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Abstract7

Motivation: De novo gene emergence refers to the process by which new genes arise from8

mutations in previously non-coding genomic regions. Prior to becoming fixed in a species, newly9

expressed open reading frames (neORFs) undergo significant turnover within their species of10

origin. Investigating these early stages of de novo gene emergence is essential for understanding11

the mechanisms that enable gene formation from scratch. No software currently exists that can12

identify and characterise novel, unannotated open reading frames from a transcriptome, and13

analyse their mutations and fixation patterns within or across species.14

Results: To address this gap, we introduce DESwoMAN (De novo Emergence Study With15

Outgroup MutAtioNs), a software tool designed to: (1) detect neORFs in transcriptomes, (2) filter16

neORFs with no homology to outgroup genes, and (3) search for syntenic sequences homologous17

to neORFs in outgroup genomes (and optionally transcriptomes) and analyse mutations in coding18

features between these sequences. We applied DESwoMAN with two different strategies to19

three setups, using twice human and once fruit fly as query species. Our results highlight the20

tool’s capabilities and demonstrate its potential for elucidating the early stages of de novo gene21

emergence.22

Availability and Implementation: DESwoMAN is available at https://github.com/23

AnnaGrBio/DESWOMAN. It is implemented in Python3 and comes with a docker image on Docker-24

Hub for easy installation and execution including all (non-Python) dependencies.25
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Introduction26

De novo gene birth is the process by which a non-genic region acquires genic features by mutation27

(Zheng and Zhao, 2022; Zhao et al., 2014; Zhao, 2023; Van Oss and Carvunis, 2019; Vakirlis et al.,28

2020; Rich and Carvunis, 2023; Parikh et al., 2022; Vakirlis et al., 2022; Wissler et al., 2013; Schmitz29

et al., 2018). According to the model proposed by Carvunis et al. (2012), the emergence of genes30

from scratch follows two main steps: First, a genome acquires by mutation an open reading frame31

(ORF) and transcription. Second, this transcribed ORF becomes fixed at the species level. If such a32

transcribed ORF is translated, but is not fixed in the species, the new gene is qualified as a proto-gene.33

The proto-gene’s fixation stage is likely very dynamic, as several studies have demonstrated a high34

turnover in gain and loss of recently gained new transcripts and ORFs within a species (Grandchamp35

et al., 2024; Iyengar and Bornberg-Bauer, 2023). However, proto-genes can become subject to36

selection pressure (Li et al., 2010; Palmieri et al., 2014; Wacholder et al., 2023; Ward and Kellis,37

2012) and some of them become therefore fixed in a species. Such genes are called de novo genes38

and can be detected in species or phylogenetically restricted groups (Peng and Zhao, 2024; Vakirlis39

et al., 2018; Vakirlis and McLysaght, 2019; Weisman, 2022).40

In this paper, we call newly expressed ORF (neORF) a proto-gene that was detected in silico, for41

which there is no evidence of translation. Depending on the region of emergence, different mutations42

may be required for the birth of an neORF. These mutations can be the emergence of the ORF by43

mutations leading to a start or stop codon for example, the emergence of transcription initiation44

sites, a combination of nucleotides that provide stability to untranslated regions (UTRs) and allow45

translation or introduce splicing sites in the case of introns. Validating a de novo gene emergence46

and understanding the underlying mechanisms remains a methodological challenge as their initial47

mutations are difficult to determine. However, these mutations are crucial to study the function48

and properties of genes arising through this mechanism. To infer the de novo emergence status of49

annotated genes in a genome, several bioinformatic tools have been developed (Heames et al., 2020;50

Vakirlis et al., 2018; Wu and Knudson, 2018; Wang et al., 2020; Zhuang and Cheng, 2021; Wu51

et al., 2011; Prabh and Rödelsperger, 2019; Murphy and McLysaght, 2012; Yang and Huang, 2011;52

Knowles and McLysaght, 2009; Neme and Tautz, 2013; Moyers and Zhang, 2016; Cai et al., 2008;53

