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Abstract 
Microorganisms live in complex communities and interact either through secreting 

soluble molecules or by delivering effectors in a contact dependent manner. Microbial 
interactions range from cooperative to competitive. Contact-dependent growth inhibition 
(CDI), discovered in Escherichia coli EC93, is becoming increasingly studied, as this mode of 
interaction seems to be widespread among proteobacteria. CDI is mediated by cdiBAI genes 
which encode for a two-partner secretion system; i.e. CdiB is an outer membrane protein that 
transports CdiA to the surface of the cell. CdiA can interact with a specific receptor on a target 
cell and deliver a toxin localized in its C-terminal domain to the target cell. CdiI is a small 
immunity protein that neutralizes the toxic effect of CdiA toxin. Recently, evidence from our 
research group has shown that E. coli EC93 harbours two cdi loci. The first cdi locus has been 
extensively studied but the role of second locus remained unknown.   

In this study we wanted to elucidate the activity and the role of second E. coli EC93 cdi 
locus in intra-strain bacterial interactions. Bacterial competitions of E. coli EC93 wild type 
versus E. coli EC93 targets that had deletions for one or both cdi loci showed that the second 
locus is indeed active in inhibiting the targets, albeit to a lesser extent than the first. The toxic 
activity of the second cdi-locus was neutralized specifically by the second immunity protein. 
The expression of both these systems is higher under carbon starvation conditions than in 
nutrient rich conditions. Unfortunately, we could not elucidate the mechanism of toxicity for 
the second cdi locus toxin. Taken together, our results show that E. coli EC93 actively uses 
both of its cdi loci during bacterial interactions and that these systems are more active during 
stressful conditions. 
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List of abbreviations 

BamA b-barrel assembly machinery protein A 
BFP Blue fluorescent protein 
CAM Chloramphenicol 
cAMP Cyclic adenosine monophosphate 
CDI Contact-dependent growth inhibition 
CdiA-CT CdiA C-terminal toxin domain 
cdiBAI  CDI genes 
CdiI CdiI immunity protein 
CFU Colony-forming units 
CI Competitive index 
CRP cAMP receptor protein 
CT C-terminal 
EC93 Escherichia coli EC93  
FHA Filamentous hemagglutinin 
KAN Kanamycin 
LB Luria Broth media 
NT N-terminal 
OD600 Optical density at 600 nm 
pB1 promoter of cdiB1 
pB2 promoter of cdiB2 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
POTRA Polypeptide-associated transport 
STREP Streptomycin 
T3SS Type 3 Secretion system 
T4SS Type 4 Secretion System 
T5SS Type 5 Secretion System 
T6SS Type 6 Secretion System 
TPS Two-partner secretion system 
YFP Yellow fluorescent protein 
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Introduction 

Bacterial intra- and interspecies interactions  
Bacteria live in microbial communities often competing for limited nutrients and space. 

To survive and proliferate they use a range of strategies, which span across the spectrum 
of intra- and interspecies cooperative to competitive behaviours (Hibbing et al. 2009). Bacterial 
interactions with neighbouring cells (sister cells or other strain/species) include secreted soluble 
products for interactions at a distance or direct cell-to-cell contact (Stubbendieck and Straight 
2016). 
Interactions by secreted compounds  

Quorum sensing is an example of bacterial interactions facilitated by small secreted 
signal molecules (e.g. autoinducers) that provide the bacteria with information about population 
density depending on the signal molecule concentration (Papenfort and Bassler 2016). Once a 
signal molecule concentration reaches a threshold it can then trigger specific group behaviour 
such as luminescence in Vibrio fisheri, a symbiont of a bob-tail squid Euprymna scolopes 
(Bassler 1999), or expression of virulence factors in Staphylococcus aureus during infection 
(Yarwood and Schlievert 2003). On the other hand, bacteria also secrete antibiotics (often 
regulated by quorum sensing) harming their competitors but not themselves (Hibbing et al. 
2009).  

In addition to antibiotics, bacteria can secrete bacteriocins, proteins that have 
bactericidal activity. E. coli are known for producing bacteriocins, known as colicins, under 
stress conditions and they have been extensively studied (Riley and Wertz 2002). Colicins 
produced by a certain bacterial strain are toxic to the related bacterial strains but not the 
producer (Cascales et al. 2007). Colicins can disrupt cell membrane potential or display 
endonuclease activity once in the target cell. Entry of colicins into a target cell is mediated by 
binding to a specific surface receptor protein of a phylogenetically related target cell (often 
nutrient importers). The producer cell protects itself from the colicin activity by producing an 
immunity protein and it secretes or releases colicins upon cell lysis. Bacteriocins are produced 
by plethora of bacterial species, including archaea, presenting a widespread mechanism used in 
competition among closely related microbes (Cascales et al. 2007).  
Interactions via cell-to-cell contact  

Contact dependent bacterial interactions where effector/signal molecules are delivered 
to prokaryotic or eukaryotic target cells are mediated by Type 3 secretion system (T3SS), Type 
4 secretion system (T4SS), Type 5 secretion system (T5SS), and Type 6 secretion system 
(T6SS) in gram-negative bacteria (Hayes et al. 2010). T3SS is a flagellum-like tube directed to 
eukaryotic cells, T4SS is a pilus based system, T5SS uses large secreted proteins that form a 
filament on the cell surface, and T6SS is homologous to T4 phage tail which penetrates the 
target cell and delivers the phage DNA (Hayes et al. 2010). Under the same principle, T6SS in 
bacteria delivers effector molecules directly to the cytoplasm of targeted cells, by piercing the 
target’s cell membranes (prokaryotic or eukaryotic) (Gallique et al. 2017, Basler 2015). 

These systems can be used in competition as well as in coordination of group cell 
behaviour. T6SS was first discovered in Vibrio cholerae as a virulence factor against amoeba, 
and Pseudomonas aeruginosa uses T6SS in interbacterial competition by directing it towards 
the attacker in bacterial “duelling” (Stubbendieck and Straight 2016). In has been observed that 
T6SS are recycled among sister cells; when T6SS is delivered to a sister cell it can initiate T6SS 
assembly and reuse delivered components which might increase the success of effector delivery 
to competitors (Stubbendieck and Straight 2016, Vettiger and Basler 2016). Biofilm production 
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in Pseudomonas fluorescens MFE01 depends on T6SS activation (Gallique et al. 2017), and 
Myxococcus uses T6SS during swarming for kin selection (Stubbendieck and Straight 2016).  

Two-partner secretion system (TPS) type 5b (subtype of T5SS) is associated with 
bacterial interactions in which bacteria secrete a large protein molecule to the cell surface, 
which can then interact with other cells in close proximity (Hayes et al. 2010). It was first 
discovered as a system that inhibits the growth of target cells upon contact (Aoki et al. 2005), 
and it has been named contact-dependent growth inhibition (CDI) although that might not be 
the only role of these systems.   

Type V Secretion System facilitated CDI in bacteria 
Discovery and organization of CDI systems  

Aoki et al. (2005) discovered that Escherichia coli EC93, an isolate from a rat’s 
intestine was able to inhibit the growth of E. coli laboratory strains in a contact dependent 
manner. Contact-dependent growth inhibition (CDI) is encoded by the cdiB, cdiA, and cdiI 
genes. Proteins CdiB and CdiA are homologous to TpsB secretor protein and TpsA partner 
effector protein of the TPS, respectively (Guérin et al. 2017).  

CdiB is an outer membrane β-barrel protein (65 kDa) that transports a very large CdiA 
protein (~319 kDa) across the outer cell-membrane, exposing it on the surface while still 
anchored to the cell membrane (Figure 1) (Ruhe et al. 2013, Hayes et al. 2010). Translocation 
of CdiA across inner membrane to the periplasm is facilitated by Sec transport mechanism 
(Guérin et al. 2017). CdiA contains an N-terminal (NT) TPS domain that facilitates transport 
by associating with polypeptide-associated transport (POTRA) domains of CdiB (Hayes et al. 
2010). The CdiA-NT is followed by a hemagglutinin repeat region, highly similar to Bordetella 
pertussis filamentous hemagglutinin (FHA), which is predicted to fold in a β-helical 
filamentous structure stretching 35-50 nm from the cell’s surface with the NT anchored to the 
cell membrane (Willett et al. 2015, Hayes et al. 2010).  

