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Abstract

All genomes include gene families with very limited taxonomic distributions that
potentially represent new genes and innovations in protein-coding sequence, raising
questions on the origins of such genes. Some of these genes are hypothesised to have
formed de novo, from non-coding sequences, and recent work has begun to elucidate the
processes by which de novo gene formation can occur. A special case of de novo gene
formation, overprinting, describes the origin of new genes from non-coding alternative
reading frames of existing open reading frames (ORFs). We argue that additionally,
out-of-frame gene fission/fusion events of alternative reading frames of ORFs and
out-of-frame lateral gene transfers could contribute to the origin of new gene families. To
demonstrate this, we developed an original pattern-search in sequence similarity networks,
enhancing the use of these graphs, commonly used to detect in-frame remodelled genes.
We applied this approach to gene families in 524 complete genomes of Escherichia coli. We
identified 767 gene families whose evolutionary history likely included at least one
out-of-frame remodelling event. These genes with out-of-frame components represent
~2.5% of all genes in the E. coli pangenome, suggesting that alternative reading frames of

existing ORFs can contribute to a significant proportion of de novo genes in bacteria.

Introduction

The origins of new genes and ORFans

One of the most striking findings arising from a range of recent comparative
genomics and pangenome studies has been the extent to which the acquisition or creation of
“‘new” genes contributes to the evolution of different lineages (Kaessmann 2010). These
include remarkable sets of genes called genomic ORFans that appear to be unique to
individual genomes or lineages (Fischer and Eisenberg 1999). Thus, explaining the origin of
taxonomically restricted gene families is an important aspect of understanding the evolution
of genes and genomes. These gene families may have arisen by previously described
divergent evolutionary processes, such as the accumulation of sufficient non-synonymous
substitutions that makes it impossible to detect sequence similarity between novel genes
and their homologs. Moreover, gene families can have complex evolutionary histories, in

addition to substitutions, duplications, lateral gene transfers, and fusion and fission events,
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which altogether complicate the understanding of gene origins (Tautz and Domazet-LoSo
2011; McLysaght and Hurst 2016). Furthermore, some genes with limited taxonomic
distribution appear to have originated de novo in some lineages.

The idea that genes can be created de novo from non-coding sequences had
historically been resisted, due to the low probability that a random string of amino acids
could acquire function (Jacob 1977). At the same time, the first genes hypothesised to have
been created by overprinting (discussed below) were identified in viral genomes (Barrell et
al. 1976; Brown and Smith 1977). Since that time, the frequency of de novo gene formation
as opposed to traditional routes for gene creation by modification (e.g. following gene
duplication events and fusion or fission events), as estimated by systematic screens
attempting to identify de novo genes, has remained controversial (Guerzoni and McLysaght
2016; Moyers and Zhang 2016; Domazet-LoSo et al. 2017; Moyers and Zhang 2017; Casola
2018), and new approaches to improve the ability to distinguish truly “novel” genes are under
constant development (Casola 2018; Jain et al. 2019; Vakirlis and McLysaght 2019).
Nonetheless, carefully characterised examples of genes hypothesised to have formed de
novo have been documented (Johnson et al. 2001; Levine et al. 2006; Cai et al. 2008; Zhou
et al. 2008; Knowles and McLysaght 2009) and suggested to be subjected to purifying
selection, implying that these novel genes are functional (Xu and Zhang 2016). Further, a
number of hypotheses have been developed to describe how de novo genes might form
(Levine et al. 2006; Kaessmann 2010; Zhao et al. 2014; McLysaght and Hurst 2016).

Overprinting in the origin of new genes

Overprinting has been described as a special case of de novo gene creation. A
distinction is drawn between de novo gene formation and overprinting in that de novo gene
formation describes the origin of genes from previously untranscribed regions, while
overprinting describes the origin of genes from alternative, previously untranslated, reading
frames of existing ORFs. Overprinting can occur by the acquisition of a new out-of-frame
start codon, leading to the creation of a completely new proto-gene (Ohno 1984; Grassé
1977), or by the extension of existing ORFs through the acquisition of upstream start codons
or the loss of downstream stop codons, such that the new extended region of the ORF
overlaps with an alternative, untranslated reading frame of a neighbouring gene (Rancurel et
al. 2009). In the short term, both scenarios would create a pair of overlapping ORFs. Either
the overlap of an original parent ORF and a new proto-gene, likely to be short owing to the
random nature of its protein-coding sequence, or the overlap between a new ORF created

by the extension of an existing ORF and a neighbouring ORF. If either of these new genes
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persist and continue to be expressed in their host lineages, then, with time and the
accumulation of changes, they could become new genes. Crucially, both the parent ORF
and the newly formed genes originate from the same DNA sequence. However, the use of
alternative, previously untranslated reading frames means that all or part of the protein
sequences they encode would share no similarity with their parent ORFs. Duplication events
occurring either before or after such overprinting events, coupled with differential loss and/or
retention of the parent ORF and of the “novel” ORFs, could then lead to the physical
separation of the new gene from its parent. For example, in Drosophila 56 genes were
identified where two different alleles with variation in the position of a stop codon were
maintained in a genome, demonstrating the principle of differential extension of genes
following duplication events (Lee and Reinhardt 2012)

Traditionally, cases of overprinting are identified based on searches for pairs of
overlapping protein-coding genes in genomes. Overlapping protein-coding gene pairs are
relatively common in viral genomes, where genes hypothesised to have been formed by
overprinting with a broad range of accessory functions have been characterised, including
pairs of genes overlapping both on the same strand (sense) or opposite strands (antisense)
(Sabath et al. 2012; Barrell et al. 1976; Brown and Smith 1977; Pavesi 2006; Rancurel et al.
2009; Carter et al. 2013). While a very short overlap of <15 nucleotides between
protein-coding gene pairs, and particularly same-strand overlap, is considered common in
prokaryotes (Fukuda et al. 1999; Fukuda et al. 2003; Johnson and Chisholm 2004), longer
pairs of overlapping genes of the type associated with overprinting have been reported more
rarely (McVeigh et al. 2000; Behrens et al. 2002; Delaye et al. 2008; Fellner et al. 2014;
Fellner et al. 2015; Hiicker, Vanderhaeghen, Abellan-Schneyder, Wecko, et al. 2018; Huicker,
Vanderhaeghen, Abellan-Schneyder, Scherer, et al. 2018; Vanderhaeghen et al. 2018).
However, commonly used genome annotation tools often repress the annotation of an
embedded gene that overlaps over its entire length with a longer gene, meaning that the true
number of overlapping genes could be systematically underrepresented in annotated
genomes (Neuhaus et al. 2010). Thus, the contribution of overprinting to genome evolution
in prokaryotes may be significantly underestimated. The results of recent systematic
ribosomal profiling studies (Ingolia et al. 2009) have supported this idea, with translatome
characterisation providing additional evidence for the translation of antisense RNAs
previously assumed to be “non-coding” in bacteria (Friedman et al. 2017; Smith et al. 2019;
Weaver et al. 2019; Ardern et al. 2020), including 27 in E. coli K-12 and hundreds in

