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Abstract 
Ancestrally non-genic sequences are now widely recognized as potential reservoirs for 

the de novo emergence of new genes. Across clades, some of these de novo genes were 

proven to have substantial phenotypic effects, and to contribute to the emergence of novel 

biological functions. Yet, still very little is known about the starting material from which de novo 

genes emerge, especially in plants. To fill this gap, we produced Ribosome Profiling data in the 

closely related species Arabidopsis halleri and A. lyrata, that we combined with the model A. 

thaliana, and compared  genome-wide patterns of translation across the three species. Synteny 

analysis revealed 211 Open Reading Frames (ORFs) that show signs of active translation and 

that have emerged de novo within the Arabidopsis genus. Most of these de novo translated 

ORFs were species-specific and neutrally evolving, indicating their transient nature. They were 

also significantly shorter and less expressed than conserved Coding DNA Sequences (CDS), 

and their GC content increased with phylogenetic conservation. While most of them were 

located in intergenic regions, 34 were previously annotated as CDS in at least one genome, and 

are amongst the most promising gene candidates. Our results illuminate the abundance of 

translation events outside of conserved CDS, and their role as starting material for the 

emergence of novel genes.  
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Introduction 

According to François Jacob, "The probability of a functional protein appearing de novo 

by random association of amino acids is almost zero" (Jacob 1977). This quote embodies the 

paradigm that historically dominated evolutionary genetics until the early 21st century. According 

to this paradigm, evolution is a "tinkerer", simply reusing pre-existing coding material to 

generate new genes. These tinkering processes include gene and genome duplication, 

horizontal gene transfer, exon shuffling, gene fusion/fission, retroposition or the activity of mobile 

genetic elements, among others (Ohno 1970; Long et al. 2003; Zhou et al. 2008). In contrast, de 

novo gene emergence implies a mutational origin from ancestrally non-coding nucleotide 

sequences. Like Jacob’s quote suggests, the molecular characteristics of genes were 

considered far too complex to be the result of chance alone, and de novo gene emergence was 

seen at best as a very minor contributor to genetic novelty (McLysaght and Hurst 2016; Van Oss 

and Carvunis 2019). Yet, this paradigm was challenged by the gradual discovery, in a diversity 

of organisms, of genes that lacked homology to any other known protein-coding sequences, 

some of which would come to be characterized as de novo (Begun et al. 2006; Levine et al. 

2006; Cai et al. 2008; Knowles and McLysaght 2009; Xiao et al. 2009; Tautz and Domazet-Lošo 

2011). The first de novo genes were discovered in Drosophila (Begun et al. 2006; Levine et al. 

2006), yeast (Cai et al. 2008) and primates (Knowles and McLysaght 2009). Since these first 

discoveries, de novo genes have been identified, over the past decade, in an increasingly wide 

range of organisms from varied taxa. Some were extensively characterized at the functional 

level and have key fitness consequences, including the antifreeze glycoprotein in cod, which 

emerged as a vital component of survival in polar environments (Baalsrud et al. 2018). Overall, 

it is now clear that de novo genes are important drivers of the evolutionary process (Chen et al. 

2013; Blevins et al. 2021; Montañés et al. 2023; Peng and Zhao 2024; Xia et al. 2025).   

The mechanisms by which de novo genes emerge have been debated, and two main visions 

have been proposed: that of a continuum between the properties of non-genic and genic 

regions (Carvunis et al. 2012) in which “proto-genes” progressively acquire “gene-like” 

properties, and that of a pre-adaptation of non-genic sequences to the appearance of genes, 

according to which de novo genes would have exaggerated “gene-like” properties (Wilson et al. 

2017). “Gene-like” properties would include characteristics such as a greater length, expression 

or conservation level, as well as the use of canonical START codons, lower disorder, and 

distinctive GC levels. While the pre-adaptation theory received some evidential support (An et 
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al. 2023; Jin et al. 2025), the continuum theory has been supported by evidence from an array 

of organisms (Ruiz-Orera et al. 2018; Schmitz et al. 2018; Van Oss and Carvunis 2019; Heames 

et al. 2020; Papadopoulos et al. 2021; Peng and Zhao 2024), gradually deciphering the still 

unclear mechanisms by which de novo genes acquire their molecular properties as they 

become older. Starting from untranscribed and untranslated non-genic regions, whether the 

Open Reading Frame (ORF) sequence or the transcription of the region emerged first has long 

remained unresolved. Recent modeling, grounded in experimental data from yeast and 

drosophila, suggests that gene emergence more often follows a ‘transcription-first’ trajectory, 

with ORF formation occurring subsequently (Iyengar and Bornberg-Bauer 2023). Following the 

acquisition of transcription, either progressive lengthening, or selection of the longest transcripts 

would give rise to “proto-genes”, the starting material from which de novo genes emerge 

(Carvunis et al. 2012). Subsequent steps include the acquisition of translation and the 

avoidance of both aggregation and proteasomal degradation, enabling the polypeptide to adopt 

an structural conformation, whether ordered or disordered (Wilson and Masel 2011). Most 

studies have focused on novel protein-coding sequences that had already been annotated as 

genes, and hence harbor clearly established “gene-like” characteristics (Ruiz-Orera et al. 2015; 

Vakirlis et al. 2018; Bornberg-Bauer et al. 2021; Peng and Zhao 2024). However, little is known 

about the very first steps of de novo gene emergence, especially the properties of the ancestral 

non-coding sequences and how they eventually acquire “gene-like” characteristics. So far, 

studies in Mus musculus (Ruiz-Orera et al. 2018) and Saccharomyces cerevisiae (Durand et al. 

2019) seem to indicate that small, translated ORFs located outside of annotated protein-coding 

sequences and without coding homologues in neighbouring species could provide the basis for 

de novo gene emergence through neutral evolution. The function of these ORFs is expected to 

be limited, though previous studies have found them to be associated with morphogenesis in 

plants (Hanada et al. 2013) or with immunity in humans (Chen et al. 2020), and they are rather 

viewed as a “reservoir” from which a few novel functional protein coding genes might ultimately 

emerge (Ruiz-Orera et al. 2018; Durand et al. 2019; Ruiz-Orera and Albà 2019). Yet, these 

results remain to be generalized to supplementary taxa. 

Studying the early steps of this process is challenging for at least two reasons. First, depending 

on the set of thresholds chosen to distinguish non-genic from genic elements (Dinger et al. 

2008), millions of potential peptide-encoding sequences can be annotated in the intergenic 

regions of any genome. Selecting the most promising gene candidates among them requires 

translational evidence, which is hard to obtain precisely because they are not expected to 
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harbor the hallmarks of canonical protein-coding sequences (including greater length and 

sustained expression), and because their expression tends to be low. Obtaining translational 

evidence is nonetheless possible by using Ribosome Profiling, a well-established sequencing 

technology that provides a detailed snapshot of translational activity at the genome-wide scale 

(Ingolia et al. 2019; Kiniry et al. 2020). Yet, few ribosome profiling datasets have been produced 

outside of a few well-studied model organisms (Gilmore et al. 2015; Kim et al. 2020; Zhao et al. 

2024). Second, confidently asserting that a given ORF has emerged de novo requires the 

identification of a clear homologous non-coding region. However, detecting homology lacks 

power beyond a certain degree of divergence, resulting in a potentially serious 

“phylostratigraphic bias” (Moyers and Zhang 2015; Moyers and Zhang 2016; Moyers and Zhang 

2017; Moyers and Zhang 2018). The best way to circumvent this problem is to use synteny 

information and only compare intergenic regions flanked by orthologous genes that have 

remained syntenic (Vakirlis et al. 2020). Because genomes can be rapidly and drastically 

rearranged over the course of evolution, this involves comparing species that are sufficiently 

closely related so that synteny relationships remain preserved (Tang et al. 2008). Previous 

studies have tackled either of those two problems, either by producing ribosome-protected 

mRNA fragments (RPF) in one or a handful of distantly related species (Ruiz-Orera et al. 2018; 

Xiao et al. 2018), or by establishing detailed synteny relationships between closely related 

species, but without RPF data from each of them (Vakirlis et al. 2020; Roginski et al. 2024). To 

our knowledge, a single paper has combined synteny analyzes with the production of RPF 

datasets from closely related species, demonstrating a high turnover of translational activity of 

emerging de novo ORFs in yeast (Durand et al. 2019). Hence, combining genomic and 

translation data in a comparative framework has shown great potential in deciphering the first 

steps of de novo gene birth at a short evolutionary timescale, but has so far been 

under-exploited. 