The toxic activity of CdiA is located to the C-terminal (CT) domain of CdiA (CdiA-
CT), located downstream of a conserved VENN peptide motif in E. coli (Figure 2) (Aoki et al. 
2010, Aoki et al. 2009). The inhibitor cell expressing CDI systems protects itself from CdiA-
CT's by producing a cognate immunity protein CdiI (8.9 kDa) that specifically binds to its 
cognate CdiA-CT (Ruhe et al. 2013, Aoki et al. 2010, Aoki et al. 2005). Upon contact with the 
target cell, CdiA binds to a specific target receptor via a binding domain located in the middle 
of CdiA, followed by proteolytic cleavage of the CT allowing it to enter the target cell via 
unknown mechanisms (Figure 1) (Ruhe et al. 2017). Two target cell receptors have been 
identified for CdiA binding; BamA (part of β-barrel assembly machinery) for CdiAEC93 from 
E. coli EC93, and osmoporins composed of OmpC and OmpF for CdiAUPEC536 from E. coli 
UPEC 536 (uropathogenic E. coli) ( Beck et al. 2016, Aoki et al. 2008).  
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Downstream of full-length cdiBAI loci, additional cdiA-CTo/cdiIo gene pairs lacking 

translation initiation systems have been found and termed “orphan modules” (Figure 2) 
(Hayes et al. 2014, Poole et al. 2011). Poole et al. (2011) also showed that orphan modules 
usually encoded the VENN peptide motif, and that CdiAo1-CT and CdiIo1 from EC93 retain 
toxicity and immunity when expressed in E. coli cells. Ruhe et al. (2013) propose that orphan 
modules can be expressed through cycles of cdiBAI loci duplication and recombination 
allowing the bacteria to use a new toxin from its weapons arsenal, as it has been observed in 
metagenomic studies that cdiA-CTo1/cdiIo1 module can translocate to full cdiA (Poole et al. 
2011). It is yet unknown whether orphan modules are expressed and if they have a purpose 
beyond potentially arming the inhibitor cell with new toxins after recombination events.  

 

 
 

 
Figure 1. Schematic picture showing multiple interaction scenarios between cells with CDI (CDI+) 
and potential target cells (CDI+ and CDI-). CDI+ inhibitor cell expresses CdiA on its surface through 
CdiB (center); upon binding to a specific receptor CdiA gets cleaved and CdiA-CT can enter the cell 
causing growth inhibition in related CDI- bacterium (bottom left). Isogenic CDI+ cell can receive 
CdiA-CT but it will be protected from its toxic activity by expressing CdiI (top left). Unrelated CDI- 
bacterium (bottom right) will not have a specific receptor for CdiA binding, therefore there will be 
no delivery of CdiA-CT, but other effects cannot be excluded. 
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Presence and diversity of CDI systems in bacteria 

Bioinformatic analyses of available bacterial genomes showed that CDI systems are 
present in a variety of α-, β- and γ-proteobacteria either on chromosome or pathogenicity islands 
mainly in pathogenic strains of a species (Ruhe et al. 2013, Aoki et al. 2010). In Burkholderia 
species cdi genes (termed bcp) are organized as bcpAIB, sometimes with an accessory bcpO 
gene between bcpI and bcpB (Anderson et al. 2012). Sequence alignments of BcpA and CdiA 
show that a (Q/E)LYN peptide motif is conserved in Burkholderia species, in contrast to the 
VENN peptide motif in E. coli (Anderson et al. 2012, Aoki et al. 2010). 

Even within species, the CdiA-CT sequences diverge greatly between CdiA proteins, 
together with the cognate CdiI sequences (Aoki et al. 2010). In spite of great sequence diversity, 
most CDI toxins characterized so far seem to disrupt membrane potential and degrade nucleic 
acids of the target cell (Hayes et al. 2014). Aoki et al. (2009) showed that CdiA-CTEC93 from 
E. coli EC93 disrupts the target cell membrane proton gradient leading to growth inhibition, 
CdiA-CTUPEC536 from E. coli UPEC 536 cleaves tRNA but not rRNA, or mRNA, and Dickeya 
dadantii 3937 CdiA-CTDd3937 was identified as a DNase that digests linear and supercoiled 
plasmid DNA (Aoki et al. 2010). Sequence analyses of toxin and immunity pairs predict DNase, 
RNase and peptidase activities for many CdiA-CTs, but the exact activity of many of the CDI 
toxins remains unknown (Willet et al. 2015). Recently CDI systems have been identified in 
pathogenic Acinetobacter baumanii, by which they can inhibit growth of sister cells that lack 
the immunity protein (Harding et al. 2018). Mercy et al. (2016) characterized CDI systems in 
Pseudomonas, revealing that they show greater diversity in peptide motifs prior to CdiA-CT 
than Burkholderia or E. coli species. CDI systems have been found in Pseudomonas species 
involved in human and plant diseases, but functional CDI systems inhibiting the growth of sister 
cells have only been characterized in Pseudomonas aeruginosa PAO1, P. aeruginosa PA7 and 
PA14, and a plant pathogen Pseudomonas syringae pv. Tomato DC3000 (Mercy et al. 2016).  
Other roles of CDI systems 

Even though these systems are termed “contact-dependent growth inhibition” systems, 
this does not seem to be their only role in bacterial biology. CDI systems can be used in kin 
selection by eliminating non-isogenic cells from the population that contains CDI systems 
(Ruhe et al. 2013). In E. coli EC93 CdiA promotes intraspecies intercellular adhesion by 
binding to BamA or by CdiA-CdiA interactions, thus promoting biofilm formation (Ruhe et al. 
2015, Aoki et al. 2008). Burkholderia thailandensis uses CDI systems to deliver toxins to 
immune sister cells which changes their gene expression (Garcia et al. 2016). Phenotypic 

 
Figure 2. Schematic representation of cdiBAI locus with a downstream orphan module cdiA-
CTo1/cdiIo1. Enlarged cdiA scheme shows the approximate location of TPS domain (TPS) that 
facilitates transport through CdiB, receptor binding region (RBR) responsible for CdiA binding to a 
specific target receptor, and VENN peptide motif preceding the toxic CdiA-CT domain.  
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changes associated with changes in gene expression, upon toxin delivery to immune sister cells, 
promote biofilm formation and other group behaviours which indicates that CDI systems can 
be used in signalling between isogenic cells, termed “contact-dependent signalling” (Garcia et 
al. 2016).  

In pathogenic bacteria such as P. aeruginosa and A. baumanii CDI systems are involved 
in infections by coordinating group behaviour and facilitating competition between the 
pathogen and other bacteria present in the host (Harding et al. 2018, Melvin et al. 2017). 
Recently, Ghosh et al. (2018) showed that CDI systems are involved in persister formation. 
Bacterial persister cells are a subpopulation of antibiotic resistant cells due to slow growth 
and/or metabolic inactivity. The persister phenotype is hypothesized to be beneficial in times 
of environmental stress where the majority of bacterial population might not be able to survive 
since persisters stay growth arrested and viable until conditions improve and allow for growth. 
Persisters have been linked to chronic infections and antibiotic resistance or tolerance during 
treatment (Fisher et al. 2017). CDI systems facilitate persister formation in a density dependent 
manner where a high number of CDI conferring cells can deliver more toxin to a sister cell 
rendering the immunity protein insufficient, thus leading to growth arrest of subpopulation of 
cells and creating heterogeneity in a bacterial population (Ghosh et al. 2018). CDI systems are 
widespread among bacteria, often species specific and it is becoming apparent that they are 
involved in many aspects of bacterial intra- and interspecies interactions, from antagonistic 
interactions to coordinating group behaviours, which calls for further investigations of both 
characterized and uncharacterized CDI systems. 

CDI in Escherichia coli EC93 
CDI was first discovered in EC93 but very little is known about how and when CDI is 

expressed or what else the genome of EC93 contains (Aoki et al. 2005). Previous studies on the 
first discovered EC93 CDI locus (cdiBAI1EC93) showed that it inhibits laboratory strains of E. 
coli in a contact-dependent manner (as described above). BamA has been identified as a target 
receptor by selecting E. coli K-12 mutants resistant to CDI from EC93 (Aoki et al. 2008). Along 
with mutations in BamA, resistance was observed in mutants lacking the inner membrane 
transport protein AcrB, but AcrB is not required for cell-to-cell binding (Aoki et al. 2008). Both 
BamA and AcrB are required for EC93 facilitated CDI which causes reversible growth 
inhibition by disrupting proton motive force of target cells (Aoki et al. 2009). Thus CdiA1-CT 
EC93 acts as a ionophore toxin causing leakage of ions from the target cell, and CdiI1EC93 
presumably localizes to the inner membrane where it can prevent the assembly or gate the 
membrane pore to prevent ion leakage (Hayes et al. 2014).  