Mycobacterium tuberculosis.
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Here, we expanded the use of an existing network-based method, originally
developed to identify the signatures of in-frame gene remodelling (Pathmanathan et al.
2018), to also detect protein-coding genes that may have formed from parts of out-of-frame
existing coding sequences. Importantly, this method does not rely on direct observation of
overlapping gene pairs. This approach systematically searches for protein sequence
similarity between annotated ORFs and the predicted protein sequences from the alternative
reading frames of other annotated ORFs using sequence similarity networks (Corel et al.
2016; Méheust et al. 2016; Méheust, Bhattacharya, et al. 2018; Watson et al. 2019). It relies
on the automated detection of a novel pattern within sequence similarity networks,
compatible with the origin of new genes in genomes through at least one out-of-frame gene

remodelling event.

Proposing out-of-frame remodelling events as an

additional, novel route to gene creation

Fusion and fission events can create new genes combining functional units in
different ways, “tinkering” with existing genetic material with the potential to produce an
emergent function (Jacob 1977; Pathmanathan et al. 2018). Typically, gene fusions are
proposed to play a major role in the origin of new genes, with early estimates suggesting a
contribution of between 27% and 64% to multidomain protein evolution in bacteria (Pasek et
al. 2006). A strong preference for fusion over fission events has been predicted (Snel et al.
2000; Kummerfeld and Teichmann 2005; Marsh and Teichmann 2010), though some reports
suggest that rates of gene fission are underestimated (Leonard and Richards 2012). Fusion
and fission events have historically been detected by parsing the results of protein sequence
similarity searches (Enright et al. 1999; Marcotte et al. 1999), based on identifying protein
sequences (composite sequences) that have partial and non-overlapping similarity to at least
two other protein sequences from distinct gene families (component sequences) (Jachiet et
al. 2013; Pathmanathan et al. 2018) (Figure 1).

At the DNA level, an archetypical fusion between parent genes A and B combine
components (e.g. gene domains or entire gene sequences) from each gene perfectly
in-frame with one another. Such in-frame fusions prevent the introduction of frameshifts that
would alter the reading frame of either of its components, and thus result in fully translated
protein sequences encoded by the in-frame composite genes. However, fusion could also
occur out-of-frame, a case where the original reading frame of at least one component (e.g.

a gene domain, or an almost entire gene sequence) is altered. The component in an
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alternative reading frame is unlikely to encode an existing protein-coding gene, but rather a
random protein sequence including multiple stop codons. Thus, out-of-frame fusions (and,
likewise fissions) are expected to be deleterious and counter-selected without additional
insertion/deletion events to revert that particular out-of-frame gene fragment to its original
reading frame. Yet, in some cases, out-of-frame fusions could be tolerated, and the
subsequent accumulation of changes could lead to the successful formation of new genes
and peptides. This idea is analogous to that presented by (Stewart and Rogers 2019), who
identified 51 cases in which chromosomal rearrangements in Drosophila combined the 5’
regions of existing ORFs with previously untranscribed regions of the genome, leading to the
creation of new genes that included novel peptides. Given that prokaryotic genomes are
chimeric, in that they include genes with varied evolutionary histories due to gene transfers
(Gogarten et al. 2002; Bapteste et al. 2009; Dagan and Martin 2009), and that genes
acquired by gene transfer participate in traditional fusion and fission events (Wolf et al. 2000;
Méheust et al. 2016; Méheust, Bhattacharya, et al. 2018; Méheust, Watson, et al. 2018), we
further propose that out-of-frame fusion events could eventually combine genetic
components with different phylogenetic origins. Moreover, in theory, integration of full-sized
laterally transferred genes could occur out-of-frame but still lead to the production of a new
gene. Importantly, all of these theoretical out-of-frame processes (overprinting, out-of-frame
fusion/fission within genomes, and out-of-frame partial or full-sized LGT inside a host
genome) produce a detectable pattern in sequence similarity networks. They connect nodes
corresponding to an out-of-frame “component” gene with an in-frame ORF. Gene
remodelling is a term used to describe how new genes can be created by modifications and
rearrangements to existing genes, including by fusion and fission or by overprinting,
meaning that two evolutionarily related genes, one partly descending from the other, are not
homologs. As such, the gene families identified in this study are henceforth referred to as
“Out-of-frame Remodelled” gene families (ORgene families).

Here, we used original analyses of sequence similarity networks and provided
evidence for a significant role of out-of-frame processes in gene remodelling in E. coli. We
generated and analysed a novel, inclusive type of sequence similarity network that
integrated, not only ORFs encoded proteins, but also protein sequences predicted from all
reading frames of all annotated ORFs from 524 complete Escherichia coli genome
assemblies. E. coli was chosen for this study as an established model system for which
there is extensive associated metadata, and a bacterial species in which some strongly
supported examples of overlapping protein-coding reading frames and overprinting have
already been identified (McVeigh et al. 2000; Behrens et al. 2002; Delaye et al. 2008; Fellner
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et al. 2014; Fellner et al. 2015; Hucker, Vanderhaeghen, Abellan-Schneyder, Wecko, et al.
2018; Hucker, Vanderhaeghen, Abellan-Schneyder, Scherer, et al. 2018; Vanderhaeghen et
al. 2018). Remarkably, our approach identified 767 gene families, conserved in at least two
host genomes, matching the network pattern associated with out-of-frame remodelling
processes, suggesting that these processes may be implicated in a significant proportion of

new gene creation.