Peng and Zhao, 2024). In 2019, Vakirlis and McLysaght (2019) developed protocols to validate the54

de novo emergence of annotated genes in genomes and implemented filtering steps such as removing55

candidates with coding homologs not annotated in outgroup genomes and reconstructing the ancestral56

state of the de novo candidate. The software DENSE (Roginski et al., 2024b) uses annotated genes57
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and the corresponding genome as input, validates the lack of detectable homology to any known58

protein in the NCBI NR database (Sayers et al., 2019), and searches for homologous non-genic hits in59

outgroup genomes. All these pipelines work with annotated de novo genes, but the earliest stages of60

such genes are typically missed by traditional gene annotations. More precisely, genome annotation61

pipelines (Gabriel et al., 2023) use gene homology or known genic features to annotate genes in new62

genomes. However, neORFs neither have detectable homology to other genes, nor exhibit known63

genic features and are therefore missed by such an approach.64

To detect early stages of genes and validate their de novo emergence status, several studies have used65

transcriptomes to search for neORFs as de novo gene candidates (Dowling et al., 2020; Schmitz et al.,66

2018, 2020; Ruiz-Orera et al., 2015; Blevins et al., 2021; Sandmann et al., 2023; Zhang et al., 2019;67

Zhao et al., 2014; Vakirlis et al., 2022; Witt et al., 2019; Grandchamp et al., 2024, 2023; Zhao, 2023;68

Schmitz et al., 2018; Neme and Tautz, 2016). However, the specific methodology differs significantly69

between studies (Dohmen et al., 2025) and it partly requires high computational skills and extensive70

decision-making at each step of this long process (Grandchamp et al., 2025) to reproduce the resulting71

annotations or analyse other input data the same way. Furthermore, the majority of these approaches72

do not investigate the mutations that lead from a non-coding state to an neORF. This step can be73

achieved through the extraction and comparison of syntenic non-genic homologs in closely-related74

outgroup genomes.75

Detection and validation of the earliest stages of de novo gene emergence is the first and most76

important step to understand the mechanisms underlying gene birth from scratch. Knowledge of77

these molecular mechanisms will help us to better understand the evolution of completely novel78

functions and the beginning of life. Here, we present DESwoMAN (De novo Emergence Study With79

Outgroup MutAtioNs), a standardised and fully automated pipeline designed to automatically detect80

neORFs based on transcriptomes, validate their de novo status, and extract syntenic homologous81

regions to neORFs from outgroup genomes. Based on the extracted syntenic homologous sequences,82

DESwoMAN identifies different mutations responsible for the coding or non-coding status of a83

sequence within the same species or between closely related species.84
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Methods85

DESwoMAN Implementation and Parameters86

DESwoMAN is implemented in Python 3. It requires three non-Python dependencies - BLAST87

(Altschul et al., 1990), gffread (Pertea and Pertea, 2020) and diamond (Buchfink et al., 2015) -88

for which reason we provide a docker image on DockerHub to run DESwoMAN directly with all89

dependencies installed. As input for DESwoMAN the user has to provide a set of query and target90

genomes and transcriptomes from different species, populations, or biological samples. Based on an91

input data set, DESwoMAN can be run with one of two different strategies (Fig. 1).92

The two strategies and their respective analysis steps are described in more detail below. A more93

detailed documentation of both strategies and all parameters of DESwoMAN can be found in94

the manual (Supp.Data.1), and in the readme of the github repository (https://github.com/95

AnnaGrBio/DESWOMAN).96

Strategy 197

The input data required for Strategy 1 is one query genome and a corresponding transcriptome. At98

least one closely-related target genome is mandatory, while corresponding target transcriptomes to99

any target genome are optional. Furthermore, a dataset of protein or DNA sequences is optional and100

recommended in case of homology search (Fig. 1).101

With Strategy 1, neORFs are identified in a single query transcriptome. Different user-defined criteria102

can be applied for the extraction of candidate ORFs from the transcripts. Among all extracted ORFs,103

neORFs are retained if they lack similarity to genes from outgroup species. Additionally, neORFs are104

validated through syntenic non-genic homologous sequences in outgroup genomes. These syntenic105

non-coding counterparts are used to detect mutations in the neORFs (not) leading to a coding status.106

The following coding features of neORFs are inspected and reported by DESwoMAN: presence107

of a start codon, presence of a stop codon, frameshift mutation score based on the method of108

Wacholder et al. (2023), presence of a premature stop codon, number of substitutions, and presence109

of transcription if target transcriptomes are provided.110

Several parameters and criteria of DESwoMAN can be user-defined based on the specific biological111

research question and input data. More details and recommendations regarding these options and112

their implementation are available in manual (Supp.Data.1).113
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Strategy 2114

The input data needed for Strategy 2 are at least two query transcriptomes assembled with reference-115

based algorithms (Raghavan et al., 2022; Kovaka et al., 2019) to a single reference genome. With116

