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Abstract

Bacteria occupy environments where they must compete with many species for limited
resources. One mechanism some bacterial strains employ is contact-dependent inhibition (CDI),
which involves toxin delivery upon direct cell-to-cell contact. CDI has been extensively studied,
with various toxin types, including DNases, RNases, and ionophores, being identified. Beyond
the inhibitory effect, CDI has been shown to influence gene expression as it was observed to
generate heterogeneity in isogenic bacterial populations. However, little is known regarding this
effect of CDI, emphasizing the need for further research to deepen our understanding of
bacterial competition and communication.

The aim of this project was to design and assemble genetic constructs that could be used as a
tool to study and characterise newly discovered CDI toxins. Specifically, the project focused on
examining gene expression changes induced by toxin exposure in isogenic populations.

To fulfil the project aim, we constructed chromosomal and plasmid-based reporter constructs,
where yellow fluorescent protein (sYFP2) was either transcriptionally fused to target genes or
driven by the promoters of the same genes. These reporter constructs were tested in
competitions against a wide array of CDI toxins and in strains with intracellular overexpression
of toxins. Fluorescence was assessed using flow cytometry and microscopy.

In this study we successfully constructed and tested a chromosomal fruA-sYFP2 reporter,
providing a tool for investigating response to toxins. While the construction of additional
reporters proved challenging, the project identified key factors critical for future reporter
development. These include evaluating transcriptional upregulation of target genes prior to
construct design, understanding how transcript length affects expression levels, and optimizing
the spacer sequence between the reporter genes stop codon and the fluorescent protein’s
ribosome binding site.
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Vapen eller brevduva? Samma gift till fiende och famil].

Hur kan man skapa verktyg f°r att ° ka f° rst—elsen kring bakteriernas
tv-sidiga vapenarsenal?

Popul@ rvetenskaplig Sammanfattning

Maria Frey

Bakterier lever i komplexa milj°er omgivna av flertal olika bakteriearter vilket inneb?r att de
m-ste konkurrera om resurser s-som n@ring eller plats. En metod som bakterier har utvecklat for
att konkurrera om dessa resurser @r kontaktberoende tillv@xth2mning vilket inneb?r att bakterier
kan blockera varandras tillv@xt genom direkt fysisk kontakt mellan bakteriecellerna. Detta sker
genom leverans av proteiner som agerar likt ett gift. Dessa gifter skadar mottagarcellen genom
att forst®ra viktiga komponenter av cellens biologiska maskineri. FOr att bakterien som levererar
giftet inte sj@lv ska skadas av det egna giftet producerar den ett eget immunitetsprotein som
interagerar med giftet i cellen och oskadligg®r det.

Trots att det kan verka som att gifterna @r en del av bakteriens vapenarsenal for att °ka dess
konkurrensf® rm-ga har forskning visat att bakterierna 2nd- f°redrar att leverera dessa gifter till
andra celler som har immunitetproteiner mot den levererade gifterna, allts- samma bakterieart.
Ny forskning har dessutom visat att giftet potentiellt kan ha en annan funktion n2r det levereras
till immuna celler, d®r giftet p-verkar hur mottagande celler aktiverar och anv®nder sina gener.
Varfer skulle d- bakterier leverera gift till immuna celler, och varf®r p-verkar giftleveransen
aktiviteten av gener i dessa celler? Fenomenet @r fortfarande inte v@l forst-tt och d@rfor beh®vs
det vidare forskning f°r att °ka v-r kunskap kring hur bakterier interagerar med varandra. En
battre forst-else av bakterieinteraktioner skulle bidra till utveckling av alternativa metoder for
att hantera antibiotikaresistens och fOr att skapa b2ttre probiotikakurer.

FOr att °ka v-r forst-else kring interaktionerna som ing-r under begreppet kontaktberoende
tillvaxth@mning behver vi fler verktyg som mejligger ett satt for oss att se vilka bakterier som
har f-tt gift levererat till sig och vilken typ av gift de har blivit utsatta f°r. Mitt projekt fokuserar
p- att hitta verktyg som kan underl2tta klassificering av nyfunna gifter. Under projektets g-ng
hanteras gifter av tre kategorier: DN:aser som angriper informationslagrande DNA, RN:aser
som angriper RNA n°dv@ndigt i proteinsproduktionen och jonoforer som g°r h-l i cellv®ggar.
FOr att kunna klassificera gifter i de tre kategorierna kan man utnyttja gener som aktiveras mer
n2r bakterien @r utsatt fOr giftet. Ett exempel p- en s-dan gen @r sulA. Genom att introducera
en gen for ett fluorescent eller fisj2lvlysanded protein bredvid exempelvis genen sulA kan man
enklare f°lja °kningen av genens aktivitet. Dessa tv- gener aktiveras tillsammans och blir en
s- kallad reporter. N@r sulA aktiveras kommer ett fluorescent protein att produceras och cellen
kommer att lysa, vilket i sin tur producerar en matbar signal. P- s s@tt kan man se vilka celler
har blivit utsatta for giftet. Projektet fors°ker d®rmed skapa reportrar som reagerar endast for
en viss typ av toxin.

