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Abstract 
 

Antibiotics have been an extremely important weapon in the fight against bacterial 
infections for over half a century. However, excessive use of antibiotics has led to increased 
frequencies of resistance among bacteria. Antibiotic resistance is an inevitable outcome of 
natural selection as organisms undergo random mutations to escape lethal selective 
pressure. Many of these resistant bacteria can also transfer their genetic material to other 
bacteria through direct cell-cell contact via conjugation, further facilitating the spread of 
resistance. The human gastrointestinal tract, replete with a high density of bacteria and 
often exposed to antibiotics, provides an ideal environment for antibiotic resistance genes 
to arise and propagate through bacterial populations. 

Enterococcus faecalis, a commensal bacterium of the human intestinal tract, has 
emerged as a major cause of healthcare-associated infections. Treatment of these infections 
has become increasingly difficult with the emergence of E. faecalis strains that are resistant 
to multiple major classes of antibiotics. The organism’s ability to acquire and transfer 
resistance genes and virulence determinants through conjugative plasmids poses a serious 
clinical concern. 

Here we present our study on conjugation of a tetracycline-resistance plasmid 
pCF10 which is regulated by intercellular communication using two antagonistic signalling 
peptides. An inducer peptide produced by the plasmid-free recipient cells functions as a 
“mate-sensing” signal and triggers the conjugative plasmid transfer in donors. The donors 
encode an inhibitor peptide on the plasmid which represses conjugation and functions as a 
"self-sensing" signal, reducing the response to the inducer in a density-dependent fashion. 
This form of dual signalling-controlled conjugation was also found to be prevalent across 
other pheromone-responsive plasmids, including pAD1 and pAM373.  

Though the donors calibrate their conjugation response in accordance with the 
relative abundance of donors and recipients, plasmid transfer can occur under otherwise 
unfavourable conditions, such as low inducing pheromone and high inhibitor 
concentrations. To better understand this apparent inconsistency, we formulated a 
stochastic mathematical model that integrates intracellular molecular regulation of 
conjugation and interactions between donors and recipients through the signalling peptides. 
Kinetic parameters for the model were estimated from literature and augmented by 
experimental RNA-Seq data and binding constant measurements. Simulations of the 
stochastic model and single-cell analysis using transcript quantification by HCR-FISH and 
GFP reporter fusions revealed distinct subpopulations of rapid responders under 
unfavourable conditions for plasmid transfer.  

We developed a series of fluorescent reporters to track the uninduced/induced 
donors, recipients, and uninduced/induced transconjugants in real-time using confocal 
microscopy and flow cytometry. We are further developing a microfluidic gut model which 
allow for co-culturing of human and bacteria cells in an in vivo-simulated 
microenvironment. This system will be used to model the in vivo biology of conjugation 
and gain a better mechanistic understanding of the community balance between the 
microbial inhabitants of the GI tract. A better understanding of the bacterial signalling 
mechanisms in vivo and the downstream effects on microbiome community balance may 
help us identify alternate strategies to prevent the spread of antibiotic resistance. 
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1 Introduction  

 
Antibiotics have been an extremely important weapon in the fight against infections, 

increasing human life expectancy and improving quality of life. However, indiscriminate 

use of antibiotics often results in the selection of bacterial strains that are resistant to even 

the most potent of antibiotics. The emergence and spread of antibacterial resistance 

jeopardizes the effectiveness of these antibiotic treatments. In the United States, about 2 

million people have become infected with antibiotic-resistant bacteria and at least 23,000 

people succumbed to these infections (CDC 2017).  

Bacteria have been known to develop antibiotic resistance by either spontaneous 

mutations or by acquiring genetic material from external sources. The latter process occurs 

mainly through three mechanisms: transformation (uptake of DNA from environment), 

transduction (DNA transfer mediated by viral particles), and conjugation (cell-cell DNA 

transfer requiring contact). Conjugation is the most common way of transferring genetic 

information between bacteria. During conjugation, resistance-conferring genes, typically 

present on a plasmid, are transferred from one bacterium to the other, thereby propagating 

drug resistance throughout the bacterial population and enhancing their chances of survival 

(Bergstrom et al. 2000). The gastrointestinal tract is replete with bacteria and provides an 

ideal environment for plasmid transfer between commensals and pathogens (Liu et al. 

2012). Transfer of antibiotic resistance genes within the gut microbiota via conjugative 

plasmids has been demonstrated to occur in both animals (Card et al. 2017; McConnell and 

Tannock 1991; Schjorring et al. 2008) and humans (Gumpert et al. 2017; Lester et al. 
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2006). Emergence of antibiotic resistance in pathogens and gene flow from these 

microorganisms is a cause for huge concern (Gogarten and Townsend 2005). 

Enterococcus faecalis is an extremely hardy, gram positive bacterium that is a 

member of the intestinal microflora (Figure 1-1). Although normally harmless, they can 

act as opportunistic pathogens causing nosocomial bacteremia, surgical wound infection, 

endocarditis, and urinary tract infection (Carniol and Gilmore 2004; Jett et al. 1994; 

McCormick et al. 2002). In recent years, it has emerged as one of the leading causes of 

hospital acquired infections (Kang et al. 2012; Tendolkar et al. 2003). Treatment of these 

infections have become increasingly difficult as various strains of E. faecalis have been 

known to possess resistance to multiple antibiotics, including macrolides, tetracyclines, 

aminoglycosides, and glycopeptides including vancomycin (Klevens et al. 2007; Murray 

1997) (Aakra et al. 2005). E. faecalis are known to have a high abundance of transposable 

elements and highly conjugative plasmid systems which facilitate the transfer of virulence 

and resistance genes (Clewell et al. 2002; Manson et al. 2010; Willems et al. 2011). 

Transfer of these conjugative plasmids are often controlled by peptide sex pheromones 

secreted by E. faecalis that act as mating (conjugation) signals for donor bacteria harboring 

the conjugative plasmids.  

 
Figure 1-1: SEM of representative E. faecalis biofilm in a murine GI track (Barnes et al. 2017). 
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Several families of conjugative plasmids have been identified in E. faecalis clinical 

isolates, which encode conjugation responses to various small 7- or 8-amino acid peptide 

pheromones (C) secreted by plasmid-free (recipient) bacteria (Clewell et al. 2000; Dunny 

and Leonard 1997). These peptide pheromones are specific for different families of 

conjugative plasmids and are processed from chromosomally encoded lipoproteins 

(Clewell et al. 2000). The genetic elements responsible for sensing and responding to the 

pheromone are present on the conjugative plasmid present in the cells (donors). These 

plasmids carry a set of transfer genes that encode proteins which mediate attachment of 

donor cells to recipient cells, formation of a mating channel connecting the cytoplasmic 

compartments of the two cells, and enzymatic processing of the plasmid DNA. In addition, 

each plasmid encodes a peptide that acts as a competitive inhibitor (I) of the corresponding 

pheromone and is believed to help prevent self-induction by endogenous pheromone that 

may be produced in plasmid-containing cells. However, our recent work has demonstrated 

that these “inhibitors” also serve as a classic quorum-sensing signal for donors that 

functions to reduce conjugation at high donor densities (Bandyopadhyay et al. 2016; 

Chatterjee et al. 2013b). 
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Figure 1-2: Two antagonistic signaling peptides control conjugative plasmid transfer. (A) Peptide 
pheromone (C) produced by plasmid-free recipient cells triggers the conjugative transfer in plasmid-
containing donors. An inhibitor peptide encoded in the plasmid and produced by donor cells. (B) These 
signaling peptides act as part a quorum sensing system where peptides C and I modulate donor response in 
accordance with the relative abundance of donors and recipients. 

 
 
1.1 Thesis organization  

This work is an investigation of bacterial cell-cell communication controlling the 

transfer of clinically isolated conjugative plasmids in E. faecalis. The goal was to develop 

a fundamental understanding about the mechanism of conjugative resistance transfer from 

a systems analysis perspective though experiments and mathematical modelling. This 

thesis is arranged in eight chapters. Chapter 2 provides a brief background he current 

knowledge about the genetic regulation involved in transfer of plasmid pCF10. Chapter 3 

summarizes the role of the master regulatory protein PrgX in conjugation response. It 

describes our newer understanding of the oligomer state PrgX complexes and their 

affinities to the peptides and DNA which improved our understanding of the system and 

led to the refinement of our mathematical model. Based on the similarities between 

regulatory features controlling conjugation pCF10 and two other distinct plasmids pAD1 

and pAM373, we hypothesized that these plasmids are likely to exhibit similar quorum-

sensing behaviour as pCF10. Experimental findings indicated a similar antagonistic dual-
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signalling system in the other plasmids as in pCF10. The quorum sensing also affected 

cross-species conjugative plasmid transfer. The experimental results and the propose 

models for induction and shutdown of the conjugation operon in pAD1 and pAM373 is 

summarized in Chapter 4. Chapter 5 highlights our experimental and modelling work on 

quantifying stochasticity and population heterogeneity in conjugation response among 

donors. It provides evidence of some early responders in the donor population when the 

donor population is delayed waiting for the inducer concentration to reach threshold. 

Chapter 6 discusses our work on developing fluorescent reporter system to track the 

uninduced/induced donors, recipients, and uninduced/induced transconjugants in real-time 

using confocal microscopy and flow analysis. We are in process of developing an in vitro 

microfluidic gut model to co-culture bacteria and human epithelial cells mimicking the gut 

environment. Chapter 7 describes our preliminary results on optimizing the design of the 

co-culture system. Finally, Chapter 8 summarizes the key findings and conclusions of this 

thesis and provides some of the future directions of this research. 
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2 Background 

Multiple antibiotic resistance, including resistance to the ‘last resort antibiotic’ 

Vancomycin, is widespread among enterococci, representing a serious and growing clinical 

problem (Aakra et al. 2005; Klevens et al. 2007). Often, these resistance genes are carried 

on a group of highly conjugative plasmids, commonly found in enterococci, especially in 

E. faecalis. These plasmids encode mating responses to small peptide sex pheromones, 

which are secreted by plasmid-free (recipient) bacteria (Dunny and Leonard 1997). The 

genetic elements responsible for sensing and responding to the pheromone are present on 

the conjugative plasmids present in the donor cells. These plasmids carry a set of transfer 

genes that encode proteins, which mediate attachment of donor cells to recipient cells, 

formation of a mating channel connecting the cytoplasmic compartments of the two cells, 

and enzymatic processing of the plasmid DNA. In addition, each plasmid encodes a peptide 

that acts as a competitive inhibitor of the corresponding pheromone and is believed to help 

prevent self-induction by endogenous pheromone that may be produced in plasmid-

containing cells. Some of the well-studied pheromone-responding plasmids are pCF10, 

pAD1, pPD1, and pAM373 (Clewell 2002).  

2.1 Plasmid pCF10 
Plasmid pCF10 is a member of a family of pheromone-inducible conjugative 

plasmids of Enterococcus faecalis which frequently carry antibiotic resistance or virulence 

genes. The 67.7 kb long pCF10 plasmid isolated from E. faecalis clinical strain SF-7 

encodes for tetracycline resistance through stable incorporation of conjugative transposon 

Tn925 (Carniol and Gilmore 2004; Dunny et al. 1981; Torres et al. 1991). This plasmid 

can readily be transferred horizontally by induction of conjugation machinery. Cells 
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containing pCF10 function as potential plasmid donors and these can be signaled by 

recipients secreting the chromosomally-encoded peptide pheromone cCF10 (C) which 

induces the conjugative transfer of pCF10. � 

The plasmid can be categorized into three zones based on the function of genes: the 

regulatory loci involved in pheromone sensing (regulation), genes involved in formation 

of mating aggregates and formation of a mating channel connecting the cytoplasmic 

compartments of the two cells (adherence and Type IV secretion system) and, the DNA 

processing machinery (Figure 2-1).  
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Figure 2-1: Map of pCF10. The genetic determinants involved in the pheromone response and the target 
genes controlled by the pheromone are organized in a modular fashion. Their functions indicated on the 
circular map (Dunny 2013). 

The region between prgN-prgQ encodes for pheromone sensing and control, 

plasmid replication and maintenance. These pheromone responsive genes (prg), respond 

to the pheromone cCF10 and inhibitor iCF10 molecules and regulate the process of 

conjugation. The sex pheromones are hydrophobic peptides, processed from the signal 

peptides of secreted lipoproteins (Clewell et al. 2000). The mature pheromone cCF10 (C) 

is a heptapeptide (LVTLVFV) produced by proteolytic cleavage of the signal peptide 

segment of the putative secreted lipoprotein CcfA encoded in the chromosome (Antiporta 
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and Dunny 2002). Eep-mediated endoproteolytic cleavage occurs within the membrane 

and is required for the production of wild-type levels of C (Clewell et al. 2002). Along with 

cCF10, the pCF10 pheromone-sensing system encompasses prgQ-encoded iCF10 (I) 

inhibitor peptide (AITLIFI) that competitively inhibits the activity of C. Both these 

peptides are imported into donor cells by the Opp system or in conjunction with the 

peptide-specific importer PrgZ (Leonard et al. 1996). Both these peptides, C and I, bind 

the cytoplasmic master transcriptional regulator PrgX and modulate the transcription of 

prgQ and the entire 40 kb conjugation operon (Shi et al. 2005). Gene prgA, prgB, and, 

prgC encode surface proteins involved in adhesion and virulence (Bensing and Dunny 

1993; Bhatty et al. 2015). Genes prgD–prgM and pcfA–pcfC encode the type IV secretion 

system for transporting the single stranded plasmid DNA during conjugation. Gene pcfD–

pcfI encode the DNA processing and transfer machinery. PcfG functions as relaxase and 

PcfF functions as accessory protein for relaxosome (Chen et al. 2007; Staddon et al. 2006). 

The origin of transfer, oriT is located in intergenic region between pcfE and pcfF (Chen et 

al. 2017b). 

 
2.2 Regulation of conjugation 

The regulatory region of pCF10 encodes convergent prgX and prgQ operons (Figure 

2-2), on a complimentary strand of DNA with a 223 bp overlapping region. Promoter PQ 

drives expression of the prgQ operon, which encodes I and other parts of the conjugation 

machinery. The convergent promoter PX drives expression of the prgX operon, which 

encodes the master regulator protein PrgX. Transcription from convergent promoters with 

overlapping genes may cause the elongating RNA polymerases (RNAPs) collide head-on, 

exerting a suppressive effect on transcription. Incomplete transcripts may further exert 
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antisense RNA:RNA interactions due to the expression of complementary transcripts from 

prgQ and prgX operons.   

 
Figure 2-2: The of pCF10 regulatory region. The PQ and PX promoters driving expression of the loci are 
oriented in opposing directions such that there are 223 nucleotides of overlapping complementary. 
Transcripts from PQ encode I and other downstream conjugation proteins. PX drives the expression of Anti-
Q, which acts as an antisense RNA for QS, as well as the full-length transcript prgX that encodes the peptide-
dependent transcription factor PrgX, which negatively regulates transcription from PQ. 

 
Even in the absence of exogenous pheromone, basal prgQ transcription produces a 

380 nt RNA “short Q” (QS) transcript that terminates at t1 upstream of the conjugation 

genes due to its interaction with the 104-nt of prgX mRNA, anti-Q (Bae et al. 2002b). 

During pheromone induction, the RNAP firing rate from PQ greatly increases QS 

production. Increased QS titrates against the anti-Q pool and unbound QS assumes an “anti-

terminator” configuration which allows read through from the t1 transcribing extended 

“long Q” (QL) transcripts and downstream genes.  

Apo-PrgX dimers repress the PQ promoter. The regulation is achieved by the binding 

of C and I to PrgX. Based on the current model, the PrgX/peptide complexes with C or I 

exist as tetramers that bind the PQ region via two operator sites XBS 1 and 2. Structural 

differences between the peptide/PrgX/DNA complexes while forming the DNA loop 

accounts for the increased ability of PrgX/I tetramer to block RNA polymerase from 
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binding to PQ resulting in reduced expression of the conjugation operon (Chen et al. 2017a). 

The model for induction is shown in Figure 2-3. 

 
 
Figure 2-3: Model for the mechanism of pCF10 induction resulting in QL transcription. Recipient cells 
produce lipoproteins (Pre-C) which are processed and exported (Cex). Cex is imported (C) is potential donor 
cells where C can interact with PrgX (X) to form X4C4 complexes. X4C4 complexes allow induced 
transcription of QL (which encodes the downstream conjugation genes) from the PQ promoter. The I 
inhibitory peptide is produced from Pre-I upon export. Iex is imported (I) where it can interact with X to form 
X4I4 complexes and prevent induction of QL.  

 

2.3 Role of C and I as quorum sensing signals 
Quorum sensing is a mode of cell–cell communication that allows bacteria to share 

information about cell density by releasing and sensing molecules and adjusting gene 
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expression accordingly. Such a coordinated behavior enables bacteria to express 

energetically expensive processes as a collective only when the impact is maximized 

(Fuqua et al. 1994). Bacteria use quorum sensing communication circuits to regulate a 

diverse array of physiological activities such as virulence, bioluminescence, competence, 

conjugation, antibiotic production, motility, sporulation, and biofilm formation. 

In contrast to other quorum-sensing systems that regulate populations of a single cell 

type in a density-dependent fashion, enterococcal mating pheromones mediate 

communication between two different cell types while using two antagonistic signals. The 

pheromone C serves as the mate-sensing signal used by the plasmid-carrying donor cells 

to regulate expression of conjugation ability in response to recipient cell density. In 

presence of increased recipient cells, high amount of C leads to induction of the conjugation 

system, allowing for conjugation to take place. Peptide I was previously known to suppress 

self-induction of donor cells. However, the basal expression of QS in donor cultures leads 

to a cell density-dependent increase in I levels in the culture medium during growth. This 

indicates the peptide I also serves as a classic quorum-sensing signal. The donor uses I to 

sense its own concentration, hence it serves a self-sensing signal. Through the titration of 

self-sensing signal, I and mate-sensing signal C, the donors calibrate its response according 

to the relative donor and recipient abundance. In presence of excess donor cells, the amount 

of inhibitor produced by the donor cells keeps the conjugation system off, minimizing futile 

replication of the plasmid and wasteful synthesis of conjugation machinery (Chatterjee et 

al. 2013b). 
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2.4 Mathematical modelling insights into conjugation of pCF10 
Mathematical modeling has demonstrated that the convergent transcription in the 

prgX/prgQ operon leads to a robust genetic switch for expression of conjugation system. 

Collisions between RNA polymerases (RNAPs) transcribing from opposite directions 

causes premature termination of elongating transcripts. RNAP collisions coupled with 

antisense regulation exerted by the complementary counter-transcripts confer a bistable 

switch to conjugation (Figure 2-4) (Chatterjee et al. 2011). To examine the quorum sensing 

effect of I, the mathematical model was used to vary the concentration of I, as in the case 

of changing donor cell density. The state of conjugation induction then is evaluated by the 

transcript level of QL. As donor density increases, simulated by the concentration of I, the 

bistable region shifts towards a higher concentration of C; thus, a higher C concentration 

is required for donors for induction of the conjugation operon. 

 
Figure 2-4: Bistability in the prgQ-prgX switch. (A) Steady state level of QL (Long transcripts from PQ 
promoter) at different cCF10 concentrations shows characteristic bistable switch behavior (B) Effect of de-
coupling RNAP collision (RC) and antisense regulation (AR) on the steady state response of QL to cCF10 
(Chatterjee et al. 2011). (C) The bistable region shifts to a higher level of cCF10 with increasing donor 
density, accompanied by an increasing threshold level of cCF10 to turn on the conjugative genes (Chatterjee 
et al. 2013b). 

2.5 Sources of heterogeneity in conjugation response 
Expression of the genes in the conjugation operon, (such as aggregation substances, 

mating channel formation, and DNA processing) is determined by the concentrations of 

the two peptides, the locations of regulatory proteins, and polymerases. Fluctuations in the 
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amount or activity of these molecules result in fluctuations in gene expression. 

Traditionally, time evolution of the molecular populations in a reacting system is modelled 

using a set of coupled ordinary differential equations (ODEs) describing the reaction rate 

laws. These equations are usually set up under the assumption that the number of molecules 

of molecular species in the system approaches the thermodynamic limit (i.e. that the 

volume of the system and the number of reacting molecules are infinite). Though such 

assumptions are valid in industrial-scale chemical systems, a deterministic approach alone 

may not be sufficient for bio-molecular systems. The typical diameter of a microbial cell 

is ~1 micron (µm), which corresponds to a cellular volume on the order of ~1 femtoliter 

(fL). In this volume, the concentration of 1 molecule is roughly equal to 1.6 nM. Given that 

typical binding affinities of the biomolecules are often in the pM to µM range, even a small 

fluctuation in the intracellular concentration of a molecule can cause a regime change in 

biomolecular interactions. Therefore, fluctuations resulting from a few discrete reactions 

can significantly affect the dynamical patterns in cellular systems. Under such a scenario, 

differential equation-based models break down. Thus, the need arises for stochastic models 

that account for inherent noise in biomolecular interactions, which may eventually manifest 

itself in different phenotypic distributions at the population level. 