Strategy 2, neORFs are identified in all query transcriptomes in contrast to only one as in Strategy 1.117

Strategy 2 groups neORFs from the multiple query transcriptomes into orthogroups. The orthogroups118

allow to study whether neORFs are specific to a transcriptome or rather expressed in several individuals,119

populations or conditions according to the selected transcriptomes. The identification of ORFs and120

the selection of neORFs based on homology is the same between Strategy 1 and 2.121

As for Strategy 1, several mandatory and optional parameters and criteria of DESwoMAN can122

be user-defined based on the specific biological research question and input data. More details123

and recommendations regarding these options and their implementation are available in manual124

(Supp.Data.1).125

Use Cases: Human and Fruit Fly neORFs126

To illustrate the use of DESwoMAN, we applied it to biological datasets with the two different strate-127

gies. Strategy 1 was applied to two setups: a Human Setup called "HumanSetupS1" with Homo sapiens128

as the query genome/transcriptome(s) and six mammalian target genomes/transcriptomes; and a Fruit129

Fly Setup "DrosoSetupS1" with Drosophila melanogaster as the query genome/transcriptome(s) and six130

other D. melanogaster samples from different geographical origins as target genomes/transcriptomes.131

Strategy 2 was applied to a new Human Setup "HumanSetupS2" with 5 transcriptomes from Homo132

sapiens from different tissues. All assembled transcriptomes and dataset generated can be found in133

https://zenodo.org/records/14936107.134

HumanSetupS1135

For the HumanSetupS1, the genome of Homo sapiens (human): GRCh38.p14 from the NCBI RefSeq136

database (O’Leary et al., 2016) is used as a query genome.137

Six target genomes and transcriptomes are used: As target genomes, the reference genomes138

of Pan Paniscus (Bonobo) : NCBI RefSeq assembly GCF_029289425.2, Gorilla gorilla (Gorilla)139

NCBI RefSeq assembly GCF_029281585.2, Pan Troglodytes (Chimpanzee) NCBI RefSeq assembly140

GCF_028858775.2, Macaca mulatta (Macaque) NCBI RefSeq assembly GCF_003339765.1, Mus141

musculus (Mouse) NCBI RefSeq assembly GCF_000001635.27 and Pongo Pygmaeus (Orangutan)142
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transcriptomes.fa
transcriptomes.gtf

genomes.fa
genomes.gff

Extract transcripts based on expression level (TPM) 

orthogroups

Join orthologous neORFs
    into orthogroups

Strategy 1

Strategy 2

Detect ORFs in non-genic transcripts

Remove ORFs incomplete and reverse

Detect transcripts overlap to genomic elements
and extract non-genic transcripts

Reduce duplicated ORFs Select ORFs according to properties

Extract genomic position of unspliced sequence, confirm sequence ID

Concatenate unspliced ORF sequences

Candidates neORFS

BLAST unspliced sequences against target genomes

Determine syntenic hits

Gather correct hits and reconstruct the 
spliced ORFs and homologs

Figure 1: Flowchart of the DESwoMAN methodology

NCBI RefSeq assembly GCF_028885625.2 are used. For each genome, high-quality polyadeny-143

lated RNA-seq libraries of the brain (Brawand et al., 2011) from the NCBI Sequence Read Archive144

(Leinonen et al., 2010) are used as corresponding transcriptomes. Homo sapiens: brain (ID hsa br F145

1 SRR306838); Mus musculus: brain (ID mmu br F 1 SRR306757); Gorilla gorilla brain (ID ggo br M146
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1 SRR306801); Pongo pygmaeus brain (ID ppy br F 1 SRR306791); Macaca mulatta brain (ID mml147

br F 1 SRR306777); Pan troglodytes brain (ID ptr br F 1 SRR306811); Pan paniscus brain (ID ppa148

br F 1 SRR306826).149

All RNA-seq data are assembled using mapping-based assembly methods. Reads are trimmed of150

adapters and low-quality bases (quality scores < 15, minimum size kept: 36 nucleotides) using151

Trimmomatic (Bolger et al., 2014). Reads were then converted to FASTA format with seqtk152

(https://github.com/lh3/seqtk). The reads from each species were mapped to the corresponding153

reference genome.154

All reference genomes are indexed with HISAT2 (2.2.1) using the "-build" module (Kim et al., 2019),155

and reads are mapped to the corresponding genomes using the HISAT2 with default parameters. The156

resulting SAM files are converted to BAM format, sorted, and indexed with SAMtools (1.13) (Li157

et al., 2009). The GTF annotation files of transcriptome assemblies are built with StingTie (1.3.4d)158