Ruhe et al. (2015) showed that CdiA1EC93 and BamA binding promotes biofilm 
formation, and that CdiA1EC93-CdiA1EC93 interactions independent of BamA also initiate cell-
to-cell adhesion; BamA dependent and BamA independent cell-to-cell binding are facilitated 
through different binding domains of CdiA1EC93. Orphan modules with high sequence similarity 
to E. coli UPEC 536 CDI were identified downstream of the cdiBAI1EC93 locus and termed cdiA-
CTo1EC93 and cdiIo1EC93 (Poole et al. 2011). EC93 cdiBAI1EC93 is expressed under laboratory 
conditions and inhibits target cells when EC93 is in logarithmic growth phase, while target cells 
can be inhibited regardless of growth phase (Aoki et al. 2005). 
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Aims of this study 
A second EC93 CDI locus (cdiBAI2EC93) was identified recently by whole genome 

sequencing of EC93 (unpublished data), but the activity of that locus remains unknown. 
Through sequence alignments it is speculated that cdiBAI2EC93 targets the same receptors as 
cdiBAI1EC93, but whether the immunities are specific to their cognate CdiA-CT is not known. 
The aim of this study was to answer questions regarding when are the two CDI loci in EC93 
expressed, whether expressed cdiI2EC93 interacts with cdiA1EC93, and what are the toxic effects 
of CdiA2-CTEC93 by the following experiments (the cdi loci and protein products of EC93 will 
further be referred to as cdiBAI and CdiBAI, with loci numbers, unless noted otherwise): 
 

• Competition experiments: To determine importance of cdiBAI1 and cdiBAI2 loci in 
EC93 wild type, these loci were knocked out to produce ∆cdiBAI1, ∆cdiBAI2, or both 
∆cdiBAI1 ∆cdiBAI2 EC93 cells. Knockouts were then competed with the EC93 wild 
type to observe the extent of inhibition dependent on loci deleted from the target cell. 
Complementation experiments to test CdiI1 and CdiI2 specificity were done by 
transforming each knockout with a plasmid containing either cdiI1 or cdiI2 gene and 
competing them against EC93 wild type. We hypothesized that ∆cdiBAI1 should be 
rescued by expressing plasmid-borne CdiI1, and ∆cdiBAI2 should be rescued by 
expressing plasmid-borne CdiI2, but not vice versa.  

• Expression of cdiBAI1 and cdiBAI2: To determine in which conditions cdiBAI1 and 
cdiBAI2 are expressed, a double reporter plasmid was constructed with promotors of 
cdiB1 (pB1) and cdiB2 (pB2) inducing expression of yellow fluorescent protein (YFP) 
and blue fluorescent protein (BFP), respectively. YFP and BFP were both tagged 
with degradation tags, which would allow for discrimination of YFP and BFP signals 
during different stages of bacterial growth. This reporter plasmid can be used in EC93 
wild type under a plethora of conditions but in this study we decided to test the 
activity of pB1 and pB2 in nutrient rich broth, M9 minimal media with glucose and 
M9 minimal media with glycerol to see potential differences in expression dependent 
on nutrient availability. 

• Toxic activity of CdiA2-CT: To determine toxic activity of the CdiA2-CT we tried 
to construct a clean system in which the CdiA2-CT is constitutively expressed, while 
CdiI2 is inducible and titratable by arabinose under pBAD33 promoter. By 
controlling the amounts of CdiI2 by arabinose, lowering the concentration of 
arabinose in the media would allow for observation of CdiA2-CT toxic effects, while 
glucose would almost completely inhibit cdiI2 expression. To achieve titration of 
induction of cdiI2 we used an E. coli strain which takes up but does not metabolize 
arabinose, thus preventing arabinose degradation in the media making the 
concentration of arabinose almost constant over time.   

 
  



 9 

Materials and methods  

Bacterial strains, plasmids and growth conditions 
Table 1. Bacterial strains used in EC93 bacterial competitions, expression of cdiBAI1 and cdiBAI2, and toxic 
activity of cdiA2-CT experiments. Antibiotic markers used are chloramphenicol (cmR), kanamycin (kmR), and 
streptomycin (smR). 

Strain number Strain genotype 

Bacterial competitions 
SK158  E. coli from Charles River K93 rat colony (Eco EC93 wild type) 
SK1752 NEB 5-alpha /pCloDF1(pJ23101:cdiI1) (EC93 main immunity gene); smR 
SK2667 NEB 5-alpha /pCloDF1(pJ23116); smR 
SK2775 NEB 5-alpha /pCloDF(pJ23116:cdiI2) (EC93 second immunity gene); smR 
SK2657 Eco EC93 cdiBAI2::kan; kmR 

SK2837 Eco EC93 cdiAI1::cat; cmR 
SK2838 Eco EC93 cdiAI1::cat ∆cdiBAI2; cmR 
SK3097 Eco EC93 /pCloDF1 pJ23101:cdiI1; smR 
SK3098 Eco EC93 /pCloDF1 pJ23116:cdiI2; smR 
SK3116 Eco EC93 cdiAI1::cat /pCloDF1 pJ23101:cdiI1; cmR, smR 
SK3117 Eco EC93 cdiAI1::cat /pCloDF1 pJ23116:cdiI2; cmR, smR 
SK3118 Eco EC93 cdiAI1::cat ∆cdiBAI2 /pCloDF1 pJ23101:cdiI1; cmR, smR 
SK3119 Eco EC93 cdiAI1::cat ∆cdiBAI2 /pCloDF1 pJ23116:cdiI2; cmR, smR 
SK3120 Eco EC93 cdiBAI2::kan /pCloDF1 pJ23101:cdiI1; kmR, smR 
SK3121 Eco EC93 cdiBAI2::kan /pCloDF1 pJ23116:cdiI2; kmR, smR 

Expression of cdiBAI1 and cdiBAI2 
SK158  E. coli from Charles River K93 rat colony (Eco EC93 wild type) 
SK2292 DH5alfa /pSC101 pJ23101:sYFP2(deg-tag) pOsmY:mtagBFP2(deg-tag); kmR 
SK2531 Eco EC93 /pSC101 pJ23101:sYFP2(deg-tag) pOsmY:mtagBFP2(deg-tag); kmR 
SK3095 NEB 5-alpha /pSC101 pB1:sYFP2(deg-tag) pB2:mtagBFP2(deg-tag); kmR 
SK3096 Eco EC93 /pSC101 pB1:sYFP2(deg-tag) pB2:mtagBFP2(deg-tag); kmR 

Toxic activity of cdiA2-CT 
SK2569 Eco MG1655 ∆sspB; pSC101 pJ23106:cdiA2-CT-YFP; kmR 
SK2575 Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE 
SK2621 Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE /pSC101 (empty) kmR 
SK2783 NEB 5-alpha /pBAD33::cdiI2 (EC93) cmR 
SK2799 Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE/ pBAD33::cdiI2 (EC93) CmR 

SK2900 Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE /pSC101 (empty) kmR / 
pBAD33::cdiI2 (EC93) cmR 

SK2901 Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE/ pSC101 pJ23106:cdiA2-CT-YFP 
kmR / pBAD33::cdiI2 (EC93) cmR 

SK3113  Eco MG1655 ∆araFGH ∆araBAD pJ23106:araE /pSC101 (empty) kmR /pBAD33 
(empty) cmR 

 Bacteria were grown in Luria Broth (LB) or on LB agar plates at 37 °C unless otherwise 
noted. LB was comprised of 10 g of tryptone, 5 g of yeast extract and 10 g of NaCl per liter, 
with 1% agarose for plates. M9 minimal media was comprised of 1xM9 salts, 2 mM MgSO4, 
0.1 mM CaCl2 and supplemented with a carbon source (glucose or glycerol) to a percentage 
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specific to each experiment. Antibiotics were supplemented to the media in following 
concentrations: kanamycin (KAN) 50 µg/ml, chloramphenicol (CAM) 12.5 µg/ml, 
streptomycin (STREP) 50 µg/ml in LB, 100 µg/ml in LB plates unless noted otherwise. Strains 
and plasmids used in this study are listed in Table 1, oligos used in this study are listed in Table 
S1, and polymerase-chain reaction (PCR) specifications are listed in Table S2. 