 

 
 

 
 

 
 
 
 
 

 
 



 
 
 

 

 
 

15 

3 Mechanism of induction of conjugation by peptide sex 

pheromones in Enterococcus faecalis 

Reproduced from  
Chen, Y., Bandyopadhyay, A., Kozlowicz, B. K., Haemig, H. A. H., Tai, A., Hu, W. S., 
& Dunny, G. M. (2017). Mechanisms of peptide sex pheromone regulation of 
conjugation in Enterococcus faecalis. MicrobiologyOpen. 
 
AB calculated binding affinities and refined the pevious model 
 
Breuer RJ*, Bandyopadhyay A*, O’Brien SA, Barnes AMT, Hunter RC, et al. (2017) 
Stochasticity in the enterococcal sex pheromone response revealed by quantitative 
analysis of transcription in single cells. PLOS Genetics 13(7): e1006878.  
*RJB and AB contributed equally.  
 
 
3.1 Summary 

The heptapeptide cCF10 (C) activates conjugative transfer of the Enterococcus 

faecalis plasmid pCF10, whereas the iCF10 (I) peptide inhibits transfer. Both peptides bind 

to the same domain of the master transcription regulator PrgX, which reregulates the 

transcription of the prgQ operon encoding conjugation genes. Our recent study shows that 

repression of prgQ by PrgX tetramers requires formation of a pCF10 DNA loop where 

both the PrgX DNA binding sites is occupied by a dimer. I binding to PrgX enhances prgQ 

repression, while C binding has the opposite effect. Previous models suggested that 

differential effects of these two peptides on the PrgX oligomerization state accounted for 

their distinct functions. Our new results demonstrate that both peptides have similar, high 

binding affinity for PrgX, and that both peptides actually promote formation of PrgX 

tetramers with higher DNA binding affinity than Apo-PrgX. We propose that differences 

in repression ability of PrgX/peptide complexes result from subtle differences in the 

structures of DNA-bound PrgX/peptide complexes. Changes in the induction state of donor 

cells likely result from replacement of one type of DNA-bound peptide/PrgX tetramer with 
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the other. In light of new knowledge on the oligomeric states of apo-PrgX and PrgX/peptide 

complexes, availability of kinetic parameters, and greater mechanistic understanding of its 

interactions with DNA and RNAP, the mathematical model describing the PrgX-prgQ 

regulation was modified.  

3.2 PrgX: the master regulator 
The master regulator for pCF10 induction, PrgX, is a member of a growing family 

of peptide-modulated transcription factors of Gram-positive pathogens (RRNPP proteins, 

RggRap/NprR/PlcR/PrgX) regulating diverse functions, including sporulation, biofilm 

formation, competent cell transformation, conjugation, and virulence (Fleuchot et al. 2011; 

Parashar et al. 2015; Rocha-Estrada et al. 2010). This family of proteins includes Rap 

proteins (Bacillus aspartyl phosphate phosphatases), the Bacillus neutral protease regulator 

NprR and its orthologs, the pleiotropic regulator PlcR from B. cereus group, Streptococcus 

Rgg proteins, and the sex pheromone receptor proteins PrgX and TraA from E. faecalis 

(Cook and Federle 2014; Declerck et al. 2007). The signaling peptides are synthesized as 

immature pro-peptides, secreted from the cell and subsequently undergo proteolytic 

maturation. The mature peptides are internalized by oligopeptide permeases and bind 

directly to their cognate RRNPP receptor. Except for the Rap phosphatase proteins, 

RRNPP proteins are transcription factors, whose activity is modulated by binding of their 

specific peptide signals (Cook and Federle 2014; Declerck et al. 2007). Although amino 

acid sequence homology among RRNPP proteins is low, these proteins all have similar 

structures.  
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3.3 Oligomeric structures of apo-PrgX and PrgX-peptide complexes 
Genetic and biochemical experiments indicated that PrgX forms dimers in vivo (Bae 

2001; Kozlowicz 2004), and structural analysis suggested that PrgX bound to DNA 

assumed a  tetrameric structure which could be the functional repressing form of PrgX 

(Kozlowicz et al. 2006; Shi et al. 2005). Structural analysis of PrgX/C and PrgX/I 

complexes showed that both peptides bind to the same cleft in the dimerization domain 

(Kozlowicz et al. 2006; Shi et al. 2005). However, the two peptides interact with different 

residues in the PrgX carboxy-terminus. While all PrgX crystals examined contained 

tetramers, C binding caused PrgX carboxy-terminal helix 17 to refold into a β-duplex that 

covers C, while I stabilized a C-terminal 10 residue β-strand which serves as an interacting 

face promoting tetramer formation between pairs of dimers (Kozlowicz et al. 2006; Shi et 

al. 2005).  Based on these data, it was suggested that peptide-induced changes in the C-

terminus of PrgX could alter the protein oligomerization state in solution: I was predicted 

to stabilize a tetramer structure, whereas C binding was predicted to destabilize PrgX 

tetramers, favoring a dimer state in solution. No structural information about PrgX/DNA 

complexes is available, and prior to this report there was no direct evidence for how peptide 

binding affected PrgX oligomerization in solution. Size exclusion chromatography was 

used to determine PrgX oligomerization states in solution (in the absence of DNA). Apo-

PrgX eluted as a dimer with an apparent mass of 74 KDa (Fig. 6). We purified C- or I-

bound PrgX by Ni++ affinity chromatography and then subjected the complexes to size 

exclusion chromatography. PrgX-C and PrgX-I both eluted at apparent masses of 140-145 

KDa (Fig. 6), consistent with tetramers.  
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3.4 DNA looping represses PQ promoter 
The target of PrgX-peptide mediated regulation is the prgQ promoter (PQ), which 

controls expression of the majority of factors involved in pCF10 conjugation. PrgX binds 

specifically to two operator sites (XBS1 and XBS2) in the PQ region between prgX and 

prgQ. The distance between centers of XBS1 and XBS2 sites is 91-bp, placing the two 

sites on the same face of the DNA double helix. Based on genetic and structural data, it 

was proposed that pairs of PrgX dimers could bind to XBS1 and XBS2, with the 

intervening DNA forming a loop that is stabilized by protein-protein interactions between 

the dimers bound to each operator site (Bae et al. 2002a). This caused the inhibition of 

RNA polymerase binding to PQ by steric hindrance in the XBS2 region. 

 Since, I was predicted to stabilize PrgX tetramers, I was expected to enhance 

repression of PQ transcription. In contrast, the tetramers of PrgX/C complexes are distorted 

(Shi et al. 2005), such that the one pair of dimers is rotated out of the plane. This distortion 

places torsional stress on the DNA loop, likely decreasing overall stability of the complex 

structure.  Because the weak link in the complex is the binding interaction between PrgX 

and XBS2, it is likely that this distorted structure would be unable to compete with RNA 

polymerase for binding in the XBS2 region and initiate the transcription from the PQ 

promoter.   
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Figure 3-1: Models of PrgX function. Part i. shows a repressing complex of PrgX/I tetramers, where both 
XBSs are tightly bound by PrgX, preventing access RNA polymerase to the prgQ promoter.  Part ii. depicts 
a previous working model for I is replacement by C in a tetramer, changing the C-terminal structure of PrgX 
by moving a predicted tetramer-stabilizing loop of the protein (Kozlowicz et al. 2006; Shi et al. 2005). 
Dissociation of the tetramer would weaken the DNA loop and favor PrgX dissociation from XBS2, allowing 
RNA polymerase to access the promoter. Part iii. Depicts the current working model, based on new results 
reported here. In this model, both peptides promote tetramer formation and looping, but the PrgX/C tetramer 
is distorted, placing torsional stress on the DNA loop structure reducing tight binding of PrgX to XBS2, and 
enabling RNA polymerase to compete more effectively for binding to the promoter.  Conversion from i. to 
iii. occurs by replacement of one form of PrgX with another on the DNA rather than replacement of one 
peptide with the other in a pre-formed tetramer. 

 
3.5 Binding affinities of C and I to PrgX 

By using surface plasmon resonance, the binding kinetics and affinities of C and I 

to PrgX were obtained. Both peptides bound to PrgX with similar kinetics and high 

affinities: the dissociation constant (KD) for PrgX-C is 6.856 x10-13M, and for PrgX-I is 

1.52 x10-13M (Table 3-1). The extremely low dissociation constants for both peptides, 

combined with the low intracellular concentrations of the free peptides present under 

normal physiological conditions, make it very unlikely that changes in the induction state 
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of donor cells result from replacement of one peptide with the other in DNA-bound 

PrgX/peptide complexes.  

 
Table 3-1: PrgX binding kinetics and affinities to peptides C and I. 

Protein-peptide Ka (M-1s-1) Kd (s-1) KD (M) 
PrgX-C 8.02E+7 5.50E-5 6.86E-13 
PrgX-I 1.34E+8  2.09E-5 1.52E-13 

 
3.6 Affinities of PrgX-C and PrgX-I tetramers for the PQ promoter 

region 
PrgX-C and PrgX-I tetramer fractions were collected from size exclusion columns 

and added these purified tetramers to the EMSAs using the long template (LT) DNA probe 

containing both the XBSs. Using the densitometry of free and protein-bound DNA at 

different protein concentrations the binding affinities of PrgX-C and PrgX-I for LT was 

computed.  

To estimate protein-DNA affinity from EMSA assays, the unbound DNA and shifted 

DNA were quantified using ImageJ software (http://imagej.nih.gov/ij/). Since LT-DNA 

has two binding sites, the apparent KD values for the binding events were also calculated 

by applying the two-site model described in Senear and Brenowitz (Senear DF, Brenowitz 

M, 1991) using the equations:  

 

 

 

where qi is the fraction of DNA molecules with i proteins bound, [L] is the 

concentration of protein ligand, Z is the binding polynomial equal to 1+ K1[L]+K2[L]2 and 

K1 and K2 are the equilibrium association constants. Obtaining the values of q0, q1, and q2 
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from EMSA, the binding polynomial Z was fitted using Curve fitting toolbox in Matlab 

2014b to a 2nd degree polynomial ( ) using bisquare robust regression. The 

constant term of the polynomial (c) was forced to value 1 and the other constants were 

subject to contraints a, b >=0. Using this method, two binding constants for LT-DNA-PrgX 

binding were obtained. However, since the second band for PrgX-C- LT-DNA and PrgX-

I-LT-DNA were negligible, q1 was assumed to be zero. Hence the binding polynomial 

Z=1+ K2[L]2 was fitted to obtain the binding constant using the same abovementioned 

constraints. The plots used for curve fitting to generate the KD values presented in results 

are shown in the Figure 3-2. 

ax2 + bx + c
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Figure 3-2: Measurement of binding constants (KD) for apo-PrgX and PrgX-peptide complexes binding 
to LT DNA. Densitometric data from EMSA from figure 6 was quantified as fractions of DNA bound with 
i ligands (i=0, 1, and 2) and a second degree binding polynomial was fitted. Experimental data and its 
corresponding polynomial fit for one representative EMSA data is shown for (A) PrgX-C-LT DNA. (B) 
PrgX-I-LT DNA, and (B) apo-PrgX-LT DNA. 

Based on the binding curves, the calculated KD of PrgX-C for LT is 0.43 ± 0.10 nM, 

while PrgX-I tetramer has a KD of 0.21 ± 0.052 nM. In the case of apo-PrgX, the calculated 

KD of PrgX dimer to XBS1 site was 4.04 ± 3.36 nM and KD of PrgX dimer bound to XBS2 

was 341.85 ± 377.5 nM. 
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3.7 Refining the mathematical model 

A mathematical model for pheromone induction including the intracellular 

molecular events (i.e. interaction of signaling peptides, multiple transcriptional and post-

transcriptional regulations), was described previously in  (Chatterjee et al. 2011) and 

(Chatterjee et al. 2013a). In light of new knowledge on the oligomeric states of apo-PrgX 

and PrgX/peptide complexes, availability of kinetic parameters, and greater mechanistic 

understanding of its interactions with DNA and RNAP (as discussed in greater detail in the 

main manuscript), modifications of the model were made as described below. 

Old model 

 
New model 

 
 
Key changes in the model: 

1. Old model: cCF10 (C) was assumed to have a higher binding affinity PrgX than 

iCF10 (I). During induction, even a small amount of C can displace I from PrgX 
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allowing for transcription form PQ promoter. When enough I accumulates post 

induction, I displaces C from PrgX repressing the PQ promoter. 

New model: The measured binding constants of both the peptides to PrgX are very 

high and are similar in value. Peptides bound to PrgX remains bound until 

degradation. Both the peptides bind to apo-PrgX and do not compete with each other 

for pre-formed PrgX-peptide complexes. In order to facilitate this condition, the 

intracellular concentrations of apo-PrgX dimers (X2) is likely to be in large excess. 

The induction and shut down of the PQ promoter is controlled by the competition of 

X2, X4C4, and X4I4 for the operator site.              

2. Old model: Apo-PrgX binding to the operator region of DNA negligible. PrgX bound 

to the operator region of DNA existed either as PrgX-iCF10 or PrgX-cCF10 

complexes. 

[ ] [ ] [ ]4 4 4 4N OX C OX I» +  

New model: PrgX by itself can bind to DNA and cause a suppressive effect. Though 

apo-PrgX binds to DNA (O) with a lower affinity, high intracellular concentration 

allows it to bind to DNA, forming (OX4), suppressing the PQ promoter under basal 

uninduced conditions.  

[ ] [ ] [ ] [ ]4 4 4 4 4N OX OX C OX I» + +  

 
Table 3-2: Order of magnitude estimate of the intracellular concentrations of various species under 
various stages of induction. 

 X2 X4C4 X4I4 O OX4 OX4C4 OX4I4 

Uninduced state 100-1000 0 1-5 0 3 0 2 

Induced state 100-1000 1-5 5-10 0 1 1-2 2-3 
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Post-induced state 100-1000 1-5 20-50 0 1 0 4 

 
Under basal uninduced conditions, the PQ promoter is suppressed by apo-PrgX and 

PrgX-iCF10 tetramers in OX4 and OX4I4 states. When the donor cells are exposed to C, 

extracellular C in imported in which then binds to apo-PrgX dimers (X2) forming X4C4. 

X4C4 having two orders of magnitude higher affinity for DNA replaces apo-PrgX on the 

plasmids, inducing the PQ promoter. The induction of just one plasmid may be sufficient 

to generate enough QL transcripts to all synthesis of the conjugation machinery. Induction 

of PQ promoter increases the synthesis of I which is processed and secreted out. 

Extracellular I (Iex), is then re-imported back in by the donor cells where it binds to apo-

PrgX dimers forming X4I4. High-performance liquid chromatography fractionation of 

supernatant of pCF10 carrying E. faecalis cultures shows that I and C are secreted typically 

in a molar ratio of 10–100 to 1 (Nakayama et al. 1994). Both X4C4 and X4I4 have similar 

binding affinities towards DNA. However due to higher concentration of X4I4, it preferably 

binds to the DNA causing a suppressive effect shutting down the synthesis of conjugation 

machinery. 

 
The binding events are summarized in the reactions below: 

, 

, 
2 4 42 4 X C bind

X C diss

k

k
X C X C-

-
+                                                           (1) 

, 

, 
2 4 42 4 X I bind

X I diss

k
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-
+                                                             (2) 

O-X , 4

O-X , 4
2 42 bind

diss

k

k
O X OX+                                                             (3) 

O-X4 4, 

O-X4 4, 
4 4 4 4

C bind

C diss

k

k
O X C OX C+                                                       (4) 

O-X4 4, 

O-X , 4 4
4 4 4 4

I bind

I diss

k

k
O X I OX I+                                                         (5) 

 
A set of mass action differential equations describing the balance of various 

transcripts, signaling molecules C and I involved in the prgQ-prgX genetic switch is 
provided below.  
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[ ] [ ][ ] [ ]
2 2

4
, 2 , 4O X bind O X diss

d OX
k O X k OX

dt - -= -                             (Eq. 1) 

[ ] [ ][ ] [ ]
4 4 4 4

4 4
, 4 4 , 4 4O X bind O X disC C s

d OX
k O X k OX

dt
C

C C- -= -                    (Eq. 2) 

[ ] [ ][ ] [ ]
4 4 4 4

4 4
, 4 4 , 4 4O X bind O X disI I s

d OX
k O X k OX

dt
I

I I- -= -                      (Eq. 3) 

[ ] [ ] [ ] [ ]4 4 4 4 4d O d OX d OX d OX
dt dt dt dt

I I
= - - -                           (Eq. 4) 

Transcription from both PQ and PX depends on the state of the pCF10 DNA. 

Equations Eq. 1- Eq. 4 describes the balance of the various states of the pCF10 DNA i.e. 

DNA bound to X4 (OX4), X4C4 (OX4C4), X4I4 (OX4I4) and free DNA (O). Since apo-PrgX 

dimer (X2) concentration is significantly higher when compared to DNA (O), X2 

concentration effectively remains constant during the reaction because its consumption 

would be so small that the change in concentration becomes negligible. Hence, we assume 

the binding of X2 to DNA in reaction 3 follows first order kinetics with respect to both X2 

and O as described in Equation Eq. 1. Equations Eq. 2 and Eq. 3 mathematically describes 

the species balances for OX4C4 and OX4I4 based on reactions 4 and 5. The binding constants 

for X4, X4C4, and X4I4 to DNA (O) were estimated using EMSA (as described in Materials 

and Method). The forward and backward reaction rates were assumed to be in the order of 

typical DNA binding reactions. Equation Eq. 5 describes the balance on free DNA (O) 

under the assumption that the total plasmid copy number remains constant. 

[ ] [ ]( ) [ ] [ ]( ) [ ], 4 4 ,repressed 4 4 4Q Q L pre a

pre
P induced P Q pre Q Q pre a

d Q
k O OX k OX OC X k Q k Q Q

dt
I -

é ùë û é ù é ù= + + + - -ë û ë û
(Eq. 5) 

[ ] ( )[ ]
L L

L
Q pre Q L
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k Q Q

dt
l µé ù= - +ë û                                                   (Eq. 6) 
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p sre aQ Q pre
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k Q Q Q

dt
l µ- é ù= - +ë û                                          (Eq. 7) 



 
 
 

 

 
 

27 

Equation Eq. 5 describes the transcription from PQ promoter, which depends on the 

state of DNA that may be under an induced state (O, OX4C4) or under repressed conditions 

(OX4, OX4I4). The nascent transcript Qpre either may be transcribed into full-length 

transcript QL or get truncated into shorter transcript QS due to antisense interaction with 

104-nt Anti-Q RNA (Qa) as shown by the fourth term in Equation Eq. 5. The remaining 

Qpre transcript continues to elongate as a first order reaction with respect to Qpre. Since 

nascent transcript Qpre is an intermediate species, no dilution or degradation term has been 

considered. Equations Eq. 6 and Eq. 7 describes the synthesis of QL and QS transcripts. 

[ ] [ ] [ ]( ) [ ] [ ]( ) [ ] [ ], 4 4 ,repressed 4 4 4 ( )
a a pre a a

a
Q induced Q Q Q pre a Q a

d Q
k O OX c k OX OX i k Q Q Q

dt
l µ- é ù= + + + - - +ë û      

    (Eq. 8) 
[ ] [ ] [ ]( ) [ ] [ ]( ) ( )[ ], 4 4 ,repressed 4 4 4X XP ind prgXuced P

d prgX
k O OX c k OX OX i

d
prg

t
Xl µ= + + + - +

     
(Eq. 9) 

Equations Eq. 8 and Eq. 9 describe the transcription from PX promoter, which are 

involved in the synthesis of Anti-Q RNA (Qa), and full-length transcript for PrgX protein.  
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Equations Eq. 10- Eq. 12 describe the species balance of X2, X4C4, and X4I4 based 

on reactions (1), (2), (4) and (5). Translation of PrgX transcripts and subsequent 

dimerization were combined into a single step and described by kinetic constant kX ,trans. 

The binding reactions of peptides to apo-PrgX were assumed to be first-order with respect 

to both apo-PrgX dimers (X2) and the respective peptides (I and C) and the rate constants 

were experimentally determined using SPR (Table 3-1). 