Sammanfattningsvis har mitt projekt bidragit med en fungerande reporter men framfer allt
bidragit med information om hur man b°r skapa reportrar och vilka aspekter som kan p-verka
en reporters anv@ndbarhet och k&nslighet. Detta kan bidra till vidare forskning genom att ge en
inblick i viktiga komponenter av reportrar.
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1 Introduction

1.1 Bacterial competition

Bacteria live in highly competitive environments where they compete with other species for
limited resources (Cuthbert et al. 2022). To establish a niche, bacteria have evolved a variety of
strategies. These strategies include cooperative behaviors, such as biofilm formation or quorum
sensing (Carlson et al. 2017), as well as competitive behaviours to inhibit the growth of other
bacteria. Some competitive behaviours can involve small soluble molecules that are released
into the general environment such as colicins (Cascales et al. 2007), while other mechanisms
require direct cell to cell contact. One such competitive strategy is Contact-Dependent growth
Inhibition, also known as CDI (Klein et al. 2020).

1.2 Contact-dependent growth inhibition

CDI involves the delivery of a polymorphic protein toxin into the cytoplasm of target cells upon
direct contact. This toxin delivery typically results in growth inhibition or cell death unless the
recipient cell produces a specific immunity protein to neutralize the toxin (Aoki et al. 2010). In
CDiI, a single toxic protein is delivered to the target cell for each secretion event, specifically
targeting closely related strains (Aoki et al. 2005, 2008; Ruhe et al. 2018). This phenomenon
was initially observed in Escherichia coli (E. coli) EC93, a strain isolated from rat intestines,
which demonstrated the ability to inhibit the growth of the laboratory E. coli strain K-12 in
liquid medium (Aoki et al. 2005).

Further investigation revealed that this inhibitory effect required direct cell-to-cell contact and
was mediated by the cdiBAI gene cluster (Fig. 1a) (Aoki et al. 2005). The cdiB and cdiA
genes encode a two-partner secretion system responsible for toxin delivery. CdiB is an outer
membrane b-barrel protein which facilitates the export of CdiA across the outer membrane
(Aoki et al. 2005). CdiA, a stick-like protein, is composed of five main regions: a signal peptide
(SP) that directs translocation of CdiA into the periplasm, a two-partner secretion (TPS) domain
enabling export to the cell surface via CdiB, filamentous-hemagglutinin repeats (FHA-1, FHA-
2), a receptor-binding domain (RBD), and a C-terminal toxin domain (CT-toxin) (Aoki et al.
2005; Willett et al. 2015). The structural organization of cdiA is illustrated in Figure 1b. The
RBD of CdiA is responsible for the interaction with the outer membrane proteins on the surface
of the target cell (Ruhe et al. 2013; Beck et al. 2016).

There are four different classes of CdiA proteins identified in E. coli (Virtanen et al. 2019).
The recognition of the target cell can be highly species-specific depending on the class of CDI
system. This is caused by small variations in the outer membrane receptors that the RBD of
CdiA interacts with. These variations are highly conserved within species, meaning that certain
classes of CDI can only recognise target cells of the same species (Ruhe et al. 2013). The
transition from the conserved N-terminal region of CdiA to the polymorphic CT-toxin is defined
by a highly conserved VENN motif, which serves as a proteolytic cleavage site (Aoki et al.
2011). This cleavage allows for the transfer of the CdiA-CT toxin into the target cell (Aoki
et al. 2011; Bartelli et al. 2022). It has been shown that the translocation of the CdiA-CT



toxin is highly dependent on cleavage at the VENN motif. Specifically, this cleavage induces a
structural change in the entry domain that is essential for membrane translocation (Bartelli et al.
2022). In cases where CdiA-CT toxins are incorrectly processed and the entry domain fails to
undergo this structural change, the toxins are unable to translocate into the cytoplasm. The CT-
toxins display a diverse range of biological activities, including DNases, RNases, ionophores,
and nucleases (Morse et al. 2012; Webb et al. 2013). To prevent self-inhibition or inhibition by
kin cells, the toxin-producing cell expresses a Cdil cognate immunity protein, which neutralizes
the corresponding CT-toxin (Aoki et al. 2010).
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Figure (1) Schematic representation of the CDI system components. (a) Diagram of the cdiBAl
operon encoding the essential components of the CDI system. The cdiB gene encodes the outer mem-
brane protein responsible for secretion, cdiA encodes the cell-surface effector protein which is followed
by a C-terminal toxin domain (CT), and cdil encodes the cognate immunity protein which neutralizes the
CDlI toxin. (b) Structural organization of the CdiA protein. The signal peptide (SP) facilitates transloca-
tion into the periplasm, the two-partner secretion (TPS) domain enables CdiA export to the cell surface
via CdiB. The filamentous-hemagglutinin repeats (FHA-1 and FHA-2) stabilize the effector during inter-
action with the target cell. The receptor-binding domain (RBD) mediates recognition and attachment to
the target cell. The C-terminal region includes the toxin domain (CT), which is responsible for inhibitory
activity. The VENN motif, located immediately upstream of the CT-toxin domain, marks the beginning
of the variable CdiA-CT region. Figure created in BioRender.