Bacterial competitions 
Construction of immunity plasmid 

A pCloDF1 plasmid encoding the second immunity gene cdiI2 under the pJ23101 
promoter was constructed by amplifying cdiI2 from EC93 (SK158) by PCR with oligos that 
introduced restriction sites for BamHI and SalI to the amplified fragment (oligos SK1117 and 
SK1118, for oligos refer to Table S1). Vector for cloning (pCloDF pJ23116) was purified by 
GeneJET Plasmid Miniprep Kit (Thermo Fisher) from SK2667. The DNA fragment containing 
cdiI2 was gel purified (GeneJET Gel Extraction kit by Thermo Fisher). Vector (pCloDF 
pJ23116) and the insert (DNA fragment containing cdiI2) were separately treated with 
FastDigest BamHI and FastDigest SalI enzymes (enzymes and protocol by Thermo Fisher). 
Then vector and insert were ligated (ligation mix contained 100 ng vector DNA, insert DNA in 
1:1, 3:1, 5:1 ratio over vector, 1 U T4 DNA ligase (ThermoFisher), 2 µl 10x FastDigest Buffer 
and 1 µl 10mM ATP, ultra-pure water (σH2O) up to 20 ul of total volume, incubated at 22 °C 
for 1 hour). Ligated plasmid was transformed into NEB5-alpha C2987H E. coli cloning strain, 
further referred to as NEB5-alpha (protocol from New England BioLabs, USA). Positive 
transformants were selected on STREP plates, verified by colony PCR (oligos SK1178 and 
SK987) and sequencing (Eurofins). One verified positive transformant was stocked as SK2775. 
Plasmids for transformation were purified by GeneJET Plasmid Miniprep Kit (Thermo Fisher) 
from SK1752 (pCloDF1 pJ23101:cdiI1), and SK2775 (pCloDF pJ23116:cdiI2). Each plasmid 
was transformed into EC93 wild type and knockouts by electroporation. Positive transformants 
were selected on STREP and stocked as indicated by strain number in Table 1. For bacterial 
competitions EC93 wild type (SK158) and already made knockouts of ∆cdiAI1 (SK2837), 
∆cdiBAI2 (SK2657) and both ∆cdiAI1 ∆cdiBAI2 (SK2838) were used. For complementation 
experiments each aforementioned strain was transformed by electroporation with a plasmid 
containing either cdiI1 or cdiI2 immunity gene under a pJ23101 or pJ23116 promoter, 
respectively (SK1752 and SK2775).  
Competitions in liquid media 

For competitions in liquid media, inhibitors and targets were grown in LB 
(supplemented with 30 µg/ml STREP for complementation experiments) over night at 37 °C 
and 200 rpm shaking for at least 16 hours. Targets and inhibitors were mixed at a 1:10 ratio 
from overnight cultures, diluted 1:100 in 1 ml LB in 5 ml Eppendorf tubes and incubated at 37 
°C and 200 rpm shaking for 5 hours. At 0 hours an aliquot of target and inhibitor mix was 
serially diluted in phosphate-buffered saline solution (PBS) and plated on LA (for viable 
counts) and LA with antibiotic (to select targets) by spotting, to obtain the number of cells in 
the mixture through colony-forming units (CFU) per milliliter. Target CFU was obtained from 
plates with antibiotic (as targets have an antibiotic resistance marker gene; see Table 1), and 
inhibitor CFU was obtained by subtracting the target CFU from CFU of plates without 
antibiotic (viable counts). After 5 hours the competitions were diluted, plated and CFU numbers 
were obtained as described above. Competitive index (CI) was calculated as the change in ratio 
of targets and inhibitors over time:   

Competitive	index	(CI)=CFU	target	(5h)	/	CFU	inhibitor	(5h)CFU	target	(0h)	/	CFU	inhibitor	(0h) 
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Competitions on plates  
For competition on plates, inhibitors and targets were grown in LB (supplemented with 

30 µg/ml STREP for complementation experiments) over night at 37 °C and 200 rpm shaking 
for at least 16 hours. Targets and inhibitors were mixed at a 1:10 ratio from overnight cultures, 
and 20 µl of the mix was spotted on LA plate, incubated for 24 hours at 37 °C. Number of cells 
at 0 hours was determined as in competitions in liquid media. After 24 hours the cells from the 
plates were resuspended in 1 ml PBS, diluted and plated by spotting to enumerate cells in the 
same way as above. Competitive index for plate competitions was calculated as follows:  

Competitive	index	(CI)= CFU	target	(24h)	/	CFU	inhibitor	(24h)CFU	target	(0h)	/	CFU	inhibitor	(0h)  

Expression of cdiBAI1 and cdiBAI2 loci 
Constructing fluorescence dual reporter plasmid  

To construct a dual fluorescence reporter plasmid with EC93 cdiB1 and cdiB2 promoters 
(pB1 and pB2, respectively) inducing expression of YFP and BFP, already made DNA segment 
that had EC93 pB1 and pB2 sequences was amplified with oligos SK873 And SK874 by PCR 
and gel purified by GeneJET Gel Exctraction Kit (Thermo Fisher). Vector plasmid with 
fluorophores YFP and BFP that contain medium degradation tags (from SK2292) was amplified 
with oligos SK922 and SK923 by PCR to obtain a linear DNA to be used for cloning in the 
insert containing pB1 and pB2. The vector amplification product was gel purified (GeneJET 
Gel Exctraction Kit by Thermo Fisher) for downstream reactions. Insert was phosphorylated 
by T4 Polynucleotide Kinase (enzyme and protocol from Thermo Fisher), then phosphorylated 
insert and vector were ligated by T4 DNA Ligase (blunt end ligation protocol and enzyme from 
Thermo Fisher), and transformed into NEB5-alpha (New England Biolabs, USA protocol). 
Transformants were verified for the presence of the insert by colony PCR (oligos SK926 and 
SK927). Plasmids were purified from positive transformants by GeneJET Plasmid Miniprep 
Kit (Thermo Fisher) and the plasmid was verified by sequencing regions of interest such as 
origin of replication, antibiotic resistance marker, fluorophores, and insert containing the 
promotors (oligos SK482, SK483, SK484, SK485, SK487, SK488; Eurofins). One verified 
transformant was stocked as SK3095 with following genotype pSC101 pB1:sYFP2(deg-tag) 
pB2:mtagBFP2(deg-tag). SK3095 plasmid with the correct sequences was transformed into 
EC93 (SK158) by electroporation and stocked as SK3096. All transformants were selected on 
plates with 50 µg/ml KAN. 
Measuring growth curves and fluorophore expression 

EC93 (SK158), EC93 with pSC101 pJ23101:sYFP2(deg-tag) pOsmY:mtagBFP2(deg-
tag) (SK2531), and EC93 with pSC101 pB1:sYFP2(deg-tag) pB2:mtagBFP2(deg-tag) 
(SK3096) were grown over night in 5 ml LB or LB supplemented with KAN (for SK2531 and 
SK3096) at 37 °C and 200 rpm shaking for at least 16 hours. The cultures were diluted in LB, 
M9 1% glucose, and M9 1% glycerol (with KAN where needed) at 1:1000 ratio. From each 
culture dilution 100 µl was added to 96 well plate in triplicates. Media was used as a blank for 
each condition. Absorbance at 600 nm (OD600), YFP (excitation 510 nm / emission 540 nm), 
and BFP (excitation 399 nm / emission 456 nm) fluorescence were measured at 20 minute 
intervals in Tecan at 37 °C with shaking for approximately 20 hours. 
Single-cell fluorescence intensity measurements in MACS 

SK2531, and SK3096 were grown over night in 5 ml LB or LB supplemented with KAN 
(for SK2531 and SK3096) at 37 °C and 200 rpm shaking for at least 16 hours. Cells were then 
back-diluted from overnight cultures at 1:1000 ratio in LB, and 1:100 ratio in M9 1% glucose, 
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and M9 1% glycerol (with KAN where needed) and grown to logarithmic phase (OD600 = 0.2). 
The cells were then diluted 1:50 in PBS, and fluorescence intensity of YFP and BFP was 
measured in 100,000 cells by flow cytometry using MACSQuant VYB. Data was analysed by 
FlowJo software. 

Toxic Activity of cdiA2-CT  
Making constructs for cdiA2-CT expression and titratable cdiI2 expression 

To construct an immunity plasmid where the expression of immunity is inducable and 
titratable by arabinose, cdiI2 was amplified from EC93 using PCR (oligos SK1188 and SK1189) 
to introduce restriction sites for XbaI and HindIII in the DNA fragment. The DNA encoding 
cdiI2 was then cloned into a pBAD33 vector by restriction digest with FastDigest XbaI and 
FastDigest HindIII (protocol as previously described; enzymes from Thermo Fisher) followed 
by DNA ligation using T4 DNA ligase (Thermo Firsher) and transformation into NEB5-alpha 
(New England Biolabs, USA protocol). Positive transformants were selected by plating on 
chloramphenicol. Inserts were verified by colony PCR (oligos SK387 and SK388) and plasmids 
from transformants containing an insert of the correct size were verified by sequencing 
(Eurofins). One transformant was stocked as SK2783. Plasmid from SK2783 was then purified 
by GeneJET Plasmid Miniprep Kit (Thermo Fisher) and used to transform E. coli MG1655 
∆araFGH ∆araBAD pJ23106:araE (SK2575) by electroporation. Positive transformants were 
selected on CAM and stocked as SK2799.  