[ ] ( ) [ ] [ ]( )
ex i

ex
I L S T ex I

d I
k Q Q k I

dt
= + - -                             (Eq. 13) 

[ ] [ ] [ ]( ) [ ][ ] [ ] ( )[ ] 2 4 4, ,4 4
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k X
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[ ] [ ] [ ]( ) [ ][ ] [ ] ( )[ ] 2 4 4, ,4 4
i X I bind X I dissT ex I
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k I X X

I
I k I k

dt
I Il µ- -= - - + - +       (Eq. 15) 

 

The dynamics of extracellular iCF10 (Iex), intracellular iCF10 (I), extracellular 

cCF10 (Cex), and cCF10 (C) are shown in Equations Eq. 13-15. iCF10 is synthesized by 

pCF10 under leader sequence of transcripts emerging from the PQ promoter and is part of 

both Qs and QL transcripts. The peptide is translated as pre-iCF10, which is cleaved and 

processed into active iCF10 while exported out. Combining its translation and export, the 

rate of iCF10 synthesis is modelled to be proportional to the sum of Qs and QL. The 

transport of signalling molecules cCF10 and iCF10 across the membrane protein PrgZ is 

modelled as a first-order reaction dependent on the concentration difference between 

extracellular and intracellular concentrations of respective peptides.  

Initial conditions for all the species were obtained by solving equations Eq. 1- Eq. 

15 for steady-state when the extracellular concentration of cCF10 (C) was set to zero. 

Subsequently, the extracellular concentration of cCF10 (C) was fixed at a desired value 

and the ordinary differential equations (Eq. 1- Eq. 15) were integrated using function 
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“ode23s” in MATLAB (version 2014b; MathWorks) to obtain dynamic behaviour of the 

system. 

 
3.8  Effect of binding affinity of PrgX complexes to DNA 

As shown in Figure 3-3A, under basal uninduced conditions, apo-PrgX and PrgX-I 

tetramers (X4I4) binds to DNA (O) forming OX4 and OX4I4 which suppress the PQ promoter 

all the plasmid copies. Once the cells are exposed to cCF10 (C) it binds to apo-PrgX dimers 

forming X4C4 and competes with apo-PrgX dimers for the binding site for the PQ promoter 

and due to higher affinity of X4C4 for DNA an increase is seen in the OX4C4 state of DNA. 

This leads to de-repression of the PQ promoter, inducing the synthesis of QL as seen in 

Figure 3-3A. Increase in QL synthesis increases the production of iCF10 (I) which is then 

reimported by the cells, and increases the intracellular concentration of X4I4. Both X4C4 

and X4I4 have similar binding affinities towards DNA. However due to higher 

concentration of X4I4, it preferably binds to the DNA, increasing the fraction of DNA in 

the OX4I4 state, which ultimately shuts down the synthesis of conjugation machinery.  

The precise control of the conjugation system is achieved by the differences in 

concentrations and affinities of various PrgX complexes at different states if induction. 

Under uninduced conditions, the high intracellular concentration of apo-PrgX allows it to 

occupy some operator sites even though it has lower affinity for DNA than both X4C4 and 

X4I4. This difference in affinities becomes crucial for the induction where higher affinity 

of X4C4 for DNA allows the promoters of some plasmids to get induced of especially in 

situations where the X4C4 and X4I4 concentrations are comparable. Similar binding 

affinities of X4C4 and X4I4 for DNA makes the conjugative system very sensitive to the 
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relative concentrations of C and I which becomes very critical for the shutdown of the 

conjugation system.  

Since the affinities of the PrgX complexes for DNA is so critical for the control of 

the conjugation system, we examined the scenarios where either X4C4, X4I4 or X2 had 

higher affinity for DNA (Figure 3-3B, C and D). Figure 3-3B shows the effect of 100-fold 

higher affinity of X4C4 for DNA (10-12 nM instead of 10-10 nM). Under such a condition, 

we see that most of the DNA (4 out of 5 copies) are in OX4C4 state, which causes a very 

high level of QL which does not show a shutdown. Such a system will lead to wasteful 

synthesis of the conjugation system and will be a significant fitness cost. Figure 3-3C 

shows another scenario where X4I4 has 100-fold higher affinity for DNA (10-12 nM instead 

of 10-10 nM). Under this scenario, almost all the DNA (~5 out of 5 copies) are in OX4I4 

state and shows a very low sensitivity for physiological concentrations of cCF10 (5 nM). 

In such a system, QL expression is very low which may not be enough to synthesize enough 

conjugation machinery for fruitful conjugation. Figure 3-3D shows another scenario where 

X2 has 100-fold higher affinity for DNA (10-10 nM instead of 10-8 nM). The QL expression 

level is similar as in case of Figure 3-3C but under this scenario, almost all the DNA (~5 

out of 5 copies) are in OX4 state and shows a very low sensitivity for both C and I.  
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Figure 3-3: Effect of PrgX-peptide binding to DNA on the dynamics of on induction. Dynamic 
simulation of the model was done keeping exogenous cCF10 concentration constant at 5 nM. The binding 
constants for PrgX-C-DNA and PrgX-I-DNA was varied and its effect on the time dynamics of QL, O, 
OX4, OX4C4, and OX4I4 is shown comparing it to the reference of original fitted parameters. (a) Simulation 
results under original fitted parameters. (b) Simulation results when the PrgX-C-DNA binding constant is 
increased 100 fold from 10-10 nM to 10-12 nM. (c) Simulation results when the PrgX-I-DNA binding 
constant is increased 100 fold from 10-10 nM to 10-12 nM.  (d) Simulation results when the apo PrgX-DNA 
binding constant is increased 100 fold from 10-8 nM to 10-10 nM.   
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3.9 Effect of donor density 
Using experimentations and mathematical modeling, we had shown that iCF10, 

previously known to suppress self-induction of donor cells, also serves as a quorum-

sensing signal for donors that functions to reduce conjugative plasmid transfer at high 

donor density. We simulated the effect of donor density using the model based on our 

updated knowledge of the system as shown in Figure 3-4A and B. As expected, at high 

donor density (Figure 3-4B) the QL expression is low when compared to low donor 

density (Figure 3-4A) due to increased accumulation of I. One major difference is seen at 

the distribution of the DNA in OX4 and OX4I4 uninduced condition (Time=0 h). At low 

donor density, the DNA in OX4 and OX4I4 states are 3 and 2 respectively. Whereas at 

high donor density, the DNA in OX4 and OX4I4 states are 1 and 4 respectively due to 

higher concentration of I under induced condition. This difference in the initial 

conditions may be one of the contributing factors for low induction levels at high donor 

densities. 

 

Figure 3-4: Effect of donor density on the on the dynamics of on induction. Dynamic simulation of the 
model was done keeping exogenous C concentration constant at 5 nM and varying the donor density and its 
effect on the time dynamics of QL, O, OX4, OX4C4, and OX4I4 is shown (A) Low donor density shows 
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higher induction of QL whereas high donor density (B) showed lower QL expression as a consequence of 
higher fraction of DNA in OX4I4 state throughout the various stages of induction 

Table 3-3: Kinetic parameters used in mathematical model. 

Parameter Description Value used 

2 ,O X bindk -  Rate constant for X2 binding to DNA 1×106 M-1s-1 

2 ,O X dissk -  Rate constant for X2 dissociating from DNA 1×10-2 s-1 

4 4 ,O dCX bink -  Rate constant for X4C4 binding to DNA 1×108 M-1s-1 

4 4 ,O sCX disk -  Rate constant for X4C4 dissociating from DNA 1×10-3 s-1 

4 4 ,O dIX bink -  Rate constant for X4I4 binding to DNA 1×108 M-1s-1 

4 4 ,O sIX disk -  Rate constant for X4I4 dissociating from DNA 1×10-3 s-1 

,QP inducedk
 

Transcription rate of Pre-Q RNA in induced state 0.1 s-1 

,repressedQP
k

 
Transcription rate of Pre-Q RNA in repressed state 7.23×10-4 s-1 

LQ
k  Rate constant for QL synthesis from pre-Q 1 s-1 

pre aQ Qk -  
Rate constant of interaction between Qpre and Qa RNA 4.43×108 M-1s-1 

,aQ inducedk  Transcription rate of anti-Q RNA in induced state 1.21×10-3 s-1 

,repressedaQ
k  Transcription rate of anti-Q RNA in repressed state 8.23×10-3 s-1 

,XP inducedk  Transcription rate of prgX in induced state 1.21×10-5 s-1 

,repressedXP
k  Transcription rate of prgX in repressed state 1.02×10-2 s-1 

,X transk  
Rate constant for translation and subsequent dimerization 
of PrgX 2×10-3 s-1 

, X C bindk -  Rate constant for C bind to X2 forming PrgX-C tetramers 1.38×107 M-1s-1 

, X C dissk -  
Rate constant for dissociation of PrgX-C tetramers into C 
and X2 

5.5×10-5 s-1 

, X I bindk -  Rate constant for I bind to X2 forming PrgX-C tetramers 8.01×107 M-1s-1 

, X I dissk -  
Rate constant for dissociation of PrgX-I tetramers into I 
and X2 

2.1×10-5 s-1 

exI
k  Generation rate of extracellular iCF10 5×10-4 s-1 

iT
k  Transport rate constant of iCF10 1×10-3 s-1 

cT
k  Transport rate constant of cCF10 1×10-3 s-1 

µ  Specific growth rate of donor cells 2.58×10-4 s-1 

Cl  Degradation rate of intracellular cCF10 1×10-5 s-1 

Il  Degradation rate of intracellular iCF10 1×10-5 s-1 
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2X
l  Degradation rate of apo-PrgX dimer 1×10-5 s-1 

4 4X Cl  Degradation rate of PrgX-C tetramers 1×10-5 s-1 

4 4X Il  Degradation rate of PrgX-I tetramers 1×10-5 s-1 

prgXl  Degradation rate of PrgX RNA 2×10-4 s-1 

sQ
l  Degradation rate of Qs RNA 5×10-3 s-1 

LQ
l  Degradation rate of QL RNA 1×10-3 s-1 

aQ
l  Degradation rate of Anti-Q RNA 1×10-3 s-1 

 
 
3.10 Discussion 

This study sought to improve our understanding on how specific interactions of the 

C and I signalling peptides with the master regulator PrgX modulate expression of pCF10 

conjugation genes in E. faecalis. The induction status of cells carrying pCF10 is determined 

by the ratio of I to C in the donor cytoplasm once they imported from the growth medium. 

Genetic, biochemical and structural studies all suggested that the C and I peptides function 

via direct binding to PrgX. While both peptides bind to a same pocket in PrgX, they induce 

different conformations in PrgX C-terminus (Kozlowicz et al. 2006; Shi et al. 2005). The 

two operator sites the upstream regulatory region of prgQ are connected by a DNA loop 

stabilized by protein/protein interactions between the bound PrgX dimers. Interactions 

between pairs of PrgX dimers were predicted to be enhanced by a 10 amino acid loop near 

the C-terminus whose structure is stabilized by binding of I to PrgX (Kozlowicz et al. 

2006). The overlap between XBS2 and PQ would result in repression by steric hindrance of 

RNA polymerase binding to PQ when XBS2 was occupied by PrgX. In the case of PrgX/I 

complexes with DNA, all of the proteins should be aligned within the plane of the 

illustration (Figure 3-1, part i), based on structures of the protein/peptide complexes 

(Kozlowicz et al. 2006; Shi et al. 2005). In contrast, the tetramers of PrgX/C complexes 
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are distorted (Shi et al. 2005), such that the one pair of dimers is rotated out of the plane as 

shown in Figure 3-1, part iii. This distortion increases the torsional stress on the DNA loop, 

decreasing overall stability of the complex structure increasing the likelihood of the RNA 

polymerase binding in the XBS2 region leading to the transcription of the conjugation 

operon. 

 

Since multiple in vivo experiments have shown that excess is required for inhibition 

of C (reviewed in (Clewell et al. 2002; Clewell et al. 2014)), the binding affinity of C for 

PrgX was expected be stronger that of I, and that induction could result from replacement 

of I with C in pre-formed PrgX oligomers. However, in this study we made the striking 

observation that the binding affinities of both peptides for PrgX are extremely high, with 

KD values approaching 10-13 M (Table 3-1). The affinities for PrgX to both peptides are 

extremely strong indicating that peptide/PrgX binding is essentially irreversible. Thus, in 

donor cells one peptide is highly unlikely to replace the other in a pre-formed PrgX 

complex. Hence the regulation is driven by the concentration of the PrgX complexes which 

is determined by the functional competition between the two peptides occurs during 

PrgZ/Opp-mediated import of the peptides.  

It is interesting to consider transcription regulation in the pCF10 system by PrgX in 

relation to other well studied bacterial transcription factors. Many of the canonical 

transcription factors such as LacI are present in very low concentrations, and are modulated 

by low molecular weight ligands (co-repressors, etc.) that are generally more abundant 

(Muller-Hill 1998).  In contrast, wild type E. faecalis cells carrying pCF10 contain a large 

excess of PrgX (~15 fold ratio of X dimers/XBSs) (Caserta et al., 2012), while the 
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extracellular (and probably intracellular) concentrations of the peptides are very low (Mori 

et al. 1988; Nakayama et al. 1994). Although apo-PrgX can bind DNA and repress prgQ 

transcription in vitro (Caserta et al., 2012), the results of the EMSA experiments reported 

here indicate that PrgX bound to either peptide produces shifted and supershifted 

complexes with its DNA target at much lower protein concentrations than apo-PrgX. This 

suggests that upon import of either peptide, any existing apo-PrgX/DNA complexes would 

be rapidly replaced by peptide-containing complexes. The affinities of both peptide 

complexes for DNA are strong (both in the nM range, Table 3-1), but not as strong as the 

peptide binding affinities for PrgX. Thus, we expect that changes in the ratio of one type 

of peptide-containing DNA bound complex to the other can result from occasional 

dissociation of the bound protein from the DNA, from synthesis of new XBSs during 

plasmid replication, or from protein turnover. In other words, changes in donor induction 

state likely result from changes in the type of PrgX complex bound to operator sites rather 

than swapping one peptide for another in a pre-existing complex. The refinements of the 

stepwise model for pheromone induction described here affected some of the parameters 

and assumptions necessary for more accurate mathematical modelling of the pheromone 

response (Breuer et al. 2017; Chatterjee 2013; Chatterjee et al. 2011). 
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4 Antagonistic donor density effect conserved in multiple 

Enterococcal conjugative plasmids 

Reproduced from Bandyopadhyay A, O'Brien S, Frank KL, Dunny GM, Hu W-S. 2016. 
Antagonistic donor density effect conserved in multiple enterococcal conjugative 
plasmids. Appl Environ Microbiol 82:4537–4545. doi:10.1128/AEM.00363-16. 
 

4.1 Summary 
Enterococcus faecalis, a common causative agent of hospital-acquired infections, is 

resistant to many known antibiotics. Its ability to acquire and transfer resistance genes and 

virulence determinants through conjugative plasmids poses a serious concern for public 

health. In some cases, induction of transfer of E. faecalis plasmids results from peptide 

pheromones produced by plasmid-free recipient cells, which are sensed by the plasmid-

bearing donor cells. These plasmids generally encode an inhibitory peptide that competes 

with the pheromone, and suppresses self-induction of donors. We recently demonstrated 

that the inhibitor peptide encoded on plasmid pCF10 is part of a unique quorum sensing 

system wherein it functions as a “self-sensing signal”, reducing the response to pheromone 

in a density-dependent fashion. Based on the similarities in regulatory features controlling 

conjugation in pAD1 and pAM373 with pCF10, we hypothesized that these plasmids are 

likely to exhibit similar quorum sensing behavior. Experimental findings indicate that for 

both pAD1 and pAM373, high donor densities indeed resulted in decreased induction of 

the conjugation operon and reduced conjugation frequencies. This effect was recapitulated 

by addition of exogenous inhibitor, confirming that the inhibitor serves as an indicator for 

donor density. Donor density also affects cross-species conjugative plasmid transfer. Based 
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on our experimental results, we propose models for induction and shutdown of the 

conjugation operon in pAD1 and pAM373. 

4.2 Introduction 
Enterococcus faecalis, a bacterium normally present in the human intestinal tract, is 

a major cause of health care-associated infections. Treatment of these infections has 

become increasingly difficult with the emergence of E. faecalis strains that are resistant to 

multiple antibiotics, including macrolides, tetracyclines, aminoglycosides, and 

glycopeptides including vancomycin (Klevens et al. 2007; Murray 1997). E. faecalis also 

possesses the ability to transfer these antibiotic resistances to other bacteria within and 

across species, facilitating the spread of resistance. Conjugative DNA transfer is 

particularly common among enterococci and it frequently involves highly transmissible 

plasmids or conjugative transposons carrying antibiotic resistance (Clewell et al. 2002). E. 

faecalis secretes a number of peptide sex pheromones that act as mating (conjugation) 

signals for donor bacteria harboring certain conjugative plasmids. Peptide signaling 

activates genes whose products mediate conjugative plasmid transfer. Enterococcal sex 

pheromones thus contribute directly to dissemination of antibiotic resistance (Clewell 

1990; Showsh et al. 2001). 

Plasmid pCF10 is a well-characterized conjugative plasmid that carries tetracycline 

resistance (Carniol and Gilmore 2004; Torres et al. 1991). This plasmid encodes a DNA 

transfer machine whose expression is induced by the heptapeptide sex pheromone cCF10, 

which is secreted by plasmid-free (recipient) bacteria (Dunny and Leonard 1997). In 

addition, pCF10 also encodes the peptide iCF10, which acts as a competitive inhibitor of 

cCF10 and functions in preventing self-induction by endogenous pheromone produced by 

plasmid-containing cells (Nakayama et al. 1994). We have used pCF10 as a model system 
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for analysis of control mechanisms and development of computational models that describe 

the regulation of conjugation functions (Chatterjee et al. 2013b; Chatterjee et al. 2011; 

Cook et al. 2011). Recently, we demonstrated that iCF10 also serves as a classic quorum 

sensing signal for donors, functioning to reduce conjugation at high donor densities 

(Chatterjee et al. 2013b). 

Several families of conjugative plasmids that have mating responses to various 

peptide pheromones have been identified in E. faecalis clinical isolates (Francia and 

Clewell 2002; Gilmore 2002). Two of these conjugative plasmids are pAD1 and pAM373, 

which confer responses to pheromones cAD1 and cAM373 respectively (Flannagan and 

Clewell 2002; Mori et al. 1984). Each plasmid also encodes a cognate small peptide (iAD1 

or iAM373), which is secreted and acts as a competitive inhibitor of the corresponding 

pheromone (Clewell et al. 1990; Nakayama et al. 1995). Both pAD1 and pAM373 are 

clinically relevant due to the genetic features they encode. Plasmid pAD1 consists of 

elements that encode a hemolysin/bacteriocin and resistance to UV light (Clewell 2007). 

Derivatives of plasmid pAM373 often carry vancomycin resistance and their mating 

response can be induced by peptides produced by Staphylococcus aureus, Streptococcus 

gordonii and Enterococcus hirae (De Boever et al. 2000; Showsh et al. 2001). 

As shown in Figure 4-1, there is substantial conservation of the critical regulatory 

regions in pCF10, pAD1 and pAM373. Plasmid pCF10 encodes the prgX and prgQ operons 

on complementary DNA strands with an overlapping region at the 5’ end of each operon. 

This organization results in convergent transcription of ~220 nucleotides of mRNA that 

can lead to reciprocal negative regulation by both antisense interactions (Johnson et al. 

2011; Johnson et al. 2010; Shokeen et al. 2010), and by transcription interference resulting 
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from collisions between RNA polymerase elongation complexes (Chatterjee et al. 2011). 

The overlapping region also encodes the inhibitor peptide iCF10 (Johnson et al. 2010). 

Plasmids pAD1 and pAM373 also have convergent promoters in the regulatory region (do 

Carmo de Freire Bastos et al. 1998; Ozawa et al. 2005), and the overlapping region between 

the two promoters encodes their respective peptide inhibitors iAD1 and iAM373.  

 

Figure 4-1: Gene arrangement in pheromone responsive plasmids. Comparison of the pheromone-
responsive region of pCF10 to the sex pheromone plasmids pAD1 and pAM373 in their regulatory regions. 
The positions for the regulatory features i.e. transcription start sites and transcriptional terminators are 
indicated relative to the transcript start sites from PQ and PO (indicated as +1). 

 

Noting these similarities, we set out to examine whether a dual signalling system 

like that found in pCF10 with pheromone indicating recipient density and inhibitor 

indicating donor density, also functions in pAD1 and pAM373. Here we report that, as in 

the case of pCF10, high donor density has a suppressive effect on conjugation in both pAD1 

and pAM373. The suppressive effect requires inhibitor production by the donor cells, and 

is likely caused by the increased concentration of inhibitor in high donor density cultures. 

This confirms a broad role of inhibitor peptides as signals which regulate the social 
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behavior of conjugative plasmid-harboring E. faecalis donor cells. To date, the only 

published studies of donor population density on expression of conjugation functions have 

been carried out in the Agrobacterium tumefaciens Ti plasmid system where quorum 

sensing operates to enhance conjugation at high donor density (Fuqua and Winans 1996; 

Piper et al. 1993). Here, we report that the opposite situation holds for multiple 

enterococcal sex pheromone plasmids. 

