dORFs in S. 

cerevisiae. Additionally, we have examined the conservation of 

these ORFs in the corresponding 5’UTR and 3’UTR sequences of 

two other species from the Saccharomyces group, which we have 

characterized using Nanopore native RNA sequencing. The study 

brings new light into the evolution and functions of hundreds of 

translated uORFs. 
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2.3.4 Results 

Identification of 5’UTR and 3’UTR sequences using Nanopore 

dRNA 

We performed Nanopore direct RNA sequencing for three species 

of yeast – S. cerevisiae, S. paradoxus and S. uvarum – and used the 

data to reconstruct the UTR sequences of the corresponding 

mRNAs, which are not annotated. We obtained between 7 and 7.5 

million raw dRNA reads per species (Table S1). After removing 

sequencing errors using a combination of Illumina RNA-Seq data 

and reference-based methods (see Methods), we performed read 

clustering with RNA-bloom (Nip et al., 2020), obtaining 83,000-

88,000 dRNA reads per species. These assembled reads were used 

as input for Funannotate (Palmer & Stajich, 2020), which 

reconstructed 5,500-6,000 mRNAs per species, similar to the 

number of annotated genes (Figure 1a)(Table S1). The majority of 

these mRNAs included 5’UTR and 3’ UTR sequences. The number 

of mRNAs with a 5’UTR region was 3,719-3,766 per species, 

whereas the number of mRNAs with a 3’UTR was 4,390-4,723 

(Figure 1b). The median size of the 5’UTRs was 58-70, whereas for 

3’UTRs it was 171-211, depending on the species (Figure 1b).  

Next we compared the 5’UTR and 3’UTR sequences obtained from 

the processing of the dRNA reads to those previously obtained by 

(Park et al., 2014) for S. cerevisiae. In this work, the authors used 

an enzyme (tobacco acid pyrophosphatase (TAP)) to remove the 

5’cap of the mRNAs before ligating a specific adapter. To define 
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the poly(A) they used a threshold of at least 8 adenines before the 3’ 

adapter.  We could identify 70.7% of the 5’UTR and 79.6% of the 

3’UTRs found in Park et al. (Figure 1c). On the other hand, we 

recovered 253 5’UTR and 192 3’UTRs that were not recovered by 

Park et al. In general, the 3’UTRs obtained by dRNA were longer 

than those in Park et al., whereas the 5’UTRs were slightly shorter 

(Figure S1). The latter is expected because the dRNA base calling 

process uses sequence context and, as a result, the 5’end of the 

mRNA is not recovered (Workman et al., 2019). But the median 

size of the 5’UTRs was 93% relative to that in Park et al., indicating 

that the loss is relatively small.  

The translation of non-canonical ORFs is sometimes initiated at 

ATG near-cognate codons, or NTGs (J. Chen et al., 2020). We 

inspected the frequency of different triplets in the 5’UTR and 

3’UTR sequences of all reconstructed mRNAs from the three yeast 

species. We observed that the canonical translation start codon, 

ATG, was underrepresented in 5’UTRs when compared to 3’UTRs 

(Figure 1d). This is consistent with purifying selection preventing 

the accumulation of ATG codons in the 5’UTR. In contrast, 

alternative NTG codons showed a similar low abundance in 5’UTR 

and 3’UTRs. Translation starting at these codons is less efficient 

than translation from the ATG (Clements et al., 1988), which could 

explain why there is less selective pressure to remove these triplets. 
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Figure 1. Annotation of 5’ and 3’UTRs using Nanopore dRNA. (a) Direct 

RNA reads were mapped to the reference genomes and used to generate the 

UTRs of transcribed genes. (b) The top part indicates the amount of UTRs 

obtained per yeast species. The bottom part indicates the length distribution of the 

new UTR regions. (c) Comparison of genes that we identified UTRs and those 

obtained in Park, et al. 2014. The left part indicates the 5’UTR comparison, and 

the right part indicates the 3’UTR. (d) Total amount of triplets identified in the 3 

three possible frames in the 5' and 3' UTR of S. cerevisiae. Black bars indicate 

STOP codons, purple bars indicate the triplet ATG, blue bars indicate the near 

cognate starting codon TTG and yellow bars indicate the near cognate triplets 

CTG and GTG. 

Around 27% of the genes contain translated uORFs  

We used an available collection of 64 high quality Ribo-Seq 

datasets from S. cerevisiae (Blevins et al., 2021; Papadopoulos et 

al., 2023) to identify translated ORFs in the UTRs. All the 

experiments corresponded to yeast grown in rich media. We 
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obtained a total of 780,794,002 mapped Ribo-Seq reads. For each 

library, the P-site was individually estimated using riboWaltz 

(Lauria et al., 2018). Subsequently, all libraries were processed 

together with ribORF, a program to predict translated ORFs based 

on the three nucleotide periodicity and homogeneity of the reads (Ji 

et al., 2015)(Figure 2a). In a first step, the software was used to 

identify all ORFs of size 6 nucleotides or longer and covered by at 

least 10 reads. In a second step, ORFs with significant translation 

signatures (ribORF score > 0.6) were identified. ORFs that passed 

the first but not the second step were classified as ‘background’; 

ORFs that passed both steps were classified as ‘translated’.  

A large proportion of the annotated coding sequences (CDS), 5,440 

out of the 6,009 (90.5%), was found to be translated in the 

conditions tested. In addition, we detected translation of 1,463 out 

of 12,270 upstream ORFs (uORFs), 905 out of 29,877 downstream 

ORFs (dORFs), 55 out of 1,903 overlapping upstream ORFs 

(ouORFs), and 173 out of 3,962 overlapping downstream ORFs 

(odORFs)(Figure 2b, Figure S2, Table S2). Translated ORFs from 

different classes showed a similar proportion of in-frame reads 

(median around 0,6-0,7), which are the reads in the correct frame. 

The only exception was ouORFs, which showed a somewhat lower 

proportion of in-frame reads than the other classes (median around 

0,5), probably because of the overlap with the CDS start site (Figure 

2c). The number of mRNAs that contained at least one translated 

uORF was 1,007 (27% of the genes with a 5’UTR) and the number 

with at least one translated dORF was 759 (17.3 % of the genes 
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with an 3’UTR) (Figure S3). The values for ouORFs and odORFs 

were much lower, 55 (1.47%) and 171 (3.9%) genes, respectively.  

 

We took advantage of the very high coverage of our Ribo-Seq data 

to investigate if there was saturation of the number of ORFs 

detected with increasing number of reads. As expected, for CDS the 

saturation occurred very rapidly, we recovered 95% of the 

translation events with 2% of the reads (Figure 2d). A very clear 

pattern of saturation was also observed for translated uORFS, we 

recovered 95 % of all the detected uORFs with 60% of the reads. 

