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Abstract

For non-sexually reproducing organisms such as bacteria, natural transformation, a com-
mon mode of horizontal gene transfer (HGT), plays an important role in increasing genetic
diversity, spreading beneficial mutations and curing deleterious ones. However, little is
known about the genome-wide barriers, the effects of transformation on fithess and the
role of the genetic background of the strains.

In the first project, we elucidate the genome-wide barriers of transformation and their
dependence on the genetic distance between donor and recipient. We conduct replace-
ment accumulation experiments with Bacillus subtilis as recipient and different Bacillus
species as well as a Geobacillus species as donors. For 20 cycles, we allow the recip-
ient to transform for two hours in presence of donor DNA, ensure minimal selection by
plating the hybrids directly after transformation, and apply a single cell bottleneck by se-
lecting a monoclonal hybrid for the start of the next cycle. Following cycle 10 and 20, the
DNA of the hybrids is sent for whole genome sequencing and the fitness is measured
by competition experiments. By pooling all hybrids, we find 96 % of core genes affected
by replacements when supplying B. subtilis with Bacillus spizizenii DNA, indicating an al-
most unrestricted exchange between closely related species. In the less-related species
Bacillus atrophaeus, we find replacement primarily in regions with high sequence iden-
tity, with an overrepresentation of ribosomal genes. A comparison of all donor-recipient
pairs reveals an exponential relationship between core genome identity and transfer rate.
Core genome identity also affects the length of replaced segments. At a low rate, the
replacements entail insertions and deletions of accessory regions. We conclude that
transformation between closely related species is strongly dependent on sequence iden-
tity and is dominated by replacements.

In the second project, we characterize the fitness effects of transformation. To this end,
we create a hybrid library with B. subtilis as recipient and B. vallismortis as donor. The
distribution of fitness effects (DFE) of the hybrid library is measured via competition ex-
periments under different conditions. These include experiments conducted at varying
temperature, with and without lag phase, and in more or less complex media. Two addi-
tional libraries, one with random replacement of whole genes and one with B. spizizenii as
donor are generated, measured under one condition and compared to the first library. In
contrast to the DFE previously reported for mutations, we do not observe a shift towards
negative fitness values in most conditions. Instead, we find a predominantly neutral DFE
with some beneficial and deleterious outliers in all but one characterized environments.
Some of these outliers show antagonistic pleiotropic effects in the different conditions,
supporting the idea that a benefit is derived through a shared gene pool between closely



related species. Furthermore, we verify the predictive value of the DFEs by performing
an evolution experiment in two of the measured conditions. We conclude that DFEs are
a suitable tool for predicting evolution and that transformation has the potential to accel-
erate adaptation.

In the third project, we investigate the role of preceding adaptation on the fitness effects of
transformation. For that purpose, we create two hybrid populations with different histories
of adaptation, one whose recipient is well adapted to growth in liquid environments and
another one whose recipient is well adapted to growth in structured environments. Using
these hybrid populations, we address two questions. First, we assess whether transfor-
mation with genomic DNA of B. vallismortis increases the fitness of B. subtilis that were
already well adapted to a specific growth condition. By means of laboratory evolution, we
find additional benefit of transformation during exponential growth in liquid. Second, we
investigate whether transformation speeds up adaption to new growth environments. We
find that during adaptation, transformation leads to an increase in fitness in both poorly
adapted populations. Interestingly, in the transformed cells different genes are affected by
replacements or mutation than in the non-transformed control populations. We conclude
that transformation opens up new trajectories of adaptive evolution.

To summarize, we find extensive exchange between closely related species, mostly neu-
trality for fitness of gene replacements and the opportunity for new pathways of adaptive
evolution. This indicates that HGT between closely related species is frequent and has a
major impact on how bacteria adapt to changing environments.
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Zusammenfassung

Bakterien pflanzen sich nicht geschlechtlich fort. Daher spielt die natirliche Transfor-
mation, eine gangige Form des horizontalen Gentransfers (HGT), eine wichtige Rolle
bei der Steigerung der genetischen Vielfalt, der Verbreitung nitzlicher und der Korrektur
schadlicher Mutationen. Uber die genomweiten Barrieren, die Auswirkungen der Trans-
formation auf die Fitness und die Rolle des genetischen Hintergrunds der Stamme ist
jedoch nur wenig bekannt.

Im ersten Projekt werden die genomweiten Barrieren der Transformation und ihre Ab-
hangigkeit von der genetischen Distanz zwischen Donor und Rezipienten untersucht. Da-
zu werden Gentransfer-Akkumulationsexperimente mit Bacillus subtilis als Rezipienten
und verschiedenen Bacillus-Spezies sowie einer Geobacillus-Spezies als Donor durch-
gefuhrt. Fur 20 Zyklen wird der Empfanger zwei Stunden lang mit der Donor-DNA trans-
formiert. FUr minimale Selektion wird gesorgt, indem die Hybride direkt nach der Trans-
formation ausplattiert werden. Ein Einzelzellen-Engpass wird angewendet, indem ein mo-
noklonaler Hybrid fir den Beginn des nachsten Zyklus ausgewahlt wird. Nach 10 bzw.
20 Zyklen wird die DNA des gesamten Genoms sequenziert und die Fitness der Hybri-
de durch Kompetitionsexperimente gemessen. Unter Bertcksichtigung aller Ersetzungen
in 42 Hybriden wird gezeigt, dass 96 % der Kerngene von Ersetzungen betroffen sind,
wenn B. subtilis mit Bacillus spizizenii DNA transformiert wird. Das deutet auf einen na-
hezu uneingeschrankten Austausch zwischen eng verwandten Arten hin. Bei der weniger
verwandten Spezies Bacillus atrophaeus werden hauptsachlich Regionen mit hoher Se-
quenzidentitat ausgetauscht, wobei Regionen mit ribosomalen Genen Uberreprasentiert
sind. Ein Vergleich aller Donor-Rezipienten-Paare zeigt eine exponentielle Beziehung zwi-
schen Kerngenomidentitat und Transferrate. Die Kerngenomidentitat wirkt sich auch auf
die Lange der ersetzten Segmente aus. Die Ersetzungen fliihren manchmal zu Insertionen
und Deletionen von akzessorischen Regionen. Wir kommen zu dem Schluss, dass die
Transformation zwischen eng verwandten Arten stark von der Sequenzidentitat abhangt
und von Ersetzungen dominiert wird.

Im zweiten Projekt werden die Fitnesseffekte der Transformation charakterisiert. Zu die-
sem Zweck wird eine Hybridbibliothek mit B. subtilis als Rezipienten und B. vallismor-
tis als Donor erstellt. Die Verteilung der Fitnesseffekte (DFE, engl. distribution of fitness
effects) der Hybridbibliothek wird durch Kompetitionsexperimente unter verschiedenen
Bedingungen gemessen. Dazu gehéren Experimente, die bei unterschiedlichen Tempe-
raturen, mit und ohne Durchlaufen der Latenzphase und in mehr oder weniger komplexen
Medien durchgefiihrt werden. Zwei zusatzliche Bibliotheken, eine mit zufalligem Ersatz
ganzer Gene und eine mit B. spizizenii als Donor, werden erzeugt, unter einer Bedin-
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gung gemessen und mit der ersten Bibliothek verglichen. Im Gegensatz zu bereits fir
Mutationen bekannten DFEs wird unter den meisten Bedingungen keine Verschiebung
zu negativen Fitnesswerten hin beobachtet. Stattdessen wird in allen charakterisierten
Umgebungen auB3er einer eine tUberwiegend neutrale DFE mit einigen vorteilhaften und
nachteiligen Ausrei3ern gefunden. Einige dieser Ausreif3er zeigen antagonistische pleio-
tropische Effekte unter verschiedenen Wachstumsbedingungen. Das unterstitzt die Idee,
dass ein Vorteil durch einen gemeinsamen Genpool zwischen eng verwandten Arten ent-
steht. Dartiber hinaus wird die Vorhersagekraft der DFEs verifiziert, indem ein Evoluti-
onsexperiment unter zwei der gemessenen Bedingungen durchgefihrt wird. Es wird ge-
schlussfolgert, dass zum einen DFEs ein geeignetes Instrument fir die Vorhersage der
Evolution sind und zum anderen die Transformation das Potenzial hat, die Anpassung an
neue Umgebungen zu beschleunigen.

Im dritten Projekt wird die Rolle der vorangegangenen Anpassung auf die Fitnesseffek-
te der Transformation untersucht. Zu diesem Zweck werden zwei Hybridpopulationen mit
unterschiedlichen Anpassungsgeschichten geschaffen, eine, deren Rezipient gut an das
Wachstum in flissigen Umgebungen angepasst ist, und eine andere, deren Rezipient gut
an das Wachstum in strukturierten Umgebungen angepasst ist. Mit Hilfe dieser Hybridpo-
pulationen wird zwei Fragen nachgegangen. Erstens wird untersucht, ob die Transforma-
tion mit genomischer DNA von B. vallismortis die Fitness von B. subtilis erhdht, die bereits
gut an eine bestimmte Wachstumsbedingung angepasst sind. Mit Hilfe der Laborevolution
wird ein zusatzlicher Nutzen der Transformation wahrend des exponentiellen Wachstums
in Flussigkeit gefunden. Zweitens wird untersucht, ob die Transformation die Anpassung
an neue Wachstumsbedingungen beschleunigt. Wir stellen fest, dass die Transformation
wahrend der Anpassung zu einem Anstieg der Fitness in beiden schlecht angepassten
Populationen fihrt. Interessanterweise sind in den transformierten Zellen andere Gene
von Ersetzungen oder Mutationen betroffen als in den nicht transformierten Kontrollpo-
pulationen. Daraus wird geschlossen, dass die Transformation neue Wege der adaptiven
Evolution eroffnet.

In dieser Arbeit wird gezeigt, dass ein umfangreicher Austausch zwischen eng verwand-
ten Arten, eine weitgehende Neutralitat fir die Fithess von Genersetzungen und die
Maoglichkeit fir neue Wege der adaptiven Evolution festgestellt werden. Dies deutet dar-
auf hin, dass HGT zwischen eng verwandten Arten haufig vorkommt und einen grof3en
Einfluss darauf hat, wie sich Bakterien an eine sich verandernde Umwelt anpassen.
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1. Introduction

In nature, bacteria live in communities with other organisms [1]. In these communities,
bacteria rely not only on spontaneous mutations when they need to adapt rapidly to
changing environments. As explained in the following section, a large number of species
is able to transfer genes horizontally between organisms. This leads to an increase in
genotype variability in non-sexually reproducing organisms such as bacteria. Moreover,
horizontal gene transfer (HGT) facilitates beneficial mutations or accessory genes present
in a subset of cells to spread throughout the community and accelerate adaptive evolution.

1.1. Horizontal gene transfer

Horizontal gene transfer is the passing on of genetic material not from parent to child
but between organisms. In the last decades, the increase in multi-resistant strains of
pathogenic species has created a threat for the global health system [2-5]. HGT mediates
the exchange of resistance genes between various species leading to multi-resistance.
Irrespective of this, a high number of HGT events is found in phylogenetic studies even
across species boundaries which lead to the suggestion to further develop Darwin’s idea
of a tree of life into a more interconnected web of life [6-9]. HGT shaped evolution sig-
nificantly in the past. In order to explain and predict evolution it is therefore necessary to
understand the underlying mechanisms, costs and benefits better.

Different mechanisms are known to enable horizontal gene transfer in bacteria (Fig. [1.1],
[8, 110]): Transduction is the transfer of DNA via phages [11]. In conjugation, plasmids
are transported from one cell to another via direct cell-to-cell contact through a "conjuga-
tive” pilus [12, [13]. Additionally, other so-called "non-canonical” ways are known: Some
bacteria can build nanotubes through which they transfer molecules from the cytoplasm
and non-conjugative plasmids [14,[15]. There are phage-like gene transfer agents (GTAS)
[16] and membrane vesicles [17, 18] transporting genetic material from one cell to the
other. Another mechanism that is common in many bacterial species is transformation

(Fig. [-1]C).

Natural transformation involves the uptake of extracellular DNA (eDNA) as single-stranded
DNA (ssDNA) into the cell and the subsequent integration in the genome via homologous
recombination. It was first discovered by Frederick Griffith in 1928 [19]. Nowadays, more
than 80 species are known to be competent for transformation at least transiently [20-22].
Once a cell is in the so-called competent state, it is able to take up eDNA as ssDNA into
the cytoplasm [23, 24]. The responsible uptake machineries differ for gram-positive and
gram-negative cells and will be described in detail for the gram-positive bacterium B. sub-
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Figure 1.1.: The different modes of horizontal gene transfer. Several mechanisms are known
through which bacteria transfer genes horizontally. A In transduction, phages transport genetic
material from their former host cell into a new cell. B Conjugation describes the transfer of con-
jugative plasmids via direct cell-to-cell contact. C In transformation, cells take up external DNA
from the surrounding. D DNA can also be transfered via "non-canonial” mechanisms such as
membrane vesicles, GTAs and nanotubes.

tilis in section[1.2.1] After the uptake, various proteins including RecA bind to the ssDNA
and perform a homology search along the chromosome of the cell. If a homologous DNA
segment is found, homologous recombination is initiated. During recombination, a stable
heteroduplex is formed between the chromosome and the incoming single strand only
minutes after the addition of eDNA [25| 26]. The heteroduplex is resolved during replica-
tion [27]. Genes are already expressed shortly after replication even before separation of
cells [27].

There are three non-mutually exclusive hypotheses, why transformation has evolved and
is conserved in so many species [23] [28]. For all three concepts evidence is found em-
pirically. The first idea is that the cells degrade the DNA and use the nutrients as food
[29, [30]. This does not explain why only the single strand is important and thus, half of
the nutrients are wasted [23]. Second, the DNA templates are used to repair mismatches
or damaged parts of the genome [31-33]. Michod et al. showed that survival of cells in-
creases after UV radiation when cells are supplied with DNA [31]. However, competence
is not induced by DNA damage [34]. In the third hypothesis, cells use the eDNA as a
source for genetic diversity [35,36]. On the one hand, this means that transformation can
protect against diversity reductions due to bottleneck effects or solve clonal interference
by spreading beneficial mutations [23, 37]. On the other hand, in a new niche, genes
can be transferred from other organisms that are already adapted to that special growth
environment.
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1.1.1. Limits and barriers of transformation

Bacteria evolved various mechanisms to protect themselves against the uncontrolled up-
take of DNA. In some bacterial species, like Neisseria gonorrhoeae and Haemophilus
influenzae, only DNA containing a specific DNA uptake sequence (DUS) is imported
[38-40]. The genus-specific DUS ensures the recognition of homotypic DNA. In N. gonor-
rhoeae, the minor pilin ComP is responsible for the recognition of the DUS in eDNA [41].
DNA uptake in B. subtilis is not restricted by a DUS. But unlike Neisseria, B. subtilis is
not permanently competent. Only during late exponential growth phase a subset of cells
(5 - 20 %) enters competent state transiently [25] 42, 43]. That way, the bulk remains un-
affected by transformation, whereas a small fraction of the population may benefit from the
genetic material in the surrounding. Restriction modification (RM) systems depict another
mechanism of self-defense against foreign DNA [44, |45]. After uptake, DNA that is un-
methylated at the recognition sites of the RM systems is cleaved. RM systems have been
found in about 90 % of all sequenced bacteria [46]. Finally, the probability of homologous
recombination depends strongly on the sequence divergence between the transforming
DNA and the homologous DNA on the chromosome. In the level of single genes, it has
been shown that the integration probability decreases exponentially with increasing se-
guence divergence [47,|48]. Additionally, Carrasco et al. suggest a divergence threshold,
above which no more recombination happens [48].

1.1.2. Benefits and costs of transformation

The following section will list a number of important costs and benefits of bacterial trans-
formation. The integration of random donor segments can lead to various costs for the
transformant [49, 50]. One obvious consequence is the increased need for resources by
transcription and translation when the number of genes increases [51]. Second, replacing
genes or operons partially can potentially interrupt functional networks [52]. Changes in
protein folding can lead to a loss of function or a reduced functionality [53]. Moreover,
a change in expression level of a protein, up- or downregulation, or a codon usage mis-
match between donor and recipient can cause severe costs [54-56].

Nevertheless, the fact that competence is preserved in many species suggests that it pro-
vides advantages [20, 21]. In the absence of foreign DNA, naturally competent bacteria
have been shown to have a benefit by curing deleterious mutations and combining benefi-
cial ones that would otherwise have undergone clonal interference [37),57-59]. Moreover,
transformation can be helpful in adapting to a new niche when the bacterium needs to ad-
just to a novel carbon source [60], higher salinity [61] or ground water contaminated with
heavy metals [62].
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Figure 1.2.: Phenotypic states of B. subtilis. Although being genetically identical, B. subtilis
cells differentiate into diverse cell types. Motile cells (blue) produce flagella, sporulating cells
(green) are metabolically inactive and highly resistant to extreme environments. Competent cells
(yellow) are able to take up free DNA from their surrounding and a subset of cells in a biofilm
produces extracellular matrix (red). Reprinted with permission from .

1.2. The gram-positive model organism Bacillus subtilis

B. subtilis is a gram-positive soil bacterium that is found on plant roots but also in the gas-
trointestinal tract of mammals and in marine habitats [63]. Populations of B. subtilis cells,
even when genetically identical, can differentiate into diverse phenotypic states (Fig.
[64-66]): Motile, flagellated and filament-forming, sessile, competent, spore-forming and
extracellular matrix-producing.

In this study, we investigate the impact of competence on adaptive evolution. In our
evolution experiments, the phenotypes that are found within biofilms (matrix producing
and sporulating) and in a liquid environment (motile and sessile) are of particular interest.

1.2.1. Transformation in B. sublilis

In B. subtilis, about 5 - 20 % of the population enter compentent state in late exponential
growth phase 67]. Recently it was shown that this frequency depends on cell
envelope stress that occurs if a non-kin strain is close by [68]. In the competent state, a
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Figure 1.3.: DNA uptake and homologous recombination. A Current model of the DNA uptake
machinery of B. subtilis. The pseudopilus is involved in the recruitment of eDNA to the cell enve-
lope, where the protein ComEA binds the dsDNA. Subsequently, one strand is imported through
a pore formed by ComEC, while the other strand is degraded outside the cell. B When the single
strand enters the cytoplasm, RecA and other proteins bind and perform a homology search. If
a homologous segment is detected, homologous recombination is initiated. The ssDNA and the
chromosome build a stable heteroduplex [27]. This heteroduplex is solved during replication. Im-
age A adapted from [28] with permission.

pseudopilus is involved in recruiting double-stranded DNA (dsDNA) to the cell envelope,
where ComEA binds the dsDNA without sequence specifity (Fig. [24, 69]). Each B.
subtilis cell has 20 - 50 DNA binding sites [70]. One strand of the bound DNA is trans-
ported into the cytoplasm in a linear fashion with about 80 nt/s, through a pore formed by
ComEC [22, 23|, [71},[72]. The other strand is degraded outside the cell. When the ssDNA
enters the cytoplasm, RecA and other proteins belonging to the recombination machinery
bind to the imported single strand and perform a homology search. As soon as a homol-
ogy is found homologous recombination is initiated as described in the previous section
[1.1] In the competent state, B. subtilis is growth-arrest. Depending on the environmental
conditions, growth-arrest lasts for 2 - 4 hours [25, |26, |73].

1.2.2. Exponential growth phase in liquid environment

Kearns et al. described that B. subtilis exists in two distinct phenotypes during mid-
exponential growth phase [74]. They identified single flagellated, motile cells and filament
forming, sessile cells. In the first case, the sigma factor of the flagellum-chemotaxis (fla-
che) operon, sigD, was active, while in the second case sigD was inactive. Moreover, it
has been shown that sigD mutants (sigD inactive) are deficient in autolysis, grow in long
chains and have a higher fitness in a liquid environment than single motile cells [75].

1.2.3. Bacillus biofilms

In nature, bacteria often form surface-bound communities called biofilms [1]. In a biofilm,
cells are held together by an extracellular matrix produced by a subset of the cells [76].
The extracellular matrix of Bacillus biofilms mainly consists of exopolysaccharides (EPS)
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and proteins [77, 78]. Biofilm formation can increase protection against antimicrobial sub-
stances like antibiotics [79, [80]. Another subpopulation of cells in the biofilm forms spores
that are metabolically inactive and can persist under extreme conditions [81].

The B. subtilis strain used in the following study as an ancestor builds flat and smooth
colonies on agar plates as it has been described for matrix-deficient mutants [77].

1.3. Bacterial fithess

In an evolving population, the rate of mutations and gene transfer events, natural se-
lection, and genetic drift determine population dynamics [82]. While genetic drift is a
stochastic effect, natural selection is driven by the fittest clones in a population. Bacterial
fitness is a measure for how well a strain can survive in a particular environment [83].

1.3.1. Experimental characterization of bacterial fithess

One way to measure fitness is to determine the growth rate (or Malthusian fitness) A of
the strains of interest by counting colony forming units or by tracking the optical density of
the bacterial suspension [84} 85]. Cells with a constant growth rate A grow exponentially
with N(t) = Ny - e* where N(t) is the number of cells at time t and N, the initial number
of cells. When measuring growth rates, the relative fitness is usually expressed as

(Amutant/)\ancestor> - 1 (1 1 )

When very small changes in fithess have to be characterized, head-to-head competition
experiments are more accurate than direct comparison of growth rates between ancestor
and evolved strain [86-88]. In a competition experiment, two strains grow within the same
environment and compete for space and nutrients. In the simplest case, both competitors
A, B grow exponentially during the whole of the experiment with

Nu(t) = Noa - M (1.2)

where N, is the total number of cells of strain A at time ¢, A4 the growth rate of strain A
and Ny 4 the number of cells of strain A at the start. If the two strains do not interact, the
selection coefficient s4  is just the difference in growth rates of the two strains

NA N07A 6)\At
NB N07B erBt

Na Aat
PRGNS B e
N(),A - e)\Bt
No,B
Na
1 Ng
:g'ln(NoA):)‘A_)\BZSA,B (1.3)
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and can be easily calculated by measuring the start and end fraction of the strain mixture.
What distinguishes a competition experiment from growth rate determination via optical
density is that the two strains share the same environment. Therefore, not only the dif-
ference in growth but also interactions between the cells like killing via toxins or other
weapons, or support e.g. via cross-feeding come into play and influence the outcome of
the experiment [1]. The selection coefficient s, 5 then not only represents the difference
in growth rate but also contains information about interactions of the competitors. The
fractions of the competitiors at the start and end of a competition experiment can be de-

termined via plating [86), [89] or by using a flow cytometer [88].

Other ways to determine relative fithess are via barcode sequencing [90-92], at the sin-
gle cell level [93], via range expansion on agar plates [94] or indirectly by Bayesian

inference [96].

1.3.2. Fitness landscape

For the visualization of genotypic variants and their fitness, Wright established the meta-
phor "fitness landscape” in 1932 [97]. The fitness landscape relates the genotype to its
corresponding fitness [98, [99]. The space of genotypes is multidimensional, but is com-
monly represented as a two-dimensional surface (Fig. [1.4). A peak corresponds to a
genotype with high fitness, a valley to one with low fitness. Evolution can be thought of
as a walk towards higher fitness. The landscape is not static but changes with chang-
ing conditions [100]. Sign epistasis occurs when a mutation is detrimental on its own
but becomes beneficial in presence of another mutation. Sign epistasis leads to rugged
landscapes with multiple peaks (Fig. [1.4] A, [101,[102]). A fitness landscape without sign
epistasis is called smooth (Fig. B). Due to its complexity, the fitness landscape has

rarely been studied empirically [103+1035].

Condition 1 Condition 2

e Strain B I

A

Figure 1.4.: Fitness landscapes. The xy-plane represents the genotype space, the z-axis the
corresponding fitness. The fitness landscape changes with changing conditions. In condition 1,
strain A is fitter than strain B. In condition 2, it is the other way around. Adapted from [100] with
permission.
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1.3.3. Distribution of fithess effects

The outcome of an evolutionary process depends on the genetic variations that are acces-
sible and the selective pressure acting on them. The genetic variation can have different
sources such as mutations, deletions or horizontal gene transfer [82]. The distribution of
fitness effects (DFE) describes the fitness effects of mutational events on the fithess of
an organism. Because of the sheer size of the possibilities, a small subset of the affected
cells is analyzed in the hope that it represents the totality. The shape of a representative
DFE can be used to predict evolution.

Multiple studies investigated the DFE of mutations [106-108]. For single mutations, Eyre-
Walker et al. found a complex DFE containing mostly deleterious and neutral mutations
with some rare beneficial mutations [106]. Similar results have been shown for several
mutations accumulated within one strain in different environments [107]. However, when
changing the mutation spectrum e.g. via deletion of a DNA repair gene or by applying
stress, the DFE of single mutations was shifted in positive direction and thus, an increase
in beneficial mutations was found [84, 109]. Since the beneficial mutations can drive
adaptation, the DFE of beneficial mutations was investigated and found to be context-
dependent with mostly small effect mutations in benign conditions, but with large effect
mutations dominating in stressful environments [110,[111]. Rozen et al. showed theoreti-
cally and empirically that mainly large effect beneficial mutations drive adaptation [112].

Another source of genetic variation are deletions and insertions. Making use of the Keio
collection of Escherichia coli knockout strains, it has been shown for non-essential gene
deletions that the DFE is shifted to negative values if no stress is applied [113]. How-
ever, when different antibiotics were added, the width of the DFEs changed drastically.
By inserting random DNA segments from different sources (bacteria and phages) into the
Salmonella chromosome, Kndppel et al. found the fitness effect of horizontally transferred
inserts to be mostly neutral [114]. Only 8 out of 98 inserts showed a disadvantage, sug-
gesting that new genetic material usually has little effect on fithess and can therefore be
retained in the chromosome.

DFEs are a widely used and appropriate tool for predicting evolution, but because the
number of representatives measured for the DFEs is small, mutants with large effects
may be overlooked. To scan a much larger pool, evolution experiments can be carried
out.
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1.4. Laboratory evolution

Evolution experiments are useful for studying fast-growing, small organisms such as bac-
teria [115]. Within days or weeks, hundreds of generations can be run through in diverse
environments with various selective pressures and evolution can be tracked via fitness
measurements or sequencing.

Serial transfer and continuous culture are the two most commonly used setups for ex-
perimental evolution (Fig. [100, [116])). In serial transfer, cell cultures are regularly
supplied with fresh medium, while old medium and some cells are discarded at the same
time (Fig. A). The total volume is kept constant, whereas the population size and
nutrient availability are constantly changing. For this reason, the environment is contin-
uously varying during serial dilution. The number of individuals remaining in the batch
culture after dilution determines the genetic drift during the evolution experiment. The
higher the cell number the less significant genetic drift is compared to the effects of natu-
ral selection. At a cell number of 1, e.g. at a single-cell bottleneck, genetic drift dominates
the outcome of the evolution experiment. Single-cell bottlenecks are used to accumulate
random mutations. Moreover, serial transfer setups can be used for studying evolution
in more drastically changing environments by periodically applying stress or increasing
stress at each dilution step. The most famous serial transfer experiment is the long-term
evolution experiment that Richard Lenski started in 1988 and which is still running to-
day [117]. In Lenski’s experiment, 12 parallel E. coli populations are cultured in minimal
medium with glucose as the only carbon source that E. coli can use. Every day, 1% of
each population is transferred to fresh medium. Recently, the experiment reached 75,000
generations [118]. For comparison, the species Homo sapiens is only about 7,500 gener-
ations old [119]. Over the course of the experiment, various evolutionary dynamics were

SN A
)_& - Time - Time
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U . Time . Time

Figure 1.5.: Types of evolution experiments. A In serial transfer, cells are diluted regularly. Pop-
ulation size and nutrient availability are constantly changing. B In continuous culture, a permanent
flow of nutrients and outflow of cells keeps the population size constant until adaptation leads to
an increase.

A Dilute

log(Population
size)

log(Population
size)

ﬁ
i

Grow
MOJD)

Nutrient
concentration
Nutrient
concentration



10 Chapter 1. Introduction

observed across all years: an increase in the growth rate and cell size [120], a short-
ening of the lag phase [121] and clonal interference between competing mutants [122].
Moreover, one population acquired a new trait: the use of citrate as a carbon source [123].

In continuous culture, a constant flow ensures a constant nutrient availability (Fig. B,
[124]). The size of the populations remains the same until adaptation leads to an in-
crease in size. By using a feedback loop to adjust the flow, the populations can be kept at
a constant size permanently. This setup is called turbidostat. A continuous culture setup
provides a very well-defined environment for the evolution experiment, but it is also quite
far removed from natural conditions [125].

1.5. Population dynamics

In evolving populations, adaptation is driven by beneficial variants arising from (i) de novo
mutations such as single nucleotide polymorphisms (SNPs), insertions, deletions and du-
plications or (ii) from horizontal gene transfer events like replacements with transforming
DNA. Moreover, replacements can facilitate the insertion of novel genes or deletion of
existing ones.

1.5.1. Adaptive evolution

In the course of evolution, favourable mutations or beneficial replacements with DNA of
another species lead to gradually increasing fithess e.g. through mutations affecting gene
expression levels or the efficiency of a metabolic pathway often referred to as genetic
tinkering (Fig. [1.6| A). This results in a continuous optimization of the evolving population.
The accumulation of beneficial variants often leads to diminishing-returns epistasis, i.e.
the fitness increase of a beneficial event is lower in a strain that already has another ben-
eficial event than on the background of the ancestor (Fig.[1.6|C, [102, [126, [127]).

Innovations are more dramatic changes (Fig. B). A mutation or horizontal gene trans-
fer event gives the strain a new function that is advantageous under the current conditions
[123]. Innovations and optimization are often entangled. An innovation could only be pos-
sible due to the accumulated mutations, or mutations optimize an innovation [116].