4.3 Materials and Methods 
4.3.1 Bacterial Strains and Culture Conditions 

Bacterial strains and plasmids used in this study are listed in Table 4-1. All liquid 

cultures were grown at 37 °C in M9 medium containing 3 g/L yeast extract, 10 g/L 

casamino acids, 36 g/L glucose, 0.12 g/L MgSO4, and 0.011 g/L CaCl2 or in Todd–Hewitt 

broth (THB; Difco). Antibiotics, when used for selection, were at following concentrations: 

tetracycline (Tet), 10 µg/mL; chloramphenicol (Cm), 10 µg/mL; erythromycin (Erm), 20 

µg/mL; streptomycin (Strep), 1000 µg/mL; spectinomycin (Spec), 1000 mg/mL; and 

rifampin (Rif), 25 µg/mL (for JH2-2) and 200 µg/mL (for OG1RF).  

 
Table 4-1: Strains and plasmids used in this study 

Strain and plasmid Description Reference 
E. faecalis 
OG1RF Rifr, Far (Dunny et al. 1978) 

 OG1X Strepr (do Carmo de Freire 
Bastos et al. 1998; 

Weaver and Clewell 
1988)  

JH2-2 Rifr, Far (do Carmo de Freire 
Bastos et al. 1998; 
Jacob and Hobbs 

1974) 

OG1Sp Specr (Kristich et al. 2007) 
S. gordonii 
CH1cm Spontaneous Cmr derivative of strain Challis 

(CH1) 
This work 

Plasmid 
pAM714 pAD1 with Tn917 insert; Ermr (do Carmo de Freire 

Bastos et al. 1998; 
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Weaver and Clewell 
1988) 

pAM387 pAM373 with Tn918 insert; Tetr (Clewell et al. 1985; 
Vickerman et al. 2010) 

pAMS470 Shuttle vector which replicates in 
Enterococcus and Streptococcus; Ermr 

(Vickerman et al. 
2010) 

 
4.3.2 Conjugation Assays.  

 Cultures of donor and recipient cells were grown overnight at 37 °C in 4 mL of M9 

medium, centrifuged, washed twice with 1 mL KPBS containing 2 mM EDTA, and 

resuspended in the original volume of fresh M9 medium and adjusted to equal cell densities 

at OD600. Plasmid-bearing donor cells (D) were diluted 1:10 or 1:1000 in fresh M9 

medium and added to equal volumes of 1:10 dilution of plasmid-free recipient cells (R) 

resulting in D:R=1:1 and D:R=0.01:1 respectively. Donor and recipient mating was carried 

out at 37 °C, and 100 µL of each mixed culture was removed at 45 min and 90 min to 

monitor the emergence of transconjugants using plate counts. Serial dilutions of these 

samples were plated on selective LB agar medium for donors, recipients, or 

transconjugants. The plates were incubated overnight before enumeration. Three or more 

biological replicates were done to show repeatability. 

Filter matings were done to observe cross-species conjugation between E. faecalis 

and S. gordonii CH1cm. Cultures of donor and recipient cells were grown overnight at 37 

°C in 4 mL of THB medium, washed twice, and resuspended in equal volume of THB. 

Donor cells JH2-2 (pAM378, pASM470) were diluted 1:10 or 1:1000 and were added to 

equal volumes of 1:10 dilutions of recipient cells (CH1cm) resulting in D:R=1:1 and 

D:R=0.01:1 respectively. 50 µL of the mating mixture was pipetted onto the surface of a 

UV treated 0.22 µm pore size membrane filter (Millipore, Bedford, MA, USA), placed on 

non-selective LB agar plates and incubated at 37 °C for three hours. After mating, the cells 

were resuspended by vortexing the filter in 1 mL KPBS containing 2 mM EDTA, serially 
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diluted, and plated on selective antibiotic plates for enumeration of donors, recipients, and 

transconjugants. Three biological replicates were done to show repeatability. 

4.3.3 Quantification of induction of conjugation genes 

To examine the dynamic response of donor cells to pheromone (cAD1 and cAM373) 

at varying cell densities, overnight cultures of donors in M9 were centrifuged and washed 

twice in 1 mL KPBS containing 2 mM EDTA. Cells were diluted 1:10 (high donor density) 

or 1:1000 (low donor density) into 4.5 mL M9 medium. Cultures were incubated for 1 h at 

37 °C before pheromone (50 ng/mL cAD1 or 500 ng/mL cAM373) was added. The cultures 

were incubated at 37 °C and samples were taken at various time intervals. Samples of cells 

were set on ice for 3 min, centrifuged and washed once in 1 mL KPBS containing 2 mM 

EDTA. Samples were then treated with RNAProtect Bacteria Reagent (Qiagen, Inc., 

Valencia, CA) according to the manufacturer’s instructions, flash frozen in ethanol and dry 

ice, and stored at −80 °C until RNA extraction. 

To examine the effect of the inhibitor on induction, overnight cultures of donors in 

M9 were centrifuged and washed twice in 1 mL KPBS containing 2 mM EDTA. Cells were 

diluted 1:1000 (low donor density) into 4.5 mL M9 medium in duplicates and incubated 

for 1 h at 37 °C. One set was treated with pheromone only (50 ng/mL cAD1 or 500 ng/mL 

cAM373). The other set was treated with the same concentration of pheromone (50 ng/mL 

cAD1 or 500 ng/mL cAM373) and equal amount of inhibitor (50 ng/mL iAD1 or 500 

ng/mL iAM373). The cultures were incubated at 37 °C and samples were taken at various 

time points, treated with RNAProtect Bacteria Reagent, and flash-frozen as described 

above.  

Frozen cell pellets were thawed and treated with lysozyme (30 mg/mL) in Tris-

Ethylenediaminetetraacetic acid (TE) buffer (10mM Tris and 1mM EDTA) with (500 
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U/mL) mutanolysin. RNA was extracted using an RNeasy kit (Qiagen, Inc.) as per 

manufacturer’s instructions. The extracted RNA was subjected to DNase treatment with 

Turbo DNase (Ambion, Austin, TX) according to the manufacturer’s instructions and 

normalized for RNA concentration across the samples. Subsequent reverse transcription 

into cDNA was carried out using SuperScript III First-Strand Synthesis kit (Invitrogen 

Corp., Carlsbad, CA) with random hexamers. The cDNA was then used for quantitative 

RT-PCR (qRT-PCR) using SYBR® Green Supermix (Bio-Rad Laboratories Inc., 

Hercules, CA) and a CFX Connect™ Real-Time PCR Detection System (Bio-Rad 

Laboratories Inc.) instrument. A total reaction volume of 15 µL, containing 2 µL of gene-

specific primer mixture at a concentration of 10 µM, was used in each well.  Each reaction 

was performed in triplicate, and threshold cycle (CT) values were obtained.  A constitutive 

housekeeping gene relA, was used as the reference gene to quantify expression and 

normalized relative to time t = 0. The sequences of primers are listed in Table S1. Three 

biological replicates were done to show repeatability. 

 

4.4 Results  
The plasmids, pCF10, pAD1, and pAM373, show remarkable similarity in the gene 

arrangements of their regulatory regions (Figure 4-2). However, they show variation in the 

nucleotide and amino acid sequences within these regions. The regulatory proteins (TraA, 

PrgX), which control induction, share only a 23-40 % identity at the amino acid level. The 

three-dimensional structure of these regulatory TraA proteins was predicted using the 

online tool RaptorX (Kallberg et al. 2012). A remarkable similarity is seen in the predicted 

structure of the two TraA proteins and the PrgX crystal structure even though they have 

dissimilar amino-acid sequences (Figure 4-2). PrgX was the first receptor protein for the 
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signaling peptides whose structure was determined using X-ray crystallography (Shi et al. 

2005). Based on the predicted structural homology of PrgX to the TraA proteins (Figure 

4-2), it is likely that all three proteins are members of a growing family of peptide-

modulated transcription factors of gram positive pathogens (RRNPP proteins) regulating 

diverse functions including sporulation, biofilm formation competent cell transformation, 

conjugation and virulence (Cook and Federle 2014; Fleuchot et al. 2011; Parashar et al. 

2015; Rocha-Estrada et al. 2010). 

 

Figure 4-2: Structure of regulatory proteins. (a) Crystal structure of PrgX encoded in pCF10 (green). (b) 
Predicted structure of TraA encoded in pAD1 (magenta). (c) Predicted structure of TraA encoded in pAM373 
(cyan). 

 
Further, the region between the inhibitor determinant and the downstream genes 

traE1/traE is highly conserved among the three pheromone-responding plasmids. This 

region is of great regulatory importance as it is known to encode a small regulatory RNA 

that participates in the termination/anti-termination decision controlling transcription of 

conjugation genes downstream of the transcriptional terminator t1 shown in Figure 4-1(do 

Carmo de Freire Bastos et al. 1998; Ozawa et al. 2005; Shokeen et al. 2010). The secondary 

structures of the regulatory RNA transcribed from PX/PA promoters (Qa in pCF10, mD in 

pAD1 and pAM373) were predicted using Sfold (Ding and Lawrence 2003) (Figure S3) 
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and they showed a remarkable similarity. These RNAs are known to act specifically on 

their respective targets (Shokeen et al. 2010). Along with the similar structures of the 

regulatory proteins (Figure 4-2), these findings suggest a high degree of conservation in 

the regulatory components of these pheromone responsive plasmids. Hence, we examined 

effect of donor density and the role of the inhibitor peptide as an indicator for donor density 

for plasmids pAD1 and pAM373. 

 

Figure 4-3: Predicted secondary structures of regulatory sRNAs. (A) Qa in pCF10, (B) mD in pAD1 and, 
(C) mD in pAM373. 

 
In spite of their overall similarity, there are significant differences in the three sex 

pheromone plasmids and in the biological activities of their corresponding inhibitor and 

pheromone peptides. Firstly, pAM373 is only 37 kb in size, markedly smaller than pCF10 

(65 kb) and pAD1 (58 kb) (Wirth 1994). Plasmid pAM373 also lacks a determinant 

resembling TraB of pAD1 or its equivalent PrgY in pCF10 (Table 4-2) (De Boever et al. 

2000). PrgY prevents plasmid-bearing cells from responding to endogenously produced 

pheromone by sequestering or inactivating the pheromone as it is released from the 

membrane (Chandler et al. 2005). Furthermore, the adhesin encoded by pAM373 (Asa373) 
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is much smaller than the adhesins of pCF10 and pAD1, (~700 vs > 1200 aa) and does not 

show any sequence similarity with them (Muscholl-Silberhorn 1999). Plasmid pAM373 

also lacks a surface exclusion protein (Sea1 in pAD1 and PrgA in pCF10) (De Boever and 

Clewell 2001). These differences may allow the plasmids to have different induction and 

conjugation behaviour. 

 

Table 4-2: Common features of the family of conjugative plasmids. 

Function 
Proteins and relevant genes involved in 
conjugation steps in different plasmids 

pCF10 pAD1 pAM373 
Secretion of chromosomally-
encoded sex pheromone cCF10 (ccfA) cAD1 (cad) cAM373 

(camE) 

Inhibitor of conjugation iCF10 (prgQ) iAD1 (iad1) iAM373 
(iAM373) 

Recognition and 
internalization of pheromone PrgZ TraC TraC 

Sequestration of endogenous 
pheromone PrgY TraB - 

Regulator of conjugation 
system PrgX TraA TraA 

Synthesis of aggregation 
substance (AS) PrgB Asa1 Asa373 

Surface exclusion protein PrgA Sea1 - 
 

4.4.1 Donor density controls conjugation 

Overnight cultures of plasmid-free OG1RF recipient cells were mixed with different 

amounts of OGIX donor cells carrying plasmid pAM714 (a pAD1 derivative carrying a 

copy of Tn917 providing selectable erythromycin resistance; Table 4-1) to generate donor-

to-recipient ratios (D:R) of 1:1 and 0.01:1. Transconjugants, recipients, and donors were 

enumerated on selective agar medium after 0.75 and 1.5 h of co-culture. The results shown 

in Figure 4-4 indicate that decreasing the donor concentration to a donor-to-recipient ratio 
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of 0.01 increased the conjugation frequency (number of transconjugants per donor) of 

pAM714 by about two orders of magnitude (Figure 4-4A). A similar experiment was done 

using a JH2-2 strain harboring pAM378 (a pAM373 derivative carrying a selectable 

tetracycline resistance gene; Table 4-1) as the donor and OG1Sp as the recipient strain.  A 

similar trend was observed, i.e. the lower donor-to-recipient ratio resulted in higher transfer 

frequency per donor (Figure 4-4B). Thus, high donor concentrations have a suppressive 

effect on the conjugative transfer of both plasmids.   

 

Figure 4-4: The influence of donor density on conjugation frequency. Different concentrations of donors 
(D) and recipients (R) were mixed to achieve D:R=1:1 and D:R=0.01:1 at time zero. Transconjugants, donors 
and recipients were enumerated on selective agar at 0.75 h and 1.5 h of co-culture and the conjugation 
frequency is represented by the number of transconjugants per donor. A) Liquid mating of pAD1. B) Liquid 
mating of pAM373. Data shown in A and B are averages of three biological replicates (error bars are SDs 
from mean values). 

The dynamics of induction of the conjugation operon at high and low donor densities 

were analyzed to further examine how donor cell concentration affects conjugation. 

Overnight cultures of donor cells (the same two strains used in the mating experiments 

described above) diluted 1:10 (high donor density) or 1:1000 (low donor density) in fresh 

medium were induced with their cognate pheromone peptide, and transcript levels of a 

conjugation gene (pAD1 traE1 or pAM373 traE; Figure 4-1) were measured using qRT-

PCR. In preliminary experiments, we determined that higher levels of pheromone were 
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required to induce pAM373 derivatives relative to pAD1 derivatives, so we used 500 

ng/mL of cAM373 and 50 ng/mL cAD1 for induction. Both low-density donor cultures 

showed higher levels of induction, and induction was sustained for longer periods of time 

than the corresponding high-density cultures (Figure 4-5). Both plasmid systems showed a 

rapid induction response, followed by a return of transcription to the pre-induction level, 

as was previously shown for pCF10(Chatterjee et al. 2013b). The pAD1 system showed 

higher and more sustained levels of induction compared to pAM373. 

 

Figure 4-5: Donor densities affects expression levels of conjugation operon on plasmids pAD1 and 
pAM373 following induction. The low and high donor densities are derived from 1:1000 and 1:10 dilution 
of overnight cultures respectively. Synthetic pheromone was added at time zero to induce the donor cells. 
Quantitative RT-PCR was used to measure the dynamic expression of conjugation determinants encoded by 
the plasmids. A) Donors carrying pAD1 were induced with 50ng/mL cAD1. B) Donors carrying pAM373 
were induced with 500 ng/mL cAM373. Data shown in A and B are averages of three biological replicates 
(error bars are SDs from mean values). 

 
4.4.2 Role of inhibitor as a quorum sensor of donor density 

In order to examine if the effects of donor density on conjugation and expression of 

a gene in the conjugation machinery operon were a consequence of increased 

concentrations of the inhibitor peptide, mating experiments were carried out at a low donor-

to-recipient ratio of (D:R=0.01:1) with and without the addition of exogenously added 

inhibitor. In the presence of inhibitor, conjugation frequency decreased by about two orders 

of magnitude for both plasmids (Figure 4-6). The effect that addition of exogenous 
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inhibitor had on conjugation frequency was the same as that observed with high donor 

densities (Figure 4-4), indicating the role of the inhibitor as a measure of donor cell density. 

 
Figure 4-6: Peptide inhibitor has a suppressive effect on conjugation frequency. Overnight cultures of 
donors and recipients were diluted 1:10 and mixed to achieve two sets of D:R=0.01:1 (low donor-to-recipient 
ratio). One set of mating mixture served as a control. The other set was treated with inhibitor peptide. The 
conjugation frequency is represented by the number of transconjugants per donor. A) Liquid mating of pAD1 
with and without 50 ng/mL of iAD1. B) Liquid mating of pAM373 with and without 500 ng/mL of iAM373. 
Data shown in A and B are averages of three biological replicates (error bars are SDs from mean values). 

 

We also evaluated the effect of inhibitor concentration on gene expression by 

adding exogenous inhibitor peptides to low density cultures. A 1:1000 dilution of OG1X 

(pAM714) was induced using 50 ng/mL cAD1 peptide. An identical low donor density 

culture was exposed to 50 ng/mL of pheromone cAD1 and 50 ng/mL of the inhibitor 

iAD1. Transcript levels of traE1 in both cultures were measured over time using qRT-

PCR (Figure 4-7). In the culture where both pheromone and inhibitor were added, the 

induction level was much lower than in the case where no inhibitor was added, 

recapitulating the trend observed in the high donor density culture in Figure 4-5A. 

Similarly, the conjugative operon of plasmid pAM378 was induced with 500 ng/mL of 

cAM373 with and without iAM373 (500 ng/mL). Transcript levels of traE were much 

lower in presence of the inhibitor (Figure 4-7B), mirroring the trends observed in the high 

donor density culture (Figure 4-5B). 
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Figure 4-7: Peptide inhibitor suppresses expression of conjugation operon following induction. 
Overnight cultures of donor cells were diluted 1:1000 to achieve two sets of low donor density cultures. 
Synthetic pheromone was added to induce the donor cells.  One set of donor cells served as a control and the 
other set was treated with inhibitor peptide. Quantitative RT-PCR was used to measure the dynamic 
expression of conjugation determinants encoded by the plasmids. A) Donors carrying pAD1 were induced 
with 50ng/ml cAD1 with and without 50 ng/mL of iAD1. B) Donors carrying pAM373 were induced with 
500 ng/ml cAM373 with and without 500 ng/mL of iAM373. Data shown in A and B are averages of three 
biological replicates (error bars are SDs from mean values). 

 

The increase of transcript level of traE in pAM373 upon induction is lower than that 

seen in pAD1.  It also decreases rapidly even without the addition of the inhibitor (Figure 

4-5B) and its peak induction time also varied somewhat. In comparison, the transcript level 

of traE1 in pAD1 does not decrease as rapidly after induction, making it is possible to 

perform an experiment wherein 10 ng/mL or 50 ng/mL of inhibitor was added 30 min after 

induction with 50 ng/mL of cAD1 and traE1 transcript reached a high level (Figure 4-8). 

With increasing concentration of inhibitor, a faster rate of decrease of traE1 transcript was 

seen. These results strongly support the hypothesis that the inhibitor is responsible for the 

suppressive effect of donor density on conjugation, interfering with induction, and 

increasing the rate at which the system is shut-off after induction.  
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Figure 4-8: Peptide inhibitor shuts down induction. Quantitative RT-PCR was used to measure the 
dynamic expression of conjugation determinants encoded by traE1. Cells with plasmid pAD1 were induced 
by 50ng/mL cAD1 at time zero. The inhibitor iAD1 was added at 30 min with final concentrations of 0, 10 
and 50 ng/mL. Data shown is the average of three biological replicates (error bars are SDs from mean values). 

 

4.4.3 Donor density affects cross species plasmid transfer 

Numerous Staphylococcus aureus strains, as well as some Enterococcus faecium 

and Streptococcus gordonii strains secrete peptides that solicit response from Enterococcus 

faecalis strains harboring specific plasmids. Past studies have shown that some of the 

strains from the aforementioned bacterial species produce cAM373-like peptides, which 

can solicit mating response from Enterococcus faecalis strains harboring plasmid pAM373 

(Clewell et al. 1985; Vickerman et al. 2010) or vancomycin resistance plasmid pAM368 

(Showsh et al. 2001). In order to examine the effect of donor density on interspecies 

plasmid transfer, a chloramphenicol-resistant variant of Streptococcus gordonii Challis 

CH1 (Table 4-1) was used as the model recipient. E. faecalis JH2-2 (pAM378, pASM470) 

was used as the donor strain (Vickerman et al. 2010). Because pAM378 can only replicate 

in E. faecalis, erythromycin (Erm) resistant plasmid pASM470 was included in the donor 

strain to serve as a pAM378-dependent mobilizable vector due to its ability to replicate in 

both E. faecalis and S. gordonii. The donors and recipients were mixed at two different 

donor to recipient ratios (D:R=1:1 and D:R=0.01:1) and placed on a filter membrane to 
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mate for 3 hours. Interspecies transfer was assayed by selecting for Erm-resistant S. 

gordonii indicating acquisition of pAMS470. Results indicated that high donor density led 

to an overall decrease in conjugation frequency (transconjugants per donor) (Figure 4-9). 

The donor to recipient ratio of 1:1 showed about an order of magnitude lower 

transconjugants per donor when compared to the low donor to recipient ratio of 0.01:1, 

reaffirming our hypothesis that high donor densities led to reduced conjugation 

frequencies, including in the context of cross-species conjugative plasmid transfer. To 

examine the role of the inhibitor, 500 ng/ml of iAM373 was exogenously added to the low 

donor to recipient ratio (0.01:1) mating mixture recapitulating the effect of increased donor 

density. An order of magnitude reduction in conjugation frequency was observed in the 

presence of exogenous inhibitor demonstrating the role of the inhibitor as an indicator for 

donor density. 