(Pertea et al., 2015). Conversion of transcriptomes to FASTA format is done with GffRead (Pertea159

and Pertea, 2020).160

We built two different datasets for the homology search part performed by DESwoMAN: one containing161

protein sequences and one containing ncRNA sequences. Both datasets contain sequences of several162

non-mammalian outgroup species (Supp.Data.2.1).163

DrosoSetupS1164

For the DrosoSetupS1, genomes and transcriptomes from seven samples of Drosophila melanogaster165

collected in different locations by the European Drosophila Population Genomics Consortium (FI:166

Finland, DK: Denmark, ES: Spain, SE: Sweden, UA: Ukraine, TR: Turkey, and ZI: Zambia) are used167

from Grandchamp et al. (2023). Details about the genome and transcriptome sequencing, assembly168

and mapping can be found in Grandchamp et al. (2023).169

For the homology search, we built two different datasets with again protein and ncRNA sequences. Both170

datasets contain sequences of several outgroup species of Drosophila melanogaster (Supp.Data.2.2).171

HumanSetupS2172

For the HumanSetupS2, five human RNA-seq libraries (Brawand et al., 2011) from different tissues173

are used as query transcriptomes: brain (ID hsa br F 1 SRR306838), cerebellum (ID hsa cb F 1174

SRR306844), heart (ID hsa ht F 1 SRR306847), kidney (ID hsa kd F 1 SRR306851) and testis (ID hsa175
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ts M 1 SRR306857). The same human reference genomes as for HumanSetupS1 is used to assemble176

the 5 transcriptomes. All RNA-seq data are assembled as explained in HumanSetupS1. All human177

reads were separately mapped to the human reference genome to generate 5 different transcriptomes.178

We built two different datasets for the homology search performed by DESwoMAN: one containing179

protein sequences and one containing ncRNA sequences (Supp.Data.2.1). Closely related mammalian180

species were implemented into the 2 reference datasets from the HumanSetupS1 (together with181

the more distant non-mammalian outgroups). The list of species implemented can be found in182

(Supp.Data.2.3).183

Strategy applications for setups184

First, Strategy 1 was run on HumanSetupS1 and DrosoSetupS1 with a synteny window of 3. Only185

intergenic transcripts were retained, with an expression threshold of 0.5 TPM. The ORFs selected in186

transcripts were the longest ORF. All simple reciprocal hits were used as an option to validate synteny.187

The stop codons were looked for in the first 50% of the sequences. The remaining parameters were188

default parameters.189

Second, Strategy 1 was run with the same parameters, but all synteny windows were tested with190

simple BLAST hits and reciprocal BLAST hits for both setups.191

Strategy 2 was run with the same parameters as Strategy 1 (synteny window of 3, simple BLAST192

hits), but additionally for intronic and antisense neORFs.193
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Results194

Identifying neORFs with DESwoMAN195

We developed DESwoMAN, a software to detect, validate and analyse properties of newly expressed196

ORFs (neORFs). In order to ascertain the practical benefits of the software and to gain novel insights197

about de novo emergence mechanisms, we apply DESwoMAN in this study to three different setups198

with two different strategies.199

Strategy 1 allows to detect neORFs in a transcriptome, and study the mutations that could have led200

to its emergence by searching syntenic homologues in outgroup genomes. The HumanSetupS1 serves201

as a dataset to study neORFs in Homo sapiens in comparison to other mammalian species, while the202

DrosoSetupS1 serves as a dataset to study neORFs in Drosophila melanogaster at the population203

level.204

HumanSetupS2 serves as a dataset for Strategy 2 that allows to detect neORFs in several transcriptomes205

from one single species, and study common expression.206

Detecting mutations in neORFS with Strategy 1207

We detect human-specific neORFs (HumanSetupS1) and fruitfly population-specific neORFs (DrosoSe-208

tupS1) by applying DESwoMAN’s Strategy 1. We find 1,562 human-specific intergenic neORFs and209

898 specific intergenic neORFs from a transcriptome of the Finland population (FI) of D. melanogaster.210

For 63.44% to 71.76% of the 898 D. melanogaster ’s neORFs, DESwoMAN could detect syntenic211

homologous sequences in the other genomes of D. melanogaster (Table 1). In human we find for212