1.2.1 Orphan modules

Besides the CdiA-CT region, CDI systems often contain gene pairs that carry a resemblance
to the cdiA-CT/cdil (toxin and immunity) modules downstream of cdiBAI genes (Poole et al.
2011). These pairs of genes lack the components of CdiA necessary for CT-toxin delivery but
still contain the VENN motif. These CdiA-CT proteins have therefore been collectively named
fiorphanso. A cdiBAI gene cluster is illustrated together with orphan modules in Figure 2. The
orphan genes are indicated with an o and a number which indicates the position of the module
in the cdi locus (Poole et al. 2011). For instance, an orphan gene at the 10th position in the cdi
cluster is referred to as pcdiBA-CT°X and the gene encoding the cognate immunity protein is
referred to as cdil®.

Orphan modules
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Figure (2) Schematic representation of cdiBAI gene cluster with orphan modules. The diagram
illustrates the cdiBAl gene cluster and associated orphan modules. Orphan modules containing toxin
immunity pairs are characterized by the VENN motif demarcating the beginning of the CT-toxin. Figure
created in BioRender.
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1.2.2 CDI and heterogeneity

Previous studies demonstrate that delivery of active CDI system toxins to kin cells, i.e. cells
expressing immunity, can induce changes in gene expression of some cells in the population
(Garcia et al. 2016; Eriksson et al. n.d). In addition, toxin delivery through cell-cell contact
between bacteria of the same species generates heterogeneity within bacterial populations by
altering gene expression in subpopulations (Eriksson et al. n.d; Ghosh et al. 2018). Eriksson
specifically demonstrated that moderate DNA damage, inflicted by toxins with DNase activity,
can trigger gene expression changes in exposed cells. However, the specific genes affected by
these toxins and the extent to which different toxins impact distinct sets of genes remains poorly
understood.

1.3 Reporter genes

Reporter genes are commonly used to study and monitor gene expression (Piwnica-WWorms
2003). A reporter gene is a gene that is used to monitor or measure the activity of a specific
promoter or genetic element within an organism. It encodes a protein whose expression can
be easily detected and quantified through various assays. Reporter genes are typically selected
for their ability to produce a measurable signal, such as fluorescence or enzymatic activity
(Piwnica-Worms 2003). Common examples of reporter genes include genes encoding fluo-
rescent proteins such as green fluorescent protein (GFP) or yellow fluorescent protein (YFP).
These genes can be fused in various ways with the gene of interest, its promoter, or regulatory
region (Boulin et al. 2006). This allows for the activity assessment of that promoter in response
to different conditions or stimuli, such as toxin exposure. Reporter genes allow for the visuali-
sation and quantification of gene expression, cellular processes, and protein localization within
living cells or organisms.

Reporter gene constructs can be designed in several ways depending on the experimental goals.
One approach involves creating a knock-out construct in which the original gene is replaced
by the reporter gene. This leaves only the promoter or regulatory region of the original gene
intact. These constructs are commonly referred to as transcriptional reporters (Boulin et al.
2006). Another approach involves insertion of a reporter gene in-frame with the original gene
of interest, resulting in a translational fusion between the two proteins. This allows for the
continued expression of the original protein while also enabling detection of the reporter gene.
However, this method may interfere with the function of the original protein due to potential
disruptions caused by the fusion (Boulin et al. 2006). Alternatively, the reporter gene can be
inserted downstream of the stop codon of the original gene, with the inclusion of an additional
ribosome binding site to allow the expression of the reporter protein. This approach results
in a transcriptional fusion where both genes are transcribed as an operon. This method can
result in formation of secondary structures in the mRNA which can have unpredictable effects
such as obstruction of RBS or translation termination (Kamieniarz-Gdula & Proudfoot 2019).
However, usually such reporter constructs do not suffer from these issues and this method is
advantageous as it does not require disrupting or knocking out the original gene.