 
Figure 4-9: The influence of donor density on inter-species conjugative transfer from E. faecalis to S. 
gordonii. (a) Different amounts of E. faecalis cells (donors) were mixed with S. gordonii cells (recipients) 
to achieve D:R=1:1 and D:R=0.01:1 at time zero. (b) E. faecalis cells (donors) were mixed with S. gordonii 
cells (recipients) in the ration of D:R=0.01:1 at time zero with and without 500 ng/mL iAM373. 
Transconjugants, donors, and recipients were enumerated on selective agar after 3 hours of co-culture on 
membrane filter, and the efficiency of conjugation is represented by the transconjugants per donor. Data 
shown in a and B are averages of three biological replicates (error bars are SDs from mean values). 
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4.5 Discussion 
The transfer of plasmids among bacteria is associated with bacterial adaptation and 

evolution, and is particularly relevant to the increasing problem of antibiotic resistance. 

Genetic analysis of vancomycin-resistant isolates of Staphylococcus aureus indicated that 

the resistance was acquired from vancomycin-resistant E. faecalis via transfer of 

conjugative plasmids (Flannagan et al. 2003; Weigel et al. 2003). It has been shown in 

previous studies that donor cells harboring pAD1 and pAM373 can be induced by E. 

faecium, S. aureus, S. gordonii and E. coli cells (Berg et al. 1997; Firth et al. 1994) and 

these plasmids may play a significant role in facilitating the transmission of virulence 

determinants and antibiotic resistance. Hence, a better understanding of the regulatory 

mechanisms controlling the conjugation of these plasmids will be highly beneficial. We 

demonstrated that donor cell densities affect the induction and subsequent shutting down 

of the conjugation operon in pAD1 and pAM373. Our data indicate this behavior is a direct 

manifestation of inhibitor peptide accumulation.  

In a mating mixture of donors and recipients, it might be expected that increasing 

the donor population density would increase the frequency of plasmid transfer. Indeed, it 

has been shown that Agrobacterium tumefaciens cells carrying conjugative Ti plasmids 

show a donor density-dependent increase in transfer, which is mediated by an extracellular 

quorum sensing acyl-homoserine lactone autoinducer synthesized by the plasmid encoded 

TraI autoinducer synthetase (Lang and Faure 2014; White and Winans 2007). In contrast, 

we have demonstrated that high donor density reduced the frequency of pheromone 

controlled conjugative transfer of plasmids pAD1 and pAM373 in E. faecalis. The reduced 

frequency of conjugation is a consequence of lower induction of the conjugation operon 

due to increased levels of the inhibitor peptide in high donor density cultures. This 
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suppressive effect of high donor density on conjugation is similar to the quorum sensing-

controlled pCF10 conjugation (Chatterjee et al. 2013b). Our current results suggest that 

conjugation in at least 12 different families of pheromone responsive plasmids (Gilmore 

2002) is likely to be controlled by two antagonistic signaling molecules, one of which (I- 

iCF10, iAD1, iAM373 etc) serves as a classic quorum-sensing signal for donor population 

density. This pheromone system also utilizes a mate-sensing signaling molecule (C- 

cCF10, cAD1, cAM373 etc) produced by recipient cells which acts as a cue for donor cells 

to induce conjugation when recipients are present at high densities. 

 

Figure 4-10: Amino acid sequences of E. faecalis pheromones and inhibitors.  The boxed residues show 
the structure similarity between pheromone and inhibitor. Thr-Leu-Val/Ile residues in the inhibitor peptide 
sequences indicate the conservation of structure similarity within the inhibitor. 

The pheromone peptides, cCF10, cAD1, and cAM373, are very hydrophobic linear 

peptides consisting of seven or eight residues processed from chromosome-encoded 

lipoproteins (Figure 4-10). The cAM373-like peptides produced by S. aureus and S. 

gordonii have a few amino acid substitutions and are likely to show slightly different 

potencies compared to the analogous peptide produced by E. faecalis. The inhibitor 

peptides are of the exact same sizes as their corresponding pheromones, and are processed 

from 21- to 23-amino-acid peptide precursors resembling the precursor pheromone 

sequences (Clewell et al. 2000). They lack any acidic or basic amino acid and are highly 
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lipophilic (Nakayama et al. 1995).With the similarity of their gene organization and overall 

regulatory structure, the mechanism of induction in the two plasmids is likely to be similar 

to that of pCF10. The general mechanism considered is depicted in Figure 2-3. While the 

inducing concentration for pAD1 is very similar to pCF10, it is much higher for pAM373. 

Hence, we hypothesize that the binding behaviour of peptides with TraA and the 

subsequent binding of the TraA complexes with the operator site of the conjugation operon 

are likely to be different between the two plasmids. We have recently measured the binding 

strength of cCF10 and iCF10 to PrgX and the peptide-PrgX complex to the operator and 

determined that both cCF10 and iCF10 have very strong binding constants to PrgX, and 

both peptide-PrgX complexes have similar binding affinities towards DNA (Chen et al. 

2017a). This newly determined parameter value set is slightly different from the original 

publication (Chatterjee et al. 2013b). We applied the mathematical model that was 

developed for pCF10 to the other two plasmid systems. Considering the similarity of 

overall dynamic behaviour and induction concentration between pAD1 and pCF10, the 

values of kinetic parameters of pCF10 are used for pAD1. The parameter values used in 

the simulation is shown in Table 4-3. Simulation results qualitatively described the 

induction behaviour of pAD1 in response to 50 ng/mL cAD1 i.e. higher induction and 

slower shutdown (Figure 4-12A).  
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Table 4-3: Binding constants used in the mathematical model to fit the kinetics of induction 

Reaction Equilibrium 
Constant 

pAD1 pAM373  

Parameter 
set I 

Parameter 
set II 
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By analysing the two binding events of peptide to TraA and peptide-TraA complex 

to the operator and comparing the model simulations and experimental observations for 

pAM373 (Figure 4-12B,C), we postulate that the binding affinity of cAM373 -TraA 

complex to the operator site is likely to be 100 times lower than that for pAD1 system, 

while the binding of cAM373 to TraA is at a similar level as that in pAD1 system. The 

model simulation using the modified binding constant qualitatively described the fast 

reduction in conjugation gene expression post-induction as seen in pAM373 system 

(Figure 4-12C). Interestingly, in simulating the effect of donor cell concentration the model 
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predicted a higher sensitivity to donor concentration in pAM373 than in pAD1 system 

(Figure 4-11). With the same fold of increase in donor cell density pAM373 shuts down 

the induction faster than in pAD1. This is the same as we have seen Figure 4-5.  

 

Figure 4-11: Effect of donor density on the on the dynamics of on induction. Dynamic simulation of the 
model was done keeping exogenous pheromone concentration constant and varying the donor density and its 
effect on the time dynamics of traE1/traE is shown. (A) pAD1 simulated under 50ng/mL cAD1. (B) pAM373 
simulated under 500ng/mL cAM373 with parameter set II. 

 

We attribute the reduction in conjugation gene expression and the effect of donor 

density to the accumulation of the inhibitor peptides (iAD1 and iAM373) in culture. The 

presence of inhibitor peptide has been shown in all three systems (Buttaro et al. 2000; 

Clewell et al. 1990; Nakayama et al. 1995). Additionally, iAD1 has been shown to 

accumulate in culture over time (Clewell et al. 1987), although at the time it was not known 

to mediate the donor density effect.  A codon deletion in the inhibitor coding sequence 

producing an inactive form of iCF10 in the pCF10 system exhibited a de-repressed 

phenotype with a high expression of conjugation transcript as well as abolished the effect 

of donor density, and the addition of the inhibitor progressively restored the normal 

induction behaviour and the effect of donor density (Chatterjee 2013). Given the similarity 



 
 
 

 

 
 

59 

of the three systems, a similar role of the inhibitor is likely to be at play in pAD1 and 

pAM373.  

This study is an illustration of the versatility of the regulatory architecture of the 

three conjugative plasmid systems. The organization of the regulatory elements, formed by 

the quartet of inducer peptide, antagonistic peptide, the repressor protein and the operator, 

are similar in all three systems at structural levels. However, they are rather different at 

DNA and protein sequence levels. Interestingly, through differences in their binding 

constants among the four players in the quartet, the system can also have different kinetic 

behaviour.  
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Figure 4-12: Dynamic simulation of the induction behavior of the conjugation operon. The deterministic 
model developed for pCF10 was modified to simulate the induction behavior for pAD1 and pAM373. The 
simulation was done keeping exogenous pheromone concentration constant and its effect on the time 
dynamics of traE1/traE, O, OX4, OX4C4, and OX4I4 is shown (A) pAD1 simulated under 50ng/mL cAD1. (B) 
pAM373 simulated under 500ng/mL cAM373 with parameter set I (C) pAM373 simulated under 500ng/mL 
cAM373 with parameter set II. 
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5 Stochasticity and population heterogeneity in the 

conjugation response  

Reproduced from:  

Breuer RJ*, Bandyopadhyay A*, O’Brien SA, Barnes AMT, Hunter RC, et al. (2017) 
Stochasticity in the enterococcal sex pheromone response revealed by quantitative 
analysis of transcription in single cells. PLOS Genetics 13(7): e1006878.  
 
*RJB and AB contributed equally. RJB performed and analyzed the HCR-FISH 
experiments.  
 

5.1 Summary 
Within a given niche, expression levels of individual cells (and resulting functional 

behaviors) may differ substantially from the mean of the population due to stochasticity or 

microenvironment heterogeneity. Quantification of bacterial gene expression at the single 

cell level provides a more informative picture of microbial communities. In Enterococcus 

faecalis, intercellular communication via peptide pheromones controls conjugation-

mediated transfer of antibiotic resistance, adaptation to stress, and formation of biofilms. 

Population-level studies have shown that induction of conjugation by peptides is tightly 

controlled, but the extent of single cell variation in the process has not been explored. We 

analyzed induction in single cells by direct transcript labeling and GFP reporter expression 

and show that the response is heterogeneous and stochastic. Mathematical simulations 

modelled the components of the system and predicted this response. Importantly we show 

that conjugation can occur in response to low inducer peptide concentrations and in the 

presence of high inhibitory peptide concentrations. In both of these cases, some cells 

respond at a similar early time. Stochasticity in the response could explain the occurrence 

of induction and conjugation in these scenarios that might seem to disfavor plasmid transfer 
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and permit plasmid dissemination while minimizing fitness costs of induction to donor 

populations. 

5.2 Introduction 
Enterococci are major contributors to the current antibiotic resistance crisis (CDC 

2013). They are among the most common agents of antibiotic-resistant nosocomial 

infections, and their conjugative mobile genetic elements contribute to rapid intra- and 

intergenic horizontal transfer of resistance determinants (Clewell 1990; Clewell et al. 2002; 

Grohmann et al. 2003; Hunt 1998). Transfer of the tetracycline-resistance conjugative 

plasmid pCF10 between E. faecalis cells is controlled by two antagonistic signaling 

peptides (Figure 5-1) (Dunny 2013). A secreted pheromone cCF10 (C; sequence 

LVTLVFV, originally termed “clumping-inducing” since it induces formation of visible 

cell aggregates) is produced by plasmid-free recipients and a secreted inhibitor peptide 

iCF10 (I; sequence AITLIFI) is encoded by the prgQ gene in the pCF10 plasmid (Antiporta 

and Dunny 2002; Bensing et al. 1997; Chandler et al. 2005; Nakayama et al. 1994).  In the 

absence of C, the prgQ promoter (PQ) is repressed and basal transcription from the PQ 

promoter terminates approximately 400 nt from the transcription start site at IRS1, resulting 

in a “short Q” (QS) RNA. Induction of conjugation occurs when C is imported into plasmid 

carrying cells, where it binds to the master transcription regulator PrgX (Bae et al. 2002b) 

and prevents repression of transcription from PQ by PrgX. Increased levels of prgQ RNAs 

override counter-transcript-mediated attenuation at IRS1 to produce “long Q” transcripts 

(QL) that can extend through the entire prgQ operon (Figure 5-1A and Figure 2-3) (Bensing 

et al. 1996; Dunny 2013). QL RNAs are not detectable in uninduced cells, but upon 

exposure to C they increase in a dose-dependent fashion (Chatterjee 2013). Thus, 

pheromone induction leads to both quantitative (increased initiation from PQ) and 
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qualitative (production of QL) differences in expression of pCF10 transcripts. Induction of 

the prgQ operon increases the production of the inhibitor peptide I which competes with 

C for binding to PrgX; PrgX-I complexes increase PrgX repression of PQ (Figure 5-1A and 

B) (Chatterjee 2013; Nakayama et al. 1994). While the basal levels of I produced from QS 

transcripts help prevent spurious induction in the absence of recipients, the increase in I 

following induction is essential for the rapid shut-down of the response (Kozlowicz et al. 

2006). The identification of multiple layers of positive and negative feedback loops 

operating in the pCF10 system and quantitative analysis of prgQ expression in populations 

of donor cells suggested that the system could function as a bistable switch (Chatterjee et 

al. 2011; Shu et al. 2011). 

 

Figure 5-1: Model of induction of the pCF10 conjugative plasmid and reporter systems. (A) The 
QL transcript from the pCF10 plasmid encodes the proteins that mediate conjugation and is induced upon 
signaling by C pheromone (green stars) from potential recipient cells. The I inhibitory peptide (red stars) 
counteracts C and is produced by plasmid-containing cells from a short transcript from the PQ promoter (red). 
PrgX complexes (green circles) repress the PQ promoter whereby PrgX-C complexes allow induction of 
QL transcription and PrgX or PrgX-I complexes inhibit transcription of QL. (B) The pBK2 and pCIE-GFP 
reporter plasmid constructs have the same PQ/ QLregulatory region as pCF10. However, either lacZ for pBK2 
or gfp for pCIE-GFP have been inserted in place of the conjugation genes. 

 

Conjugative transfer of pCF10 in E. faecalis is population composition dependent. 

At low donor densities, the conjugation operon is induced at high levels and results in high 

conjugation frequencies. In contrast, high donor densities result in decreased induction of 
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the conjugation operon and reduced conjugation frequencies (Chatterjee 2013; Kozlowicz 

et al. 2006). This calibrated response by the donor population likely increases their fitness 

by reducing energy expenditure and potential deleterious effects of induction of 

conjugation on donor viability (Bhatty et al. 2017; Bhatty et al. 2015) when there is already 

a large population of donors carrying the plasmid. However, a reduced response to 

induction limits the opportunity for plasmid transfer to new recipients, which may be 

beneficial to both the plasmid and the new host. Hence, we hypothesized that the 

stochasticity in the enterococcal pheromone response allows for induction in a sub-

population of donors even when the pheromone concentrations are insufficient to induce 

high levels of conjugation. Stochasticity will be reflected in the heterogeneity of the donor 

response to induction by C and will lead to a small number of cells responding to a very 

low concentration of C that is below the threshold for induction for the majority of cells.  

Many past studies have characterized the pheromone response at the population 

level and revealed the dynamics of the response (Dunny 2013), but these studies were 

unable to detect heterogeneity of induced expression in individual cells that could have 

functional relevance (Veening et al. 2008). In this study, we exposed populations of cells 

to pheromones and examined the induced response within single cells using direct 

transcript labelling and a fluorescent reporter system. These experimental methods 

combined with mathematical modelling demonstrated that the response is stochastic and 

heterogeneous. The stochastic nature of pheromone induction may account for the 

heterogeneity in the response that was observed and the occurrence of conjugation in the 

presence of low inducing pheromone concentrations and high inhibiting pheromone 

concentrations.  
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5.3 Materials and methods 
5.3.1 Bacterial strains, plasmids and inducer peptides 

The strains and plasmids used are listed in Table 3-1. All bacterial strains in this 

study were derived from E. faecalis strain OG1 (Gold et al. 1975) and the conjugative 

plasmid pCF10. OG1RF is an OG1 derivative with Rifampicin and Fusidic acid resistance 

(Dunny et al. 1978; Ruhfel et al. 1993). OG1Sp is an OG1 derivative with Spectinomycin 

resistance (Kristich et al. 2007). JRC104 is an OG1RF derivative that does not produce the 

cCF10 peptide due to a nonsense point mutation in the cCF10 encoding ccfA gene (Kristich 

et al. 2007). pBK2 contains the pCF10 prgX-Q regulatory region with a lacZ fusion 

downstream of IRS1 (Shokeen et al. 2010), while pCIE-GFP was similarly constructed but 

with a gfp fusion (Cook et al. 2011).  

Table 5-1: Strains and plasmids used in this study. 

Strains Description Reference 

OG1RF OG1 derivative with Rifampicin and Fusidic acid resistance 
(Bourgogne et al. 
2008; Dunny et al. 
1978) 

OG1Sp OG1 derivative with Spectinomycin resistance (Kristich et al. 
2007) 

JRC104 OG1RF derivative lacking gene encoding cCF10 peptide 
pheromone 

(Kristich et al. 
2007) 

Plasmid   

pBK2 
Contains pCF10 regulatory region, has inducible expression of 
lacZ in lieu of genes encoding conjugation machinery, encodes 
for Cloramphenicol resistance 

(Shokeen et al. 
2010) 

pCF10 
Native Enterococcus faecalis conjugative plasmid encoding for 
Tetracycline resistance and inducible expression of genes for 
conjugation machinery 

(Dunny et al. 
1978; Ruhfel et al. 
1993) 

pCIE-GFP 

Derivative of the pBK2, contains pCF10 regulatory region, has 
inducible expression of gfp in lieu of genes encoding 
conjugation machinery, encodes for Cloramphenicol resistance 
 

(Cook et al. 2011) 

 

5.3.2 Growth conditions 

E. faecalis strains were grown statically at 37ºC in M9 medium containing 3 g/L 

yeast extract, 10 g/L casamino acids, 36 g/L glucose, 0.12 g/L MgSO4, and 0.011 g/L 
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CaCl2. M9 medium was supplemented with 20 µg/mL chloramphenicol in overnight 

cultures of JRC104+pCIE-GFP to ensure maintenance of the plasmid. Antibiotic 

concentrations used in the mating experiment were 250 µg/mL for spectinomycin, 200 

µg/mL for rifampicin, and 25 µg/mL for fusidic acid. 

 

5.3.3 Mating experiment 

E. faecalis cultures of donor (OG1Sp+pCF10) and recipient cells (JRC104) were 

grown overnight at 37 °C in 3 mL of M9 medium. Overnight cultures were centrifuged, 

washed twice with 1 ml KPBS containing 2 mM EDTA, and diluted 1:5 in fresh M9 

medium. The cultures were incubated for 1 hour at 37 °C and various concentrations of the 

C pheromone (cCF10) and I inhibitor (iCF10) were added to the donor culture followed by 

30 minute incubation at 37 °C. The donors and recipients were then mixed in 1:1 ratio and 

mating was carried out at 37 °C for 10 minutes. Serial dilutions of these samples were 

plated on selective THB agar medium containing  30 g/L Bacto Todd Hewitt Broth 

(Becton, Dickinson and Company) and 15 g/L agar to enumerate the donors 

(spectinomycin and chloramphenicol resistant), recipients (rifampicin and fusidic acid 

resistant), and transconjugants (rifampicin, fusidic acid, and chloramphenicol resistant) .  

 

5.3.4 Induction, cell harvest, and fixation for analysis by HCR 

Overnight cultures were sub-cultured 1:10 in M9 medium and grown to early 

exponential phase (≈3 h to OD600 ≈ 1.2). Cultures were induced with between 0.625 ng/mL 

and 10 ng/mL cCF10 (C) peptide and cells were harvested at times 0 to 180 minutes after 

C addition. Fixation of cells began immediately upon harvest when they were mixed 1:1 

with EM-grade 8% paraformaldehyde (PFA; 4% final concentration) and fixed for >20 h 
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at 4ºC. Following fixation, cells were isolated by centrifugation at 13,000×g for 5 minutes 

and subsequently resuspended in KPBS with trace RNaseOUT (Invitrogen).  

 

5.3.5 Fluorescence in situ hybridization chain reaction (HCR), cell staining, and 

mounting 

Nucleic acid probes and hairpin amplifier sequenced used in this study were 

obtained from Molecular Instruments (www.molecularinstruments.org). To label 

transcripts (ptsI, lacZ, and prgB) in E. faecalis, established HCR methodology (Choi et al. 

2016) was adapted to label 20 µl aliquots of cells in suspension at a time (Choi et al. 2014; 

Choi et al. 2010; Nikolakakis et al. 2015; Rosenthal et al. 2013; Schwarzkopf and Pierce 

2016; Shah et al. 2016b). Briefly, cells were permeabilized, DNA probes were hybridized 

to transcripts of interest, fluorescent amplifier hairpins were hybridized to the bound 

probes, and subsequently cells were counterstained and mounted for microscopy. Between 

each re-suspension step, cells were pelleted by centrifugation at 13,000×g for 2 minutes 

and re-suspended in the subsequent buffer or reagent.  