To construct the plasmid with constitutively expressed toxin, outbound PCR with oligos 
SK921 and SK982 was used to remove the immunity from an existing construct containing 
both the cdiA-CT and cdiI2 (plasmid purified from SK2569). The PCR product was then ligated 
(blunt end ligation protocol by Thermo Fisher as above) and transformed into the strain already 
containing immunity on pBAD33::cdiI2 (SK2799). Transformants were grown on LA 
containing chloramphenicol, KAN and 0.001% arabinose to induce immunity and protect the 
cells from CT activity. Positive transformants were verified by colony PCR for removal of 
immunity (oligos SK531 and SK966) and the cdiA-CT was sequenced with oligos SK482 and 
SK483 (Eurofins). Verified transformant was stocked as SK2901 with the following genotype 
E. coli MG1655 ∆araFGH ∆araBAD pJ23106:araE/ pBAD33::cdiI2/ pSC101 pJ23106:cdiA2-
CT-YFP. To make strains to use as control with the empty CT vector, pBAD33::cdiI2 and 
pBAD33 (empty) were transformed into E. coli MG1655 ∆araFGH ∆araBAD pJ23106:araE/ 
pSC101 (empty) (SK2621), by electroporation and selected on CAM and KAN, with positive 
transformants stocked as SK2900 and SK3113, respectively.  
Measuring growth curves   

E. coli MG1655 ∆araFGH ∆araBAD pJ23106:araE / pSC101 pJ23106:cdiA2-CT-YFP/ 
pBAD33::cdiI2 (SK2901) and E. coli MG1655 ∆araFGH ∆araBAD pJ23106:araE 
/pSC101pJ23106 (empty) /pBAD33 (empty) (SK3113) were grown in LB supplemented with 
CAM and KAN over night at 37 °C with 200 rpm shaking. Overnight cultures were diluted 
1:1000 in M9 0.2% glucose, M9 0.2% glucose 0.01% arabinose; supplemented with CAM and 
KAN. From each culture dilution in different media 100 µl was added to 96 well plate in 
triplicates. Absorbance at 600 nm (OD600) were measured at 20-minute intervals in Tecan at   
37 °C with shaking for approximately 20 hours. To follow the expression of cdiA2-CT during 
experiments, YFP fluorescence could be measured as it was placed as a reporter downstream 
of the cdiA2-CT gene in the plasmid pSC101 pJ23106:cdiA2-CT-YFP.  
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Results 

Bacterial competition  
To study the effects of EC93 cdiBAI loci in intra-strain interactions, EC93 wild type 

was competed against EC93 without cdiAI1 (EC93 ∆cdiAI1), cdiBAI2 (EC93 ∆cdiBAI2) or both 
cdiAI1 and cdiBAI2 (EC93 ∆cdiAI1 ∆cdiBAI2). Competitions were done by co-culturing two 
strains in liquid LB for 5 hours, or on LB plates for 24 hours as described in the Materials and 
methods section. Competitive indexes (CI) were calculated as stated in Materials and methods; 
CI < 1 (100) indicates growth inhibition of the target strain (target << inhibitor) while CI > 1 
(100) indicates that the target strain is not inhibited (target ~ or > inhibitor).  
EC93 wild type inhibits EC93 cdiBAI loci knockouts 

In liquid culture EC93 wild type successfully inhibits EC93 ∆cdiAI1 9-fold and EC93 
∆cdiAI1 ∆cdiBAI2 6-fold, while EC93 ∆cdiBAI2 is not inhibited (Figure 3). On plates we observe 
a higher degree of inhibition than in liquid with EC93 ∆cdiAI1 being inhibited 20-fold, EC93 
∆cdiBAI2 3-fold and EC93 ∆cdiAI1 ∆cdiBAI2 20-fold (Figure 4).   

 

 
 

 
Figure 3. Competitive indexes of EC93 wild type (inhibitor) versus EC93 ∆cdiAI1, EC93 ∆cdiBAI2, 
and EC93 ∆cdiAI1 ∆cdiBAI2 (targets) in liquid media. For each inhibitor/target combination an 
experiment was done with strains without immunities (empty), strains with pCloDF::cdiI1, and strains 
with pCloDF::cdiI2. Competitions were done in LB liquid media (5 hours) as described previously. 
Results are shown as the mean of five biological replicates (n = 5) ± SEM. 
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CdiI specifically rescues the growth of single cdiBAI locus knockouts 

To see if the observed inhibition was through delivery of CdiA toxins, the wild type and 
knockout strains were complemented with pCloDF plasmid constitutively expressing the cdiI1 
or cdiI2 genes. Both target and inhibitor cells have the immunity plasmid to account for potential 
costs from having the plasmid. Experiments were done as described in the Materials and 
methods. 

Our results show that CdiI1 specifically prevents inhibition of EC93 ∆cdiAI1 (CI ~ 1 or 
above) both in liquid (Figure 3) and on plates (Figure 4). In liquid EC93 ∆cdiAI1 is inhibited 9-
fold, but when expressing Cdi1 from pCloDF::cdiI1 it shows no inhibition. EC93 ∆cdiAI1 
expressing Cdi2 from pCloDF::cdiI2, still promotes 26-fold inhibition in liquid (Figure 3). On 
plates EC93 ∆cdiAI1 is inhibited 20-fold, when expressing CdiI1 it is not inhibited, and when 
expressing CdiI2 it is still inhibited to the same extent (Figure 4).  

Similarly, CdiI2 rescued the growth of EC93 ∆cdiBAI2 with pCloDF::cdiI2 in liquid and 
on plates (Figure 3 and 4). In liquid EC93 ∆cdiBAI2 with an empty vector is not inhibited, but 
when the cells express CdiI1 their growth is inhibited 4-fold, compared to no inhibition when 
expressing CdiI2 (Figure 3). On plates EC93 ∆cdiBAI2 is inhibited 3-fold, when expressing cdiI1 
it is inhibited to the same extent. Expression of CdiI2 completely rescues this inhibition (Figure 
4). 
EC93 ∆cdiAI1 ∆cdiBAI2 is partially rescued by immunities 
In liquid culture, EC93 ∆cdiAI1 ∆cdiBAI2 is inhibited 6-fold, with CdiI1 20-fold, and with CdiI2 
3-fold (Figure 3). On the other hand, on plates, it is inhibited 20-fold, with CdiI1 3-fold, and 
with CdiI2 9-fold (Figure 4). It is important to notice that for EC93 ∆cdiAI1 ∆cdiBAI2 inhibition 
patterns are different in liquid and on plates for the strains carrying the immunity plasmid 

 
Figure 4. Competitive indexes of EC93 wild type (inhibitor) versus EC93 ∆cdiAI1, EC93 ∆cdiBAI2, 
and EC93 ∆cdiAI1 ∆cdiBAI2 (targets) on plates. For each inhibitor/target combination an experiment 
was done with strains without immunities (empty), strains with pCloDF::cdiI1, and strains with 
pCloDF::cdiI2. Competitions were done on LB plates (24 hours) as described previously. Results are 
shown as the mean of five biological replicates (n = 5) ± SEM. 
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(Figure 3 and 4). EC93 ∆cdiAI1 ∆cdiBAI2 with CdiI1 is inhibited more than EC93 ∆cdiAI1 
∆cdiBAI2 with CdiI2 in liquid (Figure 3), while it is the opposite on plates (Figure 4).  

Taken together, these results show that in intra-strain competitions of EC93 cdiBAI1 
locus is more potent than cdiBAI2, as EC93 wild type readily inhibits strains lacking the first 
cdi locus, but shows less inhibition when competed against the strain lacking the second cdi 
locus, under these conditions. In addition, we show that the immunities are specific to their 
cognate toxin where CdiI1 rescues the ∆cdiAI1 mutants lacking cdiI1 (but not the cdiI2), and 
CdiI2 rescues ∆cdiBAI2 mutants lacking cdiI2 (but not cdiI1). EC93 ∆cdiAI1 ∆cdiBAI2 shows 
only partial rescue on plates, indicating the additive effects of both cdi loci in competitions of 
strains without immunities. 