The genome-wide study of de novo genes, as well as the functional characterization of a few 

candidates, has focused mostly on a handful of model organisms, including Drosophila (Peng 

and Zhao 2024), yeast (Vakirlis et al. 2018) and primates (Ruiz-Orera et al. 2015). In 

comparison, little is currently known about how de novo genes arise in plants, and very few 

have been functionally verified. One early example of a plant de novo gene is the 

qua-quine-starch (QQS) gene in A. thaliana, which was found to encode a 59 amino-acid 

polypeptide involved in the regulation of starch synthesis in response to external and internal 

perturbations (Li et al. 2009). A more recent example, also in A. thaliana, is the Sun Wu-Kong 
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(SWK) de novo gene, which was found to encode a 8kD protein involved in seed germination 

under osmotic stress (Jin et al. 2025). In rice, the de novo gene GSE9 was proven to contribute 

to rice grain shape, partly responsible for the differences between indica and japonica varieties 

(Chen et al. 2023). However, beyond such specific examples, only few studies have 

investigated the global emergence of de novo genes in plants, and most of them also focused 

on single model species like A. thaliana, Oryza sativa, Prunus persica, Arachis hypogaea and 

Triticeae species (Silveira et al. 2013; Cui et al. 2015; Li et al. 2016; Zhang et al. 2019; Song et 

al. 2022; Poretti et al. 2023; Cao et al. 2024). In A. thaliana, 782 de novo genes have been 

annotated, and found to be shorter, more highly methylated and more likely to be expressed in 

pollen than other gene categories (Li et al. 2016). Yet, a strong limitation is that these studies 

focused on genes that had already been characterized as such, and none has investigated the 

earlier steps of de novo gene birth, such as the role short, translated ORFs might play. 

Translation itself is under-characterized, with only a handful of high-quality RPF datasets 

available in plants, all from distantly related species such as O. sativa (Zhu et al. 2023), Zea 

mays (Chotewutmontri et al. 2018) or A. thaliana (Hsu et al. 2016; Wu and Hsu 2022). Again 

however, these studies focused mostly on genes that had already been annotated. The fact that 

pervasive translation activity can be detected in intergenic regions has been demonstrated in A. 

thaliana (Hanada et al. 2007; Hanada et al. 2013), but the role this may play in the context of de 

novo gene emergence has not been explored. Hence, it has so far not been possible to assess 

the importance of short, translated intergenic ORFs in de novo gene birth in plants.  

Here, we aimed to characterize the first steps of de novo gene emergence in the Arabidopsis 

genus by specifically investigating the extent to which short ORFs could serve as a reservoir for 

the appearance of new genes (Ruiz-Orera et al. 2018; Durand et al. 2019). We focused on three 

species of the Arabidopsis genus: A. halleri, A. lyrata and A. thaliana, and produced RPF data 

from root and leaf tissue to obtain high-level evidence for the discovery of novel protein-coding 

ORFs (Prensner et al. 2023). The recent divergence between these species provides high 

power to the synteny analysis, resulting in a unique opportunity to reliably identify the 

non-coding sequences that are homologous to the putative de novo ORFs. Overall, our analysis 

reveals dozens of translated de novo ORFs within intergenic syntenic regions, shedding new 

light on the very first steps of the emergence of de novo genes in plants.  
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Results 

Ribosome Profiling sequencing yields evidence of ongoing translation 

Our overall strategy was based on four closely related Brassicaceae species for which 

high-quality reference genome assemblies are available (A. thaliana; (Lamesch et al. 2012), A. 

lyrata; (Hu et al. 2011), A. halleri; (Pavan et al. 2025) and Capsella rubella; (Slotte et al. 2013)). 

A. halleri and A. lyrata diverged less than one million years ago, and they diverged about five 

million years ago from A. thaliana (Roux et al. 2011). Capsella is an outgroup genus with an 

approximate eight million years deep divergence (Acarkan et al. 2000; Koch and Kiefer 2005). 

First, we broadly annotated all possible ORFs across these four genomes, using a relaxed 

sequence-based bioinformatic annotation of ORFs, allowing for alternative START codons 

(ATG, TTG, CTG, GTG, ACG), a minimal length of nine nucleotides, regardless of overlap with 

gene annotations. This yielded a total of 19, 23, 3 and 10 million intergenic ORF annotations in 

A. halleri, A. lyrata, A. thaliana and C. rubella respectively (Table S3). Second, we sought to 

obtain direct experimental evidence for translation activity. To that end, we grew plants of the 

four species under hydroponic conditions and extracted total RNAs from a controlled mixture of 

leaf and root tissue (with three biological replicates per species; i.e. a total of 12 samples). We 

prepared RPF libraries and obtained a total of 90 to 140 million raw sequencing reads per 

replicate (Table S1). Reads were filtered based on their length (between 25 and 35 nucleotides) 

and quality (minimum quality score of 20), followed by a bioinformatic step to remove 

sequences with similarity to rRNAs. Substantial  rRNA contamination remained in our libraries 

(50 to 70% of reads after quality control, Table S1), despite the ribo-depletion included in the 

libraries preparation protocol. The mapping rates of sequencing reads to their respective 

reference genomes varied across species (with lower mapping success in A. halleri, possibly 

due to contamination of the hydroponic culture medium by Acidovorax bacteria, Table S1). In 

the end, we could use between 0.8 and 16 million mapped reads per replicate for the detection 

of translation signals. 

 

We first evaluated the quality of RPF libraries by examining metagene plots produced by 

RibORF (Ji 2018). A high quality RPF dataset would exhibit, within the CDS of protein-coding 

genes, a noticeable nucleotide triplet periodicity, a stark increase in coverage at the start codon 

position, and a pronounced decrease at the stop codon position, reflecting the dynamics of 
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ribosome occupancy along transcripts. Our libraries displayed strong heterogeneity in terms of 

coverage depth, as well as overall quality (Figure S1). We excluded the A. thaliana and C. 

rubella libraries from further downstream analyses due to their suboptimal overall quality. For A. 

lyrata and A. halleri, we retained the replicate library with the highest quality (AHA_rep-2 and 

ALY_rep-1) for deeper sequencing. Further sequencing yielded between 18 and 30 million 

mapped reads available for the detection of translation signals. For A. thaliana, we instead 

relied on high-quality RPF datasets from (Hsu et al. 2016; Wu and Hsu 2022), comprising a total 

of 40 to 110 million mapped reads (Table S2). Ribosomal footprints are expected to be around 

28 nucleotides long (i.e. the length of the mRNA segment protected by the ribosome (Ingolia et 

al. 2009)), and accordingly we used 27 to 32 nucleotide-long reads for the detection of 

translation signals (Figure S2). 

 

The final metagene plots for the samples selected in A. halleri, A. lyrata and A. thaliana 

confirmed the expected periodicity signal, together with a sharp increase in coverage at the start 

position and a corresponding sharp decrease at the stop position for each species (Figure 1), 

indicating that these RPF datasets can be used to obtain reliable evidence for translational 

activity. The signal of periodicity was apparent for 27 to 32 k-mers in the A. thaliana dataset, but 

somewhat less apparent in A. lyrata and A. halleri, where the pattern was mostly restricted to  

28-kmers (the expected size of ribosomal footprints). Overall, based on the aforementioned 

characteristics, we conclude that the highest quality dataset is that of A. thaliana, followed by A. 

lyrata and A. halleri. 
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Figure 1: Metagene plots of 28-kmers from ribosome profiling, after P-site shifting (reads were shifted according to their k-mer specific P-site offset, 
and trimmed to be 1 base-long), used for the annotation of translation events; and prevalence of k-mers depending on which frame they are found in, 
produced with modified RibORF scripts (Ji 2018). Metagene plots are created by concatenating the RPF accumulation within all known canonical 
protein-coding genes, measured in reads per million (RPM) relative to the start position of CDS. Data from A. halleri and A. lyrata come from the 
AHA_rep-2 and ALY_rep-1 samples of this study (Table S1), and data from A. thaliana come from (Wu and Hsu 2022). Read accumulation is colored 
based on its frame relative to the CDS: black for the first frame, red for the second frame and green for the third frame. The relative abundance of each 
k-mer, between 27 and 32 nucleotides in size, is also colored based on the frame in which the reads are located. 
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Identifying individual ORFs with translation signals  

The identification of translation signals at individual ORFs remains a challenging task 

even with high-quality RPF data, especially in the context of the discovery of recently emerged 

de novo genes (Ruiz-Orera et al. 2014; Ruiz-Orera et al. 2018; Ruiz-Orera and Albà 2019; 

Papadopoulos et al. 2021). For this reason, we annotated ORFs with translation signatures 

using three independent approaches specifically developed for the analysis of RPF data. First, 

we used the least stringent “ORFscore” (Bazzini et al. 2014), which is based on the preferential 

accumulation of reads in the first reading frame, taking the bias in canonical genes as a 

reference to distinguish true signal from noise, where reads are expected to accumulate across 

all possible reading frames equally. A second, more stringent method, RibORF (Ji 2018), uses 

Machine Learning trained on annotated canonical genes to identify and recognize triplet 

periodicity. Finally, the third and most stringent method, RiboCode (Xiao et al. 2018), uses a 

modified Wilcoxon signed-rank test to annotate triplet periodicity de novo. To determine the 

accuracy of these annotations, we first examined CDS that were annotated as protein-coding 

genes. In all species, the majority of annotated CDS were found to be translated (around 21,000 

to 24,000 across species, representing 60 to 80% of all CDS) by at least one of the three tools 

(ORFscore, RibORF or RiboCode). Among them, 20,592 and 13,266 CDS were found to be 

translated by the three tools, respectively in A. thaliana (75%) and A. lyrata (44%). In A. halleri, 

the difference is more pronounced between the tools and we detected 3,467 translated CDS by 

the three tools (10%) and 11,996 translated CDS by two tools (34%) (Table S3). This 

observation is probably due to the less apparent periodicity of the RPF dataset in A. halleri 

(Figure 1). Hence, the samples from the different species differ in the proportion of CDS 

detected as translated and the number of tools detecting CDS as being translated. It should also 

be noted that not all canonical CDS are expected to be identified as being translated by this 

single experiment, due to inherent technical (low power of RPF data to assess translation on a 

per-locus basis) and biological limitations (e.g. only two tissues sampled, developmental 

stage-specific expression). Overall, we conclude that the signals we detect are powerful, but 

correspond to an under-estimation of the actual translation potential that may exist.  

