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Using genomic phylostratigraphy, we examined the organization of Escherichia
coli and Bacillus subtilis genomes from the perspective of evolutionary age of
their genes. Phylostratigraphy analysis classifies individual genes into age-related
bins, called phylostrata. Based on this analysis, several common features
emerged in the genomes of the two model bacteria. More recent genes tend
to be shorter and are expressed less frequently, or only in specific conditions.
In terms of genomic location, new genes are enriched in areas containing
prophages, suggesting a link with horizontal gene transfer. Interestingly, while
most bacterial transcription regulators belong to the oldest phylostrata, they
regulate expression of both older and more recent genes alike. A large fraction
of bacterial operons contains genes from different phylostrata. This suggests
that newer genes are integrated in the existing framework for regulating gene
expression, and that the establishment of new regulatory circuits typically do not
accompany acquisition of new genes. One striking difference between E. coli
and B. subtilis genomes was observed. About 87.0% of all E. coli genes belong
to the evolutionary oldest physlostratum. In B. subtilis, this number is only 71.8%,
indicating a more eventful evolutionary past in terms of acquisition of new genes,
either by gene emergence or by horizontal transfer.
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1 Introduction

Understanding the origins and evolution of genes remains one of the central challenges
in evolutionary biology. A fundamental question is how new genetic material arises,
becomes integrated into existing cellular networks, and contributes to cell fitness and
diversity. While ancient genes underpin essential cellular functions, new genes can
introduce novel traits and adaptive advantages. Exploring the mechanisms and dynamics
of gene emergence and loss is therefore key to understanding the evolution of genomes
over time. The oldest genes present in the extant genomes are the ones there were
also present in the last universal common ancestor (LUCA; Mushegian, 2008). Newer
genes are the ones that emerged later. Besides a variety of duplication-based mechanisms
(Tautz and Domazet-Loso, 2011), new genes could emerge from non-coding DNA
sequences through random mutations (Neme and Tautz, 2014). While it has been
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FIGURE 4

Transcriptional regulation and PS composition of operons. (A, B) Heterogenous operons as defined by presence of genes from different phylostrata
in the same operon for B. subtilis (A) and E. coli (B). (C—F) Heatmaps showing the number of genes in each phylostratum regulated by sigma factors
(C, E) and global transcription regulators (D, F) in B. subtilis (C, D) and E. coli (E, F). For each regulatory group, the distribution of regulated proteins in
respective phylostrata is shown. Cells are color-coded using a blue-white—red gradient to emphasize relative gene counts across categories. These
heatmaps are intended as a visual summary of count data and do not represent statistical significance or enrichment. For B. subtilis, regulators that
do not belong to PS1 are indicated; in E. coli, all global regulators fall within PS1. For B. subtilis, it is noted when transcriptional regulators did not
belong to PS1 (all global regulators in E. coli belonged to PS1).
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TABLE 1 Homogenous, non-PS1 operons in B. subtilis.

Operon Phylostratum  Function

fbpA, fopB 12 Iron starvation

yorB, yorC 12 Unknown, SP-B prophage

spolISA, spolISB 10 Toxin-antitoxin, sporulation

ykzB, ykoL 10 Unknown

PP, yppE 10 Unknown

yxcE, yxcD 10 Unknown

spoVID, ysxE 8 Sporulation

cotB, ywr] 8 Sporulation

sigl, rsgl 2 Sigma factor/anti-sigma
factor, heat shock

gpr, spolIP 2 Sporulation/Germination

yuzM, yusN 2 Sporulation

TABLE 2 Homogenous, non-PS1 operons in E. coli.

Operon Phylostratum Function

yiM, yfiN 11 Unknown, Prophage cpz55

yffQ, yfiR 11 Unknown, Prophage cpz55

yadM, yadL, yadK, 9 Biofilm, cryptic under normal

yadC laboratory conditions

ydfA, ydfB, ydfC 9 Unknown, Qin prophage

kilR, ydaE 9 Inhibitor of FtsZ, killing
protein, Rac prophage

ydaG, ydaF 9 Unknown, Rac prophage

yhaB, yhaC 9 Unknown

yjbL, yjbM 9 Unknown

ymcE, gnsA 9 Cold shock protein; predicted
regulator of
phosphatidylethanolamine
synthesis