68.37% to 92.2% of the neORFs syntenic homologous sequences in primates. In mice, however, only213

for 1.0% of the human neORFs syntenic homologous sequences are detected. Contrary to our initial214

assumptions, we detect more syntenic homologous sequences for human neORFs in other primate215

species than we detect for D. melanogaster neORFs in other populations of the same species.216

The conservation of coding features shows little variation in syntenic homologous sequences across217

all D. melanogaster samples (Fig. 2), while it is more variable between mammalian species in the218

HumanSetupS1. As expected, coding features of syntenic homologous sequences exhibit reduced219

conservation with increased phylogenetic distance. Start and stop codons are, on average, fairly220

well conserved within syntenic homologous sequences (https://zenodo.org/records/14936107) with221

an exception in the far-related mouse. Contrary to our expectations, start and stop codons exhibit222
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a greater degree of conservation within species that are closely related to human than between223

populations of D. melanogaster.224

Transcription, on the other hand, is more conserved between D. melanogaster populations, ranging225

from 29.52% to 31.79% of syntenic homologous sequences being fully transcribed in the same226

orientation. The transcription status of syntenic sequences homologous to human neORFs is lower in227

mammalian species, ranging from 4.88% to 25.39%, excluding mouse. Conservation scores based on228

frameshift were high on average in all fruit fly (71.64% to 76.48%) and range from high to low in229

outgroup species of humans with increasing phylogenetic distance (86.14% to 52.12% excluding mice).230

The average percentage of substituted nucleotides in syntenic homologous sequences of neORFs is231

always very low.232

sample/species # syntenic homologs % syntenic homologs
Query : FI 898 -
DK 991 63.44
ES 1121 71.76
SE 1060 67.86
UA 1069 68.43
TR 1038 66.45
ZI 1013 64.85
Query : human 1562 -
Chimpanzee 827 92.09
Bonobo 828 92.20
Gorilla 819 91.20
Orangutan 757 84.29
Macaque 614 68.37
Mouse 9 1.00

Table 1: Number of neORFs and their syntenic homologous sequences.

DESwoMAN applies a synteny window to detect syntenic homologous sequences of intergenic233

neORFs, which can be adjusted/configured by the user. To determine synteny, homologous conserved234

genes are used as anchors and the window size specifies how many of these anchors up- or downstream235

of the neORF are considered. Moreover, syntenic homologs can be detected by using simple reciprocal236

BLAST hits, or by using best reciprocal BLAST hits. Simple reciprocal BLAST hits refer to any two237

sequences that are found through a BLAST search, while best reciprocal hits are a stricter subset238

with only the top-scoring sequence of the respective BLAST search.239

We investigate whether the size and flexibility of the synteny window for intergenic neORFs affects the240

number of syntenic homologous sequences that are detected (Fig. 3, https://zenodo.org/records/14936107).241

We test 5 different synteny window sizes on the two setups, as well as a no-synteny option. With242
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Figure 2: Conservation of coding features of syntenic homologous sequences as percentage of
the total number of neORFs that exhibit: a start codon, a stop codon, a premature stop codon, or
complete transcription. Conservation score represents the average frameshift conservation score of
all syntenic homologous sequences of neORFs. Substitution represents the average percentage of
substitutions in syntenic homologous sequences in comparison to their respective neORFs across all
neORFs.
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simple reciprocal hits (Fig. 3 a and c), we detect more syntenic homologous sequences of human243

neORFs than of fruit fly neORFs in outgroup genomes. In both setups we observe that the larger244

the synteny window is, the higher is the number of syntenic homologous sequences. In fruit fly245

we find on average 37% of neORFs in other fruit fly samples with a synteny window of 1, which246

increases to an average of 71% with a synteny window of 5 (Fig. 3 a). In the human setup, neORFs247

have on average 55% of syntenic homologous sequences in outgroup species (excluding mice) with a248

synteny window of 1, and this increases to 87% on average with a synteny window of 5 (Fig. 3 c,249

https://zenodo.org/records/14936107).250

For both HumanSetupS1 and DrosoSetupS1, the absence of synteny criteria resulted in nearly251