Results & Discussion

Definition and detection of ORgenes

Using a combination of CD-HIT and six-frame all-vs-all protein sequence similarity
searches (see materials and methods), we clustered 2,568,313 protein sequences derived
from the in-frame translation of annotated open reading frames from 524 E. coli genomes
into 31,277 gene families. We then investigated the processes through which these families
originated. 1,983 gene families (6.3% of the pangenome) were predicted to have originated
as remodelled gene families (as defined in Figure 1 and materials and methods). Within
these remodelled gene families, 1,216 (61.3%) had similarity to two or more in-frame
components from ORF derived protein sequences (Figure 1B), consistent with the proposed
role for in-frame gene remodelling events in molecular evolution (Enright et al. 1999; Pasek
et al. 2006; Jachiet et al. 2014). Remarkably, however, the remaining 767 remodelled gene
families included at least one out-of-frame component, i.e. a genetic segment that only
matches with an alternative reading frame derived from an existing ORF sequence (Figure
1C). Henceforth, we refer to such remodelled genes as ORgenes (for Out-of-frame
Remodelled genes). An ORgene is a gene that results from the addition of at least one out of
frame segment or that produces a novel remodelled gene by out-of-frame fission or
overprinting. We hypothesise that these genes may occur by a combination of overprinting
(SI Figure 1), gene fusion/fission events (Sl Figure 2), simpler frameshifts or out-of-frame
LGT (S| Figure 3). Overall, these 767 ORgene families make up ~2.5% of all 31,277
identified E. coli gene families, suggesting that out-of-frame events could be a significant

contributor to the evolution of protein-coding genes in E. coli.
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Figure 1: Defining and detecting ORgenes using sequence similarity networks. A) A
mock example showing two different genes, ORFA (Blue) and ORFB (Red), and all six of
their potential reading frames (where Frame 0 is the annotated protein-coding reading
frame). B) Detecting a traditional remodelled gene. A remodelled gene or gene family is
detected in sequence similarity networks based on its partial similarity to two or more other
genes (or components), where the region of partial similarity does not overlap. In this case
the remodelled gene family (in black) has partial similarity to described ORFs in family A (in
blue) and in family B (red). The region of similarity between ORFA with the remodelled gene
family, and between ORFB and the remodelled gene family does not overlap. The example
remodelled sequence at the bottom of this panel indicates the result of in-frame remodelling
involving ORFA and ORFB. C) In an ORgene, one part of the remodelled gene family has
partial similarity to sequences derived from an “alternative-frame” of another gene family
rather than the natural reading frame. In this case the C-terminal end of the remodelled gene
family has partial similarity to the sequence encoded by frame 1 of ORFB. The example
remodelled sequence at the bottom of this panel indicates the result of out-of-frame
remodelling involving ORFA and ORFB. D) Possible types of ORgenes defined in this study
are orientated with the most N-terminal component on the left and the most C-terminal
component on the right. In an “ORF-ALT” gene, the C-terminal component is derived from an
alternative frame. In an “ALT-ORF” gene, the N-terminal component is derived from an
alternative frame, and in an “ALT-ALT” gene both detected components are derived from an
alternative frame.

Of 767 predicted ORgene families, 709 are simple cases in the sense that they only
combine two distinct components, of which at least one is out-of-frame with respect to
existing genes or domains. In 260 of the ORgene families with two distinct components, the
“ALT” derived component includes sequences derived from several different alternative
reading frames and cannot be assigned to a single frame of origin. The remaining 449
ORgene families in which a clear frame of origin can be assigned to the “ALT” component
will be the subject of future discussion. The majority (380) of these simple ORgene families
include one ORF component, and one out-of-frame component (Figure 1D). In terms of
Nter-Cter orientation, there is a slight but significant preference for an ALT-ORF orientation
of components (220 gene families; column 1 of the heatmap in Figure 2), with ORF
components mapping closer to the C-terminal end of the remodelled gene, as compared to
the opposite ORF-ALT orientation (160 gene families; row 1 of the heatmap in Figure 2)
(Chi2 test, P. value 2x1073).
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The C-terminal location of alternative-frame derived components in some ORgenes
might be compatible with the origin of these genes by out-of-frame fusion in the C-terminal
end of an existing ORF. Intuitively, a C-terminal position of the ALT region would possibly
provide a good structure for the maintenance of the ORgene, given that the existing ORF’s
start codon and transcriptional/translational control would be present in the upstream region.
Similar to the idea that fortuitous transcription can lead to de novo gene formation (Cai et al.
2008; Kaessmann 2010), the integration of an out-of-frame sequence at the C-terminus of
an existing gene and its subsequent expression, if not immediately deleterious, might lead to
new gene formation, ‘by extension’ (Bornberg-Bauer et al. 2015). An analogous mechanism
of C-terminal extension of existing ORFs by chromosomal rearrangement, placing previously
untranscribed regions downstream of existing ORFs, was identified as a potential route for
the creation of 51 new genes by chromosomal rearrangement in Drosophila yakuba (Stewart
and Rogers 2019). Similarly, recent studies have highlighted the existence of population
level variations in the position of the stop codon in genes in Drosophila which would create a
C-terminal extension. While many such variations were considered deleterious, a small
subset spread rapidly to become the dominant allele in a population, including several
examples that included relatively long extensions to protein coding sequences (Lee and
Reinhardt 2012).

However, most ORgenes were found in the ALT-ORF orientation, andmore complex
steps may be required for their maintenance within the genome than those proposed for an
ORF-ALT orientation. While we can only speculate as to the significance of this finding, it is
possible that adding an ALT region at the N-terminus on an existing ORF may be an
unanticipated way to change a gene transcriptional control, or to provide a genuinely novel
gene with a genuinely novel expression pattern. Previous studies have suggested new
genes tend to have lower expression levels (Donoghue et al. 2011; Palmieri et al. 2014;
Zhao et al. 2014), potentially owing to the deleterious effects of the expression of new
peptides (e.g. accumulation of misfolded proteins (Monsellier and Chiti 2007; Koonin and
Wolf 2010)). The prevalence of an ALT derived component at the N-terminus may indicate
that ORgenes preserving the same transcriptional control as its parent ORFs gene, yet
unable to fulfil the same functions, may be counterselected. We found no significant
differences between the levels of transcription (as measured by RPKM) or translation (as
measured RCV) between ORF-ALT and ALT-ORF orientated genes in the reanalysis of
RNAseq and RiboSeq data from E. coli MG1655, O157:H7 str. Sakai and O157:H7 str.
EDL933 (Wang et al. 2015; Hucker et al. 2017; Neuhaus et al. 2017)(SI Figure 5; Sl Table

1). The only significant difference in expression shared across all genomes was between the
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level of transcription between in-frame remodelled genes and other genes (Adjusted P. value
0.0), and this was matched by a significant difference in RCV in both O157:H7 strains (Sl
Table 1). Thus, ALT-ORF ORgenes are not expressed at measurably different levels to other
genes in the dataset, despite the apparent hurdles of acquiring new start codons and

transcriptional start sites.