This supports that our set of uORFs that are translated in normal 

growth conditions is comprehensive. The background uORFs (10 or 

more reads but no significant periodicity) also showed saturation, 

which means that all possible uORFs in the 5’UTR have been 

examined. In the case of translated dORFs, saturation took longer to 

achieve (we recovered 95% of the translated dORFs with 80% of 

the reads) but it was also clear, again indicating that we are 

recovering the full set of translated dORFs. In contrast, the number 

of background dORFs showed an almost linear relationship with the 

number of reads, reflecting the very large number of possible dORF 

sequences present in the 3’UTR and the paucity of the Ribo-Seq 

sequencing mapping. The results for ouORFs and odORFs also 

indicated that we were recovering all the translated cases, and that 

they represented a minority when compared to all possible cases 

(background). 
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For the ORFs classified as translated, the Ribo-Seq coverage is a 

direct measurement of the translation level, because each read 

corresponds to one translating ribosome (Brar & Weissman, 2015; 

Ingolia et al., 2009). We extracted in-frame reads to be able to 

measure the translation levels of ouORFs and odORFs 

independently of the CDS. We found that, on average, CDS were 

translated about 5 times more efficiently than uORFs and about 30 

times more efficiently than dORFs (median TPM: canonical 29.9, 

uORFs 5.32, dORFs 0.90) (Figure 2e). When comparing against the 

CDS of the same gene, uORFs were also translated about 6 times 

more efficiently than dORFs (Figure 2f). There was no correlation 

between the level of translation of the CDS and the level of 

translation of uORFs/dORFs across different genes (Figure S4). The 

translation levels of different CDS showed higher variation than 

those of uORFs and dORFs. In contrast, we observed a clear 

correlation between the translation of the CDS and that of any 

ouORF or odORF. Noteworthy, the translation levels of the main 

CDS were higher in those genes with translated dORFs than in 

those with no translated dORFs, but this did not happen in the case 

of uORFs (Figure S5).  
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Figure 2. Detection and expression of non-canonical ORFs in S. cerevisiae 

genes. (a) Scheme of the procedure to analyze the ribosome profiling data. All the 

libraries were cleaned and mapped to the reference genome using Tophat. Then 

we extracted the p-site per library depending on the length of the read (estimated 

with ribowaltz). Finally, with ribORF we identified the ncORFs that were 

translated. (b) The total number of ncORFs that were predicted to be translated. 

(c) Percentage of in-frame (f0) Ribo-Seq reads per ncORF type. (d) Saturation of 

ncORF detection. We calculated the number of translated ncORFs and the 

number of ncORFs in the background obtained using an increasing number of 

subsampled reads. Background refers to ncORFs with more than 10 mapped 

Ribo-Seq reads and ribORF score < 0.6, translated refers to ncORFs with more 

than 10 mapped Ribo-Seq reads and ribORF score ≥ 0.6. (e) ORFs expression. 
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Expression was calculated as transcripts per Million (TPM), using only the in-

frame reads (f0). P-value was calculated with the Wilcoxon test. (f) ncORF 

expression normalized by CDS expression. Expression was calculated using the 

in-frame reads (f0) in the ncORF divided by the number of in-frame reads in the 

main CDS of the transcript. P-value was calculated with the Wilcoxon test. 

ORFs in UTRs are enriched in cysteine and hydrophobic 

residues 

The median size of the translated ORFs in the UTRs ranged 

between 39 and 54 nucleotides, compared to 1,239 nucleotides for 

canonical coding sequences (Figure 3a). The majority of translated 

ncORFs started at ATG, however, in uORFs, the TTG start codon 

was also used in more than 25% of cases (Figure 3b). Compared to 

canonical coding sequences, the translated ncORFs in the UTRs 

tended to be enriched in cysteine, aromatic amino acids (F,Y,H) and 

arginine (Figure 3c). These biases were also observed for 

background ncORFs, indicating that the observed enrichment in 

certain amino acids is essentially due to the differences in the 

nucleotide composition of the UTRs versus the CDS. 
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Figure 3 Non-canonical ORFs composition. (a) Size in nucleotides of the 

different types of ncORFs. (b) Start codon of translated ncORFs. (c) Amino acid 

enrichment of ncORFs. Each X-axis position indicates each of the 20 amino 

acids. Values over 0 indicate enrichment of that specific amino acid in a 

logarithmic scale. Conversely, values under 0 indicate depletion of the indicated 

amino acid. Initial methionine was removed from all the sequences to avoid 

distortions associated with NTG codons. Only values with p-values under 0.01 

are shown. P-value was estimated with two-proportions z-test corrected with false 

discovery rate. Background refers to ncORFs with more than 10 mapped Ribo-

Seq reads and ribORF score < 0.6, translated refers to ncORFs with more than 10 

mapped Ribo-Seq reads and ribORF score ≥ 0.6. 

Translated uORFs are more conserved than expected by chance 

In order to investigate the sequence conservation of S. cerevisiae 

translated uORFs and dORFs, we first obtained multiple sequence 
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alignments of one-to-one orthologous mRNAs with Clustal Omega 

(Sievers et al., 2011), and then checked if there was any equivalent 

ORF in the other species UTR sequence (see Methods). The classes 

ouORF and odORF were not examined because their level of 

conservation was affected by the overlapping CDS. As expected, 

the number of uORFs and dORFs that were conserved in S. 

paradoxus was higher than the number conserved in S. uvarum, a 

more distant species (Figure 4a). Overall, we identified 206 uORFs 

and 141 dORFs that were translated in S. cerevisiae and conserved 

in at least one other species (Table S3 and S4). This represented 

14% of the uORFs and 15,6% of the dORFs. Examples of 

conserved uORFs were those found in the 5’UTR of the stress 

master regulator GCN4 (Grant et al., 1995; Hinnebusch, 2005); 

these uORFs were remarkably small (3-4 amino acids). In other 

cases, the uORFs were longer. We identified a uORF encoding a 

putative protein of 30 amino acids in the 5’UTR of PHO80, a cyclin 

that regulates the response of a cyclin-dependent kinase Pho85p 

(Figure 4b). Another example was a uORF encoding a 16 amino 

acid protein in DAL7, a malate synthase (Figure 4c).  

We next investigated if the proportion of translated ORFs over all 

possible ORFs (translated + background) depended on the 

conservation level. We found that the proportion of translated 

dORFs was 5% independently of whether the dORF was conserved 

across species or not (Table S4). Instead, for uORFs the same 

fraction was 14,2% for species-specific uORFs and 17,2% for 

conserved uORFs (Fisher test p-value = 0.00797). Thus, uORFs are 
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translated 3 times more frequently than dORFs, and conserved 

uORFs are more likely to be translated than non-conserved ones. 

This supports that at least a fraction of the conserved uORFs is 

likely to be functional.  