1.4 Project aims

In this project our aim was to develop tools for studying and characterizing newly discovered
toxins involved in CDI systems through the design and assembly of genetic reporter constructs.
The focus was to identify gene expression changes induced by diverse toxins in isogenic popu-
lations to better understand the specific regulatory responses triggered by different toxin types.
Specifically, we seek to examine gene expression changes triggered by toxins in isogenic popu-
lations to gain a deeper understanding of how specific toxins influence cellular behavior and reg-
ulatory networks. To address the project aim, we constructed transcriptional fusion reporters by
integrating a gene cassette into the chromosome, downstream of the gene of interest (see Table
1). The cassette contained a yellow fluorescent protein (yfp) gene and a kanamycin resistance
gene (kmR). This allows for YFP to be expressed under the control of the native promoter of the
respective candidate gene. Plasmid-based reporter constructs were generated by cloning pre-
dicted promoter regions of candidate genes into a high-copy plasmid, upstream of yfp. Placing
the promoter upstream allows for yfp expression to be driven by those promoters. These ap-
proaches enabled the analysis of promoter activity and gene expression for the gene candidates.
The constructs were tested and evaluated through co-culture competition and overexpression
experiments where flow cytometry was used to evaluate YFP expression levels quantitatively.
Additionally, YFP expression was visualized using microscopy techniques and western blotting
to confirm the presence and levels of expressed YFP.

1.4.1 Reporter gene candidates

Previous to this project, cellular responses to toxin overexpression were analysed. Specifically,
the cellular responses to overexpression of toxins pcdiA-CT°!, pcdiA-CTEC®2 and pediA-CTYPEC
was assessed through transcriptomics analysis. The cells also expressed the corresponding cog-
nate immunity protein. The transcriptomics data indicated increased expression of specific
genes in response to the different toxins, suggesting that these genes could be used as reporters
of kin-intoxication. The genes that were chosen as reporter candidates and their functions are
listed in Table 1. The upregulation of transcription of these genes in response to the different
toxins is displayed in Figure 3. A large number of genes were selected to ensure that a suitable
reporter for each toxin could be identified.



Table (1) Candidate Genes for Reporter Construction and their Descriptions

Gene name  Description
fruA Fructose-specific PTS multiphosphoryl transfer protein involved in transporta-
tion of fructose (Prior & Kornberg 1988).
fimB Recombinase in E. coli responsible for the site-specific recombination catalysis
required for inversion of the fim switch (FimS), to control transcription of the
type | fimbrial structural genes (Burns et al. 2000).
cspB Cold shock-like protein CspB belongs to the CspA family of cold-shock pro-
teins and is induced at cold temperatures (Etchegaray & Inouye 1999).
glpD Aerobic glycerol 3-phosphate dehydrogenase (GIpD) (Ye & Larson 1988).
proX Part of the ProVWX cold-induced, high-affinity glycine betaine ATP-Binding
Cassette transporter periplasmic binding protein (Gul & Poolman 2013)
htrL Current function unknown (Keseler et al. 2011).
uvrA Subunit of the UvrABC nucleotide excision repair generalized DNA repair pro-
cess (Barnett & Kad 2019).
yahA/pdeL  Cyclic-guanylate-specific phosphodiesterase (Schmidt et al. 2005). The en-
zyme is involved in transcriptional regulation of motility related genes (Yilmaz
et al. 2020).
Heatmap for chosen reporter genes
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Figure (3) Heatmap of log2 fold change in gene transcription upregulation following toxin ex-
posure. The heatmap illustrates the log2 fold change in transcription levels of genes after 0 and 20
minutes of exposure to pcdiBA-CTEC®? (EC93), pcdiBA-CTYPEC (UPEC) , and pcdiBA-CT° (011), com-
pared to the empty vector control without CDI (EVC). Each row corresponds to a specific gene, while the
columns represent the time points (0 min and 20 min) and the toxin expressed. Color intensity reflects
the degree of transcription change, with green indicating upregulation and red indicating downregula-
tion. This Figure highlights the differential transcription responses of genes to toxin exposure over time

and across different toxins.
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1.4.2 Toxins

Cells with the reporters were competed with cells expressing the toxins (from here onreferred to
as inhibitors or inhibitor cells) to test the functionality of the constructed reporters. The toxins
expressed by inhibitors originate from the following strains: E. coli EC869, Dickeya dadantii
3937, Photorhabdus luminescens TTO, E. coli MHI1813, E. coli EC93 and Uropathogenic E. coli
UPEC536. In this study we investigated whether the DNases pcdiBA-CTP%d, pcdiBA-CTVH!,
pcdiBA-CTPU™ and pcdiBA-CT°Y: the tRNases pcdiBA-CTYPEC and pcdiBA-CT™"; and the
ionophores pcdiBA-CTEC® and pcdiBA-CTO trigger different reporters. Additional informa-
tion on the strains used in this project can be found in Tables 2 and 3 in Appendix A.



2 Materials and methods

2.1 Kits and reagents

PCR reactions were performed using Phusion High-Fidelity DNA Polymerase (Thermo Scien-
tificE; Cat. #F-530S) or DreamTaq DNA Polymerase (Thermo ScientificE; Cat. #£EP0701),
following the respective manufacturerés protocols. All oligos used for PCR amplification and
sequencing are provided in Table 5 in Appendix A.