In an adapting strain, advantageous mutations or transfer events can occur within the
same time frame (Fig. D). Before the one variant has swept through the entire popu-
lation, the other occurs on the same background. As both are beneficial, they compete to
take over the population. This is known as clonal interference [112,|128]. Clonal interfer-
ence can transiently increase the genetic diversity of a population [122]. Beneficial mu-
tations remain longer without fixation and can collect neutral mutations in the meantime.
As discussed above (Sec. [1.1.2), transformation can help resolve clonal interference by
merging the competing variants into one strain. Moreover, transformation can cure strains
of detrimental mutations and lead to innovations through transfer of new genetic material.
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Figure 1.6.: Population dynamics. Optimization leads to a steady increase in relative fitness
of the population (A), while innovation causes a sudden increase in relative fithess (B). During
adaptation to a specific growth condition, diminishing-returns epistasis is observed frequently (C).
The increase in fitness caused by mutation "A”, "B” or "C” when arising in the ancestor is much
higher than that of B when A was already present in the strain ("AB”), for example. At the start, the
population is clonal (D, black). A favorable variant arises (magenta). On the magenta background,
two competing beneficial variants appear simultaneously (blue and yellow). In a population in
which the cells can exchange genetic information through transformation, both beneficial alleles
can be recombined into one strain (blue/yellow mix). Images adapted from with permission.
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1.6. Scientific objectives

Since the discovery of transformation in 1928, much has been learned about the pro-
cess itself and the obstacles that stand in its way. An exponential relationship between
sequence divergence and the probability of replacement has been demonstrated for indi-
vidual genes. Advances in whole genome sequencing in recent decades have opened up
the possibility of a genome-wide view on the barriers and mechanisms of transformation.
This also offers the opportunity to identify functional barriers.

The usefulness of DFEs for predicting the evolutionary dynamics of mutations has long
been recognised. For transformation, another mechanism that leads to variants in bac-
terial genomes and thus to adaptive evolution, the DFE is unknown. A DFE has been
measured for insertions, but since the main mode of natural transformation is replace-
ment, this DFE lacks representative power.

In the first project, we investigate the barriers to transformation at the whole genome
level. Therefore, we perform parallel replacement accumulation experiments with B. sub-
tilis as recipient and other Bacillus and a Geobacillus species as donors. Using whole
genome sequencing data, we identify orthologous replacements, deletions, duplications
and insertions across the entire chromosome and relate their properties to the sequence
divergence of the recipient-donor pairs. Additionally, we look for functional barriers and
cold spots of transformation in closely related species.

In the second project, we measure the distribution of fithess effects of transformation
under different conditions. To this end, we create hybrid libraries with B. subtilis as recipi-
ent and Bacillus vallismortis or Bacillus spizizenii as donors. For the fithess quantification,
we design a high-throughput competition experiment. To test whether DFEs are suitable
to predict the outcome of evolution, we perform evolution experiments with transformed
populations under two different conditions.

In the third project, we investigate the effect of the history of preceding growth environ-
ments of the cells on evolution. We conduct evolution experiments with transformed B.
subtilis populations in a structured environment and in a liquid, well-mixed environment.
The B. subtilis ancestor of the transformed population is either well or poorly adapted to
the environment in which the populations evolve. We develop various methods for fitness
quantification and use the fitness as well as whole genome sequencing to characterize the
dynamics of adaptive evolution in both environments and with both bacterial backgrounds.

In the following projects, we aim to better understand the mechanisms of integration and
the fitness effects of transformation in order to predict how HGT affects adaptive evolution.



2. Experimental methods, strains and
media

All experimental methods we use in this study are explained in detail in this section. For
chapter [4] the replacement accumulation assay (Sec. is most important. In chapter
B the competition experiment (Sec. [2.6), the creation of hybrid libraries (Sec. and
finally the evolution experiment (Sec. are used. In chapter [, we perform evolution
experiments (Sec. and test the fitness of the evolved strains (Sec. [2.6).

2.1. Strains

Table contains all strains used in this study. For all Bacillus subtilis strains, Bs166
(amyE::PhscomK(spc), comK::kan, P...x9fp) is the ancestor. To make the competence
of the wild type Bacillus subtilis 168 controllable, Gabriele Schneider (GS) produced
Bs166 for the publication by Jeffrey J. Power et al. on evolution in transformed B. subtilis
cells under selection for fithess in stationary phase [52]. In Bs175, Melih Yiksel (MY)

Strain | Data base Relevant genotype Source/Reference
name
Bacillus subtilis 168 Bs166 amyE::spc-PhSPANK-comK GS
comK::kan P.,,,x9fo
Bs175 Bs166 lacA::PrrnE-gfp (erm) MY
Bs210 sigD-frame shift (Phe151fs) | evolution exp IR/MF
Bs213 Bs210 lacA::PrrnE-gfp (erm) MY
Bs224 pre-adapted to agar plates[] | evolution exp MF
Bs226 Bs224 lacA::PrrnE-gfp (erm) AL/MF
Bacillus spizizenii Ob005 wild type BGSC
Bacillus vallismortis Ob018 wild type DSMZ
Bacillus mojavensis Ob003 wild type DSMZ
Bacillus atrophaeus Ob006 wild type BGSC
Geobacillus Ob011 wild type DSMZ
thermoglucosidasius

Table 2.1.: All strains used in this study, their characteristics and sources.

Single nucleotide polymorphisms (SNPs) in rapA (Pro261Pro), gudB (Phe396Lys) and epsC (Glu328Val),
frame shift mutation in gudB (Phe395fs)

13
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added a gene to Bs166 that produces a green fluorescent protein so that the strain can
be used as a reporter in competition experiments (lacA::PrrnE-gfpo (erm)). Bs210 and
Bs224 arose from Bs166 after pre-adaptation to a certain condition (Sec. [2.7). Bs210 is
pre-adapted to exponential growth in liquid environment and Bs224 to growth on complex
medium agar plates. Bs213 and Bs226 are their respective green-fluorescent reporter
strains. All other Bacillus strains as well as the Geobacillus strain are wild type strains
and were ordered from either the German Leibniz Institute in Braunschweig (DSMZ) or
the Bacillus Genetic Stock Center (BGSC). The NCBI dictionaries of the strains used for
genome analysis are specified in the Supplements (Tab. [A.3).

2.2. Media

All products used are supplied from VWR, Merck, Carl Roth or Gibco unless otherwise
stated. The cells are cultivated in lysogeny broth (LB), complex medium (CM), defined
medium on glycerol basis (DMy,) or defined medium on glucose basis (DMy,). Cell
handling is done in medium or phosphate buffered saline (PBS). For freezing at -80 °C,
10 % dimethyl sulfoxide (DMSO) is added to cell cultures.

If not stated differently, cells are grown at 37 °C. Liquid cultures are placed in a shaker
at 250 rpm. For growth on plates, 1.5% agar is added to the respective medium. After
pouring, the plates are dried for approximately 30 minutes without a lid, then closed and
turned over. Agar plates used in the agar plate handling system are not inverted.

2.2.1. Complex medium

As complex medium (CM) we use the "competence medium” by Dubnau et al. [129]. For
the complex medium, we prepare 10x Spizizen’s salts (SpS, Tab. and 100x CM-
master mix (Tab. and sterilize them by autoclaving. By filtration, we sterilize 50%
glucose and a 100x amino acid mix containing 5 mg/ml of methionine, leucine and histi-
dine solved in water. For 500 ml of complex medium, we add 50 ml of 10x SpS and 5ml
of each, 100x CM master mix, 100x amino acid mix and 50 % glucose to 435 ml sterile

MQ (Tab. B4).

2.2.2. Defined medium

In this study, we use two different chemically defined media, one based on glucose (DM,
and one with glycerol as the only carbon source (DM,,). For DM,,,, 1x SpS (Tab. is
supplemented with 0.5 % glucose, 0.5 mg/ml sodium glutamate and 0.2 mg/ml MgSQO,.
1x amino acid mix, as used for the complex medium, is added. For DMy, SpS without tri-
sodium citrate (Na3;C¢H;07-H,0) is supplemented with 0.2 mg/mg MgSO,, 10 % minimum
essential medium amino acid (MEM-AA) solution, 5 % MEM-non-essential amino acid
(MEM-NEAA)-solution and 1x amino acid mix.
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Table 2.2.: 10x Spizizen’s salts Table 2.3.: 100x CM master mix
Agent | Amount [g]
Agent | Amount [g]
KH,PO, 30 . .
Casamino Acids 1
KoHPO, 70
Yeast Extract 5
(NH,)>.S0O, 10
NayCeHsO-H:0 > MQ | fill to 50 mi
MQ | fill to 500 ml
Table 2.4.: 500 ml complex medium
Agent | Amount [ml]
10x SpS 50
100x CM master mix 5
100x amino acid mix 5
50 % glucose 5
MQ 435
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Figure 2.1.:

-

Overnight growth
on plates

Replacement accumulation assay. At the beginning, a single colony is picked

from an LB agar plate, resuspended in complex medium and distributed over all start wells. The
monoclonal cells are incubated for about 2.5 hours so that they can escape the lag phase and
grow exponentially to an OD of approximately 0.1.
and genomic DNA from a closely related species (donor). Together with the donor DNA, the cells
transform for 2 hours while shaking at 37 °C. After transformation, the cells are washed and plated
on LB agar plates, where they grow overnight at 37 °C in the incubator. The next morning, single

colonies are picked for the start of the new cycle (single-cell bottlenecking).

Then, we add IPTG to induce competence
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2.3. Data availability

All primary and processed data obtained in the following projects are stored on the servers
of AG Maier in agreement with Prof. Dr. Berenike Maier.

2.4. Replacement accumulation assay

During transformation, cells can take up DNA from their surrounding and integrate it into
their genome. To better understand the genome dynamics and barriers to integration, we
conduct a replacement accumulation experiment. We gradually exchange the ancestor
genome with DNA from a closely-related donor by repeating a transformation step fol-
lowed by a single-cell bottleneck 20 times (Fig. [2.1).

At the beginning, we pick a single colony of Bs166 from an LB agar plate to ensure a
monoclonal starting point. The colony is resuspended in complex medium and distributed
over 8 to 15 starting wells (depending on the number of desired parallel experiments) of
a 24 well plate. After 2.5 hours of incubation at 37 °C and shaking at 250 rpm, 600 ;M
isopropyl-beta-D-thiogalactopyranoside (IPTG), a synthetic analogue of lactose, is added
to the cells in order to induce competence. Additionally, genomic DNA of a closely related
species is added at a concentration of approximately 1 genome/cell. With IPTG and DNA,
the cells are shaken for two hours at 37 °C. During this time, the competent cells undergo
transformation. The cells are then diluted in PBS with a factor of 10~° - 10~% and plated
onto an LB agar plate using sterile glass beads. The next morning, we induce a single-cell
bottleneck by randomly picking one single colony to restart the cycle.

Depending on their respective donor, hybrids that have undergone 20 cycles of trans-
formation are referred to as BspizHyb (donor: B. spizizenii), BvalHyb (donor: B. vallis-
mortis), BatroHyb (donor: B. atrophaeus) and GeoHyb (donor: G. thermoglucosidasius)
in Publication 4.1l

2.5. Hybrid library preparation

To learn about the distribution of fitness effects of transformation, we create a hybrid li-
brary performing one cycle of the previously explained "replacement accumulation assay”
(Sec. [2.4). Starting with monoclonal Bs166 picked from an LB agar plate, we resuspend
the colony in complex medium and fill 10 wells in a 24-well microtiter plate with the cells
(Fig.[2.2). Four of these are used for the hybrid library cells, the remaining wells serve
as references. After 2.5 hours, when the cells have reached an OD of about 0.1, we
add IPTG and gDNA of either B. vallismortis or B. spizizenii and let them transform for
2 hours. Instead of plating them immediately, we wash the cells thrice in PBS to remove
IPTG and DNA, dilute them 1:100 in fresh complex medium and then allow the cells to
escape from the competent state. After the cells have resumed growth and the OD has
at least doubled, we induce competence again by adding IPTG, this time to resolve the
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Figure 2.2.: Hybrid library preparation. A Bs166 colony is resuspended in complex medium in
the morning (orange). After 2.5 hours, the cells escape lag phase and start to grow exponentially.
We add IPTG to induce competence and genomic DNA of either B. vallismortis or B. spizizenii.
To see the effect of growth arrest, a reference is grown to which no IPTG is added (gray). Cells
are transformed for 2 hours. After this time, the cells are washed three times in PBS and then
diluted 1:100 in complex medium. To track growth and escape from competent state, undiluted
(dark blue) and 1:10 diluted (light blue) wells are also inoculated. To resolve the heteroduplexes
formed during transformation, we wait until all cells have escaped competent state and divided
at least once. When the OD has doubled after about 3 hours, we induce competence a second
time, this time to resolve chains that form during growth. Again, a reference is grown without the
addition of IPTG (green). Two hours after induction, cells are plated on LB agar plates.
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chains that form during exponential growth. Finally, we plate the cells being sure that both
heteroduplexes and chains have been resolved. In this way, we ensure that the growing
colonies are monoclonal. The next morning, we pick 88 of these monoclonal hybrids to
build up for the hybrid library. In the publication [5.1], the hybrid library with B. spizizenii as
donor is referred to as BSPIZ. Likewise, the hybrid library for which B. vallismortis served
as donor is referred to as BVAL.

2.6. Fitness via high-throughput competition experiments

In our competition experiment, we first dilute overnight cultures of the strains of interest
(SOI) on a 96-well microtiter plate and of a fluorescent competitor in an Erimeyer flask
separately by a factor of 10 (Fig.[2.3] A). Overnight cultures and dilutions both happen in
the medium and under the condition we use during competition. To eliminate systematic
biases due to strain positioning on the 96-well plate, we randomly shift the columns of

=
2 % Strain Fluorescent
@ = of interest - , competitor
3 ° | - Cytoflex MM, 37
2% I — & —
Dilute Dilute
Escape Cytoflex CM37
lag phase I : o |
\ / i HTS CM37
: _ Measure % @0
S Mix 50:50 start fraction
3 Compete for -0.05 0 0.05
§ ~ 16 generations Selection coefficient s [gen™]
Measure
A end fraction B

Figure 2.3.: Fithess via competition. A Scheme of a competition experiment in exponential
growth phase. The overnight cultures of a strain of interest (blue) and a fluorescent competitor
(green) are diluted and shaken in an incubator until they escape the lag phase. The exponentially
growing strains are mixed in a 50:50 ratio. The exact proportion is measured with a flow-cytometer
before and after about 16 generations of competition. B The precision of the competition experi-
ment depends on both the used setup as well as the condition and can be measured by performing
the competition experiment with the competitor but without fluorescence as SOI and compete it
against its fluorescent proteins producing-self. In a perfect system, we would measure a selection
coefficient of zero. In our case, we use two different flow cytometers, Cytoflex by Beckman Coulter
and Canto Il (HTS) by BD. The measured selection coefficients for the two setups are shown for
two conditions: 18 hour competition in MM, at 37 °C (MM,,37) and/or 4 hour competition in CM
at 37 °C (CM37).
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our plate every morning before dilution. Using a plate reader, we track the optical density
until the cells escape the lag phase and growth becomes visible. For complex medium at
37 °C, this is the case after about 2 hours. For less rich medium or lower temperatures,
the time increases. The exponentially growing cells are diluted in an OD dependent man-
ner and mixed in a 50:50 ratio in PBS at an OD of 0.01. This mix is used in the flow
cytometer to determine the exact starting fraction. A 1:10 dilution of the mix in growth
medium is grown under the selected conditions for about 16 generations. After competi-
tion, the mix is diluted 1:5 in PBS and the end fraction is measured with the flow cytometer.

To test the effects of the lag phase on fitness, the first step, the dilution of the overnight
culture and the outgrowth of the lag phase, is skipped. The overnight cultures of SOl and
the fluorescent competitor are mixed directly.

In project the OD-dependent dilution of each individual well was not yet used. In-
stead, we created 3 - 4 plates with different ratios of non-fluorescent and fluorescent cells
and measured them all. This allowed us to ensure that we achieved the 50:50 ratio for the
starting fraction for each well on at least one of the plates. All these plates were diluted in
growth medium and grown. After 16 generations, the end fraction was determined.

The precision of the competition experiments depends on the flow cytometer used and
the condition (Fig. B). It is determined by performing the measurement with a whole
plate of ancestors as SOI. The distribution of selection coefficients of the ancestor is in
agreement with zero for both used flow cytometers (Cytoflex by Beckman Coulter and
Canto Il by BD(HTS)).

2.7. Evolution experiments

Our laboratory strain Bs166 is first pre-adapted and then evolution experiments with the
pre-adapted Bs166 are performed according to the following protocols for evolution ex-
periments in a liquid or in a structured environment.

Evolution experiment in liquid environment To ensure competition without nutrient or
space limitations, we first designed an evolution experiment in which cells are kept in ex-
ponential growth phase by diluting them to a predefined OD every few hours (Fig.[2.4] A).
In this way, effects from the stationary or lag phase are largely excluded and the max-
imum number of generations is achieved. A liquid handling system is used to incubate
the cells at 37 °C. All instruments integrated into the robotic system are specified in the
Supplements (Tab. [A.1). Every 30 minutes the optical density is measured, and every
four hours this OD measurement and the liquid handling robot are used to dilute each
well with fresh medium back to an optical density of 0.001. All materials used, such as
tips and media, are renewed every 24 hours to avoid contaminations.
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Figure 2.4.: Evolution experiments in liquid and in structured environments. A 88 wells of
a 96-well microtiter plate are filled with transformed populations with a starting OD of about 0.01.
The green parts of the genome depict regions affected by horizontal gene transfer. By diluting the
cells down to an OD of 0.001 every four or six hours (depending on the growth rate of the cells
in the respective condition, Sec. [2.8), the growth is kept exponential over several days. During
growth, the fraction of hybrids shifts and de novo mutations arise atop (red). Every 24 hours, a
copy of the current plate is mixed with DMSO and stored at -80 °C. B For the evolution experiments
in a structured environment, 1 ul of the transformed populations is dropped on agar plates at an
OD of 1 and incubated at 30 °C. Per plate, 16 populations evolve in parallel. Every three days,
7 ul medium is dropped on top of the biofilms to soften the colonies and test for drop collapse. To
transfer the cells to fresh plates, we use a 10 ul inoculation loop to scratch the colony from the
plate and resuspend the cells in medium. A 1 ul drop of these cells is plated on a fresh agar plate.
The rest of the cells is stored at -80 °C.



Chapter 2. Experimental methods, strains and media 21

Evolution experiment in a structured environment Since uninterrupted exponential
growth is far from what we expect in nature, we also designed an evolution experiment
on agar plates (Fig. B). Initially, cells are inoculated as 1 ul drops with an OD of
approximately 1. The colonies grow at 30 °C on complex medium plates supplemented
with 1.5% agar. Every three days, 7 ul of complex medium is dropped onto the colony
to test for drop collapse and to moisten the biofilm. With a 10 ul inoculation loop, the
softened colony is scratch off the agar and transferred to liquid complex medium. A 1 ul
drop of this liquid is inoculated on fresh plates for the next three-day growth period. The
rest is frozen at -80 °C.

2.8. Measuring generation times

Cell growth approximately follows a logistic function with number of cells N at time ¢

B Ny - exp(kt)
B 1— (NO/NmaX)(l - eXp<kt))

where N, is the number of cells at time 0, £ the maximum growth rate and N, the
maximum cell number (Fig. [2.5/A). Using a plate reader, the cell number can be estimated
from the measured optical density within a certain range. During exponential growth, the
slope of the logarithmic OD is constant. The generation time of cells in exponential growth
phase can be determined by finding the plateau of the time derivative of the log(optical
density) (Fig. 2.5 A). For B. subtilis, this plateau seems to lie outside the resolution of the
plate reader (Fig. B). Using the slope of this OD curve would lead to a underestimation
of exponential growth rate since the cells are already in the transition between exponential
and stationary phase. So instead of using the visible area of the OD curve directly, we
make a dilution series with a factor of 10 to find the rate. We use the OD curve of the cells
and their 1:10 dilution to determine the time required for the dilution to reach the same
OD value as the undiluted culture (close to the resolution minimum, Fig. C). In this
way, we do not know the maximum speed but we calculate the mean of generation time
teen t0 that point including the invisible phase

N(t) (2.1)

1 At
tgen - E - m (22)
where At is the time needed to reach the same OD after dilution with dilution factor
dilFact. The detection algorithm was implemented by Jeffrey J. Power. Every experiment
day, about 20 - 30 dilutions are measured per strain and per condition. Each experiment
is repeated at least three times. The average generation times and standard errors for
several strains and conditions are listed in figure [2.5 D.
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Figure 2.5.: Generation times via dilution. For bacteria in liquid, we expect a logistic growth
function (A). The time-derivative of the logarithm of the cell number shows a plateau during ex-
ponential growth and goes down to zero when reaching stationary phase. From the plateau the
generation time in exponential growth phase can be calculated. In our experiments, where we es-
timate the cell number by measuring the optical density, we cannot see this plateau (B). Instead,
we use a dilution series to estimate the mean generation time from the start of growth to visible
growth (C). Repeating the measurement three times for each strain, we can estimate the genera-
tion times of our strains in various conditions (D, mean =+ standard error).
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2.9. Transformation efficiency

To assess how comparable the transformation rates are in our experiments, the transfor-
mation efficiency of each strains is determined before they are used in an experiment.
We test it by letting the cells transform in the presence of gDNA of the same strain but
with a point mutation that leads to rifampicin resistance. Cells that integrated the part with
the point mutation grow on LB agar plates with rifampicin. This assay can only be used
because the transformation rates are much higher than the mutation rates of our strains.

Cells from an overnight culture are diluted to an optical density of 0.1 in a total volume of
10 ml. After 2.5 hours of growth at 37 °C in the shaker (250 rpm), 500 ul of the cell culture
is transferred to a 15 ml Falcon tube. 500 ng of gDNA of the rifampicin resistant strain is
added to the cells. After shaking for two hours, the cells are washed and diluted in PBS.
After dilution at a ratio of 1:10!, 1:10? and 1:103, the cells are plated on LB agar plates
with rifampicin (5 ug/ml) to count the resistant cells. Additionally, cells diluted 1:10, 1:10°
and 1:10° are plated on LB agar plates without antibiotics to count the total number of
cells in the culture. The fraction of resistant cells in all cells can be calculated (Tab. [2.5).
For each strain, the experiment is repeated at least three times on three different days.
As can be seen from table [2.5] the number of transformants is comparable for all three
strains.

Strain | # transformants /
total # cells
Bs166 | 0.001 + 0.000(4)
Bs210 0.002 + 0.001
Bs224 0.001 4+ 0.001

Table 2.5.: Fraction of transformants for all strains that were transformed in the course of this
project (mean + standard deviation).

2.10. DNA isolation

For whole genome sequencing (WGS) and for gDNA preparation for all transformation
assays, we grow monoclonal strains overnight in LB shaking at 37 °C. 2 ml of the cells
are pelleted in the morning at 16,700xg for 3 minutes and the supernatant is discarded.
Using the DNeasy Blood & Tissue Kit from Quiagen, gDNA with an average strand length
of 30 kbp is extracted and sent for lllumina short read sequencing to Eurofins Genomics
or is used as donor DNA.






3. Computational methods

The following projects require several computational methods for the analysis of genome
characteristics and changes (Sec. [3.2), flow cytometer data (Sec. and biofilm im-
ages (Sec. [3.4). In the following, the pre-processing of raw data from whole genome
sequencing (WGS) (Sec. and the subsequent detection of genomic variations like
duplications, deletions or mutations (Sec. will be described in detail. In particular,
we describe how we detect horizontal gene transfer events (Sec. [3.2.4). We also use
WGS data and the NCBI dictionaries for our strains to identify multimapping areas (Sec.
and distinguish between accessory and core regions (Sec. [3.2.2). In addition to
the bioinformatic analysis of large sets of sequencing data, algorithms for fithess charac-
terization have been developed as part of this thesis. This includes the analysis of flow
cytometry data for the characterization of selection coefficients (Sec. [3.3). Since B. sub-
tilis grows in filaments during exponential growth phase, we apply a filament correction to
the flow cytometry data (Sec. [3.3.1). For evolution experiments on agar plates, we have
developed image processing methods to capture the changes in colony size over time

(Sec.[3.4).

3.1. Data availability

All scripts used in Section[3.2]can be found under https://doi.org/10.5281/zenodo.8273150
and are referred to as "folder number/script name” [130]. The scripts are co-authored
by Isabel Rathmann and Mona Forster and were published as part of the Publication
4.1 The scripts for the Sections and can be found on GitHub in the folder "mo-
foe/phdThesis”.

3.2. Genome analysis

3.2.1. Processing lllumina reads

From Eurofins Genomics we receive paired lllumina reads with a length of 2x 150 bp and
an average coverage of about 500 reads per position (in fastg-format). All used com-
mands for the following software are shown in Figure [3.1] The reads are aligned to a
reference dictionary downloaded from NCBI (dictionaries specified in the Supplements,
Tab. using the mem-function of the Burrow-Wheeler Aligner (bwa) and saved in sam-
format (bwa v0.7.17) [131]. For faster processing, the reads in the sam-file are sorted
and indexed with samtools sort and samtools index (samtools v1.13) [132]. Then, the
per-read-information is translated into per-position-information with the help of bcftools
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Figure 3.1.: Raw data processing of lllumina reads. The 150 bp long paired-end reads in fastg-
format are aligned along a reference dictionary in fasta-format with the help of Burrow Wheeler
Aligner’s (bwa) mem function. Since we want to detect replacements in which nucleotides differ
in various positions along the genome, we have to choose very loose mapping constraints. The
aligned reads are preprocessed with samtools sort and index. With the information about the
most likely position on the reference genome, the read information can be transferred into per-
position information via bcftools mpileup. To filter out the unchanged positions, the vcf-file is
post-processed with bcftools call. The coverage can be extracted from the sorted sam-file using
bedtools genomeCoverageBed.

mpileup-function and saved in vcf-format (bcftools v1.13). For each position, the vcf-file
contains information about the raw read depth, the quality and the expected and found
nucleotide. Furthermore, small inserts and deletions with the size of a few base pairs can
be found in the file. To reduce the size of the vci-file, only the variants are filtered out
using bcftools call [133]. With bedtools genomeCoverageBed the per-position coverage
can be extracted from the sorted sam-file (bedtools v2.31.0) [134]. The coverage deter-
mined using bedtools and the raw read depth determined using samtools are comparable
measures, but not identical. The versions specified are the ones currently used. In the
Publications [4.1] and older version of the tools were used in some cases (see meth-
ods of the publications). The script for WGS raw data processing shown in figure is
also available under "0/2_CombiScriptSamtools.sh” [130].

3.2.2. Accessory and core regions

Accessory and core regions are defined by comparing two strains of interest nucleotide
by nucleotide. If regions between the two strains are homologous, they are defined as
part of the core genome. Parts that are unique in one of the two genomes are defined as
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accessory genome. Please note that this definition differs from the definition of core and
accessory genomes often used when comparing multiple strains [135, 136].

Methodically, the two regions are identified by aligning reads of the one strain along the
dictionary of the other strain and determining the raw read depth, as explicitly explained
in the prior section. Regions where the raw read depth is lower than 50 (approximately
10 % of the average raw read depth of our reads) for more than 150 bp in a row, are part
of the accessory genome of the strain whose the dictionary was used (cf. Fig. C). All
other regions are core genome for both strains. The accessory regions of Bs166 when
compared to B. spizizenii, B. vallismortis, B. atrophaeus and G. thermoglucosidasius are
shown in the Publication in Figure 3. The Matlab script for identifying accessory re-
gions is available under "1/A0Oc_AccessoryGenome.m”.

3.2.3. Detecting genomics variations via coverage

In the following projects, we use the coverage of the aligned sequencing data to identify
duplications, deletions and insertions (Fig. [3.2). For deletions and duplications, we an-
alyze the coverage when aligning along the recipients dictionary. At least ten positions
in a row need to have a coverage of zero for a deletion (Fig. [3.2] A). Using an artificially
created mock genome, we can verify the algorithm to identify deletions reliably down to
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Figure 3.2.: Genomic variations via coverage. Deletions and duplications can be detected by
analyzing the read coverage on the recipient dictionary (A, B). In the case of deletions, the cov-
erage goes down to zero (A). In a duplication, the coverage reaches twice the average coverage
(B). We test the accuracy of our predictions by generating strains with artificial deletions and du-
plications (Supplements [A.4). Aligning the reads along the donor dictionary is used to identify
insertions from the accessory regions of the donor (C, D). Before an insertion occurs, the acces-
sory regions look like a deletion (C). The coverage goes down to zero. If this region is inserted in
the hybrid strain, we detect coverage within this region (D).
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a deletion length of 200 bp. The results of the mock genome analysis for deletions are
shown in the Supplements (Fig. [A.1]B). If twice the average coverage (cov) is hit for at
least ten positions in a row, we infer a duplication (Fig. [3.2/B). Again, we use a mock
genome to show that duplications longer than 200 bp can be detected reliably (Supple-

ments Fig. [A.1] A).

Insertions of donor accessory parts are also detected via coverage. In contrast to dele-
tions and duplications, the hybrid reads are not aligned along the recipient genome,
but along the donor genome. The alignment of a strain that has no insertions leads to
stretches with zero coverage, the so-called accessory regions (Fig. C). If such a re-
gion shows a non-zero coverage, we can assume that this part has been inserted during
transformation D). However, this analysis method does not provide any information
about the position of integration. The scripts for deletion, duplication and insertion detec-
tion are available under ”1/A3_Cov2DelDup.m” and "1/A4_Cov2Ins.m”.

3.2.4. Detecting replacements

The algorithm for detecting replacements in transformation hybrids is adapted from Power
et al. [52]. First, a so-called master list is created (Fig. [3.3). The reads of the donor strain
are aligned along the recipient genome. All single nucleotide polymorphisms (SNPs) of
homologous regions between recipient and donor can be identified. These differences
will be called master list SNPs (mMISNPs) in the following. Subsequently, the SNPs that
we detect when aligning hybrid reads along the recipient genome can be compared to
the master list. SNPs detected in hybrid strains which are absent from the master list did

recipient genome
. | nucleotide-wise differences
I | [T I homologous region between recipient and donor

" .., indonorgenome (master list SNP)
— "master list

| detected master list SNP

i missing master list SNP

{1l | | hybrid | de novo mutation

Figure 3.3.: Detection of replacements. In order to detect homologous recombination of parts
of the donor genome into the recipient, a "master list” is created. For this purpose, all homologous
regions of recipient and donor are compared. The detected single nucleotide polymorphisms
(SNPs) are called master list SNPs (mISNPs, dark blue). The SNPs found in the hybrids are
then compared to the master list. SNPs that do not fit the master list and thus most likely did
not arise from horizontal gene transfer are assigned as de novo mutations (light blue). SNPs
whose position and allele matches the master list are detected mISNPs (green). Two detected
mISNPs start a "cluster” (detected replacement). This cluster is extended as long as less than five
mISNPs are consecutively missing (dotted red). Five or more consecutively missing mISNPs end
the cluster.
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most likely not arise from replacement with genetic material from the donor. We denote
those SNPs as de novo mutations. SNPs where the position and the allele matches
the master list are detected mISNPs. Two detected mISNPs start a cluster (detected
replacement). A cluster ends when five or more mISNPs are missing in a row. The
detection is independent of direction. The script for detecting replacements can be found
under "1/A1_SNP2CNP.m” [130]. For pre-processing, the output file from Section [3.2.1
(*_bcfcall.vcf) needs to be run through ”1/A0_VariantFiltering.m”. To create the master list
use "1/AOb_MasterListFiltering.m”.