 

Beside the expected signals of translation overlapping canonical CDS, we identified translation 

signals for 3 to 23 million Intergenic ORFs (IGORFs, that is, ORFs without any overlap to any 

previous genome annotation) depending on the species considered (Table S3). Compared to 

CDS, we expect a smaller proportion of the millions of annotated IGORFs to display translation 
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signals, since they belong to supposedly non-functional, intergenic regions. Indeed, only a small 

proportion show signs of active translation. Yet, this small fraction represents up to 1,396 and 

87,433 IGORFs (depending on the species), with detectable translation signatures by at least 

one tool (Table S3). The CDS and IGORFs that have the most robust translation signatures, i.e. 

those identified by all three tools, are translated at a relatively higher level compared to other 

features, illustrating the importance of sequencing depth in annotating translation events 

(Figure 2). Across species, 1,825 IGORFs were detected to have such robust translation 

signatures (135 in A. halleri, 1,548 in A. lyrata and 142 in A. thaliana; Figure 2 and Table S3). 

Furthermore, at the same level of expression, CDS are more often detected as translated than 

IGORFs, reflecting the training of tools on canonical gene annotations, requiring lower depth to 

identify periodicity within canonically translated regions. Among all annotation tools, RiboCode 

comes out as the most stringent, with many CDS and IGORFs found to be translated by both 

ORFscore and RibORF. For downstream analyses, in an effort to be as exhaustive as possible, 

we focused on CDS and IGORFs that were detected as translated by at least one tool. 

 

 

 

 Figure 2: Upset plot representing the number of annotations detected as translated and their translation levels in log10 Reads Per 
Million (RPM, where each read is a ribosome footprint); according to the tools that detected them as translated, and to the 
category to which they belong: canonical CDS or IGORFs. Black circles represent the detection of translation, grey circles 
represent its absence. Data from A. halleri and A. lyrata come from the AHA_rep-2 and ALY_rep-1 samples of this study (Table 
S1), and data from A. thaliana come from two studies: (Hsu et al. 2016; Wu and Hsu 2022).  
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Synteny analysis identifies many de novo ORFs being translated  

We then sought to identify which of those translated ORFs (either CDS or IGORFs), 

have appeared de novo within the Arabidopsis genus, i.e. after the divergence from C. rubella or  

A. thaliana, which we used as outgroups. To do so, we used conserved CDS as orthology 

anchors to finely define syntenic regions between pairs of species. For non-conserved, 

translated CDS and IGORFs found within these syntenic regions, we then used global 

sequence alignment to identify the corresponding orthologous, micro-syntenic region in each 

other species. ORFs located in chromosomal regions that are too divergent to allow sequence 

alignment were discarded (Table S4, Figure S3). This yielded between 2,192 and 8,614 aligned 

potential de novo ORFs (Table S4). Blast searches were also performed against the protein 

sequences from a database of 5 Brassicaceae species, as well as the whole genomes of each 

focal species to remove ORFs with homologs in other Brassicaceae species, or homology 

outside of their annotated syntenic region. The de novo origin of the remaining ORFs was then 

assessed on the basis of their sequence conservation within the syntenic alignments. 

Specifically, we annotated as having emerged de novo every ORF that was absent from the 

syntenic region in the outgroup (either C. rubella or A. thaliana), either 1) because they are fully 

absent, 2) because they contained a frameshift mutation or 3) lacked a START and a STOP 

codon at the same positions. 

 

Based on these stringent thresholds, a total of 42, 163 and 14 de novo ORFs with translational 

activity were identified in A. halleri, A. lyrata and A. thaliana respectively (Table S4). Of these, 

13 to 23% were already annotated as CDS in at least one species: 9 in A. halleri, 21 in A. lyrata 

and 4 in A. thaliana, all of which contained less than five exons, with 70% displaying only one 

(Table S5). Having removed redundancy between species, we ended up with 211 de novo 

emerged ORFs (Figure 3). More than half of these de novo ORFs are species-specific (30 in A. 

halleri, 118 in A. lyrata and 7 in A. thaliana, Table S5), while 27% are found in at least two and 

6% in three species. Despite a divergence time of approximately eight million years (Roux et al. 

2011), most ORFs had a recognizable homologous non-coding sequence in C. rubella, and 

those that did not almost always had one in A. thaliana. Most of these de novo ORFs were 

found in A. lyrata, closely followed by A. halleri, which can be attributed to the greater genome 

size of those species (i.e. much longer intergenic regions) compared to A. thaliana, as well as 

the better periodicity of the A. lyrata RPF dataset compared to the A. halleri one. The lesser 

amount of de novo ORFs in A. thaliana might be attributed to the thorough annotation of its 
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genome, however in this case, if the rate of de novo gene birth was the same in all three 

species, we would have found many de novo ORFs already annotated as CDS. This is not the 

case here: CDS and IGORFs together, we found less de novo ORFs in A. thaliana than in the 

two other Arabidopsis species. The ORFs detected in multiple species, as opposed to just one, 

tend to be identified as translated by more tools (Figure 3), which could be interpreted as 

evidence for a more robust translation signal, i.e. a greater functional potential of conserved 

ORFs. Still, 34 species-specific ORFs were identified as translated by several tools, and hence 

likely display translational potential. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Heatmap of the conservation of de novo ORF sequence (left) and translation detection (right). Each line 
represents an individual ORF, and each column a species. Redundancy within each species was removed by keeping 
only the longest of overlapping de novo ORFs, and between species by removing duplicates of a same ORF found to be 
translated in several species. An ORF sequence was considered as conserved when its START and STOP positions, as 
well as its reading frame were conserved. If the ORF is conserved in a species, it is annotated as “present”, if not it is 
annotated as “absent”. If no homologous syntenic region could be aligned, the ORF was annotated as “NA”. As 
translation detection tools rarely annotate the exact same ORF as being translated, a given tool was considered as 
having detected translation for an ORF either if the exact ORF was detected as translated, or if an overlapping ORF was 
detected as translated. 
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De novo ORFs of varying conservation levels display a continuum of features 

We then compared features of these de novo translated ORFs to those of conserved 

CDS (canonical CDS with an identifiable ortholog in every other species of interest, used as 

synteny anchors) on one hand, and to “untranslated intergenic ORFs (unt_IGORFs) (with no 

coverage by ribosome footprints) on the other hand. The nature of our data, characterized by 

highly divergent, non-coding genomic regions between only a handful of species, rendered 

ancestral sequence reconstruction (ASR) unreliable. Hence we were unable to determine at 

which specific point of the phylogeny the ORFs emerged. As a result, we refer to conservation 

classes rather than to actual evolutionary age. Specifically, de novo translated ORFs were 

classified into different conservation categories: A) conserved in all Arabidopsis species, B) 
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conserved in A. halleri and A. lyrata, C) A. lyrata-specific and D) A. halleri-specific (Figure 4). It 

should be noted that some ORFs were specific to A. thaliana, in which case our inability to 

conclude as to their true origin led us to exclude them from further analyses: they could have 

either emerged before the divergence of A. thaliana, and have subsequently been lost in A. 

halleri and A. lyrata, or have emerged after the divergence of A. thaliana. 

 

The following analyzes will concern A. lyrata only, as the limited number of de novo ORFs per 

conservation class in A. halleri do not allow for sufficient statistical power. However, despite this 

limitation, the trends observed in A. lyrata are still visible in A. halleri, and the results are 

nonetheless showcased (Figure 4). Firstly, we examined the usage of the three alternative 

START codons of the genetic code. We found a  prevalence of non-canonical START codons in 

the de novo ORFs, specifically TTG, that closely resembled that of unt_IGORFs (Figure 4). In 

contrast, as gene prediction algorithms only consider canonical start codons, orthologous CDS 

exclusively harbor ATGs. Secondly, we observed that, as expected, orthologous CDS were on 

average much longer (mean length = 1,111 nt) than unt_IGORFs (mean length= 52 nt), and than 

de novo ORFs (mean length = 100 nt) (Figure 4). A statistically significant difference in length 

was apparent between the A and C/D de novo conservation classes in A. lyrata, with a shorter 

length of the more conserved ORFs. This is most likely a consequence of the way conservation 

is stringently defined, as longer ORFs are more likely to be lost by mutation compared to shorter 

ones, thus being larger mutational targets. Third, we observed that the more conserved de novo 

ORFs tend to have a higher GC content (median ~35%) than less conserved ones, lower than 

that of CDS (median ~44%), but significantly above that of the unt_IGORFs, which had the 

lowest GC content (median ~30%) (Figure 4). Finally, in line with previous observations 

(Carvunis et al. 2012), we observed that translation activity (quantified by coverage by aligned 

RPF) of de novo ORFs was less intense than that of orthologous CDS (on average between 

1.29 RPM versus 2.43 RPM in A. lyrata). Still, the two distributions overlap largely, and a 

substantial fraction of de novo ORFs exhibits a level of translation activity that is comparable to 

that of orthologous CDS, indicative of ongoing translation. We verified that this difference in 

coverage was not caused by the difference in the length of the annotations; by testing the 

influence of length on expression level. Using a linear least squares regression, we found that 

length alone was not sufficient to explain differences in expression levels (estimate=-0.002224, 

p.value= 0.9272). Furthermore, the differences in coverage were also apparent when length 

differences were controlled for by calculating coverage on the first 60 nucleotides of each 

feature only, where the translation signal was most pronounced. Again, length alone was not 
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sufficient to explain differences in expression levels (estimate=-0.01254, p.value=0.893623). To 

further explore the possible factors (conservation or translation) behind these patterns, we 

examined the same properties between conservation classes of unt_IGORFs (Figure S4). 