 

Figure 4. Conservation of uORF/dORFs across species. (a) Species 

conservation in relation to translation status. The frequency of species-specific 

cases was compared to the frequency of conserved cases, for cases with 

translation evidence (ribORF score ≥ 0.6) and cases without such evidence 

(ribORF score < 0.6). Only cases in which the 5’UTR or 3’UTR were conserved 

were examined. The relationship between conservation and translation was 

significant for uORFs (Fisher exact test p-value = 0.0073) but not for dORFs 

(Fisher exact test p-value > 0.1). (b) Amino acid alignment of a uORF located in 

YOL001W (PHO80) and an uORF located in SPAR_O01470 in S. paradoxus. (c)  

Amino acid alignment of a uORF located in YIR031C (DAL7) and conserved in 
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the gene SPAR_I01860 in S. paradoxus. (d) uORF/dORFs expression normalized 

by CDS expression by their conservation. In the case of the uORF we can observe 

that the relative expression is higher when the sequence is conserved. Conversely 

the increase in relative expression is independent of the conservation in the case 

of the dORFs. Only significant differences between species-specific ncORFs 

versus the other groups are shown. P-value was calculated using the Wilcoxon 

test.(e) Purifying selection in conserved and species-specific ORFs. The Y axis 

represents the observed to expected ratio between nonsynonymous substitutions 

and synonymous substitutions (PN/PS). The expected ratio was estimated using 

SNPs located in intronic regions. Values ∼1 indicate the absence of purifying 

selection (dashed line). The Black dashed line indicates the PN/PS (obs/exp) of 

the conserved canonical genes. The standard deviation for each PN/PS value, 

shown as vertical lines, was calculated subsampling 1,000 times of 1/3 of the 

genes in each group. 

Conserved uORFs are translated at higher levels than species-

specific ones 

As species conservation, the level of translation of an ORF is 

expected to be positively associated with functionality. We 

compared the translation levels of uORFs and dORFs that were 

species-specific to those that were conserved in S. paradoxus, 

conserved in S. uvarum, or conserved in the two species. We 

normalized by the translation of the corresponding CDS to avoid 

confounding effects due to overall differences in gene expression 

across genes. We observed a clear increase in translation levels with 

conservation in the case of uORFs (Figure 4d). The translation 

levels of conserved uORFs were, on average, almost as high as 

those of the CDS (average TPM ratio 0.91). In comparison, species-

specific uORFs were translated at much lower levels (average TPM 
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ratio 0.24). In contrast, no association between species conservation 

and translation levels existed for dORFs. 

Conserved uORFs are under purifying selection at the protein 

level 

It is currently unclear if the amino acid translated sequences 

corresponding to uORFs and dORFs are under selection. Because 

many of these sequences are small and not conserved, traditional 

methods based on the number of non-synonymous versus 

synonymous substitutions in alignments cannot be used. We took 

advantage of the large number of SNP data collected from the study 

of more than a thousand yeast isolates (Peter et al., 2018) to 

estimate the strength of selection in different types of translated 

sequences. In the test we employed, values smaller than 1 indicate 

purifying selection (see Methods). We inspected the groups species-

specific and conserved in the two other yeast species. If some 

translated products tend to gain functions over time, we would 

expect the group conserved to be under stronger selection than the 

group of species-specific ORFs. 

As expected, we found that canonical coding sequences were under 

strong purifying selection. Species-specific uORFs and dORFs 

displayed values close to neutrality, indicating lack of selection, or 

selection in a very small number of ORFs. In contrast, conserved 

uORFs showed clear signatures of selection. This was not the case 

of conserved dORFs, which, at least for the most part, lacked these 
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signatures. The data is consistent with the notion that 

phylogenetically conserved uORFs encode functional small 

proteins, whereas the conservation of dORFs is in general not 

linked to protein functionality. 

2.3.5 Discussion 

Throughout this study, we have reconstructed the 5' and 3' UTR 

regions of most transcripts in S. cerevisiae and in two closely 

related yeast species, S. paradoxus and S. uvarum, by combining 

dRNA ONT reads with Illumina short reads. Although dRNA is not 

a specific technique for detecting transcript boundaries, we have 

observed a good recovery of transcripts with untranslated regions, 

similar to what was previously achieved in Park, et al. 2014 in S. 

cerevisiae. The 5’UTRs recovered by dRNA were only about 7% 

shorter than those recovered in that study.  

We compiled Ribo-Seq data from 63 experiments in S. cerevisiae, 

obtaining 780,794,002 mapped reads, to have a complete census of 

the ncORFs translated in the gene UTRs. The high number of 

mapped reads allowed us to determine whether the identification of 

new translated ncORFs followed a linear progression, or if there 

was a maximum value beyond which it was no longer possible to 

find new translated uORFs. We identified a saturation point for the 

detection of the translation events, which were around ~470 million 

mapped reads for uORFs and ~625 million for dORFs. Inspection of 

the conservation of the ORF sequences in S. paradoxus and S. 

uvarum indicated that the majority of the translated ORFs are 
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species-specific, indicating that these elements experience a high 

turnover. 

The second most abundant class of translated ncORFs were dORFs, 

with 905 different instances. dORFs are expected to be translated 

very inefficiently, as the ribosome normally dissociates when it 

encounters the STOP codon of the main coding sequence. In 

agreement, dORFs were expressed at much lower levels than 

uORFs. The high Ribo-Seq coverage of this study allowed to 

identify 905 dORFs that showed significant translation signatures, 

in 13% of the genes. A recent work by Wu et al. identified a direct 

relationship between the translation of dORFs and higher translation 

levels in the main CDS (Q. Wu et al., 2020). We find that 

transcripts with inactive dORFs show higher translation levels than 

those that do not have any dORFs, and those transcripts with 

actively translated dORFs show even higher levels. These 

observations do not demonstrate that dORFs activate the translation 

of the CDS but would be compatible with such a mechanism.  

The formation of new uORFs can be deleterious according to the 

analysis of human single nucleotide polymorphism data (Whiffin et 

al., 2020). Consistently, it has also been reported that the observed 

versus expected ratio of uORFs initiating at ATG is lower than 1 in 

nearly all species examined (H. Zhang et al., 2021). In the same 

line, here we found that ATG was underrepresented in the 5’UTR 

with respect to the 3’UTR. Despite this, we found that a substantial 

number of S. cerevisiae genes, around 27%, contained one or more 
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translated uORFs. In total, there were 1,463 uORFs with significant 

translation signatures. These uORFs were, in general, translated at 

levels lower than the CDS. However, they were translated at much 

higher levels than dORFs. Many of them were species-specific and 

showed little or no evidence of selection at the sequence level.  

Several uORFs have been shown to encode functional proteins. One 

example is PEP7, a 7 amino acid peptide that inhibits the non-G-

protein signaling of angiotensin II (Yosten et al., 2016). The 

conservation of an uORF across species might indicate functionality 

(Cvijović et al., 2007; Z. Zhang & Dietrich, 2005). We identified 

206 S. cerevisiae translated uORFs that showed sequence 

conservation in the corresponding 5’UTR regions of S. paradoxus 

and/or S. uvarum. This included a number of previously reported 

cases, such as GCN4 (Grant et al., 1995; Hinnebusch, 2005), TPK1 

(Selpi et al., 2009) or HEM3 (Cvijović et al., 2007). These uORFs 

tended to be translated at particularly high levels. We also found 

that the group of uORFs conserved in the two species showed clear 

signatures of purifying selection. This study thus provides a set 

candidate functional uORFs. 