100% (96% to 97% for fruit flies and 86% to 98% for human outgroups) of detected syntenic252

homologous sequences, except in mice where 14% of neORFs are found as syntenic homologous253

sequences in the genome. In the HumanSetupS1 we observe that the greater the phylogenetic254

distance is, the fewer syntenic homolgous sequences were detected for all synteny windows (Fig. 3 c,255

https://zenodo.org/records/14936107).256

With best reciprocal hits (Fig. 3 b and d), as with simple reciprocal hits, we observe that the larger257

the synteny window is, the more syntenic hits are detected. However, while the percentage of258

syntenic homologous hits remains almost unchanged for all fruit fly outgroups for any synteny window259

https://zenodo.org/records/14936107), a much more pronounced decrease was observed for human260

outgroups. For example, compared to simple reciprocal hits, the number of homologous hits observed261

for a window size of 2 with simple reciprocal hits shows an average of 83% between outgroup species,262

excluding mice, whereas this average percentage of syntenic homologous hits drops to 21% with best263

reciprocal hits. In the HumanSetupS1, the phylogenetic distance influences the amount of homologous264

hits in the same way.265
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Figure 3: Impact of synteny window size and homology validation. (a) DrosoSetupS1 with
simple reciprocal hits, (b) DrosoSetupS1 with best reciprocal hits, (c) HumanSetupS1 with simple
reciprocal hits, (d) HumanSetupS1 with best reciprocal hits.
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Analysis of tissue-specific neORF expression with Strategy 2266

We applied DESwoMAN’s Strategy 2 to HumanSetupS2 to detect neORFs and assess how their267

transcription differs across tissues. Three independent groups of neORFs are investigated: intergenic,268

intronic, and antisense neORFs.269

Across all the studied tissues, the same pattern of neORF frequency has been identified: antisense270

neORFs are most numerous, followed by intergenic ones, and intronic ones are the least numerous271

(Table 2). We find most neORFs across all three categories in cerebellum and fewest neORFs in272

testis.273

Transcriptome total transcripts genomic positions # transcripts ORFs neORFs
Human brain 32851 antisense 5920 11677 3931

intergenic 1483 2080 905
intronic 488 635 299

Human cerebellum 48810 antisense 9774 16216 6183
intergenic 4479 5940 2766
intronic 2272 3013 1326

Human heart 25313 antisense 4699 7658 2991
intergenic 539 615 311
intronic 442 432 231

Human kidney 32664 antisense 5932 8595 3629
intergenic 969 1170 533
intronic 448 461 241

Human testis 18231 antisense 2431 3817 1593
intergenic 288 326 173
intronic 90 82 46

Table 2: neORFS per transcriptomes.

All identified neORFs are classified into orthogroups by DESwoMAN (Fig 4). Across all three neORF274

categories (antisense, intergenic and intronic), the vast majority of neORFs is tissue-specific, with a275

consistent decline in the number of orthogroups shared by a higher number of tissues.276
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Discussion277

DESwoMAN: Automated neORF detection and analysis278

In this study we present DESwoMAN, a tool developed to automatise the detection and analysis279

of newly expressed open reading frames (neORFs) based on transcriptome data. Our tool offers a280

high flexibility regarding the addressable biological questions by providing two different strategies281

with user-adjustable parameters to cover a wide range of use cases. In the three different use cases282

presented in this study, we gain biological insights about the earliest stages of de novo gene emergence283

through inter-species comparisons, as well as intra-species comparisons at the population level and284

regarding tissue-specificity of neORFs.285

DESwoMAN reports multiple downstream analyses results next to the identified neORFs, such286

as syntenic homologous sequences and properties of the neORFs and their syntenic homologous287

sequences in the form of mutations associated with the coding status. However, the biological288

interpretation of the reported results remains a crucial task to be carried out by the user. For example,289

if all syntenic homologous sequences of a neORF reported by DESwoMAN share the same coding290

status, there is a high likelihood that the neORF does not represent a de novo gene, but rather a291

conserved gene, which is not yet annotated.292

It is important to note in this context that the definition, detection and validation of a potential de293

novo status is already highly variable across studies ((Vakirlis et al., 2020; Vakirlis and McLysaght,294

2019; Roginski et al., 2024a; Parikh et al., 2022)). DESwoMAN validates neORFs by identifying295

syntenic non-coding homologous sequences, which serve as a baseline for confirming a de novo296

emergence in most of the studies in the field.297

Furthermore, many other different metrics can be used to assess coding status conservation, such as298

ancestral reconstructions (Vakirlis et al., 2024) or phylogenetic tools combined with protein sequence299

homology detection (Sandmann et al., 2023). DESwoMAN analyses 6 features to validate the300

coding status based on sequence alignments. Other potentially relevant features, such as splicing site301

conservation or translation status, are not determined by our tool. However, DESwoMAN reports302

genomic coordinates of syntenic homologs, allowing users to extract neORFs and their syntenic303