3.2.5. Multimapper regions

Genomic regions with copy numbers greater than one pose a problem for alignment when
short-read sequencing is used. Due to the shortness of the reads, we cannot determine
to which copy a read belongs if the region is longer than 300 bp. Therefore, we identify
these regions and deliberately exclude them from our analyses. For identification, we use
NCBI blastn [137] to align the dictionary of a strain to itself and evaluate the results with
a Matlab script. This script is available under ” 1/A0d_Multimapper.m” [130]. A list of all
multi mapping regions we detected in Bs166 and the genes within these regions can be
found in the Supplements (Tab. [A.2).

3.3. Evaluation of flow cytometry data

The raw data from the flow cytometer contains information about the forward and side
scatter of each event as well as the fluorescence. For the analysis, we create a gate for
forward and side scatter heights (FSC-H/SSC-H) to filter out events that do not fall within
the typical properties of our cells (Fig. A). To this end, we perform a measurement
with fluorescent cells only. Without doubt, all fluorescing events are cells. The gate has
to be adjusted if different strains are used or if the flow cytometer settings change. Within
this gate, the fraction of fluorescent versus non-fluorescent cells is calculated (Fig. B)
and used for further determination of the selection coefficients as it is described in Section
The scripts used to process the raw data and analyze the fractions are available on
GitHub under "FC_01_rawData.m” and "FC_02_analysis.m”

3.3.1. Filament correction of flow cytometry data

B. subtilis is known to form filaments during the exponential growth phase. When using a
flow cytometer, filament formation can lead to an underestimation of cell number, as a fil-
ament comprising multiple cells is detected as a single event (cell). If SOl and competitor
have comparable tendency to form filaments, the problem averages out. However, during
adaptation to exponential growth in liquid, a frameshift mutation in sigD favors filamen-
tation (Publication 5.1). Then, the filaments measured in the flow cytometer contain on
average more cells per event than their unadapted competitors. This leads to a severe
underestimation of the cell number of the SOI. In the following, we describe how we use
the width of the forward scatter signal FSC-W to correct for the effect of filamentation.
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Figure 3.4.: Processing of flow cytometry data. A To create a gate, only fluorescent cells are
measured with the flow cytometer. Thus, we can distinguish between cells (green) and debris
(non-fluorescent). B When the gate is set, only events within this gate are considered cells, and
the fraction of fluorescent and non-fluorescent cells within the gate is calculated.
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Figure 3.5.: Filament correction of flow cytometry data. For the ancestor strains Bs210 and
Bs224 in different growth phases, the average number of cells per filament is counted (A). To
this end, cells are stained with Syto9 and visualized under the microscope. Cells from the same
culture are measured with the flow cytometer and the average FSC-W is determined (B). We find
a linear relationship between the average number of cells per filament and the average FSC-W
(C) and use it to correct our measurements.
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At a constant flow through the cytometer, the FSC-W contains information about the event
length. To test whether the FSC-W correlates with the cell number of an event, we mea-
sure cells with different filament lengths with the flow cytometer and additionally visualize
them with the microscope (Fig. [3.5). To reliably count the average number of cells per
filament, we label the cells with Syto9, a green-fluorescent chromosome stain (Fig.
A). Then, we correlate the average cell number with the average FSC-W of the sample
(Fig. B). By evaluating Bs210 and Bs224 at different growth phases (stationary phase,
after 2 hours of growth, after 6 hours of growth), we can fit a linear function and use it to
correct all flow cytometer raw data (Fig. C). The analysis of the different strains in
different growth phases is shown in Supplements D] (Fig. E.23).

3.4. Image analysis of biofilms growing on agar plates

While the populations are growing on agar plates (Sec. [2.7), images are taken every hour
using a plate imaging robot (BM3-BC, S&P Robotics Inc.) kindly provided by the group of
Tobias Bollenbach. These images are processed with Matlab [139]. First, the images are
converted from colored to gray with the Matlab function rgb2gray (Fig. A,B). To find
a threshold that distinguishes between background and colony, the adaptthresh-function
with sensitivity 0.59 is used (Fig. C). With this threshold, the Matlab function imbi-
narize converts the image into a binary image (Fig. D). We remove the frame of
the agar plate with a mask (Fig. E) and then use the bwboundaries-function with the

A - B - c
5 : .
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Figure 3.6.: Image analysis of biofilms on agar plates. The original image (A) is converted from
RGB to gray (B). An adaptive threshold is applied to distinguish between colonies and background
(C). The threshold is used by the imbinarize-function to convert the image into a binary image (D).
With a mask, we remove the agar plate frame from the image (E) and then use the bwboundaries-
function to find the contours of the biofilms (F).
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"noholes”-option to obtain the contours from the binary image. Combined with the approx-
imate expected positions of the colonies, we can identify the contours that belong to our
biofilms (Fig. F). Examples of detected contours are shown in Supplements [D] (Fig.
D.22). Based on the contours, we can calculate the perimeter and area of the colonies.
The script is available on GitHub under the name ”IA_pinningRobot2colonyProps.m”.



4. Genome-wide transformation
reveals extensive exchange across
closely related Bacillus species

4.1. Publication

This project was published with the title "Genome-wide transformation reveals extensive
exchange across closely related Bacillus species” in Nucleic Acids Research, Volume 51
in November 2023 under the Creative Commons CC-BY-NC license [140]. This publica-
tion reports the results of a joint project between me (MF), Isabel Rathmann (IR), Melih
Yiksel (MY), Jeffrey J. Power (JJP) and Berenike Maier (BM), MF and IR being shared
first author.

4.1.1. Contributions

The replacement accumulation experiment was designed by JJP, MY and BM and per-
formed by MF and IR under supervision of JUP. MY conducted one of the replacement
accumulation assays followed by selection with B. spizizenii as donor that was used for
the pooling analysis. The rest of the experimental work was divided evenly between MF
and IR. Both, MF and IR, isolated the genomic DNA and analysed the WGS data of half
the samples each. The basic pipeline for WGS analysis was set up by JJP. The scripts
for the advanced analysis were written by MF and/or IR. MF did the statistical analysis
on mosaic events. IR and BM wrote the manuscript and designed the figures. MF wrote
additions and was responsible for the paper revision. All authors read and discussed the
article.

4.1.2. Key findings

Horizontal gene transfer plays an important role in bacterial evolution. To understand the
barriers to transformation, an important mode of HGT, on an whole-genome level we per-
form an replacement accumulation assay with minimal selection. As recipient, B. subtilis
is supplied with genomic DNA of other Bacillus species and a Geobacillus species. We
find

(i) nearly no restrictions of replacements in the core genome of closely related species.
More than 96 % of the core genes of B. subtilis are replaced at least partially by B. spiz-
izenii homologues when pooling the WGS data of over 40 independent hybrid strains.

33
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(if) Orthologous replacements are dominating the genome dynamics during transforma-
tion and also govern the gain and loss of accessory genes which occur at a much lower
rate.

(iii) The exponential relation found for the transfer probability of genes and their sequence
divergence in previous studies holds for the transfer rate at the whole core genome level

(Fig. 4.1} [47, [48]).
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Figure 4.1.: Graphical abstract of the following publication . In the replacement accumu-
lation experiment, competent recipient cells are supplied with gDNA of other Bacillus species or
a Geobacillus species. Through transformation, hybrids between donor and recipient are formed.
Using different Bacillus species as donor, we show that the rate of core genome transfer decreases
exponentially with increasing sequence divergence of the donor-recipient pair. No transfer is found
using the Geobacillus species as donor. Image used under CC-BY-NC license.
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Abstract

Bacterial transformation is an important mode of horizontal gene transfer that helps spread genetic material across species boundaries. Yet, the
factors that pose barriers to genome-wide cross-species gene transfer are poorly characterized. Here, we develop a replacement accumulation
assay to study the effects of genomic distance on transfer dynamics. Using Bacillus subtilis as recipient and various species of the genus Bacillus
as donors, we find that the rate of orthologous replacement decreases exponentially with the divergence of their core genomes. We reveal that
at least 96% of the B. subtilis core genes are accessible to replacement by alleles from Bacillus spizizenii. For the more distantly related
Bacillus atrophaeus, gene replacement events cluster at genomic locations with high sequence identity and preferentially replace ribosomal
genes. Orthologous replacement also creates mosaic patterns between donor and recipient genomes, rearranges the genome architecture,
and governs gain and loss of accessory genes. We conclude that cross-species gene transfer is dominated by orthologous replacement of core
genes which occurs nearly unrestricted between closely related species. At a lower rate, the exchange of accessory genes gives rise to more
complex genome dynamics.
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Introduction process called homologous recombination. Bacillus subtilis is

among the 80 species known to be competent for transfor-
mation (5,6). After external DNA has been taken up into the
cytoplasm, the recombination machinery performs a homol-
ogy search on the genome (7). Microhomologies as short as

Horizontal gene transfer (HGT) is an important factor in
bacterial evolution. It plays a major role in providing non-
sexually reproducing organisms with genetic variability. Phy-
logenetic studies have shown that a surprisingly large frac-

tion of bacterial genomes and gene classes have been affected
by HGT over the course of evolution (1-4). However, the
genome-wide dynamics of HGT are poorly characterized.

In bacteria, one of the main mechanisms mediating HGT
is natural transformation. In this process, cells take up DNA
from the surrounding and integrate it into their genome in a

8 nt are recognized and further binding of neighboring nu-
cleotides can initiate branch invasion of the genome (8). If
branch migration becomes stabilized, a heteroduplex can form
as a three-stranded D-loop (9). Several studies report the for-
mation of mosaic patterns between donor and recipient alle-
les resulting from this process (10-14). It remains unclear by

Received: July 3,2023. Revised: September 7, 2023. Editorial Decision: October 24, 2023. Accepted: November 2, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com



Nucleic Acids Research, 2023, Vol. 51, No. 22

which mechanism and how frequently these mosaic patterns
are formed.

Various processes limit the efficiency of HGT by transfor-
mation. At the level of DNA uptake, competence for transfor-
mation is tightly controlled in some species including B. sub-
tilis (15,16). Once inside the cell, DNA from different strains
or species is subject to degradation by restriction modifica-
tion systems (17,18). Furthermore, the sequence divergence
between the donor and recipient alleles has been established
as a main barrier to recombination. Multiple studies have ap-
proached this dependence by investigating the rate and out-
come of transformation for sets of predefined, single genes
(19-22). An exponential decrease in the replacement prob-
ability was found for different bacterial species (22,23), in-
cluding B. subtilis (19,24) and Saccharomyces cerevisiae (20).
Likewise, increasing sequence divergence was found to cause
decreasing integration lengths (19). Studying the effects of se-
quences divergence between single orthologous genes is well
suited for understanding specific details in the process, yet it
falls short of capturing the whole genome transfer dynamics
and effects of accessory genes. Genome-wide recombination
between different strains and species has been investigated
under selective conditions for B. subtilis (18,25), Streptococ-
cus pneumoniae (13,14) and Haemophilus influenzae (26). In
these studies, the probability of detecting replacement of a spe-
cific gene was dependent on local sequence identity and on its
fitness effects. Their disentanglement requires extensive mod-
eling (25). Under minimally selective conditions, the distribu-
tion of fitness effects of transformation has been investigated
(27), but the underlying genome dynamics were not systemat-
ically studied.

Here, we develop a replacement accumulation assay un-
der minimal selection to investigate how the genomic dis-
tance between donor and recipient affects genome dynamics.
We reveal that the exponential relation between transfer rate
and sequence divergence holds for orthologous replacement
within the core genomes of Bacillus species. Furthermore, we
show that the dynamics of the accessory genomes are linked
to the rates of orthologous replacement. By pooling the data
from a large set of transformation experiments, we investi-
gate cold spots of orthologous replacement. For two closely
related Bacillus species we demonstrate that nearly the entire
core genome is accessible to replacement. Taken together, our
work contributes to understanding the barriers to horizontal
gene transfer at the level of the entire genome.

Materials and methods

Strains, media and cultivation
We derive the recipient Bs166 strain (bis leu met,
amyE::PhscomK (spc), comK::kan, P.omrgfp) (25) from
B. subtilis BD630. In this strain, the master regulator for
competence comK is deleted and placed under an IPTG-
inducible promoter into the amyE locus. As donor species,
we use B. spizizenii 2A9, Bacillus vallismortis DSM 11031,
B. atrophaeus 11A3, Geobacillus thermoglucosidasius 2542
wild types obtained from the BGSC and DSMZ. For the
competition experiments, a GFP reporter strain (Bs175) was
created based on Bs166 (bis leu met, amyE::PhscomK(spc),
comK::kan, lacA::PrrnE-gfp (erm)) (25).

In the replacement accumulation experiment and com-
petition assay, cells were cultivated at 37°C in competence
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medium (CM) (28) which was based on Spizizen’s salts
(6 g/l KH,POy4, 14 g/l K;HPO4, 2 g/l (NH4),504, 1 g/l
tri-sodium citrate dihydrate) to which we added 0.5% b-
glucose, 50 ng/ml r-histidine, L-leucine and r-methionine,
0.02% casamino acids, 0.1% yeast extract, and 0.5 mg/ml
MgCl-6H,0. Liquid cultures were incubated at 37°C and
a shaking frequency of 250 rpm. The Infinite M200 plate
reader (Tecan, Miannedorf, Switzerland) was used to mon-
itor bacterial growth. For picking single clones (single cell
bottlenecking), bacteria were grown on solidified plates of
lysogeny broth (LB) supplemented with 1.5% agar. Bacteria
were inoculated onto the plate and spread by adding small
glass beads and shaking for about 15 s.

Genomic DNA needed for the replacement accumulation
experiment and for whole genome sequencing was isolated
using the DNeasy Blood & Tissue Kit by Qiagen. This yielded
DNA fragments with varying lengths, dominated by approx-
imately 30 kb long fragments.

Replacement accumulation experiment

In the replacement accumulation experiment, we perform a
separate experiment over 20 independent transformation cy-
cles for each of four donor species. For the first cycle of each
experiment, we plate Bs166 recipient cells on an LB agar plate,
incubate overnight, and pick 8 colonies for the hybrid lineages
and 4 as controls. Cells are resuspended in CM in separate
wells on a microtiter plate and grown for 2.5 h at 37°C. We
add genomic DNA from the donor species (~1 genome equiv-
alent per recipient cell) together with IPTG to induce compe-
tence. Cells take up DNA for 2 h and integrate it into their
genome, becoming so-called hybrids. The transformation du-
ration mimics the duration of the competent state in wt B.
subtilis (29). We end the DNA uptake process by diluting the
cells and immediately plating on LB agar plates. Plates are
incubated overnight and one random colony is picked from
each plate to start the next transformation cycle. For the con-
trol samples, we perform the same experiment but without
adding donor DNA. Every other day, samples are frozen as
backups and for later sequencing. 20 transformation cycles are
performed consecutively and hybrid strains are whole genome
sequenced (Illumina HiSeq, Eurofins) after cycle 10 and 20.
We aim at sequencing monoclonal samples to resolve single
hybrid lineages. Colonies picked from the plates are not nec-
essarily monoclonal as heteroduplexes formed through trans-
formation are only resolved after plating through cell divi-
sion (9). For cycle 10 hybrids, detected recombination events
pass through an additional filter in the analysis pipeline (look-
ahead filter). This filter only retains changes that are also
present at a later sequenced time point. For cycle 20 sam-
ples, hybrids are plated and picked a second time. The hybrid
strains are named according to the supplemented donor DNA.
The final set of whole genome sequences comprises eight inde-
pendent replicates of each BspizHyb, BvalHyb, GeoHyb and
seven independent replicates of BatroHyb. Additionally, we
analyse seven representative replicates from the control ex-
periments.

In this experiment, we apply minimal selective pressure as
the different hybrids do not compete at any stage. During the
transformation step, competent cells are growth arrested (30)
and they are plated immediately after the transformation step.
From the plates, one single colony is picked randomly and
only non-viable variants are lost from the hybrid pool. This
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experimental design allows us to accumulate unbiased trans-
formation results that represent the general transformation
process nearly independently of selection. We note, however,
that hybrids that do not form colonies overnight are not pre-
sented in this study.

Detection of genomic replacements through
orthologous replacement

For all strains, nucleotide sequences are obtained from NCBI
database in fasta-format. For the recipient Bs166 we use
NC_000964.3, and for the donors we use NC_014479.1
(B.  spizizenii), NZ_CP026362.1 (B. wvallismortis),
NC_014639.1 (B. atrophaeus), NZ_CP012712.1 (G.
thermoglucosidasius). Additionally, for the B. subtilis
recipient, the gene annotation was downloaded in gff3-
format. Genes with non-unique locus-tags were removed,
leaving 4534 annotated genes. The reference fasta was
adjusted to the lab strain by replacing differing SNPs and
Indels.

We isolate genomic DNA from all hybrid samples, the re-
cipient and donor species, and obtain whole genome paired-
end sequencing reads with a length of 150 bp and an
average coverage of 400x. We analyse the data by per-
forming quality control with FastQC (v0.11.7, (31), http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/), trim-
ming with Trimmomatic (v0.36, (32)) and mapping to the ap-
propriate reference with the Burrows-Wheeler alignment tool
bwa mem (v0.7.17,(33)). Data is processed with the samtools’
sort function (v1.16, (34)) and variant calling is done with
the beftools” mpileup and call function (v1.16, (35)). Variants
are filtered by a read depth and base quality of at least 50.
This pipeline is mostly adapted from the work of Power ez al.
(25).

With the pipeline, we call variants of the hybrids and donor
species against the Bs166 recipient reference. By comparing
the single nucleotide changes in the hybrids to the changes
between donor and recipient, we detect orthologous replace-
ment as clusters of donor nucleotide alleles (25). These clus-
ters consist of at least two donor alleles and end when five or
more consecutively missing donor alleles are detected. Here,
we leave out multi-mapping regions to which reads map in-
conclusively. We detect these regions beforehand by using
Blast (blastn) (36) to align the Bs166 reference genome to it-
self. We find 10 regions with a total length of about 50 kbp,
containing rRNA and tRNA loci. For obtaining the length
of the replaced segments, the recombination clusters are ex-
tended by half the distance to the next unchanged recipi-
ent allele on both sides of the segment. By doing so, we ac-
count for the fact that segment integration might initiate at
completely identical stretches in which we cannot detect re-
placement. For each segment, the identity is computed as the
fraction of alleles that are unchanged between recipient and
donor. For the distribution of sequence identity of the replaced
segments, we determine the 95% confidence intervals of the
mean by performing a bootstrap analysis with 10* resampled
data sets.

The presence of fully identical stretches prevents us from
detecting the exact start and end positions of replacements
and thus influences the measurement of segment length and
identity. The deviation is strongest for short segments and we
thus exclude segments below 100 bp from length and identity
analyses.
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Detecting replaced genes and their statistical
overrepresentation

For all replaced segments, we use the start and end positions
of genes from the annotation of the recipient to detect the
affected genes. These gene lists are used to identify overrep-
resented functional categories with PANTHER GO (37,38).
Here, Bacillus subtilis is selected as organism and we perform
a statistical overrepresentation test with a Fisher’s Exact test
and a Bonferroni correction on the PANTHER protein classes.

Accessory genome and core genome identity

In this study, the genomic distance for each pair of recipi-
ent and donor species is quantified by the fraction of shared
core genome, the sequence identity within this core genome,
and the complimentary accessory genome. These definitions
are different from those used in pan-genome analyses, where
many genome sequences are compared from strains of the
same species (39,40). There, genes shared by all strains make
up the core genome, and genes only present in a few strains
form the accessory genome (39). Here, we are interested in
pairwise comparisons of recipient and donor and, therefore,
the accessory genome refers to pairs of species only.

We detect accessory regions that are unique to the recipient
on the basis of our pipeline as follows. First, donor sequenc-
ing reads are aligned to the Bs166 reference. Then, we detect
regions of at least 150 bp length in which the read depth is
<50. The remaining genomic regions are defined as the core
genome in which sequences between donor and recipient are
similar and differ only by SNPs. Orthologous replacement can
only be detected in the recipient’s core genome. We define ac-
cessory genes as those genes that are fully accessory and thus
inaccessible to orthologous replacement. Complementary to
this, core genes are those that can be affected by recombina-
tion and that at least partially contain core genome.

We evaluate the sequence identity between the recipient and
donor’s core genome by calling the variants on the whole core
genomes and calculating the percentage of similar single nu-
cleotides.

Detection of deletions, insertions and mixed events

We detect deletions in the hybrids by extracting the cover-
age with which reads map to the reference with the bed-
tools2’s function genomeCoverageBed (41). A deletion is de-
tected when the local coverage drops to a coverage of 0 over
at least 10 consecutive positions.

Additionally, we are able to detect inserted segments from
the donor’s accessory genome in the hybrids. These insertions
are facilitated by homologous flanking regions (42). We align
the hybrid reads to the donor genome and identify insertions
longer than 150 bp through increased coverage in accessory
regions.

Deletions of recipient’s accessory parts, insertions of
donor’s accessory regions, and replacements can occur along-
side each other in the same, mixed integration event. To detect
mixed events, the direct proximity of individual events is in-
vestigated. For deletions and replacements this is simple, be-
cause they are detected with respect to the recipient’s genome.
As this is not the case for insertions, we first align the inser-
tion’s homologous flanking regions from the donor to the re-
cipient’s genome. This reveals the most probable entry point
for the insertion. Finally, all events are combined, their posi-
tioning is analysed and mixed events are identified. In a second
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approach to connect replacements with insertions and dele-
tions, we align the complete donor genome to the recipient
using the Blast algorithm (blastn) and visualize the similarities
in so-called dot plots (Figure S1). Adding the regions of the de-
tected replacement and deletion events on the x-axis (recipient
genome), and of insertions on the y-axis (donor genome), we
are able to identify mixed events that occurred together due to
the positioning and architecture of core and accessory regions
on the genomes.

Detection and analysis of mosaic recombination
events and length distributions

We found that multiple orthologously replaced segments are
located in very close proximity. This phenomenon has been
previously described for other species (13,14) and here we
follow a similar approach to show that the clustered replace-
ments most likely did not occur independently. Then we de-
termine a distance threshold between two consecutive replace-
ments beyond which we assume that the recombination events
have occurred independently of each other. Finally, to deter-
mine the length distribution of replaced segments, we merge
the clustered segments.

We derived the distances between neighboring clusters for
the BspizHyb, BvalHyb and BatroHyb samples after 10 and
20 cycles. Here, we determine the transferred lengths by as-
suming clusters to start and end at the next neighboring miss-
ing donor allele (maximum possible extension). On a logarith-
mic scale, the distance distribution reveals a bimodal behavior
(short-distance mode, long-distance mode) for BspizHyb and
BvalHyb (Figure SA, B). For BatroHyb there is not enough
data to evaluate bimodality.

We hypothesized that the short-distance mode represents
mosaic replacements that occur together. To dismiss the pos-
sibility that these replacement events are independent, we in-
vestigate a Monte Carlo null model, as proposed previously
by Croucher et al. and others (13,14). We generate a set of
distances between replaced segments from different hybrid
strains to ensure that the events have occurred independently
of each other. Specifically, for each donor species and time
point, we pool the shortest distances between two events in
independent hybrids. From this pool, we collect 10* bootstrap
samples that each have the same size as the experimentally de-
tected distance data set, estimate the probability density using
a log-normal kernel (to account for the logarithmic x-axis),
and count the number of peaks of the probability density. We
observe that the distribution of independent distances only
rarely shows bimodal behaviour (Figure S2). By contrast, us-
ing the empirical data, most bootstrap runs show bimodal be-
havior.

Then, we perform the analysis to detect the location of the
local minimum in the experimental distributions. Again, we
use a bootstrapping approach, but this time we draw from
the empirical data, perform a kernel density estimation with a
log-normal kernel on 10* bootstrap samples, where each sam-
ple has the same size as the original data set. For all distribu-
tions that are found to be bimodal (for fractions compare Fig-
ure S2), we collect the position of the local minimum between
them (Figure S3). The minimum is used as a threshold to dis-
tinguish the short- and long-distance regime. These thresholds
are 1340 bp for BspizHyb, 1940 bp for BvalHyb and 10 935
bp for BatroHyb. Segments from the short-distance regime are
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subsequently merged to derive the corrected length distribu-
tion of (independent) replacement events.

The length distribution of the recombination events is as-
sumed to follow an exponential probability distribution, de-
scribed by the single parameter w, as probability density p =
u * exp(—px). Here, we exclude lengths below 100 bp and ob-
tain p and the error of the fit by fitting the cumulative prob-
ability distribution. With p, we determine the characteristic
length, at which the probability is reduced to half of its initial
value.

Obtaining the transfer rates and fitting the
exponential relation to the core genome sequence
identity

For every transformation hybrid, we fit a linear model to the
trajectory of the replaced core genome over time. This is done
with a least square fit on a linear model with the intercept set
to 0. We test how well the linear model fits the data with the
R? quantity that reflects the goodness of fit. For BspizHyb,
R? is close to 1 for 4 trajectories and exceeds 0.85 for the re-
maining samples, except one outlier. For BvalHyb, the value
exceeds 0.9 for 6 samples and 0.74 for the remaining two.
For BatroHyb, R? cannot be determined, because too many
trajectories have values at 0. For each species, we average
the slopes of the trajectories. The resulting quantity is called
the species transfer rate. Transfer rates 7 are fitted against
the sequence divergence (1-identity) to the exponential rela-
tion 7(x) = Aexp(B - x), where the standard deviation serves
as weights and A and B are fit parameters. This is done using
the scipy.optimize.curve_fit function from python. We obtain
the fit parameters, their standard deviation, and the R? value
with and without considering the weights.

Detecting replacement cold spots with pooled data
sets

In order to identify genes in Bs166 that have never been re-
placed by the B. spizizenii donor, we draw on additional data
sets from hybrids created in different transformation exper-
iments. In total, we use 42 sequenced hybrid organisms. We
extend the 8 samples from this study by 12 additional sam-
ples created in 20 cycles of the same replacement accumula-
tion experiment. An additional 7 B. spizizenii hybrids are in-
cluded from Power et al. (25). Here, a transformation assay
was performed over 21 cycles in which cells were exposed to
ultraviolet (UV) radiation on the first day, plated onto agar
plates and then transformed with donor DNA on the second
day. After this, cells were grown to stationary phase overnight
(about 18 h) and plated for single-cell bottlenecking on the
next day. The pool is expanded by another 15 hybrids created
in 20 cycles of a transformation assay that is similar to the
one used in Power et al., but which leaves out the UV radia-
tion step.

For all hybrids, genome replacements are detected as de-
scribed before. In order to identify gene cold spots, we com-
bine replaced segments from all pooled samples and detect
genes that were never replaced. In this analysis, we exclude all
recipient genes that contain any accessory or multi-mapping
parts, which leaves 3806 core genes. Additionally, we ignore
completely identical genes. The length distribution of the cold
spots is exponential: Pcg(x; Acs) = C- e ¥, where C is a
normalization constant and 1/Acs = 952.4 bp is determined
by fitting the empirical data. Following the approach de-
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scribed in Power et al. (25), the significance of outliers is eval-
uated from the Gumbel distribution (with parameters 5030,
954) by drawing 196 samples from fcs(x; Acs) correspond-
ing to the number of empirical cold regions.

High-throughput competition assay

We measure the relative fitness of the hybrids compared to
the Bs166 recipient by performing a recently established high-
throughput competition assay (27). This setup allows us to
characterize all transformation hybrids in one experimental
run and we repeat the experiment on four different days. First,
overnight cultures of hybrid strains and the gfp-expressing re-
porter strain (Bs175) are diluted into fresh CM and grown for
2.5 h at 37°C. After entering the exponential growth phase,
the hybrids are mixed in a 1:1 ratio with Bs175 and grown in
competition to each other for 4 hours (~14 generations (27)).
With a flow cytometer, we measure the fraction of reporter
strain xgs and hybrid strain x; before and after competition,
at time points #y and ¢. Fitness is characterized as selection
coefficient s with

Si,RS =

ty ln( x; (t) /xgs (¢) )

t—1tp xi (20) /xrs (to)

where t, is the generation time of the recipient. By measur-
ing s of the recipient Bs166 in each run, we can evaluate the
selection coefficient of hybrids with respect to the recipient
as s; ps166- In total, we measure s for eight BspizHyb strains,
seven BvalHyb strains and five BatroHyb strains. Additionally,
we perform the assay on eight control strains that obtained no
donor DNA. We use a recently published recipient reference
distribution that represents the resolution of the competition
assay (27). The data set was obtained by measuring the se-
lection coefficient of 80 ancestor replicates on four different
days. The resulting distribution is centered around s = 10~*
and has a standard deviation of o = 0.0031.

Results

The replacement accumulation experiment is
fitness neutral

We sought to find out how genomic DNA from different
donor species introduces genetic variations to transforming
B. subtilis. To this end, we set up a replacement accumulation
experiment, using B. subtilis (Bs166) as recipient. As donor
species, we chose two closely related species, B. spizizenii and
B. wvallismortis, one more distantly related Bacillus species,
B. atrophaeus (43), and one species belonging to a different
genus, G. thermoglucosidasius (Figure 1A). The fraction of the
core genome and its sequence identity are used as a measure
of the genetic distance between recipient and donor species. In
this study, the core and accessory genomes are determined by
pair-wise comparison between the recipient genome and each
of the donor genomes. Specifically, we determine the fractions
of core genomes by aligning donor sequencing reads to the
recipient reference and detecting regions where alignment oc-
curs (Materials and Methods). Within these aligning regions,
the sequence identity is the fraction of identical base pairs. The
remaining accessory genome is unique to each of the species
(Fig S1, S6). For the four donor-recipient pairs, the fractions of
core genome are 87% for B. spizizenii, 86 % for B. vallismor-
tis, 75% for B. atrophaeus, and 11% for G. thermoglucosida-
sius (Figure 1A). The sequence identities of the core genomes
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range from 93% to 80%. In the following, these distance mea-
sures will allow us to detect species-specific differences in the
transfer characteristics.

The laboratory strain B. subtilis 168 develops competence
only within a subpopulation comprising up to 10% of the
population. We use a comK-inducible strain such that the en-
tire population develops competence upon induction (15). We
employ a replacement accumulation experiment (Figure 1B,
C), because the total fraction of donor sequence in the hy-
brids is low after a single cycle of transformation (27). This
experiment allows us to scale up the fraction of genome be-
ing replaced, which is particularly important for distant donor
species. The set of hybrids created in the different experiments
are called according to the donor organism, BspizHyb, Bval-
Hyb, BatroHyb and GeoHyb (Figure 1C). After cycles 10 and
20, the hybrids are subjected to whole genome sequencing.

