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1. INTRODUCTION 

 

The discussion about phylogeny-ontogeny relation in the animal kingdom has been going on 

for almost 200 years. Many of the proposed models about this correspondence emphasize the 

idea of their parallelism, based on similarities between embryos of different species in the same 

animal phylum, their morphological complexity, and the fossil record (Abzhanov, 2013). One 

of the best known models is the one by Ernst Haeckel (Haeckel, 1868), shortly accepted as 

“ontogeny recapitulates phylogeny”. Opposite to recapitulation models, Karl Ernst von Baer 

(Baer, 1828) proposed his “law of embryology” which connects the increase in complexity of 

adult animal forms with the formation of their traits during embryogenesis (Abzhanov, 2013). 

Some of the derivations from von Baer’s law of embryology include the so-called “funnel” 

model and the “hourglass” model with the concept of phylotypic stage, which shapes the 

narrowest part of the hourglass model and presents a striking morphogenetic resemblance in 

different species of a certain phylum (Slack, Holland and Graham, 1993; Duboule, 1994; 

Kalinka and Tomancak, 2012; Abzhanov, 2013). 

With the uprising of methods in molecular biology and bioinformatics, several studies have 

confirmed the developmental hourglass model on molecular level, which underpins 

morphological hourglass pattern not just in animals, but in various multicellular taxa (Domazet-

Lošo and Tautz, 2010; Quint et al., 2012; Cheng et al., 2015). For example, Kalinka et al. 

(2010) have shown in their study that gene expression is maximally conserved during the 

arthropod phylotypic period, meaning that gene expression is more resistant to evolutionary 

changes during mid-development compared to either early or late development. Domazet-Lošo 

and Tautz (2010) have also confirmed the molecular hourglass on arthropods and other animal 

phyla, based on their method phylostratigraphy that combines gene expression level with gene 

evolutionary history (Domazet-Lošo, Brajković and Tautz, 2007). Phylostratigraphy was also 

successful in determining phylogeny-ontogeny correlation in multicellular plants and fungi 

(Quint et al., 2012; Cheng et al., 2015). Although animals, multicellular plants and fungi 

developed multicellularity independently (Niklas, 2014), they all show the same pattern of 

phylogeny-ontogeny correlation, where evolutionary younger and more diverged genes are 

used during early and late development, while evolutionary older and less diverged genes are 

used during mid-development (Domazet-Lošo and Tautz, 2010; Quint et al., 2012; Cheng et 

al., 2015). 
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Bioinformatic tools that link evolutionary and developmental data can in principle be used on 

different taxa, but they have not been applied for investigating phylogeny-ontogeny correlation 

in more basal organisms, such as bacterial biofilms. Bacterial biofilms are communities of 

genetically identical bacterial cells that express different genetic programs and produce 

subpopulations of functionally distinct, but coexisting cell types (Vlamakis et al., 2013). 

Bacteria are widely recognized as simple, unicellular organisms, but several decades ago, some 

of the researchers started to consider them as multicellular organisms. This opinion in based on 

observations that bacterial cells communicate among themselves which enables them decision-

making and division of labour, coordination of growth, movement and biochemical activities, 

and many benefits including more efficient proliferation and access to resources otherwise 

inaccessible, or collective defence and population survival (Shapiro, 1998). Although bacterial 

biofilms in nature mostly include multiple bacterial species (Røder, Sørensen and Burmølle, 

2016), studies on single-species biofilms have been of the most importance in learning and 

understanding the biofilm biology (Vlamakis et al., 2013). In the period of the last two decades, 

non-pathogenic and Gram-positive bacterium Bacillus subtilis has become known as a model 

organism for studying biofilm formation. 

 

The aim of this doctoral thesis is to determine the correspondence between phylogeny and 

ontogeny in bacterial biofilms, traditionally considered as simple organisms, but showing 

plethora of collective properties. If the expression levels of genes are independent of their 

evolutionary age and divergence rates, one should expect to find age and divergence indices 

that show a trend close to a flat line across biofilm developmental timepoints; i.e., there will be 

no correlation between ontogeny and phylogeny. Conversely, the existence of any correlation 

between age or divergence indices and biofilm developmental timepoints would indicate that 

biofilm development harbours macroevolutionary logic similar to embryos of multicellular 

eukaryotes. The presence of this correlation is until now known for eukaryotic multicellular 

organisms only. In addition, only transcriptome expression data have been used in studying 

phylogeny-ontogeny correlations so far, which enables including proteome quantification data 

in this study. The study was made by bioinformatic analyses of transcriptome expression and 

proteome quantification data gained by RNA and protein isolation from Bacillus subtilis subsp. 

subtilis str. NCIB3610 from ten timepoints covering biofilm growth from its inoculation until 

two months of culturing. 
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2. LITERATURE REVIEW 

 

2.1. Phylogeny-ontogeny correlation 

 

2.1.1. Morphological phylogeny-ontogeny correlation in animals 

 

Understanding the relationship between phylogeny and ontogeny is essential in the fields of 

developmental and evolutionary biology and genetics. First proposed models describing 

phylogeny-ontogeny correlation in animals, dating back to 1820s, were stating that all animals 

share a universal body form that advances from simple to complex, and that embryonic 

structures of “higher” animals are comparable with organs in “lower” animals (Abzhanov, 

2013). Following theories recognized different types of body plans, and expanded the 

parallelism of ontogeny and phylogeny in “lower” and “higher” animals to fossil records 

(Abzhanov, 2013). One of the most extreme models describing this parallelism was the 

“recapitulation theory” or “biogenetic law” by Ernst Haeckel (Haeckel, 1868), shortly 

explained with the phrase “ontogeny recapitulates phylogeny”. Haeckel took into consideration 

novel evolutionary concepts by Charles Darwin and Alfred Russell Wallace, and stated that the 

organism during its development recapitulates the evolution of its species, i.e. the size and the 

shape changes during organismal ontogeny recapitulate its species phylogeny (Abzhanov, 

2013). Haeckel claimed that the development of  higher animal goes through the stages that 

correspond to the adult organism of the more primitive animal (Abzhanov, 2013). One of the 

first proposed models was also the one by Karl Ernst von Baer (1828), but it was opposite to 

then widely accepted recapitulation models. Von Baer proposed his what is today known as 

“developmental law” or “law of embryology”. He observed some general trends during animal 

embryonic development – general attributes of a larger group of animals appear earlier than the 

special characters in their embryos; special forms are developed from the general forms; every 

embryo of a given animal form becomes separate from the other forms and does not pass 

through them; and the embryo of a higher form resembles only its embryo, not any other form 

(Baer, 1828). Law of embryology states that tissue and organ differentiation increase during 

development and specialized structures arise from the general, so this rules out recapitulation, 

as the embryo of a higher animal does not represent the adult of a lower animal (Abzhanov, 

2013). Today, Haeckel’s idea that animal embryology is a recurrence of their evolution is 

widely rejected, and von Baer’s laws are mostly accepted. One of the most famous derivations 

of von Baer’s third law are the so-called “funnel” model and the “hourglass” model with the 
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concept of phylotypic period. The “funnel” model, also known as the “early conservation” 

model, implies that the embryos are highly conserved in their early stages, and progressively 

diverge and branch as development advances (Abzhanov, 2013). It assumes that mutations or 

perturbations at the earlier stages of development can have a widespread effects at the following 

developmental stages, thus they have to be conserved (Irie and Kuratani, 2011). On the 

contrary, the phylotypic period of the “hourglass” model presents a part of mid-embryonic 

development when the basic body plan of a certain phylum is being established with all major 

body parts represented in their final positions and which is morphogenetically conserved due 

to natural selection or developmental constraints in different species (Slack, Holland and 

Graham, 1993; Duboule, 1994; Kalinka and Tomancak, 2012; Abzhanov, 2013). One 

hypothetical motive for mid-embryonic conservation is the activation of spatial and temporal 

collinearity of Hox genes during that stage, which are essential for the proper body plan 

organization during development (Duboule, 1994). The other hypothesis suggests that networks 

of local and global inductive signals are responsible for conservation and developmental 

interdependence of different organ primordia and therefore any changes during mid-

development stages would increase the risk of mortality (Irie and Kuratani, 2011). It is 

important to note that the term “early embryogenesis” today refers to the stages during which 

blastomere cleavage, blastulation, gastrulation, and early neurulation occur, and they are 

considered to be a part of the adult maternal phenotype which evolved more recently and can 

differ among closely related species due to environmental conditions (Abzhanov, 2013). In von 

Baer’s time, the pharyngula stage was considered as a starting point of the “early 

embryogenesis”, and he observed the embryos from that point onward (Abzhanov, 2013). 

Regardless of different opinions relating to starting, mid or terminal stages of embryogenesis, 

it is clear that at some timeframe during animal embryogenesis there are striking morphological 

similarities in the embryos across different species in a certain phylum (Slack, Holland and 

Graham, 1993; Duboule, 1994; Abzhanov, 2013) 

 

 

2.1.2. Molecular phylogeny-ontogeny correlation 

 

With the uprising of methods in molecular biology and bioinformatics, more and more studies 

that tried to explore the relationship between evolutionary and developmental processes on the 

molecular level started to emerge. Although there is a general accordance with the 

developmental hourglass considering animal morphology, there are some disagreements in 
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molecular studies. For example, Roux and Robinson-Rechavi (2008) found that essential genes 

and genes with strong sequence constraints in zebrafish and mouse tend to be expressed in early 

developmental stages in comparison to late developmental stages, thus confirming the early 

conservation model on molecular level. Comte, Roux and Robinson-Rechavi (2010) also 

confirmed the molecular early conservation model, by showing that early expressed genes are 

more conserved between zebrafish and mice and are regulated by different pathways compared 

to genes expressed during later developmental stages. Reduced phenotypic diversity during the 

phylotypic period can be explained with the conservation in mechanism of pattern formation at 

the earlier stages (Richardson, 1999). Also, divergence following the phylotypic period can be 

assigned to changes in developmental mechanisms during that period, and these changes are 

expressed and enlarged later in development (Richardson, 1999). However, Kalinka et al. 

(2010) were measuring gene expression conservation during development of six Drosophila 

species, and found that gene expression is more resistant to evolutionary change during mid-

embryogenesis compared to either early or late periods of embryogenesis, meaning that 

selective constraint is maximized by natural selection during the arthropod phylotypic period. 

The authors also found that genes contributing the most to the hourglass model are involved in 

core developmental processes (Kalinka et al., 2010). Similarly, Irie & Kuratani (2011) 

discovered that gene expression profiles of four vertebrate species have the highest 

conservation in pharyngula embryos. They found that the genes with conserved expression 

include Hox genes, genes involved in cell-cell signalling, transcription factors and morphogens 

or growth factors (Irie and Kuratani, 2011). Also, the genes with similar expression profiles 

have the higher proportion of development-related genes than the ones with different 

expressions (Irie and Kuratani, 2011). In a study that had a different approach by using genomic 

phylostratigraphy (Domazet-Lošo, Brajković and Tautz, 2007), Domazet-Lošo & Tautz (2010) 

linked evolutionary gene age with gene expression levels and calculated transcriptome age 

index (TAI) for 60 stages covering zebrafish ontogeny. Their results showed that the TAI has 

the lowest value during the late segmentation/early pharyngula stage, meaning that evolutionary 

oldest transcripts are expressed at that moment, which corresponds to the phylotypic stage in 

zebrafish (Domazet-Lošo and Tautz, 2010). The authors also confirmed the phenomenon of 

preferential expression of evolutionary older genes during mid-development in Drosophila 

melanogaster, Caenorhabditis elegans, and Anopheles gambiae (Domazet-Lošo and Tautz, 

2010). Recognizing the potential of genomic phylostratigraphy, Quint et al. (2012) wanted to 

see if molecular hourglass is detectable in another living kingdom that has evolved 

embryogenesis. Plants do not show discernible morphological hourglass, and they exhibit 
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differences in developmental processes during embryogenesis in comparison with metazoa, yet 

the hourglass pattern has been confirmed on molecular level in Arabidopsis (Quint et al., 2012). 

Except confirming that evolutionary oldest genes during plant gametic embryogenesis are 

expressed during mid-development, the authors also discovered that the least diverged genes 

are also preferentially expressed in mid-development, in comparison with early and late 

embryogenesis (Quint et al., 2012). Molecular hourglass regarding gene age and divergence 

was also confirmed in mushroom-forming fungi Coprinopsis cinerea development, what is 

even more surprising, since there is no embryogenesis in mushroom like in animals and plants 

(Cheng et al., 2015). Also, although in flowering plants and fungi the “waist” in molecular 

hourglass model occurs after what is considered to be analogous to phylotypic period in 

animals, all three mentioned major taxa still exhibit the same molecular phylogeny-ontogeny 

correlation (Quint et al., 2012; Cheng et al., 2015). 

Although different methods draw different conclusions about phylogeny-ontogeny correlations 

on molecular level in animals, genomic phylostratigraphy reflected the molecular hourglass 

pattern not only across several animal phyla, but also in two other living kingdoms 

encompassing eukaryotic multicellular organisms. Despite the fact that animals, plants and 

fungi developed multicellularity independently (Niklas, 2014), genomic phylostratigraphy was 

successful in reproducing the same relationship between the organismal development and its 

evolution. 

 

 

2.2. Bacterial biofilms 

 

Bacterial biofilms are complex biological systems that represent communities of bacterial cells 

attached to a surface and enclosed in a self-produced extracellular matrix. Aside from bacteria, 

archaea are also capable of forming complex multicellular structures encased in an extracellular 

matrix. Extracellular matrix is important for keeping the integrity of a biofilm and holding the 

community together and protecting it (Vlamakis et al., 2008, 2013). It is a common feature of 

all biofilms, and it is usually composed of a polysaccharide biopolymer along with other 

components such as proteins or DNA (López, Vlamakis and Kolter, 2010; Vlamakis et al., 

2013). Along with bacteria or archaea, biofilms in nature consist additionally of fungi, protozoa, 

and algae (Romaní et al., 2008). The archaeal and bacterial ability to form biofilms is an ancient 

and a wide-spread characteristic, regarding that prokaryotic “living fossil” lineages and a wide 

range of bacterial species are capable of biofilm arrangement and they spend a large part of 
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their lifetime within a biofilm community (Hall-Stoodley, Costerton and Stoodley, 2004; 

Monds and O’Toole, 2009). 

Bacterial biofilms are found on almost all biological and non-biological surfaces and are 

structurally adapted to survive in varying environments, resistant to different and extreme 

temperatures, pH, exposures to ultraviolet light, or nutrient conditions (Hall-Stoodley, 

Costerton and Stoodley, 2004). They occur in almost every environment with sufficient 

moisture and nutrient amount and on surfaces where their attachment is possible (Singh, Paul 

and Jain, 2006). Bacterial biofilms are in general considered problematic in many man-made 

setups, mostly because of their resistance to antibiotic and antimicrobial agents that causes 

damage in medical and industrial settings (Hall-Stoodley, Costerton and Stoodley, 2004). 

Furthermore, bacterial biofilm infections are known to affect human teeth, skin, and the urinary 

tract (López, Vlamakis and Kolter, 2010). This resistance can be explained by the barrier 

properties of the extracellular matrix, dormant zones with starved and stationary cells within 

the biofilm, and the existence of resistant phenotypes (Hall-Stoodley, Costerton and Stoodley, 

2004). Apart from their negative impact, they can also be exploited beneficially, like a potential 

source of energy in the form of microbial fuel cells, which can use almost any source of 

biodegradable organic matter for power generation (Logan, 2009). Their potential in effluent 

treatment is enormous, as they are more efficient, economic, and safer to use in comparison to 

chemical or physical methods (Singh, Paul and Jain, 2006). Bacterial biofilms have also been 

recognized as biological control agents in agriculture, since bacteria in the rhizosphere can form 

biofilms that help plants in coping with infections from pathogenic bacteria, fungi or nematodes 

(Vlamakis et al., 2013). 

Bacterial biofilms can be grown in different laboratory conditions and thus be in different 

formations, including colony biofilms at the air-agar interface, floating biofilms at the air-liquid 

interface, and submerged, surface-adhered biofilms at the liquid-solid interface (Vlamakis et 

al., 2013). Natural bacterial biofilms usually include multiple bacterial species (Røder, 

Sørensen and Burmølle, 2016), but clinical relevance of biofilms made researchers use model 

systems that included Gram-negative pathogenic bacteria, like Pseudomonas aeruginosa which 

became the most studied bacterium in the biofilm field (Vlamakis et al., 2013). However, 

Bacillus subtilis, a non-pathogenic and Gram-positive bacterium, has become known as a model 

organism for studying biofilm formation over the past two decades. 
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2.2.1. Bacillus subtilis biofilm morphology 

 

Bacillus subtilis is a widespread bacterium broadly adapted to many environments. Typical 

wrinkled morphology of B. subtilis biofilms is a consequence of localized cell death and 

resilience against environmental extremes provided by the extracellular matrix (Asally et al., 

2012). At the beginning of biofilm forming, cells are in a shape of short motile rods, and 

afterwards they become non-motile and form long chains by adhering to each other and to the 

surface and secrete an extracellular matrix (Vlamakis et al., 2013).  