 Our HCR protocol was as follows. For permeabilization, cells were suspended in 

20 µl of permeabilization buffer containing 5 mg/mL lysozyme (Sigma-Aldrich), 0.1 M 

Tris/ HCl, 0.05 M EDTA, and trace RNaseOUT and incubated at 37ºC for 3 h. After 

permeabilization, cells were suspended in 20 µl KPBS to wash and then prehybridized in 

20 µl of the probe hybridization buffer (Molecular Instruments) for 30 minutes at 45ºC. 

Next, cells were suspended in 20 µl of probe hybridization buffer preheated to 45 ºC and 

containing 2 nM of each probe to the transcripts of interest (5 to 6 probes per transcript) 

then incubated at 45ºC for >20 h. Following probe hybridization, cells were washed twice 

in 20 µl wash buffer (Molecular Instruments) for 30 minutes each at 45ºC. Cells were then 
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suspended in 20 µl amplification buffer (Molecular Instruments) for 30 minutes at room 

temperature for pre-amplification. Meanwhile required amplifier hairpins were heated in 

individual tubes to 95 ºC for 90 seconds in a thermocycler and then cooled to room 

temperature in a dark drawer for approximately 30 minutes. After pre-amplification, cells 

were suspended in 20 µl of amplification buffer containing 60 nM of each hairpin as 

appropriate and incubated in the dark at room temperature for >20 h. Following 

amplification, cells were washed twice in 20 µl 5× sodium chloride sodium citrate, Tween 

20 (5× SSCT) (Molecular Instruments) in the dark for 30 minutes each at room 

temperature. To counterstain, cells were suspended in solutions of Hoechst 33342 nucleic 

acid stain (Thermo Fisher) and Alexa Fluor 647: wheat germ agglutinin (WGA) conjugate 

to label the cell envelope (Invitrogen). Cells were washed in KPBS, suspended in ddH2O, 

and then 10 µl of each suspension was applied to 22×22 mm No. 1.5 coverslips (Gold-Seal) 

to dry, and then mounted in hardening Prolong Diamond Antifade Mountant (Molecular 

Probes by Life Technologies). Mountant was allowed to harden for >48 h at 4ºC before 

imaging.  

 

5.3.6 Microscopy and image processing for HCR 

Images shown in Figure 5-3 were taken using a Zeiss Axio Observer.Z1 confocal 

microscope equipped with an LSM 800-based Airyscan super-resolution detector system 

(Zeiss). Confocal images were acquired through a 63×, 1.40- numerical aperture (NA) 

objective (Zeiss) in Airyscan mode. Images in Figure 5-3A were acquired as z stacks at 

0.15- µm intervals, deconvolved through Airyscan processing, flattened using a maximum 

intensity projection with Ortho Display, and presented for publication as a Min/Max 

projection using Zen software (version 2.1, Zeiss). Images in Figure 5-3B were acquired 
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in Airyscan mode at a single z plane, deconvolved, and similarly presented for publication 

as a Min/Max projection using Zen software. In this Min/Max projection, the Alexa Fluor 

488 channel (corresponding to HCR labeled lacZ transcripts) appears to have some small 

bright puncta that appear markedly different from the HCR signal and rarely overlap with 

cells.  

 Images shown in Figure 5-4A and Figure 5-5D were taken using a Nikon E-800 

microscope equipped with a spinning disc BD CARV II confocal image adapter (BD 

Biosciences). A Cascade 1k EMCCD camera (Photometrics) was used to acquire images 

as wide-field z stacks at 0.2- µm intervals through a 100×, 1.45- NA objective (Nikon 

Instruments). Image z stacks were deconvolved using Huygens Professional software 

(version 4.5.0p8, Scientific Volume Imaging). The images shown here are cropped ImageJ 

(version 1.49m, NIH) maximum- intensity projections of the deconvolved z stacks with 

background subtracted using a rolling ball radius of 50.0 pixels. 

 Images that were used for image analysis were taken using an Olympus IX83- P2ZF 

inverted microscope equipped with an X-Cite 120LED light source (Excelitas 

Technologies) for fluorescent excitation. Emission filters were 409 nm, 506 nm, and 562 

nm for the Hoechst 33342 stain, Alexa Fluor 488, and Alexa Fluor 546, respectively. A 

Hamamatsu C11440 Orca-Flash 4.0 CMOS camera was used to acquire images as wide-

field z stacks at 0.24- µm intervals through a 60×, 1.42 NA objective (Olympus). Image z 

stacks were deconvolved using Huygens Professional software, then flattened using a 

maximum- intensity projection, and subjected to background subtraction using a rolling 

ball radius of 50.0 pixels in ImageJ (version 1.49m, NIH) before image analysis in Matlab 

(version 2015b, Mathworks) as described below.  
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5.3.7 Image analysis for HCR 

The blue fluorescence channel (the reference channel corresponding to Hoechst 

nucleic acid labeling) was used as a proxy to define the pixel locations of individual cells 

and co-localized fluorescent overlap from HCR labeled transcripts was quantified. The 

overall image analysis scheme can be found in the Supplementary Information. Images 

corresponding to each fluorescent channel (that had been deconvolved and then flattened 

by maximum intensity projection and subjected to background subtraction) were imported 

into Matlab (version 2015b, Mathworks) in 16 bit TIFF format. To identify cell positions, 

the blue fluorescence (reference channel) images were binarized using Otsu’s method for 

thresholding. The internal Regionprops function was used to identify and characterize 

the sizes and pixel locations of objects in the image. From there, objects less than 3 pixels 

or greater than 30 pixels were filtered out from the analysis using find and ismember 

functions. S6 Fig shows that this filtering strategy was effective in identifying cells. Objects 

between 3 and 30 pixels in size were analyzed as cells in subsequent analysis. The 

PixelList property from the Regionprops function (called on the blue reference 

channel) was used to define the pixels corresponding to each cell. Using these coordinates, 

the HCR intensity value corresponding to each cell was calculated by taking the mean 

intensity of the pixels corresponding to each cell. Graphs were created using Matlab and 

Mathematica (version 11.0.1.0, Wolfram). 

 

5.3.8 Induction and microscopy for GFP analysis 

100 µl of an overnight culture of JRC104+pCIE-GFP diluted 1:3 in M9 medium was 

added to a poly-D-Lysine coated glass bottom 96 well plate (No. 1.5, MatTek Corporation). 
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The cells were incubated at 37ºC for 1 h, and then washed with KPBS to remove loose 

cells. M9 media containing Hoechst 33342 and cCF10 at concentrations of 0, 2.5, 5, or 50 

ng/mL was then added to the cells. For experiments involving iCF10, 50 ng/mL iCF10 was 

added to the cells in addition to cCF10. Cells were imaged on a Zeiss Axio Observer Z1 

inverted confocal microscope (Zeiss Zen 2.0) using the 405 nm and 488 nm lasers for 

excitation of Hoechst and GFP, respectively. A 63×, 1.4 NA objective was used. Images 

were taken every 10 minutes from 40 to 150 minutes after addition of cCF10. Two fields 

of view were imaged for each cCF10 concentration and ten z-stacks were taken at 0.26 µm 

intervals for each image. 

 

5.3.9 Image processing and analysis for GFP images 

Images were imported into ImageJ and background subtracted using a radius of 4 

pixels (ImageJ version 1.50a, NIH). For the blue fluorescence channel (the reference 

channel corresponding to Hoechst fluorescence), a maximum intensity z-projection was 

used to flatten the z-stacks (ImageJ). For the GFP fluorescence channel, the Sum Slices 

z-projection was used to flatten the z-stacks (ImageJ). These processed images were then 

imported into Mathematica for further analysis. To identify cell positions, the blue 

fluorescence (reference channel) images from the first time point were binarized and then 

distance transform and maximum detection functions were applied to create cell location 

markers. Then, using the markers previously found as positional information, a watershed 

transformation was applied to the binarized images and the SelectComponents 

function was used to identify any object found by the watershed algorithm between 3 pixels 

and 2.5x the mean object size. The ComponentsMeasurements function was then 

used to find the centroid coordinates and the equivalent disk radius of all identified cells. 
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Using these coordinates as starting points, the algorithm ImageFeatureTrack was 

applied to all images within the time series to track the cells through different images and 

counteract microscopic drift. Any cells which were unable to be tracked by the algorithm 

through all time points were removed from further analysis. To identify the GFP 

fluorescence intensity for each cell over time, the centroid location and equivalent disk 

radius for each cell in each image were used to create a mask. When applied to the GFP 

fluorescence images, the mask set all pixels equal to zero except for the area surrounding 

a specific cell. The GFP intensity of the cell at that time was then calculated by taking the 

mean intensity of the non-zero pixels. This process was repeated for each cell in each image 

at each time point. Using this method, the GFP intensity for each cell over time was 

determined. Graphs were generated using Mathematica.  

 

5.3.10 Stochastic simulation of induction 

The stochastic mathematical model was developed using the Hybrid 

Jump/Continuous Markov Stochastic Simulator (HyJCMSS), part of the Hybrid Stochastic 

Simulation for Supercomputers (Hy3S) suite (Salis et al. 2006b). Hy3S is a hybrid 

stochastic simulation tool which couples chemical Langevin equations with Gillespie’s 

discrete kinetic Monte Carlo, to represent stochastic–continuous reaction events capturing 

the biomolecular interactions in individual cells (Salis et al. 2006a). It incorporates multiple 

adaptive stochastic numerical methods to enable simulation of dynamically stiff systems. 

We particularly used HyJCMSS - The Hybrid Jump/Continuous Markov Stochastic 

Simulator which dynamically partitions a system of reactions into 'fast/continuous' and 

'slow/discrete' subsets (Salis and Kaznessis 2005). The fast/continuous reactions are 

approximated as continuous Markov process using the chemical Langevin equation 
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(Gillespie 2000). The slow reactions are treated as jump Markov process, whose events 

have waiting times that are distributed according to a time-dependent probability 

distribution, are numerically integrated. 

In order to deal with transient stiffness in the system, the algorithm uses Milstein 

adaptive time step to dynamically determine an optimal time step for the numerical 

integrator (Lamba 2003). It decreases the time step of the numerical integration when 

dynamical stiffness exists, but increases it when the system is no longer stiff. The simulator 

is massively parallelized using MPI where each processor is allocated a number of 

independent trials to simulate to reduce the computation time. A number of natural and 

synthetic biological systems have previously been described using this approach (Biliouris 

et al. 2011; Sotiropoulos and Kaznessis 2007; Tuttle et al. 2005; Volzing et al. 2011).  

Our model consisted of 15 species and 38 biochemical reactions involved in the 

induction of expression of QL (Table 5-2). The cell volume was assumed to be 10-15 L and 

was modeled to increase exponentially until cell division that occurred every 40 ± 4 

minutes. Upon cell division, the number of proteins and mRNA molecules was halved. 

Initial conditions for all the species were obtained by solving equations Eq. 1-15 (Section 

3.7) for steady-state when the extracellular concentration of cCF10 (C) was set to 0 ng/mL 

C.  For each simulation, 10,000 trials (corresponding to 10,000 cells) were carried out.  
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Table 5-2: List of reactions and parameter values used in the stochastic model. 

 Reactions Parameter Description Value 
1 , 

2 4 42 4 X I bindkX I X I-+ ¾¾¾¾®  , X I bindk -
 Rate constant for I bind to X2 forming PrgX-I 

tetramers 8.01×107 M-1s-1 

2 , diss
4 4 22 4X IkX I X I-¾¾¾¾® +  , X C dissk -

 Rate constant for dissociation of PrgX-I tetramers 
into I and X2 

2.1×10-5 s-1 

3 , 
2 4 42 4 X C bindkX C X C-+ ¾¾¾¾®  , X C bindk -

 Rate constant for C bind to X2 forming PrgX-C 
tetramers 1.38×107 M-1s-1 

4 , diss
4 4 22 4X CkX C X C-¾¾¾¾® +  , X C dissk -

 Rate constant for dissociation of PrgX-C tetramers 
into C and X2 

5.5×10-5 s-1 
 

5 2 ,
2 42 O X bindkO X OX-+ ¾¾¾¾®  2 ,O X bindk -

 Rate constant for X2 binding to DNA 1×106 M-1s-1 

6 2 ,
4 22O X disskOX O X-¾¾¾¾® +  2 ,O X dissk -

 Rate constant for X2 dissociating from DNA 1×10-2 s-1 

7 ,4 4
4 4 4 4

O X bindIkO X I OX I-+ ¾¾¾¾®  4 4 ,O dIX bink -
 Rate constant for X4I4 binding to DNA 1×108 M-1s-1 

8 ,4 4
4 4 4 4

O X dissIkOX I O X I-¾¾¾¾® +  4 4 ,O sIX disk -
 Rate constant for X4I4 dissociating from DNA 1×10-3 s-1 

9 ,4 4
4 4 4 4

O X bindCkO X C OX C-+ ¾¾¾¾®  4 4 ,O dCX bink -
 Rate constant for X4C4 binding to DNA 1×108 M-1s-1 

10 ,4 4
4 4 4 4

O X dissCkOX C O X C-¾¾¾¾® +  4 4 ,O sCX disk -
 Rate constant for X4C4 dissociating from DNA 1×10-3 s-1 

11 ,P inducedQ
pre

k
O O Q¾¾¾¾® +  ,QP inducedk  Transcription rate of Pre-Q RNA in induced state 0.1 s-1 

12 ,

4 4 4 4
P inducedQ

pre
k

OX C OX C Q¾¾¾¾® +  ,QP inducedk  Transcription rate of Pre-Q RNA in induced state 0.1 s-1 

13 ,

4 4
P repressedQ

pre
k

OX OX Q¾¾¾¾® +  ,repressedQP
k  Transcription rate of Pre-Q RNA in repressed state 7.23×10-4 s-1 

14 ,

4 4 4 4
P repressedQ

pre
k

OX I OX I Q¾¾¾¾® +  ,repressedQP
k  Transcription rate of Pre-Q RNA in repressed state 7.23×10-4 s-1 

15 ,inducedQak
aO O Q¾¾¾¾® +  ,aQ inducedk  Transcription rate of anti-Q RNA in induced state 1.21×10-3 s-1 

16 ,
4 4 4 4

Q induceda
a

kOX C OX C Q¾¾¾¾® +  ,aQ inducedk  Transcription rate of anti-Q RNA in induced state 1.21×10-3 s-1 
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 Reactions Parameter Description Value 
17 ,

4 4
Q represseda

a
kOX OX Q¾¾¾¾® +  ,repressedaQ

k  Transcription rate of anti-Q RNA in repressed state 8.23×10-3 s-1 

18 ,
4 4 4 4

Q represseda
a

kOX I OX I Q¾¾¾¾® +  ,repressedaQ
k  Transcription rate of anti-Q RNA in repressed state 8.23×10-3 s-1 

19 QL
e L

k
prQ Q¾¾®  LQ

k  Rate constant for QL synthesis from Qpre 1 s-1 

20 Q Qpre a
pre a s

kQ Q Q-+ ¾¾¾®  
pre aQ Qk -  Rate constant of interaction between Qpre and Qa RNA 4.43×108 M-1s-1 

21 Iex
k

s exQ I¾¾®  exI
k  Generation rate of extracellular iCF10 5×10-4 s-1 

22 Iex
k

L exQ I¾¾®  exI
k  Generation rate of extracellular iCF10 5×10-4 s-1 

23 Ti
k

exI I¾¾®  iT
k  Transport rate constant of iCF10 1×10-3 s-1 

24 Tck CÆ¾¾®  cT
k  Transport rate constant of cCF10 1×10-3×Cex s-1 

25 ,P inducedXkO O prgX¾¾¾¾® +  ,XP inducedk  Transcription rate of prgX in induced state 1.21×10-5 s-1 
26 ,

4 4 4 4
P inducedXkOX C OX C prgX¾¾¾¾® +  ,XP inducedk  Transcription rate of prgX in induced state 1.21×10-5 s-1 

27 ,
4 4

P represseX dkOX OX prgX¾¾¾¾® +  ,repressedXP
k  Transcription rate of prgX in repressed state 1.02×10-2 s-1 

28 ,
4 4 4 4

P represseX dkOX I OX I prgX¾¾¾¾® +  ,repressedXP
k  Transcription rate of prgX in repressed state 1.02×10-2 s-1 

29 ,
2

X transkprgX prgX X¾¾¾® +  ,X transk  Rate constant for translation and subsequent dimerization 
of PrgX 

2×10-3 s-1 

30 2
2

XX l¾¾®Æ 2X
l  Degradation rate of apo-PrgX dimer 1×10-5 s-1 

31 4 4
4 4

X CX C l¾¾¾®Æ  4 4X Cl  Degradation rate of PrgX-C tetramers 1×10-5 s-1 

32 4 4
4 4

X IX I l¾¾¾®Æ  4 4X Il  Degradation rate of PrgX-I tetramers 1×10-5 s-1 

33 II l¾¾®Æ Il  Degradation rate of intracellular iCF10 1×10-5 s-1 
34 CC l¾¾®Æ  Cl  Degradation rate of intracellular cCF10 1×10-5 s-1 
35 QL

LQ
l¾¾®Æ  sQ

l  Degradation rate of QL RNA 1×10-3 s-1 
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 Reactions Parameter Description Value 
36 Qs

sQ
l¾¾®Æ  sQ

l  Degradation rate of Qs RNA 5×10-3 s-1 

37 Qa
aQ

l¾¾®Æ aQ
l  Degradation rate of Anti-Q RNA 1×10-3 s-1 

38 prgXprgX l¾¾¾®Æ  prgXl  Degradation rate of prgX RNA 2×10-4 s-1 
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5.4 Results 
5.4.1 Conjugation occurs when inducing pheromone concentrations are low and 

inhibiting pheromone concentrations are high  

A unique feature of cell-cell signaling in the enterococcal sex pheromone systems is 

the involvement of two antagonistic peptide signals, the chromosomally-encoded plasmid 

transfer inducing peptide C (mate-sensing signal), and the plasmid-encoded transfer 

inhibiting peptide I (self-sensing signal). We have shown that extracellular levels of I 

produced by uninduced donor cultures accumulate in a density-dependent fashion, 

functioning as a classic quorum sensing signal of donor population density (Chatterjee 

2013; Nakayama et al. 1994). C-mediated induction is drastically reduced at high donor 

density, as determined by quantitative analysis of transcription in donor cultures. However, 

the notion that I can completely shut down induction is called into question by experiments 

looking at the conjugation efficiency of donor cultures exposed to various concentrations 

of C and high concentrations of I (Fig 2). In this experiment, donor cells were incubated 

with synthetic peptides for 30 minutes and then mixed with recipients for 10 minutes prior 

to plating on medium selective for transconjugants. This short mating time is only 

sufficient to allow the donors induced during the pre-incubation to undergo one round of 

conjugation. Under these very stringent mating conditions, fewer than 1 transconjugant per 

106 donors was produced when no exogenous peptides were added. At the other extreme, 

the frequency rose to nearly 10,000- fold (to nearly 1 transconjugant per 10 donors) when 

the donors were pre-exposed to a saturating concentration of 50 ng/mL C. Exposure to 

intermediate C concentrations in the 0.3 to 2.5 ng/mL range (more closely resembling the 

levels of C naturally produced by recipient cells [12]) resulted in a jump to levels of transfer 
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about 1,000-fold above uninduced cells, but well below the maximum. Most striking was 

the observation that induction with 2.5 ng/mL C in the presence of a great excess of I (50 

ng/mL) still increased transfer by a factor of 10. These data suggest that a very small 

number of donors may be induced to transfer under conditions where the vast majority of 

the population is uninduced. Confirmation that these results reflected a variable 

transcriptional response among this small subpopulation required analysis of the 

pheromone response at the single cell level.  

 

Figure 5-2: Conjugation occurs when inducing pheromone concentrations are low and inhibiting 
pheromone concentrations are high. E. faecalis cells carrying pCF10 were exposed to various 
concentrations of C and I as indicated on the horizontal axis. After 30 minutes, cells were mixed with 
plasmid-free recipients and allowed to mate during a 10 minute. After mating, cultures were plated on 
selective media to enumerate donors, recipients, and transconjugants. The y axis shows the number of 
transconjugants per donor and error bars represent standard deviation of 3 replicates. 