This study provides the most comprehensive view to data to the 

extent of translation of uORF and dORFs in the yeast transcriptome. 

By performing comparisons with orthologous genes from other 

Saccharomyces species and examining the distribution of non-

synonymous and synonymous SNPs in the ORFs, we have also 

been able to obtain new data about the selection patterns of these 

ncORFs. One current limitation is that Ribo-Seq data of high 
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quality is not available for the other species, so the inferences on 

conservation can only be made at the sequence level. In addition, 

the study does not allow determining whether some of the ncORFs 

could be regulating CDS translation (via ribosome stalling or trans-

regulation of the peptide) or have independent functions with an 

effect in the fitness of the cells. To address this, CRISPR-Cas9 

studies could be conducted for a subset of the ncORFs that we have 

identified as being translated.  

2.3.6 Methods 

Yeast cultures 

S. cerevisiae S288C, S. paradoxus NRRL Y-17217 and S. uvarum 

CBS 7001 were grown in a custom rich media at 30 °C, as previously 

described (Blevins et al., 2019).  

RNA extraction 

Cells were grown to a final OD600 of 0.5. Yeast cultures (25–50 

mL) were then centrifuged at 1500 rpm for 3 min and washed with 

H2O, and cell pellets were immediately kept on ice. Each sample 

was then resuspended in 0.4 mL of AE buffer (50 mM sodium 

acetate at pH 5.3, 10 mM EDTA at pH 8.0). Sodium dodecyl sulfate 

was then added to a final concentration of 1%, and proteins and 

DNA were extracted by adding 0.6 mL of acidic phenol/chloroform 

(V/V), followed by incubation for 5 min at 65°C. The aqueous 

phase was separated by centrifugation at 14,000 rpm for 2 min at 

4°C and washed with a volume of chloroform and separated by 
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centrifugation at 14,000 rpm for 2 min at 4°C. RNA was 

precipitated from the aqueous phase with ethanol. RIN quality 

scores were in the range of 9.6–10 (except for one sample with RIN 

score = 7.2). We subsequently performed poly(A)+ RNA 

purification using the NEBNext Poly(A) magnetic isolation module 

and concentration with the Monarch RNA cleanup kit. The 

poly(A)+ purification steps were performed at the Genomics Core 

Facility of the Universitat Pompeu Fabra. 

Direct RNA sequencing (dRNA) 

The poly(A)+ RNA was used for dRNA-seq in an ONT Gridion X4. 

dRNA-seq offers the advantage over cDNA sequencing in that 

strand orientation information is maintained. The protocol involves 

adaptor ligation, and the molecules pass through an ionic current, 

adaptors and poly(A)+ tail first and then the rest of the molecule. 

The samples from each species were run in four flowcells. For each 

run, we used ∼600 ng of poly(A)+ RNA in 10 μL of volume. The 

dRNA-seq kit SQK-RNA002 was used. The base-calling was 

performed on live mode through the Guppy v.4.0.11 integrated on 

minKNOW v.4.0.5, using the HAC model. Nanopore dRNA-seq 

and base-calling was performed by the Centro Nacional de Análisis 

Genómico (CNAG). We pulled together the output of the four runs, 

obtaining a total of 7 and 7.5 Million reads per species (Table S1). 

We discarded any reads smaller than 150 bases and longer than 

15,000 bases, considered to be likely artifacts, and removed any 

possible adapters with Porechop 

(https://github.com/rrwick/Porechop). We cleaned the dRNA reads 

https://github.com/rrwick/Porechop
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with fmlrc + TranscriptClean and mapped the reads to the reference 

genome with minimap2 (H. Li, 2018; J. R. Wang et al., 2018; 

Wyman & Mortazavi, 2019). We next extracted the aligned reads 

with samtools (0,16 options) and eliminated any reads containing 

Ns (H. Li et al., 2009). We then merged the reads with RNA-bloom 

to generate a set of assembled reads (Table S1) (Nip et al., 2020).   

Transcript reconstruction and annotation of 5’ and 3’UTRs 

We used the assembled dRNA reads generated by RNA-bloom to 

obtain a set of gene annotations with Funannotate (Palmer & 

Stajich, 2020). The annotated gene YOR302W (S. cerevisiae 

annotation) was removed after noticing that it corresponded to 

uORFs rather than CDS. The selection of transcripts was performed 

with custom python script and the output from gffcompare (we 

select the following groups from the comparison: =,k,c,p) (Pertea & 

Pertea, 2020). In a second step we rescued any transcripts with CDS 

present in the NCBI annotations that were not recovered by 

funannotate using an in-house python script. We reconstructed 

5,500-6,000 mRNAs per species, the majority of which included 

5’UTR and 3’ UTR sequences (Table S1). 

Identification of translation signatures 

We used data from 64 S. cerevisiae Ribo-seq libraries (Table S5) to 

identify translation signatures in the ORFs. Each library underwent 

individual trimming using cutadapt (Martin, 2011). The offset for 

each library was determined using ribowaltz (Lauria et al., 2018). 
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Subsequently, reads were aligned to the reference genome (NCBI 

assembly: GCA_000146045.2; annotation source: annotation-

source SGD R64-3-1) employing tophat2 (D. Kim et al., 2013). 

After trimming the reads by their offset with ribORF all the samples 

were merged in a single file with samtools. ribORF was also 

utilized to estimate reads per ORF, configured with options -l 6 and 

-r 1 (Ji et al., 2015). For estimating ORF translatability, we applied 

the recommended minimum cutoff (-r 11). We consider any ORF 

starting with NTG. Transcripts per Million (TPM) were calculated 

using the ribORF output and considering all the reads that mapped 

in canonical, uORF, ouORF, dORF and odORF regions.  

To estimate the maximum number of reads needed to detect all 

possible uORFs and dORFs we subsampled the file that included 

the reads from all the samples with samtools (samtools view -h -s). 

We performed the same operation 10 times and take the median per 

each fraction to reduce variability.  

Inter-species sequence comparisons 

In order to align the different transcripts for each species we used 

proteinOrtho to estimate the orthologues using synteny ( 

proteinortho -synteny ) (Lechner et al., 2011). We align each one-

to-one orthologue using clustal omega (Sievers et al., 2011). To 

estimate sequence conservation across species, we assessed the 

overlap of the ORFs in the alignments. We required that the 

overlapping region covered 90% or more of the two ORFs. 
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Measuring purifying selection using SNPs 

We used published single nucleotide polymorphism (SNP) data 

from 1,011 S. cerevisiae isolates (Peter et al., 2018) to estimate the 

strength of purifying selection in different groups of translated 

sequences. We selected SNPs with a minor allele frequency of at 

least 5% to minimize the possibility of including mutations under 

positive selection in one or a few isolates. The SNPs on the CDS, 

uORF and dORFS were classified as nonsynonymous (PN), when 

they altered the amino acid, and as synonymous (PS), when they did 

not. We did not consider ouORFs and odORFs because of their 

overlap with the CDS, which did not allow unequivocally assigning 

the SNPs to one class or the other. Because the uORFs and dORFs 

are in general too small to be assessed individually, we made 1,000 

random groups taking one third of the sequences each time. For the 

total of SNPs in each group, we computed PN/PS (obs). We also 

computed PN/PS(exp) using the species pairwise mutation 

frequencies (estimated from intronic regions not overlapping any 

exonic sequence) and the codon composition of the sequences in the 

group (Ruiz-Orera et al., 2018). The ratio between PN/PS (obs) and 

PN/PS (exp), or normalized PN/PS, provides an estimation of the 

strength of purifying selection. Under neutral evolution we expect 

values around 1. 
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2.3.8 Supplementary Tables and Figures 