Across conservation classes, untranslated IGORFs predominantly harboured ATG and TTG 

START codons, like their translated de novo counterparts. Similarly, the same length pattern 

was observed, with ORFs from classes A and B being statistically significantly longer than ORFs 

belonging to the C/D class, reflecting how smaller ORFs are smaller mutational targets, less 

likely to be lost by mutation in other species. When it comes to GC content however, no 

significant difference was observed between conservation classes. When comparing de novo 

ORFs and untranslated IGORFs belonging to the same conservation classes, we observe that 

C/D de novo ORFs have a statistically significantly higher GC content than their untranslated 

IGORFs counterparts (Figure S5). While, by lack of sample size, no statistically significant 

difference could be found in A and B classes, the pattern is nevertheless present: translated de 

novo ORFs seem to systematically harbor a higher GC content. In conclusion, while the 

conservation characteristics of translated de novo ORFs, similar to those of unt_IGORFs, seem 

to explain both the prevalence of non-canonical START codons, and the length patterns 

observed across conservations classes; the observed trends in GC content are specific to 

translated de novo ORFs, and might be an effect of translation. 
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De novo ORF - encoded peptides are highly disordered  

We then examined the level of Intrinsic Structural Disorder (ISD) of polypeptides 

encoded by de novo ORFs. ISD was predicted using AIUPred (Erdős and Dosztányi 2024), on 

all 211 de novo ORFs, as well  on a random sub-sample of 1,000 orthologous CDS and 1,000 

unt_IGORFs. Statistically significant differences were observed between unt_IGORFs and 

orthologous CDS, as well as between de novo ORFs and orthologous CDS, with both 

unt_IGORFs and de novo ORFs exhibiting the highest levels of ISD. Further analyses however 

demonstrate a statistically significant negative correlation between the polypeptide length and 

 
Figure 4: Characteristics of conserved canonical CDS, de novo ORFs and untranslated IGORFs. De novo ORFs were 
classified according to their conservation category: A, B, C or D; the meaning of which is showcased in the phylogeny. 
For length and GC content, all statistically significant differences were represented, except for the ones between 
orthologous CDS and all other categories (Mann-Whitney U-test, * = p < 0.05, ** = p < 0.01, *** = p< 0.001).  
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ISD, (Figure S6), which yet only explains a small part of the observed variance (adjusted R2 = 

0.03532, p-value < 2.2e-16). On the contrary, GC content seems to be positively associated with 

ID, at least in some feature categories (in conserved CDS: adjusted R2=0.08435, p-value < 

2.2e-16). When sub-sampling 86 CDS of similar length and GC content as unt_IGORFs (less 

than the maximal 139 amino acid residues, and between 6 and 61% GC content) , we no longer 

observe a statistically significant difference in ISD between categories. Hence, while we do 

observe that on average, de novo ORFs tend to be more highly disordered than CDS; it is 

difficult to further interpret the meaning of this difference. Indeed, length has been reported to 

influence ID (Peng et al. 2006), and is negatively linked to it in our data; and as previously 

reported in eukaryotic orphan genes (Basile et al. 2017), we also observe a positive link 

between ID and GC content. 
 

A select few de novo ORFs have the potential to be proto-genes 

Out of 211 translated de novo ORFs, a few notable ones stand out as having a number 

of gene-like characteristics, making them ideal candidates for de novo gene emergence. A first 

set of these translated de novo ORFs  had already been annotated as CDS, and we therefore 

refer to them as “de novo CDS”. For example, the A lyrata-specific CDS annotated as 

AL6G18580 (Figure 5) has no homology to previously described proteins, displays translation 

signals by two tools, and is 225 nucleotides in length (74 amino acids). The homologous 

sequence was present in C. rubella, where it was clearly non-coding (no conservation of the 

START and STOP codon, and of the frame), indicating that this de novo ORF emerged within 

the Arabidopsis genus. While the START and STOP codons were conserved in A. halleri and A. 

thaliana, a few indels lead to the loss of the reading frame. Hence, this particular de novo ORF 

could have emerged either specifically in A. lyrata or in a more ancestral Arabidopsis species, 

and have been lost secondarily in A. thaliana and A. halleri by indels. Supplementary BLASTs 

(Table S6) revealed that this locus has previously been predicted as a non-coding RNA in A. 

lyrata, and has homology with the A. thaliana primary transcript of miR162a. Further alignments 

(Figure S7) revealed that AL6G18580 is homologous to the upstream region of the A. thaliana 

miR162a miRNA, encompassing in its 3’ extremity the start of the precursor and the future 

mature miRNA, leaving out the miRNA* and hence eliminating the possibility for a stem-loop 

structure to form within the transcript. For the potential encoded polypeptide AL6G18580 

(Figure 5, B), AlphaFold2 confidently predicts an alpha-helix (predicted local distance difference 
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test (pLDDT) between 70 and 90), facing five beta-sheets with varying prediction confidence 

(from pLDDT < 50 to >90). 

 

Another example of de novo CDS is the A. halleri - specific 829626 gene (Figure 5), which has 

no homology to any previous annotation (Table S6), was identified as translated by two tools, 

and is 132 nucleotides in length (43 amino acids). While no high-quality syntenic alignment 

could be obtained in A. thaliana, alignments in C. rubella and A. lyrata showcase the absence of 

STOP codon and frame conservation in the former, and the absence of START codon and 

frame conservation in the latter. Again, this ORF may have emerged either specifically in A. 

halleri, or in a more ancestral Arabidopsis species and have been lost secondarily in A. lyrata by 

point mutations and indels. The potential encoded polypeptide of the 829626 gene is predicted 

to form a single alpha helix with a very high confidence (pLDDT > 90) (Figure 5, C). 

 

Most of the  de novo ORFs we identified were classified as “intergenic ORFs”, although some of 

them have features similar to those of the de novo CDS. For example, the A. halleri-specific 

intergenic ORF named IGORF_37 (Figure 5) was detected as translated by two separate tools; 

similarly to CDS from A. halleri. This de novo ORF is 147 nucleotides long (46 amino acids, 

hence shorter than the commonly used 300 nucleotides threshold for gene annotation; Dinger et 

al. 2008). The orthologous sequence exhibits indels in every other species we studied, leading 

to a frameshift and the loss of either the START or the STOP codon. The sequence exhibits no 

homology to any known protein-coding gene, non-coding locus or sequenced genomes. The 

structure of the potential encoded polypeptide in IGORF_37 is predicted to be a single 

alpha-helix with very high confidence (pLDDT > 90) (Figure 5, D). In conclusion, while most 

translated de novo ORFs possess features similar to those of unt_IGORFs, a few ones stand 

out as the best candidates for de novo gene emergence.  They can be described as 

intermediates between unt_IGORFs and conserved CDS: they are longer than unt_IGORFs but 

shorter than conserved CDS, have not been annotated as CDS (or if they have, have not 

previously been functionally characterized), and yet are independently detected as translated by 

several tools. Structural predictions reveal the potential for a few and simple structures, aligning 

with structure prediction results of de novo ORFs in other species (Chen et al. 2024; Middendorf 

and Eicholt 2024; Peng and Zhao 2024). 
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Figure 5: (A) Alignments of potential de novo gene candidates, either A. lyrata (AL6G18580) or A. halleri (829626, 
IGORF_37) specific. Alignments are colored by nucleotides. The START codon is represented by a grey arrow, and the 
STOP codon by a grey box. The ORF itself is represented by a black line above the alignments. When no homologous 
syntenic region could be found for a given species, the sequence was replaced by a “no significant alignment” box. 
(B-D) AlphaFold2 structure predictions of the predicted corresponding polypeptides are represented for ORFs 
AL6G18580 (B),  829626 (C), and  IGORF_37 (D). Residues are colored by pLDDT score (see legend). 
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The repertoires of de novo ORFs are highly labile within species 

To gain further insight into the conservation of de novo ORFs, we then analyzed their 

within-species distribution, and collected 5 high-quality genome assemblies of both A. halleri 

and A. lyrata. The reference annotations from the A. halleri (AUBY1) and A. lyrata (MN47) 

reference accessions were respectively transposed to the corresponding accessions, within 

which syntenic regions were annotated. We then assessed the conservation status of each ORF 

that fell within syntenic regions that were conserved between accessions, using the previous 

filters and alignments (cf. Figure S3). The resulting conservation pattern is presented in Figure 
6, which showcases for both A. halleri and A. lyrata a high degree of lability. While, in A. lyrata, 

approximately 21% of translated de novo ORFs were accession-specific, and 29% were found 

in at least 3 accessions; in A. halleri, respectively 25% and 62% of ORFs fell within this 

category. As a point of comparison, the conservation of untranslated IGORFs was also  

assessed between accessions of the same species. A simple “conservation score” was devised, 

computing the number of accessions within which each ORF was conserved, and allowing for 

the comparison of conservation score distributions between heatmaps. Randomly permuting 