In this experiment, we apply minimal selective pressure as
the different hybrids do not compete at any stage. To ver-
ify that the setup indeed is fitness neutral on average, we
measured the selection coefficient s of hybrids after cycle 10
and 20 with a high-throughput competition assay (Materials
and methods, Table S1) (27). In this analysis, only strains that
contained at least one transfer event were included. As de-
scribed in the next chapter, none of the GeoHyb strains and
not all of the BatroHyb strains showed transfer. The selec-
tion coefficient s describes the difference of growth rates per
generation between the hybrid strain and the recipient Bs166.
For all sets of hybrids, we compare the mean fitness to a re-
cently published recipient reference distribution (7 = 80) (27).
We find that the mean values do not significantly differ from
the reference fitness (Figure 2, Welch’s ¢-test with a P-value
of 5%) at either time point. Inspecting individual hybrid lin-
eages (Figure S4 A, B), we also find no net increase in fit-
ness over time. Nevertheless, at the level of individual hybrid
strains, transformation shows beneficial or deleterious fitness
changes in some of the strains. We identify large fitness effects
for hybrids by testing against the recipient reference distribu-
tion using a Z-test and Bonferroni correction. The number
of hybrids showing a strong fitness effect increases from cy-
cle 10 to 20. Overall, transformation causes the fitness dis-
tributions to broaden for later time points and higher donor
sequence identity, including the BspizHyb and BvalHyb sam-
ples (Figure 2). There is no obvious correlation between the
selection coefficients and the fractions of replaced genomes
(Figure S5). Taken together, we find no net increase in mean
fitness of the hybrid strains, indicating that selection is neg-
ligible, and we can study the effects of transformation on
genome dynamics independent of selective effects. We note,
however, that non-viable hybrids or hybrids that grow too
slowly to form a visible colony overnight are ignored in this
study.

The replacement probability clusters locally for
distantly related Bacillus species but not for closely
related species

We analyze the outcome of the 20 cycles of the replacement
accumulation experiment by detecting three different types of
genomic variations (Figure 3) (25,27). Most frequently, a seg-
ment of the recipient’s genome is replaced by the orthologous
segment from the donor species. This process is called orthol-
ogous replacement and can only be detected within the core
genome. Additionally, insertions of segments of the donor’s
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Figure 1. Replacement accumulation experiment performed with four donor species B. spizizenii, B. vallismortis, B. atrophaeus and G.
thermoglucosidasius. (A) Genomic distance between recipient Bs166 and donor species is measured as fraction of core genome and its sequence
identity. (B) In each cycle of the experiment, one random colony is picked from an agar plate, cells are grown to exponential growth phase, transformed
for 2 h with genomic DNA from a donor species, and plated overnight. (C) For each donor species, the experiment is performed for eight replicates in
parallel. Additionally, we run a control experiment where cells do not transform with donor DNA. Starting with the recipient Bs166, single transformation
cycles are performed consecutively.
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Figure 2. Replacement accumulation does not increase the mean fitness of the hybrid strains. Selection coefficient s is shown for hybrids from (A) cycle
10 and (B) cycle 20. Only strains that contain least one transfer event are shown. The recipient reference distribution (n = 80) (gray box) represents the
resolution of the method and is taken from a recent publication (27). For each condition, the box plot with the median (vertical line) and the mean is
shown (red star) along with the individual samples (gray circles). The box depicts the first to third quartile of the data. Hybrids with significantly strong
effects (blue closed circle) when compared to the recipient’s distribution are highlighted. For BvalHyb at cycle 20, the extreme negative outlier is
depicted on the outer edge of the plot (empty blue circle).
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Figure 3. Genomic variations in transformation hybrids depend on the sequence identity between donor and recipient. For all transformation hybrids

after 20 cycles, orthologous replacements, deletions and insertions are detected in the whole genome sequencing data. Across all recipient genes, the
recipient’s accessory genes for each donor species are shown in the lowest line (gray bar). The density of genes affected by orthologous replacement is
calculated as the average of replaced genes in a sliding window of 10 genes over all replicates. Genes deleted (black bar) or inserted (magenta bar) in at

least one hybrid strain are shown, whereby numbers indicate multiple hits.

accessory genome as well as deletions of segments of the re-
cipient’s genome are detected.

For BspizHyb and BvalHyb, we find that orthologous re-
placement occurs in abundance along the whole genome, ex-
cluding accessory genes (Figure 3, Figure S6). Using PAN-
THER GO, we find no class of replaced genes to be overrep-
resented. For BatroHyb, very few replacement events are de-
tected in five out of eight strains. Most of these replacements
occur close to the origin of replication, where the sequence
identity is particularly high (Figure S7). Ribosomal genes are
overrepresented among the group of replaced genes at a 5%
significance level (using PANTHER GO with Fisher’s Exact
test and Bonferroni correction). No orthologous replacement
was detected for GeoHyb. The seven control strains that did
not receive donor DNA showed no orthologous replacement.
Deletions and insertions occur, but their abundance is con-
siderably lower compared to the abundance of orthologous
replacement and decreases with increasing distance between

donor and recipient (Figure 3). Since most of the insertions
and deletions are related to the dynamics of the accessory
genomes, we will describe them in detail in a separate para-
graph.

In summary, we find that orthologous replacement dom-
inates horizontal gene transfer between different Bacillus
species. While we observe genome-wide replacements when
B. spizizenii and B. vallismorts are used as donors, for B. at-
rophaeus replacement clusters close to the origin of replication
where ribosomal gene are located.

For distantly related species, segments with a
higher sequence identity than the genome-wide
average are preferably transferred

We address the question whether the measured sequence iden-
tities of replaced segments reflect the average sequence iden-
tity between the donor and the recipient’s core genome. To
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Figure 4. Replaced segments have a higher identity than the average
core genome. Normalized probability distributions of the identity of
transferred segments are shown for the cycle 20 transformation hybrids
BspizHyb, BvalHyb, and BatroHyb. Only segments longer than 100 bp are
taken into consideration and the sample size n differs strongly between
the data sets. For each distribution, the 95% confidence interval for the
mean identity is shown (obtained with bootstrap analysis, Methods,
Figure S8). On the bottom, the core genome sequence identity is
depicted (diamonds, dotted lines).

investigate this, we obtain the identity distributions of the
orthologously replaced segments after cycle 20 and evaluate
the confidence intervals for the mean with a bootstrap anal-
ysis (Figure S8). We then compare the measured identity to
the expected core genome sequence identity (Figure 4). For
BspizHyb strains, the replaced segments have an identity of
93.3% [93.1%, 93.4%] and are thus in accordance with the
donor’s identity of 93.2%. The numbers in brackets denote
the confidence interval of the mean. For BvalHyb, the segment
identity of 92.5% [92.2%, 92.7%] is higher than the donor’s
identity of 91.7%. Thus, segments with a sequence identity
above average are preferentially replaced. This shift between
the identity of replaced segments of 92.5% [91.1%, 93.9%]
and the core genome identity of 86.5% is even more pro-
nounced for BatroHyb. Examining segments across all sam-
ples, we find the minimum detected identity to be around
80%.

We note that we cannot detect recombination taking place
in regions with 100% identity between donor and recipi-
ent. However, most completely identical regions are short
and replacements detected in our analysis bridge them. Ad-
ditionally, completely identical regions cause an uncertainty
for the localization of recombination start and end sites. As
the relative uncertainty is larger for short segments, we ex-
clude those below 100 bp (Materials and methods) in the
analysis. Nevertheless, we expect to slightly underestimate
the average sequence identity of the replaced segments in
Figure 4.
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In conclusion, for all three donors studied, we find that re-
placed segments have an average sequence identity of around
93%. The identity of replaced segments is higher than the
core genome sequence identity for the more distantly related
donors.

Transfer lengths are longer for donors with a
higher sequence identity

In the next step, we investigate whether the donor species
influences the length distribution of transferred segments.
When analyzing individual orthologous replacements, we no-
tice some to occur in very close proximity to one another.
This is most conspicuous for samples with very few replace-
ments that occur close by. To elucidate this phenomenon,
we investigate the distances between neighboring replace-
ments (Figure 5A). On a logarithmic x-scale, we find a bi-
modal distribution of transfer distances for BspizHyb and
BvalHyb after 20 cycles of recombination (Figure 5B). The
long-distance mode contains more data points than the short-
distance mode. Due to the small sample size, the effect is
not detectable for BatroHyb. For the two regimes, we as-
sume the large one to contain independently occurring events.
We show that the events corresponding to the short-length
mode most likely have not occurred independently (Meth-
ods, Figure S2), indicating that these imports originate from
single recombination events that create a mosaic pattern be-
tween donor and recipient sequences, as described before
(10,11,13). For each donor, 25-30% of all detected replace-
ment events are mosaic events (BspizHyb: 29%, BvalHyb:
25%, BatroHyb: 30%). This suggests that the occurrence of
mosaics is independent of donor-recipient identities. Most mo-
saic events contain two replaced segments, and a few have
more, ranging up to a maximum of eight segments in one
event.

Here, we are interested in the length distribution of full re-
combination events and not in the effects of additional pro-
cesses that act upon recombination. Thus, we merge the mo-
saic segments that fall underneath a cut-off value in the dis-
tance distribution (Figure 5B, Figure S3, Materials and meth-
ods). The length distribution agrees with an exponential decay
as a function of segment length (Figure 5C). The characteris-
tic transfer length increases with increasing donor sequence
identity (Figure 5D). Qualitatively, we find the same relation
in the uncorrected length distribution, where mosaic replace-
ments are considered as independent replacement events (Fig-
ure S9). This exponential distribution is expected, if we as-
sume that the length of a segment is determined by the rate
of RecA filament elongation and a constant probability of
termination (11,44). Similar distributions have been reported
for intra-species recombination between different strains of
H. influenzae, S. pneumoniae, N. meningitidis (13,45,46). We
find that with increasing sequence divergence, the character-
istic length of the replaced segments decreases (Figure 5D). It
has been suggested previously, that recombination is aborted
at short stretches of heterology (47). The density of these
stretches increases as the mean sequence divergence increases
and if we average over the entire genome, the net abor-
tion rate increases. We also note that the probability den-
sity of segments shorter than 100 bp deviates from the ex-
ponential relation. It has been suggested earlier that these
short segments are integrated by an alternative mechanism
(17,48).
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Gene transfer rate decreases exponentially with
core sequence divergence

We address the question how the rate of orthologous replace-
ment (aka transfer rate) depends on core genome divergence.
The transfer rate is measured using our time-resolved sequenc-
ing data of the replacement accumulation experiments. For
each hybrid lineage at cycle 10 and 20 (Figure 1C), we cal-
culate the fraction of core genome replaced by recombination
(excluding GeoHyb, where no transfer was detected). Here,
each cycle includes 2 h of DNA uptake. The depicted hybrid
uptake trajectories (Figure 6A) reveal an approximately linear
increase over time. Even though transfer rates differ strongly,
the linear characteristics of the uptake process are preserved
between donor species (Methods). We obtain a transfer rate
for each trajectory as the slope from a linear fit.

The species transfer rate 7 is determined as the mean of the
individual rates and the error is evaluated as the standard er-
ror. For BspizHyb we find a rate of = (0.210 4 0.020)% h~".
The rate of r = (0.1000 & 0.005)% h~! is slightly lower for
BvalHyb, and as low as 7 = (0.003 + 0.001)% h~! for Batro-
Hyb. Taken together, we find an exponential decrease of trans-
fer rate with increasing sequence divergence (Figure 6B). By
fitting this exponential relation (Methods), we detect the ex-
ponential decay parameter as —0.59% ! (standard deviation
of 0.11% ).

In summary, hybrids accumulate orthologous replacements
linearly over time and the transfer rate decreases exponentially
as a function of average sequence divergence within the core
genome.

At least 96% of the B. subtilis core genes are
accessible to orthologous replacement by B.
spizizenii alleles

We sought to find out whether large portions of the recipient’s
core genome are inaccessible to orthologous replacement from
a specific donor. To this end, we pool sequencing data from 42
hybrid genomes between B. subtilis and B. spizizenii that we
obtained in different transformation experiments (Methods).
All of the strains had undergone 20 or 21 cycles of transfor-
mation. On average, 12.5% of the 3806 full core genes are
affected at least partially by orthologous replacement within
each strain (Figure S10A). About half of the strains (20) were
transformed under minimal selective conditions as described
in Figure 1. The other strains were grown for about 18 hours
after each transformation cycle, allowing for competition be-
tween the strains as described in the Methods. We expect that
some transfers are selected for or against in this set of strains.
Thus, we will only determine an upper limit for the fraction of
genes that are not accessible to replacement. Also, the selective
pressure is not expected to be strong, because the probability
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to find genes replaced in a certain number of samples depends
only weakly on the selective conditions (Figure S10B).

Out of 3806 genes that entirely belong to the core genome,
only 137 were never affected by orthologous replacement. We
will call these genes ‘putative cold spots’ of orthologous re-
placement in the following. 96.4% of the genes were at least
partially replaced and 91.8% were fully replaced in at least
one out of 42 strains. At the level of base pairs, 94.5% of base
pairs of the core genome were replaced in at least one strain.
We note that replacement cannot be detected if the identity of
the replaced segment is 100%. However, out of 93 completely
identical genes, only 3 are detected as cold spots, indicating
that this detection limit has no strong influence on the detected
cold spots.

The putative cold spots are distributed throughout the
genome (Figure 7). We find that the distribution of sequence
identities of the cold spot genes is shifted towards lower identi-
ties as compared to the replaced genes (Figure S11). Most cold
spots are flanked by accessory parts of the genome (Figure 7,
Figure S12), indicating that the probability that a recombi-
nation event is initiated is affected by the close proximity to
non-homologous regions. Thus, not only the local sequence
identity, but also the distribution of the accessory genome af-
fects the replacement probability.

We labeled the cold spot regions as ‘putative’, because the
fraction of replaced genome is not yet saturating in our 42 hy-
brid strains (Figure S13). We identify one region as a ‘genuine’
cold spot, because it is a significant outlier from the length dis-
tribution of all putative cold spot regions. The length distri-
bution of the putative cold spot regions is exponential with a
characteristic length of 660 bp (Figure S14A). From this length
distribution, we find one significant outlier with a length of

~ 12 kb containing 13 genes (Figure S14B). The average se-
quence identity of this region is 0.95. Even though it is flanked
by accessory genome at both sides, the average sequence iden-
tity and the length should enable initiation of homologous re-
combination. Therefore, we interpret this region as a genuine
cold spot for replacement.

We conclude that the largest part of the B. subtilis core
genome is accessible to recombination with the core genome
of B. spizizenii.

The genome architecture influences the transfer of
accessory genome parts

Recombination supports replacement of a core segment by
the respective donor part. Additionally, it can also affect the
dynamics of the accessory genome depending on its individ-
ual architecture (Figure 8A). Accessory genes of the recipient
can be purged through recombination initiated between their
flanking regions and donor DNA (Figure 8B). Similarly, ac-
cessory genes of the donor may be inserted into the recipient
(Figure 8C). Finally, accessory recipient genes can be replaced
by accessory donor genes and this would be detected as a com-
bined insertion/deletion event (Figure 8D). In the sequenced
hybrids, we find examples for all of the three possibilities (Fig-
ure S1). Their occurrence correlates with the frequency of or-
thologous replacement (Figure 8E, F), indicating that they are
driven by recombination. Yet they occur at considerably lower
frequencies.

Most deletions purge accessory parts from the genome, as
is the case for about 87% of deleted genes in BspizHyb and
68% in BvalHyb. For example, in one BspizHyb strain, SP
prophage comprising about 200 genes on a length of 134 kbp
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is fully deleted. This most likely happens through recombina-
tion that we detect on the much shorter 17 kbp and 7 kbp
long flanking regions. Nevertheless, we also find deletions of
non-accessory parts when the donor and recipient genomes
have different local arrangements, which is the case for both
detected deletions found in BatroHyb. Additionally, the mo-
bile element ICEBs1 is lost from the recipient genome under
all conditions, but not in all hybrids (Figure 3, Figure S6). Even
in some GeoHyb samples, where no orthologous replacement
is observed, we find occasional loss of ICEBs1. The ICEBs1
element comprises 27 genes and excises itself independently
of recombination. Therefore, loss of ICEBs1 is not considered
in the analysis of deletions in this study. Excision is known to
happen during SOS response after DNA damage due to up-
regulation of RecA (49,50), which is also up-regulated dur-
ing the transformation step in our experiment. Notably, the
control samples that did not receive donor DNA did not lose
ICEBsl1, indicating that the process of transformation induces
loss of this mobile element.

We detect all insertions from the accessory genome of the
donor to happen alongside orthologous replacement (Figure
8F) and their frequency is lower compared to the frequency of
deletions (Figure 8E). As the recipient and donor genomes can
be rearranged in complicated ways, we find co-occurrence of
deletions, insertions and recombination (Methods, Figure S1)
in mixed events (Figure 8D). For example, in two BspizHyb
samples, the stretch containing comX, the pheromone in-

volved for example in quorum sensing (51), is replaced by its
non-homologous counterpart. These mixed events are rare,
yet they reflect the specific architecture of the genomes in-
volved in the recombination process.

We conclude that the arrangement of core and accessory
genome influences the dynamics of the accessory genome
through transformation. The frequencies of insertions and
deletions are low compared to orthologous replacement.

Discussion

For eukaryotes, mating occurs only between individuals of
the same species. This is different for bacteria where genes
can be transferred horizontally between species, yet the rates
and restrictions of this process are poorly understood at the
whole genome level. Here, we employed a replacement accu-
mulation assay for characterizing the effects of sequence di-
vergence on genome-wide transfer between Bacillus species.
We show that orthologous replacement dominates genome dy-
namics and that the sequence identity between donor and re-
cipient is crucial for the dynamics of both core and accessory
genomes.

Remarkably, nearly the entire core genome of B. subtilis
is accessible to orthologous replacement by B. spizizenii core
genes. In the 42 pooled hybrid strains, only 4% of all core
genes were never hit by replacement. In the following, we dis-
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cuss all 137 cold spot genes. Lack of replacement within spe-
cific genes can be caused (i) by flanking regions that belong
to the accessory genome and inhibit recombination, (ii) by the
high local sequence divergence within the putative cold spot,
or (iii) by lethality (or strong reduction of fitness). To address
the first point, we calculated the fraction of cold spots that are
flanked by accessory genome and found that 29% and 46%
of the regions are flanked by accessory genome at one side
or both sides, respectively (Figure S12, 7). This indicates that
being flanked by accessory genome reduces the probability of
orthologous replacement and we conclude that the architec-
ture of the accessory genome affects the rate of core genome
replacement. Next, we compared the distributions of mean
identities of genes that have been fully replaced in at least one

hybrid strain with cold spot genes (Figure S11C). The identity
distribution of cold spot genes is shifted towards lower val-
ues, indicating that lower-than-average sequence identity con-
tributes to lack of recombination within these regions. How-
ever, multiple putative cold spot genes have high sequence
identity (Figure S11B). We speculated that replacement within
a specific class of these genes may cause a strong reduction of
fitness, but using Panther GO, we found no gene class overrep-
resented within the putative cold spots with a sequence iden-
tity exceeding 95%.

Recent reports focused on genome-wide recombination be-
tween different strains of the same species. Even though the
experimental details vary strongly between the different stud-
ies, there are multiple characteristics of orthologous replace-
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ment that tend to hold in general. For S. prneumoniae (13), H.
influenzae (26), Helicobacter pylori (17) and B. subtilis (18)
replacements were scattered throughout the genome without
obvious hot-spots apart from the sites that were selected for.
Here, using B. subtilis as recipient, we also find that gene
transfer occurs across the entire genome, when B. spizizenii
or B. vallismortis served as donors. By contrast, for the B.
atrophaeus donor, we observed transfer only within a few
genome regions. The average core genome identities of all
donor-recipient pairs described above exceed 92%, whereas
the average identity between B. subtilis and B. atrophaeus
is considerably lower at 87%. For BatroHyb, transfer was
observed only within regions of higher-than-average identity,
where ribosomal genes are overrepresented. While other genes
with high identity exist (Figure S7), none of them is overrepre-
sented using a Panther GO analysis. It remains difficult to dis-
entangle whether the high sequence identity of these essential
genes is a cause or a consequence of enhanced gene transfer
rate. These genes may be functional only if their sequence is
highly conserved. On the other hand, frequent gene transfer
across species may be involved in maintaining the integrity of
the essential genes.

We found that the rate of replacement decreases exponen-
tially as a function of sequence divergence of the core genomes
of the Bacillus donors. At the level of single gene replacement,
it has been shown that the probability for recombination de-
creases rapidly as a function of sequence divergence (19,22~
24). In those studies, the transformation rate was determined
as the number of clones that developed antibiotic resistance
due to replacement of a single nucleotide. In the present study,
the transfer rate is defined very differently, i.e. as the fraction
of recipient core genome replaced by donor genome per time.
This rate depends on the local sequence divergence of the re-
placed segment (comparable to the previous studies), but also
on the length distribution of the integrated segments as well
as the architecture of the accessory genomes. Therefore, it is
remarkable that the exponential relation holds for genome-
wide transfer. Given the exponential relation, we can estimate
a transfer rate of 1.2 x 107 % h~! for GeoHyb. This corre-
sponds to a number of transferred bp not significantly differ-
ent from zero during the whole of the 40 h experiment. Due
to the large error, we cannot determine whether this donor de-
viates from the exponential behavior and supports the idea of
an identity cut-off for transformation as previously proposed
(48). Nevertheless, it is interesting to note that we observed
no gene transfer across the different genera. The decrease of
replacement probability with average sequence divergence be-
tween core genomes is consistent with earlier findings that
show larger-than-average sequence identity close to the end-
points of the replacements (17,25). On the other hand, several
studies report a lack of dependence between the replacement
probability and sequence identity (13,18). This difference is
particularly striking in a study by Vasileva et al. (18) that re-
ports on recombination between B. subtilis and donor species
whose sequence divergences are comparable to the ones used
in our study. Vasileva et al. (18) used protoplast fusion to im-
port donor DNA. Therefore, the substrate for recombination
in that study was double-stranded DNA while single-stranded
DNA is imported by transformation. It is conceivable that the
substrate affects the recombination process.

By comparing the results of the replacement accumulation
experiment described in this study with results from our pre-
vious study (25), we can assess effects of competition between
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hybrids on the genome dynamics. That earlier study differed
in two important aspects. We let B. subtilis transform with
genomic DNA of B. spizizenii, running 21 cycles. By contrast
to the present study, however, during each cycle newly formed
hybrid strains were allowed to compete against each other for
extended periods of time. As a consequence, the fitter hybrids
were selected for. Second, during each cycle, cells were treated
with UV light (25). We determined the core genome transfer
rate in both studies. Here, we determined a transfer rate of
0.21% h=! for BspizHyb which is lower than the rate found
by Power et. al of approximately 0.28% h~'. This indicates
that high transfer rates were beneficial in the evolution ex-
periment in agreement with the net fitness increase found in
Power et al. (25). The length distributions of integrated seg-
ments were exponential in both studies, but the characteristic
length was higher in the earlier study with selection and irradi-
ation than in the replacement accumulation experiment stud-
ied here, suggesting that competition has selected for the inte-
gration of extended segments. This observation is interesting
in the context of disruptive epistasis; with increasing length of
the integrated segments, the probability of partially replacing
operons decreases. In summary, comparison between two re-
placement accumulation experiments in the presence and ab-
sence of selection, we find a tendency, that selection and/or
irradiation enhances the rate of orthologous replacement and
the integration of extended segments.

In conclusion, we show that for species with low sequence
divergence, nearly all core genes are accessible to gene transfer.
The gene replacement rate between Bacillus species decreases
exponentially with genome divergence between donor and re-
cipient. Recombination between orthologous genes also medi-
ated dynamics of the accessory genomes, however that rate of
insertions and deletions of accessory genome was more than a
magnitude lower compared to the replacement rate. We pro-
pose that cross-species transformation affects bacterial evolu-
tion in two ways. First, there is a very frequent transfer be-
tween orthologous genes of closely related species. The fitness
effects of most of these transfers are fitness-neutral, yet there is
potential for beneficial transfer (27). This frequent exchange
represents genomic ‘tinkering’. On the other hand, accessory
genes are exchanged at a lower rate, yet we expect them to
have larger fitness effects because they enable gain and loss of
entire genes or operons.
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5. Distribution of fithess effects of
cross-species transformation
reveals potential for fast adaptive
evolution

5.1. Publication

This project was published with the title "Distribution of fithess effects of cross-species
transformation reveals potential for fast adaptive evolution” in ISME Journal, Volume 17
in January 2023 under a Creative Commons Attribution 4.0 International License. The
publication reports the results of a joint project between me (MF), Isabel Rathmann (IR),
Melih Yiksel (MY), Lucas Horst (LH), Gabriela Petrungaro (GP), Tobias Bollenbach (TB)
and Berenike Maier (BM), MF and IR being shared first author.

5.1.1. Contributions

MF, IR, BM, and MY designed the project. The high-throughput competition assay and
the evolution experiments with transformation hybrids were developed and performed by
MF and IR. Work load was splitted evenly between MF and IR. MF and IR also made the
hybrid libraries with donor species B. vallismortis (IR) and B. spizizenii (MF). MY created
the defined growth medium on glycerol basis and genetically modified the used strains.
He also generated the single-gene replacement library with genes from B. vallismortis.
IR isolated genomic DNA for sequencing. MF processed the sequencing raw data with
scripts that were developed by MF and IR. Matlab scripts for basic flow cytometry analysis
converting events to fractions were written by MF. IR wrote a script to find and optimize
the gating that was used on the data. MF created an algorithm to calculate the selec-
tion coefficients and IR and MF both optimized the visualization of data. Most statistical
analysis regarding the DFEs was performed by IR. LH, GP and TB helped to handle and
program the robotic system for the competition and the evolution experiment. MF, IR and
BM wrote the manuscript. All authors read and discussed the article.

5.1.2. Key findings

The costs and benefits of transformation at a whole genome level were poorly character-
ized. We create a hybrid library and measure the distribution of fitness effects (DFE) of
transformation to predict conditions in which transformation is beneficial. We find
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(i) unlike shown for mutations [106], that the DFE of transformation is not shifted to neg-
ative fitness but is on average fitness neutral for most tested conditions. Additionally,
we see strongly beneficial fitness outliers that reveal the potential for rapid adaptation

(Fig. B-1).

(i) Pleiotropy of hybrids in changing conditions supports the idea of a benefit through
a shared gene pool for closely related species.

(iii) The results of the evolution experiments provide evidence that DFEs are a suitable
tool for predicting evolution of hybrid populations.

Transformed with
DFE of transformation

I mm Ancestor

Hybrids
Recipient

l

-0.10 -0.05 O 0.05 0.10
Selection coefficien [gen'1]

Hybrid library

: Potential for
88 hybrids fast adaptation

\ 7,

Figure 5.1.: Graphical abstract of the following publication. To predict conditions in which
transformation is beneficial, we create a hybrid library and measure the DFEs in several conditions.
Positive outlier reveal the potential for fast adaptive evolution. Data from publication used under

CC BY 4.0 DEED license.
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Bacterial transformation, a common mechanism of horizontal gene transfer, can speed up adaptive evolution. How its costs and
benefits depend on the growth environment is poorly understood. Here, we characterize the distributions of fitness effects (DFE) of
transformation in different conditions and test whether they predict in which condition transformation is beneficial. To determine
the DFEs, we generate hybrid libraries between the recipient Bacillus subtilis and different donor species and measure the selection
coefficient of each hybrid strain. In complex medium, the donor Bacillus vallismortis confers larger fitness effects than the more
closely related donor Bacillus spizizenii. For both donors, the DFEs show strong effect beneficial transfers, indicating potential for fast
adaptive evolution. While some transfers of B. vallismortis DNA show pleiotropic effects, various transfers are beneficial only under a
single growth condition, indicating that the recipient can benefit from a variety of donor genes to adapt to varying growth
conditions. We scrutinize the predictive value of the DFEs by laboratory evolution under different growth conditions and show that
the DFEs correctly predict the condition at which transformation confers a benefit. We conclude that transformation has a strong
potential for speeding up adaptation to varying environments by profiting from a gene pool shared between closely related

species.

The ISME Journal; https://doi.org/10.1038/s41396-022-01325-5

INTRODUCTION

Horizontal gene transfer (HGT) can enhance the speed of bacterial
adaptation to new environments and generate intra-species
diversity [1-4]. The simplest mechanism of HGT is transformation.
During transformation, bacteria take up DNA from the environ-
ment and integrate segments of the newly acquired DNA into
their chromosomes by homologous recombination [5, 6]. While
the mechanism of transformation is well characterized, there is an
ongoing debate about costs and benefits of bacterial transforma-
tion as detailed in the following.

Benefits of transformation include the acquisition of novel
functions like antibiotic resistance [7-9] or adaptation to novel
carbon sources [10]. Transformation can also benefit bacteria by
purging the genome from deleterious mutations and mobile
genetic elements, or by recombining beneficial mutations that
would compete in asexual populations [11-14]. On the other
hand, transformation may introduce various costs including
reduced RNA stability, protein activity, codon usage mismatch,
or disruptive epistasis at the network level [15-17]. Various
laboratory evolution experiments have addressed costs and
benefits of transformation. These experiments were carried out
under different experimental conditions and yielded a broad
range of fitness effects of gene transfer [13, 18-22]. In an early
study, Baltrus et al. found that the rate of adaptation of
transformable Helicobacter pylori to a novel environment was

higher than the rate of transformation-inhibited bacteria [13].
Other studies report that fitness effects of transformation were
dependent on external stress [18] or growth phase [19]. We have
studied the evolution of competent Bacillus subtilis in the presence
of genomic DNA from Bacillus spizizenii (formerly B. subtilis subsp.
spizizenii) [23]. Transformation benefitted B. subtilis during
stationary phase and we found evidence for genome-wide
positive and negative selection [23]. Therefore, it is important to
understand and even predict conditions, where transformation by
a specific donor benefits the recipient.