 S. cerevisiae S. paradoxus S. uvarum 

Raw dRNA reads 7,161,745 7,454,412 7,267,714 

Assembled dRNA 

reads 

87,065 88,949 84,063 

mRNAs 5,957 (6,009) 5,531 

(5,528) 

5,572 (5,874) 

mRNAs with 

5’UTR 

3,737  3,766  3,934 

mRNAs with 

3’UTR 

4,390 4,723 4,738 

 

Table S1. Sequence statistics. The number of assembled dRNA reads refers to 

the number of dRNA reads obtained after using RNA-Bloom. mRNA annotations 

were obtained with Funannotate. In parenthesis is the number of genes in other 

databases/sources (S.cerevisiae NCBI, SGD R64-3-1; S.paradoxus 

NCBI, ASM207905v1; S.uvarum: gene annotations from Blevins et al., 2021).  
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 uORF ouORF dORF odORF 

Translated in 

S. cerevisiae 

1463 55 905 173 

+ with gene 

orthologues  

1284 (23, 1) 45 (2, 0) 821 (4, 2) 160 (2, 1) 

 + with UTR 

orthologues  

1206 (12, 0) 41 (2, 0) 810 (4, 2) 159 (2, 0) 

+ overlapping 

non-canonical 

ORF in MSA 

24 (166, 24) 6 (7, 2) 26 (102, 21) 4 (39, 4) 

 

Table S2. Upstream and downstream ORFs predicted to be translated. 

Translated in S. cerevisiae means predicted translation by ribORF (cut-off 

ribORF score 0.6). “+ with gene orthologues” means that the gene in which the 

ncORF is located has an orthologous sequence in another species. “+ with UTR 

orthologues” means that the UTR in which the ncORF is located has an 

orthologous sequence in another species. “+ overlapping non-canonical ORF in 

MSA” means that the ncORF is conserved in another species (same position in 

the multiple sequence alignment).  In cells with parentheses the value outside the 

parentheses indicates conservation in all three species, the first value inside the 

parentheses indicates conservation only with S. paradoxus and the second value 

indicates conservation only with S. uvarum. MSA: multiple sequence alignment. 
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translation conservation ORF type n 

Background Conserved dORF 2722 

Background Conserved uORF 986 

Background Species-specific dORF 11658 

Background Species-specific uORF 6620 

Translated Conserved dORF 149 

Translated Conserved uORF 214 

Translated Species-specific dORF 678 

Translated Species-specific uORF 1094 

 

Table S3. Conservation of translated and not translated dORF and uORF. 

Conserved: A ncORF was found in the same position in at least one of the 2 

studied species; Species-specific: No ncORF was found in any of the 2 studied 

species; Translated: predicted to be translated by ribORF (score > 0.6); 

Background: not predicted to be translated (ribORF score < 0.6).  
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translation conservation ORF type n 

ALL (Translated + 

Background) 

Conserved dORF 2,871 

ALL (Translated + 

Background) 

Conserved uORF 1,200 

ALL (Translated + 

Background) 

Species-

specific 

dORF 12,336 

ALL (Translated + 

Background) 

Species-

specific 

uORF 7,714 

Translated /ALL Conserved dORF 0,052 

Translated /ALL Conserved uORF 0,178 

Translated /ALL Species-

specific 

dORF 0,055 

Translated /ALL Species-

specific 

uORF 0,142 

 

Table S4. Proportion of translated ncORFs over all ncORFs depending on type of 

ncORF (uORF or dORF) and conservation status. ALL: total number of ncORFs. 

Background and Translated defined as in Table S3. 
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Sample kmers Offset 

SRR14423546 25,27,28,29 9,12,12,13 

SRR14423547 25,26,27,28,29,30 13,12,12,12,12,12 

SRR6761669 30,31 12,13 

SRR6761670 30,31 12,13 

SRR1042853 26,27,28,29 10,11,12,13 

SRR1042855 26,27,28,29 11,11,12,13 

SRR1363412 27,28,29,30,31 11,12,13,12,13 

SRR1363413 26,27,28,29,30,31 15,15,12,19,19,19 

SRR1363414 25,26,27,28,29 9,10,11,12,13 

SRR1363415 28,29,30,31 12,13,12,13 

SRR1363416 25,26,27,28,29 9,10,11,12,13 

SRR1520311 27,28,29,30 11,12,13,12 

SRR1520312 25,27,28,29 9,11,12,13 

SRR1520313 27,28,29 11,12,13 

SRR1520314 27,28,29 11,12,13 

SRR1520315 27,28,29 11,12,13 

SRR1520316 27,28,29 11,12,13 

SRR1520317 27,28,29 11,12,13 
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SRR1520318 27,28,29 11,12,13 

SRR1520329 27,28,29,30 11,12,13,13 

SRR1520332 27,28,29 11,12,13 

SRR1520333 27,28,29 11,12,13 

SRR1562873 27,28,29,30,31 11,12,13,13,13 

SRR1562874 27,28,29,30,31 11,12,13,13,13 

SRR1562875 26,27,28,29,30,31 10,11,12,13,13,13 

SRR1562879 27,28,29,30 11,12,13,13 

SRR1562880 27,28,29,30 11,12,13,13 

SRR1562883 27,28,29,30 11,12,13,13 

SRR1562907 27,28,29,30 11,12,13,13 

SRR1944913 28,29,30,31 12,12,13,13 

SRR2046309 27,28,29,30,31 11,12,13,13,13 

SRR2046310 25,26,27,28,29 9,10,11,12,13 

SRR2157613 28,29,30,31 12,13,12,13 

SRR2157614 28,29,30,31 9,10,12,13 

SRR2829322 28,29,30,31,32 12,13,13,13,13 

SRR2829330 28,29,30,31,32 12,13,13,13,13 

SRR2829331 27,28,29,30,31,32 13,12,13,13,13,13 
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SRR3029400 29,30,32,33,34,35 13,14,16,17,18,19 