“translated de novo ORF” and “untranslated IGORF” labels 1000 times, a Wilcoxon rank sum 

test was performed each time, resulting in a W statistic distribution from which a p-value could 

be deducted. Whereas no significant difference between de novo ORFs and untranslated 

IGORFs was observed in  A. lyrata, a p-value of 0.014 was assigned to the observed difference 

in conservation score distribution between the two ORF categories in A. halleri. This indicates 

that, on average, while de novo ORFs repertoires are highly labile within species, at least in  A. 

halleri, translated de novo ORFs are significantly more likely to be conserved across accessions 

than random untranslated IGORFs. 
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Figure 6: Heatmap of the conservation of translated de novo ORF and untranslated IGORF sequences across 
accessions from the same species. Each line represents an individual ORF, and each column an accession. If the ORF is 
conserved in an accession, it is annotated as “present”, if not it is annotated as “absent”. If no homologous syntenic 
region could be aligned, the ORF was annotated as “NA”. 
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De novo ORFs evolve neutrally - similarly to untranslated intergenic ORFs 

Given some of the observed characteristics of translated de novo ORFs (prevalence of 

non-canonical START codons, lower ribosome profiling coverage), reminiscent of those of 

untranslated intergenic ORFs, we expected de novo ORFs to evolve neutrally, or under 

relatively minimal selection. To test this hypothesis, we collected genomic data from a range of 

European and North-american A. halleri and A. lyrata populations (with a total of 37 A. halleri 

individuals, and 39 A. lyrata individuals (Table S7)). We then detected the polymorphism within 

each species, and calculated pN/pS ratios for different feature categories. Because de novo 

ORFs tend to be much shorter than orthologous CDS, computing ratios ORF per ORF would 

have been unfeasible due to the lack of polymorphic sites. Therefore, we concatenated de novo 

ORFs until a length equivalent to that of the shortest orthologous CDS was reached, and then 

computed ratios. Because untranslated IGORFs suffer the same length problem, the same 

method was applied to them. In both A. lyrata and A. halleri, orthologous CDS present a mean 

ratio of ~0.25, indicative of selective negative pressure; while untranslated IGORFs have a 

mean ratio of ~1.8, implying mostly neutral, possibly slightly positive selection (Figure 7). 

Translated de novo ORFs, on the other hand, exhibit a mean ratio of 1.6 in A. lyrata, and 1.3 in 

A. halleri, indicative of neutral evolution. In A. lyrata, while a significant difference is observed 

between orthologous CDS and untranslated IGORFs (W = 14783, p-value < 2.2e-16), as well as 

between orthologous CDS and de novo ORFs (W = 5552, p-value < 2.2e-16), no significant 

difference is found between untranslated intergenic ORFs and de novo ORFs (W = 3727, 

p-value = 0.8288). The exact same pattern is observed in A. halleri, implying that in both 

species, orthologous CDS evolve under negative selective pressures, while de novo ORFs and 

untranslated IGORFs both evolve neutrally. 
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Figure 7: pN/pS ratio of conserved canonical CDS, de novo ORFs and untranslated IGORFs. De novo ORFs were concatenated 
across conservation classes, as were untranslated IGORFs. The total number of polymorphic sites used for the calculation of 
pN/pS ratios is indicated by n. Statistically significant differences are represented, except for those between orthologous CDS 
and de novo ORFs, where  p< 2.2e-16 (Mann-Whitney U-test, * = p < 0.05, ** = p < 0.01, *** = p< 0.001).  

Discussion  

Pervasive translation with a rapid evolutionary turnover 

Our study revealed that translation of IGORFs is prevalent in Arabidopsis species, even 

when restricting the analysis to features with the highest evidence of translation (i.e. detection 

by 3 tools). Although these numbers vary greatly among our three study species, possibly due 

to differences in the quality of the RPF datasets, they are broadly consistent with observations in 

the yeast Saccharomyces cerevisiae, where 1,266 IGORFs were found to be either occasionally 

or highly translated (Papadopoulos et al. 2021). While we already detected a large number of de 

novo ORFs, this repertoire likely represents an underestimation of the true rate of de novo gene 

emergence due to several methodological limitations. Ribosome profiling may introduce biases, 

both during laboratory experiments and computational analyses (Bartholomäus et al. 2016), 

rendering non-canonical translation events particularly difficult to detect (Lei et al. 2022). To 

palliate this bias, a possible strategy is to combine datasets so as to maximize their chances of 

detecting translation events (Wacholder et al. 2023), as sequencing depths are often insufficient 

for an exhaustive discovery of translated ORFs (Lei et al. 2022). Since no other public datasets 

were available for A. lyrata and A. halleri,  we instead decided to maximize sequencing depths, 

as recommended by (Lei et al. 2022), reaching up to 639 million reads (as opposed to the 

typical range of 150 to 200 million reads in available A. thaliana RPF datasets (Hsu et al. 2016; 

Wu and Hsu 2022)). Furthermore, multiple analysis tools, each based on different algorithmic 

principles, were used in parallel to annotate translated features. While using different tools and 

maximizing tissue diversity greatly improved  detection sensitivity, many more de novo ORFs 

may exhibit translation signals at other developmental stages, in different environments, or in 

different individuals. Indeed, a recent study in A. thaliana found that, collectively, de novo genes 

are expressed in a wide variety of tissues, including flowers, siliques and seeds (Jin et al. 2025). 

Such transitory pervasive transcription (Neme and Tautz 2016; Schmitz et al. 2018) and 

translation (Ingolia et al. 2014; Ruiz-Orera et al. 2018; Blevins et al. 2021; Wacholder et al. 
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2023; Papadopoulos et al. 2024) has been described as the “transient translatome” (Wacholder 

et al. 2023). The overall prevalence of species-specific translated ORFs (30 in A. halleri, 118 in 

A. lyrata and 7 in A. thaliana) further supports the idea of a high turnover of transcripts and of 

their translation, which would become temporary substrates for de novo gene emergence 

(Schmitz et al. 2018; Durand et al. 2019; Grandchamp et al. 2024). Sequence conservation 

itself is also rather low, as most de novo ORFs are species-specific, with even up to 25% being 

accession-specific. Hence, while many ORF candidates may appear by mutation within 

intergenic regions, few will be transcribed and translated, even fewer will be conserved across 

species, and only a select few might develop the functional potential to ultimately give rise to 

genes (Neme and Tautz 2014; Neme and Tautz 2016). While we lack the necessary power to 

assess the de novo gene emergence rate in Arabidopsis, a study in rice (Zhang et al. 2019) has 

reported a strikingly high rate of de novo gene emergence, with 51.5 de novo genes per Myr. 

Not only was the de novo emergence rate high, but so was the retention rate; both features 

which were linked to high protein diversity and phenotypic plasticity. 

 

The first steps of de novo gene emergence 

Pioneering studies investigating de novo gene emergence have mostly focused on 

already-characterized, functionally potent genes (Cai et al. 2008; Knowles and McLysaght 2009; 

Xiao et al. 2009). Following Carvunis et al. 2012; Durand et al. 2019; Ruiz-Orera and Albà 2019; 

Papadopoulos et al. 2021, we instead chose to focus on recently emerged translated ORFs, in 

order to characterize more specifically the starting material from which very young “proto-genes” 

might be found (Carvunis et al. 2012). Indeed, only a small subset of the de novo translated 

ORFs we identified had already been annotated as CDS (9 in A. halleri, 21 in A. lyrata and 4 in 

A. thaliana). All contained less than four exons, with 80% displaying only one, and so far none 

has been specifically characterized at the functional level.  The large majority of de novo 

translated ORFs were intergenic, and are therefore expected to resemble intergenic ORFs. 

Accordingly, we note several lines of similarity between characteristics of de novo ORFS and 

those of untranslated IGORFs. In particular, the prevalence of non-canonical START codons, 

the short length and low GC content of de novo ORFs are either similar to those of untranslated 

IGORFs, or intermediate between them and those of conserved CDS. The lower expression 

level of de novo ORFs compared to orthologous CDS entails that whatever phenotype may be 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2025. ; https://doi.org/10.1101/2025.09.04.674254doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.04.674254
http://creativecommons.org/licenses/by/4.0/


associated with the de novo translation products, would be less visible to natural selection than 

those encoded by more highly-expressed features. Indeed, we observed that translated de novo 

ORFs, like untranslated intergenic ORFs, exhibit non-synonymous to synonymous mutation 

ratios close to 1; much higher than that of CDS, and indicative of neutral evolution. Under 

neither strong positive nor negative selective pressures, translated de novo ORFs hence evolve 

neutrally, which is in line with Ruiz-Orera et al. 2018 results in mice. 

The processes by which random ORFs move away from random noise and eventually acquire 

gene-like characteristics such as higher GC content, greater length and higher transcription 

remain somewhat unclear. In rice, the late ORF–early transcription model has been described 

as the most prevalent mechanism for de novo gene emergence (Zhang et al. 2019), according 

to which non-coding regions would pervasively become transcribed and only later acquire an 

ORF by mutation, which would then already be visible to selection. Similarly to what has 

previously been suggested in S. cerevisiae (Carvunis et al. 2012; Papadopoulos et al. 2021), de 

novo ORFs could undergo, in plants, a progressive “refinement” towards gene-like features, 

including changes in START codon usage and expression levels (Li et al. 2016; Zhang et al. 