Vlamakis et al. (2008) were determining cell types by monitoring gene expression in colony 

biofilms and found that gene expression during biofilm formation is temporally and spatially 

regulated and produces at least three different cell types – motile, matrix-producing and 

sporulating cells. They found that motile cells, which express hag that codes for flagellin, are 

the most numerous in the early biofilm, at 12 h respectively. They start to decrease in number 

as the biofilm matures, when matrix-specific genes in matrix-producing cells, like tapA 

encoding for major protein component, peak in the expression at 24 h. Sporulation and sspB 

expression, encoding for protein found only in sporulating cells, starts at 48 h of biofilm 

formation (Vlamakis et al., 2008). Their results indicate that biofilm formation is genetically 

dynamic mechanism and includes different coexisting cell types that change in proportion 

throughout this process. 

Vlamakis et. al (2008) also determined in what order cell types differentiate. They found that 

motile cells move to the base and edge of the colony as the biofilm matures. Matrix-producing 

cells can be found throughout the biofilm in random patches, although they show larger density 

toward the edge of the colony with biofilm aging. Sporulating cells are preferentially located at 

the aerial biofilm structures. Matrix-producing cells arise from motile cells by repressing their 

motility, and sporulating cells are mostly derived from the matrix-producing cells. Also, the 

minority of sporulating cells can arise from motile cells as well (Vlamakis et al., 2008). The 

process of matrix-producing cells is reversible and can alter as environmental conditions 

change, so these cells can become motile again (Vlamakis et al., 2008, 2013). Their results 

indicate that biofilm formation is genetically dynamic mechanism and includes different 

coexisting cell types that change in proportion throughout this process. 
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2.2.2. Molecular basis for biofilm development in Bacillus subtilis 

 

Biofilm formation is a complex process and a result of many interconnected regulatory 

networks. Although cells within a single-species biofilm are genetically identical as they arise 

from a single cell, they express different genetic programs that produce subpopulations of 

functionally and phenotypically distinct, but coexisting cell types (López, Vlamakis and Kolter, 

2010; Vlamakis et al., 2013). The process of biofilm formation in B. subtilis starts with the 

expression of genes responsible for matrix production, triggered by an external signal, such as 

antimicrobial lipoprotein surfactin (Vlamakis et al., 2013).  

Central transcription regulator in B. subtilis which, among other genes, controls those necessary 

for biofilm formation and sporulation, is Spo0A. Its activity depends on its direct or indirect 

phosphorylation by several different kinases, including KinA, KinB, KinC and KinD, in a way 

that intermediate levels of Spo0A activate matrix gene expression, and higher levels of Spo0A 

induce sporulation (Vlamakis et al., 2013). Phosphorylated Spo0A controls the activity of the 

master regulator SinR and AbrB which act repressively on the eps and tapA-sipW-tasA operons 

and regulatory gene slrR (Kearns et al., 2004; Chu et al., 2008). SlrR and his paralogue SlrA 

control the biofilm formation by binding to SinR and preventing it from repressing the eps and 

tapA-sipW-tasA operons, or by repressing the promoters for motility gene hag and genes 

involved in cell separation lytABC and lytF (Chai, Kolter and Losick, 2009; Chai et al., 2010; 

Vlamakis et al., 2013). Phosphorylated Spo0A also controls the SinR antirepressor SinI (Kearns 

et al., 2004). 

Another important transcription regulator in B. subtilis is comA. It produces protein whose 

phosphorylation leads to surfactin production via srf, which is important in extracellular matrix 

production (López and Kolter, 2010). Extracellular matrix production is mostly mediated by 

self-produced extracellular signals, and surfactin is one of the most well-known. Surfactin is a 

lipopeptide that causes potassium leakage in the membrane, which activates sensor kinase KinC 

that triggers phosphorylation of Spo0A and positively regulates matrix gene expression (Lopez 

et al., 2009; Vlamakis et al., 2013). ComA also activates degQ transcription, and DegQ 

modulates DegU phosphorylation and synthesis of exoproteases and other extracellular 

enzymes that help with nutrient acquisition (Kobayashi, 2007; Marlow et al., 2014; Spacapan, 

Danevčič and Mandic-Mulec, 2018). ComX is an autoinducer and quorum-sensing signal 

responsible for phosphorylation and activation of ComA (Kalamara et al., 2018). Matrix-

producing cells secrete the extracellular polysaccharide (EPS) and the structural matrix-

associated proteins, which are the main components of the extracellular matrix (López and 
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Kolter, 2010). The major EPS component of all B. subtilis biofilms is synthesized by the 

products of the epsABCDEFGHIJKLMNO operon, and two other genes important for the 

production of nucleotide sugars involved in the eps pathway include pgcA and gtaB (Vlamakis 

et al., 2013). The two known and characterized proteins present in the matrix are translocation-

dependent antimicrobial spore component TasA and biofilm surface layer protein BslA. 

Functioning of TasA is closely connected to protein TapA, and these two proteins are processed 

by the third protein type I signal peptidase W SipW, while all three proteins are encoded by the 

tapA-sipW-tasA operon (Vlamakis et al., 2013). Another enzyme important for B. subtilis 

matrix production is KinD, which acts both as phosphatase by keeping low levels of 

phosphorylated master regulator Spo0A until matrix is sensed, and then starts to phosphorylate 

Spo0A to promote sporulation (Aguilar et al., 2010). 

As biofilm matures, some cells in it eventually become sporulating, which can be triggered by 

harsh environmental conditions and as a response to natural products from other 

microorganism, or can be controlled by quorum sensing dependent manner (López and Kolter, 

2010; Vlamakis et al., 2013). KinA is a kinase that is responsible for responding to starvation 

and inducing sporulation through phosphorylation of Spo0A (López and Kolter, 2010). Another 

mechanism triggering sporulation during starvation is through depletion of GTP which 

inactivates CodY, which usually serves as an inhibitor of Spo0A expression (Ratnayake-

Lecamwasam et al., 2001). Sporulation regulated by quorum sensing includes extracellular 

peptides Phr that form complex with Rap proteins which stabilize the phosphorylated form of 

Spo0A and favor sporulation (López and Kolter, 2010). Besides sporulation, nutrient-limited 

conditions can also lead to the production of an extracellular matrix in B. subtilis in a non-

signalling mechanism (López and Kolter, 2010). Low levels of phosphorylated Spo0A lead to 

the expression of two operons encoding for toxin peptides sporulation killing factor SkfA and 

sporulation-delaying protein SdpC in cannibal cells, which are at the same time resistant to 

these toxins. As low levels of phosphorylated Spo0A trigger both matrix production and 

cannibalism, usually the subpopulations of these two types of cells overlap (López and Kolter, 

2010; Vlamakis et al., 2013). 

To conclude, biofilm formation is triggered by signals that lead to phosphorylation in regulators 

that act on a fraction of cells in a culture and are responsible for activation and regulation of 

processes that result in distinct cell types in Bacillus subtilis. This bimodality is achieved when 

the regulators activate a certain subset of genes until a specific regulator expression level is 

achieved (López and Kolter, 2010). The size of the subpopulation of cells affected by the 

regulator also depends on the environmental conditions and signalling molecules, and besides 
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responding to self-produced signals that trigger cell differentiation and biofilm formation, B. 

subtilis can also sense products produced by other bacteria that share its ecological niche (López 

and Kolter, 2010).  

 

 

2.2.3. Bacterial biofilms as multicellular organisms and biofilm growth as a developmental 

process 

 

There are many behaviours that characterize bacterial biofilms as a multicellular and social 

organism. Production of exoproteases, surfactin and extracellular matrix can all be considered 

as public goods, as they are energetically expensive to produce, but are beneficial to all cells in 

a bacterial community (Kalamara et al., 2018). Only a subpopulation of cells produces surfactin 

and expresses matrix genes, and the cells that respond to surfactin are not the ones producing 

it. This way of signalling between bacterial cells in which the signalling molecules are self-

produced is known as quorum sensing, and if the signal is unidirectional and the producers do 

not respond to it is referred to as a paracrine signalling (López and Kolter, 2010; Vlamakis et 

al., 2013). Communication in B. subtilis biofilms can also be through electrical signalling. The 

cells from the periphery of biofilm colony periodically halt their growth in order to prevent 

starvation and death of the cells from the interior, thus providing the overall viability of the 

biofilm (Liu et al., 2015).  This coordination in metabolism is mediated by potassium ion-

channel electrical signals (Prindle et al., 2015). 

Spatiotemporal gene expression regulation is one of the important conditions to meet for the 

development of multicellular organism, and B. subtilis meets that criterion through activating 

and repressing different genes in several different cell types throughout biofilm formation 

(Vlamakis et al., 2008). Changes in spatiotemporal organization are not only detectable on 

molecular level, but also in changes in morphology and through macroscopic organization that 

occur during biofilm formation (Monds and O’Toole, 2009). 

Another major requirement of a developmental system are gene regulatory networks (Monds 

and O’Toole, 2009), and there are several known regulatory pathways and molecular 

underpinnings that control biofilm formation in B. subtilis (López and Kolter, 2010; Vlamakis 

et al., 2013). 
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3. MATERIAL AND METHODOLOGY 

 

3.1. Biofilm growth, RNA extraction and protein digestion 

 

Biofilm cultivating and RNA extraction were previously done by the members of the Domazet-

Lošo group (Laboratory of Evolutionary Genetics, Department of Molecular Biology, Ruđer 

Bošković Institute). Briefly, MSgg agar plates were inoculated with Bacillus subtilis subsp. 

subtilis str. NCIB3610 (B. subtilis) from LB culture. The plates were incubated at 30 C and 

the biofilms were harvested for RNA extraction at 6 and 12 hours, and at 1, 2, 3, 5, 7, 14, 30 

and 60 days post-inoculation time (transcriptome samples 6H, 12H, 1D, 2D, 3D, 5D, 7D, 14D, 

1M and 2M, respectively), and for protein digestion at 1, 2, and 7 days post-inoculation time 

(proteome samples 12H, 1D, 2D and 7D, respectively). All samples, excluding 2M (only one 

replicate due to technically demanding RNA extraction from aged biofilms), were taken in three 

biological replicates per timepoint. Mass spectrometry analyses of sampled proteins were 

performed at the Proteomics Core Facility, Sahlgrenska Academy, University of Gothenburg, 

Sweden. Briefly, samples were analysed on an QExactive HF mass spectrometer and acquired 

spectra were processed using MaxQuant software suite V1.5.1.0 (Cox and Mann, 2008; 

Tyanova, Temu and Cox, 2016) integrated with an Andromeda (Cox et al. 2011) search engine. 

Database search was performed against a target-decoy database of B. subtilis (NCBI Assembly 

accession: ASM205596v1; GCA_002055965.1) containing 4,333 protein entries. Finally, 

iBAQ values for 2,915 proteins at 10% false discovery rate were obtained. Details about biofilm 

cultivating, RNA extraction and protein digestion can be found in Futo et al. (2021). 

 

 

3.2. Transcriptome data analyses 

 

Ribosomal RNA was removed from the total RNA samples and RNA-seq libraries were 

prepared using the Illumina TruSeq RNA Sample Preparation v2 Kit (Illumina). The RNA 

sequencing was performed bi-directionally on the Illumina NextSeq 500 platform at the EMBL 

Genomics Core Facility (Heidelberg, Germany), generating ~450 million reads per run. The 

sequence quality and read coverage were checked using FastQC V0.11.7 (Andrews, 2010) with 

satisfactory outcome for each of the samples. In total 1,493,163,656 paired-end sequences 

(75bp) were mapped onto the B. subtilis reference genome (NCBI Assembly accession: 
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ASM205596v1; GCA_002055965.1) using BBMap V37.66 (Bushnell, 2014) with an average 

of 93.46% mapped reads per sample. The mapping was performed using the standard settings 

with the option of trimming the read names after the first whitespace enabled. We used the 

SAMtools package V1.6 (H. Li et al., 2009) to generate, sort and index BAM files for 

downstream data analysis. The subsequent RNAseq data processing was performed in R V3.4.2 

(R Development Core Team, 2008) using custom-made scripts. Briefly, mapped reads were 

quantified per each B. subtilis open reading frame using the R rsamtools package V1.30.0 

(Morgan et al., 2017) and raw counts for 4,515 open reading frames were retrieved using the 

GenomicAlignments R package V1.14.2 (Lawrence et al., 2013). Expression similarity across 

timepoints and replicates was assessed using principal component analysis (PCA) implemented 

in the R package DESeq2 V1.18.1 (Love, Huber and Anders, 2014) and visualized using 

custom-made scripts based on the R package ggplot2 V3.1.0. (Wickham, 2016).  

Out of 4,333 protein coding genes with mapped reads, we analysed 4,316 which passed the 

phylostratigraphic procedure. First, raw counts of these 4,316 protein coding genes were 

normalized by calculating the fraction of transcripts (τ) (B. Li et al., 2009). After this 

normalization step, we resolved replicates by calculating their median, whereby replicates that 

had zero raw values were omitted, and such values were used for calculating transcriptome 

evolutionary indices. We discarded the genes which had zero expression values in more than 

one stage in preparation of the transcriptome dataset for RNA expression profile correlations, 

clustering and visualization, thus reducing the dataset to 4,296 genes. If a gene had only one 

stage with a zero-expression value, the zero-value was imputed by interpolating the mean of 

the two neighbouring stages (2 genes in total). In the case a zero-expression value was present 

in the first or the last stage of the biofilm ontogeny, the value of the only neighbour was directly 

assigned to it (134 genes in total). This procedure was chosen to avoid erratic patterns in the 

visualization and clustering of mRNA expression profiles. To bring the gene expression profiles 

to the same scale, we performed the normalization to median and log2 transformation for every 

gene. This per-gene normalized expression values (standardized expressions) were used for 

visualization using the R ggplot2 (Wickham, 2016) package V3.1.0 and clustered with 

DP_GP_cluster (McDowell et al., 2018) with the maximum Gibbs sampling iterations set to 

500. For transcription regulator and sigma factor expression profiles, we selected genes which 

are regulating ≥ 10 operons based on the DBTBS database (Sierro et al., 2008). Biofilm-

important genes and cell-cell signalling genes used for profile visualization were selected 

following relevant reviews (Vlamakis et al., 2013; van Gestel, Vlamakis and Kolter, 2015; 

Kalamara et al., 2018). Protein phosphatase and protein kinase genes were selected for profile 
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visualization following the SubtiWiki database annotations (Zhu and Stülke, 2018). The 

statistical significance of difference between average standardized expressions shown in Figure 

7 was assessed by repeated measures ANOVA. To determine the similarity of transcriptomes 

across stages of biofilm ontogeny, we calculated Pearson’s correlation coefficients (R) in all-

against-all manner and visualized them in a heat map. Pairwise differential gene expression 

between individual stages of biofilm ontogeny was estimated using a procedure implemented 

in the DESeq2 (Love, Huber and Anders, 2014) V1.18.1 package. Using the likelihood ratio 

test implemented in the same package, the overall differential expression for every gene across 

all stages of biofilm ontogeny was tested.  

 

 

3.3. Proteome data analyses 

 

Out of 2,915 quantified proteins, we further analysed 2,907 which passed the phylostratigraphic 

procedure. First, we calculated the partial concentrations by dividing every iBAQ value by the 

sum of all iBAQ values in the sample. After this normalization step, we resolved replicates by 

calculating their median whereby replicates that had zero iBAQ values were omitted. This 

yielded normalized protein expression values that were used for calculating proteome 

evolutionary indices. In preparing the proteome dataset for protein expression profile 

correlation, clustering and visualization, genes which had zero-expression values in more than 

one stage were discarded, thus reducing the dataset to 2,543 proteins. If a protein had only one 

stage with a zero-expression value, it was interpolated by taking the mean of the two 

neighbouring stages (134 proteins in total). In the case a zero-expression value was present in 

the first or the last stage of the biofilm ontogeny, it was directly assigned the value of the only 

neighbour (355 proteins in total). To bring the protein expression profiles to the same scale, for 

every protein the normalization and log2 transformation was performed and yielded 2,543 per-

protein normalized expression values (standardized expressions). These values were clustered 

with DP_GP_cluster (McDowell et al., 2018) with the maximum Gibbs sampling iterations set 

to 500 and visualized in R ggplot2 package (Wickham, 2016) V3.1.0. To assess correlations 

between standardized transcriptome and proteome expression values, we calculated the 

Pearson’s correlation coefficient (R) on the matching 2,543 genes/proteins. Expression 

similarity across timepoints and replicates for 2,910 proteins was assessed using PCA in R 

V3.4.2 stats package (R Development Core Team, 2008). The proteome PCA plot was 
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visualized using the R package ggplot2 V3.1.0 (Wickham, 2016), with log2 transformed iBAQ 

values previously increased by 1. 

 

 

3.4. Enrichment analysis 

 

Due to the poor gene annotations for focal B. subtilis strain, we transferred annotations from 

Bacillus subtilis subsp. subtilis str. 168 (NCBI Assembly accession: ASM904v1; 

GCA_000009045.1) by establishing orthologs between the two strains. This was performed by 

calculating their reciprocal best hit using the blastp algorithm V2.7.1+ (Altschul et al., 1990) 

with 10-5 e-value cut-off. Functional annotations for the B. subtilis 168 strain were retrieved 

from the SubtiWiki database (Zhu and Stülke, 2018) (accessed October 23, 2019). Functional 

enrichment of individual biofilm timepoints was estimated using the one-tailed hypergeometric 

test. For each timepoint, we tested genes and proteins that had the expression in that timepoint 

0.5 times (log2 scale) above the median of their overall expression profile for functional 

enrichment. P values were adjusted for multiple comparisons using the Yekutieli and Benjamini 

procedure (Yekutieli and Benjamini, 1999). 