SRR3493886 26,27,28,29,30 10,11,12,13,13 

SRR3493887 26,27,28,29,30 10,11,12,13,13 

SRR3623557 27,28,29 11,12,13 

SRR3623558 27,28,29 11,12,13 

SRR389615 28,29,30,31 12,13,13,13 

SRR389616 28,29,30 12,13,13 

SRR389617 28,29,30,31 12,13,13,13 

SRR3991718 26,27,28,29 10,11,12,13 

SRR3991719 26,27,28,29 10,11,12,13 

SRR4000288 25,26,27,28,29 9,10,11,12,13 

SRR4000289 26,27,28,29,30 10,11,12,13,12 

SRR4000290 26,27,28,29,30 10,11,12,13,12 

SRR6398765 25,26,27,28,29,30 9,10,11,12,13,13 

SRR6398766 25,26,27,28,29,30 9,10,11,12,13,13 

SRR6398767 25,26,27,28,29,30,31 9,10,11,12,13,13,13 

SRR6398768 25,26,27,28,29,30,31 9,10,11,12,13,13,13 

SRR6398769 25,26,27,28,29,30 9,10,11,12,13,13 

SRR6398770 25,26,27,28,29,30 9,10,11,12,13,13 

SRR6398771 25,26,27,28,29,30 9,10,11,12,13,13 
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SRR6398772 25,26,27,28,29,30 9,10,11,12,13,13 

SRR6398773 28,29,30,31 12,13,13,13 

SRR6398774 27,28,29,30 11,12,13,13 

SRR6398776 27,28,29,30,31 15,12,13,13,13 

SRR6398777 27,28,29,30 11,12,13,13 

SRR6398778 27,28,29,30,31 15,12,13,13,13 

 Table S5. References and kmer used. Ribosome profiling raw files are 

available on SRA with the code indicated in the first column. Only read lengths 

(kmers) indicated were used with the specified offset per kmer. 

 
Figure S1. Comparison of UTR sizes between Park et al. 2014 and our 

dRNA-based pipeline in S. cerevisiae. The use of dRNA data tends to increase 

the size of the 3’UTR over previous estimates. 
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Figure S2. Total number of ncORFs in S. cerevisiae genes. Non-detected refers 

to those ncORF in which we didn't detect any read in them; Background: not 

predicted to be translated (ribORF score < 0.6). PASS: predicted to be translated 

by ribORF (score > 0.6). 
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Figure S3. S. cerevisiae genes containing translated ncORFs in the UTRs. 

The number of genes containing different only one type of ncORF or several 

types of ncORFs is shown. ncORF translation prediction was performed with 

ribORF (score cut-off > 0.6). Only genes with 5’UTR and 3’UTR annotated using 

dRNAs were considered (see Table S1). 

 

Figure S4. Translation levels of the CDS and different types of ncORFs on 

the same mRNA. Only translated CDS/ncORFs were considered. Translation 
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was predicted using RibORF (score cut-off > 0.6). Only in-frame reads were used 

to quantify translation levels. X-axis indicates the expression of the specified 

ncORF. Y axis indicates the expression of the CDS (or canonical ORF). We used 

as translation level unit logTPM, where TPM stands for transcripts per million 

reads.

 

Figure S5. Translation levels of the CDS depending of the activity of their 

ncORFs. Only translated CDS with 5’UTR or 3’UTR reconstructed were 

considered. At the top, we observe ribosome profiling reads from the main CDS 

(or canonical ORF) of all transcripts (with a ribORF score >= 0.6) based on 

whether there are no uORFs in their sequence or no mapped reads in their 

sequence (no ncORF), whether there are uORFs with ribosome profiling 
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expression (background ncORF), or if, in addition to expression, periodicity is 

observed in the reads of the transcript's uORFs. The bottom refers to dORFs. 
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3. DISCUSSION 

3.1 Emergence of new genes 

Life always finds a way. A fundamental aspect for living organisms 

is the need to adapt to an ever-changing environment. Over the 

years, new challenges have arisen for all types of organisms, from 

global warming to the introduction of microplastics into the 

environment. The ability of all organisms to adapt and survive in 

the long term means that only the best-adapted species endure, and 

thus those that have acquired favorable mutations or genomic 

changes in response to the changing environment persist. However, 

this raises the following question: could new genes form and 

contribute to survival? The answer is clearly yes; however, there is 

no single mechanism for forming new genes.  

The initial idea of how a gene could be generated was proposed in 

1970 by S. Ohno, indicating that new genes were generated from 

existing genes, a process known as gene duplication (Ohno, 1970). 

According to this theory, a duplicated gene could face three 

possible outcomes: it could be conserved because the increased 

transcription of a specific gene may be beneficial, it could 

accumulate deleterious mutations that could cause the sequence to 

fade away in the genome, or it could accumulate mutations and, 

thanks to these new mutations, acquire new functions useful for 

survival and become fixed in the population. However, in recent 

years, new mechanisms capable of explaining the emergence of new 

genes have been discovered. They include horizontal gene transfer, 
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transposon domestication, pseudogene resurrection, and finally de 

novo gene birth which has been gaining popularity in recent years 

(Modzelewski et al., 2022; Quispe-Huamanquispe et al., 2017; Van 

Oss & Carvunis, 2019; Yadav et al., 2023). A gene can emerge de 

novo from originally non-coding regions of a genome, which are 

then transcribed and translated, resulting in entirely new peptides or 

proteins (Weisman, 2022). 

Most current studies focus on one or the other mechanism to 

describe gene evolution from the species (or lineage) perspective. 

However, recent manuscripts attempt to use approaches where both 

events are analyzed simultaneously to understand their relative 

relevance (Montañés et al., 2023; Prabh & Rödelsperger, 2022). 

As a first approach, theories were formulated regarding the 

generation and preservation of de novo genes and duplicated genes 

(Rödelsperger et al., 2019). In this initial theoretical approach, 

different levels of de novo gene generation are proposed depending 

on what is considered a gene. If simply transcribed elements are 

already considered genes, then the generation of new de novo genes 

is very high at the species level but drops if we consider only 

translated transcripts or if we only take into account those with a 

described function. Therefore, depending on what is considered a 

gene, the levels of de novo gene generation would be (to a lesser or 

greater extent) higher than duplicated genes at the species level. 

However, the authors describe that the preservation of de novo 

genes will be very limited compared to duplicated genes. The main 

reason for the poor conservation of de novo genes would be that 
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since they emerge with completely novel sequences and domains, 

the chances that they won’t provide any advantage, or even that 

they will be toxic, are higher than for already existing genes, which 

have already been preserved. 

The first approach using orthology tools and genomic data was 

conducted by Prabh and Rödelsperger in 2022 (Prabh & 

Rödelsperger, 2022). Their work is based on an intra- and 

interspecies analysis of the species Pristionchus pacificus, a model 

in evolutionary developmental biology (Rae et al., 2008). In this 

study, they classified the genes of several strains of P. pacificus as 

"known" if they showed homology with known domains, and "de 

novo" if no homology was found with outgroup species. They 

observed that putative de novo genes contribute more to the pool of 

younger genes, but their contribution to the total number of genes 

decreases over longer evolutionary distances. On the other hand, 

they found that diverged duplicated genes are less common among 

younger genes but tend to be predominant in those more conserved, 

aligning their results with the theoretical framework previously 

described by the authors. 