homologous sequences from genomes to apply alternative conservation metrics.304

Apart from varying definitions and validation of a potential de novo and coding status, e.g. (Vakirlis305

et al., 2020; Vakirlis and McLysaght, 2019; Roginski et al., 2024a; Parikh et al., 2022)), several factors306
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can influence the reliability of the results. If a low number of target genomes is used, for example, a307

missing coding status in all syntenic homologous sequences of an neORF could be misinterpreted,308

if a syntenic homologous coding ORF exists in other genomes, not included in the study. A higher309

number of well-chosen query and target genomes or transcriptomes can therefore lead to more robust310

conclusions.311

Strategy 1: neORF properties across species and populations312

In order to demonstrate the functionality of DESwoMAN, we applied Strategy 1 to the HumanSetupS1313

for comparison across species and to the DrosoSetupS1 for comparison across populations within a314

species.315

Syntenic homologous sequences of neORFs are on average well conserved across all tested species or316

populations. They exhibit low substitution rates when compared to their corresponding neORFs, but317

lack in most cases at least one coding feature. The most common missing feature is transcription,318

with more than 70% of syntenic homologous sequences being not or not fully transcribed. This319

pattern is observed in both Strategy 1 setups and supports a high turnover in transcription gains and320

losses (Grandchamp et al., 2024; Clark et al., 2011). Furthermore, this finding underscores the role321

of transcriptional activation in the early stages of gene emergence (Neme and Tautz, 2016), even322

though some of these cases might be false negatives de novo gene could have low expression levels.323

Another general pattern we can observe is a lower number of conserved coding features in syntenic324

homologous sequences with a greater phylogenetic distance to the query species, suggesting a low325

fixation rate of coding features. Interestingly, start and stop codons are not conserved 10 to 20% of326

the cases, and conservation scores are around 80%, while substitutions are often really low in syntenic327

homologs (1% of the sequences). These findings could indicate a higher mutation rate on coding328

features and important force of selection (Back, 1994), supporting the findings of previous studies329

(Lebherz et al., 2024b; Zhao et al., 2024; Schlötterer, 2015).330

Impact of synteny window size331

We investigate the impact of synteny window size and BLAST hit detection regarding the accuracy332

at detecting syntenic homolog sequences of intergenic neORFs. Across all tested setups, larger333

synteny windows result in the detection of more syntenic homologous sequences. Several evolutionary334

mechanisms can make a larger window size necessary to find the surrounding, homologous genes,335
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such as genome reshuffling, inversions, duplications, gene losses, horizontal gene transfer, and others336

(Zhang et al., 2023; Steenwyk and King, 2024). However, there is a trade-off between window size337

and accuracy. Increasing the window size can increase the number of identified sequences, while338

decreasing the accuracy at the same time by adding false positives.339

This is best seen in the drastic increase in homologous sequences within the DrosoSetupS1 when no340

synteny criterion is applied. Without an applied synteny criterion, nearly all neORFs in both setups341

exhibit homologous sequences in almost all target species. Applying synteny windows of different sizes342

influences the number significantly, suggesting that several of the identified homologous sequences343

detected with large windows could be false positives or the result of a bigger genomic reshuffling. For344

example, neORFs can be very small (Domazet-Loso and Tautz, 2003; Toll-Riera et al., 2009; Broeils345

et al., 2023) and sometimes be associated with transposable elements (Poretti et al., 2023; Lebherz346

et al., 2024a), in such a way that without synteny window, an ORF can be detected several times in347

a genome. Moreover, several studies have shown that de novo genes at early stages can undergo348

duplication (Grandchamp et al., 2023), leading them to be detected at different genomic locations.349

Additionally, little is known about duplication in non-genic regions (Bensasson et al., 2003; Xu et al.,350

2023), which may contribute to the high rate of detected homology across genomes.351

Comparing the simple reciprocal BLAST hits with only the best reciprocal BLAST hits, also highlights352

the importance of a suited homology detection method. The percentage of syntenic homologous353

sequences of neORFs identified through simple reciprocal BLAST hits is higher in target species354

of the HumanSetupS1 than in populations of Drosophila melanogaster in the DrosoSetupS1. This355

finding is in contrast to the assumption that there should be a higher similarity between populations356

of the same species that between different species. However, comparing these numbers to the best357

reciprocal BLAST hits, we observe that the percentage of syntenic homologous sequences drops358

drastically in the HumanSetupS1, while the results remain almost unchanged in the DrosoSetupS1.359