yfdB yfdQ 6 Unknown, Prophage CPS-53

ynfO, ydfO 5 Unknown, Qin prophage

mokC, hokC 2 Gef toxin, interferes with
membrane function

mqsR, mgsA 2 Toxin-antitoxin, biofilm,
persistence

bulk of bacterial genes are dedicated to core functions, including
housekeeping, and these are naturally encoded by the oldest genes,
situated in PS1-5 (Figures 1A, B, Supplementary Data Sheets 1, 2).
A majority of the proteins in both species belonged to PSI
indicating that many of the core functions in present day bacteria
also existed in the last universal common ancestor (LUCA). This
contrasts with the situation in Eukarya, were the fraction of
PS1 proteins is much lower, indicating that many more new
genes appeared in this domain during the course of evolution.
Developmental phenomena in bacteria, such as biofilm formation
(Futo et al,, 2021) and sporulation (Shi et al., 2020) are known to
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be more recent inventions, and as suggested by our study, typically
involve newer genes (Figures 5C-F). This is in line with bacterial
developmental processes being cited as models for ongoing social
evolution in bacteria (Boyle et al, 2013). Since bacterial social
interactions in biofilms are highly dynamic and evolvable, their
intense evolution can be directly observed in adaptive evolution
experiments (Martin et al., 2016). B. subtilis is often cited for its
rich repertoire of developmental and community-based genetic
programs, involving biofilm and pellicle formation, sporulation,
cannibalism and genetic competence (Ricci-Tam et al., 2023). By
contrast, E. coli has a less diverse lifestyle, with biofilm formation
being the only developmental process it can do. This is very
accurately reflected in the phylostratigraphy analysis, with only
5% of E. coli genes in PS6-11 (Figure 1B), and B. subtilis with
20% of all genes in PS6-15. Does this mean that E. coli evolved
fewer de novo genes than B. subtilis during its evolution? Not
necessarily. This question just brings us to horizontal gene transfer,
recognized as a major generator of novelty in bacterial genomes
(Arnold et al., 2022). The origins of novel bacterial genes likely
involve a combination of evolutionary mechanisms. These include
horizontal gene transfer from other bacteria or phages, gene
duplication followed by divergence, frameshift-based innovation,
and de novo emergence from previously non-coding sequences
(Lang et al, 2017; Tautz and Domazet-Lo$o, 2011; Neme and
Tautz, 2014; Xia et al., 2025). While prophage regions represent
identifiable hotspots for gene acquisition in both E. coli and B.
subtilis, they account for only a fraction of the younger genes.
Additional new genes may arise gradually within transcriptionally
active regions, as proposed for proto-gene evolution in eukaryotes
(Grandchamp et al., 2022), although the relative importance of
these mechanisms in bacteria remains difficult to quantify. In
many cases, phages represent a large fraction of the strain-specific
DNA sequences (Briissow et al., 2003). Our results suggest that
the prophage regions in E. coli and B. subtilis genomes represent
hot spots for more recent genes (Figure3). Gene transfer is
particularly intense in bacterial communities (Brito, 2021). This
means that any de novo genes that evolve in bacteria became
more or less immediately available to all community members
by means of horizontal gene transfer. Then, the genetic makeup
of an individual bacterial species gets defined by the preferred
niche and environmental challenges. The soil dwelling B. subtilis,
having to cope with vary variable and adverse environmental
challenges, picked up more of the “novelty” tools for its adaptation
toolbox. E. coli, adapting to a less challenging and more constant
environment of a symbiont, does not require such a diverse
developmental toolkit, hence the reduced proportion of novel,
development-related genes. However, E. coli is fully capable of
taking up additional functions when switching from commensal to
pathogen lifestyle (Dobrindt et al., 2010), a phenomenon that has
been described as the “unexhausted potential” of E. coli (Blount,
2015). Overall, it would appear that de novo genes are relatively
accessible to bacteria, that are far less siloed than e.g., plants or
metazoans, with strictly vertical evolution patterns.