The remaining 69 predicted ORgene families with two domains have an ALT-ALT
component architecture with two different predicted components of alternative frame origin
(Figure 1D; Figure 2). While 12 of these ALT-ALT ORgenes have a relatively narrow host
distribution, i.e. being found in less than three different genomes, there are exceptions to
this. For instance, the predicted inner-membrane protein YMFA (F19715; S| Table 2), an
ALT-ALT gene, is found in 359 E.coli genomes. Likewise, two ALT-ALT genes are universally
conserved across the dataset, found in 524 genomes. These gene families encode members
of ancient gene families, with a broad distribution outside of E. coli: a predicted Thiosulphate
transport protein of the ABC transport family (F41228; S| Table 2) and a predicted
oligopeptidase of the M3 peptidase family (F27662; S| Table 2). We investigated whether the
distribution of the source ORFs for the ALT components were similarly broadly distributed.
For the ABC transport family (F41228), the source of both ALT components are narrowly
distributed, found in only 3 or 11 different genomes respectively. However, for both YMFA
and the M3 peptidase family, the source of one ALT component had a narrow distribution
(2-4 genomes), while the source of the other had a much broader distribution (437 and 521
genomes respectively). In the case of YMFA, the broadly distributed ALT component is found
in more genomes than the ORgene itself, and while they coincide in 344 genomes, the
ORgene is found without the source of its ALT component in 15 genomes, and vice versa
the source of the ALT component is found without the ORgene in 93 genomes. The
annotation of members of these ancient families as “ALT-ALT” ORgenes suggests that in at
least some cases, ORgenes are (as they should be) detected due to out-of-frame fission
rather than fusion events in the host genomes. Similar processes could explain the
annotation “ALT-ORF” components. In these cases, it may be the fissioned out-of-frame
components of these ancient ORgene families that go on to produce novel ORFs and
peptides in E. coli, rather than ORgenes themselves, or a combination of overprinting and

fission.
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Figure 2: Strong biases observed in the composition of ORgenes. The component
combinations in simple two-component remodelled gene families are shown in a heatmap.
Top shows a short example ORF sequence (as seen in Figure 1) translated into 6 reading
frames. Rows indicate the most N-terminal component, and columns indicate the most
C-terminal component. The blank “frameO-frameQ” position at the top left of the grid
represents the 1,216 “traditional” in-frame remodelled genes. The majority of ORgenes
include at least one “frame 0” component, corresponding to an annotated ORF, and are
boxed in cyan and magenta. ORF-ALT genes, where the “frame0” component is the most
N-terminal, are highlighted by a cyan box. ALT-ORF genes are highlighted by a magenta

box. An asterisk marks rows and columns derived from an alternative reading frame.
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ALT frame derived regions of ORgenes are short and disordered

Given our hypothesis that the “ALT” regions of ORgenes were not previously protein
coding, we would predict that their contribution to ORgenes would be shorter than that of
“‘ALT” components, since they are likely to initially encode short peptides interrupted by
start-codons. Comparing the proportion of an ORgene covered by the ORF region with that
covered by the ALT region supports this idea (Figure 3A). By only considering ORF-ALT and
ALT-ORF in ORgenes with two different domains, we directly compared the lengths of the
ORF derived segment of the ORgene to the ALT derived segment of the same ORgenes
(Figure 3B and 3C). This confirms that ALT regions tend to be significantly shorter and cover
less than the total length of ORgenes than ORF regions (Wilcoxon signed-rank test; P.
values=0.0 for each comparison).

Previous analyses have suggested both overlapping genes (Rancurel et al. 2009)
and young genes may have a higher intrinsic structural disorder (Wilson et al. 2017; Willis
and Masel 2018), with the suggestion that new genes are more likely to successfully form
from non-coding sequences pre-adapted to gene formation (Masel 2006). As such, we
investigated whether ALT regions encoded potential disordered protein regions using
IUPRED2 and ANCHOR?2 scores generated by IUPRED2A (Mészaros et al. 2018; Erdés
and Dosztanyi 2020). For both scores, a cutoff of >0.5 is used to indicate disordered regions.
Significantly more ALT derived ORgene segments were found to be disordered than
ORF-derived segments based on IUPRED2 scores (Figure 3D; Chi2 test P. value 1.44e-95),
with a total of 684 ALT derived segments of ORgenes identified as disordered compared to
110 ORF derived segments (from a total of 10,214 ORgenes), and ANCHOR2 scores
(Figure 3E Chi2 test P. value 4.69e-34), with 397 ALT derived segments predicted as
including disordered binding domains compared to 94 ORF sequences. We also used
SEG-HCA (Faure and Callebaut 2013) to predict whether either ORF or ALT regions were
more likely to overlap with H2CD regions of ORgenes, which are predicted to be foldable
regions (Faure and Callebaut 2013; Bitard-Feildel and Callebaut 2017). In this case, ORF
regions were significantly more likely to include entire H2CD regions (1,124 regions in total)
than ALT regions (399 regions in total) of ORgenes (Chi2 test P. value 4.1x107® ), however
the presence of foldable elements in some ALT regions raises the possibility that
out-of-frame events are involved in the origin of novel foldable domains.