5.4.2 Pheromone induced and constitutive transcripts of E. faecalis can be 

visualized by fluorescence in situ hybridization chain reaction (HCR) 

Fluorescent in situ hybridization chain reaction (HCR) was recently developed to 

detect specific transcripts in a range of eukaryotic organisms [24] and in microbial 
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symbionts of termites and the bobtail squid [25,26]. We adapted the technology to 

quantitatively analyze the dynamics and variability in the levels of pheromone-inducible 

transcripts of E. faecalis at the single cell level. Initially, we used an E. faecalis strain 

carrying pBK2, which contains a pheromone-inducible lacZ reporter for QL expression, 

along with the native prgX and prgQ genes and promoters in their native configurations 

(Figure 5-1B). We used HCR probes against lacZ mRNA (paired with HCR amplifiers) to 

assay transcript levels. The lacZ reporter allowed for rapid independent confirmation of the 

induction state of cultures. Simultaneous labeling of transcripts from the constitutively 

expressed chromosomal gene ptsI was also performed by HCR. The fluorescent HCR 

signal of lacZ mRNA in cells induced for 30 min with a high concentration of C was very 

strong in most cells (Figure 5-3A) compared to that of uninduced cells (Figure 5-3B). 

Virtually all cells, both induced and uninduced, labeled strongly with cell envelope and 

nucleoid stains, as well as with the HCR probes for ptsI mRNA, suggesting that our 

labeling protocol (Refer to Figure S3 in Breuer et al. 2017) effectively permeabilized cells 

to the HCR probes without lysis. The rare green fluorescent particles observed in 

preparations of uninduced cells were of low intensity and generally localized outside of 

cells (Figure 5-3B). These results indicated the feasibility of using HCR for more detailed 

quantitative single-cell analysis of multiple transcripts in E. faecalis.  
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Figure 5-3: Visualization of pheromone induced and constitutive transcripts by fluorescence in 
situ hybridization chain reaction (HCR). Fluorescence images demonstrating simultaneous labeling of 
multiple transcripts in E. faecalis cells by fluorescence in situ hybridization chain reaction (HCR). 
Purple, E. faecalis cell envelope labeled with Alexa Fluor 647: wheat germ agglutinin (AF647: WGA) 
conjugate highlighting the outsides of individual cells. Blue, Hoechst 33342 DNA label also highlighting 
individual cells. Red, HCR labeled ptsI transcripts (Alexa Fluor 546). Green, HCR labeled lacZ transcripts 
(Alexa Fluor 488). (A) E. faecalis cells containing pBK2 30 minutes after addition of 10 ng/mL C. Images 
are maximum intensity projections of Airyscan stacks and show z-axis projections. (B) E. faecalis cells 
containing pBK2 without addition of C. Images are a single z-plane of an Airyscan processed image. The 
punctate green HCR lacZ signal observed without addition of C is weak and much less intense than the signal 
observed after addition of C. This signal is visible in this figure due to intentional over exposure and the 
Min/Max brightness and contrast adjustment. Notably, these puncta are generally localized outside of cells 
and appear different than true signal observed with addition of C or the red HCR ptsI signal.  

 
5.4.3 HCR and GFP reporter analysis of the induction response demonstrate 

heterogeneity within responding populations over time 

Cells carrying a pheromone-inducible lacZ reporter (the pBK2 plasmid) (Figure 

5-1B) were induced with a high concentration of C, fixed at a range of time points, and 

assayed for lacZ expression by HCR (Figure 5-4A). Notably, lacZ mRNA was detected 

within 15 minutes after C addition, and reached maximum levels within 30 to 60 minutes. 

By 120 minutes, the number of cells expressing lacZ was significantly reduced (Figure 

5-4A). These results reflect the temporal response that has been observed in the past using 

population- based methods such as qRT-PCR, RNAseq, and microarray (Chatterjee 2013; 

Hirt et al. 2005).The induction process was also examined using an inducible GFP reporter 

(pCIE-GFP; Figure 5-1B), and the onset of induction was similarly observed. GFP 
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fluorescence was seen approximately 60 min after C addition (Figure 5-4B). The delayed 

response compared to HCR is likely caused by the time required for protein folding after 

translation. Due to the inherent stability of the GFP protein, a decrease in fluorescence was 

not observed even though the analogously induced lacZ transcript level had decreased as 

seen with HCR. Using the GFP construct further allowed for tracking gene expression in 

individual cells over time using time-lapse microscopy which is not possible using HCR 

as it requires fixed cells. Hence, the two methods were complimentary in revealing the 

population dynamics of induction by C. Both methods showed heterogeneity in that some 

cells became induced earlier than others and that the signal intensities were not the same 

in every induced cell. 

We quantified the fluorescent intensity of HCR or GFP signals of individual cells at 

various time points following C addition (Figure 5-4C and D). An uninduced cell 

population (0 ng/mL C) was used to establish a strict threshold which was then used to 

categorize cells as induced or uninduced at different time points (Figure 5-4C and D). 

Among the uninduced population, a very small number of cells (0.3%) had a high HCR 

fluorescence intensity, likely due to artefacts of the labelling method. After removing those 

outliers, the maximum intensity of the uninduced population was used as the threshold. 

The intensity of induced cells was normalized to the threshold intensity. Using a strict 

threshold helped distinguish genuine response from noise, but may also have resulted in an 

elevated number of false negative cells. With both GFP and HCR, the signal intensity of 

individual cells at any given time point varied widely (Figure 5-4C and D). As time 

progressed the fraction of cells which were induced increased.  
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Figure 5-4: Analysis of the induction response using either HCR or a GFP reporter demonstrates 
heterogeneity within responding populations over time. (A) Time course showing lacZ expression 
in E. faecalis upon induction with 10 ng/mL C. Times (left to right): 0, 15, 30, 60, and 120 minutes 
after C addition. Green, HCR labeled lacZ transcripts (pseudo colored Alexa Fluor 546). Blue, Hoechst 33342 
DNA label highlighting individual cells. (B) Time course of GFP expression in E. faecalis upon induction 
with 5 ng/mL C. Times (left to right): 70, 90, 110, 130, and 150 minutes after C addition. Green, GFP. Blue, 
Hoechst 33342. (C), (D), and (E): 3D distributions reflecting the fraction of cells induced over time as 
measured by HCR, GFP expression, or predicted by the stochastic model respectively. Relative intensity or 
QL of induced cells was normalized to the threshold value and reflects varied levels of induction. (C), 
Induction of lacZ RNA over time from pBK2 plasmid upon addition of 5 ng/mL C in a C - host as shown by 
relative HCR fluorescent intensity per cell. (D) Induction of fluorescent GFP over time from pCIE-GFP 
plasmid upon addition of 5 ng/mL C in a C - host as shown by relative fluorescent intensity per cell. (E) 3D 
distributions of the induced expression of the QL transcript upon addition of 5 ng/mL C in a population of 
cells over time simulated using the stochastic mathematical model. The fraction induced reflects the 
proportion of cells with the depicted levels of QL out of the total cell population.  

 
5.4.4 Stochastic modeling of the induction response predicts heterogeneity within 

responding populations over time 

We had previously developed an ordinary differential equation (ODE)-based 

mathematical model describing the induction process (Chatterjee 2013) In light of new 

knowledge on the oligomeric states of apo-PrgX and PrgX/peptide complexes (Chen et al. 



 
 
 

 

 
 

83 

2017a), availability of kinetic parameters, and a greater mechanistic understanding of its 

interactions with DNA, the model was refined (Figure 2-3). A stochastic model based on 

our updated model was developed using Hy3S (Salis et al. 2006b) which consists of 15 

species and 38 biochemical reactions and interactions involved in the induction of pCF10 

(Table 5-2). The QL transcript level in response to C was simulated in 10,000 individual 

cells (Figure 5-4E). The simulated time dynamics of QL behaved similarly to 

experimentally observed HCR and GFP profiles. The fractions of induced cells increase 

over time and after 150 minutes the population of highly induced cells shows a reduction 

indicating response shut-down.   

 

5.4.5 HCR analysis of reporter and pCF10 plasmids show similar dynamic 

induction responses to varied concentrations of C 

We varied the concentrations of C from 0.625 ng/mL to 10 ng/mL and used HCR to 

examine the fraction of cells induced over time (Figure 5-5A). From past studies, we 

expected the population-averaged QL transcript level to increase to a higher level with 

increasing C and decrease rapidly after reaching a peak (Chatterjee 2013). Using HCR we 

saw the fraction of cells induced increase with increasing C concentrations (Figure 5-5A). 

We further designed probes to the prgB transcript and directly probed the dynamics of the 

QL transcript of conjugation in cells harboring the wild type pCF10 plasmid (Figure 5-5B, 

Figure 5-1A). The induction profile of prgB from pCF10 was similar in magnitude and 

time course to lacZ from pBK2 (Figure 5-5A and B). The faster increase and subsequent 

decrease in induction observed with pCF10 likely relates to increased import of the C and 

I peptides due to the presence of the pCF10 PrgZ peptide binding protein (Leonard et al. 
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1996). However, the overall similarity suggests that pBK2 contains the key regulatory 

components required for heterogeneous induction of pCF10.  

 

Figure 5-5: HCR analysis of reporter and pCF10 plasmids show similar dynamic induction responses 
to varied concentrations of C. The frequency of induced cells at low concentrations of C is low, but highly-
induced cells are present and these cells exhibit the same time course of induction as cells exposed to higher 
levels of C. (A) and (B): Fraction of cells with induced lacZ and prgB RNAs, expressed from pBK2 and 
pCF10 respectively, labeled by HCR over time. (C) Histograms show the fraction of cells with HCR 
labeled prgB expressed upon pCF10 induction in OG1RF 30 minutes after addition of varied concentrations 
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of C. Relative intensity of induced cells was normalized to the threshold value and reflects varied levels of 
induction. (D) Fluorescence images of  E. faecalis with prgB transcripts labeled by HCR at 30 minutes after 
addition of 1.25 and 2.5 ng/mL C. Green, HCR labeled prgB transcripts. Blue, Hoechst 33342. Scale bars, 
1.58 µm. (E) and (F): 3D distributions of the induced expression of the prgB transcript measured using HCR 
upon addition of 1.25 and 2.5 ng/mL C shown by relative HCR fluorescent intensity per cell over time. 
Relative intensity is normalized to the threshold value. Blue and green bars indicate the cells are below and 
above the threshold respectively. Inset shows induced cells with an expanded y axis. 

5.4.6 While the frequency of induced cells at low concentrations of C is low, highly 

-induced cells are still present under these conditions  

The heterogeneous response to varying concentrations of C is not only reflected in 

the fraction of cells induced (i.e. having a fluorescence level above the threshold), but also 

in the transcript level among those induced. Variation in transcript level can be seen in the 

plot of HCR signal intensity distribution of the induced cells at 30 minutes post-induction 

(Figure 5-5C).  Using qRT-PCR measurement (a population averaging assay), we had 

previously reported induction at 1 ng/mL C (Chatterjee 2013). Using HCR we followed 

induction on the single cell level and saw that even at C concentrations as low as 1.25 

ng/mL a few cells were induced to levels seen in populations exposed to higher C 

concentrations (Figure 5-5C). Samples of these rare, highly induced cells were readily 

visualized (Figure 5-5D) and this small fraction of highly induced cells at 1.25 and 2.5 

ng/mL of C subsequently subsided over a similar time duration to that observed with higher 

C concentrations (Figure 5-5E and F). The observation of a few highly induced cells at low 

pheromone concentrations where the vast majority of cells remained uninduced suggests 

that stochasticity is at play in this system. 
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5.4.7 Distribution of induction times for E. faecalis cells exposed to exogenous C 

and I show early responders for low C concentrations by both the GFP 

reporter and model analysis in the presence and absence of I 

We next tracked the induction at different C concentrations using the GFP reporter 

and time lapse microscopy. The time point that each cell became induced (the first time 

point at which GFP fluorescence was observed) after exposure to C was determined and 

plotted (Figure 5-6A). At a high inducer concentration of 50 ng/mL, the earliest induction 

occurred around 40 minutes after C addition, while the median induction time was around 

90 minutes. At later time points, when the majority of cells had been induced, the frequency 

of newly induced cells decreased.  At lower C concentrations of 2.5 and 5 ng/mL, the 

median time to initial induction shifted to longer time points, and even at 160 minutes cells 

continued to be induced at a relatively high rate. Importantly, even though the population 

median induction time was delayed in low versus high C concentrations, the time at which 

the first cells became induced was similar irrespective of C concentration (around 40-80 

minutes as determined by GFP expression) (Figure 5-6A). When we used the stochastic 

model to simulate the response of cells to varying concentrations of C, the model (Figure 

5-6B) predicted the behavior observed experimentally using GFP (Figure 5-6A). Further, 

in the presence of high concentrations of I (50 ng/mL), reflecting the conditions that occur 

at high donor densities, low C concentrations (2.5 ng/mL) still result in early responding 

cells at a low frequency (Figure 5-6A and B).  
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Figure 5-6: Distribution of induction times for E. faecalis cells exposed to exogenous Cand I show early 
responders in tested conditions by GFP and model analysis. (A) Experimentally obtained time 
distributions showing the fraction of cells crossing the GFP induction threshold. The experiment in the far 
right panel mimics high donor density by the presence of a high concentration of I (50 ng/mL). (B) Predicted 
time distributions of the fraction of cells crossing the induction threshold determined by stochastic 
simulations. (A) and (B): Induction time refers to the time window during which an individual cell became 
induced and fraction induced refers to the fraction of cells that became induced in that time window. Black 
arrows indicate the time at which the first cell within the observed population became induced. 

 

5.5 Discussion 
It has been shown previously that the response of E. faecalis to induction by C 

signaling (required for transfer of the pCF10 conjugative plasmid) is concentration 

dependent, robust, and rapid on the population level (reviewed in Dunny 2013). However, 

at low recipient and high donor cell density (and thus low C concentrations and high I 

levels), low but statistically significant levels of conjugation were observed (Figure 5-2). 

To gain insights into the induction response in these conditions, we performed single cell 

analysis of the induction response using multiple complementary methods (Figure 5-4, 

Figure 5-5, and Figure 5-6). The results obtained from HCR transcript labelling and 

reporter experiments indicate that isogenic populations of donor cells exposed to varied 

concentrations of C respond heterogeneously. Model simulation supports that the 

phenomenon of heterogeneity and early induction can be attributed to the stochasticity in 

the induction system.  
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5.5.1 Significance of a stochastic induction response 

Stochasticity in the induction response resulted in early induction of some donor 

cells, even under low C conditions unfavorable to induction (Figure 5-6), and allowed a 

small subpopulation of cells to undergo conjugation while the vast majority of cells 

remained in an uninduced state (Figure 5-2). The occurrence of rare conjugation events in 

a bacterial community with a high density of plasmid-containing cells may help spread the 

plasmid to recipient cells which may carry other critical traits. We hypothesize that 

stochasticity in molecular interactions in the pheromone response circuit result in 

heterogeneity and stochasticity in the population response to induction.  

 

5.5.2 Possible sources of response stochasticity 

At the single donor cell level, the concentrations of C and I are critical determinants 

of the induction state. With extracellular concentrations in the nM range, the intracellular 

levels of C and I are a few molecules per cell, as are PrgX complexes with C and I (Chen 

et al. 2017b; Nakayama et al. 1994). There are about 5 copies of the pCF10 plasmid per 

cell, and each copy contains a single functional operator target for PrgX regulation. 

Therefore, the intracellular levels of the critical molecular species controlling the pCF10 

pheromone response are in the range of a small number of molecules per cell.  

The induction of the conjugation system is driven by a series of molecular events 

(Figure 5-1) involving import of the peptides C and I, their binding with PrgX to form 

PrgX-peptide tetramers, and their interaction with the operator site which regulates the 

access of RNA polymerase to the PQ promoter (Chen et al. 2017b). The probability of each 

molecular event depends upon the concentrations of the molecular entities involved. The 
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low intracellular levels of these entities can magnify stochastic behavior, causing 

individual cells to have different numbers of each of these molecules per cell and thus 

different outcomes. Even under unfavorable induction conditions of low C and high I, the 

probability of a PrgX-C complex displacing the repressing PrgX or PrgX-I complexes from 

the operator (and leading to induction) is low but non-zero. Hence, stochasticity can lead 

to rare induction even under unfavorable conditions.  

 Since the intracellular concentrations of the peptides are one of the major sources 

of stochasticity, the rate of peptide import by the donor could significantly impact the 

induction and conjugation response. In the case of wild type donors, this process is 

mediated by the cooperative functions of the plasmid-encoded PrgZ pheromone binding 

protein and the chromosomal oligopeptide permease (Leonard et al. 1996). Thus, 

examination of peptide import at the single cell level could provide new insights into the 

induction process.  

 

5.5.3 Heterogeneity in the pheromone response and fitness 

A heterogeneous pheromone response may benefit the bacterial community by 

balancing the benefits of dissemination of potentially beneficial plasmid genes with fitness 

costs due to expression of the large set of genes required for conjugative transfer (Bhatty 

et al. 2017; Bhatty et al. 2015).  Our results may contribute to an improved understanding 

of the evolutionary significance of stochastic variation in the enterococcal pheromone 

response and other microbial communication systems. In future work, it would be 

worthwhile to examine the transcription of additional genes in the distal segments of the 

long pheromone-inducible operon (Figure 5-1A) and quantify actual conjugation events at 

the individual cell level. Variability in the induction of downstream genes among the cells 
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induced for expression of proximal conjugation genes would suggest the possibility that 

only some individuals in an “induced” population subset actually function in plasmid 

transfer. In this division-of-labor model, the remaining induced donors could contribute to 

cooperative behaviors such as formation of cell aggregates, and to the rapid shut down of 

the pheromone response by production of I.  

 

5.5.4 Practical applications of this work 

A better understanding of the stochastic behavior of this system may also benefit the 

development of novel therapeutic approaches for the prevention or treatment of 

opportunistic infections by multi-drug resistant enterococci. It might be possible to 

manipulate pheromone signaling to alter the population balance of commensal and resistant 

pathogenic strains as a therapeutic strategy (Baquero et al. 2011). However, stochastic 

variation affecting antibiotic resistance plasmid transfer should bring caution to such 

strategies. Any therapeutic agents that target bacteria responding to the normal peptide 

signals may affect the majority of the population, but fail to eradicate unresponsive 

bacteria, analogous to the function of persister cells in biofilm-associated antibiotic 

resistance (Lewis 2010).  

Finally, with the ability to determine the transcript level of any gene using specific 

probes, HCR should facilitate quantitative analysis of the expression dynamics of many 

genes at the single cell level for many different microorganisms in addition to enterococci
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6 Visualization of conjugation 

6.1 Summary 
Horizontal gene transfer contributes to evolution and the acquisition of new traits, 

antibiotic resistance in this case. Simulation of the stochastic model and validation using 

single cell analysis revealed 5-80 % of donors were induced in cultures exposed to 

increasing pheromone concentrations. However, less than one conjugation event per 

hundred donors was observed in the conjugation experiments (10-2-10-4 transconjugants 

per donor) under those conditions. In order to investigate this inconsistency further, we 

developed fluorescent reporter systems to track the uninduced/induced donors, recipients, 

and uninduced/induced transconjugants in real-time using confocal microscopy and flow 

analysis. A donor cell has a constitutive tdTomato (red) reporter on the plasmid which also 

produces GFP (green) upon induction by the peptide pheromone. The recipient is marked 

with CFP (cyan) and turns red upon receiving the plasmid and then green when induced. 

We also developed an image analysis pipeline for time-lapse confocal micrographs to 

identify potential transconjugants. In order to enrich for these rare events, we explored the 

use of flow cytometry.  

 

6.2 Materials and methods 
6.2.1 Bacterial culture conditions 

The E. faecalis strain were grown in static conditions at 37°C in M9 medium 

containing 3 g/L yeast extract, 10 g/L casamino acids, 36 g/L glucose, 0.12 g/L MgSO4, 

and 0.011 g/L CaCl2. Escherichia coli strains were grown either in LB (Difco) or brain 

heart infusion (BHI) (Difco) at 37°C with shaking at 225 rpm.  When required, antibiotics 
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were added at the following concentrations: for E. coli, 10 µg/mL kanamycin (Kn), 100 

µg/mL erythromycin (Em); for E. faecalis, 10 µg/mL tetracycline (Tet), 200 µg/mL 

Rifampicin (Rif), 100 µg/mL Spectinomycin (Spec), and 10 µg/mL chloramphenicol 

(Cm).  