 

 

3.5. Evolutionary measures 

 

The phylostratigraphic procedure was performed as previously described (Domazet-Lošo, 

Brajković and Tautz, 2007; Domazet-Lošo and Tautz, 2010). A consensus phylogeny that 

covers divergence from the last common ancestor of cellular organisms to the B. subtilis as a 

focal organism was previously constructed by the Domazet-Lošo group (Laboratory of 

Evolutionary Genetics, Department of Molecular Biology, Ruđer Bošković Institute). A full set 

of protein sequences for 926 terminal taxa were retrieved from online databases. Only the 

longest splicing variant per gene for eukaryotic organisms was left, and taxon tags were added 

to the sequence headers of all sequences. The details about constructing a phylogeny and 

preparing sequences for sequence similarity searches can be found in Futo et al. (2021). To 

construct the phylostratigraphy map of B. subtilis, we compared 4,333 B. subtilis proteins to 

the protein sequence database by blastp algorithm (Altschul et al., 1990) V2.7.1+ with the 10-3 

e-value threshold. After discarding all protein sequences which did not return their own 
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sequence as a match, 4,317 protein sequences left in the sample. These 4,317 protein sequences 

were then mapped on the 12 internodes (phylostrata) of the consensus phylogeny using a 

custom-made pipeline. Using expression values for 4,316 protein coding genes, we calculated 

the transcriptome age index (TAI); i.e. the weighted mean of phylogenetic ranks (phylostrata) 

for each ontogenetic stage. To test for the robustness of the phylostratigraphic procedure and 

the TAI profile, several phylostratigraphic maps with different e-value cut-offs (10, 1, 10-1, 10-

2, 10-5, 10-10, 10-15, 10-20 and 10-30) were constructed using the blastp algorithm (Altschul et al., 

1990) V2.7.1+.  

To analyse the proteome data in similar fashion, we introduced the proteome age index (PAI): 

𝑃𝐴𝐼 =
∑ 𝑝𝑠𝑖𝑞𝑖
𝑛
𝑖=1

∑ 𝑞𝑖
𝑛
𝑖=1

 

where psi is an integer which represents the phylostratum of the protein i, qi is iBAQ value of 

the protein i that acts as weight factor and n is the total number of proteins analysed. In total, 

2,907 proteins were used for PAI calculation. To estimate evolutionary divergence rates of B. 

subtilis proteins, we found 3,094 orthologs in Bacillus licheniformis str. DSM 13 (NCBI 

Assembly accession: ASM1164v1; GCA_000011645.1) by reciprocal best hits using blastp 

with 10-5 e-value threshold. Of the available Bacillus species, B. licheniformis provided the best 

balance between the number of detected orthologues and the evolutionary distance of species 

pair for calculating evolutionary rates. Orthologous pairs between B. subtilis and B. 

licheniformis were globally aligned and codon alignments were constructed in pal2nal 

(Suyama, Torrents and Bork, 2006). We calculated the non-synonymous substitution rate (dN) 

and the synonymous substitution rate (dS) using the Comeron’s method (Comeron, 1995). The 

whole procedure of obtaining dN and dS was performed in the R package orthologr 

V0.3.0.9000 (Drost et al., 2015). Using dN values of 3,091 genes, we calculated the 

transcriptome nonsynonymous divergence index (TdNI), i.e. the weighted arithmetic mean of 

nonsynonymous gene divergence: 

𝑇𝑑𝑁𝐼 =
∑ 𝑑𝑁𝑖𝑒𝑖
𝑛
𝑖=1

∑ 𝑒𝑖
𝑛
𝑖=1

 

where dNi is a real number which represents the nonsynonymous divergence of gene i, ei is the 

transcriptome expression value of the gene i that acts as weight factor and n is the total number 

of genes analysed. Using dS values of 2,212 genes, we calculated transcriptome synonymous 

divergence index (TdSI), i.e. the weighted arithmetic mean of synonymous gene divergence: 

𝑇𝑑𝑆𝐼 =
∑ 𝑑𝑆𝑖𝑒𝑖
𝑛
𝑖=1

∑ 𝑒𝑖
𝑛
𝑖=1
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where dSi is a real number which represents the synonymous divergence of gene i, ei is the 

transcriptome expression value of the gene i that acts as weight factor and n is the total number 

of genes analysed. To analyse proteome data in similar fashion, we introduced the PdNI and 

PdSI. Using dN of 2,329 proteins, we calculated the proteome nonsynonymous divergence 

index (PdNI), i.e. the weighted arithmetic mean of nonsynonymous divergence: 

𝑃𝑑𝑁𝐼 =
∑ 𝑑𝑁𝑖𝑞𝑖
𝑛
𝑖=1

∑ 𝑞𝑖
𝑛
𝑖=1

 

where dNi is a real number which represents the nonsynonymous divergence of protein i, qi is 

the normalized protein expression value of the protein i that acts as weight factor and n is the 

total number of proteins analysed. Using expression values of 1,755 proteins, we calculated 

proteome synonymous divergence index (PdSI), i.e. the weighted arithmetic mean of 

synonymous divergence: 

𝑃𝑑𝑆𝐼 =
∑ 𝑑𝑆𝑖𝑞𝑖
𝑛
𝑖=1

∑ 𝑞𝑖
𝑛
𝑖=1

 

where dSi represents the synonymous divergence value of protein i, qi is the normalized protein 

expression value of protein i that acts as weight factor and n is the total number of proteins 

analysed. Using 4,316 transcriptome expression values and "measure independent of length and 

composition" (MILC) (Supek and Vlahoviček, 2005) values, we calculated transcriptome 

codon usage bias index (TCBI), i.e. the weighted arithmetic mean of codon usage bias: 

𝑇𝐶𝐵𝐼 =
∑ 𝑀𝐼𝐿𝐶𝑖𝑒𝑖
𝑛
𝑖=1

∑ 𝑒𝑖
𝑛
𝑖=1

 

where MILC is a real number which represents the codon usage bias of gene i, ei is the 

transcriptome expression value of the gene i that acts as weight factor and n is the total number 

of genes analysed. Using 2,907 protein expression and MILC values, we calculated proteome 

codon usage bias index (PCBI), i.e. the weighted arithmetic mean of codon usage bias: 

𝑃𝐶𝐵𝐼 =
∑ 𝑀𝐼𝐿𝐶𝑖𝑞𝑖
𝑛
𝑖=1

∑ 𝑞𝑖
𝑛
𝑖=1

 

where MILC is a real number which represents the codon usage bias of protein i, qi is the 

normalized protein expression value of protein i that acts as weight factor and n is the total 

number of proteins analysed. MILC values were obtained from R package coRdon (Elek, 

Kuzman and Vlahoviček, no date) V1.3.0, with respect to codon usage bias of ribosomal genes. 

The whole procedure of obtaining TdNI, TdSI, PdNI and PdSI was made in R package 

orthologr V0.3.0.9000. The statistical analysis for TAI, PAI, TdNI, TdSI, PdNI, PdSI, TCBI, 

PCBI was calculated using the R package myTAI V0.9.0 .
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4. RESULTS AND DISCUSSION 

 

4.1. Biofilm growth is a stage-organised process 

 

To measure transcriptome expression levels during B. subtilis biofilm formation, we sampled 

eleven timepoints covering a full span of biofilm ontogeny from its inoculation, until two 

months of age (Figure 1a). The transcriptome expression values were recovered for 4,316 (96%) 

B. subtilis genes by RNAseq, which revealed three distinct periods of biofilm ontogeny: early 

(6H-1D), mid (3D-7D) and late period (1M-2M), linked by two transition stages at 2D and 14D 

(Figure 1b). Biofilm transcriptomes also showed poor correlation to the liquid culture (LC) used 

for inoculation of biofilms, indicating that biofilm makes a distinct part of the B. subtilis life 

cycle (Figure 1b). Poor correlation to the LC was also shown on the principal component 

analysis (PCA), whereas timepoints after inoculation show a time-resolved profile (Figure 1c 

and d). The observed differences in gene expression during B. subtilis biofilm growth are in 

concordance with previous studies and confirm that biofilm formation is genetically dynamic 

mechanism (Vlamakis et al., 2008). 

Considering all ontogeny timepoints, 4,263 (99%) genes were differentially expressed (Figure 

2). This number stayed similar (4,190 genes, 97%) when we looked only at biofilm growth in 

a narrow sense (6H-14D, Figure 2) by excluding the starting liquid culture (LC) and late-period 

timepoints (1M-2M) that show biofilm growth arrest. When we retained only genes with two-

fold or higher expression change, the numbers still remained high: 2,546 genes (59%) in biofilm 

growth in a narrow sense and 2,798 genes (65%) in biofilm growth in a broad sense (Figure 2). 

Pairwise comparisons between successive ontogeny timepoints uncovered that most genes 

(around 70%) change their transcription at biofilm inoculation (LC-6H), indicating that 

transition from a liquid culture to solid agar plates represents a dramatic shift in B. subtilis 

lifestyle (Figure 3a). The most dynamic step during biofilm growth is transition at 1D-2D, 

regardless which fold change criteria is applied (Figure 3). Transcription at 1D-2D changes in 

approximately 5-30% of genes, depending on the fold change criteria (Figure 3). Other 

memorable gene expression changes are at 7D-14D and 14D-1M, although they are less visible 

at greater fold changes (Figure 3). 
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Figure 1. Bacillus subtilis biofilm growth is a highly regulated and punctuated process. a) Gross morphology 

of B. subtilis biofilms on solid agar plates at 6 hours (6H), 12 hours (12H), 1 day (1D), 2 days (2D), 3 days (3D), 

5 days (5D), 7 days (7D), 14 days (14D), 1 month (1M) and 2 months (2M) after inoculation with liquid culture 

(LC). b) Pearson's correlation coefficients between timepoints of biofilm ontogeny in all-against-all comparison. 

Early (6H-1D), mid (3D-7D) and late (1M-2M) periods, together with transition stages at 2D and 14D, are marked. 

PCA of c) transcriptome and d) proteome data (see Material and Methodology). Biofilm growth timepoints (LC, 

6H, 12H, 1D, 2D, 3D, 5D, 7D, 14D, 1M and 2M) are shown in different colours, where grey represents the liquid 

culture (LC), different shades of red early (6H-1D), blue mid (2D-14D) and green late (1M-2M) biofilm period. 

Replicates are in the same colour and connected with lines. Black arrows correspond to the experimental timeline 

of biofilm growth that starts with LC and ends at 2M. Figure modified from Futo et al. (2021). 
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Figure 2. Differential expression through overall B. subtilis ontogeny shows dynamic regulation of 

transcription. The numbers above bars indicate the total number of genes recovered by RNAseq (Total), number 

of differentially expressed genes considering all ontogeny timepoints (LRT full), and number of differentially 

expressed genes considering ontogeny timepoints 6H – 14D (LRT reduced), with no fold change criteria, and 

genes with 2-fold or higher expression change. Differentially expressed genes were determined by likelihood ratio 

test (LRT) implemented in DESeq2, with p value (adjusted for multiple comparisons) cut-off set at 0.05. 
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Figure 3. Differential expression in pairwise comparisons between successive biofilm timepoints. Bursts of 

differentially transcribed genes are visible after inoculation (LC-6H) and at 1D-2D, 7D-14D and 14D-1M 

transitions. The numbers above lines indicate the number of differentially expressed genes. Down-regulated genes 

are in blue, and up-regulated are in red. a) fold change cut-off > 2; b) fold change cut-off > 4; c) fold change cut-

off > 8; d) fold-change cut-off > 16. Differentially expressed genes were determined by DESeq2 with p value 

(adjusted for multiple comparisons) cut-off set at 0.05. Figure obtained from Futo et al. (2021). 

 

The changes in gene expression related to evolutionary age of genes during biofilm formation 

are comparable to those observed during animal ontogeny (Domazet-Lošo and Tautz, 2010). 

Differential gene expression (Figure 2, Figure 3), correlation between timepoints (Figure 1b), 

and PCA of biofilm ontogeny (Figure 1c) support the idea that B. subtilis biofilm growth is 

intermittent with surges of transcriptional changes that define discrete ontogeny phases; the 

early, mid, and late period. This is similar to animal embryos, which show punctuated 

development both on morphological and transcriptomic level (Domazet-Lošo and Tautz, 2010; 

Kalinka et al., 2010; Levin et al., 2012; Yanai, 2018). The finding that B. subtilis biofilm growth 

is not a continuous process is additionally corroborated with PCA of proteome (Figure 1d), 
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although transcript and protein levels are known to poorly correlate (Liu, Beyer and Aebersold, 

2016).  

 

 

4.2. Evolutionary expression measures show a recapitulation pattern 

 

To assess whether biofilm growth has some evolutionary directionality, or if there is no 

correlation between ontogeny and phylogeny, we linked transcriptome expression values to 

evolutionary gene age estimates (Table 1) to obtain the transcriptome age index (TAI); a 

cumulative measure that gives the overall evolutionary age of an expressed mRNA pool 

(Domazet-Lošo and Tautz, 2010; Quint et al., 2012; Cheng et al., 2015). If one assumes that 

expression patterns across biofilm ontogeny are independent of evolutionary age of genes, then 

the TAI profile should show a trend close to a flat line; that is, TAI and ontogeny should not 

correlate. We found a recapitulation pattern in B. subtilis biofilms, where early timepoints of 

biofilm growth express evolutionary older transcriptomes compared to mid and late timepoints 

that exhibit increasingly younger transcriptomes (Figure 4a). We also examined how the TAI 

profile relates to the evolutionary age of genes (phylostrata - ps) and found that recapitulation 

pattern is significant already from the origin of Firmicutes (Appendix 3), reflecting its rather 

deep roots in the bacterial phylogeny. It is important to note that in this context, the 

recapitulation term refers only to the transcriptional activation of genes along ontogeny which 

recapitulates the macroevolutionary sequence of gene emergence (Domazet-Lošo and Tautz, 

2010). This term has remained useful in discussing development, although Haeckel’s idea that 

ontogeny recapitulates phylogeny has been previously abandoned (Abzhanov, 2013). 

Besides looking at the phylogeny-ontogeny correlation based on the emergence of founder 

genes through phylostratigraphy and TAI (Domazet-Lošo, Brajković and Tautz, 2007; 

Domazet-Lošo and Tautz, 2010), we also analysed the dataset by looking at more recent 

evolutionary history via estimating evolutionary divergence rates of coding sequences (Quint 

et al., 2012). Quint et al. (2012) were measuring evolutionary divergence through the ratio of 

synonymous (dS) and nonsynonymous mutations (dN), because it is generally assumed that 

nonsynonymous substitution rates reflect selective pressure, and synonymous substitution rates 

demonstrate an estimate of neutral evolution in coding sequences. However, B. subtilis displays 

a strong codon usage bias (Sharp, 2005), so dS sites cannot be considered neutral with selection 

acting on them. To account for this, we looked at substitution rates separately by devising 

transcriptome nonsynonymous (TdNI) and synonymous (TdSI) divergence indices (see 
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Material and Methodology). In B. subtilis - B. licheniformis comparison, TdNI showed a 

recapitulation pattern from 1D onwards, where genes conserved at nonsynonymous sites tend 

to be used early, while more divergent ones are used later during the biofilm ontogeny (Figure 

4b). Comparably, TdSI displays more complex correlation which clearly resembles the pattern 

of the transcriptome codon bias index (TCBI), indicating dependence of synonymous 

substitution rates and codon usage bias (Figure 5a and c). Nevertheless, TdSI recapitulation 

profile is evident in mid-period biofilms (1D-14D), where genes with more divergent 

synonymous sites gradually increase in transcription from 1D to 14D (Figure 5a). Together, 

these divergence-ontogeny parallelisms in B. subtilis biofilms further support the recapitulative 

evolutionary pattern and show that it is provided by relatively recent evolutionary forces in 

mid-period biofilms. 

To test if the phylogeny-ontogeny correspondence also exists at the proteome level, we 

quantified proteomes of LC, 12H, 1D, 2D and 7D stages, which show typical B. subtilis biofilm 

morphology and present the most dynamic part of B. subtilis biofilm development. We obtained 

protein expression values for 2,907 (67%) predicted proteins and used them to calculate the 

proteome age index (PAI); a cumulative measure analogous to TAI (see Material and 

Methodology), that gives an overall evolutionary age of a protein pool. The PAI profile also 

showed a significant recapitulation pattern, where evolutionary older proteins have higher 

expression early and younger ones later during biofilm ontogeny (Figure 4c). Similar to TdNI, 

TdSI, and TCBI for transcriptome, proteome nonsynonymous (PdNI; Figure 4d) and 

synonymous (PdSI; Figure 5b) divergence indices in B. subtilis - B. licheniformis comparison, 

as well as proteome codon bias index (PCBI; Figure 5d) revealed that recapitulation pattern 

also holds at shallower evolutionary levels (see Material and Methodology). Jointly, this 

demonstrates that phylogeny-ontogeny dependence, beside transcriptomes, is also visible in 

biofilm proteomes. 
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Table 1. Phylostratigraphy map of Bacillus subtilis subsp. subtilis NCIB 3610. The table shows the distribution 

of B. subtilis genes on the phylostratigraphy map and summary statistics with 1e-3 BLAST e-value cut-off. 