2019). In a positive feedback-loop, increase in expression would render ORFs progressively 

more visible to selection, which in turn would lead to either their elimination or their 

functionalization. Under this scenario, new functions would emerge progressively, in an iterative 

process. Another explanatory scenario has been colloquially named “Born this way”, whereby 

pre-existing non-canonical ORFs that present the most “gene-like” features may be more likely 

to be retained by natural selection, while the others quickly fade back into expressional noise 

(Aubel et al. 2024). In our study, while we do observe statistically significant differences in ISD 

between conserved CDS and de novo ORFs at first glance, those differences disappear when 

length and GC content are matched. Indeed, length has been found as being a major factor in 

ISD prediction (Middendorf and Eicholt 2024) and the observed apparent differences in ISD 

would be an indirect consequence of the greater length of conserved CDS compared to young 

de novo ORFs. Within-species analyses allow us to gain further insight into the scenario under 

which gene-like characteristics are acquired. While translated de novo ORFs evolve neutrally, 

like unt_IGORFs do, they were found to be significantly more conserved than unt_IGORFs 

between high-quality accessions of A. halleri. Even though both translated de novo and 

untranslated intergenic ORFs repertoires are highly labile, with up to ⅔ of them being 

accession-specific, de novo ORFs can spread more efficiently across populations than 

unt_IGORFs. 
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From random intergenic ORF to canonical gene 

In many species, including A. thaliana, the GC content within protein coding genes is 

lower in introns than in exons, and more globally in sequences that are not translated compared 

to those that are (Carels and Bernardi 2000; Singh et al. 2016). When comparing orthologous 

CDS (exons) to untranslated IGORFs, we observe a corresponding pattern in which coding 

sequences tend to have a higher GC content than non-coding ones. This difference will 

influence the frequencies of START and STOP codons along the genomes. In GC-rich regions 

of the genome, as AT content is lower, the prevalence of START (ATG,TTG,...) and STOP 

(TAA,TAG,TGA) codons is correspondingly lower, meaning putative reading frames would be 

longer (McLysaght and Hurst 2016). Inversely, within GC-poor regions, like intergenic regions in 

Arabidopsis species, putative reading frames would be shorter, and more numerous. This 

corresponds to what we observe both in the number and length of IGORFs compared to 

canonical CDS. This makes the intergenic regions of Arabidopsis species the ideal reservoir for 

novel ORFs. However, it remains unclear whether this trend can be generalized as a global 

mechanism for de novo gene emergence. Indeed, while similar patterns have been observed in 

terms of GC content in A. thaliana and Drosophila, (Li et al. 2016; Peng and Zhao 2024), the 

opposite trend has been observed in de novo genes in yeast, which tend to emerge in GC-rich 

regions, close to promoters or within recombination hot spots (Vakirlis et al. 2018). Strong 

correlations have been identified between GC content and other key genomic features, 

including length and intrinsic disorder (Basile et al. 2017; Nielly-Thibault and Landry 2019). Yet, 

in our data, the relationship between GC content and ISD remains hard to assess, as there 

appears to be a significant positive relationship between the two characteristics, at least in 

orthologous CDS and unt_IGORFs.  

In line with previous observations (Basile et al. 2017; Willis and Masel 2018; Middendorf and 

Eicholt 2024), we found that de novo ORFs tend to harbor high levels of intrinsic disorder. This 

can at least in part be attributed to their shorter length, directly preventing the formation of 

secondary structures. This, however, does not mean that they are devoid of functional potential. 

Extensive experimental evidence highlights the functional potential of intrinsically disordered 

regions (IDRs), whose highly labile and context-dependent conformations can play key roles in 

molecular communication and environment-induced phenotypic responses (Holehouse and 

Kragelund 2023). The conservation of the function of IDRs is even possible in spite of a lack of 

sequence conservation, through the conservation of their physico-chemical properties 
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(Holehouse and Kragelund 2023). Within eukaryotic proteins at large, IDRs confer 

conformational flexibility to canonical proteins, especially those involved in transcriptional and 

post-translational regulation (Ahrens et al. 2017). Furthermore, small ORFs at large have been 

hypothesized to contribute greatly to phenotypic variability through mechanisms such as 

regulation of protein levels, function, recruitment (Orr et al. 2021), signaling or formation of 

protein complexes (Andrews and Rothnagel 2014; Brar and Weissman 2015; Schlesinger and 

Elsässer 2022; Chen et al. 2024; Middendorf et al. 2024). 

An interesting perspective to our results would be to assess whether translated de novo ORFs 

tend to accumulate within specific regions of the genome. Indeed, proximity to conserved genes 

is one of the factors invoked as a mechanism by which de novo ORFs could benefit from 

increased transcription and translation, rendering them visible to natural selection (Andreatta et 

al. 2015; Kleppe and Bornberg-Bauer 2018; Grandchamp et al. 2022; Iyengar et al. 2024; 

Lebherz et al. 2024). This mechanism has been referred to as “transcriptional/translational 

readthrough”, and involves the emergence of newly coding, highly disordered sequences at the 

C-termini of highly expressed proteins, which provide conformational flexibility without disrupting 

protein function (Kleppe and Bornberg-Bauer 2018). De novo genes have been consistently 

described as being shorter than other genes, and the “grow slow and moult” hypothesis 

suggests that one of the ways de novo genes could progressively become longer as they age is 

through the acquisition of new domains at their C-termini (Bornberg-Bauer et al. 2015; Kleppe 

and Bornberg-Bauer 2018).  

Overall, our findings suggest that pervasive translation takes place within intergenic regions in 

Arabidopsis species, providing a vast reservoir of transiently, lowly expressed, neutrally evolving 

short ORFs. Among those, a select few may ultimately give rise to functional genes, by 

progressively becoming longer, more highly expressed, and changing in GC content. Future 

work combining ribosome profiling, mass spectrometry, and functional assays across tissues 

and developmental stages will be essential to validate this repertoire of de novo ORFs and to 

determine their physiological relevance, particularly how they integrate into, and potentially 

disrupt, cellular interaction networks. 
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Material and methods 

Plant Materials and Growth Conditions 
 

Three seeds of either Arabidopsis Columbia-0; Arabidopsis halleri; Arabidopsis lyrata or 

Capsella rubella were deposited on 0.7% agar and imbibed in germination medium; as 

described in (Conn et al. 2013); then left in obscurity at 4 °C for 2 days. The microcentrifuge lids 

were then transferred to hydroponic growth tanks in a greenhouse, where the seeds germinated 

and seedlings were grown hydroponically in a growth medium composed of 1 mM Ca(NO3)2, 

0.5 mM MgSO4, 3 mM KNO3, 0.5 mM NH4H2PO4, 0.1 μM CuSO4, 0.1 μM NaCl, 1 μM KCl, 

2μM MnSO4, 25 μM H3BO3, 0.1 μM (NH4)6Mo7O24, 20 μM FeEDDHA, and 1 μM (A. lyrata, A. 

thaliana and C. rubella) or 10 μM (A. halleri) ZnSO4. The pH of the solution was maintained at 

5.0 using MES acid buffer (2 mM). Floral buds, leaves and roots were collected and flash frozen 

in liquid nitrogen progressively along the growth of the plants; over the course of 3 months (July 

to September). In total; 10 A. thaliana, 8 A. halleri, 8 A. lyrata and 6 C. rubella individuals were 

sampled from. Flash frozen samples were stored by tissue type; individual and sampling date, 

at -80°C. 

 

Lysates preparation 
 

Three individuals from each species were chosen for subsequent data production; based 

on the amount of material that had been gathered. Roots and leaves from the same single 

individual (at the exception of A. thaliana, where 9 individuals were merged into 3 groups of 3) 

were gathered together regardless of their sampling date. Tissue types were separately ground 

into a powder, using liquid nitrogen, a mortar and pestle. The obtained powder amounted to an 

approximate total of 1 g of tissue, per individual. Approximately 0.25 g of each tissue type was 

kept for ribosome footprint production, per individual. The powders were then suspended in 4 

mL of lysis buffer, as described in (Wu and Hsu 2022). The obtained lysates were vortexed 

twice; distributed in 2 mL tubes; and then agitated at 4°C for 10 min. All lysates were then spun 

at 5 000 × g at 4°C for 3 min; and the supernatant was aliquoted into refrigerated 1.5 mL tubes. 

The aliquots were spun at 20 000 × g at 4°C for 10 min; and the supernatants were then 

transferred to refrigerated 1.5 mL tubes. Aliquots of 200 μL were produced and stored at -80°C; 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2025. ; https://doi.org/10.1101/2025.09.04.674254doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.04.674254
http://creativecommons.org/licenses/by/4.0/


and a single 10 μL aliquot was kept for the assessment of RNA concentrations by a Qubit RNA 

HS assay (Thermo Fisher Scientific). As it was apparent that root aliquots seemed to contain on 

average much less material than leaf ones; root and leaf aliquots were pooled per individual; so 

as to obtain 75% of material coming from leaves, and 25% of material coming from roots.  