CDI loci are expressed in logarithmic phase of bacterial growth in different 
amounts depending on media composition 
CDI loci expression measured on a population level 

To study under which conditions cdiBAI1 and cdiBAI2 are expressed, EC93 cells with a 
reporter plasmid were grown in different media (LB, M9 1% glucose, and M9 1% glycerol). 
The reporter plasmid was constructed so that expression of the cdiB1 promoter (pB1) resulted 
in yellow fluorescence (YFP) and expression of the cdiB2 promoter (pB2) resulted in blue 
fluorescence (BFP). Both YFP and BFP have been tagged with medium degradation tags, which 
means that, as long as proteases are active in the cell, YFP and BFP will be degraded. This 
allows us to observe when the fluorescence signal is produced during bacteria’s growth, without 
accumulation of the signal.  

Fluorescence intensity of YFP and BFP (corresponding to transcription initiation of 
cdiBAI1 and cdiBAI2, respectively) was measured on a population level in Tecan for over 15 
hours to find out when expression started and ended. EC93 containing the reporter plasmid 
pSC101 pB1:sYFP2 (deg-tag) pB2:mtagBFP2 (deg-tag) were grown and prepared for 
measurements in LB, M9 1% glucose, and M9 1% glycerol in Tecan as described in Materials 
and methods. Wild type EC93 without the plasmid were used as negative control. Due to the 
specific composition of the media and physical properties of bacterial cells, there was 
spontaneous fluorescence of wild type EC93, which was subtracted from the fluorescence 
values of the cells containing the reporter plasmid. The results are shown as fluorescence 
intensity (arbitrary units) over time; absorbance at 600 nm (OD600) over time is shown for easier 
comparison of fluorescence intensities and bacterial growth stages (Figures 5 and 6). 
 Expression of YFP induced by pB1 corresponds with entry to logarithmic growth phase 
of EC93 in LB, M9 1% glucose, and M9 1% glycerol (Figure 5). Interestingly, fluorescence 
intensity of YFP in M9 1% glycerol is ten times higher than in LB and M9 1% glucose, which 
means that pB1 (cdiBAI1 locus) is more active in cells under nutrient limiting conditions. The 
fluorescence peaks indicate that at one point more YFP proteins were degraded than produced, 
which means that expression of pB1 ceased sometimes during mid-logarithmic phase in these 
conditions. 
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Expression of BFP induced by pB2 corresponds to logarithmic growth phase entry of 

EC93 in LB, M9 1% glucose, and M9 1% glycerol, as well as what has been observed with pB1 
(Figures 5 and 6). In this case it seems that BFP fluorescence intensity in M9 1% glycerol is 
two times higher than LB, and six times higher than in M9 1% glucose (Figure 6). In 
comparison to YFP expression, BFP expression seems to start later and last longer, as there are 
no sharp peaks, indicating continuous production of the BFP protein. BFP fluorescence 
intensity starts to decrease once the cells approach stationary phase of growth, which means 
that there is less BFP production, but the rate of decrease is slower indicating weaker BFP 
degradation.  

 
Figure 5. Top image represents growth curves of EC93 with reporter plasmid pSC101 pB1:YFP 
pB2:BFP in LB, M9 1% glucose and M9 1% glycerol. Bottom image represents YFP fluorescence 
intensity in EC93 with the reporter plasmid over time in LB, M9 1% glucose and M9 1% glycerol. 
YFP fluorescence intensity increase corresponds with entry to logarithmic growth phase of EC93 in 
different media. Results shown are the mean of five biological replicates for M9 1% glucose and M9 
1% glycerol, and two biological replicates for LB. 
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CDI loci expression measured on a single-cell level  

To confirm the results seen in Tecan, single-cell fluorescence measurements were done 
by flow-cytometry in MACSQuant VYB. To measure YFP and BFP expression on a single-
cell level, EC93 with the reporter plasmid was grown in LB, M9 1% glucose, M9 1% glycerol 
until it reached logarithmic phase (OD600 ~ 0.2). In comparison to Tecan where the cells were 
growing in 100 µl media, for this experiment the cells were grown in 10 ml media in 100 ml 
Erlenmeyer flask with shaking which improved aeration. Furthermore, the cultures were 
handled as described in Materials and methods. 

Data obtained from flow cytometry showed that there is a notable shift towards higher 
fluorescence intensity for both YFP and BFP in M9 1% glycerol in comparison to LB and M9 
1% glucose (Figure 7A and 7B). YFP fluorescence intensity mean (under control of pB1) in 
M9 1% glycerol is 5 times higher of that in LB, and 4 times higher than in M9 1% glucose 
(Figure 8A). BFP fluorescence intensity mean (under control of pB2) in M9 1% glycerol is 4 
times higher than in LB, and 3 times higher than in M9 1% glucose (Figure 8B).  

 
 
 

 
Figure 6. Top image represents growth curves of EC93 with reporter plasmid pSC101 pB1:YFP 
pB2:BFP in LB, M9 1% glucose and M9 1% glycerol. Bottom image represents BFP fluorescence 
intensity in EC93 with the reporter plasmid over time in LB, M9 1% glucose and M9 1% glycerol. 
BFP fluorescence intensity increase corresponds with the logarithmic growth phase of EC93 in 
different media. Results shown are the mean of five biological replicates over time for M9 1% 
glucose and M9 1% glycerol, and two biological replicates for LB. 
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Percentage of YFP positive (YFP+) cells is 0.25% in LB, 6.86% in M9 1% glucose, and 

68.77% in M9 1% glycerol (Table 2) which correlates with increasing fluorescence intensity in 
those conditions (Figure 8A). Percentage of BFP positive cells (BFP+) is 0.21% in LB, 3% in 
M9 1% glucose, and 68.13% in M9 1% glycerol (Table 2) which correlates with BFP 
fluorescence intensity change in these conditions (Figure 8B). 
Table 2. Percentage of YFP+ cells and BFP+ cells in LB, M9 1% glucose, and M9 1% glycerol are 
shown as mean of three biological replicates. 

Media LB M9 1% glucose M9 1% glycerol 

YFP+ cells 0.25% 6.86% 68.77% 

BFP+ cells 0.21% 3.00% 68.13% 

  
 This data shows that pB1 and pB2 expression in logarithmic phase differs between 
media, and that these effects can be observed both on a population level (Figure 5 and 6) and 
on a single-cell level by flow cytometry (Figure 7A and 7B). 

 
Figure 7. Flow cytometry data representing differences of YFP (A) and BFP (B) expression of EC93 
pSC101 pB1:YFP pB2:BFP in LB, M9 1% glucose, and M9 1% glycerol. Fluorescence data shown 
represents one biological replicate for each media, with fluorescence intensity on the x-axis, and y-
axis normalized to mode to be able to compare bacterial populations of different media. 
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Figure 8. YFP (A) and BFP (B) fluorescence in LB, M9 1% glucose, and M9 1% glycerol. Results 
are shown as fluorescence intensity mean of three biological replicates ± SEM. 
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CdiA2-CT toxic activity construct does not exhibit observable toxic effects in 
our construct 

To test the toxic activity of CdiA2-CT, an E. coli strain that takes up but does not 
metabolize arabinose (E. coli MG1655 ∆araFGH ∆araBAD pJ23101::araE) was used as 
described in the Materials and methods. The experiments were done with the strain that 
contained pSC101::cdiA2-CT-YFP and pBAD33::cdiI2 plasmids (further E. coli cdiA2-
CT+/cdiI2+), which means that it contained both the constitutively expressed toxin (CdiA2-CT) 
and immunity inducible by arabinose (CdiI2). The hypothesis was that the cell would be 
protected from the CdiA2-CT when arabinose is present in the media because arabinose would 
induce cdiI2 expression. By lowering the amounts of arabinose less immunity would be 
produced, thus giving less protection to the cell. In media with glucose cdiI2 expression should 
be suppressed, allowing CdiA2-CT to exhibit toxic effects on the cell (Figure 9). 

 

 
While working on the construct it became clear that the control strains containing just 

the pBAD33::cdiI2 (E. coli cdiA2-CT – / cdiI2+) exhibited poorer growth in LB with higher 
concentration of arabinose (more CdiI2 being produced) which coincided with observations 
about CdiI2 being costly for the cells when making the plasmid pCloDF pJ23116:cdiI2 for 
competition experiments (data not shown). However, we thought that once the cells start 
producing CdiA2-CT that we could observe even more drastic detrimental effects on growth. In 
LB supplemented with glucose or arabinose no difference in growth curves was seen between 
the cdiA2-CT – / cdiI2+ and cdiA2-CT+ / cdiI2+ cells. This was surprising as we expected to see 
the toxic effects of CdiA2-CT in LB supplemented with glucose where the expression of cdiI2 
is suppressed. 