 

  

Phylostratum number Phylostratum name Number of genes Percentage of genes

1 Cellular organism 2563 59,37%

2 Bacteria 597 13,83%

3 Firmicutes/Actinobacteria/Chloroflexi/Cyanobacteria/Armatimonadetes/Melanibacteria 80 1,85%

4 Firmicutes 444 10,28%

5 Bacilli 24 0,56%

6 Bacillales 71 1,64%

7 Bacillaceae 145 3,36%

8 Bacillus 174 4,03%

9 Bacillus subtilis group 89 2,06%

10 Bacillus subtilis 32 0,74%

11 Bacillus subtilis subspecies subtilis 75 1,74%

12 Bacillus subtilis subspecies subtilis NCIB 3610 23 0,53%

Total: 4317 100,00%
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Figure 4. Bacillus subtilis biofilm growth exhibits a phylogeny-ontogeny recapitulation pattern. a) 

Transcriptome age index (TAI) and b) proteome age index (PAI) profiles of B. subtilis show that evolutionary 

older genes are used early in the biofilm ontogeny, while evolutionary younger genes are used later during biofilm 

ontogeny. c) Transcriptome nonsynonymous divergence index (TdNI) and d) proteome nonsynonymous 

divergence index (PdNI) profiles show that genes conserved at nonsynonymous sites are used early in the biofilm 

ontogeny, while more divergent ones are used later during biofilm ontogeny. Nonsynonymous divergence rates 

were estimated in B. subtilis – B. licheniformis comparison. Depicted p values are obtained by the flat line test and 

grey shaded areas represent ± one standard deviation estimated by permutation analysis (see Material and 

Methodology). Early (red), mid (blue) and late (green) periods of biofilm growth are colour coded. Figure modified 

from Futo et al. (2021). 
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Figure 5. Synonymous divergence and codon usage bias are co-dependent. a) Transcriptome synonymous 

divergence index (TdSI) shows resemblance to c) transcriptome codon bias index (TCBI). b) Proteome 

synonymous divergence index (PdSI) shows resemblance to d) proteome codon bias index (PCBI). Depicted p 

values are obtained by the flat line test and grey shaded areas represent ± one standard deviation estimated by 

permutation analysis (see Material and Methodology). Early (red), mid (blue) and late (green) periods of biofilm 

growth are colour-coded. Figure obtained from Futo et al. (2021). 
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Phylostratigraphy based-tools were already successfully applied in detecting phylogeny-

ontogeny correlations, not only in animals (Domazet-Lošo and Tautz, 2010), but also in plants 

(Quint et al., 2012) and fungi (Cheng et al., 2015). Moreover, several unrelated approaches 

independently also revealed the connection between phylogeny and ontogeny on molecular 

level in Metazoa (Kalinka et al., 2010; Irie and Kuratani, 2011; Levin et al., 2012, 2016), so 

phylostratigraphy can be considered as a reliable approach. Nevertheless, we evaluated the 

robustness of the TAI recapitulation pattern in B. subtilis by changing the BLAST e-value cut-

off values in the broad range from 10 to 10-30 (Figure 6, Appendix 4). High e-value cut-offs 

inflate the false positive rates and push gene ages towards older phylostrata, while low e-value 

cut-offs boost false negative rates and classify genes into younger phylostrata (Appendix 4). 

Regardless of the shifts in the distribution of genes across phylostrata, the TAI recapitulation 

pattern remained stable and significant (Figure 6, Appendix 4), showing a definite 

macroevolutionary imprint in the B. subtilis biofilm ontogeny that is resistant to changes in 

BLAST e-value thresholds.  
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Figure 6. Transcriptome age index profiles of B. subtilis ontogeny for different BLAST e-value cut-offs. a) 

e-value = 10 (n = 4,322 genes); b) e-value = 1 (n = 4,318 genes); c) e-value = 10-1 (n = 4,318 genes); d) e-value = 

10-2 (n = 4,317 genes); e) e-value = 10-5 (n = 4,315 genes); f) e-value = 10-10 (n = 4,305 genes); g) e-value = 10-15 

(n = 4,291 genes); h) e-value = 10-20 (n = 4,274 genes); i) e-value = 10-30 (n = 4,170 genes). Depicted p values are 

obtained by the flat line test and grey shaded areas represent ± one standard deviation estimated by permutation 

analysis (see Material and Methodology). Distribution of genes on phylostratigraphy maps with different BLAST 

e-value cut-off can be seen in Appendix 4. Figure obtained from Futo et al. (2021). 
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Besides being robust, the TAI profile of B. subtilis biofilm shows a correspondence between 

phylogeny and ontogeny that is similar to those of multicellular organisms (Domazet-Lošo and 

Tautz, 2010; Quint et al., 2012; Cheng et al., 2015). Although multicellularity evolved 

independently in these lineages (Niklas, 2014), it seems that it is governed by similar basic 

principles that include a macroevolutionary imprint. 

Despite of the relatively poor correlation between evolutionary age and sequence divergence 

(Quint et al., 2012) and methodological independence of phylostratigraphy and divergence-

based tools, it is interesting that evolutionary indices based on these two methods show the 

same recapitulation pattern. Furthermore, transcriptome and proteome levels within timepoints 

(Figure 7a-e) and across ontogeny (Figure 7f and g) in B. subtilis biofilms show no correlation, 

but protein evolutionary indices again show recapitulation pattern as transcriptome 

evolutionary indices. Although transcriptome can be regarded as a first step in expressing a 

phenotype from a genotype, proteome is closer to the phenotype and thus is required to fully 

understand processes like development (Peshkin et al., 2015). There are some gene expressions 

that correlate with protein expressions (Figure 7i), but most of them show no correlation (Figure 

7h), confirming rather poor connection between transcript and protein levels (Peshkin et al., 

2015; Liu, Beyer and Aebersold, 2016). 
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Figure 7. Transcriptome and proteome data show relatively low correlation. Correlation between 

transcriptome and proteome normalized expression values on -log2 scale calculated for each biofilm timepoint 

separately. Pearson's correlation coefficients (R) with corresponding p values are shown. Genes that had zero 

expression values in either proteome or transcriptome were excluded. a) LC (n = 2,720 genes); b) 12H (n = 2,763 

genes); c) 1D (n = 2,721 genes); d) 2D (n = 2,590 genes) and e) 7D (n = 2,318 genes). f) Distribution of Pearson's 

correlation coefficients (R) calculated for every gene between its transcriptome and proteome standardized 

expression profile across biofilm ontogeny (n = 2,543 genes). g) Distribution of only significant Pearson's 

correlation coefficients (R) (p < 0.05, n = 265 genes) from f. Significant negative correlation show 105 (4.1%) and 

significant positive 160 (6.3%) genes. h) An example of gene (mmuM; ybgG B. subtilis 168 strain name) that 

shows significant negative Pearson's correlation (p = 0.009, R = -0.96) between the transcriptome (dashed line) 

and the proteome (solid line) standardized expressions. i) An example of gene (rpoE) that shows significant 

positive Pearson's correlation (p = 0.003, R = 0.98) between the transcriptome (dashed line) and the proteome 

(solid line) standardized expressions. Figure obtained from Futo et al. (2021).
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4.3. Multicellularity important genes dominate in mid-period biofilms 

 

Transcription factors are one of the defining features of development in multicellular 

organisms, with dynamic expression throughout ontogeny (de Mendoza et al., 2013). We found 

that B. subtilis transcription regulators cumulatively have the highest transcription in mid-

period biofilms (2D to 7D), and that during this period majority of them are transcribed above 

the median of their overall expression profiles (Figure 8a, Appendix 5). This holds even if we 

narrow down the analysis to transcription initiators sigma factors only (Figure 8b, Appendix 5), 

and shows similarity with increased expression of transcription factors during embryo 

development (de Mendoza et al., 2013). Communication between cells is another important 

aspect of coordinated multicellular function (Shapiro, 1998). Similar to transcription regulators, 

quorum sensing genes in B. subtilis biofilms peak in transcription at 3D (Figure 8c, Appendix 

5), suggesting the most elaborate cell-cell communication at the timepoint when the biofilm 

gets the typical wrinkled morphology (Figure 1a). Protein phosphorylation is another important 

mechanism involved in many processes like differentiation, development, cell signalling or 

growth in animals and plants (Zhang and Liu, 2002; Xu and Zhang, 2015), and it also has an 

essential role in biofilm formation (López and Kolter, 2010; Vlamakis et al., 2013; Kalamara 

et al., 2018). Again, we found that protein kinases and phosphatases cumulatively have the 

highest transcription in mid-period biofilms (Figure 8d and e, Appendix 5), likely reflecting 

various types of cell differentiation in this growth phase (Vlamakis et al., 2008). Furthermore, 

DNA methylation is known to impact many biological processes in eukaryotes, including 

development, and it has been revealed that DNA methylation status of enhancers during the 

animal phylotypic period controls the expression of developmental genes (Bogdanović et al., 

2016). Recently, it has been shown that DNA methylation has a function in regulating gene 

expression in bacteria also (Nye et al., 2020). Interestingly, methyltransferase genes in B. 

subtilis biofilm show expression peak at the onset of biofilm formation (Figure 9), suggesting 

possible function of methylation in gene expression regulating biofilm formation. 
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Figure 8. Multicellularity-important genes show cumulatively the strongest transcription in the mid-biofilm 

period. Left y-axis shows percentage of genes that are transcribed above the median of their overall transcription 

profile (histogram). Right y-axis shows the average standardized transcription values for all considered genes 

(line). Significance of the average expression profile is tested by repeated measures ANOVA and respective p 

values are shown. a) Transcription regulators that regulate  10 operons (see Material and Methodology, n = 28, 

F(10, 270) = 17.33); b) Sigma factors (n = 11, F(10, 100) = 9.257); c) Cell to cell signalling genes (n = 24, F(10, 

230) = 9.947); d) Protein kinases (n = 49, F(10, 480) = 41.71); e) Protein phosphatases (n = 24, F(10, 230) = 

9.452); f) Key biofilm genes (n = 40, F(10, 390) = 30.74). Colouring of bars in histograms follows biofilm growth 

periods: LC (grey), early (red), mid (blue), late (green). List of genes for categories “Transcription regulators”, 

“Sigma factors”, “Cell-cell signalling”, “Protein kinases” and “Protein phosphatases” with their corresponding 

standardized expression values can be seen in Appendix 5. Figure obtained from Futo et al. (2021).
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Figure 9. Methyltransferase genes show the highest expression at the onset of biofilm formation. Black 

horizontal line represents the median of standardized transcriptome expression values. Figure modified from Futo 

et al. (2021). 

 

 

Further, we followed the expression of the key biofilm genes, and found that they are 

increasingly transcribed from the onset of biofilm formation (6H), maintain high values over 

early and mid-period (12H-14D), and progressively decline in late biofilms (1M-2M; Figure 

8f). Individual profiles of the key biofilm genes further show their finer stratification and reflect 

their specific roles. For instance, extracellular matrix genes and genes responsible for positive 

control of biofilm formation show highest transcription in early biofilms (Figure 10a and f). 

Motility genes and genes involved in negative regulation of biofilm gradually decrease in 

expression as the biofilm forms (Figure 10b and c). Sporulation genes have the highest 

transcription in the mid-period biofilms (Figure 10h). Surfactin has bimodal distribution with 

peaks at 6H and 14D (Figure 10e), and protease production increases from 2D to 14D (Figure 

10g).
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Figure 10. Standardized transcription profiles of key biofilm genes. a) All considered biofilm genes grouped 

in seven categories (n = 40); b) Positive regulators of biofilm growth (n = 3); c) Negative regulators of biofilm 

growth (n = 2); d) Biofilm important cell motility genes (n = 2); e) Surfactin genes (n = 4); f) Matrix genes (n = 

21); g) Biofilm important proteases (n = 2); h) Sporulation genes (n = 6). Black horizontal line represents the 

median of standardized transcriptome expression values. Figure obtained from Futo et al. (2021).
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These expression profiles are largely in accordance with previous knowledge on regulatory 

networks responsible for biofilm formation and other processes happening during that period 

(López and Kolter, 2010; Vlamakis et al., 2013; Marlow et al., 2014; van Gestel, Vlamakis and 

Kolter, 2015; Kalamara et al., 2018). Expression profiles obtained in this study should also be 

beneficial in future work. Exploration of profiles of potential candidate genes, especially those 

with unknown function and with expression peaks in stages of interest, could lead to expanding 

the knowledge about regulatory networks in biofilm formation. Furthermore, the distribution 

of genes according to their evolutionary origin can additionally serve as a tool for assigning 

functions to genes, as predictive power of phylostratigraphy has already been demonstrated 

(Shi et al., 2020). 

 

 

4.4. Biofilm growth has a stepwise functional architecture 

 

The functional category enrichment analysis of biofilm timepoints reveals a stepwise 

architecture where every timepoint and biofilm stage express a specific group of functions 

(Figure 11, Appendix 6-9). Some illustrative examples of enriched functions include 

acquisition and biosynthesis of different macromolecules and components at the beginning of 

biofilm formation. Furthermore, swarming, motility, biofilm formation and phosphorylation are 

also enriched in the early biofilm. Phosphorylation continues to be enriched in mid-biofilm, 

along with sporulation, germination, and quorum sensing. Sporulation and germination are also 

important in the late biofilm, when different functions related to stress become enriched. The 

enrichment of genes that lack functional annotation probably reflects the incomplete knowledge 

on the molecular mechanisms that govern early-to-mid biofilm transition. Statistical analysis of 

these genes on the phylostratigraphic map (Appendix 10) revealed that they preferentially 

originate from the ancestors of B. subtilis strains (ps10-ps12). This is similar to development in 

animals where taxonomically restricted genes are involved in generating the ontogenetic 

differentiation between taxa or morphological diversity in closely related species (Khalturin et 

al., 2009; Tautz and Domazet-Lošo, 2011). When observed in total, functional enrichment 

patterns show that biofilm growth at the functional level has discrete hierarchical organization 

with even finer temporal grading compared to the pure transcription profiles. This punctuated 

and stage-like nature of biofilm growth is analogous to modular development in animals (Yanai, 

2018). 
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Figure 11. Biofilm ontogeny is a punctuated process organized in functionally discrete stages. Enrichment 

analysis of SubtiWiki functional categories (ontology depth 3) in a respective biofilm growth timepoint for genes 

with transcription 0.5 times (log2 scale) above the median of their overall transcription profile. Similar results are 

obtained for other transcription level cut-offs and SubtiWiki functional annotation ontology depths (see Appendix 

6-9). Colouring follows biofilm growth periods: LC (grey), early (red), mid (blue), late (green). Functional 

enrichment is tested by one-tailed hypergeometric test and p values are adjusted for multiple testing (see Material 

and Methodology). Figure obtained from Futo et al. (2021). 
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Development can be defined as an emergence of organized structures from an initially simple 

group of cells, with pattern formation, polarity, changes in form, cell differentiation and growth 

as main processes that define it (Wolpert et al., 2007). Cell differentiation with division of 

labour and changes in composition and number of different cell types, different spatio-temporal 

gene expression, and intercellular communication are well known properties of B. subtilis 

biofilms (Vlamakis et al., 2008, 2013; López and Kolter, 2010; Kalamara et al., 2018). On top 

of that, additional features that define multicellularity in B. subtilis include electrical 

communication and entering into proliferation phase that resembles cancer in animals (Prindle 

et al., 2015; Hashuel and Ben-Yehuda, 2019). Our results implicate that stage-organized gene 

expression should be added to the growing list of properties that qualify B. subtilis biofilm as a 

multicellular organism.
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5. CONCLUSION 

 

Based on expression and quantification values of B. subtilis biofilm transcriptome and 

proteome, and on implementation of evolutionary measures, several conclusions can be derived 

from this study: 

1. B. subtilis biofilm shows molecular phylogeny-ontogeny correspondence through 

recapitulation pattern. This correlation is visible both in transcriptomes and proteomes. 

The same pattern is detectable by two independent methods, that is via emergence of 

founder genes by genomic phylostratigraphy, as well as via looking at recent 

evolutionary history by estimating evolutionary divergence rates of coding sequences. 

2. B. subtilis biofilm genes important for multicellularity and with functions analogous to 

those important in animal development, have the highest expression during mid-period 

biofilms when the biofilms exhibit their typical wrinkled morphology. 

3. B. subtilis biofilm growth at the functional level has clearly distinct hierarchical and 

stage-organized composition comparable to developmental processes in multicellular 

eukaryotes. 
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7. APPENDIX 

 

 
 
Appendix 1. Bacillus subtilis subsp. subtilis str. NCIB 3610 biofilm transcriptome clusters show that biofilm 

growth is not a continuous process. Gray lines represent transcriptome standardized expression values of 

individual genes, red line represents the average transcriptome standardized expression value of genes in a cluster, 

and black horizontal line represents the median of standardized transcriptome expression values. Transcriptome 

clusters are obtained by DP_GP_cluster with the maximum Gibbs sampling iterations set to 500. 
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Appendix 1. – continued. 
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Appendix 2. Bacillus subtilis subsp. subtilis str. NCIB 3610 proteome clusters show that biofilm growth is 

not a continuous process. Gray lines represent proteome standardized expression values of individual proteins, 

red line represents the average proteome standardized expression value of proteins in a cluster, and black horizontal 

line represents the median of standardized proteome expression values. Proteome clusters are obtained by 

DP_GP_cluster with the maximum Gibbs sampling iterations set to 500.
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Appendix 3. Recapitulation pattern is significant from the origin of Firmicutes at ps4. Transcriptome age 

index (TAI) was calculated on the reduced datasets by progressively removing genes from younger phylostrata. a) 

ps1-ps11 (n = 4,293); b) ps1-ps10 (n = 4,218); c) ps1-ps9 (n = 4,186); d) ps1-ps8 (n = 4,097); e) ps1-ps7 (n = 

3,923); f) ps1-ps6 (n = 3,778); g) ps1-ps5 (n = 3,707); h) ps1-ps4 (n = 3,683); i) ps1-ps3 (n = 3,239); j) ps1-ps2 (n 

= 3,159) and k) ps1 (n = 2,562). Depicted p values are obtained by the flat line test and grey shaded areas represent 

± one standard deviation estimated by permutation analysis (see Material and Methodology). Early (red), mid 

(blue) and late (green) periods of biofilm growth are colour-coded. Figure obtained from Futo et al. (2021).
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Appendix 4. Distribution of Bacillus subtilis subsp. subtilis NCIB 3610 genes on the phylostratigraphy maps 

made by BLASTp different e-value cut-offs. High e-value cut-offs push gene ages towards the older phylostrata 

and inflate the false positive rates, while high e-value cut-offs push gene ages in older phylostrata and inflate false 

negative rates. Regardless of the shifts in gene ages, the TAI pattern remains stable (see Figure 6). 