Plasmid extractions were performed using the GeneJET Plasmid Miniprep Kit (Thermo Sci-
entificE; Cat. #K0502). All used plasmids are provided in Table 4 in Appendix A. De-
phosphorylation of DNA was performed using FastAP Thermosensitive Alkaline Phosphatase
(Thermo ScientificE; Cat. #EF0654). Plasmid digestion was performed using FastDigestE
Kpnl (Thermo ScientificE; Cat. #7D0524) and FastDigestE Xbal (Thermo ScientificE; Cat.
#FD0684) in FastDigestE Buffer (Thermo ScientificE; Cat. #864). Phosphorylation of DNA
ends was performed with T4 Polynucleotide Kinase (Thermo ScientificE; Cat. #£K0031), and
digested fragments were ligated using T4 DNA Ligase (Thermo ScientificE; Cat. #EL.0014).

PCR products were purified using the GeneJET PCR Purification Kit (Thermo ScientificE;
Cat. #K0701). Gel purification was performed using 1% agarose gels prepared in Tris-acetate
buffer (40 mM Tris-acetate, 1 mM EDTA), followed by gel extraction with the GeneJET Gel
Extraction Kit (Thermo ScientificE; Cat. #K0692).

2.2 Strain generation and cultivation

All bacterial strains used in the project were based on E. coli MG 1655 and are provided in Table
3 in Appendix A. Strains constructed during this project are provided in Table 2 in Appendix
A. Strains with chromosomal as well as plasmid reporters were generated. All PCR products
with amplified inserts were gel purified. PCR reactions for strain construction and verification
sequencing were performed using high fidelity Phusion DNA polymerase. For verification of
insertion without sequencing PCR was performed using DreamTaq DNA polymerase.

2.2.1 Plasmid constructs

Promoter regions for all reporter gene candidates were identified using the EcoCyc database
(Keseler et al. 2011). Restriction cloning was employed to introduce the promoter regions for
the genes of interest upstream of YFP on a pSC101 backbone (pSK3428). Promoter regions for
all genes were individually amplified through PCR where overhangs containing restriction sites
for Kpnl and Xbal were introduced. SK4953 was used as a template for PCR amplification of
promoter regions using oligos SK2947-2960. The general process is illustrated in Figure 4.
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Figure (4) Procedure for constructing promoter-yfp fusions. (a) The promoter region was ampli-
fied by PCR using primers which introduce overhangs containing Xbal and Kpnl restriction sites at the 56
and 3i ends, respectively. (b) A schematic illustrating the workflow for replacing a promoter in plasmid
pKS3428 using restriction site cloning. The PCR product and cloning vector were digested with Kpnl
and Xbal, generating compatible sticky ends on both DNA fragments. These sticky ends allow for the
new promoter to be ligated into the plasmid replacing the old promoter. Figure created in BioRender.

pSK3428 pSK7040

All PCR reactions were performed using Phusion DNA polymerase. Plasmid pSK3428 was
used as a cloning vector. The plasmid was extracted, digested using Kpnl together with Xbal
in FastDigest Buffer, and dephosphorylated using FastAP. The PCR-amplified insert was pu-
rified using PCR Purification Kit. Subsequently, the insert was digested using Kpnl and Xbal
in FastDigest Buffer and phosphorylated with T4 Polynucleotide Kinase. All digestion mixes
were incubated at 37 AC for 1h and heat-inactivated at 80 AC for 20 minutes. The 100 ng
vector plasmid was ligated with a 1:7 vector:insert molar ratio using T4 DNA ligase. Liga-
tion was performed on ice overnight and was followed by transformation into New England
BiolabsE DH5 competent E. coli cells (cat #C2987H) through heat-shock according to the
manufacturerds instructions. Colony PCR using DreamTaqg was performed using oligos SK926
and SK927 which was then followed by sequencing of extracted plasmids using oligo SK926
to verify the constructs.

2.2.2 Chromosomal constructs

All PCRs for chromosomal constructs was performed using Phusion DNA polymerase and 3%
DMSO unless specified otherwise.

SK7038 containing the chromosomal fimB-sYFP2 reporter was constructed through overlap
extension PCR. The construct included a kanamycin resistance (kmR) gene flanked by short
flippase recognition target (FRT) sites. The kmR gene was amplified from pSK412 using oli-
gos SK2945 and SK2946. The yfp gene was amplified from SK4953 using oligos SK2943
and SK2944. Once the fragments were joined, nested PCR with oligos SK2943 and SK2926
was performed to amplify the insert. This process is illustrated in Figure 5. SK7286 with
fimB-sYFP2 reporter containing kanamycin resistance was constructed through amplification
of SK4953 using oligos SK3110 and SK3111.
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The PCR product for both constructs was recombined into SK618 downstream of the fimB gene
using lambda red recombination. Colonies were then screened for kanamycin resistance and
verified through sequencing using oligos SK2963 and SK2964.
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Figure (5) Schematic representation of the insertion process for the YFP and KmR cassette and
overlap-extension PCR. (a) Diagram depicting the insertion site of the YFP and KmR cassette within
the chromosomal region between fimB and fimE. (b) Workflow of the overlap-extension PCR process
used to generate the cassette and its recombination into the chromosome. Initially, two DNA fragments
are amplified using primers that introduce overlaps with homologies corresponding to the chromosomal
destination (pink and blue) and complementary overhangs for fragment joining (orange). In the overlap-
extension stage 1, the two amplified fragments are joined together. In overlap-extension stage 2, the
joined fragment is further amplified. The resulting fragment is then introduced into the chromosome
through recombination. Figure created in BioRender.