 
 

Ribosome footprints 
 

The lysates were treated with 50 units RNase I Ambion (Invitrogen, AM2295) per 40 μg 

of RNA; and digested for 1 hour on a nutator at 25°C. The samples were then moved to ice; and 

30 μL of SUPERase-IN (Fisher scientific, 10773267) were added to interrupt digestion. A 

sucrose cushion solution was prepared as described in (Baudin-Baillieu et al. 2016); and 

digested lysates were subsequently deposited on the cushions and centrifuged at 4 °C 657,000 

× g in a TLA110 rotor for 90 min. Pellets were then washed twice with 500 μl lysis buffer and 

resuspended in 750 μl lysis buffer; after which they were solubilized by pipetting up and down 

and transferred in a 2 ml microtube. An RNA extraction test was first performed using the Zymo 

RNA clean and concentrator kit (Zymo Research; R1017) on aliquots of all three replicates of A. 

lyrata, and on one aliquot of the second replicate of A. halleri. Standard protocol procedure was 

followed in order to extract RNAs between 17 and 200 nucleotides long. However, after 

subsequent quantification of those RNA extracts, it became apparent that they were too lowly 

concentrated in order to undergo gel migration (from less than 1 to 7 ng/μL; when we expected 

10-100 ng/μL); and this extraction protocol was subsequently not used anymore. Instead, for the 

remaining aliquots, total RNA was extracted using a standard hot phenol procedure as 

described in (Baudin-Baillieu et al. 2016). Then, the totality of extracted RNAs from each aliquot  

were charged on 17% polyacrylamide; 7M TAE-urea gels, which were pre-migrated for 30 min at 

100V. The TAE 1x migration of samples was performed at 100 V for approximately 5 h; with size 

markers at 28 and 30 nucleotides. After migration, gels were stained with SYBR-GOLD and gel 

slices between the 28 and 30 nt markers were excised. The excised gel band was pulverized 

and eluded in 500 uL of extraction buffer (0,3 M CH3COONa pH 5,5 ; 1 mM EDTA); and then 

spun on a wheel at 10 turns/minute at +4°C for a whole night. The gel residues were retained on 

a Spin-X cellulose acetate filter 0,45 um Corning column (Dutscher; 2515806); and centrifuged 

at maximal speed for 5mn. Per tube, 2uL of glycogen (ThermoFisher; R0551) were added with 2 

to 2,5 volumes of 100% EtOH; and were then precipitated overnight at -20°C. Tubes were then 
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centrifuged at +4°C at 21,000 x g, and the pellets were dissolved in 15 μL of distilled water. The 

final microRNA concentration was measured by fluorescence with the micro RNA Quant-iT kit 

(Thermofisher Scientific). 

Ribosomal RNAs depletion 
 

Samples were depleted in ribosomal RNAs according to the depletion protocol of the 

TruSeq® Stranded Total RNA Library Prep Plant kit (Illumina, 20020610). The obtained 

footprints were subsequently purified according to the following Zymo RNA clean and 

concentrator kit (Zymo Research; R1017) modified protocol. An RNA Binding Buffer is adjusted 

with an equal, 100% ethanol volume; and 2 volumes (180 µL) of this adjusted buffer are added 

to the rRNA-depleted RPF samples (90 µL). Then, is added to this mix 1 volume of 100% 

ethanol (270 µL) to favor the retrieval of small RNAs between 17 and 200 nucleotides (ribosome 

footprints are typically approximately 30 nucleotides long). The total 540 µL are then deposited 

on a kit’s column, and centrifuged for 30s at 16,000 x g at room temperature. Then, 400 µL of 

RNA Prep Buffer are added to the column, which is again centrifuged in identical conditions; 

followed by the addition of 700 µL of RNA Wash Buffer and a third identical centrifugation. 

Finally, 400 µL of RNA Wash Buffer are added; and the column is centrifuged for 1 min at 

16,000xg at room temperature. The column is put on a 2mL tube and the ribosome footprints 

are eluded on the column with 15 µL of distilled, nuclease-free water; and then centrifuged for 1 

min at 16,000xg at room temperature again. Again, the final microRNA concentration is 

measured by fluorescence with the micro-RNA Quant-iT kit (Thermofisher Scientific; Q32882). 

 

Library preparation and sequencing 
 

The libraries were prepared according to the Biolabs NEBNext Multiplex Small RNA 

library Prep kit’s standard protocol; with 12 PCR cycles. The resulting libraries were purified with 

the Monarch PCR & cleanup kit (Biolabs); and concentrations were assessed with the Quant-iT 

DNA HS kit. 
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Ribo-seq Data Analysis 
 

Firstly, adapters were trimmed from the reads and then filtered on quality and length 

(with parameters --minimum-length 25, --maximum-length 35, --error-rate 0.1 and -q 20) using 

Cutadapt (v3.2) (Martin 2011). Taken from TAIR10 annotations, rRNA, tRNA, snoRNA, etc. 

sequences were removed through bowtie2 alignments (v2.4.1) (Langmead and Salzberg 2012). 

Depleted sequences were then aligned to either the TAIR10 (A. thaliana), AUBY1 (A. halleri) or 

MN47 (A.lyrata) reference genome, depending on the species of origin of the sample. The 

alignment was performed using the splice-aware aligner STAR (v2.7.5a) (Dobin et al. 2013), 

tolerating up to 1 mismatch in the alignment, and up to 20 multi-mapping positions. Raw 

sequencing data from (Hsu et al. 2016; Wu and Hsu 2022) (GEO accession GSE81332 and 

BioProject ID PRJNA854638) were downloaded from NCBI; trimmed from their adapters and 

filtered on quality and length using Cutadapt (same parameters as previously); and further 

processed identically to the data produced in this study. 

 

The quality of the Ribosome Profiling datasets was assessed by producing protein coding gene 

meta-plots using RibORF (Ji 2018); allowing for the selection of the samples presenting the best 

periodicity signals (Replicate 2 of A. halleri and Replicate 1 of A. lyrata, Figure S1). These 

metaplots also allowed for the assignment of k-mer specific P-site offsets, showcased by an 

asterisk for 28-mers in Figure S1. The distribution of read size was also assessed, as 

showcased in Figure S2. The mapped reads were subsequently shifted by the assigned offsets 

using RibORF. All potential ORF candidates were bioinformatically annotated with RibORF (Ji 

2018), on the basis of their sequence only, from the available genomes. A minimal length of 9 

nucleotides was specified, and non-canonical START codons were allowed: TTG, CTG, GTG 

and ACG. Signatures of translation within those candidates were then detected by 3 tools, 

starting with ORFSCORE (Bazzini et al. 2014), where ribosome footprints accumulation in each 

possible frame is computed for different features, with the assumption that coding ones would 

showcase greater accumulation in the first frame. Annotations were produced using R (v4.2.2), 

with packages ORFik (Tjeldnes et al. 2021), rtracklayer (Lawrence et al. 2009), GenomicRanges 

and GenomicFeatures (Lawrence et al. 2013). Predicted ORFs that fell within the 95% 

confidence interval of the CDS ORFscore distribution were kept as showcasing translation 

signal. Secondly, RibORF, which relies on Machine Learning (“Support Vector Machine”), was 

trained to recognize triplet periodicity on canonical gene annotations specific to each species. 

Predictions were then performed on candidates with a cut-off that was adjusted to each dataset 
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to keep a FDR < 0.05. Finally, RiboCode (Xiao et al. 2018) was used, which allows for the de 

novo annotation of periodicity signals using a modified Wilcoxon signed-rank test. New 

alignments were performed to the merge of the reference transcriptomes, and artificial 

intergenic transcripts (as to include intergenic ORFs) using STAR again, tolerating up to 1 

mismatch and up to 20 multi-mapping positions. Translation signal was predicted after p-site 

shifting the aligned reads with the previously assessed p-sites, among newly predicted 

candidates, with a minimal size of 9 nucleotides and allowing for the same non-canonical 

START codons as RibORF. The default p-value (0.001) was used to distinguish translated 

ORFs. 

Syntenic region annotation and alignment 
 

Reference proteomes for each species were used as input for Inparanoid (Remm et al. 

2001) and pairs of orthologs were identified for each pair of species, while removing paralogs 

and keeping ortholog pairs with a score ≥ 100 and a bootstrap value ≥  99. Syntenic regions 

were consequently annotated with homemade R scripts, where a syntenic region was defined 

as a genomic region anchored by two genes which each had an ortholog in the pair species. 

ORFs that fell within syntenic regions were identified with the bedtools suite “intersect” (Quinlan 

and Hall 2010). An initial local pairwise alignment was performed between each ORF and its 

corresponding syntenic region using EMBOSS water (Madeira et al. 2024), and used to identify 

the coordinates of the ORF-homologous region in the pair species. Coordinates of the ORF and 

its homologous region were then both extended by 1kB upstream and downstream, and were 

globally aligned using the ggsearch36 tool from the fasta36 software (v3.8i) (Pearson and 

Lipman 1988) with an e-value threshold of 0.01. Parallelly, the ORFs falling within syntenic 

regions were used for a BLASTX search (Camacho et al. 2009) against the proteomes of 5 

Brassicaceae species downloaded from Genbank (Benson et al. 2012): Camelina sativa, 

Brassica napus, Brassica oleraceae, Eutrema salsugineum and Raphanus sativus. The ORFs 

that showcased any significant hit were discarded (default e-value of 0.001). The ORFs that 

were kept were subjected to a BLASTn search (Camacho et al. 2009) against genomes of every 

species of interest. The ones that exhibited a significant hit (default e-value) outside of the 

expected syntenic region, and whose length was ≥ 50%, were discarded. Among the remaining 

sequences, the Percent Identity (ID) between each ORF and all its syntenic aligned regions 

were computed. Two elements were required to select ORFs with sufficient homology: that the 

global pairwise alignment was significant with C. rubella, or if not with A. thaliana, and that the 
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PID in the ORF region within the pairwise alignment was ≥ 60%. ORFs that passed those 

criteria were used for Multiple Sequence Alignment (MSA); between the extended ORF 

sequence and every correctly aligned, extended syntenic region using MAFFT (Katoh 2002). 