 

PS 1E-30 1E-20 1E-15 1E-10 1E-5 1E-2 1E-1 1 10

1 1426 1721 1927 2156 2444 2677 2818 3129 3940

2 798 823 793 727 637 555 496 471 215

3 122 111 94 90 88 73 82 114 38

4 635 561 538 515 456 413 382 269 47

5 28 32 35 34 26 23 24 15 6

6 89 89 79 68 75 69 59 43 5

7 197 181 176 177 155 139 130 77 22

8 520 407 331 257 197 164 143 77 16

9 83 98 111 109 97 83 75 55 16

10 49 60 49 36 31 29 28 20 3

11 164 142 117 102 83 72 64 38 11

12 60 50 42 35 27 21 18 11 4

total 4171 4275 4292 4306 4316 4318 4319 4319 4323
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Appendix 5. Gene identities and transcriptome standardized expression values for categories “Transcription 

regulators”, “Cell-cell signalling”, “Protein kinases” and “Protein phosphatases” shown in Figure 4a-e. Table 

modified from Futo et al. (2021). 

 

 

Gene symbol LC 6H 12H 1D 2D 3D 5D 7D 14D 1M 2M Category

SigA 1.099816 -0.25077 -0.56001 -0.63624 0 0.130907 0.214582 0.304288 0.150577 -0.16812 -2.22825 trans reg - sigma f

SigB 0.19176 -4.56653 -2.24133 -4.15026 -0.90346 0.625903 0 0.422927 1.953452 0.889038 -0.67328 trans reg - sigma f

SigD -0.8658 0.452489 0.105341 -0.59638 -0.02321 -0.10113 0.127656 -0.08713 0.805358 1.177105 0 trans reg - sigma f

SigE -0.71282 -2.50492 -3.0669 -2.14846 1.516482 3.140957 2.60214 3.630061 1.257064 0 -2.00727 trans reg - sigma f

SigF 1.048998 -2.27883 -0.70163 -1.38849 0.56312 1.48365 1.400539 2.373713 0 -1.34765 -3.10245 trans reg - sigma f

SigG -1.70185 -1.72542 -2.49899 -2.60971 1.716411 3.127771 3.51438 3.479138 1.714212 0 -0.34743 trans reg - sigma f

SigH -2.38716 -0.16965 -0.40517 0.019997 0.352636 0 0.207456 0.051885 0.147714 -0.1811 -1.75006 trans reg - sigma f

SigKN -0.82363 -0.71038 -0.92603 -0.51913 1.4097 2.303667 2.588531 3.339532 2.614244 0 -2.39692 trans reg - sigma f

SigKC -1.00551 0 -1.0604 -0.71997 1.473691 2.548477 3.005355 3.381454 2.672196 -0.17824 -2.12265 trans reg - sigma f

SigW 1.138363 -0.37657 -0.64429 0 0.635064 0.714912 0.745061 0.881942 -0.89784 -0.40399 -3.49136 trans reg - sigma f

SigX -3.06856 0.853443 1.65836 0.802997 0.532591 0.162625 0 -0.15608 -2.65304 -1.39027 -3.93667 trans reg - sigma f

DegU 0.608282 1.435629 0.023123 0 0.121563 -0.22152 -0.06551 0.466997 -0.00357 -0.50823 -2.59853 trans reg - other

GerE -1.55674 -3.39798 -3.77787 -4.03367 2.430828 3.144297 4.099659 3.914196 2.433121 0 -1.58768 trans reg - other

CodY 0.658681 0.47068 -0.07995 0 0.289571 0.467083 0.041953 -0.5809 -1.85096 -1.76614 -3.57907 trans reg - other

LexA -1.63529 0.926172 -0.02432 0.381066 0.236538 0.052228 0.223182 0 -0.8428 -0.86117 -2.82402 trans reg - other

Hpr -2.59102 0.733018 0 -0.22706 0.402521 0.518528 0.566167 0.573293 -0.13168 -0.00959 -2.17688 trans reg - other

CcpA -0.88777 1.827833 0.371997 0.571976 0.397675 0 0.062468 -0.15312 -0.15594 -1.13287 -3.02552 trans reg - other

TnrA -1.85697 2.300378 -0.43641 3.645359 1.407416 0.360779 0 0.250033 -0.86463 -0.58514 -2.66599 trans reg - other

Fur -0.9294 0.870149 -0.29804 0 0.588895 0.230216 0.835036 0.78507 -0.18015 -0.72058 -3.66804 trans reg - other

PhoP 0 -0.91511 -0.95377 -1.24356 0.143755 0.624502 0.616279 0.854827 -0.00412 0.353527 -1.14234 trans reg - other

ResD 0.353164 -0.20052 0.871681 0.629885 0.946784 0.930701 0 -0.15867 -0.30513 -0.99228 -3.61585 trans reg - other

AbrB -0.79771 2.39473 1.143551 1.43148 0.778317 0.143438 0 -1.17597 -2.61121 -0.62603 -1.96629 trans reg - other

SpoVT -0.72101 0.249874 -0.30786 -0.86329 0.773284 1.976854 2.322464 1.874956 0 -0.35089 -2.12991 trans reg - other

ResD 0.353164 -0.20052 0.871681 0.629885 0.946784 0.930701 0 -0.15867 -0.30513 -0.99228 -3.61585 trans reg - other

Spo0A 0 -0.2889 -0.39172 -0.47053 0.563415 0.774108 0.749329 1.399536 0.721344 -0.13683 -2.43944 trans reg - other

ComK -0.62246 -1.19016 -1.20241 -2.08174 0.802386 2.398436 1.735909 1.352545 2.576214 0 -2.05493 trans reg - other

PurR -0.02975 0.706968 -0.25082 0 0.032531 0.155791 0.307756 0.383924 -0.12476 -1.5507 -3.87916 trans reg - other

Rok -1.58784 1.17936 0 0.422805 0.255035 0.192654 -0.04414 0.279217 -0.73776 -0.89606 -3.05718 trans reg - other

SpoIIID -2.22841 -5.10228 -4.86827 -5.01063 2.200982 3.426701 3.932143 4.242509 2.420727 0 -1.79145 trans reg - other

comX -1.11566 0 -1.18103 0.476385 0.48569 0.979991 0.225098 0.56684 -2.05329 -1.80079 -2.31366 cell cell sign - com

comQ 0 -0.46227 -0.85078 0.213655 0.821303 1.180291 0.984581 0.728228 -2.81783 -1.04878 -2.14494 cell cell sign - com

comP -1.11501 0.113287 -0.20167 0.461646 0.35788 0.542855 0 0.053557 -0.40582 -0.94523 -2.26156 cell cell sign - com

comA -1.4602 0 -0.40199 -0.13659 0.413865 0.398344 0.380261 0.627237 0.436459 -0.57055 -3.13934 cell cell sign - com

rapJ -0.29453 0.65759 0.941885 0.978035 0.918646 0.365075 0 -0.13874 -0.98336 -0.76756 -2.24531 cell cell sign - rap

rapC -1.21615 2.335645 -1.14712 -1.31909 1.043432 1.59807 1.218877 1.157051 0 -0.58944 -2.95531 cell cell sign - rap

rapI -1.30126 0.998837 -0.6248 0.972828 0.600125 0.289668 0.015467 0 -2.75366 -1.79617 -2.46105 cell cell sign - rap

rapH 2.93347 -2.10697 -0.65958 -0.74977 0.253411 0.538349 0 0.395494 0.282748 -0.25986 -2.92229 cell cell sign - rap

rapA 4.93363 -3.07831 -2.89356 -4.34778 -1.8626 0 -0.19159 1.021603 2.452611 2.497477 0.197378 cell cell sign - rap

rapK -3.47755 1.020281 0.042604 1.876368 1.348318 1.11024 -0.00968 0 -3.83322 -1.38625 -2.67977 cell cell sign - rap

rapE -1.27919 0 -2.10852 -1.23861 -0.06993 1.008483 0.387274 1.166708 0.739897 0.561649 -0.49191 cell cell sign - rap

rapD -1.01313 -0.1281 0.189461 -0.0343 0 0.390166 0.061987 0.31232 0.178103 -0.51169 -2.67088 cell cell sign - rap

rapB -1.45468 0.022459 -0.21582 0.229854 0.338669 0.218853 0 0.01251 -0.87036 -0.68519 -2.91759 cell cell sign - rap

rapF 1.994238 2.676807 -1.48967 -1.08808 -0.06366 1.356047 0.390709 1.150483 0 -0.48624 -1.13493 cell cell sign - rap

rapG 1.333812 -0.73357 0.111828 -0.32171 -0.02438 0.186924 0.125283 0.48226 0 -1.02713 -3.57291 cell cell sign - rap

rapP 1.671786 0 0.589203 1.447546 1.1142 0.661725 -0.18633 -0.34296 -3.23934 -1.5459 -3.34561 cell cell sign - rap

phrC -2.16993 0.259362 2.192039 2.727672 2.24826 0.848774 -0.19742 0 -0.9039 -0.78359 -4.5335 cell cell sign - phr

phrI -0.34732 1.009348 0 1.106338 0.63568 0.534152 0.302833 -0.98196 -1.38505 -2.5988 -2.5988 cell cell sign - phr

phrH 2.488154 -2.46229 -0.62861 -1.0428 0.0901 0.328082 0 0.184534 1.022384 -0.40399 -2.00352 cell cell sign - phr

phrA 5.147402 -3.5697 -2.63767 -4.2457 -1.65966 0.525924 0 1.08662 2.518037 2.22107 -0.58061 cell cell sign - phr

phrK -1.62959 0.506123 0 1.24507 1.297267 1.2172 -0.25657 0.247664 -0.94815 -0.99066 -2.94094 cell cell sign - phr

phrE 1.091813 -0.35226 -0.23866 0.310256 0.318312 0.596459 0 -0.03764 0.17216 -0.1676 -1.90286 cell cell sign - phr

phrF 0 1.190126 -0.98084 -0.13729 0.315126 0.452545 -0.35683 0.147428 0.641786 -1.22611 -2.94051 cell cell sign - phr

phrG 1.401679 -0.9543 0.510844 0.19104 0.363713 0 -0.20408 0.205058 -0.50493 -0.80047 -3.8368 cell cell sign - phr

walK -0.31181 0.382686 0.994409 -0.1095 0.290554 -0.50299 0.035369 0 0.005475 -0.23927 -2.35159 prot kin

yxjM 2.176514 0.590926 0.221986 0.340742 0 -0.39915 -0.49323 -0.31657 0.381746 -1.09665 -4.01552 prot kin

ycbM -1.20763 -0.00303 -0.93555 -0.54553 0.013039 1.064823 0.605239 0.46305 2.183966 0 -2.33323 prot kin

ydiB 0 0.967559 0.126768 -0.16555 0.313422 -0.17176 0.162685 0.030987 -0.06511 -0.64819 -2.77249 prot kin

mcsB 0 -2.59088 -1.27905 -2.08166 -0.4728 0.346724 0.34905 0.681791 1.041205 0.821458 -1.11266 prot kin

ywqC -2.44833 1.439084 0.562087 0.90671 0.609771 -0.14205 0.218125 -0.10224 0 -1.17755 -3.90378 prot kin

yvrG 0.160277 0.972379 0.154385 0.458677 0.415467 0 -0.0908 -0.0132 -0.65219 -1.18471 -3.33357 prot kin

rsbW 0.254584 -4.36917 -2.49874 -4.33621 -0.87291 0.594619 0 0.040652 0.890928 0.373505 -1.98719 prot kin

spoIIAB 0.417091 -2.48865 -0.80994 -1.50162 0.423671 1.301756 1.147874 2.32626 0 -1.39469 -3.66246 prot kin

degS 0.506373 -0.19513 -0.22035 -0.2241 0.092188 -0.09121 0.38987 0 1.073326 0.208864 -2.28022 prot kin

natK -0.85093 -0.0638 -0.66019 0.0052 0 0.300397 0.400133 0.279776 0.440304 -1.61448 -4.03108 prot kin

yufL -0.47825 0.226758 -0.27817 -0.34343 0 0.413216 0.042228 0.229729 0.784527 -0.27551 -2.55484 prot kin

yclK 0.317173 0.133189 0.127189 -0.04495 0 0.137522 -0.31473 0.018506 -0.24772 -1.06706 -3.40539 prot kin

comP -1.11501 0.113287 -0.20167 0.461646 0.35788 0.542855 0 0.053557 -0.40582 -0.94523 -2.26156 prot kin

resE 1.316994 0 0.788489 0.831102 0.917498 0.807911 -0.0276 -0.18798 -0.01999 -0.90494 -3.23311 prot kin

dctS 0.468179 0.311911 0 -0.30207 0.272696 -0.14286 -0.05766 0.107212 1.014948 -0.35045 -3.56735 prot kin
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Appendix 5. – continued. 

 

 
 

Gene symbol LC 6H 12H 1D 2D 3D 5D 7D 14D 1M 2M Category

glnJ 0.682292 1.515342 0.251194 0.562124 -0.22745 -0.34934 -0.4525 -0.3504 0.258786 0 -1.94862 prot kin

epsB -2.56909 0.830022 0.252981 1.017717 0 0.054532 0.466027 -1.53603 -1.1776 -2.45636 -5.26136 prot kin

rsbT -0.4756 0.289568 0 -0.0137 0.494257 -0.11004 0.389553 0.246027 1.253006 -0.43661 -2.18793 prot kin

kinB -1.69164 -0.02483 -0.56322 0.101281 0 0.028833 0.821041 0.993276 1.321816 -0.72156 -2.91129 prot kin

cssS 0.79851 -0.54717 0.987294 0.134482 -0.07235 0.137095 -0.25202 -0.19453 0.786458 0 -2.00825 prot kin

ykoH 2.806681 0.366781 -0.48143 0.00424 -0.02987 0.029196 0 -0.07913 0.2637 -1.21423 -4.03999 prot kin

kinC -1.70325 -0.0622 0.209325 0.291741 0 0.049676 0.123563 0.115582 -0.39645 -1.28527 -3.2976 prot kin

yfiJ 0.014145 0.53823 -0.39439 0.366143 0 -0.27 0.151551 -0.28965 0.555706 -1.15564 -3.7452 prot kin

bceS 1.680906 0.065821 -0.29002 -0.17523 0 0.160498 -0.13705 0.312222 0.249864 -0.59539 -2.72099 prot kin

prkA -1.66631 -4.23296 -4.85069 -4.81424 2.438267 3.499994 3.779536 3.314381 2.587518 0 -2.61585 prot kin

desK -1.29321 -0.90793 -0.93039 0.484493 0.05255 0.175597 1.173628 1.085471 -0.02472 0 -1.18528 prot kin

kinA -1.55733 -0.22852 -0.58529 0 0.718456 1.142327 0.693783 1.16163 0.728487 -0.41314 -2.75013 prot kin

yvcQ -1.13756 1.059465 0.185375 0.241493 0.185305 0.037614 -0.23618 -0.24507 0 -1.33925 -3.44087 prot kin

kinE -0.29432 -0.07407 -0.26027 0.358893 1.167115 1.224515 0.905698 1.24183 0 -0.52273 -3.3651 prot kin

ywpD -0.63741 0.731251 -0.32431 0.063173 0 0.305619 0.215498 0.508435 -0.22274 -0.40518 -3.01758 prot kin

ybdK 0.366428 0.248948 0 -0.14588 0.107134 0.080782 -0.13637 -0.17285 0.556576 -0.86981 -3.12525 prot kin

prkC 1.258804 0.785069 -0.30842 0.056043 0.346393 0 -0.0415 0.035133 -0.57989 -1.43223 -3.63777 prot kin

cheA 1.356879 2.225825 2.286033 1.588735 0 0.111444 -0.18542 -0.04394 -0.86707 -0.80869 -2.91685 prot kin

citS 0.626027 -0.37784 -0.40986 -0.26422 0 0.013046 0.149194 0.510582 0.768653 -0.21543 -2.10405 prot kin

phoR 1.425662 -0.68202 -0.82844 -1.21911 0 0.264998 0.282128 0.477733 0.713369 -0.19573 -2.02753 prot kin

hprK 0 0.475441 0.163061 0.311677 0.188306 -0.49223 -0.46329 -0.67938 0.074021 -1.4017 -3.30074 prot kin