Finally, we confirmed the translated status of component genes that contributed the
ALT frame to ORgenes detected in our analysis, using their original annotated open reading

frame. 293 of these genes were translated in one of the three previously discussed
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RNASeq/RiboSeq datasets, representing 67% of all ALT component sources found in
datasets. This supports our argument that the ALT component contributing to ORgenes
come from an alternative reading frame of genuine ORFs rather than misannotated

untranslated regions of the genome.
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Figure 3: The ALT frame derived components of ORgenes are short and disordered.
A) Comparing the proportion of ORgenes covered by ORF derived regions to ALT derived
regions for all ORgenes in the dataset. B) For all ORF-ALT and ALT-ORF genes, the length
of ORF derived regions (x-axis) compared to the length of ALT derived regions (y-axis) from
the same ORgene. C) The proportion of an ORgene that corresponds to an ORF region
(x-axis) compared to the proportion corresponding to an ALT region (y-axis) in ORF-ALT and
ALT-ORF genes. In B and C, the red line indicates x=y, where both ORF and ALT regions
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are of equal length or coverage. D and E) The average D) IUPRED2 score and E)
ANCHORZ2 score of all residues within an entire ORF region (x-axis) or an entire ALT region
(y-axis), giving an indication as to whether these regions include D) intrinsic disordered
regions or E) disordered binding regions. Here, red lines indicate the threshold (0.5) over

which regions are considered disordered for these metrics.

Evidence that ORgenes are bona fide genes

We analysed the taxonomic distribution of ORgenes across E. coli genomes to
determine whether and which of these genes affected by out-of-frame processes had been
particularly evolutionarily successful in this lineage. If ORgenes are recent innovations, we
expect their taxonomic distribution to be limited, however this limited distribution also means
that it is difficult to rule out genome annotation or assembly errors, such as indels leading to
frameshifts in annotated genes, as factors in their detection. Predicted ORgenes and/or their
components that are found in multiple E. coli genomes are less likely to originate from
independent annotation errors, as their detection would require a shared annotation error. As
such, only remodelled gene families with at least two genes, and whose direct neighbours in
the network are gene families that also included at least two genes, were considered in all
analyses (see Methods). Out of 767 ORgene families fulfilling this condition, 115 are found in
three or fewer genomes, compared to 156 traditional in-frame remodelled gene families, and
~33% of all gene families (10,091) within our sample of E. coli genomes. This is a very
stringent condition, and it is worth noting that the 1,294 singleton ORgene families excluded
by the filters used in this study may include bona fide remodelled genes. If singleton
ORgenes were retained, up to 8.3 % of the E. coli pangenome could be affected by
out-of-frame events, which at first sight supports the idea that the ORgenes may include E.
coli specific innovations, detected as part of ongoing gene creation.

If sequencing errors have significantly impacted our predictions, we might expect to
identify lower-quality genomes that are enriched in predicted ORgenes. Reassuringly
however, the numbers of predicted in-frame remodelled genes and of ORgene families per
E. coli genome are normally distributed and correlate strongly with the sizes of these
genomes (as measured by the number of genes), with no clear outliers of “low quality” (as
assessed by sequencing depth) (Figure 4). Moreover, 430 ORgenes belonging to 167
ORgene families were identified as transcribed and translated (defined by RCV >0.35) in the
genomes of E. coli MG1655, O157:H7 str. Sakai and O157:H7 str. EDL933. Additionally, of
the 439 genes that acted as sources for ALT components found in ORgenes and present in

these three genomes, 293 (67%) were identified as translated. The expression and
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translation of these genes supports their annotation as real protein coding ORFs, but does
not help us to distinguish between ORgenes and misannotated remodelled genes that may
include indels due to errors in the genome assembly. The alignment of illumina data
associated with an RNAseq project (Sastry et al. 2019) to the E. coli str. K-12 subsitr.
MG1655 genome and subsequent variant calling identified no predicted indels in any of the
predicted ORgenes, reinforcing our confidence that our stringent predictions identified bona

fide genes rather than annotation errors.
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Figure 4: The distribution of remodelled gene families supports their annotation as
bona fide genes. The number of predicted remodelled genes per E. coli genome, for
genomes in which sequencing coverage was reported in the NCBI database. For each
genome in the dataset, the number of genes per genome (x-axis) is compared to the number
of in-frame remodelled gene families (left panel) or ORgene families (right panel) in those
genomes (y-axis). Colours of points represent the reported sequencing coverage of those
genomes. There is a strong positive correlation between genome size and the number of

predicted remodelled genes.

Functional biases in ORgene families and their

components

Based on EggNog (Huerta-Cepas et al. 2016) functional annotations of all predicted
remodelled genes, unsurprisingly, many traditional in-frame (530; 43% of all in-frame

remodelled gene families) and ORgene families (480; 63% of all ORgene families) have
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unknown roles (Figure 5A; S| Table 3). These genes either have no hits in the EggNog
database, or they only hit genes described as having a poorly characterised function.
ORgene families are enriched in gene families with no hits in the EggNog database (350
ORgene families; 45.6% of all ORgene families; FDR adjusted P. value 9.8x10°°) when
compared to in-frame remodelled gene families (205 gene families; 16.8%), while depleted
in genes with hits in the EggNog database of poorly characterised function (FDR adjusted P.
value 2.45x107?), indicating that ORgenes remain largely uncharacterised, a logical finding
for novel genes (Figure 5). Still, a subset of five ORgene families include genes that have
been identified as essential in E. coli (Baba et al. 2006, Yamazaki et al. 2008; Goodall et al.
2018) S| Table 2. These examples include the peptide release factors A and B, and the E.
coli SSB (single-stranded binding protein). As with the previously highlighted and broadly
distributed ALT-ALT gene families, these five essential ORgene families belong to ancient
gene families, suggesting that these families are detected as ORgenes because their ALT
component gave birth to new ORFs in E. coli by an out-of-frame process (e.g. out-of-frame
gene fission or overprinting of the ORgene, essential, gene family).

Interestingly, functionally characterised ORgenes show singular trends with respect
to in-frame remodelled genes. There are significantly fewer ORgene families with predicted
roles in cellular processes and signalling (FDR adjusted P. value 8.04x10) and information
storage and processing (FDR adjusted P. value 5.28x107°) than traditional in-frame
remodelled genes, particularly in COG category L (Replication, recombination and repair;
FDR adjusted P. value 3.96.x107) (Figure 5). Thus, ORgenes display unusual functional

biases compared to traditional in-frame remodelled genes.
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18

1202 JaquiaAoON 9z uo 1s8nb AQ 8860E9/62E9BSW/ASGIOW/EE0 L 01 /10P/3[0IB-80UBAPE/aqUI /WO dNo™olWapeoe//:sdiy Wol) papeojumoq



the components of traditional in-frame remodelled gene families with a total of two predicted
components, A and B (N-terminal and C-terminal). Panel C: For all ORgenes, the predicted
functions of the in-frame/ORF component of ORgene families (rows), and of the “parent”
ORF of the ALT-frame derived component (columns). For panels B and C, the left heatmap
indicates the raw number of gene families, while right indicates the log of that number. Black
squares indicate zero values.