The fruA-sYFP2 chromosomal reporter was assembled by amplification of yfp and kmR from the
previously tested dinQ-sYFP2 reporter construct (SK4953), using oligos SK2659 and SK2660.
The PCR product was recombined downstream of fruA in SK618 using lambda red recombi-
nation and then transduced through P1 transduction into SK841. This resulted in strain SK120
which included the chromosomal reporter fruA-sYFP2 and constitutively expressed BFP. The
construction of the fruA-sYFP2 reporter can be seen illustrated in Figure 6. The construct was
transduced into SK841 through P1 transduction.
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Figure (6) PCR amplification and chromosomal recombination of a YFP and KmR cassette using
&-Red recombination. A schematic representation of YFP and KmR integration downstream of the fruA
gene via homologous recombination facilitated by the a-Red recombination system. The DNA fragment
was PCR-amplified using primers designed to introduce homologous overhangs matching the target
chromosomal region. The homologous overhangs (represented by Hom1 in orange and Hom2 in red)
flank the fragment, allowing for it to be incorporated correctly during the recombination process. Figure
created in BioRender.

2.2.3 Overexpression strains

Strains SK7292, SK7293, SK7294, SK7295, SK7296, and SK7297A/7298B were generated
by transforming SK5050 with previously constructed plasmids pSK171 and pSK6861. After
transformation, cells were grown on 1% glucose to repress the arabinose-inducible promoter
and prevent premature expression of the toxin. To create overexpression strains SK7312 and
SK7313, SK5050 was co-transformed with pSK7040 and either pSK171 or pSK6861, generat-
ing the final strains containing the fruA-sYFP2 plasmid reporter pSK7040.

To construct the strains TSS transformation was performed. SK5050 with pcdil®® was grown
in 5 ml LB media to ODggy of 0.4-0.8 and pelleted by centrifugation at 4000 g for 5 min and
resuspended in 100 OI LB. 100 Ol of ice-cold 2x TSS, consisting of 10 g PEG 3500/similar, 3
ml 1 M MgCl,, 5 ml DMSO, LB to 50 ml, was added and the cells were aliquoted in 50 Ol to
ice-chilled tubes. 100-200 ng of DNA was added to the cells which were then incubated for 30
minutes. Following incubation 900 Ol of 1x TSS and glucose (final concentration of 0.1%) was
added and the cells were incubated at 37 AC with 200 rpm shaking for 2 hours. The cells were
then plated on agar plates containing chloramphenicol.

2.3 Bacteria and growth conditions

All bacterial strains were grown at 37 AC with 200 rpm shaking in Luria Broth (LB) contain-
ing 1% NaCl, 1% Tryptone, and 0.5% yeast extract (Gibco). All agar plates were made from
LB with 1.5% agar and antibiotics at following concentrations: ampicillin 200 Og/ml, chloram-
phenicol 12.5 Og/ml, kanamycin 50 Og/ml, tetracycline 50 Og/ml. All competition assays were
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performed in liquid M9 minimal media containing 1% glycerol and 0.2% cas-amino acids (M9-
gly1l6 CAA) from Gibco. Antibiotics were used as following for media supplementation when
applicable: ampicillin 200 Og/ml, chloramphenicol 12.5 Og/ml, kanamycin 50 Og/ml tetracy-
cline 50 Og/ml. For overexpression assay liquid M9 minimal media containing 1% glycerol
and 0.2% cas-amino acids was supplemented with 0.2% arabinose for overexpression and 1%
glucose for suppression.

2.4 Co-culture competition assay

Inhibitors and target cells were grown separately at 37 AC with 200 rpm shaking in M9 minimal
media without antibiotics and grown until reaching late exponential phase around ODgg of 0.7.
Upon reaching the correct OD inhibitor and target cells were mixed at a ratio of 5:1. The culture
was sampled immediately for time point O h, then allowed to grow for the remaining specified
time before being sampled again. The sampled culture was mixed 1:1 with M9 minimal media
supplemented with 100 Og/ml kanamycin on a dilution plate. The dilution plate was then incu-
bated for 30 minutes before serially diluting the samples to allow for fluorophore expression.
15 Ol of the undiluted inhibitor was also sampled and mixed with 185 Ol sterile filtered PBS for
flow cytometry analysis. Sampling was performed in the same manner as pictured in Figure 7
at all later time points. The dilution series for each timepoint were then spotted onto LB solid
media with kanamycin in order to quantify target cells as the number of colony-forming units
per millilitre (CFU/mI) to monitor target survival. As a positive control for reporter induction,
0.1 mg/L ciprofloxacin was added to target cells in absence of inhibitor cells. For microscopy
analysis, samples were spotted on agarose pads for further analysis following the competition.