This finding confirms that reciprocal BLAST hits recover members of larger gene families, while best360

reciprocal BLAST hits recover better the corresponding orthologous sequences (Hernández-Salmerón361

and Moreno-Hagelsieb, 2020; Moreno-Hagelsieb and Latimer, 2008). Since mammalian gene families362

are, on average, larger than Drosophila gene families (Hahn et al., 2007; Dornburg et al., 2022),363

this hypothesis could explain the observed patterns in the results between the HumanSetupS1 and364

DrosoSetupS1.365

Our findings therefore emphasise the need for suited synteny methods to validate homologous366

sequences of neORFs, fitting the used input data and phylogenetic setup. Full genome alignments367

can provide a more comprehensive approach for synteny detection (Wacholder et al., 2023). However,368
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whole genome alignments are not applicable for every phylogenetic setup and costly or difficult to get369

(therefore we go a middle way). DESwoMAN assesses synteny by using annotated genes as anchors370

for intergenic neORFS. However, alternative anchors become available for assessing synteny(Käther371

et al., 2025). Nevertheless, our results show that our method identifies a large proportion of syntenic372

homologous sequences well.373

Regardless of the applied synteny method or window size or usage of best reciprocal BLAST hits,374

our results confirm that the phylogenetic distance is one of the most important factors for the375

detection and validation of neORFs and their corresponding homologous sequences. In the mouse, as376

a far-related species, for example, we could detect homologous sequences for only 18% of human377

neORFs even without a synteny criterion applied.378

Strategy 2: Tissue-specificity of neORFs in human379

Another use case of DESwoMAN is to investigate the tissue-specificity of neORFs, which is380

implemented in an automatised way through Strategy 2. As a biological use case we utilise a different381

Human Setup (HumanSetupS2) with transcriptomes from five different tissues. We observe a universal382

pattern across all neORF categories (antisense, intronic, and intergenic) identifying the vast majority383

of them to be tissue-specific with a decreasing number of neORFs shared between an increasing384

number of tissues. This result suggests that transcription of new ORFs is a more complex event and385

therefore rare compared with the emergence of other coding features in an ORF. This result aligns386

with previous findings by Wacholder et al. (2023) or Grandchamp et al. (2024), who show that de novo387

transcript gain and loss is a highly dynamic process, with fast gain and loss processes. Understanding388

the gain, loss, and fixation of new transcription events presents a crucial challenge for a deeper389

understanding of neORF gain and fixation. DESwoMAN helps investigating the birth of neORFs390

independently of their fixation status. Therefore, our tool can help to advance our understanding of391

the earliest stages of de novo gene emergence and, with its transcriptomic focus, facilitate insights392

into the role of transcription in this process.393

Conclusion394

Understanding how de novo genes emerge - from initially non-coding sequences to functional genes -395

is a critical yet still poorly understood aspect of genome evolution.396

These genes often encode proteins with entirely novel functions, making them particularly relevant397
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not only for understanding evolutionary processes, but also for applications in biotechnology and398

protein engineering. A deeper understanding of these early molecular events could illuminate the399

evolutionary origins of gene families, how life on earth emerged and evolved and support the rational400

design of novel proteins in synthetic biology.401

Until now, research on de novo gene evolution has largely focused on genes that have already been402

fixed within a species, typically exhibiting stable transcription and complete coding features. However,403

the earliest stages, where non-coding sequences first gain transcriptional activity and gradually acquire404

coding potential, remain largely unexplored.405

To address this gap, we developed DESwoMAN, a tool designed to detect and validate newly406

expressed open reading frames (neORFs) from transcriptome data and analyse the mutations involved407

in their emergence by comparing them with identified syntenic homologous sequences. To our408

knowledge, DESwoMAN is the first fully automated pipeline capable of performing these analyses409

based on transcripts, enabling systematic investigations into the initial steps of de novo gene formation.410

DESwoMAN is highly customisable, allowing users to define analysis strategies and parameters411

according to specific research questions and dataset characteristics. In this study, we applied412

DESwoMAN to three distinct use cases, demonstrating its utility for investigating neORF evolution413

at the species, population and tissue-specific level and highlight biologically relevant factors and the414

impact of specific parameters.415

DESwoMAN is intended to serve the scientific community as a valuable resource for gaining deeper416

insights into the early molecular mechanisms underlying de novo gene emergence and for supporting417

future work in evolutionary genomics and synthetic biology.418
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