For ORgenes composed of an ALT (out-of-frame) component and of an ORF
(in-frame) component, we analysed the predicted functional consistency of the origins of
these two components; for the functional annotation of the ALT components, using that of
the parent ORF from which it was derived. Previous studies on in-frame remodelled genes
have supported a tendency for the combination of components with similar functions (i.e.
fusion is likely to combine two components that already have similar functions, or fission is
likely to split a gene into two components with similar functions) (Yanai et al. 2001). We
confirmed this trend for the predicted in-frame remodelled genes in our analysis (Figure 5;
Panel B), that showed a strong preference for the combination of functionally-like
components. In ORgenes, we might expect less correlation between the predicted function
of the ORF (frame 0) and that of the parent ORF for the ALT component, since a parent ORF
of an ALT sequence and this ALT sequence encode very different proteins as a result of a
frameshift. However, we still observe a similar preference towards “like-like” functional
combinations between the parent of the “alternative frame” sequence and the function of the
ORF derived components of a given ORgene (Figure 5; Panel C). We interpret this
functional consistency as reflecting a positional bias. In a similar way that fusion/fission
events preferentially occur between neighbouring genes, we might expect the same to be
true of out-of-frame fusion/fission events. The organisation of the bacterial genome into
operons of functionally related genes would then lend itself to the combination of

components from functionally related source genes.

Evolutionary origins of ORgene families

Remarkably, at least 37 ORgene families have similarity to transposable element
related proteins (S| Table 2). These results are consistent with the ability of mobile genetic
elements to jump into genomes, an ability which has previously been shown to contribute to
the formation of new fusion genes (Bennetzen 2000; Lai et al. 2005; Jiang et al. 2011) and
has already been associated with the origins of new genes (Feschotte 2008; Jangam et al.
2017; Joly-Lopez and Bureau 2018), including the proposed de novo exogenisation of

non-coding regions in eukaryotes (Cordaux et al. 2006; Schmitz and Brosius 2011) and
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overprinting (McVeigh et al. 2000; Balabanov et al. 2012). Further, 53 ORgene families are
predicted to be phage associated (Sl Table 2). This result is consistent with the common
reports of overlapping gene pairs and overprinting in viral genomes (Sabath et al. 2012;
Rancurel et al. 2009). Previous studies have highlighted the important role that horizontal
gene transfer from viruses can play in the evolution of E. coli (and other bacterial species)
(Frazéo et al. 2019). These 53 ORgenes may have originated from overlapping sequences
integrated into the bacterial chromosome via phage integration. If so, our work highlights a
potentially important under-appreciated impact of phage mediated gene transfer on bacterial
evolution: the introduction of new genes potentially formed by out-of-frame remodelling
processes in viruses to the bacterial genome. Overall, mobile genetic elements and gene
transfer may be involved in the detection of at least 12% of predicted ORgene families (95 of
767 gene families).

Overall however, structural genomic analyses of ORgenes suggest that many
ORgenes originate by overprinting. In the described processes for creating new genes by
overprinting (outlined in S| Figure 1) it is implicit that at some point in the evolutionary history
of a remodelled gene, it must overlap with another gene. Thus, the simplest explanation for
the observation of overlap between any ORgene in a gene family and the source of its ALT
component in at least one genome is overprinting. This was true for at least one ORgene in
317 ORgene families (~41% of all ORgene families), of which 178 are ORF-ALT or ALT-ORF
ORgene families. The ORF-ALT orientation of 57 of these gene families is compatible with
the gain of a new out-of-frame stop codon, while the ALT-ORF orientation of 121 ORgene
families is compatible with the gain of a new out-of-frame start codon (SI Figure 1). This is
possibly an underestimate, as differential loss and retention of genes following ORgene
formation may mean that an overlap is never directly observed (Sl Figure 4). The proportion
of ORgenes in a family that overlap with an ALT component varies across ORgene families,
but is low (<20%) in the majority of cases. There are only 9 gene families in which all
ORgenes overlap with an ALT component (S| Figure 6). To investigate overlaps between
ORgenes and ALT components further, we define three types of overlap. First, and
previously highlighted as most common in prokaryotic genomes (Rogozin et al. 2002;
Fukuda et al. 2003), are unidirectional (same-strand overlaps). Second, there are
convergent overlaps (opposite strand overlaps at the C-terminus), and third, divergent
overlaps (opposite strand overlaps at the N-terminus). We also quantified the length of the
overlap between ORgenes and ORFs associated with the ALT components, comparing

these with all overlapping gene pairs in the sampled E. coli genomes.
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In E. coli genomes, there is a strong preference for unidirectional overlaps (418,760
gene pairs) compared to convergent (53,472 gene pairs) and divergent (20,696 gene pairs)
overlaps. This remains true for longer overlaps, e.g. for the 2,800 gene pairs whose overlap
covers >50% of the length of the shortest sequence in the pair (Table 1): 1,164 of these
overlaps are unidirectional, 864 are convergent and 772 are divergent, consistent with
observations from other prokaryotic genomes (Rogozin et al. 2002; Fukuda et al. 2003)
(Table 1). Despite the general rarity of long overlaps, in total 317 of the 767 predicted
ORgene families (and 3,196 gene pairs in total) include at least one gene that, in at least
one E. coli genome, directly overlaps with the source of the ALT sequence (Table 1). For 107
ORgene families (and 226 gene pairs), the overlap covers >50% of the length of the shortest
sequence in the pair, accounting for ~8% of all long overlaps observed in the E. coli
pangenome (Table 1). In both cases, the preference for unidirectional overlaps is retained.
The pronounced physical overlap between many ORgenes and their ORFs associated with
their ALT components supports their origin by overprinting.