Flow cytometry
analysis

Data analysis

A %YFP+

Target
O/N
culture

/| % Survival

1:5
Target : Inhibitor

Dilution series

Inhibitor
O/N
culture

Figure (7) Co-culture competition experiment. A schematic depicting the workflow of a co-culture
experiment designed to evaluate reporter induction and target cell survival. Target and inhibitor cultures
were initially grown separately in LB medium. Each culture was then diluted 1:100 into M9 minimal
medium and grown to an ODggg Of 0.7. At this stage, the cultures were mixed in a 1:5 ratio (tar-
get:inhibitor). Samples were collected at three time points: tO (immediately after mixing), t1, and t2.
These samples were analysed by flow cytometry to determine the percentage of YFP-positive cells in
the target population. Additionally, the samples were serially diluted and spotted onto agar plates to
monitor target cell survival through colony formation. Figure created in BioRender.
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2.5 Flow cytometry

Samples were diluted in sterile filtered PBS to achieve a flow rate of 1000-2000 events/s and
analysed using a MACS flow cytometer (Miltenyi E, Sweden), measuring up to 100 000 events
per sample. For the plasmid and chromosomal fruA-sYFP2 reporter, a BFP trigger was used,
while a side scatter trigger was applied for all remaining chromosomal reporters. YFP and BFP
were excited by a blue laser (488 nm; bandpass filter 525 nm channel B1) and a violet laser (405
nm; bandpass filter 450 nm channel Y2) using MACSQuant VYB (Miltenyi Biotec). All flow
cytometry data was analysed using FlowJoE software version 10.9.0 from Becton Dickinson
& Company (BD) 2006-2023. Statistical significance was determined using Students T-test
with a two-tailed distribution and two-sample unequal variance.

2.6 Microscopy

The cells were spotted and allowed to dry into agarose pads cast using 1% low-melting agarose.
The cells were then imaged using the 100 x objective of a Ti Microscope fluorescence micro-
scope with an Andor Zyla camera. Following settings were used: phase contrast images, 400
ms exposure with a 12.0 V Nikon Ti fiMonoo filter. BFP images, 40 ms exposure with a 3.0 V
Nikon Ti DAPI filter. YFP images, 200 ms exposure with a 3.0 V Nikon Ti FITC filter. FIJI
(Fiji 1s Just ImageJ) version 2.14.0/1.54f was used for all image analysis.

2.7 QOverexpression assay

Cells with cdil®™* and plasmids expressing pcdiBA-CTY or empty vector control without CDI
(EVC) under araBAD promoter were grown overnight in M9 minimal media supplemented with
1% glucose and chloramphenicol at 37 AC. The following day, the culture was diluted in fresh
M9 minimal media supplemented with 1% glucose and chloramphenicol to ODgy of 0.05 and
grown at 37 AC to ODgyo of 0.5. Upon reaching correct OD, the cells were spun down and
resuspended in M9 minimal media supplemented with 0.2% arabinose and chloramphenicol.
The cells were incubated at 37 AC for 0, 5 and 20 minutes respectively. Following incubation,
the media was supplemented with glucose (final concentration of 1%) and cells were incubated
for an additional 30 minutes. All cultures were then sampled for a dilution series and MACS
measurement. The dilution series was plated on M9 glycerol CAA plates supplemented with
1% glucose and chloramphenicol and incubated overnight at 30 AC.
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Figure (8) Workflow of the overexpression assay. A schematic representation of the experimental
workflow to assess cellular response to glucose addition. Cultures were diluted to an ODggo of 0.05 in
fresh M9 minimal media with 1% glucose and chloramphenicol and grown at 37 AC until reaching an
ODggp 0f 0.5. The cultures were then centrifuged, and the media was replaced with M9 minimal media
containing 0.2% arabinose and chloramphenicol. The culture was split into three aliquots. Glucose was
added to each aliquot at different time points: 0 minutes, 5 minutes, and 20 minutes, all cultures were
incubated for an additional 30 minutes. All samples were analysed by flow cytometry to measure reporter
induction and subjected to serial dilution and plating to assess viability. Figure created in BioRender.