In M9 media supplemented with 0.2% glucose, and with or without 0.01% arabinose, 
there was no significant difference in growth of cdiA2-CT+/cdiI2+ cells except in later stationary 
phase (Figure 10). The cdiA2-CT was, in fact, expressed in both conditions, which was observed 
through a downstream YFP reporter (see Supplement Figure S1).  

 

 
Figure 9. Schematic representation of change in the amounts of CdiI2 molecules in the E. coli 
∆araFGH ∆araBAD pJ23101:araE containing both pSC101::cdiA2-CT-YFP and pBAD33::cdiI2, 
depending on arabinose concentration. As described above lower amounts of CdiI2 would allow for 
CdiA2-CT to exhibit toxic effects on the cell.  

Arabinose concentration in media
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Given these results, there was no noticeable toxic effect and it was concluded that this 

specific construct does not work for our intended purposes.  

Discussion 
In this study we show that both cdiBAI loci in the E.coli strain EC93 where CDI was 

first discovered, can inhibit target EC93 cells lacking cdi loci: either ∆cdiAI1, ∆cdiBAI2 or both 
∆cdiAI1 ∆cdiBAI2 strains, to different amounts. As expected from previous studies (Morse et al. 
2012, Poole et al. 2011, Aoki et al. 2010, Aoki et al. 2005), the EC93 CdiI immunity proteins 
are specific to their cognate toxins providing full protection for the single EC93 cdi locus 
knockouts, but neither of the immunity proteins alone could protect the strain lacking both 
∆cdiAI1 ∆cdiBAI2.  

We observe stronger growth inhibition on plates than in liquid, which can be attributed 
to greater ability for cell-to-cell interactions and toxin delivery on plates. Plate competitions 
provide conditions closer to natural conditions for EC93 as it colonizes the rats’ gut, growing 
on the epithelial surface of the intestine. During competitions in liquid media the cell cultures 
are under constant shaking that can prevent CdiA from binding efficiently enough to the target 
cell receptor, disabling CdiA-CT delivery to the target cell. Stronger growth inhibition is also 
observed in strains harbouring non-cognate cdiI on a plasmid in liquid competitions (EC93 
∆cdiAI1 with pCloDF::cdiI2 and EC93 ∆cdiBAI2 with pCloDF::cdiI1). This effect might not be 
due to inhibition itself but due to growth differences between the inhibitor and target strains 
(not investigated). However, in this study both inhibitor and target cells were supplemented 
with the immunity plasmids (pCloDF::cdiI1 or pCloDF::cdiI2) during competition to account 
for the plasmid cost. Without cognate toxin being present, CdiI1 and CdiI2 appear to be toxic to 
the bacterial cells (in E. coli MG1655, data not shown). Potential toxicity of surplus CdiI1 or 

 

 
Figure 10. Growth curves of E. coli ∆araFGH ∆araBAD pJ23101::araE containing both 
pSC101::cdiA2-CT-YFP and pBAD33::cdiI2 in M9 0.2% glucose and M9 0.2% glucose 0.01% 
arabinose. Results are shown as the mean of three biological replicates ± SEM. 
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CdiI2 in the EC93 strain lacking cdiA-CT could have affected bacterial physiology, i.e. growth 
rate, which is impossible to differentiate from actual inhibition in competitions. Effects of CdiI1 
and CdiI2 expression in EC93 ∆cdiAI1 ∆cdiBAI2 could be responsible for the differing patterns 
of inhibition in liquid media, in comparison to competition on plates. Using a lower copy-
number vector or lowering the expression of the cdiI gene by changing to a weaker promoter 
could mitigate this effect. Despite these potential effects of CdiI, our results clearly show CdiI 
specificity to its cognate CdiA-CT by rescuing growth during competitions of the single EC93 
cdi loci knockouts. 

Among bacteria that have CDI systems, some have multiple cdi loci (Aoki et al. 2010). 
Two predicted cdi loci have been found in clinical isolates of A. baumanii, and have been found 
to inhibit the growth of mutants lacking the specific cdi locus (Harding et al. 2018). In P. 
aeruginosa PAO1 two cdi loci have been characterized as active and responsible for the growth 
inhibition phenotype (Mercy et al. 2016). As with Acinetobacter and Pseudomonas, we have 
shown that EC93 uses both cdi loci during intra-strain bacterial interactions. The presence of 
two cdi loci might allow for more specific kin selection, allowing for elimination of non-
isogenic bacterial cells that might have acquired only one of the loci by horizontal gene transfer. 
Previous studies have shown that CDI systems promote cell-to-cell adhesion and biofilm 
formation in EC93 (Ruhe et al. 2015), B. thailandensis (Garcia et al. 2013) and P. aeruginosa 
(Mercy et al. 2016). As biofilm formation is generally considered to be energetically demanding 
and is used as a survival mechanism in adverse conditions (e.g. within the host) (Hall-Stoodley 
et al. 2004), it would be important to exclude potential non-isogenic “cheater” bacteria from a 
population to secure growth advantage. Using multiple cdi loci might prove to be more effective 
in discerning self from non-self while coordinating group behaviour. 

The expression of cdiBAI1 and cdiBAI2 loci starts in early logarithmic phase of EC93 
(Figures 5 and 6). cdiBAI1 locus expression ceases upon reaching mid-logarithmic phase, while 
the cdiBAI2 locus seems to be expressed a bit longer in all the conditions that we tested. The 
lack of degradation of BFP after the mid-logarithmic phase can be attributed to prolonged 
expression of pB2 (cdiBAI2 locus) and/or reduced activity of energy-dependent cell proteases 
during the stringent response of the stationary phase (Llorens et al. 2010). These results 
coincide with the observation by Aoki et al. (2005) that EC93 inhibits E. coli K-12 target cells 
when it is in logarithmic phase but not during stationary phase in LB.  

Major difference in expression was seen in EC93 growing in nutrient rich versus nutrient 
poor conditions. Even though expression of both cdiBAI1 and cdiBAI2 was present in nutrient 
rich LB and in minimal media with glucose, it was much lower than expression in minimal 
media with glycerol. Therefore, expression of EC93 cdi loci is higher in conditions where 
nutrients are scarce and the cells are stressed. One of bacterial defense strategies in stressful 
conditions is biofilm formation (Hall-Stoodley et al. 2004). Upregulation of cdi loci expression 
during stressful conditions might promote biofilm formation, as we know that CdiA promotes 
cell-to-cell adhesion in EC93 (Ruhe et al. 2015). Another possibility is that increased toxin 
delivery due to higher expression of cdi loci in stressful conditions, promotes metabolic 
dormancy in a subpopulation of cells. Ghosh et al. (2018) describe how CDI toxins contribute 
to persister formation in high-density populations. EC93 CdiA1-CT has been described as an 
ionophore which downregulates ATP levels in a target cell (E. coli K-12) by disrupting the 
membrane potential and causing growth inhibition, which can be reversed upon inducing 
expression of CdiI1 and providing a carbon source (Aoki et al. 2009). Thus, in stressful 
conditions increased delivery of toxins among EC93 cells might induce metabolic dormancy in 
a subpopulation of cells that would then be inactive but able to continue growth once the 
environmental conditions become favourable. 
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Expression of cdi loci in P. aeruginosa PAO1 seems to be negatively regulated by the 
translational repressor RsmA (regulator of secondary metabolism) (Mercy et al. 2016). In 
∆rsmA strains the mRNA levels of cdiAP.aeruginosa PAO1 increased, and it is interesting that RsmA 
downregulates the expression of several genes involved in biofilm formation which would 
indicate that lower RsmA levels induce both CDI systems and biofilm formation in P. 
aeruginosa PAO1 (Mercy et al. 2016). On the other hand, in B. thailandensis CDI systems 
(bcpAIOB genes) are expressed stochastically in a portion of cells in laboratory conditions 
(Anderson et al. 2012). Later research showed that the delivery of BcpA-CT in B. thailandensis 
cells changes gene expression to promote group behaviour (biofilm formation) and that it 
simultaneously reduces the expression of bcpAIOB genes (Garcia et al. 2016).  