lytS 0.034868 0.590561 -0.31559 0.071108 0 0.058358 -0.42359 -0.25018 0.767186 -0.60019 -2.65291 prot kin

ybdM -0.24312 0.022332 -0.36205 0 0.045411 0.236526 -0.0913 0.150935 0.130628 -0.75689 -2.74668 prot kin

yabT -0.21128 -2.05265 -2.68448 -2.39878 0 1.144999 0.919721 1.415726 1.054527 0.364485 -1.39215 prot kin

epsA -5.90862 1.558222 0.922522 1.574576 0.293595 0 0.588095 -2.41714 -1.70694 -2.15491 -7.45872 prot kin

liaS 2.127627 0.31771 -0.27445 -0.36018 0.159595 -0.17159 0.165387 0 1.259787 -0.39163 -2.61869 prot kin

yrkQ 0.383692 -1.60093 -1.89828 -1.97686 -0.33612 0.568199 0 0.432502 1.300322 0.195416 -1.65945 prot kin

ydfH -1.92611 0.929727 -0.03505 0.200967 0.217494 0 0.128583 0.132496 -0.77494 -0.92786 -3.38921 prot kin

ptkA -1.87656 1.632419 0.370859 1.116257 0.534015 0 0.067774 -0.18457 -1.15126 -1.35043 -4.67627 prot kin

yesM 0 -2.77746 -3.96048 -3.4314 0.032796 1.119365 0.959075 2.124444 2.302853 -0.00816 -2.2648 prot kin

kinD 0.846196 -0.73045 -0.70931 -0.62638 -0.02213 0.212209 0 0.249837 0.539174 0.289407 -1.72481 prot kin

yxdK 1.780837 0.698052 -0.46635 0.017347 -0.12743 0 -0.11897 0.095001 0.080821 -1.13438 -3.07878 prot kin

yhcY 1.148331 -0.38634 -0.63141 -0.1604 0 0.239996 0.310342 0.394902 0.338793 -0.76887 -3.3916 prot kin

ywqE 0.329975 0.650228 -0.32178 0.865859 0.231282 0 0.281219 -0.07873 -0.3171 -1.39409 -5.44372 prot phosp

cheC 1.914772 1.871262 2.127456 1.399146 -0.37469 -0.43771 -0.45724 0 0.480438 -0.4011 -1.99929 prot phosp

rapJ -0.29453 0.65759 0.941885 0.978035 0.918646 0.365075 0 -0.13874 -0.98336 -0.76756 -2.24531 prot phosp

rapD -1.01313 -0.1281 0.189461 -0.0343 0 0.390166 0.061987 0.31232 0.178103 -0.51169 -2.67088 prot phosp

yfkJ 0.176756 -3.51134 -3.296 -4.60754 -0.88215 0.276761 0.161001 0 0.857774 0.226502 -1.48194 prot phosp

rsbP -1.04478 0.539364 -0.26996 0.222166 0.129577 0.006782 0.023812 0 -0.38969 -0.89766 -2.56801 prot phosp

rsbX 0 -4.38408 -2.48899 -3.79919 -0.4153 1.344889 0.666112 0.771062 1.704487 1.142842 -0.69658 prot phosp

rsbU -2.04758 0.294858 -0.04424 0.041827 0.310724 -0.31451 0 0.028467 0.186581 -0.41478 -1.60253 prot phosp

spoIIE 1.341061 -1.67423 -2.10258 -2.29421 0 1.266547 0.969837 2.130904 1.12319 -0.95185 -2.72604 prot phosp

rapA 4.93363 -3.07831 -2.89356 -4.34778 -1.8626 0 -0.19159 1.021603 2.452611 2.497477 0.197378 prot phosp

rapH 2.93347 -2.10697 -0.65958 -0.74977 0.253411 0.538349 0 0.395494 0.282748 -0.25986 -2.92229 prot phosp

rapC -1.21615 2.335645 -1.14712 -1.31909 1.043432 1.59807 1.218877 1.157051 0 -0.58944 -2.95531 prot phosp

spo0E -0.71619 -1.26895 0.035437 0 1.239192 1.528959 0.759984 1.120419 -0.04091 -0.14013 -1.68604 prot phosp

rapG 1.333812 -0.73357 0.111828 -0.32171 -0.02438 0.186924 0.125283 0.48226 0 -1.02713 -3.57291 prot phosp

yjbP -1.90716 0 -0.48632 -0.117 0.202209 0.545482 0.519845 0.543513 0.174933 -0.82599 -4.70237 prot phosp

fliY -0.20597 2.468793 2.217446 2.000885 0.47285 0.46141 -0.19874 0 -0.08416 -0.26485 -2.72228 prot phosp

rapB -1.45468 0.022459 -0.21582 0.229854 0.338669 0.218853 0 0.01251 -0.87036 -0.68519 -2.91759 prot phosp

rapE -1.27919 0 -2.10852 -1.23861 -0.06993 1.008483 0.387274 1.166708 0.739897 0.561649 -0.49191 prot phosp

rapK -3.47755 1.020281 0.042604 1.876368 1.348318 1.11024 -0.00968 0 -3.83322 -1.38625 -2.67977 prot phosp

rapI -1.30126 0.998837 -0.6248 0.972828 0.600125 0.289668 0.015467 0 -2.75366 -1.79617 -2.46105 prot phosp

prpC 0.899514 0.57057 -0.15333 -0.13368 0.22537 0 0.049266 -0.01848 0.184267 -1.27996 -3.91543 prot phosp

ywlE -0.26592 0 0.089595 -0.23856 -0.04278 0.18376 0.544381 0.533635 0.301132 -0.49887 -2.83921 prot phosp

yisI -1.77972 -0.71738 -2.43373 -1.9667 0.653507 1.211429 1.216839 1.073426 0 0.575282 -0.19361 prot phosp

rapF 1.994238 2.676807 -1.48967 -1.08808 -0.06366 1.356047 0.390709 1.150483 0 -0.48624 -1.13493 prot phosp
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Appendix 6. Biofilm ontogeny is a punctuated process organized in functionally discrete stages. Enrichment 

analysis of SubtiWiki functional categories (maximal ontology depth) in a respective biofilm growth timepoint for 

genes with transcript expression 0.5 times (log2 scale) above the median of their overall transcription profile. 

Colouring follows biofilm growth periods: LC (grey), early (red), mid (blue), late (green). Functional enrichment 

is tested by one-tailed hypergeometric test and p values are adjusted for multiple testing (see Material and 

Methodology). Figure obtained from Futo et al. (2021). 
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Appendix 7. Biofilm ontogeny is a punctuated process organized in functionally discrete stages. Enrichment 

analysis of SubtiWiki functional categories (ontology depth 1) in a respective biofilm growth timepoint for genes 

with transcript expression 0.5 times (log2 scale) above the median of their overall transcription profile. Functional 

enrichment is tested by one-tailed hypergeometric test and p values are adjusted for multiple testing (see Material 

and Methodology). q= the number of specific annotation at specific timepoint; s = the number of all annotations 

at a specific timepoint; h = the number of specific annotation in all timepoints; t = the number of all annotations 

in all timepoints. Table obtained from Futo et al. (2021). 

 

 

LC q s h t p padj log_odds

Metabolism 448 2076 1167 7067 2,59E-13 3,33E-12 0,71

6H q s h t p padj log_odds

Information processing 455 2511 1017 7067 3,69E-11 4,06E-10 0,65

Groups of genes 908 2511 2360 7067 0,000145 0,000655 0,28

Metabolism 459 2511 1167 7067 0,001749 0,007241 0,28

12H q s h t p padj log_odds

Metabolism 323 1609 1167 7067 9,97E-06 5,91E-05 0,46

Prophages and mobile genetic elements 106 1609 338 7067 0,00012 0,000579 0,67

1D q s h t p padj log_odds

no_annotation 58 1704 151 7067 5,47E-05 0,000296 1

Groups of genes 608 1704 2360 7067 0,011884 0,043575 0,19

2D q s h t p padj log_odds

Lifestyles 524 2017 1373 7067 4,59E-18 7,06E-17 0,8

no_annotation 69 2017 151 7067 4,45E-06 2,85E-05 1,1

3D q s h t p padj log_odds

Lifestyles 704 2450 1373 7067 1,79E-45 4,59E-44 1,25

no_annotation 70 2450 151 7067 0,001787 0,007241 0,72

5D q s h t p padj log_odds

Lifestyles 686 2121 1373 7067 5,86E-68 4,51E-66 1,57

7D q s h t p padj log_odds

Lifestyles 724 2509 1373 7067 2,14E-48 8,23E-47 1,29

14D q s h t p padj log_odds

Lifestyles 749 3109 1373 7067 1,37E-18 2,64E-17 0,76

Cellular processes 350 3109 661 7067 7,44E-07 5,20E-06 0,57

Metabolism 550 3109 1167 7067 0,009993 0,038471 0,22

1M q s h t p padj log_odds

Lifestyles 178 648 1373 7067 1,14E-07 8,80E-07 0,73

Prophages and mobile genetic elements 53 648 338 7067 5,77E-05 0,000296 0,94

2M q s h t p padj log_odds

Prophages and mobile genetic elements 26 134 338 7067 6,05E-10 5,83E-09 2,35

Lifestyles 56 134 1373 7067 1,66E-09 1,42E-08 1,61
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Appendix 8. Biofilm ontogeny is a punctuated process organized in functionally discrete stages. Enrichment 

analysis of SubtiWiki functional categories (ontology depth 2) in a respective biofilm growth timepoint for genes 

with transcript expression 0.5 times (log2 scale) above the median of their overall transcription profile. Functional 

enrichment is tested by one-tailed hypergeometric test and p values are adjusted for multiple testing (see Material 

and Methodology). q = the number of specific annotation at specific timepoint; s = the number of all annotations 

at a specific timepoint; h = the number of specific annotation in all timepoints; t = the number of all annotations 

in all timepoints. Table obtained from Futo et al. (2021). 

 

 

LC q s h t p padj log_odds

Metabolism#Carbon metabolism 182 2337 293 7850 1.55E-31 8.88E-30 2.04

Groups of genes#Phosphoproteins 124 2337 324 7850 0.000503 0.004925 0.57

Groups of genes#Universally 

conserved proteins
17 2337 28 7850 0.000649 0.006185 1.87

Cellular processes#Transporters 148 2337 408 7850 0.002175 0.018193 0.45

Cellular processes#Homeostasis 44 2337 104 7850 0.004189 0.031232 0.8

6H q s h t p padj log_odds

Groups of genes#Essential genes 179 2829 257 7850 9.09E-29 4.45E-27 2.1

Information processing#Protein

synthesis, modification and 
232 2829 401 7850 6.07E-20 2.31E-18 1.36

Groups of genes#Universally 

conserved
28 2829 28 7850 3.57E-13 8.73E-12 NA

Lifestyles#Exponential and early

post-exponential lifestyles
118 2829 194 7850 1.08E-12 2.31E-11 1.5

Metabolism#Nucleotide metabolism 72 2829 111 7850 4.97E-10 9.47E-09 1.74

Metabolism#Amino acid/ nitrogen

metabolism
117 2829 269 7850 0.006176 0.044133 0.47

Metabolism#Detoxification reactions 9 2829 12 7850 0.00697 0.048788 2.42

12H q s h t p padj log_odds

Lifestyles#Exponential and early

post-exponential lifestyles
89 1779 194 7850 4.23E-13 9.68E-12 1.58

Metabolism#Additional metabolic

pathways
125 1779 367 7850 2.18E-07 3.40E-06 0.86

Prophages and mobile genetic

elements#Prophages
104 1779 311 7850 5.98E-06 7.88E-05 0.81

Groups of genes#Secreted proteins 47 1779 116 7850 1.11E-05 0.000136 1.24

Metabolism#Amino acid/ nitrogen

metabolism
90 1779 269 7850 2.47E-05 0.000274 0.81

Groups of genes#Universally 

conserved
15 1779 28 7850 0.000358 0.003613 1.99

Groups of genes#Phosphoproteins 98 1779 324 7850 0.000764 0.00708 0.59

Metabolism#Electron transport and 

ATP
32 1779 91 7850 0.004323 0.031552 0.9
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Appendix 8. – continued. 

1D q s h t p padj log_odds

Lifestyles#Exponential and early

post-exponential lifestyles
102 1910 194 7850 9.51E-18 2.96E-16 1.84

Metabolism#Nucleotide metabolism 51 1910 111 7850 4.72E-07 7.04E-06 1.43

Cellular processes#Homeostasis 47 1910 104 7850 2.36E-06 3.37E-05 1.38

no_annotation 58 1910 151 7850 7.32E-05 0.000785 0.98

Groups of genes#Proteins of 

unknown
205 1910 708 7850 0.00178 0.015263 0.38

Metabolism#Detoxification reactions 8 1910 12 7850 0.002289 0.018696 2.64

Groups of genes#Secreted proteins 42 1910 116 7850 0.00265 0.021141 0.83

Metabolism#Electron transport and 

ATP
34 1910 91 7850 0.003652 0.027834 0.9

2D q s h t p padj log_odds
Lifestyles#Sporulation 372 2219 647 7850 1.08E-59 7.43E-58 1.97
no_annotation 69 2219 151 7850 3.15E-06 4.32E-05 1.12
Cellular processes#Homeostasis 44 2219 104 7850 0.001396 0.012273 0.91

3D q s h t p padj log_odds

Lifestyles#Sporulation 513 2674 647 7850 1.26E-134 1.44E-132 3.16

no_annotation 70 2674 151 7850 0.001063 0.009596 0.76

Metabolism#Electron transport and 

ATP
44 2674 91 7850 0.003224 0.025133 0.87

5D q s h t p padj log_odds
Lifestyles#Sporulation 523 2288 647 7850 3.17E-180 1.09E-177 3.7

7D q s h t p padj log_odds
Lifestyles#Sporulation 523 2730 647 7850 1.03E-139 1.77E-137 3.26
Metabolism#Carbon metabolism 153 2730 293 7850 3.38E-10 6.82E-09 1.08
Groups of genes#Efp-dependent proteins 22 2730 34 7850 0.000349 0.003613 1.79

14D q s h t p padj log_odds

Lifestyles#Sporulation 488 3421 647 7850 3.91E-66 3.35E-64 2.16

Metabolism#Carbon metabolism 209 3421 293 7850 1.18E-22 5.05E-21 1.75

Cellular processes#Transporters 252 3421 408 7850 2.64E-14 6.97E-13 1.12

Groups of genes#Membrane proteins 558 3421 1076 7850 2.61E-09 4.71E-08 0.56

Groups of genes#Efp-dependent proteins 27 3421 34 7850 2.11E-05 0.000241 2.33

1M q s h t p padj log_odds

Lifestyles#Coping with stress 113 708 603 7850 5.37E-15 1.54E-13 1.37

Metabolism#Carbon metabolism 55 708 293 7850 8.56E-08 1.40E-06 1.29

Prophages and mobile genetic

elements#Prophages
51 708 311 7850 1.58E-05 0.000186 1.04



 58 

Appendix 8. – continued. 

 

 

2M q s h t p padj log_odds

Lifestyles#Sporulation 49 141 647 7850 2.55E-19 8.75E-18 2.66

Prophages and mobile genetic

elements#Mobile genetic elements
8 141 27 7850 1.48E-08 2.53E-07 4.61

Prophages and mobile genetic 

elements#Prophages
18 141 311 7850 1.03E-05 0.000131 1.89
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Appendix 9. Biofilm ontogeny is a punctuated process organized in functionally discrete stages. Enrichment 

analysis of SubtiWiki functional categories (ontology depth 4) in a respective biofilm growth timepoint for genes 

with transcript expression 0.5 times (log2 scale) above the median of their overall transcription profile. Functional 

enrichment is tested by one-tailed hypergeometric test and p values are adjusted for multiple testing (see Material 

and Methodology). q = the number of specific annotation at specific timepoint; s = the number of all annotations 

at a specific timepoint; h = the number of specific annotation in all timepoints; t = the number of all annotations 

in all timepoints. Table obtained from Futo et al. (2021). 

LC q s h t p padj log_odds

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of pectin

18 2513 19 8374 5.09E-09 3.73E-07 5.4

Metabolism#Lipid metabolism#

Utilization of lipids#Utilization of fatty acids
15 2513 19 8374 1.46E-05 0.000494 3.14

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of starch/ maltodextrin

11 2513 12 8374 1.52E-05 0.000509 4.69

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of glucomanNA

8 2513 8 8374 6.53E-05 0.001711 NA

Metabolism#Nucleotide metabolism#

Utilization of nucleotides
15 2513 21 8374 0.000107 0.002629 2.55

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of arabiNA/ arabinose/ arabitol

10 2513 12 8374 0.000205 0.004446 3.55

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of inositol

13 2513 18 8374 0.000266 0.005422 2.61

Information processing#Protein synthesis, 

modification and degradation#Translation#

Ribosomal proteins

30 2513 57 8374 0.000285 0.005602 1.38

Cellular processes#Transporters#

Transporters/ other#Metal ion transporter
18 2513 29 8374 0.000341 0.006448 1.94

Metabolism#Additional metabolic pathways#

Biosynthesis of cofactors#Biosynthesis/ 

acquisition of thiamine

13 2513 19 8374 0.000611 0.010673 2.34

Groups of genes#Universally conserved proteins 17 2513 28 8374 0.00072 0.011897 1.86
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Appendix 9. – continued. 