2.8 Western blot

Inhibitors and target cells were grown separately at 37 AC with 200 rpm shaking in M9 minimal
media without antibiotics and grown until reaching late exponential phase around ODggg Of
0.7. Upon reaching the correct OD, inhibitor and target cells were mixed at a ratio of 5:1.
0.2 OD of the culture was sampled immediately for time point O h, then allowed to grow for
the remaining specified time before being sampled again for time point 1 h. The cells were
spun down and dissolved in loading dye (50 mM Tris pH 6.8, 1% SDS (w/v), 1% Triton X-
100, 10% Glycerol, 0.2% bromophenol blue), following an incubation at 95 AC for 5 minutes.
1 Ol TurboDNase (Thermo Fisher ScientificE; Cat. #AM2238) was added and the samples
were incubated on ice for 5 minutes, following incubation at 95 AC for an additional 5 minutes.
Once samples reached room temperature, DTT was added to a final concentration of 125 mM
and samples were spun down at 16 000 rpm for 3 minutes to pellet any remaining debris. To
visualise YFP, the samples were ran ona 4-12% NuPAGEE Bis-Tris Mini Protein Gel ( Thermo
Fisher ScientificE; Cat. #NP0321BOX) was used with 1x NUPAGEE MES SDS Running
Buffer (Thermo Fisher ScientificE; Cat. #NP0002). PageRuler Prestained Protein Ladder
(10 to 180 kDa) (Thermo Fisher ScientificE; Cat. #26616). Proteins were transferred to a
PVDF filter membrane using iBlotE 2 mini Transfer Stacks (Thermo Fisher ScientificE; Cat.
#1B24002) and InvitrogenE iBlotE 2 Gel Transfer Device. YFP was detected using Rabbit
Recombinant Monoclonal GFP antibody conjugated to Horse Radish Peroxidase (AbcamE;
Cat. #ab190584). All incubations were done in blocking buffer (5% (w/v) milk powder in
PBS) according to standard procedure. Proteins were visualised using the ChemiDocE MP
Imaging System (Bio-RadE).
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3 Results

The identification of toxins that activate specific gene reporters is essential for advancing
the understanding of CT-toxin classification, recognition and cellular responses of exposed
cells. Previously, several CT-toxin types have been characterized, including DNases, RNases,
ionophores, and nucleases (Morse et al. 2012, Webb et al. 2013). Although numerous toxins
within these categories have been identified and studied, many remain unexplored, and little is
known regarding their specific effects on target cells and their gene expression. To address this,
this project focused on constructing reporter genes which would enable the identification of the
CT-toxin type based on which gene reporter was activated, and thereby create a tool for studying
the effects various CT-toxins have onisogenic populations. To increase the likelihood of identi-
fying induction patterns and to uncover potential interaction between certain CT-toxins or toxin
types and regulatory networks, the constructed reporters are tested against a wide spectrum of
CT-toxins.

3.1 fruA-sYFP2 reporters

Transcriptomic analysis indicated that the fruA gene exhibits a two-fold increase intranscription
when exposed to pcdiBA-CTE®, indicating an upregulation of the gene in response to toxin
exposure (see Fig. 3). In contrast, no change in transcription was observed upon exposure to
pcdiBA-CTOY and a two-fold decrease in transcription was observed when the cell was exposed
to pcdiBA-CTYPEC, This suggests that fruA could potentially perform well as a specific reporter
gene for certain CT-toxins or toxin types. To explore the potential of fruA as a reporter gene
for toxin-induced expression, both chromosomal and plasmid-based reporter constructs were
designed and assembled. These reporter constructs were then tested against a broad spectrum
of CT-toxins, with the goal of determining whether specific CT-toxins or toxin types can induce
fruA expression.

3.1.1 Chromosomal fruA-sYFP2 reporter

The fruA-sYFP2 chromosomal reporter (SK120) was the first reporter construct developed for
the fruA gene, the reporter was therefore used in a broad competition assay to identify tox-
ins that cause the strongest induction of fruA expression. This assay involved a significantly
wider array of toxins compared to prior transcriptomic studies, which had been limited to test-
ing only pcdiBA-CT°Y, pcdiBA-CTYPEC, and pcdiBA-CTEC®, Our approach should provide a
clearer understanding of whether specific types of toxins can induce the reporter, or if induc-
tion occurs only with certain toxins. The toxins tested in this competition include pcdiBA-
CTP%d pediBA-CTMH! pediBA-CTPU™ pediBA-CTOM, pediBA-CTOM pediBA-CTUPEC pediBA-
CTMa" and pcdiBA-CTEC®,

We found that the average YFP-positive (YFP+) signal across all co-cultures increased over
time, starting at its lowest point at 0 minutes and reaching its peak at 60 minutes of competition.
The highest percentage of YFP+ cells for the chromosomal reporter were observed with pcdiBA-
CTEC®, pcdiBA-CTOY, and pcdiBA-CTPU™ where approximately 4i 6% of the target cells were
identified as YFP+ after 60 minutes of competition, as illustrated in Figure 9. The inactive
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