One central ingredient for predicting evolution is the distribu-
tion of fitness effects (DFE) [24]. It characterizes the spectrum of
beneficial and deleterious genomic changes available to the
evolving organism. This spectrum is usually represented by a
library of strains with different specific genomic sequence
modifications. So far, libraries containing strains with single
mutations [25], multiple mutations [26, 27], and gene deletions
[28] have been used to characterize the DFEs. The fitness effects
were quantified either by measuring growth rates [25], by
determining the selection coefficients in competition experiments
[27, 29], indirectly by Bayesian inference [26], or at the single cell
level [30]. In general, mutations or deletions occurring in the
absence of selection shifted the DFE towards decreased fitness
and only few mutations or deletions increased the fitness
compared to their ancestors. In contrast, the DFE of
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genome.

transformation is poorly characterized. One study shows that
inserting randomly chosen genes from different species into
Escherichia coli caused no or mildly deleterious fitness effects [31].
Another study shows that insertion of different genes from
Salmonella typhimurium into E. coli caused strong fitness costs that
were dependent on the expression levels of the inserted genes
[32]. The fitness effects of orthologous replacement have been
investigated at the level of a single gene and shown to be mostly
deleterious for different donor species [15, 33, 34]. To the best of
our knowledge, the DFE of genome-wide transformation has not
been characterized so far.

In this study, we characterized the DFE of cross-species
transformation. B. subtilis was transformed by genomic DNA from
Bacillus vallismortis to generate hybrid libraries. By competition
between the hybrids and the recipient, we determined the DFE. In
complex growth medium, we found strongly beneficial transfers
that bear potential for rapid adaptation. In different growth
environment, we found evidence for positive and negative
synergistic pleiotropy as well as fitness trade-offs. Finally, we
scrutinized the predictive value of our DFEs by laboratory
evolution and found that the net fitness effects of transformation
agree well with our predictions. Thus, our study is a significant
step towards making the effects of transformation on bacterial
evolution more predictable.

MATERIAL AND METHODS

Strains and media

All experiments were performed with recipient strain Bs166, derived from
B. subtilis BD630, and reporter strain Bs175, carrying an additional gene
encoding GFP (RS). Donor strains are B. spizizenii NRRL B-14472/W23
(hybrid library BSPIZ) and Bacillus vallismortis DV1-F-3 (hybrid libraries
BVAL, BVAL_single and evolved hybrid libraries). Experiments were
performed in either complex medium (CM), defined medium (DM) or
defined medium with glycerol as sole carbon source (DMgycerol)-

We used whole genome sequencing data to detect orthologous
recombinatios, insertions, deletions and duplications [23]. Reads are
mapped using Burrows-Wheeler Aligner (v.0.7.17) [35], then processed
with the mpileup function from samtools (samtools 1.8) and the variants

SPRINGER NATURE

are called with the call function from bcftools (bcftools 1.8) [36]. Detailed
information to strains, media and sequencing data analysis can be found
in Supplementary Methods.

Generation of hybrid libraries

Random replacement hybrid libraries BVAL and BSPIZ were created by
transforming recipient Bs166 cells with genomic DNA from B. vallismortis or
B. spizizenii, respectively, and subsequently picking 88 hybrids from single
colonies.

For the BVAL_single library, randomly picked single donor genes from B.
vallismortis were replaced in the recipient entirely without selective markers
[37] (details in Supplementary Methods, Fig. S1). BVAL_single consists of
24 strains each having a different gene fully replaced by the donor’s ortholog
(Dataset S1) and additional 19 strains with a partial replacement.

Experimental evolution. An evolution experiment was performed with 88
hybrid populations created from one transformation step with B.
vallismortis DNA. Populations were grown in exponential phase in parallel
for ~450 generations in either CM or DM. Experiments ran for different
periods of time as generation time depended on the growth medium
(Table S3). After ~450 generations, one clone per population was picked
and collected in the monoclonal hybrid libraries BVALevoCM and
BVALevoDM. As a reference for both libraries, 88 wells of the recipient
Bs166 were evolved and libraries RECevoCM and RECevoDM were
generated. The evolution experiment was performed on an automated
system integrated by the company HighRes Biosolutions. Detailed
information available in Supplementary Methods.

Determination of selection coefficients. For each created library and the
respective control, selection coefficients are measured and represented as
distribution of fitness effects (DFE). Strains were competed against the
reporter strain (RS) in different growth media and under different
temperatures and growth conditions (Table S2). At the start t, and end
time point t of competition, fraction x; of the strain of interest and xgs of
the reporter strain are determined with a flow cytometer. The selection

coefficient was calculated as s;ps :%ﬂln(%), where tg is the

generation time of the recipient in the respective media (Table S3). For the
DFEs, the selection coefficients s;, were calculated relative to the recipient’s
fitness measured on the same experimental plate (Details to experimental
procedure and analysis of flow cytometry data are explained in Supple-
mentary Methods).

The ISME Journal
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Fig. 2 Distribution of fitness effects of BVAL and BVAL_single libraries. DFE was determined by competition against gfp reporter strain
(Bs175) during exponential phase in complex medium for 4 h. Grey: Control DFE obtained from competition experiments between recipient
(Bs166) and gfp reporter strain (grey). A Distribution of selection coefficients s of the BVAL library. Arrows denote outliers (large effect transfers)
from the distribution derived at a significance level of a = 0.05 after Bonferroni correction. Numbers denote respective strains of BVAL. B Mean
selection coefficients of core distributions excluding outliers <s*>. Error bars: confidence intervals obtained from bootstrap analysis.
C Standard deviation of selection coefficients of core distributions excluding outliers o°. Error bars: confidence intervals obtained from
bootstrap analysis. D Distribution of selection coefficients s of the BVAL_single library.

RESULTS

Characterization of hybrid libraries formed between B. subtilis
and B. vallismortis

In this study, B. subtilis served as a recipient species and the closely
related B. vallismortis as a donor for gene transfer. B. subtilis and B.
vallismortis share a core genome of 3.5 Mbp with an average
sequence divergence of 7.4%. Additionally, B. subtilis and B.
vallismortis both have an 0.7 Mbp accessory genome. By creating
hybrids between these two species and determining the DFE, we
ultimately aimed at understanding how bacterial transformation
can drive adaptive evolution.

The hybrid library BVAL consists of 87 strains in which the
recipient is genetically modified through transformation by
genomic donor DNA (Fig. 1A). Between 0.01 and 0.66% of the
core genome were orthologously replaced, i.e. a DNA segments
belonging to the core genome of the recipient strain were
replaced by a segment of the donor with similar sequence
(Fig. 1B). On average, orthologous recombination replaced
(0.1 £0.2)% of the core genome (including all sequenced strains)
(Table S1) and affected 6+ 11 genes at least partially. Besides
orthologous replacements, deletions and de novo SNPs were
detected. The library was designed to reflect the population of
hybrids generated after 2 h of transformation by donor DNA and
thus not all hybrid clones were genetically different from the
recipient. In the hybrid library BVAL_single, random genes were
orthologously replaced (Dataset S1, Fig. S1). By contrast to the
BVAL library, intergenic regions were not affected by gene transfer
in the BVAL_single library.

Cross-species transfer has potential to enhance fitness

We determined the DFE of transformation in competence
medium, a complex medium (CM) used for studying competence
and transformation. We obtained the DFE by conducting
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competition experiments between each strain of the libraries
and a fluorescent reporter of the recipient and measuring the
selection coefficients as described in the Methods.

All DFEs were be compared to a control DFE which characterizes
the resolution of our setup. For the control DFE, we determined
the selection coefficients of 82 independently growing recipients
competing against their own reporter. The control distribution
obtained is centered around Sconior= 0.0001£0.0007 (mean+
confidence interval) (Fig. 2). Using a Kolmogorov-Smirnov-test
(KS-test), we find that the distribution is consistent with a normal
distribution. The standard deviation is Gcoperor = 0.0031 £ 0.0004.

We measured the DFE of the BVAL library (Fig. 2A). By
resampling we show that our sample size adequately captures
the global shape of the underlying DFE (Fig. S2). Three strains had
strongly positive selection coefficients and one strain had a
strongly negative selection coefficient. We defined outliers from
the control distribution, i.e. strains with large fitness effects, by a
significance level of a = 0.05. To account for multiple testing, the
Bonferroni correction [38] was applied. Using this criterion, we find
three positive and one negative outlier. Henceforth, “large effect
transfers” will denote transfers that cause these outliers.

The central portion of the distribution appeared to be broader
than the control distribution (Fig. 2A). This could indicate “small
effect transfers”, whereby individual strains would not show
significant fitness effects but the distribution as a whole would still
differ from the control. To analyze this, we obtained the core
distribution by removing the large effect transfer outliers, which
left us with a DFE dominated only by small effects (se), DFE*¢. We
find that the mean of the DFE*® is comparable to the control
(Fig. 2B). By contrast, the DFE*® of BVAL shows a significantly larger
standard deviation (Fig. 2C), indicating the existence of multiple
small effect transfers with positive and negative fitness effects. An
individual strain with a small effect transfer is not significantly

SPRINGER NATURE
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Fig. 3 Distribution of fitness effects of BSPIZ library. DFE was determined by competition against gfp reporter strain (Bs175) during
exponential phase in complex medium for 4 h. Grey: Control DFE obtained from competition experiments between recipient (Bs166) and gfp
reporter strain (grey). A Distribution of selection coefficients s. Arrows denote outliers (large effect transfers) from the distribution derived at a
significance level of a = 0.05 after Bonferroni correction. Numbers denote respective strains of BSPIZ. B Mean selection coefficients of core
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different from the control distribution, but DFE*® as a whole is
significantly different. This result was also confirmed by a
Bartlett test.

The DFE of the BVAL_single library showed a small shift to
negative selection coefficients but no outliers from the control
distribution (Fig. 2D). Neither the mean selection coefficient nor
the standard deviation was significantly different from the control
distribution (Fig. 2B, C). When strains with full gene replacements
and partial replacements were analyzed separately, no significant
difference was found (Fig. S3). Taken together our data do not
reveal strong fitness effects of single gene replacement. We
conclude that in complex medium the DFE of transformation
shows large effect and small effect transfers. In particular, 3 out of
88 transformants have strongly enhanced fitness.

Transfers from more closely related donor species create
higher genomic variability but weaker fitness effects
Different donors are expected to generate different DFEs of
transformation. Here, we investigate the DFE of transformation
using B. spizizenii as donor. B. subtilis and B. spizizenii share a core
genome of 3.6 Mbp with an average sequence divergence of 6.8
%. The size of the core genome is comparable to B. vallismortis,
but the sequence divergence is lower. Additionally, B. subtilis has
0.6 Mbp accessory genome and B. spizizenii has 0.4 Mbp. The
library BSPIZ was generated using the same method as for BVAL.
The mean fraction of orthologous replacement was (0.5 + 0.8) %
(Table S1). On average, 21 +31 genes were hit by orthologous
replacement. Next to orthologous replacement, insertions from
the accessory genome of the donor and deletions were detected.
In total, the strains of BSPIZ showed more gene transfer compared
to BVAL.

We measured the DFE of the BSPIZ library in complex medium
(Fig. 3A). Two strains were characterized as positive outliers and three
strains as negative outliers. After removing these large effect transfer
outliers, we investigated whether the core distribution was influenced
detectably by small effect transfers. We found that neither the mean
selection coefficient of the core distribution nor the standard
deviation was significantly different from the control (Fig. 3B, C). In
summary, a more closely related donor generated more gene
transfer. The DFE showed no detectable small effect transfers, but
multiple beneficial and deleterious strong effect transfers.

Different growth conditions strongly affect the DFE showing
different types of pleiotropy

The heterogeneity generated by transformation likely enables
adaptation to fluctuating environments. We expect different
hybrids to show fitness effects under different experimental and
environmental conditions. To find out how growth conditions
affect the DFE, we measured the selection coefficients of the BVAL
hybrids against the recipient under different conditions (Table S2).
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First, we assessed the influence of different growth conditions in
complex medium. In particular, we addressed the effects of the lag
phase and of increased temperature. Second, we maintained the
original growth conditions but varied the carbon sources and
amino acid compositions.

The lag phase introduces fitness effects that are distinct from
changes in growth rate during exponential phase. The duration of the
lag phase is a selective trait, for example in the presence of antibiotics
[391. In our experimental setup, fast escape from the lag phase will be
detected as a benefit. To assess the fitness effects of the lag phase, we
compared the selection coefficients of BVAL determined excluding
(Fig. 2) and including (Fig. 4A) the lag phase. To include the lag phase,
the competitors were harvested from stationary phase, and mixed
with the reporter immediately. When the lag phase was excluded, the
competitors were harvested from stationary phase, grown to
exponential phase, and subsequently mixed. When we included
the lag phase, we find six strong effect transfers (Fig. 4A, Fig. S4A) of
which three are positive outliers and three are negative outliers. Using
a scatter plot, we investigate correlations between conditions with
and without lag phase (Fig. 4A). We find different types of pleiotropy
between both conditions. Regarding outliers only, one strain
(BVAL_89) shows beneficial synergistic pleiotropy, ie. fitness is
strongly increased under both conditions. Another strain (BVAL_17)
shows deleterious synergistic pleiotropy. One strain (BVAL_92) shows
antagonistic pleiotropy, suggesting that a trait has been transferred
that confers a benefit during exponential growth in complex medium
but a cost during escape from the lag phase. Several strains were
defined as fitness outliers only under one of both conditions. To
evaluate whether transfers with small fitness effects were prominent,
we analysed the DFEFZ, after removing the outliers. We found that the
mean selection coefficient was positive (Fig. S4B) and both the mean
and standard deviation were significantly higher than in the control
(Fig. S4Q).

B. vallismortis has been isolated from Death Valley soil and it is
conceivable that it is well adapted to higher temperatures. To
investigate whether the hybrids benefit from the donor’s trait, we
performed the competition experiment (excluding the lag phase)
at a temperature of 42 °C. At this temperature, the generation time
of the recipient was decreased slightly to (14.9+£0.2) min. Five
strong effect transfers were detected; two positive outliers and
three negative outliers (Fig. 4B, Fig. S4D). The positive outliers
(BVAL_4, 35) are different from the positive outliers under the
previously studied conditions, showing that different horizontally
acquired genes confer a benefit in different environments. Again,
BVAL_17 shows deleterious synergistic pleiotropy and
BVAL_92 shows antagonistic pleiotropy (Fig. 4B). After removing
the outliers, the standard deviation was significantly higher than
the control standard deviation (Fig. S4F).

We investigated effects of different carbon sources on the DFE.
First, we used a chemically defined medium (DM) where glucose,
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Fig. 4 Fitness effects depend on growth conditions. Scatter plots of selection coefficients of BVAL determined under different growth
conditions plotted against the selection coefficients in complex medium at 37 °C °C as shown in Fig. 2A. Red circles: outliers from DFE under
different conditions, black diamonds: outliers from DFE in complex medium at 37 °C, grey: strains with small effect transfers. A Complex
medium including the lag phase at 37 °C. B Complex medium excluding the lag phase at 42 °C. C Defined medium excluding lag phase at
37 °C. D Defined medium with glycerol as only carbon source excluding lag phase at 37 °C.

glutamate, and citrate were used as carbon source. The generation
time in DM was increased to (39.0 +0.2) min. In DM, the DFE was
shifted towards negative selection coefficients (Fig. 4C, Fig. S5A). We
found 15 strong effect transfers and all of them were outliers towards
negative fitness (Fig. S5A). Without outliers, the mean selection
coefficient was negative with <s%,,> = (—0.0026 + 0.0008) (Fig. S5B).
Thus, exponential growth at 37°C in defined medium is the only
condition under which we see a significant decrease in mean
selection coefficients.

We characterized the fitness effects in defined medium with
glycerol as the only carbon source (DMgycero). The generation time
in DMgiycerol Was (48.3 + 0.3) min. We found eight strong effect
transfers, four of them (BVAL_34, _35, _61, _83) having a positive
fitness effect (Fig. 4D, Fig. S5D). Compared to competition in
complex medium, BVAL_83 showed positive synergistic pleiotropy.

In summary, the DFEs revealed beneficial transfers from B.
vallismortis to B. subtilis under most but not all conditions studied.
When comparing fitness effects of transformation under different
conditions, we found evidence for synergistic and antagonistic
pleiotropy. Several transfers were beneficial only under a single
condition.

Transformation confers a benefit in complex medium but not
in defined medium

Reviewing the measured DFEs of gene transfer from B. vallismortis
to B. subtilis, we identified two conditions that allow for a
prediction on the course of adaptive evolution. First, we note that
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in complex medium, we found large effect beneficial transfers.
Opposed to this, in defined medium, the mean selection
coefficient was shifted to a negative value and no large effect
beneficial transfers were found. Using this information, we
predicted that bacteria benefit more from transformation in
complex medium but less so in defined medium. To scrutinize this
prediction, we designed a laboratory evolution experiment
(Fig. 5A) that ran in both growth media. First, the recipient B.
subtilis was transformed by gDNA from the donor B. vallismortis
(Fig. 1A). For both CM and DM, the freshly generated hybrids were
split into 88 wells. Thus, at the beginning of the evolution
experiment, we had 88 populations each containing ~10° different
hybrid clones. For each condition, these populations evolved
independently by growing exponentially for ~450 generations
(Fig. 5A), i.e. 5 days in CM and 12.5 days in DM. The same
experiment was performed with the untransformed recipient B.
subtilis so that we could compare hybrid populations to
populations without prior transformation. After ~450 generations,
we assessed how the fitness in CM and DM had changed during
evolution. To this end, we generated the evolved strain libraries by
picking a random clone from each of the 88 populations. The
evolved hybrids were represented by the libraries BVALevoCM
and BVALevoDM for evolution in complex and defined medium,
respectively. The distribution of selection coefficients relative to
the recipient was determined using competition experiments.

In complex medium (CM), the mean selection coefficient of the
hybrid library BVALevoCM <s§M, . .>= (0.008+0.001) was

SPRINGER NATURE
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Fig. 5 Fitness effects of transformation in evolving populations. A Sketch of the evolution experiment. 88 batches of the recipient (REC,
Bs166) were transformed with donor DNA prior to the evolution experiment, creating a population consisting of different hybrids within a
single batch. During laboratory evolution, the OD was monitored, and the batches were diluted repeatedly to maintain exponential growth.
After ~450 generations (5 days in CM and 12.5 days in DM), a single clone was picked from each batch, creating a library of evolved strains
(BVALevoCM in CM and BVALevoDM in DM). The same procedure was repeated using the untransformed recipient, creating RECevoCM and
RECevoDM. The selection coefficients of the libraries were determined by competition against the reporter Bs175. B, E Distribution of
selection coefficients in B complex medium and E defined medium. Grey: control (Bs166) without evolution, black: evolved recipient strains,
pink: evolved hybrid strains. C, F Mean selection coefficients and D, G standard deviation in C, D complex medium and F, G defined medium.
Error bars: confidence intervals obtained from bootstrap analysis. Shaded area: confidence level of evolved recipient data.

significantly higher than the mean selection coefficient of the transformation by DNA from B. vallismortis confers a net benefit in
recipient library RECevoCM <sg¥.,,.> = (0.000+0.001) (Fig. 5B,C).  complex medium, but introduces a cost in defined medium as
This result shows that the transformation caused a fitness increase predicted by the respective DFEs.
in CM as predicted by the DFE of BVAL. A KS-test shows that the
distributions of selection coefficients of BVALevoCM and RECe- Genetic variability is higher for bacteria evolved in complex
voCM are significantly different (p = 0.003). The distributions of medium than in defined medium
selection coefficients showed comparable broadening relative to We assessed repeatability of orthologous recombination and de
the control distribution (Fig. 5B, D). novo mutations. During the evolution experiment, de novo
In defined medium the mean selection coefficient of mutations occur and selection leads to their fixation. For the
the untransformed library RECevoDM <sBi,, > = (0.0447 +0.0004) evolved recipients, this is the only source of genetic variation. For
was slightly but significantly higher than the selection coefficient of the evolved hybrids on the other hand, mutations occur against
the hybrid library BVALevoDM with <s5, o> = (0.0425 +0.0004) the background of the orthologous recombination. The distribu-
(Fig. 5E, F). This result is consistent with the prediction based on the tions of selection coefficients in Fig. 5C, F suggested high
DFE of BVAL that transformation is not beneficial in defined medium. repeatability in defined medium and lower repeatability in
While the standard deviation of selection coefficient of RECevoDM complex medium. To assess repeatability, we performed whole
was not significantly different from the standard deviation of the genome sequencing on the ten fittest hybrids of each evolved
control distribution (Fig. 5G, Fig. 2C), the standard deviation of library (Dataset S2). We detected orthologous recombination as
BVALevoDM was slightly increased (Fig. 5G). A KS-test shows that the well as de novo mutations, including de novo indels and de novo
distributions of selection coefficients of BVALevoDM and RECevoDM SNPs. Here, we report genes that genetically changed in at least
are significantly different (p = 0.005). We conclude that two strains as hotspots (Fig. 6).
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In defined medium, we found that both evolved libraries,
BVALevoDM and RECevoDM, had considerably increased fitness
(Fig. 5E-G). This suggests that the better part of the fitness
increase occurred independently of transformation and was
caused by a few shared de novo mutations. Indeed, we found
that all of the sequenced strains of RECevoDM had frame-shift
mutations in the sigD gene encoding for an alternative sigma
factor involved in flagella synthesis (Fig. 6) [40, 41]. The indels
occurred within a poly-A stretch (Dataset S2) suggesting that sigD
is phase-variable. No further hotspots were found for RECevoDM.
Out of the ten strains sequenced for BVALevoDM (hybrids evolved
in defined medium), six showed an indel in sigD and four had an
indel in fliK encoding for a protein involved in controlling the hook
length of the flagellum [42]. No further mutational hotspots were
found. In addition to the de novo mutations, we found a
recombination hotspot. In three out of ten strains, the operon
cheR-arofF-aroB-aroH, and the adjacent gene trpE were affected by
orthologous recombination.

For complex medium, we found a broader distribution of
selection coefficients of BVALevoCM and RECevoCM (Fig. 5B-D),
suggesting that evolution is less repeatable. In accordance with
this, we found a higher diversity of hotspots in the sequenced
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strains. Nevertheless, all of the sequenced strains show indels or
SNPs in flagella-related genes (Fig. 6). These include indels in sigD
and fliK, and additionally, SNPs in genes responsible for forming
the basal complex of flagella, fliP, and flhB as well as the two-
component sensor kinase deg$S which affects the sigD regulon [43].
Even though orthologous recombination took place, we did not
detect a recombination hotspot. Instead, many different genes
were affected by recombination.

In summary, we found that repeatability of evolution is higher
in defined medium than in complex medium consistent with the
high selection coefficients in this medium.

DISCUSSION

In this work, we systematically address the effects of cross-species
transformation on bacterial fitness. We show how its benefit
depends on the growth context and use the DFEs to make
predictions about environments that favour transformation during
adaptive evolution. Results obtained by laboratory evolution
support the predictive value of the DFEs.

We found qualitative differences between the DFEs of
transformation and the previously characterized DFEs of single
mutations and single gene deletions show qualitative differences
[24-27]. For the latter, the centres of the DFEs were shifted
towards deleterious fitness effects with few exceptions, including
a mutator strain with a specific mutation spectrum [25]. Few
mutations or deletions had positive fitness effects. For ortholo-
gous replacement investigated in this study, we expected that
fitness effects were deleterious on average as a consequence of
hybrid incompatibilities. Disruptive epistasis at the level of
functional networks [23] and suboptimal gene expression levels
[15, 33, 44] were likely to reduce the fitness of the hybrid strains.
Here, we found little support for this expectation with one
exception discussed below. Using two different donor strains and
four different growth conditions, our data indicate that transfor-
mation by DNA from closely related species is fitness neutral. The
DFE has a core distribution around s = 0 that tends to broaden as
a result of gene transfer. For all tested conditions 2-5% of the
hybrid strains had selection coefficients significantly higher than
the control distribution, i.e. large effect beneficial transfers. 1-5%
of the hybrid strains showed large effect deleterious transfers. The
large effect beneficial transfers have potential for increasing the
speed of adaptation. This suggests that B. subtilis can use a shared
gene pool with closely related species to adapt to a variety of new
environments. We found one interesting exception from the
general trend described so far. In defined medium (DM), we
identified fifteen large effect deleterious transfers and the core
distribution was shifted to a negative value. We conclude that
gene transfer from B. vallismortis to B. subtilis tends to confer a net
fitness cost in DM. Currently, we can only speculate why the DFE
in defined medium is qualitatively different from all other
conditions probed in this study. The difference between complex
medium and defined medium could be explained by the
complexity hypothesis [17]; most likely, bacteria adapt “add-on”
functions that work independently of strongly interconnected
networks belonging to the central metabolism. In defined
medium, bacteria metabolize glucose, glutamate, and citrate.
The involved pathways are likely to be similar between the species
and, therefore, orthologous replacements have small fitness
effects. In complex environments, different alternative and poorly
linked pathways enable bacteria to adapt to different growth
environments. Therefore, genetic exchange in complex environ-
ment can confer a higher fitness advantage than in environments
of low complexity. However, the DFEgycerol in defined medium
with glycerol as the only carbon source does not support this
explanation, since we found strong effect beneficial transfers.

Based on the results obtained from the DFEs, we predicted that
transformation conveys a fitness benefit in CM but less so in DM. An
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evolution experiment supported this prediction. Additionally, we
found that repeatability of fitness effects, de novo mutations, and
orthologous recombination was higher in defined medium. In DM,
all sequenced strains carry an indel in sigD or fliK disrupting stable
flagella formation. The latter gene plays an important role during
the formation of the flagellum for robustly activating sigD, and we
conclude that its frame-shift mutation confers the same functional
change as inactivation of sigD. Inactivation of sigD has been shown
to confer a benefit previously [45]. Even though we sequenced only
one clone of each population, it is most likely, that this indel became
fixed and conferred the fitness increase. This also explains why we
see no strain with negative fitness effect, as evolution has most
likely led to fixation in most populations. For the hybrid strains
evolved in defined medium, we also find a hotspot of gene transfer
encompassing the cheR-aroF-aroB-aroH operon, and the adjacent
gene trpE. These genes are involved in the shikimate
pathway responsible for synthesis of tryptophan, phenylalanine
and tyrosine [46]. Defined medium does not contain these amino
acids, and the transfer may enhance their production rate.
While in DM transformation caused a cost at the genome-wide
scale, this specific orthologous recombination was most likely
selected for.

In complex medium, beneficial evolved hybrids have a higher
genetic variety. Again, all of the mutational hotspots occurred
within flagella-related genes. However, the diversity of flagella-
related genes mutated in complex medium is higher than in
defined medium. Unexpectedly, the untransformed recipient
showed no net fitness increase in complex medium after ~450
generations. We suggest that the recipient is already well-adapted
to the complex medium prior to the evolution experiment and
mutations do not likely convey large benefits but rather broaden
the DFE. Despite the net benefit of gene transfer, we found no
hotspot of recombination in complex medium. We argue that this
is due to the fact that the initial hybrid populations likely contain
multiple different beneficial transfers. Each hybrid population
initially comprises about 10° cells and we have even observed
beneficial transfers in the BVAL library made up by only 87 strains.
Additionally, we hypothesize that fitness differences between
beneficial transfers are smaller in complex medium and that this
slows down fixation time. Consequently, beneficial hybrids might
not yet have reached fixation in the population. For both the
recipient and the control, we found multiple strains that even
show decreased fitness. We suggest that complex medium sets
the stage for more complicated population dynamics in which
fixation is delayed and even hybrids with negative fitness effects
can persist. It is also conceivable that interactions between
different clones of one population increase the population fitness.
By picking a single clone from each evolved population, we did
not account for this possibility. Future experiments will have to
address within population diversity as a function of time.

Here, we have designed the hybrid libraries to reflect fitness
effects after one single cycle of transformation in B. subtilis. B. subtilis
switches stochastically into the state of competence at high cell
density and remains competent for =2 h [6, 47]. Therefore, our
libraries were generated by transforming with donor DNA for this
period of time. We show that within one cycle, different donor
species create different degrees of genetic variation. The fraction of
replaced genome is considerably (>2 fold) higher with B. spizizenii
than with B. vallismortis, yet the fitness effects are stronger with B.
vallismortis. While both DFEs contain strongly beneficial outliers, the
DFE of B. vallismortis reveals additional small effect transfers,
suggesting that fitness effects increase with increasing sequence
divergence between donor and recipient. The mean lengths of the
replaced segments were considerably shorter in BVAL (1.3 kbp)
compared to BSPIZ (4.0 kbp). Whereas the mean segment length of
the BVAL strains hardly exceeds the mean length of a single gene,
the mean segment length of the BSPIZ strains encompasses
multiple average-sized genes. Therefore, the probability that
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operons including their promoters are fully replaced is higher and
the probability of disruptive epistasis of functional networks is
lower, suggesting that the fitness effects of gene transfer from B.
spizizenii are lower.

In this work, cells are generally kept in exponential growth
phase during evolution and competition experiments. In this well-
defined and reproducible condition, the number of cells increases
rapidly compared to other growth phases and selection mainly
acts on fast growth. Thus, restricting the experiments to this single
phase facilitates mapping of genetic variations to their fitness
effects. We show that adding another growth phase, such as the
lag phase, to the growth condition has an impact on the hybrid
fitness. We expect the same to be true if including the stationary
growth phase, especially for B. subtilis where processes like
cannibalism, sporulation, and biofilm formation will potentially
have an impact on fitness effects [48]. We envision that our
method can be used in the future to systematically assess the
DFEs in different growth phases.

In conclusion, the DFE of transformation is systematically
different from the DFE of mutations investigated previously. By
contrast to the latter, there is no net shift to reduced fitness in
most growth conditions. This difference may be explained by the
fact that the exchanged sequences were functional in the donor.
Our study corroborates the idea that a shared gene-pool between
closely related species enables rapid adaptation to changing
environments. In support of this idea, recent work showed that B.
subtilis enters the state of competence more frequently if a closely
related species is present [8]. In future studies, it will be interesting
to find out how the prolonged presence of other species affects
the fitness and genome dynamics of the recipient. In particular, it
is currently unclear whether fitness effects of multiple transfers are
additive or whether epistatic effects dominate. In terms of
application, the predictive value of the DFEs will most likely
become useful for predicting effects of transformation on the
speed of antibiotic resistance evolution.

DATA AVAILABILITY

The datasets generated during and/or analysed during the current study are available
as Supplementary data and at NCBI SRA (BioProject PRINA877563).
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6. Transformation opens up new paths
for evolving B. subtilis populations

6.1. Manuscript

This manuscript reports the results of an on-going project between me (MF), Ariana Leu
(AL), Melih YUksel (MY), Isabel Rathmann (IR) and Berenike Maier (BM).

6.1.1. Contributions

The evolution experiment in liquid was developed by MF, IR and BM. MF adapted the
lab strain to growth in structured environments. MY and AL established DNA barcoding.
MF and AL shared the work on the evolution and the competition experiments in liquid
medium equally. Both analysed the results. MF developed and performed the evolution
experiment on plates and analysed the results. MF and IR isolated the gDNA for whole
genome sequencing (WGS). MF analysed the WGS data. The manuscript was written by
MF with corrections of BM.