 

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of glucarate/galactarate

6 2513 6 8374 0.000727 0.011897 NA

Metabolism#Additional metabolic pathways#

Iron metabolism#Acquisition of iron / Other
13 2513 20 8374 0.001267 0.01778 2.12

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of rhamnose

5 2513 5 8374 0.002427 0.030268 NA

Information processing#Genetics#DNA 

repair/ 

recombination#Other proteins

26 2513 53 8374 0.002688 0.032865 1.18

Metabolism#Amino acid/ nitrogen 

metabolism#Utilization of nitrogen 

sources other than amino 

acids#Utilization of peptides

12 2513 19 8374 0.002802 0.033167 2

Cellular processes#Transporters#ABC 

transporters#

Importers

49 2513 116 8374 0.003247 0.037259 0.78

Information processing#Genetics#DNA 

repair/ 

recombination

28 2513 59 8374 0.003461 0.039519 1.08

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of other polymeric carbohydrates

14 2513 24 8374 0.0036 0.040874 1.71

Metabolism#Carbon metabolism#

Utilization of specific carbon sources#

Utilization of galactan

6 2513 7 8374 0.003784 0.041992 3.81

6H q s h t p padj log_odds

Groups of genes#Essential genes 179 3022 257 8374 1.27E-28 2.50E-26 2.09

Information processing#Protein synthesis, 

modification and degradation#Translation#

Ribosomal proteins

53 3022 57 8374 1.82E-19 2.75E-17 4.58

Lifestyles#Exponential and early post-

exponential 

lifestyles#Motility and chemotaxis#Flagellar 

proteins

35 3022 37 8374 8.02E-14 9.37E-12 4.97

Groups of genes#Universally conserved 

proteins
28 3022 28 8374 3.73E-13 3.99E-11 NA

Prophages and mobile genetic elements#

Prophages#PBSX prophage
35 3022 41 8374 9.80E-11 8.99E-09 3.38
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Appendix 9. – continued. 

Information processing#Protein synthesis, 

modification and degradation#Translation#

Aminoacyl-tRNA synthetases

25 3022 28 8374 7.42E-09 5.02E-07 3.89

Lifestyles#Exponential and early 

post-exponential lifestyles#Biofilm 

formation#Matrix polysaccharide 

synthesis

16 3022 16 8374 8.07E-08 4.51E-06 NA

Metabolism#Nucleotide metabolism#

Biosynthesis/ acquisition of nucleotides#

Biosynthesis/ acquisition of purine 

nucleotides

24 3022 28 8374 8.50E-08 4.64E-06 3.42

Metabolism#Amino acid/ nitrogen 

metabolism#

Biosynthesis/ acquisition of amino 

acids#Biosynthesis/ 

18 3022 20 8374 8.63E-07 4.10E-05 4

Information processing#Protein synthesis, 

modification 

and degradation#Translation#tRNA 

modification 

30 3022 42 8374 3.24E-06 0.000134 2.16

Lifestyles#Exponential and early post-

exponential 

lifestyles#Motility and chemotaxis#Signal 

transduction 

25 3022 33 8374 3.83E-06 0.000156 2.48

Metabolism#Carbon metabolism#Carbon 

core 

metabolism#TCA cycle

16 3022 18 8374 5.41E-06 0.000214 3.83

Metabolism#Nucleotide metabolism#

Biosynthesis/ acquisition of nucleotides#

Biosynthesis/ acquisition of pyrimidine 

nucleotides

17 3022 20 8374 9.55E-06 0.000346 3.33

Information processing#Genetics#

Newly identified competence genes
19 3022 25 8374 5.47E-05 0.00148 2.5

Information processing#Protein synthesis, 

modification and degradation#Chaperones/ 

protein folding

11 3022 12 8374 0.000107 0.002629 4.29

Cellular 

processes#Transporters#Transporters/ 

other#Nucleotide/ nucleoside transporter

10 3022 11 8374 0.000275 0.005511 4.15

Metabolism#Additional metabolic 

pathways#Biosynthesis 

of cofactors#Biosynthesis/ acquisition of 

biotin

8 3022 8 8374 0.000286 0.005602 NA

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation#Other proteins required 

for efficient 

9 3022 10 8374 0.000696 0.011691 4

Information processing#Genetics#DNA 

condensation/ 

segregation

13 3022 17 8374 0.000816 0.012788 2.53
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Appendix 9. – continued. 

Metabolism#Nucleotide 

metabolism#Utilization of 

nucleotides

15 3022 21 8374 0.001047 0.015501 2.15

Lifestyles#Exponential and early post-

exponential 

lifestyles#Swarming

12 3022 16 8374 0.001756 0.023257 2.41

Cellular processes#Cell envelope and cell 

division#

Cell wall synthesis#Biosynthesis of teichoic 

acid

14 3022 20 8374 0.002111 0.02711 2.05

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall 

components#Biosynthesis of 

teichoic acid

14 3022 20 8374 0.002111 0.02711 2.05

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#Conversion of S-(2-

succino)cysteine to cysteine

6 3022 6 8374 0.002202 0.027884 NA

Information processing#Protein synthesis, 

modification and 

degradation#Translation#Translation factors

9 3022 11 8374 0.002594 0.032038 3

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of histidine

9 3022 11 8374 0.002594 0.032038 3

Metabolism#Carbon metabolism#Carbon 

core metabolism#

Glycolysis

10 3022 13 8374 0.003249 0.037259 2.57

Groups of 

genes#Phosphoproteins#Phosphorylation on 

an Arg 

residue

55 3022 113 8374 0.003862 0.042582 0.76

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation

29 3022 53 8374 0.004188 0.045012 1.11

Groups of 

genes#Phosphoproteins#Phosphorylation on 

either 

a Ser, Thr or Tyr residue

23 3022 40 8374 0.004581 0.048233 1.27

12H q s h t p padj log_odds

Prophages and mobile genetic 

elements#Prophages#PBSX 

prophage

38 1915 41 8374 1.71E-21 2.92E-19 5.45

Lifestyles#Exponential and early post-

exponential lifestyles#

Motility and chemotaxis#Flagellar proteins

32 1915 37 8374 3.25E-16 4.28E-14 4.46
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Appendix 9. – continued. 

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of cysteine

16 1915 16 8374 5.33E-11 5.07E-09 NA

Information processing#Protein synthesis, 

modification and 

degradation#Translation#Ribosomal proteins

33 1915 57 8374 1.17E-08 7.50E-07 2.23

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation#Matrix polysaccharide 

synthesis

14 1915 16 8374 7.68E-08 4.39E-06 4.57

Lifestyles#Exponential and early post-

exponential lifestyles#

Motility and chemotaxis#Signal transduction 

in motility and 

22 1915 33 8374 9.66E-08 5.17E-06 2.77

Metabolism#Nucleotide 

metabolism#Biosynthesis/ acquisition 

of nucleotides#Biosynthesis/ acquisition of 

purine nucleotides

19 1915 28 8374 4.88E-07 2.36E-05 2.84

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of methionine/ S-

15 1915 20 8374 1.10E-06 4.87E-05 3.35

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation#Other proteins required 

for efficient pellicle 

9 1915 10 8374 1.34E-05 0.000478 4.93

Groups of genes#Secreted proteins 47 1915 116 8374 1.44E-05 0.000494 1.22

Metabolism#Electron transport and ATP 

synthesis#

Respiration#Anaerobic respiration

8 1915 9 8374 5.31E-05 0.001451 4.76

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#sulfur metabolism/ general

11 1915 16 8374 0.000119 0.002887 2.9

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#Conversion of S-(2-

succino)cysteine to cysteine

6 1915 6 8374 0.000142 0.003351 NA

Groups of 

genes#Phosphoproteins#Phosphorylation on 

either 

a Ser, Thr or Tyr residue

20 1915 40 8374 0.000155 0.003622 1.76

Metabolism#Additional metabolic 

pathways#Biosynthesis of 

cofactors#Biosynthesis/ acquisition of biotin

7 1915 8 8374 0.000208 0.004446 4.57

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#Conversion of S-methyl cysteine 

to cysteine

7 1915 8 8374 0.000208 0.004446 4.57
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Metabolism#Additional metabolic 

pathways#Sulfur

metabolism

10 1915 15 8374 0.000364 0.00677 2.76

Cellular processes#Homeostasis#Acquisition 

of iron#Acquisition 

of iron / Other

12 1915 20 8374 0.000385 0.007114 2.35

Groups of genes#Universally conserved 

proteins
15 1915 28 8374 0.000398 0.00731 1.97

Metabolism#Carbon metabolism#Carbon 

core metabolism#

Glycolysis

9 1915 13 8374 0.000483 0.008674 2.93

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of histidine

8 1915 11 8374 0.00062 0.010765 3.17

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation

23 1915 53 8374 0.000706 0.01178 1.38

Cellular processes#Cell envelope and cell 

division#Cell wall 

degradation/ turnover#Autolysis

13 1915 24 8374 0.000849 0.013064 2

Lifestyles#Coping with stress#Biosynthesis 

of antibacterial 

compounds

22 1915 51 8374 0.00101 0.015175 1.37

Metabolism#Additional metabolic 

pathways#Miscellaneous 

metabolic pathways#Biosynthesis of 

antibacterial compounds

22 1915 51 8374 0.00101 0.015175 1.37

Information processing#Genetics#Newly 

identified competence 

genes

13 1915 25 8374 0.001402 0.019464 1.88

Information processing#Protein synthesis, 

modification and 

degradation#Chaperones/ protein folding

8 1915 12 8374 0.001487 0.02043 2.76

Metabolism#Additional metabolic 

pathways#Biosynthesis of 

cofactors#Biosynthesis of NAD(P)

8 1915 12 8374 0.001487 0.02043 2.76

Groups of 

genes#Phosphoproteins#Phosphorylation on 

an Arg 

residue

40 1915 113 8374 0.001596 0.021633 0.9

Metabolism#Additional metabolic 

pathways#Iron metabolism#

Acquisition of iron / Other

11 1915 20 8374 0.00182 0.023853 2.05
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Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of aromatic amino acids

11 1915 20 8374 0.00182 0.023853 2.05

Metabolism#Electron transport and ATP 

synthesis#ATP 

synthesis#Substrate-level phosphorylation

4 1915 4 8374 0.002728 0.032865 NA

1D q s h t p padj log_odds

Lifestyles#Exponential and early post-

exponential lifestyles#

Motility and chemotaxis#Flagellar proteins

32 2054 37 8374 2.80E-15 3.43E-13 4.32

Lifestyles#Exponential and early post-

exponential lifestyles#

Motility and chemotaxis#Signal 

transduction in motility and chemotaxis

24 2054 33 8374 7.20E-09 5.00E-07 3.05

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation#Matrix polysaccharide 

synthesis

15 2054 16 8374 8.31E-09 5.47E-07 5.54

Lifestyles#Exponential and early post-

exponential lifestyles#

Biofilm formation

32 2054 53 8374 2.85E-08 1.74E-06 2.25

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ 

acquisition of amino acids#Biosynthesis/ 

acquisition of cysteine

14 2054 16 8374 1.98E-07 1.01E-05 4.44

Cellular processes#Homeostasis#Acquisition 

of 

iron#ABC transporters for the uptake of 

iron/ siderophores

16 2054 21 8374 9.10E-07 4.18E-05 3.31

Metabolism#Additional metabolic 

pathways#Iron 

metabolism#ABC transporters for the uptake 

of iron/ siderophores

16 2054 21 8374 9.10E-07 4.18E-05 3.31

Metabolism#Amino acid/ nitrogen 

metabolism#

Biosynthesis/ acquisition of amino acids#

Biosynthesis/ acquisition of methionine/ 

15 2054 20 8374 2.86E-06 0.00012 3.22

Metabolism#Nucleotide 

metabolism#Biosynthesis/ 

acquisition of nucleotides#Biosynthesis/ 

acquisition 

14 2054 20 8374 2.28E-05 0.000698 2.85

Lifestyles#Exponential and early post-

exponential 

lifestyles#Biofilm formation#Other proteins 

required for efficient pellicle biofilm 

9 2054 10 8374 2.47E-05 0.000748 4.8

Lifestyles#Coping with stress#Toxins, 

antitoxins and 

immunity against toxins/ based on similarity

13 2054 18 8374 2.69E-05 0.000794 3.01

Metabolism#Nucleotide 

metabolism#Biosynthesis/ 

acquisition of nucleotides#Biosynthesis/ 

acquisition of purine nucleotides

17 2054 28 8374 4.91E-05 0.001356 2.26
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no_annotation 58 2054 151 8374 9.40E-05 0.002392 0.96

Information processing#RNA synthesis and 

degradation#RNA chaperones
6 2054 6 8374 0.000217 0.004561 NA

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#Conversion of S-(2-

succino)cysteine to cysteine

6 2054 6 8374 0.000217 0.004561 NA

Metabolism#Additional metabolic pathways#

Biosynthesis of cofactors#Biosynthesis/ 

acquisition 

of biotin

7 2054 8 8374 0.000333 0.006342 4.43

Metabolism#Additional metabolic 

pathways#Sulfur 

metabolism#Conversion of S-methyl cysteine 

to cysteine

7 2054 8 8374 0.000333 0.006342 4.43

Cellular processes#Cell envelope and cell 

division#Cell wall 

synthesis#Biosynthesis of teichoic acid

12 2054 20 8374 0.000766 0.012079 2.21

Cellular processes#Homeostasis#Acquisition 

of 

iron#Acquisition of iron / Other

12 2054 20 8374 0.000766 0.012079 2.21

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall 

components#Biosynthesis 

of teichoic acid

12 2054 20 8374 0.000766 0.012079 2.21

Metabolism#Additional metabolic pathways

#Iron metabolism#Acquisition of iron / 

Other

12 2054 20 8374 0.000766 0.012079 2.21

Metabolism#Amino acid/ nitrogen 

metabolism#

Biosynthesis/ acquisition of amino acids#

Biosynthesis/ acquisition of histidine

8 2054 11 8374 0.001029 0.015362 3.04

Metabolism#Electron transport and ATP 

synthesis#Respiration#

Anaerobic respiration

7 2054 9 8374 0.00118 0.016803 3.43

Lifestyles#Coping with stress#Cold stress proteins 10 2054 16 8374 0.001389 0.019397 2.36

Information processing#Protein synthesis, 

modification and degradation#

Chaperones/ protein folding

8 2054 12 8374 0.002422 0.030268 2.63

Metabolism#Detoxification reactions 8 2054 12 8374 0.002422 0.030268 2.63
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Groups of genes#Proteins of unknown function 205 2054 708 8374 0.002761 0.032865 0.36

Groups of genes#Secreted proteins 42 2054 116 8374 0.003123 0.036298 0.82

Prophages and mobile genetic elements#

Prophages#SP-beta prophage
61 2054 181 8374 0.003158 0.03654 0.66

Metabolism#Electron transport and ATP 

synthesis#ATP synthesis#

Substrate-level phosphorylation

4 2054 4 8374 0.003612 0.040874 NA

Groups of genes#Phosphoproteins#

Phosphorylation on either 

a Ser, Thr or Tyr residue

18 2054 40 8374 0.003661 0.041251 1.34

Cellular processes#Homeostasis#

Trace metal homeostasis 

(Cu, Zn, Ni, Mn, Mo)#Zinc

6 2054 8 8374 0.003792 0.041992 3.21

Information processing#Regulation of 

gene expression#phosphorelay#Proteins 

controlling the activity of the kinases

6 2054 8 8374 0.003792 0.041992 3.21

Lifestyles#Sporulation#phosphorelay#

Proteins 

controlling the activity of the kinases

6 2054 8 8374 0.003792 0.041992 3.21

Metabolism#Amino acid/ nitrogen 

metabolism#Utilization of nitrogen sources 

other than amino acids#Utilization of 

nitrate/ nitrite

5 2054 6 8374 0.004225 0.045221 3.95

2D q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation 

proteins#Sporulation 

proteins/ other

176 2350 274 8374 8.76E-37 2.25E-34 2.29

Lifestyles#Sporulation#Sporulation 

proteins#Spore coat 

proteins

60 2350 73 8374 6.34E-22 1.16E-19 3.6

Lifestyles#Sporulation#Sporulation proteins#

Newly identified sporulation proteins 

(based on transcription profiling)