Furthermore, bacteria use nucleotide secondary messenger molecules such as cyclic 
adenosine monophosphate (cAMP), guanosine pentaphosphate or tetraphosphate ((p)ppGpp), 
and cyclic diguanylate (c-di-GMP) to detect and coordinate a response to a changing 
environment (Pesavento and Hengge 2009). In E. coli it is known that the signalling molecule 
cAMP levels change drastically depending on carbon source/energy status of the cell; e.g. 
glucose reduces cAMP concentration in E. coli preventing catabolization of other carbon 
sources (Görke and Stülke 2008, Botsford and Harman 1992). Increased concentrations of 
cAMP activate a global transcription factor cAMP receptor protein (CRP), which regulates gene 
expression, including genes responsible for alternative carbon source utilization. Kuo et al. 
(2003) showed that in nutrient rich LB and in minimal media with glucose the cAMP levels are 
lower than in minimal media with glycerol where cAMP levels increase (as glucose represses 
cAMP production), which in turn leads to increased activity of CRP. Our results show that cdi 
loci expression follows the patterns observed for E. coli cAMP levels in LB, minimal media 
with glucose or glycerol, which implicates that cdiBAI1 and cdiBAI2 loci in EC93 are regulated 
by cAMP.  

Taking into account the higher expression of cdi loci in conditions that promote higher 
cAMP levels (e.g. minimum media with glycerol) it seems that CDI in EC93 is utilized more 
in suboptimal conditions (lack of glucose), which could resemble the highly dynamic 
environment of the gut (Pereira and Berry 2017). Stronger expression of cdi loci in suboptimal 
conditions would also affect the competition experiments. Our competition experiments were 
done in LB medium, but now we have seen that the expression of EC93 cdi loci in LB is quite 
low in comparison to minimal media with glycerol. The expression results indicate that if we 
were to repeat the competitions in minimal media with glycerol, we might see even stronger 
inhibition of our target strains.  

The toxicity mechanism of CdiA2-CTEC93 could not be tested with our construct. 
Recently, Hanna et al. (2018) have shown that cdiA-CTNissle which is homologous to cdiA2-
CTEC93 (unpublished data), is more toxic upon sequential deletions of amino acids from the N 
terminal. Upon deleting several amino acids starting from the VENN motif cdiA-CTNissle 
exhibited toxicity and CdiINissle was able to mitigate these effects. CdiA-CTNissle that still 
contained the VENN motif did not exhibit toxic activity, which coincides with our data as our 
construct contained the VENN motif and did not exhibit toxicity, nor was it affected by the 
immunity protein. Similarly, Aoki et al. (2010) showed that CdiA1-CTEC93 inhibitory activity 
increased once they removed the VENN motif. To test the activity of CdiA2-CT a new construct 
could be made that would have amino acid deletions from the VENN motif, allowing us to 
potentially observe the effects of this toxin.  

To further assess the importance of EC93 cdi loci in bacterial interactions the amount 
of CdiA1 or CdiA2 on the surface of the cell needs to be tested. Although, we now know when 
the promoters for cdiBAI1 and cdiBAI2 are active it is unknown how much of the expressed 
protein is being transported to the surface of the outer membrane and used in cell-to-cell 
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interactions. The double reporter plasmid can be used in myriad of different conditions and 
genetic backgrounds (e.g. mutants for adenylate cyclase that produces cAMP) to identify 
additional factors involved in transcriptional regulation of cdi loci expression. Since E. coli 
EC93 has been isolated from rats’ intestines, following the expression of cdi loci in vivo could 
provide us with information about the importance of these systems in colonizing and interacting 
with the host.   
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Supplement 

 
Table S1. Oligos used in PCR and sequencing reactions.  

Oligo number  Sequence (5’ to 3’) Description 
Bacterial competitions 

SK987 GTGACCGTGTGCTTCTCA
AATGC 

Reverse primer used to verify insert cloning and for 
sequencing of cdiI2 

SK1117 ATAAGGATCCCAACAAG
TGAGGTTTATCGATATG 

Forward primer for introducing restriction site for 
BamHI and amplification of cdiI2 from EC93 

SK1118 TACAGTCGACAATTATTC
TCAACAACAAATCAACG 

Reverse primer for introducing restriction site for SalI 
and amplification of cdiI2 from EC93 

SK1178 GACTGGGTTGAAGGCTCT
CAAGG 

Forward primer used to verify insert cloning and for 
sequencing of cdiI2 

Expression of cdiBAI1 and cdiBAI2 loci 

SK482 GTCTAAGAAACCATTATT
ATCATGAC 

Forward primer for sequencing pSC101 vector, region 
containing BFP and promotor pB2 

SK483 CCAGAACAGCCCGTTTGC Reverse primer for sequencing pSC101 vector region 
containing YFP and promotor pB1 

SK484 AGACAAATGGATCTCGT
AACCG 

Reverse primer for sequencing pSC101 vector region 
containing origin of replication 

SK485 GACTAGTAATTATCATTG
ACTAGCC 

Reverse primer for sequencing pSC101 vector region 
containing origin of replication regulator 

SK487 TGGGCACAACAGACAAT
CG 

Reverse primer for sequencing pSC101 vector region 
containing one part of the antibiotic marker 

SK488 TTCCCGTTTCAGTGACAA
CG 

Forward primer for sequencing pSC101 vector region 
containing secong part of the antibiotic marker 

SK873 
 
TTAGAATACGTACTGACC
GGAAG 

Reverse primer to amplify DNA insert containing pB1  

SK874 TTAATCACAACAGGGGA
CAGACA Forward primer to amplify DNA insert containing pB2  

SK922 AGAAAGAGGAGAAATAC
TAGATGG 

Forward primer used to amplify the pSC101 vector at the 
start of YFP including the ribosome binding site 

SK923 AGAAAGAGGAGAAATAC
TAGATGAG 

Forward primer used to amplify the pSC101 vector at the 
start of BFP including the ribosome binding site 

SK926 TCTTTGATCAGTTCGCTC Forward primer used for colony PCR to verify the 
presence of the insert in the vector after ligation 

SK927 TCTTCGCCCTTGCTAAC Reverse primer used for colony PCR to verify the 
presence of the insert in the vector after ligation 

Toxic Activity of cdiA2-CT  

SK387 CGCTTCAGCCATACTTTT
CA 

Forward primer for colony PCR for verification of cdiI2 
being cloned in pBAD33 

SK388 GTCTCATGAGCGGATACA
TATTTG 

Reverse primer for colony PCR for verification of cdiI2 
being cloned in pBAD33 

SK482 GTCTAAGAAACCATTATT
ATCATGAC 

Forward primer for sequencing pSC101 vector for 
confirming removal of cdiI2  

SK483 CCAGAACAGCCCGTTTGC Reverse primer for sequencing pSC101 vector for 
confirming removal of cdiI2  
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SK531 CCGTCTAATTCAACTAAG
ATCGGTACTACG 

Reverse primer for colony PCR for verifying removal of 
cdiI2 

SK921 TTCAGAGAAAGAGGAGA
AATACTAG 

Forward primer used for removing the cdiI2 from 
pSC101 CT vector by PCR 

SK966 ATATGTCGACAACAAGT
GAGGTTTATCGATATG 

Forward primer for colony PCR for verifying removal of 
cdiI2 

SK982 TTATTTAAAATCATATCG
ATAAACCTCA 

Reverse primer used for removing the cdiI2 from pSC101 
CT vector by PCR 

SK1188 ATAATCTAGACAACAAG
TGAGGTTTATCGATATG 

Forward primer for introducing restriction site for XbaI 
and amplification of cdiI2 from EC93 

SK1189 TACAAAGCTTAATTATTC
TCAACAACAAATCAACG 

Reverse primer for introducing restriction site for 
HindIII and amplification of cdiI2 from EC93 

 
 
Table S2. PCR thermocycling conditions.  

DreamTaq DNA Polymerase Phusion DNA Polymerase 
Steps: Temperature: Time: Steps: Temperature: Time: 

1 95 °C 5 minutes 1 98 °C 2 minutes 

2 95 °C 30 seconds 2 98 °C 10 seconds 

3 X °C 30 seconds 3 X  30 seconds 

4 72°C  1 minute per 1 kb of DNA 4 72 °C  30 seconds per 1 kb of DNA 

5 loop to step 2 25-40 times 5 loop to step 2  25-40 times 

6 72 °C 10 minutes 6 72 °C 10 minutes 

7 4 °C infinity 7 4 °C infinity 

DreamTaq DNA polymerase was used for verification reactions, Phusion polymerase was used in gene and 
vector amplifications and modifications 

25 cycles were used for colony PCR for verification 

>25 cycles were used to amplify a specific product for cloning 
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Figure S1. Fluorescence of YFP downstream reporter of E. coli ∆araFGH ∆araBAD pJ23101:araE 
containing both pSC101::cdiA2-CT-YFP and pBAD33::cdiI2 in M9 0.2% glucose and M9 0.2% 
glucose 0.01% arabinose. Results are shown as the mean of three biological replicates ± SEM. 
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