Younger genes identified in bacteria follow the same pattern
as those in more complex life forms (Neme and Tautz, 2014),
they tend to be short, non-essential, and expressed to a low
level or only under certain specific conditions. This description,
in conjunction with the known association of essential and
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FIGURE 5
Over-representation analysis of proteins in later phylostrata. Functional over-representation based on the categories GO biological process (BP),
Molecular function (MF), and KEGG (KG) terms for B. subtilis proteins in phylostrata 6-15 (A), and E. coli proteins in phylostrata 6-11 (B). GO terms
showing very high enrichment but based on low gene counts (e.g., two or fewer genes) should be interpreted with caution as they may reflect
chance associations rather than biologically significant trends. Phylostratigraphic age of proteins involved in developmental phenomena. Distribution
in phylostrata of B. subtilis proteins involved in sporulation (C), and genetic competence (D). For biofilm formation, the distribution of proteins for B.
subtilis and E. coli is shown (E, F).
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highly expressed genes to the bacterial origin of replication
(Ying et al., 2014; Kosmidis et al., 2020; Lato and Golding,
2020), would suggest that the more recent genes should be
expected to cluster closer to the replication terminus. Surprisingly,
our analysis revealed a weak (with prophages included) or no
correlation (with prophages excluded) between location of more
recent genes and the replication origin (Figure 2). One possible
explanation for this finding is linked to constraints on placement
of new genes in the genome. As noted by Grandchamp et al.
(2022), de novo genes in humans are more likely to arise in
transcribed regions, coupled to existing elements of transcriptional
regulation. This makes sense from the probabilistic perspective,
since there are fewer constraints for creating an open reading
frame from a non-coding sequence, than for creating a promoter
region and other regulatory sequences required for ensuring gene
expression in each organism. While bacteria do not have complex
transcription regulation based on chromatin de-condensation to
enable transcription, they do possess transcriptional regulatory
units known as operons. We report an analogous observation
that in bacteria new genes get predominantly inserted in
preexisting operons (Figures 4A, B) and thus get placed under
control of available transcription regulators (Figures 4C-F). As a
housekeeping process, transcription control is generally ensured by
old genes, and we found very few examples on new transcription
regulators, such as ComK, Rok, GerR and SwrAA/1 from B. subtilis.
Evolving of new developmental phenomena seldom involves
establishing completely novel operons. Only 11 such operons were
found in B. subtilis and 13 in E. coli (Tables 1, 2). Rather, new
developmental programs in bacteria seem to arise as a combination
of new genes, and extensive repurposing of older genes and
operons (Figures 5C-F). This is supported by our observation
that many of the genes involved in processes such as sporulation,
competence, and biofilm formation originate from the oldest PS,
particularly PS1, and have likely been incorporated into newer
regulatory frameworks. This aligns with the view that bacterial
developmental systems can evolve as modular additions, but also
indicates that these modules are, at least in part, constructed from
pre-existing components whose original functions were retained or
adapted to new roles. In this light, bacterial development reflects
both evolutionary innovation and the reorganization of existing
genetic material, rather than purely the acquisition of entirely novel
gene modules.

Our analysis of the two model bacteria suggests that there
are important lessons to be learned from looking at bacterial
genome evolution and genome organization from the perspective
of evolutionary age of new genes. More recent bacterial genes
tend to be short, non-essential, and their level of expression is
generally low. Despite these features, newer genes are surprisingly
not preferentially located far from the origin of replication. Their
genomic location is rather uniform, and they are only in some
instances enriched in areas containing mobile genetic elements,
such as prophages. While most bacterial transcription regulators
belong to the oldest phylostrata, they were found to regulate
expression of both older and more recent genes alike. This suggests
that many newer genes get inserted in the existing operons under
the control of conserved regulatory elements. In particular, E. coli
contains significantly fewer novel genes than B. subtilis, and this is
mirrored by its more limited repertoire of developmental processes.
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By contrast, B. subtilis exhibits a more eventful evolutionary past in
terms of acquisition of new genes, and particularly in this species,
which possesses highly elaborate developmental regulation (e.g.,
during sporulation), it is evident that new regulatory systems have
also evolved. The observation that many genetic operons contain
genes from different phylostrata indicates a layered evolutionary
history, in which new genes are incorporated into both pre-existing
and newly formed frameworks for gene expression.

described that
phylostratigraphy approaches could assist in genome mining
2020),
directly,

Genomic  features above  suggest

efforts  (Mijakovic, not by predicting individual

but by
enriched in specific biological processes. For example, in

gene function identifying phylostrata
the case of sporulation in B. subtilis, genes involved in
this
and a higher fraction of uncharacterized proteins

process were overrepresented in certain phylostrata,
from
these phylostrata were experimentally shown to be involved
(Shi 2020),

phylostratigraphy can highlight candidate genes for targeted

in sporulation et al, demonstrating how

validation, particularly in biological processes involving
functionally related gene sets that emerged during the same

evolutionary interval.
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