87 2350 173 8374 3.60E-10 3.03E-08 1.41

Lifestyles#Coping with stress#Toxins, 

antitoxins 

and immunity against toxins

15 2350 17 8374 3.78E-07 1.91E-05 4.27

no_annotation 69 2350 151 8374 2.41E-06 0.000103 1.13
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Cellular processes#Homeostasis#Acquisition 

of 

iron#ABC transporters for the uptake of 

iron/ siderophores

16 2350 21 8374 6.34E-06 0.00024 3.04

Metabolism#Additional metabolic 

pathways#Iron metabolism#ABC 

transporters for the uptake of 

iron/ siderophores

16 2350 21 8374 6.34E-06 0.00024 3.04

Cellular processes#Homeostasis#Acquisition 

of 

iron#Acquisition of iron / Other

15 2350 20 8374 1.74E-05 0.000549 2.95

Metabolism#Additional metabolic 

pathways#Iron 

metabolism#Acquisition of iron / Other

15 2350 20 8374 1.74E-05 0.000549 2.95

Metabolism#Amino acid/ nitrogen 

metabolism#Biosynthesis/ acquisition of 

amino acids#Biosynthesis/ acquisition of 

methionine/ S-adenosylmethionine

15 2350 20 8374 1.74E-05 0.000549 2.95

Lifestyles#Coping with stress#Toxins, 

antitoxins and immunity 

against toxins#Type 2 TA systems

12 2350 16 8374 0.000129 0.003108 2.95

Lifestyles#Sporulation#Germination#Additio

nal germination 

proteins

18 2350 30 8374 0.000247 0.005122 1.95

Metabolism#Electron transport and ATP 

synthesis#ATP 

synthesis#ATPase

8 2350 9 8374 0.000258 0.005299 4.36

Information processing#RNA synthesis and 

degradation#RNA 

chaperones

6 2350 6 8374 0.000486 0.008674 NA

Lifestyles#Coping with stress#Toxins, 

antitoxins and immunity 

against toxins/ based on similarity

12 2350 18 8374 0.000732 0.011897 2.36

Prophages and mobile genetic elements#

Prophages#Prophage 1
12 2350 18 8374 0.000732 0.011897 2.36

Metabolism#Additional metabolic 

pathways#Biosynthesis of cofactors#

Biosynthesis/ acquisition of biotin

7 2350 8 8374 0.000823 0.012807 4.17

Information processing#Protein synthesis, 

modification and degradation#Proteolysis#

Proteolysis during sporulation/ germination

5 2350 5 8374 0.001735 0.023097 NA

3D q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation proteins#

Sporulation proteins/ other
230 2838 274 8374 1.11E-67 9.50E-65 3.46
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Lifestyles#Sporulation#Sporulation proteins#

Newly identified sporulation proteins (based 

on 

transcription profiling)

140 2838 173 8374 1.13E-37 3.23E-35 3.11

Lifestyles#Sporulation#Sporulation 

proteins#Spore 

coat proteins

70 2838 73 8374 1.36E-29 2.91E-27 5.54

Lifestyles#Sporulation#Germination#Additio

nal

germination proteins

27 2838 30 8374 2.36E-10 2.09E-08 4.15

Lifestyles#Coping with stress#General stress 

proteins (controlled by SigB)
92 2838 159 8374 3.66E-10 3.03E-08 1.45

Lifestyles#Coping with stress#Toxins, 

antitoxins and 

immunity against toxins

15 2838 17 8374 5.54E-06 0.000216 3.88

Metabolism#Electron transport and ATP 

synthesis#

Respiration#Terminal oxidases

13 2838 16 8374 0.000139 0.0033 3.09

Cellular processes#Cell envelope and cell 

division#

Cell wall synthesis#Biosynthesis of 

teichuronic acid

8 2838 8 8374 0.000173 0.003896 NA

Lifestyles#Sporulation#Germination/ based 

on 

similarity

8 2838 8 8374 0.000173 0.003896 NA

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall components#

Biosynthesis of teichuronic acid

8 2838 8 8374 0.000173 0.003896 NA

Lifestyles#Sporulation#Germination#

GermiNAt receptors
9 2838 10 8374 0.000407 0.007413 4.14

Prophages and mobile genetic elements#

Prophages#SP-beta prophage
82 2838 181 8374 0.000842 0.013026 0.71

no_annotation 70 2838 151 8374 0.000915 0.013991 0.77

Metabolism#Electron transport and ATP 

synthesis#Respiration#Respiration/ other
9 2838 11 8374 0.00156 0.021311 3.14

Metabolism#Additional metabolic pathways#

Biosynthesis of cofactors#Biosynthesis/ 

acquisition of biotin

7 2838 8 8374 0.002878 0.033758 3.77

Information processing#Regulation of gene 

expression#Quorum sensing
14 2838 22 8374 0.004101 0.04427 1.78
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Information processing#Protein synthesis, 

modification and degradation#Proteolysis#

Proteolysis during sporulation/ germination

5 2838 5 8374 0.004461 0.047351 NA

Metabolism#Additional metabolic pathways#

Miscellaneous metabolic 

pathways#Biosynthesis 

of glycogen

5 2838 5 8374 0.004461 0.047351 NA

Prophages and mobile genetic elements#

Prophages#Prophage 1
12 2838 18 8374 0.004538 0.047974 1.97

5D q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation proteins#

Sporulation proteins/ other
237 2408 274 8374 8.75E-92 2.25E-88 4.13

Lifestyles#Sporulation#Sporulation 

proteins#Newly identified sporulation 

proteins (based on transcription profiling)

146 2408 173 8374 1.96E-53 1.26E-50 3.83

Lifestyles#Sporulation#Sporulation proteins#

Spore coat proteins
72 2408 73 8374 2.62E-38 8.89E-36 7.52

Lifestyles#Sporulation#Germination#Additio

nal 

germination proteins

28 2408 30 8374 1.43E-13 1.59E-11 5.13

Cellular processes#Cell envelope and cell 

division#

Cell wall synthesis#Biosynthesis of 

teichuronic acid

8 2408 8 8374 4.64E-05 0.001295 NA

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall components#

Biosynthesis of teichuronic acid

8 2408 8 8374 4.64E-05 0.001295 NA

Lifestyles#Coping with stress#Toxins, 

antitoxins and 

immunity against toxins

13 2408 17 8374 6.23E-05 0.00165 3.02

Lifestyles#Sporulation#Germination#

GermiNAt receptors
9 2408 10 8374 9.87E-05 0.002461 4.48

Lifestyles#Coping with stress#Cold stress proteins 12 2408 16 8374 0.000168 0.003882 2.9

Metabolism#Amino acid/ nitrogen 

metabolism#

Biosynthesis/ acquisition of amino acids#

Biosynthesis/ acquisition of arginine

11 2408 16 8374 0.00105 0.015501 2.45

Information processing#Protein synthesis, 

modification and degradation#Proteolysis#

Proteolysis during sporulation/ germination

5 2408 5 8374 0.00196 0.025435 NA
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Metabolism#Additional metabolic pathways#

Miscellaneous metabolic pathways#

Biosynthesis of glycogen

5 2408 5 8374 0.00196 0.025435 NA

Metabolism#Additional metabolic pathways#

Phosphate metabolism
11 2408 17 8374 0.002203 0.027884 2.19

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of amino acids#Utilization of

 branched-chain amino acids

13 2408 22 8374 0.002834 0.033396 1.85

7D q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation proteins#

Sporulation proteins/ other
237 2868 274 8374 3.25E-74 4.17E-71 3.73

Lifestyles#Sporulation#Sporulation proteins#

Newly identified sporulation proteins (based 

on transcription profiling)

143 2868 173 8374 5.96E-40 3.06E-37 3.26

Lifestyles#Sporulation#Sporulation proteins#

Spore coat proteins
72 2868 73 8374 8.42E-33 1.97E-30 7.15

Lifestyles#Sporulation#Germination#

Additional germination proteins
28 2868 30 8374 1.68E-11 1.66E-09 4.76

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of pectin

19 2868 19 8374 1.38E-09 1.06E-07 NA

Prophages and mobile genetic elements#

Prophages#PBSX prophage
28 2868 41 8374 8.68E-06 0.000319 2.06

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

hexuronate

13 2868 15 8374 4.30E-05 0.00124 3.65

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of amino acids#Utilization of 

branched-chain amino acids

17 2868 22 8374 4.51E-05 0.001288 2.71

Cellular processes#Cell envelope and cell 

division#

Cell wall synthesis#Biosynthesis of 

teichuronic acid

8 2868 8 8374 0.000188 0.00413 NA

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall components#

Biosynthesis of teichuronic acid

8 2868 8 8374 0.000188 0.00413 NA

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

glucomanNA

8 2868 8 8374 0.000188 0.00413 NA



 72 

Appendix 9. – continued 

Groups of genes#Efp-dependent proteins 22 2868 34 8374 0.000273 0.005511 1.82

Lifestyles#Sporulation#Germination#

GermiNAt receptors
9 2868 10 8374 0.000445 0.008055 4.12

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

arabiNA/ arabinose/ arabitol

10 2868 12 8374 0.00069 0.011669 3.27

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of nitrogen sources other than 

amino 

8 2868 9 8374 0.001178 0.016803 3.94

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

melibiose

6 2868 6 8374 0.001608 0.021633 NA

Metabolism#Carbon metabolism#Utilization 

of

 specific carbon sources#Utilization of ribose

6 2868 6 8374 0.001608 0.021633 NA

Information processing#Regulation of gene 

expression#Sigma factors and their control#

Control of sigma factors

25 2868 46 8374 0.003942 0.042906 1.2

Information processing#Protein synthesis, 

modification and degradation#Proteolysis#

Proteolysis during sporulation/ germination

5 2868 5 8374 0.004701 0.049098 NA

Metabolism#Additional metabolic 

pathways#Miscellaneous metabolic 

pathways#Biosynthesis of glycogen

5 2868 5 8374 0.004701 0.049098 NA

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

starch/ maltodextrin

9 2868 12 8374 0.004724 0.049133 2.53

14D q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation proteins#

Sporulation proteins/ other
221 3611 274 8374 2.77E-38 8.89E-36 2.53

Lifestyles#Sporulation#Sporulation proteins#

Spore coat proteins
68 3611 73 8374 9.87E-20 1.59E-17 4.19

Lifestyles#Sporulation#Sporulation 

proteins#Newly identified sporulation 

proteins (based on transcription profiling)

127 3611 173 8374 3.33E-16 4.28E-14 1.9

Lifestyles#Coping with stress#General stress 

proteins (controlled by SigB)
111 3611 159 8374 6.19E-12 6.36E-10 1.64
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Groups of genes#Membrane proteins 558 3611 1076 8374 4.17E-10 3.35E-08 0.58

Cellular processes#Transporters#

ABC transporters#Importers
82 3611 116 8374 1.40E-09 1.06E-07 1.69

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of pectin

19 3611 19 8374 1.12E-07 5.85E-06 NA

Lifestyles#Sporulation#Germination#

Additional germination proteins
26 3611 30 8374 9.82E-07 4.43E-05 3.11

Prophages and mobile genetic elements#

Prophages#PBSX prophage
32 3611 41 8374 5.31E-06 0.000213 2.24

Cellular processes#Transporters#

Phosphotransferase system#Sugar specific 

PTS proteins

21 3611 24 8374 8.58E-06 0.000319 3.21

Metabolism#Amino acid/ nitrogen 

metabolism#Utilization of nitrogen sources 

other than amino acids#Utilization of amino 

sugars

16 3611 17 8374 1.42E-05 0.000493 4.41

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of amino 

sugars

16 3611 17 8374 1.42E-05 0.000493 4.41

Groups of genes#Efp-dependent proteins 27 3611 34 8374 1.68E-05 0.000549 2.36

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

organic acids

25 3611 32 8374 5.77E-05 0.001543 2.24

Groups of 

genes#Phosphoproteins#Phosphorylation 

on a Cys residue

14 3611 15 8374 6.80E-05 0.001747 4.21

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

hexuronate

14 3611 15 8374 6.80E-05 0.001747 4.21

Cellular processes#Cell envelope and cell 

division#

Cell wall degradation/ turnover#

Utilization of cell wall components

11 3611 11 8374 9.50E-05 0.002394 NA

Lifestyles#Sporulation#Germination#

GermiNAt receptors
10 3611 10 8374 0.000221 0.00461 NA
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Metabolism#Lipid metabolism#Utilization of 

lipids#Utilization of fatty acids
16 3611 19 8374 0.000288 0.005602 2.82

Cellular 

processes#Transporters#Transporters/ 

other#Carbohydrate transporter

14 3611 16 8374 0.000326 0.006301 3.21

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of nitrogen sources other than 

amino 

9 3611 9 8374 0.000513 0.009082 NA

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

inositol

15 3611 18 8374 0.000568 0.009997 2.73

Cellular processes#Homeostasis#Metal ion 

homeostasis (K, Na, Ca, Mg)#Sodium 

uptake/ export

11 3611 12 8374 0.00069 0.011669 3.86

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

arabiNA/ arabinose/ arabitol

11 3611 12 8374 0.00069 0.011669 3.86

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

starch/ maltodextrin

11 3611 12 8374 0.00069 0.011669 3.86

Metabolism#Additional metabolic pathways#

Phosphate metabolism
14 3611 17 8374 0.001111 0.016213 2.63

Cellular processes#Cell envelope and cell 

division#

Cell wall synthesis#Biosynthesis of 

teichuronic acid

8 3611 8 8374 0.00119 0.016803 NA

Metabolism#Additional metabolic pathways#

Biosynthesis of cell wall components#

Biosynthesis of teichuronic acid

8 3611 8 8374 0.00119 0.016803 NA

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of amino acids#Utilization of 

branched-chain amino acids

17 3611 22 8374 0.00119 0.016803 2.17

Metabolism#Amino acid/ nitrogen 

metabolism#

Utilization of nitrogen sources other than 

amino acids#

15 3611 19 8374 0.001619 0.021665 2.31

Metabolism#Nucleotide 

metabolism#Utilization of 

nucleotides

16 3611 21 8374 0.002167 0.02769 2.08

Cellular processes#Transporters#

Transporters/ other#Other transporters
27 3611 41 8374 0.002736 0.032865 1.35
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Information processing#Protein synthesis, 

modification and degradation#Proteolysis#

Extracellular feeding proteases

7 3611 7 8374 0.002763 0.032865 NA

Information processing#Regulation of gene 

expression#Transcription factors and their 

control#Control of PRD-type regulators

7 3611 7 8374 0.002763 0.032865 NA

Information processing#Regulation of gene 

expression#Trigger enzyme#Trigger 

enzymes of the 

PTS that control the activity of PRD-

7 3611 7 8374 0.002763 0.032865 NA

Metabolism#Carbon metabolism#Utilization 

of specific carbon 

sources#Utilization of galactan

7 3611 7 8374 0.002763 0.032865 NA

1M q s h t p padj log_odds

Lifestyles#Coping with stress#General stress 

proteins (controlled by SigB)
78 783 159 8374 5.17E-39 2.21E-36 3.36

Lifestyles#Sporulation#Sporulation proteins#

Small acid-soluble spore proteins
11 783 16 8374 1.26E-08 7.89E-07 4.43

Lifestyles#Coping with stress#Resistance 

against 

oxidative and electrophile stress

28 783 100 8374 6.82E-08 3.98E-06 1.95

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

arabiNA/ arabinose/ arabitol

8 783 12 8374 1.99E-06 8.65E-05 4.29

Prophages and mobile genetic 

elements#Prophages#

Skin element

17 783 60 8374 2.19E-05 0.000678 1.96

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of ribose

5 783 6 8374 3.91E-05 0.001142 5.61

Lifestyles#Sporulation#Sporulation proteins#

Spore coat protein/ based on similarity
4 783 5 8374 0.000351 0.006587 5.28

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

glucarate/galactarate

4 783 6 8374 0.000976 0.014831 4.28

Cellular processes#Transporters#

Phosphotransferase system#

Sugar specific PTS proteins

8 783 24 8374 0.001064 0.015624 2.29

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of pectin

7 783 19 8374 0.001122 0.016283 2.51
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Appendix 9. – continued. 

Lifestyles#Sporulation#

Germination/ based on similarity
4 783 8 8374 0.003905 0.042694 3.28

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

glucomanNA

4 783 8 8374 0.003905 0.042694 3.28

2M q s h t p padj log_odds

Lifestyles#Sporulation#Sporulation 

proteins#Small 

acid-soluble spore proteins

12 148 16 8374 1.01E-18 1.45E-16 7.5

Prophages and mobile genetic 

elements#Mobile 

genetic elements#ICEBs1

8 148 25 8374 6.61E-09 4.71E-07 4.79

Lifestyles#Sporulation#Sporulation 

proteins#Newly 

identified sporulation proteins (based on 

transcription profiling)

16 148 173 8374 5.63E-08 3.36E-06 2.64

Lifestyles#Sporulation#Sporulation proteins#

Spore coat protein/ based on similarity
4 148 5 8374 4.62E-07 2.28E-05 7.84

Prophages and mobile genetic elements#

Prophages#SP-beta prophage
13 148 181 8374 1.75E-05 0.000549 2.21

Lifestyles#Sporulation#Sporulation proteins#

Sporulation proteins/ other
16 148 274 8374 2.50E-05 0.000748 1.9

Metabolism#Carbon metabolism#Utilization 

of 

specific carbon sources#Utilization of 

fructose

3 148 8 8374 0.000284 0.005602 5.09

Cellular processes#Transporters#

Phosphotransferase system#Sugar specific 

PTS proteins

4 148 24 8374 0.000756 0.012079 3.51

Lifestyles#Coping with stress#Acid stress 

proteins 

(controlled by YvrI-YvrHa)

2 148 5 8374 0.002996 0.034986 5.23

Prophages and mobile genetic elements#

Prophages#Skin element
5 148 60 8374 0.004031 0.043693 2.38
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Appendix 10. Distribution of functionally unannotated genes on the phylostratigraphic map. Evolutionary 

origin of genes that contribute to the enrichment of the functional term "No annotation" at 1D, 2D and 3D 

timepoints (see Figure 5). The table shows the number of genes without functional annotation per phylostratum 

for 1D, 2D and 3D timepoints. Phylostratigraphic enrichment is tested by two-tailed hypergeometric test and p 

values are adjusted for multiple testing (* p < 0.05). The abbreviation FACCAM (ps3) stands for Firmicutes, 

Actinobacteria, Chloroflexi, Cyanobacteria, Armatimonadates and Melainabacteria. Figure obtained from Futo et 

al. (2021).  
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