In our work, we have chosen a more direct approach to analyze new 

genes (Montañés et al., 2023). To determine the rate of new gene 

generation, we utilized two extensively studied model organisms: 

the yeast Saccharomyces cerevisiae and the fruit fly Drosophila 

melanogaster. Both organisms not only have well-studied genomes 

that have been curated numerous times but also have closely related 

organisms that have been sequenced. In the case of S. cerevisiae, 
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the closest fully sequenced species currently available (S. 

paradoxus) diverged approximately 4.98 million years ago (MYA) 

from its common ancestor. Similarly, in the case of the fruit fly, its 

closest species (D. sechellia and D. simulans) are even closer to 

their common ancestor, with a separation of approximately 4.62 

MYA between the two species (Kumar et al., 2017).  

In our approach, we opted for a different classification compared to 

the previous study. While the classification of putative de novo 

genes is very similar to Rodelsperger's study, we classified as 

duplicated genes those that are similar to existing ones instead of 

relying on domain homology, given the short evolutionary 

distances. This results in high precision at short evolutionary 

distances, but the accuracy can diminish at longer evolutionary 

distances. In the case of de novo genes, we might overestimate their 

frequencies when at distant points, as they can escape from current 

algorithms for sequence homology recognition. The 

misclassification rate in S. cerevisiae has been reported to be ~15% 

when comparing with Naumovozyma castellii (evolutionary 

distance of 86 MYA), and ~20% in the comparison of D. 

melanogaster and Drosophila mojavensis (evolutionary distance of 

43 MYA) (Kumar et al., 2017; Vakirlis, Carvunis, et al., 2020).  

The observed pattern of conservation at different evolutionary 

distances is very similar for both groups of genes, showing an 

enrichment at the species level. The similarity regarding de novo 

genes is clear with the previous study (Prabh & Rödelsperger, 

2022). However, the methodology used to assign duplicated genes 
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differs between studies, leading to discrepancies in this group of 

genes. Given the short evolutionary distances, it makes sense to 

treat as duplication events those that produced very similar copies 

of the same genes. The main problem would come at distant points, 

when those older copies have had enough time to diverge and likely 

escape from current algorithms for sequence homology recognition. 

We also detected important differences in the features of the two 

types of genes, like the small size of novel de novo genes which is 

largely described as a characteristic of de novo genes (Begun et al., 

2007; Ruiz-Orera et al., 2015). 

The isoelectric point (pI) in proteins is defined as the pH at which 

the net charge of a protein is zero. A higher pI indicates that at 

neutral pH, the protein will have a net positive charge, and vice 

versa (Tokmakov et al., 2021). It is notable that the most recent 

genes always have a higher isoelectric point compared to the rest of 

the genes. The cause is the lack of negative amino acids in these 

sequences. This absence of negative amino acids most likely occurs 

due to the probability of these codons being used, as only 4 out of 

64 codons encode for acidic amino acids. When emerging from 

non-coding regions with low or no purifying selection, the 

probability of having negative charges upon emergence is lower 

compared to the rest of the amino acids. In our study, we have 

observed that genes that are conserved beyond the species level 

have an enrichment in these negative amino acids compared to the 

species-specific genes. Mutations in positively charged amino acids 

often result in the creation of codons for negatively charged amino 
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acids. This results in a lower isoelectric point and more repulsion of 

these sequences with inherently negative molecules such as DNA or 

RNA, which could promote their free form or interactions with 

other proteins or protein complexes. 

Most recent genes evolve rapidly and show signatures of positive 

selection, as measured comparing the sequences across different 

species (Betrán & Long, 2003; Machado et al., 2016). Conversely, 

conserved genes are under strong negative selection, most changes 

are deleterious and the sequences are preserved over time 

(Moutinho et al., 2022). We have found that both groups of genes, 

both recently duplicated and newly created ones, are under 

purifying selection. However, there is a notable difference between 

recently duplicated genes and de novo ones, with the latter being 

under stronger purifying selection than intronic regions but less than 

recently duplicated genes. 

The generation of de novo genes and duplicates also depends on the 

studied organism. S. cerevisiae has a very dense genome, and 

despite being a eukaryotic organism, it has few intergenic regions 

and tends to accumulate segmental duplications in telomeric and 

subtelomeric regions (Brown et al., 2010). On the other hand, D. 

melanogaster contains fewer chromosomes with much longer 

intergenic regions and has an enrichment of de novo genes on its X 

chromosome (Levine et al., 2006). 

Although in our study we have added as additional information 

newly reconstructed genes using transcriptomics and ribosome 
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profiling data, we have focused on annotated genes, despite the fact 

that most annotated putative de novo genes do not have a described 

function. Recently, it has been predicted that de novo genes may 

have complex folding structures, some of which are not described in 

the PDB and are entirely new (Peng and Zhao 2024). However, 

even though we may learn more about the structure, further studies 

involving gene inactivation using CRISPR-Cas9 are necessary to 

understand the function of each de novo gene and assess its 

importance for the organism (Vakirlis, Acar, et al., 2020). 
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3.2 Annotation with new methodologies 

The annotation of complete genomes was initially done using 

computational methods. However, the complexity of the 

transcriptome of many higher organisms led to the use of new 

techniques to identify the genomic regions that were transcribed. 

The development of second generation sequencing technologies led 

to a rapid increase in the identification of transcribed regions. 

However, the main problem with second generation sequencing is 

the short length of the sequencing reads, which makes it difficult to 

identify transcripts in repetitive regions or to correctly assign the 

reads to different splice isoforms. The use of third generation 

sequencing for transcript annotation has been already implemented 

in some organisms and the improvement is notorious (Depledge et 

al., 2019; Workman et al., 2019; S.-J. Zhang et al., 2017). 

Therefore, we have opted to use direct RNA sequencing from 

Oxford Nanopore Technologies (ONT) to improve the annotation of 

the transcripts four different yeast species. 

Many yeast species have few intronic regions, making it difficult 

for additional isoforms to appear. However, S. pombe is a well-

known model for studying splicing. More specifically, around 50% 

of S. pombe genes undergo splicing, but no additional isoforms have 

been described. The use of long reads is key to unraveling potential 

isoforms that coexist in S. pombe but have not been described, 

being a possible new source of peptides.  
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It has been described that isoforms resulting from intron retention 

activate the nonsense-mediated decay (NMD) pathway, leading to a 

reduction of the intro-containing isoform in the cytoplasm by the 

action of UPF family proteins. However, exceptions have also been 

reported, as in the case of the fungus Cryptococcus neoformans, 

where no relationship between IR and NMD has been observed 

(Gonzalez-Hilarion et al., 2016). In some transcripts the isoform 

retaining the intron has a specific function, such as the case of the 

Id3a isoform, which has been found to have a different function 

than the original isoform (Forrest et al., 2004). In our study, we 

have observed that some isoforms are present in a high proportion 

compared to the original isoform. These findings have been 

experimentally confirmed, and we have also found ribosome 

profiling signals indicating their translation in the cell cytoplasm. 

However, further studies are needed to elucidate the function of the 

newly detected isoforms. 