Moreover, we also defined the overlaps between ORgenes and ORFs associated
with an ALT component by reading phases, describing how the codon positions of these
overlapping genes align against one another, which in turn can impact the degree of mutual
evolutionary constraint on the overlapping gene pair (Krakauer 2000; Rogozin et al. 2002).
For example, in a study of convergent overlaps in bacterial genomes, a bias for the 123:132
phase has been identified, meaning that, for overlapping genes A and B, the second codon
position of gene A aligns with the third and degenerate codon position in gene B (Rogozin et
al. 2002). A broader study encompassing both the most common tandem (unidirectional)
overlaps, and antiparallel (both convergent and divergent) overlaps observed a strong
preference for 123:312 phase overlaps within the tandem overlaps, and a preference for
both 123:132 and 123:213 phase overlaps within the antiparallel overlaps, with these
occurring at similar frequencies. Most experimentally supported examples of convergent
overlapping genes pairs that have provided evidence for overprinting in bacteria are in the
123:213 phase (Delaye et al. 2008; Tunca et al. 2009; Fellner et al. 2015; Hucker,
Vanderhaeghen, Abellan-Schneyder, Scherer, et al. 2018; Hicker, Vanderhaeghen,
Abellan-Schneyder, Wecko, et al. 2018). Likewise, the phases of longer overlaps between
ORgenes and the ORFs associated with their ALT components match these biases
associated with overlapping genes, with a preference for 123:312 phase unidirectional
overlaps (70 gene pairs) and the 123:132 phase (51 gene pairs) for antiparallel (convergent
and divergent overlaps). Taken together, the presence of overlaps observed between

ORgenes and the ORFs associated with ALT components, as well as the types and the
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translation phase of their overlaps, is consistent with the possibility that a subset of ORgenes

originated by overprinting, from overlapping genes following usual trends in E. coli genomes.

“123:123” 152 (0.03%) NA 92 (3.3%) NA

Unidirectional | “123:231” 304,494 (62%) 761 (23.9%) 502 (18%) 48 (20.3%)
“123:312” 114,114 (23%) 1656 (52%) 570 (20.4%) 70 (29.7%)

“123:321” 14,956 (3%) 122 (3.8%) 386 (13.8%) 23 (9.7%)

Convergent | “123:132” 8,435 (1.7%) 68 (2.1%) 360 (12.9%) 14 (5.9%)
“123:213” 30,081 (6.1%) 68 (2.1%) 118 (4.2%) 13 (5.5%)

“123:321” 3,657 (0.7%) 78 (2.4%) 67 (2.4%) 6 (2.5%)
Divergent “123:132” 7,350 (1.5%) 84 (2.6%) 414 (14.8%) 37 (15.7%)
“123:213” 9,689 (2%) 359 (11.3%) 291 (10.4%) 25 (10.6%)

Table 1: The types and phases of overlaps between pairs of genes in the E. coli
pangenome, and between ORgenes and the source of their ALT components. % values are

the proportion of all overlapping genes in that column.

Conclusion

Our work introduced a dedicated network method to test for the presence of a
remarkable set of gene families, conserved in at least two genomes, whose evolutionary
history involved out-of-frame events, in addition to more conventional in-frame remodelled
genes. Applying this method to 524 genomes from E. coli, we found that overall, 6.3% of the
gene families in the E. coli pangenome appeared to be remodelled in that lineage, testifying
to the highly dynamic nature of prokaryotic genomes in terms of their gene composition.
Moreover, we unravelled a common, unsuspected novel class of remodelled genes, the
ORgenes, in E. coli pangenomes, amounting to 2.5% of the total pangenome. Importantly,
ORgene families are distinct from the more extensively studied class of in-frame remodelled
genes, as both kinds of remodelled genes show different biases in their functional
compositions, and differences in their mode of origin. Specifically, our analyses of functional
biases, and of positional and translation phase overlaps, support the idea that overprinting
was involved in the origins of a significant subset of ORgene families, with 40% of these

families overlapping with their ALT derived component in at least one genome. Therefore,
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our study supports growing evidence that overprinting and overlapping genes may play a
greater role in gene creation in bacterial genomes than previously anticipated. Further, the
identification of at least 12% ORgene families of putative phage and transposon origins
encourages further analysis of the role for these mobile genetic elements in the supply of

new genes in bacterial evolution.

Methods

Sequence similarity network construction and analysis

The dataset used in this study included sequences from 524 complete E. coli
genomes from the NCBI database (S| Table 1). These were all E. coli genomes whose
assembly level was annotated as “complete” in the NCBI database and had >500 annotated
protein-coding ORFs when the dataset was assembled in 2019. The predicted protein
sequences from all annotated ORFs in these genomes (not including annotated
pseudogenes) were clustered using CD-HIT to reduce redundancy. Two genes were
clustered if they had 100% sequence identity covering over 90% of the length of both genes
in the dataset. The representative sequence for each cluster was the longest, by default. The
DNA sequences corresponding to the representative ORF for each cluster were then
translated into 6 open reading frames, reading through any stop codons. Protein sequences
from all six frames were used as both the query and database for an all-vs-all diamond
BLASTp search (Buchfink et al. 2014) using the “more-sensitive” search mode, with a
minimum reported E value of <1e-5, and a minimum sequence identity of 30%. The results
of the sequence similarity search were filtered using cleanBlastp (part of the
compositeSearch package (Pathmanathan et al. 2018)) to remove self-hits.

The sequence similarity results were parsed using CompositeSearch (Pathmanathan
et al. 2018) to identify potential remodelled genes, using default parameters except setting
the minimum number of sequences for a component to two, meaning that “singletons” will
not be classed as components of remodelled genes in an effort to reduce the impact of false
positives produced by annotation errors in a single genome. In the first step, gene families
are identified as connected components in the sequence similarity network with thresholds of
an E. value <1e-5, a mutual coverage of >80% and a sequence identity of >30%.
CompositeSearch then uses this family assignment and the full sequence similarity network
to identify potential remodelled genes and remodelled gene families (Pathmanathan et al.
2018).
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We parsed the CompositeSearch results to identify every putative remodelled gene
family that only included sequences derived from the coding reading frame (frame 0) of
annotated ORFs. Traditional in-frame remodelled genes present component families in
which all sequences are derived from the coding reading frame (frame 0) of annotated
ORFs. We parsed the output of CompositeSearch to identify the new class of remodelled
genes, where all protein sequences from at least one component of the ‘composite’ gene
were derived from an “alternate” reading frame, i.e. not the frame 0 of an annotated protein
sequence, but the frames -2,-1, -0, +1, or +2 of an annotated protein sequence, which we
called ORgenes. Both in-frame and ORgene families were filtered for those in which both
composite families and predicted component families include at least two genes (excluding
singletons), and where the relationship between remodelled genes and component families
are supported by edges between at least two remodelled genes (in 99.6% of the cases from

two different genomes) and two components in the sequence similarity network.