6.1.2. Key findings

In the previous publication we demonstrated the importance of HGT during adaptive evo-
lution (Sec. [5.1], [138]). In this project, we pre-adapt B. subtilis cells via mutations to
two different conditions, growth in a liquid and in a structured environment, to understand
the role of the adaptive history of the cells. We generate hybrid populations with both
pre-adapted strains as recipient and perform evolution experiments with them in the two
conditions, with one strain serving as a well-adapted strain and the other as a poorly-
adapted strain. We find

(i) that transformation in liquid medium confers a fitness benefit to both, the poorly-
adapted and the well-adapted populations without a replacement hotspot. This suggests
that there are multiple beneficial replacements in both backgrounds that undergo clonal
interference.

(i) two exclusive ways to adapt to growth in a structured environment, by transformation
and by mutations, respectively. In structured environments, we detect a fitness benefit
of transformation for poorly-adapted populations with a replacement hotspot comprising
seven genes, including ymfK, which is a pseudogene in B. subtilis but not in the donor.
This makes it a good candidate for explaining the fitness advantage. In the poorly-adapted
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recipient populations, we identify a mutational hotspot in gudB. None of the sequenced
hybrid clones shows a mutation in gudB. In the well-adapted, transformed populations
which have a mutation in gudB from the beginning, no replacement is found in the re-

placement hotspot. We hypothesize epistatic effects between the replacement hotspot
and the mutation hotspot.

(iii) that none of the cells have lost their adaptive trait from the previous environment,
suggesting rapid adaptation when the environment changes back to the old conditions.

Transformed with

Well-adapted vs. poorly-adapted
O O O© O

Recipient Hybrid

Evolution experiment
in a structured environment

ﬁl\llut\ation ‘\
/

Poorly-adapted
strain

N\ >

Figure 6.1.: Graphical abstract of the following manuscript. We pre-adapt the recipient to
growth in a liquid and in a structured environment. In an evolution experiment in the structured
environment, we find two exclusive ways in which the poorly-adapted recipients adapt via mutation

and transformation, respectively. In none of the sequenced clones, the mutation and the transfor-
mation event are found together.
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Transformation opens up new paths for evolv-
ing Bacillus subtilis populations

Mona Forster, Ariana Leu, Melih Yiiksel, Isabel Rathmann, Berenike Maier

Abstract Horizontal gene transfer (HGT) is a key mechanism driving bacterial evolution. Neverthe-
less, the benefits of transformation, a mode of HGT, in changing environments are barely under-
stood. In particular, it is unclear how the recent history of the cells influences the fitness effects of
transformation. In this study, we aim at investigating the effect of pre-adaptation by mutations on the
fitness benefit of HGT. To this end, we pre-adapt the recipient to exponential growth in liquid and to
growth in a structured environment, and subsequently study the effects of HGT during evolution of
well-adapted versus poorly-adapted bacteria in both environments. By comparing the distributions
of selection coefficients between hybrid populations and recipient populations, we evaluate the ben-
efit of HGT during evolution in the exponential growth phase in liquid environment. We find that HGT
benefits both, well-adapted and poorly-adapted bacteria. To evaluate fitness effects of HGT during
evolution in structured environments, we use the colony area as a measure of fitness and show that
HGT benefits poorly-adapted bacteria. After evolution in structured environment, the poorly-adapted
hybrid strains show a hotspot of orthologous replacement comprising seven genes. These genes do
not overlap with the mutation hotspot discovered during pre-adaptation in the absence of HGT. We
conclude that transformation has the potential to speed up adaptation to varying environments and

opens up a new pathway for adaptive evolution.
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Introduction

Horizontal gene transfer plays an important role in
evolutionary dynamics. For all three domains of life,
HGT has been detected, even some examples of
cross-boundary transfer have been reported [1, 2].
Nevertheless, the impact of the cells’ history of adap-
tive evolution on the fitness effects of transformation,
a common mechanism of HGT, is poorly understood.

During natural transformation, competent cells
take up DNA from their surroundings and integrate
it into their genome via homologous recombination
[3, 4]. At times, this can lead to the acquisition of
novel genes but in the majority of cases a donor
segment replaces a homologous region of the
recipient [5]. In the arising hybrid, those donor
segments appear in groups along the recipient
genome and thus are often referred to as mosaic
events [5-9]. In Bacillus subtilis, the main barrier to
transformation is the sequence divergence between
donor and recipient [5, 10, 11]. The transformation
efficiency decreases exponentially with increasing
sequence divergence. The integration of random
segments of donor DNA can cause diverse costs for
the transformant [12, 13] including the interruption
of functional genes or networks [14], changes in
protein folding [15] or in protein abundance [16, 17].
But still, the ability to transform is conserved in many
species [18] and advantages of transformation are

recorded repeatedly. In a clinical context, pathogens
are able to escape treatments by transferring genes
that confer antibiotic resistance via HGT [19]. When
naturally competent cells growth in absence of
other strains, transformation was shown to benefit
evolving bacteria by combining beneficial mutations
in one individual or by reducing the mutational load
[20-23]. Various studies report fitness effects of
external DNA during laboratory evolution of naturally
competent bacteria and reach different conclusions.
Utnes et al. showed that the additional supply of
DNA of other species has no additive advantage
[22]. By contrast, others show that cells benefit from
transformation with DNA of closely related species
when they are introduced to a new environment
[14, 24, 25]. Slomka et al. found a benefit for
naturally competent B. subtilis cells that evolved
in high-salt containing liquid with DNA of closely
related Bacillus species [24]. Because of the high
number of replacements per replicate they suggest
transfer events to have adaptive or neutral effects.
Given the large variety of reported fitness effects
under different growth conditions, we systematically
characterized the distribution of fithess effects
(DFE) of transformation hybrids of B. subtilis and
closely related Bacillus species in various growth
conditions [25]. We showed that transformation
has the potential to speed up adaptation in most
but not all growth environments tested. However,



it is unknown how the history of previous growth
conditions affects the benefit of transformation. B.
subtilis is a soil-dwelling species and as such faces
strong seasonal variations of growth conditions.

In this study, we address the question how the
growth history of B. subtilis affects the beneficial ef-
fect of transformation. Specifically, we pre-adapt the
recipient to two different growth conditions through
mutations. Growth in well-mixed environments with
endless nutrient supply is far from bacterial growth in
nature. In this study, we compare evolution in liquid
and in structured environments of transformed and
non-transformed cells that have been pre-adapted
to one of the two conditions before (Fig. 1).

Material and methods

Strains

All used strains in this study are derived from
strain Bs166 (his leu met, amyE::PhscomK(spc),
comK:kan, P..mixgfp) [14]. In this strain, the
master regulator of competence, comK, is under
the control of an IPTG-inducible promoter. As refer-
ence dictionary the NCBI dictionary NC_000964.3
is used. Bs210 is generated by adapting Bs166
to exponential growth phase in liquid medium
(Fig. 1A). The only difference to Bs166 is a frame
shift mutation in the coding-region of the flagellar
gene sigma factor sigD (NC_000964.3:p.Phe151fs).
Bs224 is generated by adapting Bs166 to growth
on plate (Fig. 1B). Compared to the ancestor
Bs166, Bs224 has single nucleotide polymorphisms
(SNPs) in  rapA (NC_000964.3:p.Pro261Pro),
gudB  (NC_000964.3:p.Phe396Lys) and epsC
(NC_000964.3:p.Glu328Val) and an indel in gudB
(NC_000964.3:p.Phe395fs) causing a frame shift.
We generate the respective green-fluorescent
reporter Bs211 (Bs210 lacA::PrrnE-gfp (erm)) and
Bs226 (Bs224 lacA::PrrnE-gfp (erm)). These strains
are used for fitness determination via competition.

Complex medium and culturing

The medium that serves as complex medium in this
study is the "competence medium” for B. subtilis
by Dubnau et al. [26]. For 500 ml of complex
medium, 50ml of 10x Spizizen’s salts (60 g/l
KH,PO,, 140 g/l KoHPOy4, 20 g/l (NH,)2.SO,4 and
10 g/l NazCeH;07-H,O) are supplemented with
0.1g casamino acids, 0.5g yeast extract, 0.25¢g
MgCl,-6H>O and 5ml of 50 % glucose and filled up
to 500 ml with sterile water. Because of histidine,
leucine and methionine auxotrophy of our strains,
media are supplied with 25mg of each of theses
amino acids. For liquid overnight cultures (ONC),
cells are inoculated in complex medium and are

shaken at 250 rpm at 37 °C. Cells are stored at
-80 °C mixed with 10 % DMSO.

Barcoding cells

Before Bs210 and Bs224 are used in the evolu-
tion experiments, we integrate random barcode
sequences for tracking of population dynamics. The
barcoding procedure was established by Ariana
Leu and Melih Yiksel. Due to the barcoding, the
cells contain an additional erythromycin resistance.
The barcodes are not used for analyses in this
manuscript.

Generation of hybrid populations

We generate hybrid populations with the barcoded
strains Bs210 and Bs224, respectively. Therefore,
the ONC of each of the strains is diluted 1:100
in complex medium and distributed into five wells
of a 24-well microtiter plate containing 1 ml each.
The cells are shaken in a Infinite M200 plate
reader (Tecan, Mannedorf, Switzerland) at 37 °C
at 250rpm. Growth is monitored by measuring
the ODgg. After 2.5hours, the cells escape the
lag phase and begin to grow exponentially. For
transformation, 600 uM IPTG is added to the cells to
four out of five wells of the microtiter plate to induce
competence. Additionally, genomic DNA (gDNA)
of Bacillus vallismortis with one genome equivalent
per recipient cell is added to two out of five wells.
The gDNA is extracted beforehand using the Qiagen
DNeasy Blood & Tissue Kit. The fragments have a
length of predominantly 30 kbp. The cells transform
for 2hours. The populations in the two wells that
receive donor DNA form the hybrid population. The
populations in the two wells in which competence
is induced but no DNA is added are the recipient
populations in the following.

Evolution in liquid environment

For the evolution experiment in liquid environment,
a high throughput experiment is set up at a au-
tomated system that allows to dilute each well
of a 96-well plate independently (Fig. 1C). The
automated system is integrated by the HighRes
Biosolutions (HRB) company and consists of the
following devices: A robotic arm (Acell, HRB), an
incubator (StoreX STX44, Liconic), a liquid-handling
device (Lynx LM900, Dynamic Devices), a plate
reader (Synergy, BioTek Instruments), a shaker
(BioShake 3000, Qlnstruments), a plate storage
(NanoServe, HRS) and a delidding device (LidValet,
HRS). At the start of the evolution experiments, the
cells are inoculated in liquid complex medium at an
optical density of about 0.1. Four 96-well microtiter
plates run simultaneously: One plates contains



Adapted to @ e
< .
%@ 4%% OD600
@ %@ Evolutioi: 0.3
o)) DBag 0.2
R
Q@ , | -+
@
X 1 2 3 4 5
Adapted to c Time [d]
Qy -
Q@ , | &*V
B @ o
%@ Evolution /- =",
transformed [€o)) 2Dag on\ . =" Transfer every
ooc o with Bacillus Q@ * %“’@@& 3 days
+ %% vallismortis - o)
gDNA DO

D

Figure 1: Evolution assay in liquid and on agar plates with cells adapted to growth in liquid environment (blue, A)
and cells adapted to growth on agar plate (green, B). Both strains are transformed with B. vallismortis genomic DNA
(gDNA) and then evolved in liquid environment (top, C) and on agar plates (bottom, D). Simultaneously, non-transformed
recipient populations are evolved. This results into eight parallel evolution experiments, four in liquid environment
and four on agar plates. In liquid environment, the four populations are spread over a 96-well microtiter plates each
facilitating 88 parallel evolving populations (+ 8 blanks) per condition (C). Every four hours, the optical density per well
is measured and each well is diluted back individually to an OD of 0.001. Thus, cells grow exponentially for five days.
In the structured environment, 16 populations per plate evolve at the same time (D). Every three days, the biofilm is

scratched from the plate and transferred to a fresh plate.

hybrid populations with barcoded Bs210 as ancestor
(Bs210hyb), one plate contains recipient popula-
tions of barcoded Bs210 (Bs210ctl), the third plate
contains hybrid populations with barcoded Bs224 as
ancestor (Bs224hyb) and the fourth plate contains
recipient populations of barcoded Bs224 (Bs224ctl).
See the previous section for the description of how
theses populations are generated. After every four
hours of incubation at 37 °C, the optical density of
each well is measured and diluted likewise down
to an OD of 0.001. This is how cells are kept in
exponential growth phase over a period of five days.
With the generation time of our strains of about
16 min (Supplements A, Fig. A.1), this equals 450
generations.

For pre-adaptation to growth in liquid environ-
ment, the same experimental setup was used [25].
In complex medium, a 96-well microtiter plate filled
with Bs166 recipient populations was diluted every

4 hours down to an OD of 0.0008 for five days in a
row ([25]: Supplementary methods - Generation of
libraries of evolved hybrid populations).

Preparation of agar plates

As structured environment, we use complex medium
agar plates supplemented with 1.5% agar. For the
agar plate handling robot, a rectangluar petri dish
with 127.8 mm length and 85.5mm heights is re-
quired. Each plate is filled with 38 ml.

Evolution in structured environments

For the evolution experiment in a structured en-
vironment, 1l drops of cells with an OD of 0.1
are plated on complex medium agar plates (1.5%
agar) and grown for 3 days at 30 °C (Fig. 1D). Per
plate, 16 colonies grow in parallel. Simultaneously,
four plates are handled with a agar plate handling
system (BM3-BC, S&P Robotics Inc.): One plate
with drops of hybrid populations with barcoded



Bs210 as ancestor (Bs210hyb), the second with
recipient populations of barcoded Bs210 as control
(Bs210ctl), the third plate with hybrid populations
with barcoded Bs224 as ancestor (Bs224hyb) and
their respective control, recipient populations of bar-
coded Bs224, on plate 4 (Bs224ctl). The colonies
are delidded and imaged every 2hours by the
agar plate handling robot. After three days, 7 ul of
complex medium is dropped on top of the biofilms to
soften them. For the transfer of cells to fresh plates,
we scratch the colony from the plate with the help
of a 10 ul inoculation loop and resuspend the cells
in liquid complex medium. 1 ul of this suspension is
inoculated onto a fresh complex medium agar plate.
This cycle is repeated five times. Time-lapse images
of all colonies can be found in the Supplements
(Supplements C, Fig. C.19 - C.20).

Pre-adaptation to growth in structured environ-
ments

The ancestor Bs166 is pre-adapted to growth on
complex medium agar plates by dropping 1 ul
cells with an OD of 0.1 onto the agar plates. Two
plates with 16 colonies each are incubated simul-
taneously. The colonies grow at 30 °C for 3 to 4
days. They are imaged at intervals of 1-2 hours
using the agar plate handling system. Time-lapse
images of the pre-adaptation can be found in the
Supplements (Supplement C, Fig. C.16 - C.17).
Subsequently, the colonies are transferred to fresh
CM agar plates as described in the previous section.
For pre-adaptation, the cycle is repeated twelve
times. We sequence six individual clones of the
32 pre-adapted populations and take one with
representative genetic changes as “pre-adapted to
growth in structured environment” (Fig. 2B hotspot
table, all genetic variations in Supplements B,
Fig. B.2). This clone is referred to below as Bs224.

Fitness of populations that evolved in liquid via
competition experiments

Overnight cultures of the strains of interest (SOI)
and a fluorescent competitor (GFP) are prepared by
scratching cells from frozen stocks and inoculating
them into complex medium. The cultures are
incubated overnight at 37 °C shaking at 250 rpm. In
the morning, they are diluted in fresh medium with
a factor of 10. Overnight cultures and dilutions both
happen in complex medium. To remove systematic
biases from the positioning of the strain on the
microtiter plate, we shift the columns of our plates
randomly each morning before dilution. With the
help of a plate reader the optical density is tracked
until the cells escape lag phase and growth is
visible. For complex medium at 37 °C, this happens

after 2 - 2.5 hours. Subsequently, the cells are
diluted in PBS with the help of the robotic system
to a fixed OD and mixed in a 50:50 ratio with the
fluorescent reporter strain at an OD of 0.01. The
exact starting fraction of SOI and fluorescent com-
petitor in the mixes Nsor,0/Ngrp,0 are measured
using the flow cytometer. A 1:10 dilution of the
mix in growth medium is grown under the selected
conditions for four hours (about 16 generations).
Subsequently, the cell mix is diluted 1:5 in PBS
and the flow cytometer is used to measure the end
fraction Ngor/Ngrp. The selection coefficient of
the SOI and the GFP sgor1, orp is calculated via
SSOI, GFP = - % where Nsor/crp
is the number of SOI or GFP cells at time point
tmeas» Nsor,0/arp,o at time point zero and tg., the
generation time of the ancestor. To correct for the
difference of fitness between fluorescent competitor
and ancestor (anc), also five ancestor samples
are measured each run. The mean is used for
correction: ssor, anc = Sso1, GFP — (Sanc, GFP). Since
we barcoded the cells, we also need to correct for
the difference of fitness between ancestor (anc)
and barcoded ancestor (barAnc). Therefore, we
measure the fitness difference of multiple barcodes
and the ancestor in three independent experi-
ments. As before, the mean is used for correction:

SS0I, barAnc = SSOI, anc — <5bau1rAnc7 anc>-

tgen

Filament correction of flow cytometry data

A subset of B. subtilis cells grow in filaments during
the exponential growth phase [27]. Cells that are
adapted to growth in liquid with a frame shift in sigD
show a defect in autolysis. Unresolved filaments
containing multiple cells are counted as one event
by the flow cytometer. To correct for this, we identify
a linear correlation between the parameter forward
scatter width (FSC-W) and the average number
of cells per filament (ACF) for the used setup:
ACF = 0.0001 - FSC-W — 3.9661 and use it to correct
all flow cytometer raw data. In Supplements E,
microscopy images of different strains in different
growth phases are shown as well as their respective
average FSC-W and number of cells per filament.

Colony size of populations that evolved on plates as
a measure of fitness

Three-day-old biofilms are not easily solvable in
liquid. Therefore, after competition on plates, flow
cytometry is not an applicable method to measure
the fraction of cells. Instead of competing cells with
their ancestor, the increase of colony size during the
evolution experiment is measured. For each cycle,
the average occupied area per colony after 72 hours
is evaluated. In Supplements D, examples of colony
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Figure 2: Adaptation to exponential growth in liquid (A) and to growth on agar plates (B). A The hotspot table at
the bottom shows genetic variants found in an evolution experiment in one of our earlier publication where cells grew
exponentially for 5 days in two different media [25]. All cells either showed a frame shift or a point mutation in the listed
genes. All genes found are involved in the regulatory network of the flagellum-chemotaxis (fla-che) operon. Additionally,
microscopy images of Bs166, the ancestor, and Bs210, the strain with sigD frame shift and their appearance on agar
plates are shown. B During adaption to growth on plates, the average occupied area per colony increases with time.
After twelve cycles, we sequence a clone of six of 32 pre-adapted colonies. The hotspot table at the bottom shows
genes that are hit in at least two of the six clones by a mutation or frame shift. We choose Bs224 for the following
experiment as “pre-adapted to growth on plates” which has mutations in gudB, rapA and epsC and a frame shift

mutation in gudB. Additionally a microscopy image and an image of an agar plates are shown for Bs224.

images and their segmentation are shown.

DNA sequencing and analysis

For whole genome sequencing, gDNA of mono-
clonal samples is isolated with the Qiagen DNeasy
Blood & Tissue-Kit and then sent to Eurofins Ge-
nomics, Germany, for 150 bp paired-read lllumina
sequencing.

Results

Pre-adaptation of Bs166 to exponential growth in
liquid environment targets regulatory genes of the
flagellum-chemotaxis operon

In the course of the study “Distribution of fitness
effects of cross-species transformation reveals
potential for fast adaptive evolution” published in
ISME Journal in 2023 [25], we let 20 samples of
Bs166 grow exponentially for five days, 10 of them
in complex medium and 10 in a minimal medium.
In all strains that evolved for five days in liquid
medium we find frame-shift or point mutations in

the regulatory network of the flagellum-chemotaxis
(fla-che) operon (Fig. 2A). Most prominent is a
frame shift in flagellar gene-specific sigma factor op.
The frame shift occurs in all 10 sequenced strains
that evolved in minimal medium and in two of 10
that evolved in complex medium. The op frame shift
leads to the loss of flagella and a defect in autolysis
of the cells and consequently to the formation of
extended filaments (Fig. 2A: compare microscopy
images of Bs166 and Bs210). An inactivation of
sigD has been shown to increase fitness in Bacillus
subtilis before [28]. Other mutations occur in degS,
fliP, fliKk and flhB in two or more samples that
evolved in parallel. fliP, fliK and flhB are known to
be essential for the secretion of FIgM which inhibits
the activity of op [29], [30]. A secretion stop would
increase the concentration of FIgM in the cell and
hence, anticipate op-dependent transcription. DegS
also regulates the expression of the fla-che operon
by phosphorelation of DegU [31]. DegU~P inhibits
the fla-che operon. Therefore, we hypothesize



the mutations to be redundant [25]. For further
experiments, a strain with sigD-frame shift is chosen
as "pre-adapted to growth in liquid” (Bs210).

Mutations during adaptation of Bs166 to growth
in structured environments target gudB and regula-
tory genes of sporulation and eps genes

For this study, we pre-adapt Bs166 to growth in
a structured environment. Each cycle, we find
increasing average colony size indicating the on-
going adaptation to the new growth environment
(Fig. 2B). The colony size over time of the single
colonies is shown in Supplements C (Fig. C.18).
From six of the 32 populations that pre-adapted in
parallel, we sequenced one clone each (Fig. 2B, all
genetic variations in Supplements B, Fig. B.2). In
five of six clones (83 %), we find a point mutation
and/or a frame shift mutation in gudB. The gluta-
mate dehydrogenase GudB is known to degrade
glutamate [32]. In the ancestor, the gene is in frame
suggesting that it is functional. A frame shift by
one nucleotide suggests that functionality is lost.
Additionally, we find mutations in rapA or tkmA in
five of six sequenced clones. The rap (= response-
regulator aspartyl phosphate) family is responsible
for regulating phenotypic differentiation in Bacillus
[33]. RapA dephosphorelates SpoOF~P, an early
sporulation gene of B. subtilis. Both proteins,
TkmA and SpoOF are involved in the regulation of
biofilm-associated sporulation [34, 35]. We suggest
the mutations in those two genes to be redundant.
Two of six sequenced clones have a mutation in
an eps gene, namely epsC and epsN. Both have
recently been shown to be involved in biosynthesis
of bacillosamine [36, 37]. Bs224, the strain that
is used for the following evolution experiments,
has point mutations in rapA, gudB and epsC and
a frame shift mutation in gudB. The total genetic
differences between the two strains we use in the
following, Bs210 (pre-adapted to growth in liquid)
and Bs224 (pre-adapted to growth on plates), are 5
mutations (rapA, 3x gudB, epsC) and 2 frame shifts
(sigD, gudB).

We aim at finding out how the history of previ-
ous growth conditions affects adaptation to new
growth environments under HGT. To this end, we
perform laboratory evolution experiments using the
strains that are pre-adapted to growth in liquid and
growth in structured environment, respectively.

Evolution in liquid vs. in structured environ-
ments

Transformation increases fitness in liquid environ-
ment

To find out how cross-species transformation affects
adaptation to the exponential growth phase, strains
Bs210 and Bs224 are grown exponentially for
roughly 450 generations in liquid culture (Fig. 1C).
Both strains are transformed with donor DNA prior to
the evolution experiment and, therefore, thousands
of different hybrid clones compete against each
other during the experiment. For each recipient
strain, we run a control experiment in which the
bacteria are treated equally, yet without addition of
donor DNA. This experiment results in 88 popula-
tions of each Bs210 hybrids and Bs224 hybrids, as
well as the respective recipient populations. For
each population, the selection coefficient relative to
their respective ancestor is determined as described
in the Methods (Fig. 3). The pre-adapted recipient
populations Bs210ctl show a narrow distribution
of selection coefficients with an average close to
zero (Fig. 3A-C). The distribution of poorly-adapted
recipient populations Bs224ctl shows a net shift
towards positive selection coefficients (Fig. 3D) and
the mean selection coefficient is significantly larger
than zero (Fig. 3E). This indicates that the average
fitness of the Bs224ctl populations has increased.
Interestingly, the evolved, well-adapted Bs210hyb
populations show a significantly broader distribution
of selection coefficients with higher mean compared
to the Bs210ctl recipient populations (Fig. 3A-C).
This result shows that even after adaptation by
mutation, transformation confers a benefit during
adaptation to exponential growth. The distribution
of selection coefficients of Bs224hyb shows a clear
shift to positive values and its mean is signifi-
cantly larger compared to the Bs224ctl distribution
(Fig. 3D-F). This demonstrates that transforma-
tion accelerated adaptation of the strain that is
poorly-adapted at the beginning of the evolution
experiment. In summary, we find that transformation
speeds up adaptation to exponential growth, both
for well-adapted and poorly-adapted strains.

Next, we investigate the genome dynamics of
the populations that evolved in liquid environment.
To this end, a single, randomly picked clone of
five populations is whole genome sequenced for
each of the four conditions (Fig. 1C, all genetic
variations in Supplements B, Fig. B.10 - B.15). This
limited set of sequences does not show any hotspot
of replacement, i.e. no gene shows signatures of
orthologous replacement in more than one strain.
On average, we find transformation events in 20 %
of the Bs224hyb clones with 15 genes hit per
clone and 40% of the Bs210hyb clones with on
average 11 genes affected. Next to orthologous
replacement, we investigate de novo mutations
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Figure 3: Fitness of populations that evolved in liquid medium for 5 days. B, C, E and F show means and 95 %
bootstrap confidence intervals for the mean and the standard deviation of the distributions from A and D. Transformed
populations (blue) of cells that were already well-adapted to growth in liquid A - C and cells that were pre-adapted to

growth in structured environment D - F are compared to their respective controls (gray, no transformation).

and as during the pre-adaptation [25], we find that
the poorly-adapted populations collect mutations
in the fla-che operon during the evolution in lig-
uid environment (Supplements Fig. B.12 - B.15).
However, only 40 % of the control and 60 % of the
sequenced hybrid clones show such a mutation.
Rathmann, Forster et al. found mutations in all
sequenced clones after five days of exponential
growth in complex medium [25]. Finally, we find that
none of the mutations related with pre-adapation to
the respective growth conditions are lost, i.e. the
sigD frame shift is present in all of the sequenced
Bs210 strains and the Bs224 retained the mutations
in gudB, epsC and rapA.

During growth in structured environments, transfor-
mation benefits poorly-adapted strain

Then we address the question how pre-adaptation
affects evolution of transformed populations in
structured environment. For 5 cycles, hybrid and re-
cipient colonies of well-adapted and poorly-adapted
populations are grown on complex medium plates
at 30 °C for 3 days before they are transferred to
fresh plates (Fig. 4A). At the start of the experiment,
the pre-adapted strain Bs224 covers a considerably
larger area than the poorly-adapted strain Bs210
(Fig. 4B,C). The average colony size of well-adapted
cells (Bs224ctl) does not increase during evolution
on plates (Fig. 4B). Even hybrid populations
(Bs224hyb) do not increase their average size,

suggesting that the hybrids do not benefit from
having transformants among them. Consistently,
whole genome sequencing (WGS) shows neither
orthologous replacement in any of the 5 sequenced
hybrid strains nor mutational hotspots in any of the 5
sequenced recipient strains (Supplements Fig. B.8
- B.9). By contrast, the average colony size of
the poorly-adapted cells increases for both, hybrid
(Bs210hyb) and recipient populations (Bs210ctl,
Fig. 4C). For the hybrids, the increase starts im-
mediately. The colony size over time of the single
colonies is shown in Supplements C (Fig. C.21).

Hybrid populations use a different pathway to
increase fitness during evolution on plates

Again, randomly picked clones from 5 populations
are sequenced for each condition (all genetic
variations in Supplements B, Fig. B.3 - B.9). The
clones from the poorly-adapted recipient popu-
lations Bs210ctl show a hotspot of mutation in
gudB (Fig. 4D, Supplements Fig. B.3), indicating
that pre-adaptation to liquid has little effect on the
benefit of this mutation for growth in structured
environments. Importantly, this mutation is absent
in all of the sequenced Bs210hyb strains (Supple-
ments Fig. B.4 - B.7). Instead, in all five strains
a replacement covering the same seven genes is
detected. We conclude that transformation enables
a different evolutionary trajectory during adaptation
to growth in the structured environment. For the
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pre-adapted strain, no benefit of transformation is
found. Interestingly, none of 20 sequenced clones
looses the prior adaptive trait after changing the
environment. After evolution in the environment they
are not adapted to, 20 of 20 sequenced clones still
have the mutations they got when adapting to the
other environment (sigD/gudB,rapA,epsC).

Discussion

Adaptation to structured environment follows dif-
ferent trajectory in the presence of cross-species
transformation

As the populations evolved in a structured envi-
ronment we discovered two highly repeatable but
distinct pathways of adaptation by mutation and
by transformation. In the transformed populations,
seven genes were replaced by B. vallismortis DNA in
all sequenced replicates. Two potential candidates
among the seven genes within the replacement
hotspot, to increase fitness, are ymfKn and ymfKc
which are the two ends of a ymfK gene. As they
are split, they are pseudo genes in Bs166 [38, 39].
In the donor B. vallismortis, however, the gene is
not interrupted. The function of YmfK is unknown,
but it has an ACT domain, a binding domain for
small molecules that is characteristic of metabolic
enzymes regulated by amino acids [40, 41]. Kabisch
et al. suggest that ymfK plays a role in more efficient
utilization of amino acids [38]. Currently, we cannot
exclude the possibility that other genes contribute to
the fitness advantage. In the non-transformed pop-
ulations, a mutation hotspot was found in the gene
gudB. In none of the poorly-adapted, transformed
populations which have the replacement hotspot a
mutation in gudB was detected. By contrast, in the
well-adapted, transformed strains, that already have
the gudB mutation, none of the seven hotspot genes
were replaced. Potentially, an epistatic effect leads
to a remarkable decrease in the fitness advantage of
the replacement and the mutation respectively if the
other is already present. One reason for this could
be that the two genetic variations are redundant.
GudB is one of two glutamate dehydrogenases
in the B. subtilis genome, RocG and GudB [42].
In several common laboratory strains, GudB is
inactive due to a 9bp repeat in the gene [43] and
is reactivated when rocG is mutated [42, 44]. In a
strain in which rocG is active, an active gudB leads
to a more efficient utilization of amino acids of the
glutamate family (arginine, ornithine and glutamine)
[42]. Gunka et al. hypothesized that a cryptic gudB
results in a selective growth advantage of bacteria
under laboratory conditions [45]. The recipient used
in this project does not show the 9bp repeat. That
suggests that gudB is active in the recipient at the

start and potentially becomes cryptic due to the
mutations during the evolution experiment. This
does not indicate a redundancy of the mutation
in gudB and the replacement of ymfK. Thus, we
suggest that for the adaptive pathway of the cell it is
important which genetic variant occurs first.