One advantage of using dRNA is not only to determine the presence 

of a transcript but also possible modifications in it. For a long time, 

it has been thought that a longer poly(A) tail in a transcript would 

result in greater stability and would favor translation of the 

transcript (Jalkanen et al., 2014; Lackner et al., 2007). However, 

with the advent of massive sequencing and observing all possible 

transcripts simultaneously, it has been found that the average length 

of the poly(A) tail is between 50 and 100 nucleotides, with the 

exception of S. cerevisiae, which has shorter lengths ranging from 

20 to 60 adenines (S. A. Lima et al., 2017; Tudek et al., 2021; 
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Workman et al., 2019). With our data in S. pombe, we have 

confirmed that in this yeast, the median length of the poly(A) tail is 

around 50 nucleotides (Montañés et al., 2022). We have obtained 

results similar to those in other studies where more highly expressed 

transcripts have fewer adenines than those expressed at lower levels 

(S. A. Lima et al., 2017). 

The genes of S. cerevisiae have been primarily annotated using the 

coding fractions of the genes, resulting in 5' and 3' untranslated 

regions (UTRs) not being included in the final annotation. There are 

studies that have used RNA-seq and SMORE-seq to obtain the 

untranslated regions, but only in S. cerevisiae (Nagalakshmi et al., 

2008; Park et al., 2014). The lack of UTRs in species close to S. 

cerevisiae led us to use dRNA in S. cerevisiae, S. paradoxus and S. 

uvarum to obtain an improved and comparable annotation among 

the three yeast species. The comparison of our annotation with Park, 

et al 2014 showed that we have recovered the majority of UTR 

regions and that they have a similar size distribution. 

Untranslated regions in transcripts are a source of possible new 

peptides known as non-canonical ORFs (ncORFs). The existence of 

polycistronic genes is widely recognized in prokaryotic organisms; 

however, documented cases also exist in eukaryotes (Bahar Halpern 

et al., 2012; Gallaher et al., 2021; Savard et al., 2006). Detecting 

ncORFs using protein detection techniques is challenging due to 

their small size (Ahrens et al., 2022). There are tools based on 

sequence conservation or the use of optimal codons to determine if 

an ORF is being translated; however, their main limitation is the 
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requirement for sequence conservation to estimate their relevance, 

which misses species-specific ncORFs (Hanada et al., 2010; Lin et 

al., 2011). Ribosome profiling is a technique that allows us to detect 

transcripts being translated by the ribosome, providing a more 

accurate estimate even in sequences with limited conservation. Here 

we used over 60 high-quality ribosome profiling libraries from S. 

cerevisiae to identify new ORFs in transcripts with a described CDS 

(or canonical ORF). 

The functionality of ncORFs varies depending on the gene and its 

position in the transcript. For example, some upstream ORFs 

(uORFs) are described to have a regulatory function on the main 

ORF, with peptide formation being secondary (Hinnebusch, 2005). 

However, there are also ORFs where their sequence is important 

and interacts with the main ORF or is used in cellular signaling, 

such as PEP7 (Yosten et al., 2016). In the case of downstream 

ORFs (dORFs), their main described function is activating the main 

ORF regardless of their sequence, although there is also an example 

of a peptide with an immunogenic function related to cancer (Chong 

et al., 2020; Q. Wu et al., 2020). Additionally, there are described 

ncORFs that overlap the main ORF, suggesting that their primary 

function would be its regulation (Sanna et al., 2008). 

In our study, we have been able to find all kinds of ncORFs that are 

translated in S. cerevisiae. We found that uORFs tend to be more 

conserved than dORFs; however, the conservation of ncORFs, is in 

general, limited. This same trend has also been observed in humans 

(Sandmann et al., 2023). The conservation of some of the ncORFs 
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across several Saccharomyces species could indicate a currently 

unknown conserved function. The use of DNA recombination 

techniques such as CRISPR-Cas9 could help find the specific 

function of the newly discovered ORFs. 



3.2 Annotation with new methodologies 

184 

 



 

185 

 

4. CONCLUSIONS 

• We have generated long-read data from four different yeast 

species to have a better understanding of the polyadenylated 

transcripts.  

• Thanks to the dRNA long reads, we observed a negative 

correlation between gene expression levels and the length of 

the poly(A) tail in their transcripts in S. pombe.  

• We have identified 332 undescribed alternative isoforms in 

S. pombe as well as 214 novel transcripts of which 12 of 

them show evidence of translation.  

• We have developed a pipeline for comparing the birth and 

preservation of duplicated and de novo genes in same 

conditions.  

• We have observed how de novo and duplicated genes share 

very similar evolutionary trajectories having high turnover 

rates in species levels with a notorious decrease in 

abundance in deeper branches.  

• We have identified how low levels of purifying selection 

appear to favor the loss of positively charged amino acids in 

de novo genes, resulting in conserved de novo genes having 

a neutral rather than positive charge. 
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• Using data from 60 different libraries we have identified 

numerous ncORFs in UTRs that have evidence of translation 

in S. cerevisiae and whose sequence is preserved beyond 

their species.  



 

187 

 

5. ANNEX 

5.1 Journal articles 

Pérez-Núñez, I., Rozalén, C., Palomeque, J.Á., Sangrador, I., 

Dalmau, M., Comerma, L., Hernández-Prat, A., Casadevall, D., 

Menendez, S., Liu, D.D., Shen, M., Berenguer, J., Ruiz, I.R., Peña, 

R., Montañés, J.C., Albà, M.M., Bonnin, S., Ponomarenko, J., 

Gomis, R.R., Cejalvo, J.M., Servitja, S., Marzese, D.M., Morey, L., 

Voorwerk, L., Arribas, J., Bermejo, B., Kok, M., Pusztai, L., Kang, 

Y., Albanell, J., Celià-Terrassa, T., 2022. LCOR mediates 

interferon-independent tumor immunogenicity and responsiveness 

to immune-checkpoint blockade in triple-negative breast cancer. 

Nat. Cancer 3, 355–370. https://doi.org/10.1038/s43018-022-00339-

4 

Montañés, J.C., Huertas, M., Moro, S.G., Blevins, W.R., Carmona, 

M., Ayté, J., Hidalgo, E., Albà, M.M., 2022. Native RNA 

sequencing in fission yeast reveals frequent alternative splicing 

isoforms. Genome Res. 32, 1215–1227. 

https://doi.org/10.1101/gr.276516.121 

Montañés, J.C., Huertas, M., Messeguer, X., Albà, M.M., 2023. 

Evolutionary Trajectories of New Duplicated and Putative De novo 

Genes. Mol. Biol. Evol. 40, msad098. 

https://doi.org/10.1093/molbev/msad098 
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5.2 Oral presentations 

Microproteins, Elsinor, 2023. Title: Evolutionary trajectories of 

new duplicated and putative de novo genes 

5.3 Posters presentations 

European Conference on Computational Biology, Barcelona, 2022. 

Title: New genes and splicing isoforms revealed with native RNA in 

fission yeast 

Annual Meeting of the Society for Molecular Biology and 

Evolution, Ferrara, 2023. Title: Uncovering evolutionary 

trajectories of newly arisen genes 
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