Gene family annotation

Transcriptome data from Escherichia coli str. K-12 substr. MG1655 (NCBI accession:
NC_000913, corresponding to assembly GCF_000005845.2 in this dataset) from 278
RNAseq projects that included 154 different experimental conditions was acquired from
(Sastry et al. 2019). This includes all transcription data for genes >100nt in length that have
>10 fragments per million-mapped reads across all samples. Further, all sequencing data
from the 30 samples associated with bioproject PRINA504479 were acquired from NCBI.
Each sample includes high quality RNA sequencing data from E. coli str. K-12 substr.
MG1655 grown under different conditions and sequenced on the lllumina HiSeq 4000
(Sastry et al. 2019). Data from all samples were mapped to the E. coli str. K-12 substr.
MG1655 genome using bowtie2 and the default parameters for the “very-sensitive”
alignment mode (Langmead and Salzberg 2012). From a total of ~334 million paired reads,
99.44% were successfully aligned to the E. coli genome. All reads mapping to predicted
ORgenes and 200 base flanking regions were extracted using bedtools (Quinlan and Hall
2010). Bcftools was used for variant calling and bcf/vcf filtering (Li 2011; Danecek et al.
2021), with a maximum read depth of 2,500, a ploidy of 1, and a minimum quality of 20.

Published ribosome profiling and RNAseq data from three studies focusing on E. coli
strains MG1655 (Wang et al. 2015), O157:H7 str. Sakai (Hucker et al. 2017) and O157:H7
str. EDL933 (Neuhaus et al. 2017) grown with LB were obtained from NCBI. The genomes of
all of these strains are included in our analysis of ORgenes. Reads were prepared for

analysis according to an existing protocol for the analysis of ribosome profiling data

24

1202 JaquiaAoON 9z uo 1s8nb AQ 8860E9/62E9BSW/ASGIOW/EE0 L 01 /10P/3[0IB-80UBAPE/aqUI /WO dNo™olWapeoe//:sdiy Wol) papeojumoq


https://paperpile.com/c/uRbk5l/bHMdl
https://paperpile.com/c/uRbk5l/bHMdl
https://paperpile.com/c/uRbk5l/TX11j
https://paperpile.com/c/uRbk5l/LtU2o
https://paperpile.com/c/uRbk5l/LtU2o
https://paperpile.com/c/uRbk5l/NAHiu+nJBM2
https://paperpile.com/c/uRbk5l/NAHiu+nJBM2
https://paperpile.com/c/uRbk5l/OmIHI
https://paperpile.com/c/uRbk5l/p1d16
https://paperpile.com/c/uRbk5l/pLraP

(Zehentner et al. 2020). Briefly, reads were trimmed using cutadapt (Martin 2011), aligned to
the genomes of the appropriate strains using bowtie2 (Langmead and Salzberg 2012) and
Bedtools (Quinlan and Hall 2010) was used to remove reads mapping to rRNA and tRNA
from each dataset. Raw counts of reads mapping to annotated ORFs in each genome were
calculated using HTSeq (Anders et al. 2015) and normalised to RPKM values using a
custom python script. Translation was predicted using the Ribosome Coverage Value (RCV)
(RPKM translatome / RPKM transcriptome) with an RCV >0.35 previously described as
indicative of translation (Hucker et al. 2017). Log transformed RPKM and RCV values were
used to test for significant differences between the transcription and translation of different
categories of genes in each genome (ORgene categories outlined in Figure 1D, in-frame
remodelled genes, and all other genes in the genome). The Kruskal-Wallis H-test
(non-parametric ANOVA) was first used to test for any overall effect of gene category on
gene transcription or translation. Then, the Mann-Whitney U Test with Bonferroni correction
was used for pairwise comparison of transcription or translation levels between different
gene categories (Additional Table 2).

To compare the properties of ORF compared to ALT regions of ORF-ALT and
ALT-ORF ORgenes, their sequences were extracted from the dataset based on coordinates
identified in compositeSearch. Intrinsic disorder was predicted using IUPRED2A in “long”
mode (Mészaros et al. 2018; Erdés and Dosztanyi 2020), with ANCHOR?2 scores enabled.
The average score of all residues in an entire ORF or ALT region, respectively, was used to
estimate the disorder propensity of that region. SEG-HCA with default settings for individual
sequences was used to identify sequence domains with a high density of hydrophobic
clusters (H2CD), indicating that the domain may be foldable (Faure and Callebaut 2013;
Bitard-Feildel and Callebaut 2017). We defined ORF or ALT regions as foldable if they
included all residues in a predicted foldable domain (H2CD).

Functional predictions for protein sequences from annotated E. coli ORFs were
made using EggNOG mapped v2 (with default parameters in “diamond” mode)
(Huerta-Cepas et al. 2016). The set of putatively “essential” genes in E. coli was taken from
(Goodall et al. 2018), including predictions from the Keio collection (Baba et al. 2006) and
PEC database (Yamazaki et al. 2008). Enrichment or depletion of functional categories in
ORgenes compared to traditional in-frame remodelled genes was assessed using Fisher’s
exact test (Fisher 1922) implemented in the SciPy python module, with Benjamini/Hochberg
False Discovery Rate correction (Benjamini and Hochberg 1995) used to adjust P-values,

implemented in the statsmodels python module.
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Availability of data and materials

All data used in this study is publicly available from the NCBI genome assembly and
SRR databases. The identifiers of all genomes included in the study are listed in Sl Table 1.
The DNA sequence of all predicted ORFs from these genomes is available at

https://figshare.com/s/faebf854a7f04b48801d. Protein sequences of all gene families,

including ORgenes and inframe composites, are available at
https://figshare.com/s/7530e0323288dc006cd2. A standalone script used to differentiate
between in-frame and ORgene families in this dataset is available at
https://figshare.com/s/0d0ab7744e141b874648.
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