Colony size as fitness measure

As the colonies grown on agar plates are not soluble
in liquid medium, competition experiments cannot
be used to determine fitness of populations that
have adapted to growth in structured environments.
In this project, colony size is used as the measure
of fitness. Miller et al. proposed to measure fitness
via colony size for Saccharomyces cerevisiae [46].
They correlated the colony size with the cell number.
However, this method has several short-comings.
For colonies with inhomogeneous densities, the
colony size is not proportional to the cell number.
In addition, in our project cells are not diluted to a
specific cell number when the cells are transferred
to fresh agar plates, which leads to different cell
numbers in each colony at the beginning of a growth
period [47]. To estimate growth rate on agar plates,
a method called phenotypic array analysis can be
used [48, 49]. The cells are spotted on agar plates
at low cell density. During the first generations, the
intensity of the spots is in a linear relationship to the
cell number. In our case, the change in colony size
does not equal growth rate but during adaptation
to a structured environment, there appears to be
selection for larger colony sizes. Therefore, we
suggest that the determination of the colony size in
this context is a appropriate measure of the degree
of adaptation.

No replacement hotspot in liquid

The poorly-adapted, transformed populations that
grew on agar plates showed a replacement hotspot,
whereas the poorly-adapted, transformed popula-
tions that grew in liquid medium did not. Either no
replacement led to a high fitness increase/selective
pressure was too low or clonal interference be-
tween multiple beneficial replacements prevents the
domination of a specific replacement. In a recent
publication, we measured the DFE of transformation
in liquid complex medium with a poorly-adapted
strain [25]. The DFE was distributed around zero
and showed some positive and negative fitness
outliers, suggesting a large number of potentially
beneficial replacements. To identify highly beneficial
transfers, we performed an evolution experiment
with consecutive whole genome sequencing. Each
sequenced strain contained a mutation in the fla-che
operon that probably led to loss of flagellation. In
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both experiments, this seems to be the predominant
genetic variation, accompanied by some replace-
ments. The lack of a hotspot is probably explained
by several beneficial replacements undergoing
clonal interference.

The adaptive history of the cells is remembered

In well-mixed, liquid environments, the cells with the
highest growth rate are selected, whereas in struc-
tured environments like biofilms, the economical
use of available resources can lead to decreased
individual fitness [50]. In biofilms, the positioning of
a cell plays an important role [51]. Inner cells are
protected but cut off from nutrients. Cell that live
in a biofilm must cooperate for the common good.
This is what makes the two chosen environments so
different. Nevertheless, all cells that switched from
one environment to the other retained their adaptive
traits. This suggests that the fithess cost of the prior
adaptive trait is lower than the fitness advantage
that an additional mutation or replacement brings.
For constantly changing environments, this may
give the cells an advantage as they still have the
adaptive trait from the previous environment.

This study gives a first indication that the his-
tory of growth environments affects the benefit of
transformation. The used methods show strong
potential for investigating the role of gene transfer in
fluctuating environments. In future studies, it would
be interesting to investigate the effect of adaptive
history in more and more complex and in frequently
changing conditions.
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7. Conclusion and outlook

In the first project, we found that the most frequent mode of transformation is ortholo-
gous replacement. Gene deletions occur at a much lower frequency and insertions even
less frequently. Replacements facilitate deletions and insertions, and there are almost
no restrictions on replacements found between closely-related Bacillus species. For this
reason, we know that the DFE of an insertion library does not represent the DFE of trans-
formation well [114]. In our second project, we measured DFEs of transformation under
various conditions and found that the majority of hybrids are fitness neutral under most
conditions. Despite the small sample size, we detected deleterious and beneficial fitness
outliers and identified synergistic and antagonistic pleiotropy, suggesting that transfor-
mation accelerates adaptation and closely related species benefit from a shared gene
pool. All DFEs were measured in well-mixed environments with poorly-adapted strains
as recipient. To learn how the adaptive history of the cells affects the benefit of transfor-
mation and to gain a first insight into more natural growth environments, we conducted
evolution experiments comparing poorly- and well-adapted strains in a liquid and a struc-
tured environment in the third project. We found a fitness advantage of transformation for
poorly- and well-adapted strains in the liquid environment and in the structured environ-
ment, we found two exclusive pathways for adaptation by transformation and mutation,
respectively. We hypothesize that transformation opens new pathways for the adaptation
of cells to changing environments.

7.1. Testing species boundaries with replacement accumulation
assays

When we investigated the barriers to transformation on the whole-genome level, we found
exponentially decreasing transfer rate with increasing core genome sequence divergence
of the donor-recipient pair (Fig. A). This fits with the exponential decrease in the
transformation efficiency of a gene with increasing sequence divergence [47, |48]. Car-
rasco et al. speculated about a divergence cut-off at higher sequence divergence of the
genes [48]. When we used G. thermoglucosidasius as donor, no orthologous replace-
ment was detected, although some regions of the G. thermoglucosidasius genome have
homologues in the recipient genome. We have to consider that if the exponential rela-
tion still holds, we would probably have to run the assay with G. thermoglucosidasius as
donor much longer to detect a replacement. We have calculated the theoretical transfer
rate of G. thermoglucosidasius DNA to be approximately 0.57 % (Sec. , Fig. B).
To replace 100 bp of the recipient would then require around 175 h to arise. This results in
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Figure 7.1.: Exponential relationship between core genome transfer rate and average se-
quence divergence of the donor-recipient pair. In project 1, we found a exponential relation
between core genome transfer rate and average sequence divergence of the donor-recipient pair
for three of four pairs (A, light blue: Bspiz donor, red: Bval donor, orange: Batro donor). When
G. thermoglucosidasius was used as donor, no transfer was detected (green). If the exponen-
tial relation holds, the theoretical transfer rate of G. thermoglucosidasius DNA is approximately
1.2-107* % h~! of the core genome which corresponds to 0.57%p (B). If there is still no re-
placement after a sufficiently long run of the replacement accumulation assay, a potential species
divergence barrier (dark blue) for transformation could be identified with further experiments (C).

a total of 88 cycles of the replacement accumulation assay to detect an average of 100 bp
replaced. If we do not find a replacement, we could test whether we can identify a cut-off,
as it was proposed by Carrasco et al. for genes, but between species (Fig. C, [48]).
Therefore, we could repeat the replacement accumulation assays with donor species that
have an average sequence divergence higher than B. atrophaeus and smaller than G.
thermoglucosidasius and the recipient.

Another open question is how far we can take the replacement accumulation. For the
experiments we conducted, we found a still linearly increasing percentage of genome re-
placed (Sec. [4.1). We expect this relationship to flatten out with increasing amount of
exchange, as the chance of replacing an already replaced region increases. Follow-up
experiments could test when the curve starts to flatten and whether it is possible to exceed
the 50 % (more donor, than recipient) or maybe even reach the 100 % (turn one species
into the other). For this experiment, the donor with the highest transfer rate, namely B.
spizizenil, is best suited.
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7.2. Does transformation with gDNA from a different species protect
from reintegration of phage elements?

In project 1, we found the spB-prophage with a length of 134 kbp, comprising about 200
genes, deleted in one BspizHyb strain (Sec. [4.1] Fig. BspizHyb). On both sides of the
deleted segment, the flanking regions were replaced by a 17 kbp and a 7 kbp B. spizizenii
homologue. The donor does not have the spB-prophage [141]. Similarly, Croucher et al.
found evidence for the removal of a mobile genetic element (MGE) through a transforma-
tion event in Streptococcus pneumoniae and suggest that transformation frequently cures
strains of MGEs [142, [143]. In our BspizHyb, the integrating donor segment either led to
the cut-out of the phage element or the phage excised itself and the replacement occurred
on the remaining parts [144]. This part is difficult to retrace, but an interesting open ques-
tion is why the strain was not reinfected with the spp-phage. In further experiments, we
want to use a phage deletion strain and the BspizHyb strain lacking the spp-phage and
test whether the replacement of the usual integration side (within the spsM gene) not
only cures from the phage element but also protects the hybrid strain from reintegration

(Fig. [7.2] [144],145)).

spB
| Bs166
Bspiz Bspiz
BspizHyb
Bsub A6

Figure 7.2.: The spp-prophage in the B. subtilis genome. In one of the BspizHyb strains, the
spB-prophage (black) has been deleted from the genome and we detected replacements by the
donor homologues in the flanking regions (light gray). Using a phage deletion strain from Westers
et al. [145], we want to find out whether the replacement only removes the phage element from
the hybrid or also protects it from reintegration.

7.3. The distribution of fitness effects of bacterial transformation
and its potential for predicting evolutionary processes

In project 2, we measured DFEs of transformation under different conditions with libraries
containing about 90 replicates. We found several conditions under which the DFE was
centered around zero, with some additional positive and negative outliers. In one condi-
tion, the DFE was shifted to negative values with no positive outlier. By means of evolution
experiments, we showed that the DFEs were highly useful for predicting in which condi-
tion transformation is beneficial.

A smooth DFE can be well characterized with our method. An improvement in preci-
sion could be achieved by increasing the number of replicates by an order of magnitude,
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as it was done for gene deletions [113]. On the other hand, the characterization of a
DFE with rare beneficial outliers with large fitness effects pose a problem. These remain
undiscovered if only a small subset of all possible configurations is measured, but have
a major impact on adaptive evolution. To reveal beneficial large effect outliers, evolution
experiments must be performed such as those conducted in project 3. By means of WGS,
these beneficial transfers are then detected as hotspots.

To predict the effect of transformation on an evolution experiment, it is not only impor-
tant to know the DFE, but also the rate at which transformation occurs, as determined
in project 1. If the transfer of only one gene is responsible for the largest fitness effect,
the rate can be used to estimate, for example, the minimum size of the hybrid popula-
tions to start with in order to have at least one hybrid with this transfer in the population.
This minimum size ranges from a few thousand hybrids when B. spizizenii is the donor
to hundreds of thousands with B. atrophaeus as the donor. It must also be remembered
that in the less closely related species, transformation was not found everywhere in the
core genome, but only in regions with above-average sequence identity. In the structured
environment, we found the same replacement hotspot in all sequenced replicates. This
indicates that the hybrid number was high enough so that in all populations a hybrid with
the largest effect outlier was present. The large effect tail of the corresponding DFE can
be characterized in more detail when starting with a lower number of hybrids. In the liquid
environment, we do not see a hotspot. Either the diversity of hybrids was lower at the
start compared to the experiment in structured environment or the beneficial outliers have
similar fithess advantages, undergo clonal interference and the populations are diverse.
Random barcoding will provide information about the dynamics of population diversity in
future experiments.

7.4. Population dynamics of transformed populations via barcode
sequencing

In projects 2 and 3, we conducted evolution experiments. In project 2, the fitness of 88
individual clones from the evolved populations was measured via competition. Ten of
these clones were whole genome sequenced. In project 3, we moved from measuring
the fitness of individual clones to measuring the population fitness of all evolved popula-
tions. That improved the representativeness of the measured fitness value. Again, single
clones were sent for whole genome sequencing. This time there were five clones per
experiment. If one clone has overtaken the whole population during the evolution ex-
periment, sequencing single clones gives a good insight into the genetic changes. But
we have no information about population diversity and dynamics. To find this out, we
could use time-resolved barcode sequencing methods [90-92]. Time-resolved barcode
sequencing provides information about the diversity of the population, but can also be
used to calculate the fitness of the most abundant clones in the population. Using bar-
code sequencing, we could learn about the clonal interference and the timing of fixation
of transfer events and mutations. In project 3, we have barcoded the cells before running
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the laboratory evolution experiment but we have not sequenced the barcodes yet.

At the moment, we can only speculate on the diversity of populations. A broad distri-
bution of selection coefficients like we found in project 2 after the evolution experiment
in liquid complex medium, could indicate a high cell diversity, but it can also mean that
we started with a low number of hybrids and different fittest clones have overtaken the
populations. A small variance in selection coefficients like we found in project 2 after
the evolution experiment in liquid minimal medium, could be explained by a low diversity,
where the same replacement or mutation swept through the populations. The sequencing
data provides more information about the population diversity. The discovery of a hotspot
of genetic variation in the sequenced clones suggests a variant that has already spread
through the entire population. As discussed before (Sec. [7.3), the lack of a hotspot, as in
both projects in liquid competence medium, could mean that multiple hybrids have similar
fitness advantages and therefore still rival. This would lead to a high diversity. Or the
cell number at the start was so low that each population was overtaken by another fittest
clone. Since competence in our strain is inducible and does not occur randomly, beneficial
transfers cannot be merged into one hybrid by transformation. It would be interesting to
see how population dynamics change when transformation is induced from time to time,
either with no additional DNA so that rivaling genetic variants can merge, or with addition
of donor DNA.

7.5. Adaptation to frequently changing environments

In project 3, we found that all pre-adapted strains that changed environments retained
their adaptive trait from the previous environment. This seems to be very helpful in en-
vironments in which conditions change back and forth, such as seasonal changes. In
further experiments, the conditions could be changed more frequently and the "memory”
of the cells could be tested further. Is it really just the fitness that makes the cells retain
the adaptive property of their previous environment or can they somehow remember that
this genetic change was beneficial a short time ago and could be useful when the condi-
tion returns?

In this work, we have answered many open questions about transformation and its ef-
fects on adaptive evolution, but we have also encountered many more questions that we
will try to answer in the future.
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A. General supplementary information

A1,

List of used instruments
Instrument Name Producer
Microplate reader Infinite M200 Pro Tecan
Flow cytometer 1 Cytoflex Beckman Coulter
Flow cytometer 2 Canto Il BD Biosciences
Agar plate handling system BM3-BC S&P Robotics Inc.
Used within the robotic system:
Robotic arm Acell HighRes Biosolutions
Liquid-handling device Lynx LM900 Dynamic Devices
Microplate reader Synergy BioTek Instruments

Shaker
Incubator
Plate storage
Delidding device

BioShake 3000 elm
StoreX STX44
Nanoserve
LidValet

QlInstruments
Liconic
HighRes Biosolution
HighRes Biosolutions

Table A.1.: Instruments used in this study.
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A.2. Multimapper genes

Start pos. | End pos. | Length [bp] | Hit genes

9811 14845 5035 rrnO-168S, trnO-lle, trnO-Ala, rrnO-23S, rrnO-5S
30279 35153 4875 rrnA-16S, trnA-lle, trnA-Ala, rrnA-23S
90446 95452 5007 rrnd-16S, rrnd-23S, rrnd-5S, trnJ-Val

95954 101248 5295 trnd-Arg, trnd-Pro, trnd-Ala, rrnW-16S,
rrnW-23S, rrnW-5S

160804 165712 4909 rrnl-16S, rrnl-23S, rrnl-58

166063 171314 5252 trnl-Arg, trnl-Pro, trnl-Ala, rrnH-16S,
rrnH-23S, rrnH-5S

171329 176351 5023 rrnG-16S, rrnG-23S, rrnG-5S

635281 640255 4975 rrnE-16S, rrnE-23S, rrnE-58

946543 951388 4846 rrnD-16S, rrnD-23S

3173719 | 3178792 5074 trnB-Val, rrnB-5S, rrnB-23S, rrnB-16S

Table A.2.: List of multi mapper regions in Bs166.

A.3. NCBI dictionaries

Strain | Data base name | NCBI dictionary

Bacillus subtilis 168 Bs166 NC_000964.3
Bs175 NC_000964.3

Bs210 NC_000964.3

Bs213 NC_000964.3

Bs224 NC_000964.3

Bs226 NC_000964.3

Bacillus spizizenii Ob005 NC_014479.1
Bacillus vallismortis Ob018 NZ_CP026362.1
Bacillus atrophaeus Ob006 NC_014639.1
Geobacillus thermoglucosidasius Ob011 NZ_CP012712.1

Table A.3.: List of NCBI dictionaries used.
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A.4. Mock genomes
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Figure A.1.: Analysis of mock genomes. We artifically created mock genomes for duplications
(A) and deletions (B) to test how reliable the results of our algorithm are. Deletions as well as
duplications longer than 200 bp are detected without problems.
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Fig. S1 Mixed integration events are detected by using dot plots to investigate the differences
in genome architecture between strains. Dot plots are created by aligning the donor to the
recipient with the blastn algorithm (Methods). A) Scheme of a dot plot in which homologous
regions between donor and recipient genome (solid black lines) and accessory regions (gaps,
dotted lines) are depicted. Adding detected replacements, deletions, and insertions visualizes
the local dependence between events. For B. spizizenii and the ancestor Bs166, the whole
genome dot plot is shown in B). Most of the homologous regions are present in the same order
within both genomes (vertical black line). The green boxes indicate the approximate positions
of examples C) — G) that depict genomic changes within the BspizHyb strains. C) contains a

simple recombination, D) a recombination with mosaic pattern and, E) and F) a deletion and an



insertion both caused by a recombination of homologous flanking regions. In G), we find a

mixed event that combines recombination, mosaic, insertion, and deletion.
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Fig. S2 Test for bimodality of the probability distribution of transfer distances of independent
replacement events. We assess whether the long-distance regime arises from independently
integrated segments whereas the short distances originate from single recombination events that
generate a mosaic pattern between donor and recipient alleles. Fractions of bootstrap runs that
show a single peak (black bar), bimodal behavior (white bar), more than two peaks (gray bar).
Sim: independent transfers generated by the Monte Carlo null model (described in the

Methods). Emp: transfers from empirical data.
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Fig. S3 Determination of threshold length between mosaic and independent replacement events.
The empirical data set is represented as histograms (grey bars) and as probability density
estimated with a log-normal kernel (black line) (shown in arbitrary units). The light gray area
around the diamonds depicts the 95 % confidence interval of the local minima determined by
bootstrapping (see Methods). Those minima are used as a cut-off between long- and short-

distance regimes.
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Fig. S4 Fitness trajectories of transformation hybrids show no net increase. For each hybrid,
the fitness is depicted after cycle 10 and 20 as a trajectory. Neither for A) BspizHyb (N = 8), B)
BvalHyb (N = 7), nor for C) BatroHyb (N = 5) do we find curves that systematically increase

their fitness over time.
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Fig. S5 Selection coefficient does not correlate with the fraction of replaced genome. The

selection coefficients of the hybrid strains at cycles 10 and 20 (Fig. 2) are plotted against the

fractions of the replaced core genomes.
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Fig. S6 Architecture of accessory genomes. The accessory genomes are shown for the Bs166
recipient with respect to the four donor species. Accessory genes are depicted as boxes and the
names of important prophage elements and mobile elements are added, according to the

annotation (Methods).
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Fig. S8 A bootstrap analysis for identity distributions of orthologous replacements is performed
on the mean of the identity distributions (Fig. 4) for BspizHyb (blue), BvalHyb (red) and
BatroHyb (turquoise). Bootstrap samples were drawn 10* times and 95 % confidence intervals

are depicted as horizontal lines.



A
i

b { Pﬂﬂ;‘*ﬂﬂ& Th.n

probability density
n
1 4

A
7+
1

10 F[[1-[
-5 3
10 }\\

0 05 1 15 2 25 3 35

A transfer lengths x10"
3

c

@ X

Q

.@ 2 X

)

(&)

©

c 1. . : ,

5 86 88 90 92 94
B core genome sequence identity

Fig. S9 Characteristic transfer lengths of replaced segments increase with increasing core
genome sequence identity. Here, mosaic segments are not merged. A) The length distribution
of segments is fitted with an exponential function (dashed line) for segments longer than 100
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core genome sequence identity (error bars depict the standard deviation). Cyan: BspizHyb, red:

BvalHyb, orange: BatroHyb.
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20+ L ®

15+ ®

samples with gene replaced
I
t

[ ] [ ] ® . 1]
® e R 0O
0 9000 EEEEIEENEND® D' ©
0.85 0.9 0.95 1.0
gene identity

1
o

T

® @

>
0127
0.08
4
0
w
©
\l
o
N
[6)]
o
(o]

p

0.0
o
(V)

C 0 e el 5 |

Fig. S11 Putative cold spots of orthologous replacement have a lower identity than replaced
genes. Pooled data from 42 hybrid strains with B. spizizenii as donor was analyzed. A) Proba-
bility to find genes replaced in a certain number of samples. B) For each core gene, its average
sequence identity is plotted against the number of samples it was replaced fully or partially. C)
Distribution of gene identity of genes that were replaced in at least one strain (blue) and genes
that were not replaced in any of the hybrids (pink). Based on a Welch's t-test, the distributions

are different at a significance level of 0.05.
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samples might show replacements within the putative cold spots.



* [ cold spots (lengths > 100 bp)
10 N3 - = - exponential fit
+ char. length =660.1 bp

17
|

L

0 2000 4000 6000 8000 10000 12000

A cold spot length [bp]

ident

gene name |function start pos |end pos dir [hitFrac
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sprC spore-specific protease 4204901|4205518|0.921(+ 1
parB site-specific DNA-binding protein 4205557(4206405(0.945]- 1
parA chromosome partitioning protein%3B transcriptional regulator 4206398(4207159(0.949|- 1
yyaB putative antibiotic immunity protein 4207407|4207847)|0.896(+ I
nocA DNA-binding protein Spo0J-like 4207898|4208749|0.967|- 1
rsmG 7-methylguanosine methyltransferase (16S rRNA%2C nucleotide G527) 4208871(4209590|0.956|- d
trmF tRNA uridine 5-carboxymethylaminomethyl modification enzyme 4209604(4211490(0.957|- 1
mnmE tRNA modification GTPase and tRNA-U34 5-formylation enzyme 4211511(4212890(0.959|- 1
jag SpolllJ-associated RNA/ssDNA-binding protein 4213201(4213827|0.936|- i
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Fig. S14 Length distribution of putative cold spot regions of pooled B. spizizenii hybrids. A)
Distribution of the lengths of contiguous regions that have not been hit by replacements in any
of the 42 pooled strains. Black dotted line: exponential fit with a characteristic length of 660.1
bp. Red dotted box: outlier from the exponential distribution (p = 0.0008) determined as

described in the Methods. B) Genes residing within the cold spot of length 11796 bp.




Donor

Hybrid strain

(s)

sdof s

B. spizizenii Wns1110 -4.32E-03 1.20E-02
Wns1210 1.61E-02 1.07E-02

Wns1410 5.38E-03 4.47E-03

Wns1510 1.06E-04 7.28E-03

Wns1610 6.59E-03 1.68E-02

Wns1710 4.78E-03 6.56E-03

Wns1810 -9.20E-04 4.40E-03

Wns1910 1.25E-03 5.57E-03

Wns1120 -3.16E-03 4.94E-03

Wns1220 1.22E-02 2.58E-02

Wns1420 4.95E-04 6.80E-03

Wns1520 5.35E-03 9.84E-03

Wns1620 6.06E-03 2.16E-02

Wns1720 -1.79E-02 1.57E-02

Wns1820 -1.80E-02 1.49E-02

Wns1920 5.21E-03 4.94E-03

B. vallismortis Vns0110 6.25E-04 2.19E-03
Vns0210 8.41E-04 7.12E-03

Vns0310 2.34E-03 1.00E-02

Vns0410 7.16E-03 2.11E-02

Vns0510 -9.92E-03 3.18E-02

Vns0610 5.44E-04 4.86E-03

Vns0710 -1.30E-03 9.21E-03

Vns0120 -5.08E-02 5.26E-02

Vns0220 1.52E-02 9.85E-03

Vns0320 -4.82E-03 1.06E-02

Vns0420 3.93E-04 1.88E-02

Vns0520 -1.85E-02 2.22E-02

Vns0620 9.05E-03 9.08E-03

Vns0720 -1.04E-02 7.61E-03

B. atrophaeus Bans0110 -1.17E-03 5.01E-03
Bans0210 -4.94E-04 1.44E-02

Bans0410 4.28E-04 7.75E-03

Bans0610 -1.18E-03 1.06E-02

Bans0810 -2.73E-03 9.17E-03

Bans0120 3.88E-03 7.31E-03

Bans0220 1.33E-03 1.40E-02

Bans0420 2.82E-03 1.51E-02

Bans0620 -4.46E-04 7.08E-03

Bans0820 2.62E-03 1.13E-02

controls, no DNA NoVns0110 -3.04E-04 6.68E-03
added NoWwns0110 -9.04E-04 1.84E-03
NoVns0210 3.62E-03 1.03E-02

NoWns0210 -6.80E-04 4.93E-03

NoVns0310 4.43E-03 1.08E-02

NoVns0410 6.60E-03 9.05E-03

NoWns0510 3.03E-03 4.69E-03

NoWwns1110 4.87E-03 4.18E-03




NoVns0120
NoWwns0120
NoVns0220
NowWns0220
NoVns0320
NoVns0420
NoWns0520
NoWns1120

2.09E-03
3.71E-03
3.07E-03
2.89E-03
3.48E-03
-1.13E-03
2.43E-03
4.41E-03

1.21E-02
9.05E-03
6.15E-03
5.01E-03
1.33E-02
5.46E-03
4.95E-03
8.73E-03

Table S1 Selection coefficients of the hybrid strains and controls.







C. Supplementary information on the
publication: Distribution of fithess
effects of cross-species
transformation reveals potential for
fast adaptive evolution

121



10

11

Supplementary information for

Distribution of fitness effects of cross-species

transformation reveals potential for fast adaptive evolution

Isabel Rathmann*!, Mona Forster*!, Melih Yuksel', Lucas Horst!, Gabriela Petrungaro?,

Tobias Bollenbach'?, Berenike Maier?

*contributed equally

Linstitute for Biological Physics, Ziilpicherstr. 47a, 50674 KoIn, University of Cologne
2 Center for Data and Simulation Science, University of Cologne

3 Center for Molecular Medicine Cologne, University of Cologne



12

13

14

15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30
31
32

33

34

35
36
37

38
39
40
41
42
43

Supplementary Methods

Strains, media, and cultivation.

The recipient strain Bs166 (his leu met amyE::PnscomK(spc) comK::kan, Pcomkgfp (CBL,cat)
(24) was derived from B. subtilis BD630. In this strain, the master regulator for competence,
comK, is under control of an IPTG-inducible promoter. The reporter strain Bs175 (his leu met
amyE::PhscomK(spc) comK::kan lacA::PrrnE-gfp (erm)) [1] carries an additional GFP
reporter. The donor strains are B. spizizenii NRRL B-14472/W23 (hybrid library BSP1Z) and
B. vallismortis DV1-F-3 (hybrid libraries BVAL, BVAL _single and evolved hybrid libraries).

B. subtilis strains were grown either in complex medium (CM) at 37 or 42 °C or in chemically
defined medium supplemented with glucose (DM) or glycerol (DMgiycerol) at 37°C. CM and DM
are based on the Spizizen salts (6 g/l KH2POa, 14 g/l KoHPO4, 2 g/l (NH4)2SO4, 1 g/l tri-sodium
citrate dihydrate). CM was supplemented with 0.5 % D-glucose, 50 pg/ml L-histidine, L-
leucine, and L-methionine, 0.02 % casamino acids, 0.1 % yeast extract, and 0.5 mg/ml
MgCl-6H.0. DM was supplemented with 0.5 % glucose, 0.5 mg/ml sodium glutamate,
50 pg/ml L-histidine, L-leucine, and L-methionine, and 0.2 mg/ml MgSO4. DMgiycerol Was based
on the Spizizen salts without tri-sodium citrate dihydrate added and was supplemented with
0.2 mg/ml MgSOQOg4, 50 pg/ml L-histidine, L-leucine, and L-methionine, and 10% MEM-AA-
solution (Roth) and 5% MEM-NEAA-solution (Roth). Supplementation with amino acids was
necessary to support growth in this medium. Growth was monitored by measuring the ODegoo

on an Infinite M200 plate reader (Tecan, Méannedorf, Switzerland).

Measurement of generation times under different growth conditions

For the four different growth conditions that combine 3 growth media and 2 temperatures (Table
S2), we determined the generation time of the recipient strain Bs166 during exponential growth

phase by analysing OD curves measured with a plate reader (Tecan, infinite M200 Pro).

Prior to the measurement, the cells were grown overnight in the medium and temperature in
question. Then, cells were diluted into columns of a 96-well microtiter plate at 1:100, 1:1000,
1:10000 and growth curves were recorded every 6 minutes with 25 flashes of light with 600 nm
wavelength for ~12 h until they reached stationary phase. Shaking amplitude was 2.5 mm and
frequency was 250 rpm. The generation time t, was determined by measuring the time ¢ cells

in the dilution series needed to make up for a 10 fold higher dilution and calculating t, =t -
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For each condition, at least 60 growth curves were recorded on 3 individual days. Results

are shown in Table S3.

Generation of hybrid libraries BVAL and BSPIZ.

In wild type B. subtilis, competence for transformation is transient, i.e. bacteria stochastically
switch into the state of competence, and exit this state after ~ 2 h [2]. To mimic this behaviour,
we used strain Bs166 [1] which carries the master regulator for competence, comK, under the
control of an IPTG-inducible promoter and induced competence for 2 h in the presence of donor
DNA (Fig. 1a).

To generate the hybrid libraries BVAL and BSPIZ, genomic DNA of the donor species was
extracted using the Qiagen DNA Blood & Tissue kit. The predominating DNA fragment length
specified for this kit is ~ 30 kbp. The recipient Bs166 was grown overnight at 37 °C on LB agar
plates, a colony was picked, resuspended in CM, and then grown for 2.5 h at 37 °C in the liquid
medium. For transformation, competence was induced with 600 uM IPTG and genomic DNA
from B. vallismortis or B. spizizenii, respectively, at one genome equivalent per recipient cell.
After 2 h, cells were washed thrice with phosphate-buffered saline (PBS) and diluted 1:100 in
CM. We obtain a population of transformation hybrids from which we randomly pick hybrids

to generate monoclonal libraries BVAL and BSPIZ.

To ensure monoclonality, we added two more steps to the protocol. Competent B. subtilis are
growth-arrested and require ~ 2 h to resume growth after the escape from the competent state.
To resolve heteroduplexes formed during transformation, one cell division is required [3].
Therefore, cells were grown until the OD doubled. Exponentially growing B. subtilis form
chains. To ensure that chain formation does not interfere with monoclonality, 600 uM IPTG
was added for 2 h to resolve the chains. During this procedure, cells grew for only few

generations, and therefore, selection is minimal.