Once the multiple alignments were obtained, they were used for conservation analyzes with the 

help of home-made python scripts. Multiple alignments were further filtered, with a PID of at 

least 50% in at least 3 species, and a maximal gap content of 40%, all within the ORF region. 

Finally, a minimal length of 30 nucleotides was required and smaller ORFs were discarded. The 

de novo status was inferred when a region lacking ORF conservation (START, STOP and 

reading frame) could be identified, or if an ORF had not been bioinformatically predicted at 

those positions, in either C. rubella, or in A. thaliana. Furthermore, if in any pair species an ORF 

was absent, but its position overlapped with a gene annotation; the conservation of the frame 

was checked, and if the gene’s frame was the same as the reference ORF’s one, then the ORF 

was considered as conserved. 

 

Intrinsic disorder and structure prediction 
Alphafold2 (v.2.3.0: Database cut-off data: 2022-12-19) (Jumper et al. 2021) predictions 

were performed on HPC cluster Palma II. Predictions with highest confidence (ranked_0) were 

used for analysis. Secondary elements were annotated using Stride (Frishman and Argos 

1995). Disorder was predicted locally using AIUpred (no smoothing) (Erdős and Dosztányi 

2024). Mean and median disorder per sequence were calculated using Python v3.10.13 with 

pandas v2.1.1 (McKinney 2011). Structures were visualized using UCSF ChimeraX-1.7.1 

(Pettersen et al. 2021).  

 

Cross-accession conservation 
For A. halleri, the following five high-quality genome accessions were gathered: the 

North italian BN_1480, and the romanian CX_1858, DD_1911, DB_1905 and DO_1882 

(unpublished assemblies, corresponding reads available at ENA project:  PRJEB70880 (Batista 

et al. 2024)). For A. lyrata, the following five high-quality genome accessions were gathered: the 

North American PTP (unpublished assembly), INDP15 and TSS14.18 (ENA project: 

PRJEB80457 (Padilla-García et al. 2025)), the austrian GCA_026151145 (GenBank assembly 

accession: GCA_026151145.1) and the siberian NT1 (GenBank assembly accession: 
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GCA_963992905.1 (Scott et al. 2025)). The reference annotations from the reference genomes 

of A. halleri (AUBY1) and A. lyrata (MN47) were lifted off to the other accessions using the liftoff 

tool (v1.6.3) (Shumate and Salzberg 2021).  Using the same parameters as previously, all 

potential ORF candidates were bioinformatically annotated with RibORF (Ji 2018), on the basis 

of their sequence only, in each accession. The coordinates of the syntenic region from the 

reference genome were transposed to each accession, and conserved syntenic regions in 

different accessions were aligned using MAFFT (Katoh 2002). The conservation of the ORF 

sequence was then assessed from these multiple alignments, using the same procedure as 

previously. To test whether translated  de novo ORFs or untranslated intergenic ORFs were 

more conserved across accessions, we created a “conservation score” that is, per ORF, the 

number of accessions within which each ORF is found. A Mann-Whitney U test was performed 

across the 2 ORF categories for the observed conservation patterns; and “de novo” and 

“untranslated IGORF” labels were then randomly permuted 1,000 times, with new conservation 

scores and a new Mann-Whitney U test being computed for each iteration. The observed test 

score was then compared to the distribution of test scores under the null hypothesis (de novo 

and untranslated IGORFs have similar conservation pattern), and a corresponding p-value was 

assessed. 

 

Polymorphism analysis 
Genomic data from a total of 37 A. halleri individuals from central Europe (Table S7) 

(Suda et al. 2024; Pavan et al. 2025) and from 39 A. lyrata individuals from North America and 

central Europe (Table S7) (Mattila et al. 2017; Hämälä et al. 2018; Marburger et al. 2019; Takou 

et al. 2021; Pavan et al. 2025) were collected. Paired-end reads were mapped to the AUBY1 (A. 

halleri) or MN47 (A. lyrata) reference genome using bowtie 2 (v2.4.1) (Langmead and Salzberg 

2012); and duplicates were marked and removed using Picard Tools (v2.21.4) (Anon 2019). 

Variant Calling and subsequent genotype joining were performed using GATK (v4.1.9.0) (Van 

der Auwera and O’Connor 2020). Variant calling files were converted to .fasta using custom 

bash scripts, with one file per chromosome. Using feature annotations, the corresponding 

sequences were then retrieved in each allele of each individual for each annotation. For 

intergenic de novo ORFs and untranslated IGORFs, in order to obtain enough polymorphic sites 

for pN/pS ratio computation, sequences were concatenated until a length equivalent to that of 

the shortest CDS was reached. The resulting sequences were aligned using MAFFT (Katoh 
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2002). The pN/pS ratios were computed from these alignments using dNdSpiNpiS_1.0 from the 

popPhyl project (Gayral et al. 2013) with parameters -gapN_site=10, -gapN_seq=0.6, 

-remove_frameshift=yes for CDS and -remove_frameshift=no for intergenic ORFs, and 

-allow_internal_bc=yes.  

 
 

Plots were produced using R (v 4.2.2), with packages ggplot2 (Wickham 2009), ggsignif 

(Constantin and Patil 2021), ggpubr (Kassambara 2023), patchwork (Pedersen 2024), 

ComplexUpset (Michał Krassowski et al. 2022) and ComplexHeatmap (Gu et al. 2016), and 

alignment visualizations with Jalview (Waterhouse et al. 2009). 
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Supplementary material 

 

 
Figure S1: Metagene plots of 28-kmers from all ribosome profiling libraries produced in this study, before P-site 
shifting, where each line corresponds to a species, and each column to a replicate. Produced using data from all 
samples described in Table S1. Read accumulation is colored based on its frame relative to the CDS: black for the first 
frame, red for the second frame and green for the third frame. The total number of mapped reads per library is given by 
“n=”. The estimated p-site offsets of sample AHA_rep-2 and ALY_rep-1, for 28-kmers, are represented by an asterisk 
“*”. 
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Figure S2:  RPF k-mer distributions in the same libraries as those from Table S2. 
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Figure S3: Flowchart of the bioinformatic pipeline used for the annotation of translated de novo ORFs. “ORFs with 
translation evidence from ribosome profiling” include both previously annotated CDS, and IGORFs. 
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Figure S5: GC content of untranslated IGORs and de novo ORFs depending on their conservation class. All statistically 
significant differences were represented (Mann-Whitney U-test, * = p < 0.05, ** = p < 0.01, *** = p< 0.001).  
 

Figure S4: Sequences properties of untranslated IGORFs (START codon, length and GC content) depending on their 
conservation class. For length and GC content, all statistically significant differences were represented (Mann-Whitney 
U-test, * = p < 0.05, ** = p < 0.01, *** = p< 0.001).  
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Figure S6: A) Measures of ISD in the translation  products of conserved canonical CDS, different 
conservation classes of de novo ORFs and untranslated IGORFs. The only statistically significant difference (between 
orthologous CDS and untranslated IGORFs) is represented (Mann-Whitney U-test, *** = p< 0.001). B) Measures of ISD 

.CC-BY 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 8, 2025. ; https://doi.org/10.1101/2025.09.04.674254doi: bioRxiv preprint 

https://doi.org/10.1101/2025.09.04.674254
http://creativecommons.org/licenses/by/4.0/


 

 

Figure S7: Alignment of the A. lyrata AL6G18580 gene to the A. thaliana miR162a precursor, mature miRNA and miRNA* 
(star miRNA). 

in the translation  products of conserved canonical CDS, different conservation classes of de novo ORFs and 
untranslated IGORFs; but where CDS were selected to match other categories in length and GC content. There is no 
longer any statistical difference. C) Linear regression of Mean Intrinsic Disorder in the translation  products of the 
same previous categories, against the number of amino acid residues. Across categories, a significant negative 
association was found between the 2 variables  (adjusted R2 = 0.03532, p-value < 2.2e-16). D) Linear regression of 
Mean Intrinsic Disorder in the translation  products of the same previous categories against the level of GC content in 
the DNA sequences encoding them. A significant positive association was found in orthologous CDS and IGORFs (in 
conserved CDS: adjusted R2=0.03359, p-value = 5.374e-09). 
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Table S1: Summary of the ribosome profiling sequencing data produced in this study. 

Table S2: Summary of the ribosome profiling sequencing data, both from this study and from publicly available datasets, used to annotate translation events. 
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Table S3: Summary of the data used to produce Figure 2: the number of available annotations, the number of tools detecting them as 
translated,  and the resulting number of annotations found as translated. 

Table S4: Summary of the data produced by synteny analyzes as shown in Figure S3. 
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Table S5: Summary of the number of ORFs found to be translated and have emerged de 
novo in each species, according to their conservation and annotation (CDS or IGORF) 
category. 
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Table S6: Supplementary Megablast results for each translated de novo ORF (core nucleotide database nt, update date: 
2025/07/31), with default search parameters 
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Table S7: Summary of the population whole-genome sequencing data 
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