Then, cells were diluted 1:10°, plated on LB agar, and grown over night at 37 °C. Next day, 88
single colonies were picked, grown in CM, mixed with DMSO (10% v/v), and stored at — 80 °C.

Generation of BVAL single library. In the random replacement library BVAL, the
orthologously replaced segments contain coding regions as well as regulatory regions of the
genome. We addressed the question whether hybrids with individual donor genes replaced

showed strong fitness effects. Genes for the BVAL_single library were randomly picked from
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a list of B. subtilis genes having a homolog in B. vallismortis. Homologous genes were found
using the Basic Local Alignment Search Tool (blast) by aligning B. subtilis genes to
B. vallismortis and excluding those with 100 % sequence identity and all hits covering less than
90% of the gene’s length [2].

When generating this library, we faced the challenge that the replacement had to be free of
selective markers, as the latter might have introduced unwanted fitness effects. To this end, we
adapted a method for generating marker-less (aka clean) deletion mutants [4] for generating
clean replacements (Fig. S1). Specifically, the construction of the BVAL_single library was
performed by using the temperature-sensitive pMiniMad2 plasmid [4]. The method is based on
single crossover integration of the plasmid into the chromosome at the target locus at 37°C in
the presence of selection, where the vector replication is restricted and plasmid excision at the

permissive temperature in the absence of selection.

Primers used for the generation of the BVAL_single library were designed by using the
SnapGene® software (from Insightful Science) (Dataset S1). The gene replacement strategy is
based on the following protocol. Regions of 500 bp up- (5’-UTR) and downstream (3’-UTR)
of the target recipient gene and the donor gene were amplified by PCR under standard condition
using Q5 polymerase (NEB). Purified DNA fragments containing overlapping parts (OP) were
assembled with the NEBuilder Hifi DNA Assembly Master Mix (NEB) into the plasmid
backbone, which was also amplified with the Q5 polymerase using the primers pMiniMad_fwd
(5’-CACTGGCCGTCGTTTTAC-3") and pMiniMad rev (5°-
TGGCGTAATCATGGTCATAG-3’). The resulting plasmid was isolated from NEB10R strain
(NEB) and used to transform freshly prepared competent B. subtilis BD3836 [5]. After
transformation cells were plated on LB agar plates supplemented with lincomycin (20ug/ml)
and erythromycin (1pg/ml) and incubated overnight at 37°C. Eight single clones were randomly
selected and grown in liquid LB medium with lincomycin and erythromycin at 37°C overnight.
Next, transformants were cultured at room temperature for 2-3 days and diluted twice a day
1:30 in liquid LB medium. Several clones were tested via PCR for the gene replacement using
B. vallismortis specific primers (Bval_spec), which bind only to the B. vallismortis gene. The
loci of the positive clones were amplified by using primers seq_L and seq_R (Dataset S1) and

sequenced by Eurofins (Ebersberg, Germany).

The BVAL_single library consists of 24 strains each having a different gene fully replaced by

the donor’s ortholog (Dataset S1) and additional 19 strains with a partial replacement.
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Generation of libraries of evolved hybrid populations.

In the evolution assay, populations growing in parallel on 96-well microtiter plate were diluted
regularly. For this, we used an automated system integrated by the company HighRes
Biosolutions. The system consists of the following devices: Incubator (StoreX STX44,
Liconic), liquid-handling device (Lynx LM900, Dynamics Devices), robotic arm (Acell,
HighRes Biosolutions), plate reader (Synergy, BioTek Instruments), shaker (BioShake 3000
elm, Qlnstruments), plate storage (NanoServe, Acell, HighRes Biosolutions) and delidding

device (LidValet, HighRes Biosolutions).

We started by performing one transformation step with B. vallismortis DNA, as explained for
BVAL (Fig. 1a) resulting in a hybrid population. The population was washed, diluted to an OD
of 0.0008 in either CM or DM and split up into 88 wells on a 96-well microtiter plate (~1x10°
cfu/well). On this plate, hybrid populations were then grown in parallel at 37°C, at 500 rpm and
1 mm amplitude for ~450 generations, which amounted to 5 days in CM and 12.5 days in DM.
The cells were continuously kept in exponential growth phase by individually diluting each
well to OD 0.0008 after 4h in CM and 6h in DM, respectively. After ~ 450 generations, we
plated each population on a LB agar plate and picked one hybrid per population, thus generating
the monoclonal hybrid libraries BVALevoCM and BVALevoDM. As a reference for both
libraries, 88 wells of the recipient Bs166 were evolved in the respective media and the libraries
RECevoCM and RECevoDM were generated.

High-throughput competition assay.

For measuring the selection coefficients of different libraries under different growth conditions,
and their respective controls, we developed high-throughput competition experiments by
making use of the liquid-handling device (Lynx LM900, Dynamics Devices) and a flow-
cytometer (Beckman Coulter) that reads out 96-well microtiter plates. To measure the relative
fitness, strains are always competed against the reporter strain (RS), i.e. the gfp-expressing

recipient Bs175.

To prepare for the competition experiment, all 88 strains of the library of interest were grown
overnight in the medium later used for the competition on a 96-well microtiter plate together
with 5 wells of the control strain (non-transformed Bs166), and 3 wells containing only
medium. Additionally, RS was grown in an Erlenmeyer flask under the same conditions. For
most competition experiments, we ensured that the bacteria were in exponential growth phase

prior to the competition assay by diluting the overnight culture in medium and letting the cells
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grow out of lag phase for 2 h and 6 h, in CM and DM, respectively. The only exception was
the experiment in which we address the effect of the lag phase, where we immediately started

the competition with the overnight culture (Table S2).

For the actual competition experiment, we diluted the cells in PBS to 0.01 OD and then mixed
the cells on 96-well microtiter plates. We created 2-4 plates of mixes, aiming at a 1:1 ratio of
competitors, by slightly varying the added volume of strain/RS cells. The actual starting
fractions were determined with the flow-cytometer. All plates were diluted 1:10 in the growth
medium of interest and grown for at least 14 generations in exponential growth phase (in CM
at 37°C and 42°C: 4 h; in DM and DMgiyceror: 16 h) in a shaker at 37°C or 42°C, respectively.
For the competition assay including lag phase, cells were grown for 6 h, ~2 hiin lag and 4 h in
exponential growth phase. Table S2 gives an overview of the different growth conditions. We
prevented cells from reaching stationary phase. In CM, cells are still exponential after 4h. In
the case of the 16h competition in DM and DMgycerol, Cells were diluted during competition to
retain exponential growth. After the competition, all plates were diluted in PBS and the final

ratio of strain/ RS cells was measured with the flow-cytometer.

The selection coefficient of the i-th strain was calculated with the fraction x; of the strain of

interest and xg Of the reporter strain at the start t, and end time point ¢ as follows

oy (/a0

el Gowracyromms (to)). tq is the generation time of the recipient in the respective media

Si,RS =
(Table S3). For the DFEs, the selection coefficients s;,. were calculated relative to the

recipient’s fitness measured on the same experimental plate (details in Supplementary

Methods).

Each experiment ran independently on at least 3 days and the selection coefficients were
averaged values over days and plates. Not all 88 library samples could be considered, as
competitions with starting fractions of 40-60% measured on at least 2 days were required.
Detailed information on the analysis of the flow-cytometry data is given below. For each
library, the measured selection coefficients together represent the DFE for the applied

conditions.

The control DFEs were determined for each growth condition for 82 samples of the recipient

strain competing against RS with the same assay as used for the libraries.

Analysis of flow cytometry data. In the competition assay, we determined the fractions of the

library strains i and the competitor, the fluorescent reporter strain (RS), at the start and end time
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point of competition. We measured about 30000 events per sample at the flow-cytometer,
exported the raw data in the FCS3.0 format and processed it with Matlab after importing it with
the fca_readfcs function [6]. To include all events ascribed to cells and exclude debris, we
created a gate on the forward and side scatter data (FSC and SSC) and counted the events in the

gates to obtain the raw fraction of strain i and RS cells.

Two kinds of corrections were applied to the raw fractions determined by the flow-cytometer.
First, during the competition experiment, three positions on the 96-well microtiter plate
contained only RS cells that were used to correct for debris that may have been falsely detected
as cells. We detected a fraction d of events that was falsely categorized as non-fluorescent cells
per plate but that in fact were due to impurities in the solution or non-fluorescing RS cells. As
these events would have falsely been interpreted as non-gfp-expressing cells in the mixed
samples, we applied the following correction. For each competition sample, we computed the
fraction d of measured RS and then increased the fraction of RS and decreased the fraction of
strain i by this amount. We note that d, amounted to a minor correction only. For the further

analysis, we only considered samples with starting fractions of 40-60 %.

Second, we corrected for the slightly different fitness of the reporter strain RS compared to the
recipient » with the five wells on the 96-well plate that were used for recipient competition

during every experiment. First, we measured for each strain i the selection coefficient relative

xi(t)/xrs(t)
xi(to)/xrs(to)

to the direct competitor RS in the same well as s; s = ttg ln(

_to

). To calculate the

coefficient s;,. relative to the recipient, we determined the mean selection coefficient of the

recipient and RS as 5,zs from the 5 recipient wells on the same plate with s,ps=

tg ( X (t)/xRs(t)
t—t, xy(to)/xrs(to)

). For each strain i, the selection coefficients were finally determined as

Sir = Sirs — Sr,rs With the average of recipient fitness per day and plate. Afterwards, for each
library strain, for every day the values from different plates were averaged and the results
averaged over the individual measurement days. Each library was measured on at least 3 days
and only samples were considered in the DFE that were successfully measured on at least 2

days.

Statistical analysis of DFE.

For each distribution of fitness effects, we defined the strains with large fitness effects as
outliers. For this, we used the DFE of the control measurement obtained with the same assay

and performed a two-sided z-test with each strain of the hybrid library, obtaining p-values. We
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then applied the Bonferroni correction for multiple testing and defined outliers at the
significance level of a = 0.05. The DFE without the large effect transfer outliers was assumed

to be dominated by the remaining small effect transfers.

In order to compare the distribution of small fitness effects for the different conditions, we first
excluded outliers from the DFEs and then performed bootstrap analysis with 10000 resamples
on the sample statistics mean and standard deviation. From the sampling distributions of the
mean and standard deviation, we obtained the 95% confidence intervals for the sample

statistics.

Whole genome sequencing.

Clonal genomes of ancestral and evolved populations were obtained using next generation
sequencing (NGS) methods, in particular Illumina HiSeg. Samples were grown overnight in
CM at 37 °C. A 2 ml aliquot of that culture was pelleted at 16.7 xg for 3 min, decanted, and
then frozen at - 20 °C. Genomic DNA was isolated from the frozen pellet using the Qiagen
DNeasy Blood & Tissue Kit (Hilden, Germany) according to the manufacturer’s instructions.
A small aliquot of the isolated DNA was run on a 1% agarose gel with a 1 kb plus DNA Ladder
(Thermo Scientific) to check for degradation. Non-degraded samples were sent to Eurofins
Genomics (Ebersberg, Germany) for NGS. Sequencing was performed on an Illumina HiSeq
3000/4000 system with 150 bp paired-end reads and an average depth of ~ 450. Sequence
analysis was performed using the pipeline described in Power et al [1] and orthologous
replacements, insertions, deletions and duplications as well as mutations were detected as

described in the Supplementary Methods.

Detection of orthologous replacement, insertion, deletion, and duplication. We used the
protocol developed by Power et al for detecting orthologously replaced segments [1]. In short,
we created a master list of positions and bases representing point differences between donor
and recipient genomes. The sequencing reads of the library strains were mapped to the recipient
(NCBI RefSeq NC_000964.3, [7]) using Burrows-Wheeler Aligner (v.0.7.17) [8], and variants
were called with the mpileup function from samtools (samtools 1.8) and the call function from
bcftools (bcftools 1.8) [9]. At each donor-recipient divergence site, the sequence of the library
strain has a recipient (R) or donor (D) consensus. We inferred transfer segments in the evolved
sequence symmetrically in both directions, using the following algorithm: (1) The 3'-end of

each segment is marked by a D site that is followed by a sequence of 5 consecutive R alleles.
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The 3'-end coordinate of the segment was then assigned to the midpoint between the last D site
and first of the five R sites. (2) The 5'-end of each transfer segment was marked by a D site that
is preceded by a sequence of five consecutive R alleles. The 5'-end coordinate of the segment
was then assigned to the midpoint between the last of the five R sites and the first D sites.
Putting the 3'-ends and the 5'-ends together as orthologously replaced segment, only those were

accepted that contain a minimum of two D sites.

Allele differences between library sequences and R/D consensus sequences that were not
explained by orthologous replacement were ascribed to de novo point mutations. Alleles

inserted or deleted that were not explained by orthologous replacement were ascribed to indels.

Start and end positions of the accessory recipient/donor genes were defined using the coverage
of reads when mapping the sequenced donor reads on the recipient and vice versa. We
calculated the coverage per base from the mapped reads using bedtools (v2.26.0) [10]. Parts of
the genome, with a coverage below 50 for 150 subsequent bases we define to be the accessory
genome. All genes within these regions are accessory genes. Every part of the genome that does
not belong to the accessory genome has a homologue in the other species' genome and is called

core genome.

To identify deletions and duplications the genome coverage, per base, of library strains mapped
to recipient was calculated. After smoothing, the coverage with a sliding window of 30 bps, all
segments in which the coverage dropped down to zero for at least ten bases in a row were
defined to be deletions. These can be detected all over the genome of the library strains, both
the core and the accessory regions. To be accepted as duplication, the coverage has to hit twice

the genome-wide average coverage for ten subsequent bases.

We detected integrations of donor specific genes by mapping the sequencing reads of the library
strains stringently to the donor. Without integrations from the donor specific genes, we would
expect no coverage in the accessory regions of the donor. In case we found coverage in those
regions, and it is a maximum of 1.5 ¢ smaller than the genome-wide average coverage we
assumed this part to be integrated into the library strain. Testing this method reveals a resolution

down to 50 bp long integrations.

All protocols described above were tested using artificially designed sequencing data.
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Fig. S1 Generation of the single gene replacement library BVAL _single. A) The single gene

replacement libraries were generated by randomly selecting a core gene and fully or partially

replacing the recipient allele by the donor allele by means of marker-less replacement. B) The

library consists of hybrids in which a single core gene has been fully or partially replaced by its

donor ortholog.
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Fig. S2 Subsampling analysis of DFE. Random subsampling of the selection coefficients
suggests that the experimentally determined DFEs are likely to be representative for the DFE
of transformation. DFE data from the BVAL, BSPIZ and control measurement in complex
medium are pooled and subsamples are randomly drawn from the DFE data 100000 times.
Using a KS-test, each subsample is tested against the pooled data set and assigned a p-value.
Fractions of resampled datasets that are significantly different from the pooled data set (p <
0.05) are shown as a function of sample size. We conclude that at a sample size of 88 strains,
the probability that we do not describe the global shape of the "true” DFE correctly is on the
order of 1073,
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Fig. S4 Distribution of fitness effects of BVAL library with lag phase and at 42 °C.
Selection coefficients of library BVAL were determined in complex medium including the lag
phase A) - C) and at 42 °C D) — F). a) Distribution of selection coefficients s, resulting from
competition experiments between single strains of the BVAL library and the recipient
expressing gfp (Bs175) are shown (red). Control distribution (grey). B) Mean selection
coefficients sj;, and C) standard deviation oy, of core distributions after removing outliers.
D) Distribution of selection coefficients s,,- resulting from competition experiments between
single strains of the BVAL library and the recipient expressing gfp (Bs175) are shown (red).
Control distribution (grey). E) Mean selection coefficients s;5.. and F) standard deviation
a,5.¢c Of core distributions after removing outliers. Error bars: confidence intervals obtained

from bootstrap analysis.
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Fig. S5 Distribution of fitness effects of BVAL library in defined medium. Selection
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mixed in exponential phase and grown for 16 h. A) Distribution of selection coefficients spy
resulting from competition experiments between single strains of the BVAL library and the
recipient expressing gfp (Bs175) are shown (red). Control distribution (grey). B) Mean selection
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between single strains of the BVAL library and the recipient expressing gfp (Bs175) are shown
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intervals obtained from bootstrap analysis.
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326 Supplementary Tables

327
B. spizizenii (BSPI1Z) B. vallismortis (BVAL)
# SNPs 1274 (1977) 334 (655)
fraction core genome replaced 0.5 (0.8) % 0.1(0.2) %
length of replaced segment 4080 (4598) 1289 (1220)
# replaced segments 4 (4) 3(4)
# hit genes 21 (31) 6 (11)
# insertions 0.5 (0.5) 0
# deletions 0.2 (0.2) 0.1(0.3)
# de novo mutations 3(8) 0.3(0.7)
328

329 Table S1 Genomic changes of ten randomly chosen strains from BSPIZ and BVAL. A
330 randomly chosen subset of ten strains of each library were sequenced. Mean (standard

331 deviations) are shown.

332
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333

334

335
336
337
338
339
340

341

342

Medium Competition in| Temperature Library (sample size)
exp. phase
CM 4h 37°C BVAL (87), BVAL_single (43),
BSPIZ (87),
BVALevoCM (83), RECevoCM (86)
4h 42°C BVAL (88)
6h (incl. ~2h lag) | 37°C BVAL (87)
DM 16h 37°C BVAL (88)
BVALevoDM (88), RECevoDM (85)
DM_Glycerol |16h 37°C BVAL (86)

Table S2: The hybrid libraries were examined under different growth conditions with the

high-throughput competition assay. Cells were mostly competed in exponential growth phase

and the only exception was the measurement where the ~ 2h long lag phase was included (incl.

~ 2h lag). Library sizes can be less than 88, as selection coefficients could not be measured for

all samples. Each library was characterized on at least 3 days and for each condition, a control

was included with the same assay.
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343

Growth medium Temperature [°C] | Generation time [min]
CM 37 17,1 £0,2
CM 42 149+0,3
DM 37 39,0+0,2
DMgiycerol 37 48,3+0,3

344

345 Table S3 Generation time of the recipient strain Bs166 in different growth conditions.
346 Errors were calculated by performing error propagating with the standard error of the mean of

347 each individual measurement.

348
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Dataset S1 Genes replaced in BVAL_single

Dataset S2 Genetic changes of 10 fittest evolved strains
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A. Generation times

Strain

Generation Growth condition
time [min]

Bs210 16.1 £0.2 in CM at 37 °C
Bs224 16.2+0.3 in CM at 37 °C
Bs166 171+04 in CM at 37 °C

Figure A.1: Generation times of Bs166 (ancestor), Bs210 (pre-adapted to growth in liquid environment) and
Bs224 (pre-adapted to growth in structured environment).



B. Whole genome sequencing data

B.1. Pre-adaptation in structured environment

Strain Pos Ref Alt Mut Gene
pl.1col. 11 1316064 G A SNP rapA
2403267 G T SNP gudB
pl.1col. 9 1316653 C T SNP rapA
2403258 TG T indel gudB
2403261 T A SNP gudB
2403262 C A SNP gudB
2403263 C A SNP gudB
3527388 A T SNP epsC
pl. 2 col. 4 328580 G C SNP -
2015523 G A SNP ghtcC
3152512 C A SNP menF
3515756 C T SNP epsN
3733060 G A SNP tkmA
pl. 1 col. 4 118783 T C SNP rplK
954076 GT G indel spoOM
954079 T C SNP spoOM
1519136 AGCTGCT AGCTGCTGCT indel kinC
1918177 A T SNP lexA
2403237 A C SNP gudB
2403241 C A SNP gudB
2482645 T G SNP polyA
3732940 T G SNP tkmA
pl. 2 col. 10 713796 GAAAAA GAAAA indel yerA
1316328 T A SNP rapA
1552907 TAAAAA TAAAA indel ftsw
2403057 G A SNP gudB
pl.2 col. 9 2403057 G A SNP gudB
1580033 GTTTTTIT GTTTTT indel -
3628263 CGCAGGCGCCTGCAGGCGCC CGCAGGCGCC indel -

Figure B.2: Genetic variants found in the sequenced clones of populations pre-adapted to growth in a struc-
tured environment.



B.2. Evolution experiment in structured environment
B.2.1. Bs210ctl

Strain Pos (Start) End Length Ref Alt Mut Gene

Bs210ctl_01

Bs210ctl_02 2403057 G A SNP gudB

Bs210ctl_03 1178348 C T SNP yitl
1580033 GTTTTTT GTTTTI indel -

Bs210ctl_04 166813 TCC TC indel rrnH-16S
2403094 GAAAA GAAAAA indel gudB
2523573 A C SNP ygxC

Bs210ctl_05 863332 G A SNP rbn
2402134 C CT indel gudB

Figure B.3: Bs210ctl - Genetic variants found in the sequenced clones grown for 5 cycles in structured envi-
ronment. The variants that emerged already during pre-adaptation are shown in gray.



B.2.2. Bs210hyb

Strain Pos (Start) End Length Ref

Alt

Mut

Gene

Bs210hyb_01 806208 G

SNP

mtrA

1753279 1753546 268

replacement

spolllE

1753640 1763605 9966

replacement

spolllE
ymfC
bcbE
ymfF
ymfH
efpl
ymfJ
ymfKn
ymfKc
rodZ

pgsA
cinA

1763914 1764322 409

replacement

CinA

1764525 1768425 3901

replacement

recA
pbpX
rny

1771942 1777367 5426

replacement

kbl
miaB
ricA
cotE
mutS

3765022

ATTTI

ATTTTI

indel

Figure B.4: Genetic variants found in Bs210hyb 01 after 5 cycles on complex medium agar plates. The variants

that emerged already during pre-adaptation are shown in gray.




Strain Pos (Start) End Length Ref Alt Mut Gene
Bs210hyb_02

1756974 1757957 984 replacement ymfF
1758254 1770506 12253 replacement ymfF
ymfH
efol
ymfJ
ymfKn
ymfKc
rodZ
pgsA
cinA
recA
pbpX
rny
pdeB
spoVS
tdh
3253635 SNP comP
3499066 3500469 1404 replacement yvfR
rshQ
rsbP

Figure B.5: Genetic variants found in Bs210hyb_02 after 5 cycles on complex medium agar plates. The variants
that emerged already during pre-adaptation are shown in gray.



Strain Pos (Start) End Length Ref Alt Mut Gene
Bs210hyb_03

1741396 1771039 29644 replacement yixy
mipA
ymxH
SpoVFA
spoVFB
asd
dapG
dapA
rnjB
tepA
tep)
spolllE
ymfC
bcbE
ymfF
ymfH
efpl
ymfJ
ymfKn
ymfKc
rodZ
PgsA
cinA
recA
pbpX
rny
pdeB
spoVSs

Figure B.6: Genetic variants found in Bs210hyb 03 after 5 cycles on complex medium agar plates. The variants
that emerged already during pre-adaptation are shown in gray.



Strain Pos (Start) End Length Ref Alt Mut Gene
Bs210hyb_04

1760200 1764337 4138 replacement efpl
ymfJ
ymfKn
ymfKc
rodZ

pgsA
cinA

Bs210hyb_05 582086 G A SNP ydfB

1759279 1764812 5534 replacement ymfH
efpl
ymfJ
ymfKn
ymfKc
rodZ
PgsA
cinA
recA

3125754 3127051 1298 replacement asnB

3127534 3128451 918 replacement asnB
metK

3130323 3130488 166 replacement pckA

3130575 3130719 145 replacement pckA

3131193 3132280 1088 replacement ytmB
ytmA

3132518 3136003 3486 replacement ytlA
ytiC
ytiD
ropG
ytkC

3320691 3322272 1582 replacement lipA
lytH

3322738 3322837 100 replacement fisB

3323137 3323143 7 replacement fisB

3323342 3323440 99 replacement yunC

3323717 3324488 772 replacement yunD

Figure B.7: Genetic variants found in Bs210hyb_04 and Bs210hyb_05 after 5 cycles on complex medium agar
plates. The variants that emerged already during pre-adaptation are shown in gray.



B.2.3. Bs224ctl

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs224ctl_01

Bs224ctl_02

Bs224ctl_03

Bs224ctl_04
1859424 G T SNP pksS

Bs224ctl_05

Figure B.8: Bs224ctl - Genetic variants found in the sequenced clones grown for 5 cycles in structured envi-
ronment. The variants that emerged already during pre-adaptation are shown in gray.



B.2.4. Bs224hyb

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs224hyb_01

Bs224hyb_02

Bs224hyb_03

Bs224hyb_04

Bs224hyb_05

Figure B.9: Bs224hyb - Genetic variants found in the sequenced clones grown for 5 cycles in structured envi-
ronment. The variants that emerged already during pre-adaptation are shown in gray.
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B.3. Evolution experiment in liquid environment
B.3.1. Bs210ctl

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs210ctl_C02 211383 C T SNP -

Bs210ctl_C03
Bs210ctl_C04

Bs210ctl_C05

Bs210ctl_C06

Figure B.10: Genetic variants found in Bs210ctl clones after 5 cycles in liquid medium. The variants that emerged
already during pre-adaptation are shown in gray.
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B.3.2. Bs210hyb

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs210hyb_C02 166813 TCC TC indel rrnH-16S
2239581 G A SNP yomW
Bs210hyb_C03
1868741 T C SNP nrdl
3239608 T A SNP -
Bs210hyb_C04 1171029 C T SNP yitA
1625830 1625842 13 replacement pyrAB
4106257 4109105 2849 replacement qdol
gdoR
yXnA
4109136 C T SNP -
4109139 T C SNP -
4110908 4118330 7423 replacement yxaC
yxaB
glxK
gntR
gntK
gntP
gntZ
Bs210hyb_CO5 1711637 1711672 36 replacement flhG
1712495 1712549 55 replacement cheB
1714969 1717084 2116 replacement cheW
cheC
cheD
sigD
1718872 1718922 51 replacement tsf
1719549 1722157 2609 replacement tsf
pyrH
frr
uppS
cdsA
1722480 1722600 121 replacement cdsA
Bs210hyb_C06
2152052 A C SNP -

Figure B.11: Genetic variants found in Bs210hyb clones after 5 cycles in liquid medium. The variants that
emerged already during pre-adaptation are shown in gray.
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B.3.3. Bs224ctl

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs224ctl_C02 166813 TCC TC indel rrnH-16S
Bs224ctl_C03
2186959 T C SNP -
2186960 A G SNP -
2186965 T A SNP -
Bs224ctl_C04
1705733 ATTTTI ATTTT indel flia

Figure B.12: Genetic variants found in the sequenced clones from colonies Bs224ctl_C02 - C04 after 5 cycles
in liquid medium.The variants that emerged already during pre-adaptation are shown in gray.
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Strain Pos (Start) End Length Ref Alt Mut Gene

Bs224ctl_C05 166813 TCC TC indel rrnH-16S
2518567 G T SNP spoOA

Bs224ctl_C06 1204698 C A SNP -
1707430 TCACTA T indel flhB

Figure B.13: Genetic variants found in the sequenced clones from colonies Bs224ctl_C05 and C06 after 5 cycles
in liquid medium. The variants that emerged already during pre-adaptation are shown in gray.
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B.3.4. Bs224hyb

Strain Pos (Start) End Length Ref Alt Mut Gene
Bs224hyb_C02
2503340 A G SNP bcd
3638127 ATTTTT ATTTT indel flgL
Bs224hyb_C03
Bs224hyb_C04
1699075 G GAAAGCCAGCTG indel flik
2224910 T C SNP yonO
Bs224hyb_C05
1693682 CAAA CAAAA indel fliF

Figure B.14: Genetic variants found in the sequenced clones from colonies Bs224hyb_C02 - C05 after 5 cycles

in liquid medium. The variants that emerged already during pre-adaptation are shown in gray.
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Strain Pos (Start) End Length Ref Alt Mut Gene
Bs224hyb_C06 43132 43697 566 replacement trmNF
yazA
1128868 1129538 671 replacement ntdA
1874994 1879685 4692 replacement spoVK
hflx
ynbB
glnR
glnA
2317441 2317600 160 replacement bpsA
3246542 A G SNP -
3899893 3902235 2343 replacement ywdD
ywzG
pdxK
ywdA
sacA
3922941 3923060 120 replacement sirC

Figure B.15: Genetic variants found in in the sequenced clone from colony Bs224hyb_C06 after 5 cycles in
liquid medium. The variants that emerged already during pre-adaptation are shown in gray.
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C. Timelapse images

C.1. Timelapse images of pre-adaptation to growth in structured environments
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Pre-adaptation on CM agar plates - plate 1 Ancestor: Bs166 Start experiment: 10/01/2023

weer - - -
v o] bl Bt
m

sevo
R XX 1
vlgsloce s

DIOICICICICIC YIS

LB E N NENNE X

Figure C.16: Timelapse pre-adaptatation of Bs166 - plate 1.
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Pre-adaptation on CM agar plates - plate 2 Ancestor: Bs166 Start experiment: 10/01/2023
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Figure C.17: Timelapse pre-adaptatation of Bs166 - plate 2.
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C.1.1. Colony size over time during the pre-adaptation

Bs166 plate 1 Bs166 plate 2
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Mean * standard deviation of all colonies

Trajectories of single colonies

12

Figure C.18: Occupied area over time. In blue, the average colony size during adaptation is shown. The trajectory of

each single colony is depicted in gray.



C.2. Timelapse images of evolution experiment in structured environments

Evolution in structured environment Ancestor: Bs210 Start experiment: 07/12/2023
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Figure C.19: Timelapse evolution experiment Bs210ctl/Bs210hyb.
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Evolution in structured environment
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Figure C.20: Timelapse evolution experiment Bs224ctl/Bs224hyb.
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C.2.1. Colony size over time during the evolution experiment

Bs210ctl Bs210hyb
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Figure C.21: Occupied area over time. In blue, the average colony size is shown. The trajectory of each single colony

is depicted in gray.
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D. Examples for the used image segmentation

Bs166 preadaptatlon plate 1 - cy 12 85224hyb evqutlon in structured environm. - cy 5

Figure D.22: Image segmentation with Matlab. We apply an adaptive threshold to find the contours of the colonies.
In most cases, the contour lines are a good fit, but there are some exceptions (green).
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E. Filament correction of flow cytometry data
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Figure E.23: Filament correction of flow cytometry data. For different strains (Bs210, Bs224) in different growth
phases (stationary phase, early exponential growth phase (2h) and late exponential growth phase (6h)), the average
number of cells per replicate is counted using microscopy images of cells stained with Syto9. Cells from the same
cultures are measured with the flow cytometer to determine the average FSC-Width (FSC-W).
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Figure E.24: Filament correction of flow cytometry data - Fit. The relation between the average cell number and
the average FSC-W can be described by a linear function.
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