 

6.2.2 Strain construction 

Codon optimized version of mCherry, tdTomato, and GFP were obtained from 

DNA2.0. The intergenic region between pcfR and Tn925 was chosen for introducing the 

constitutively expressed RFP (tdTomato and mCherry). For the inducible GFP, the 

intergenic region between prgC and prgD was chosen. Vectors with the homologous 

recombination sites of pcfR_p23_RestrictionSites_Tn925 and prgC_RestrictionSites 

_prgD were also obtained from DNA2.0. The FPs were restriction digested and ligated in 

the intergenic regions of the abovementioned vectors. Upon successful integrations, the 

pcfR_p23_RFP_Tn925 and prgC_GFP_prgD were digested out and ligated to pCJK218 

vector (containing pheS counterselectable marker) intended for markerless allelic 

exchange into the pCF10 previously described in (Vesic and Kristich 2013). The built 

pCJK218_ prgC_GFP_prgD vector were introduced into the E. faecalis by electroporation 

with selection on BHI agar plates supplemented with Cm and X-Gal (5-bromo-4-chloro-3-

indolyl-β-d-galactopyranoside) (100 µg/mL) at 30°C. Subsequently, the transformants 

were used to inoculate cultures, grown to optical density at 600 nm (OD600) of �0.2 and 

shifted to 42°C for �3 h. Dilutions were spread on BHI supplemented with Cm and X-Gal 

(100 µg/ml) at 42°C. Blue colonies were screened for the integration event by PCR, and 

the integrant colonies were used to inoculate cultures in BHI and passaged from overnight 
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cultures for two successive days in BHI with no selection at 30°C for the second 

recombination event to excise the remnants of the vector. Successful integrants were 

isolated by plating on counter-selection medium containing p-Cl-Phe and X-Gal. The 

resulting white colonies were PCR and sequence verified. This process was repeated for 

the pCJK218_ pcfR_p23_RFP_Tn925 (tdTomato and mCherry) to obtain the final plasmid 

pCF10_tdTomato_iGFP and pCF10_mCherry_iGFP. 

 

6.2.3 Experimental setup for microscopy 

Overnight cultures were centrifuged, washed twice with 1 mL KPBS containing 2 

mM EDTA, and diluted 1:5 in fresh M9 medium. The bacterial strains for live-cell imaging 

was grown to exponential growth phase by incubating the cell suspension for 1 hour at 

37°C. The recipient cells were counterstained by Hoechst stain and washed. The donor 

cells were pre-induced with C for 30 mins before mixing with the recipient cells. The cell 

suspension was concentrated in 100 µL and 10 µL of the cell suspension was added onto 

an agar pad made by sandwiching molten agarose (M9 growth media containing 0.6% low 

melting agar) in between 2 coverslips. The cells were then 'sandwiched' between the agar 

pad a glass cover slip bottom 35 mm petri dish coated with Poly-d-lysine. About 3 ml 

aliquot of molten (37°C) agar was then added to the dish and left at room temperature for 

few minutes to ensure complete solidification of the agar before mounting the specimen on 

the microscope. 

 

6.2.4 Microscopy 

Cells were imaged on a Zeiss LSM800 inverted laser scanning confocal microscope 

using 405nm, 488nm, and 561nm lasers for excitation of Hoechst stain/CFP, GFP, and 
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tdTomato respectively. Confocal images were acquired through a 63x, 1.40- numerical 

aperture (NA) oil immersion objective (Zeiss). Images were taken every 30 minutes 

starting 40 minutes after mixing the donors with recipients for 4-6 hours.  

 

6.2.5 Image analysis 

Images were imported into ImageJ (version 1.49m, NIH) and subjected to 

background subtraction using a rolling ball radius of 50.0 pixels. The background 

subtracted images were then flattened using a maximum intensity projection and exported 

as TIFF images. These processed images were then imported into Mathematica for further 

analysis. To identify cell positions, the red fluorescence (corresponding to tdTomato 

fluorescence used as reference channel) images from all the time point were binarized and 

then distance transform and maximum detection functions were applied to create cell 

location markers. Then, using the markers previously found as positional information, a 

watershed transformation was applied to the binarized images and the SelectComponents 

function was used to identify any object found by the watershed algorithm. 

ComponentsMeasurements function was then used to find the centroid coordinates and the 

equivalent disk radius of all identified cells. These cell location markers were used to mark 

all of tdTomato+ (donor/transconjugants) cells. Using these coordinates as starting points, 

the algorithm ImageFeatureTrack was applied to all images within the time series to track 

the tdTomato+ cells through the images. The tdTomato+ cells which were tracked though 

the entire time-course were likely to be the initial pool of donor cells in the field. In order 

to identify new tdTomato+ cells, these cells were deleted from all the time points using a 

black disk created using the centroid location and equivalent disk radius.  
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Figure 6-1: Deleting tracked donor cells using a mask in order to find potential transconjugants. 

The untracked tdTomato+ cells consist of the potential new transconjugants and 

cells which may have floated in from other location or z-plane. In order to narrow our calls 

for potential transconjugants, we applied an additional condition such that the untracked 

tdTomato+ cells should be adjacent to a tracked pre-existing tdTomato+/GFP+ (induced 

donor) cell.  

 

6.2.6 Flow cytometry 

Overnight cultures of E. faecalis donors (OG1RF, pCF10_tdTomato_iGFP) and 

recipients (OG1RF_CFP) was diluted 1:10 in fresh medium grown to exponential growth 

phase without antibiotics for 1h at 37 °C. Donors were induced with various concentrations 

of the C pheromone followed by 1h incubation at 37°C. The donors and recipients were 

then mixed in 1:10 ratio and mating was carried out at 37 °C for 2h. The mating suspensions 

were fixed using 2% (w/v) PFA for 10 mins at 4 °C. The bacterial clumps were broken up 

by EDTA treatment (100 mM), followed by Proteinase K treatment (50 µg/mL, 10 mins at 

55 °C). The cell suspension was further sonicated for 10 secs at 20% amplitude. The mating 

suspensions were then analysed by flow cytometry using a Fortessa X-20 flow cytometer. 

Expression of CFP, GFP, and tdTomato was measured for 100,000 - 500,000 cells using 
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the 405, 488, and 561 nm respectively laser excitation line. The cells were gated and 

analysed using FlowJo v8 (Tree Star, Ashland, OR). 

 

6.2.7 RNA-Seq analysis 

Overnight culture of E. faecalis was diluted 1:10 in fresh medium without antibiotics 

in the presence of cCF10 (50 ng/mL) for induction and grown for 120 min at 37 °C. Cell 

samples were collected at time points 0, 30, 60, and 120 min, followed by the addition of 

RNAprotect Bacteria Reagent (Qiagen) to bacterial culture in a ratio of 2:1 with 5 min 

incubation at room temperature. The cells were pelleted by centrifugation for 10 min at 4 

°C. The samples were flash frozen in ethanol and dry ice and stored at −80 °C. For RNA 

extraction, cells were lysed with lysozyme (30 mg/mL) in TE buffer plus mutanolysin (500 

U/mL). RNA was prepared using the RNeasy kit (Qiagen). Two to five micrograms of 

RNA was subjected to rigorous DNase treatment with Turbo DNase (Ambion) according 

to the manufacturer’s instructions. Ribosomal RNA was further removed using the Ambion 

MICROBExpress kit. The RNA samples were suspended in 20–25 µL of RNase-free water 

and were flash frozen and stored at −80 °C. Strand-specific cDNA libraries were sequenced 

using Illumina HiSeq. 

The reads obtained for each time point were mapped to the reference genome of 

wild-type strain OG1RF (NC_017316.1) and pCF10 (NC_006827.2) using Burrows-

Wheeler Aligner (Li and Durbin 2009). Basepair coverage of pCF10 was obtained using 

genomecov from the bedtools suite. Plotting and visualization was done in SpotfireÒ 

(TIBCO) and Matlab (version 2015b, Mathworks). 
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6.3 Results 
6.3.1 Correlation between induction and conjugation 

Conjugative transfer of pCF10 in E. faecalis is controlled by cell-cell signalling. The 

chromosomally-encoded inducing peptide C (mate-sensing signal) from the recipient cells 

triggers plasmid transfer by inducing the transcription of the conjugation operon encoding 

all the necessary genes for adhesion, mating channel formation, and DNA processing and 

transport. Past studies have characterized the pheromone response at the population level 

and revealed the dynamics of the response, but these studies were unable to detect the 

heterogeneity in within the donor population and their direct effect on conjugation.  

On analysing induction in single cells using GFP reporter expression we were able 

to quantify the heterogeneous induction of conjugation response is within the donor 

population (Breuer et al. 2017). At low inducer peptide concentration (2.5 ng/mL C), 

resembling the levels of C naturally produced by recipient cells, we observe about 5 % of 

the donor induced 140 min post peptide addition (Figure 6-2A). With a higher inducer 

peptide concentration (5 ng/mL C) higher fraction of donors were induced. At the highest 

inducer concentration (50 ng/mL C), we observed almost 90 % of the cells were induced.  
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Figure 6-2: (A) Measurement of induction response in individual cells by analysis of GFP signal in presence 
of inducer peptide at various concentrations. (B) Frequency of conjugation calculated by enumerating the 
donors, recipients, and transconjugants plated on selective media after mating in presence of inducer peptide 
at various concentrations. The y axis shows the number of transconjugants per donor.  

 

To measure the conjugation frequencies, the donor cells were incubated with 

synthetic peptides for 30 minutes and then mixed with recipients for 10 minutes (only 

sufficient time for one round of conjugation) prior to plating on medium selective for 

transconjugants. At low inducer peptide concentration (2.5 ng/mL C), we observed about 

1 transconjugant per 103 donors (Figure 6-2B). This frequency increased nearly 10-fold at 

a higher inducer concentration of 10 ng/mL C. When the donors were pre-exposed to a 

saturating concentration of 50 ng/mL C, the frequency increased another 10-fold to nearly 

1 transconjugant per 10 donors. 

The log-linear relationship between the number of induced donor cells and the 

conjugation frequencies cannot be explained alone by the “limited contact” between the 

donors and recipients as seen from previous plate mating results. It is likely that the “gap” 

between induction of conjugation operon and conjugation may be a result of a regulatory 
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control designed within the plasmid. In order to explore this hypothesis further, we looked 

at the transcript expression of the conjugation operon by RNA-Seq. 

 
6.3.2 RNA-Seq read pileup of the conjugation operon indicate non-uniform 

transcription of the conjugation operon 

The mating response of Enterococcus faecalis cells carrying the conjugative plasmid 

pCF10 is encoded in the prgQ operon. Initiation of transcription of the prgQ conjugation 

operon is controlled by the regulatory protein PrgX. Under basal uninduced conditions, 

promoter PQ drives expression of the a short 380-nt QS transcript. Promoter PX drives the 

expression of prgX operon which encodes repressor PrgX and the 104-nt noncoding RNA, 

Anti-Q. As anticipated, we do not observe any transcription throughout the conjugation 

operon except the QS region (shown in blue Figure 6-3A). When induced with the inducer 

peptide C, binding of the C to PrgX abolishes PrgX repression leading to the transcription 

of the conjugation operon. From the RNA-Seq profile in Figure 6-3B (shown in red), we 

see a huge increase in expression in the entire conjugation operon which tapers off along 

the length of the QL transcript. Within this region a dip in expression is observed in the 

PrgR-PrgA region. This may be an artefact of the reverse transcription efficiency through 

the RNA secondary structures in this region or may point towards an alternate transcription 

site for PrgB and the subsequent genes. Previous study by Bensing et al. also provided 

evidence for two promoters, 3 and 5 kb upstream of prgB (Bensing et al. 1996). The 

attenuation of the expression level along the length of the operon may point towards the 

incomplete transcription of the conjugation operon in a subpopulation of the induced cells. 

Cells which are unable to transcribe the entire operon are unlikely to undergo conjugation. 

From the socio-microbiology viewpoint, it is plausible that the entire induced donor 
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population contributes towards increasing the inhibitor I production but only a sub-fraction 

of induced cells which transcribe the entire conjugation operon undergo conjugation. 

Though such a mechanism, the cells potentially maintain a balance between plasmid-

carrying and plasmid-free subpopulations.   

 
Figure 6-3: RNA-Seq expression profile along the pCF10 plasmid at 0, 30, and 120 mins post 
induction with 50 ng/mL C. 
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6.3.3 Stochastic modelling indicates a small fraction of induced cells expressing 

late genes 

The stochastic model developed (described in section 5.3.10 was simulated to 

understand the effect of induction on expression on early and late genes. For this purpose, 

the percentage of cells induced was plotted against time using two different induction 

criteria (i) QL and (ii) relaxase protein PrgG for two different induction conditions (2.5 

ng/mL and 5 ng/mL C) (Figure 6-4). Simulation of 10000 cell trajectories revealed that 

about 15% of donors had crossed the induction threshold of QL > 10 nM for inducer peptide 

concentration 2.5 ng/mL (Figure 6-4A). This number is in agreement with the 

experimentally observed fraction of induced cells from the single cell analysis of GFP 

intensity. However, only about 0.5 % of cells crossed the PrgG induction threshold (>12 

nM) (Figure 6-4B). This implies that only a small percentage of the cells which express QL 

greater than the induction threshold are able to produce enough relaxase (PrgG) to undergo 

successful conjugation. At an higher inducer concentration, we see about 60% of the cells 

crossing the QL induction threshold and about 30% of the cells produces enough PrgG for 

conjugation (Figure 6-4C-D). This is similar log-linear relationship we experimentally 

observed between fraction of induced cells and the conjugation frequency. This simulation 

gives a credence to the hypothesis that the low expression of late genes in the conjugation 

operon in induced cells may be a likely cause for the observed lower conjugation 

frequency. 
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Figure 6-4: Simulation of stochastic modeling of the induction response predicts lower fraction of cells 
expressing late gene in conjugation operon PrgG than cells expressing early gene QL. (A and B) 2.5 ng/mL 
C (C and D) 5 ng/mL C. Please note that the scales are different. 

 
6.3.4 Image analysis of conjugation 

 It has become likely that, even under controlled laboratory conditions, all induced 

cells in a population do not transfer the plasmid. However, the induction and conjugation 

was assayed using two different techniques (single cell GFP expression and plate counting 

respectively). To visualize induction and conjugation simultaneously, we constructed 

fluorescent reporter strains have applied laser-scanning confocal microscopy to correlation 

between induction and conjugation. 
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Figure 6-5 shows a field of recipients and uninduced donor cells mixed in the ratio 

of D:R=1:100. There are about 95K recipients and about 4K donors in this field which was 

imaged using a 63x, 1.40- numerical aperture (NA) oil immersion objective. Within about 

1 h post mixing, we see the appearance of yellow induced donor cells (red+green) in this 

field. Since this thresholding and imaging analysis of such a big field was both time and 

resource intensive, a smaller sub-field was used for image analysis to quantify induction 

and conjugation.  

 
Figure 6-5: Simultaneous visualization of induction and conjugation. A grid 4x4 tiles of a “lawn” of 
recipients and uninduced donors mixed in ratio of D:R=1:100 sandwiched between an agarose pad and 
coverslip bottomed Petri dish. Donors constitutively express tdTomato (red) and GFP (green) when induced. 
The recipients were pre-stained with Hoechst stain (blue). The entire field was tracked every 30 mins for 6 
hours using time-lapse laser-scanning confocal microscopy. Inset shows a zoomed in area within the 
observation field.  



 
 
 

 

 
 

104 

Using a small sub-field (Figure 6-6), we applied our image analysis pipeline (section 

6.2.5) to identify potential transconjugants. There are about 35 red cells tracked in all the 

three time points (marked in white circles). These cells were likely to belong to the initial 

pool of donors in the field. The cells were then deleted from each of the time point and new 

red cells appearing in the field were identified.  

 
Figure 6-6: Time lapse of red fluorescence within cells with observed every 30 min. The white circle 
indicates the tracked red cells though the three time points marking the initial donors.  

Within the new red cells, some cells may have floated in from another location or 

from another plane. Hence, presence of an adjacent red cell was used as an additional 

criterion to finally filter out false positives. This filtered sub-population would consist of 

transconjugants and daughter cells from cell division. In order to filter out new red cells as 

a consequence of cell division, we applied another condition where the adjacent donor 

should be both tdTomato+ and GFP+ and the new cell should be tdTomato+ and GFP- 

indicating a newly formed transconjugants. Using this image analysis pipeline, we were 

able to identify two potential transconjugants in the field. To summarize, among 34 donor 

cells, 15 donors were induced leading to two conjugation events.   

 

60 min30 min 90 min
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Figure 6-7: All tdTomato+ cells at the 90 min time point. The white circled cells belong to the initial pool 
of donors. The linearized image shows the new red cells appearing in the field. Among these cells, 2 potential 
transconjugants were found. 

However, the live cell image analysis strategy has a few drawbacks: 
i. Photo-bleaching of samples over time make the time lapse image analysis a 

challenge. 

ii. Brownian movement of bacterial cells often leads to non-localization of the 

different fluorophores 

iii. Uneven fluorescence in the field often leads to difficulty in choosing an 

appropriate threshold for binarization. 

iv. If a sub population of cells is stained with a chemical fluorophore such as Hoechst 

or cell membrane stain, such as recipient in this case, it often leads to cross 

staining of the other population. In order to circumvent this issue, our image 

analysis on red and green channels only. 

v. Deformation of the agarose pad over time due to drying leads to dramatic shift in 

focal plane leading to failure of the auto-focusing strategy of the microscopy. 

vi. Since conjugation event is a very rare event, we need to sample many fields to 

identify the rare transconjugants. 

 

6.3.5 Flow analysis of conjugation 

In order to circumvent the abovementioned drawbacks of imaging and sample more 

cells, we used flow cytometry to quantify the population of donors, induced donors, 

recipients, and transconjugants. Since, liquid mating lead to lot of mating aggregate 
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formation, we needed to optimize strategies to obtain single cells from the clumps for better 

detection of the subpopulations. 

 

Figure 6-8: Mating aggregates in the mating suspension. Donors appear red and the recipients appear 
blue.  

 
First, we just tried using 50 mM EDTA which is used as a chelating agent that binds 

to calcium and help de-clumping the bacterial aggregates. With just EDTA treatment we 

see a substantial fraction of cells in the high SSC (Side Scatter; measurement of the 

granularity) and high FSC (Forward Scatter; measurement of the relative size for the cell) 

region indicating presence of bacterial clumps (Figure 6-10A). Next, we tried to break the 

clumps using proteinase K, a highly effective enzyme that inactivates all types of proteins. 

This enzyme can also be used to break apart clumped cells. Though we see an increased 

percentage of low FSC-SSC population but the high FSC-SSC population still indicate the 

presence of bacterial clumps (Figure 6-10B). An additional step of sonication was added 

to break the bacterial clumps. The experimental workflow is shown in Figure 6-9. Using 

this workflow, we were able to get a very tight population of cells in a narrow FSC-SSC 

bounds.  

20 !m
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Figure 6-9: Experimental workflow to study induction and conjugation using flow cytometry. 

 

 
Figure 6-10: Effect of various de-clumping treatments seen on the FSC-SSC cytogram. 

 
Using the new treatment, we gated the population for cells. The events within the 

gate were further analyzed for expression of fluorescent markers. The controls for donors, 

recipients and induced donors to select fluorophore positive populations and use them to 

analyze the mixed populations in the mating mixtures.  

Donor: p_Tc_Gi Recipient: Chr_Cc

O/N, 3X wash, 1:10 dilution, 
Incubate for 1h

O/N, 3X wash, 1:10 dilution, 
Incubate for 2 h

D:R=1:10
Incubate for 2h

Fix 1% PFA for 10 min at 4oC and washed 

10 min Proteinase K (50 !g/ml) at 55ºC

100 mM EDTA

Sonicate	for	10	sec	at	20%	amplitude

Induce with 0, 10 ng/mL C for 
1 hr

100 mM EDTA to chelate Ca+ to reduce 
Proteinase K activity
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Figure 6-11: Cells within the gate defined in (A) are represented in a histogram to evaluate the relative 
expression of a marker with respect to a negative population (B-D). 

For the mating experiment, the donors were pre-induced with 0 or 10 ng/mL of C 

and mixed with recipient in the ratio of D:R=1:10 and incubated for 2 hours before fixing 

the samples and de-clumping (Figure 6-9). When the cell population (for the case where 

the donors were pre-induced with 10 ng/mL C) was plotted in a two-parameter plot, 

tdTomato vs CFP (405 E), three distinct populations were found. One population, had high 

tdTomato and low CFP expression which correlated with the donor population (Figure 

6-12A). Another enriched population expressed high CFP and low tdTomato which 

corresponds to the recipient population. The third population co-expressed both tdTomato 

and CFP which corresponds to the transconjugants population. Of about 1,000,000 events 

analysed, the donor population constituted 8.11% of the total events amounting to 7.6´104 

cells. 89 % of the total population accounted for the recipients totalling 8.3 ´105 cells. The 

ratio of donors and recipients were still at about 1:10. The double positive (tdTomato and 

CFP) transconjugants accounted for 1.8% of the total population which matched the 

expected numbers (Chatterjee 2013). Analysing the donor population, 69% of the donor 

cells were induced which corresponds to our previous analysis using GFP reporter (Figure 

6-2). Interestingly we also see 60% of the transconjugants also induced which may also 

participate in the conjugation. This observation shows the log-linear relation between 

induction and conjugation within the same population. Further experiments can be done to 
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examine the effect of contact and other induction conditions to understand this 

phenomenon.  

 

Figure 6-12: Two-parameter fluorescence density and dot plot. (A-B) The three distinct populations 
seen in the density and dot plots. (C) The cytogram shows the induced fraction in the donor 
population and transconjugants (D). 

6.4 Discussion 
Plasmids play an important role in the transfer of genetic information between 

bacteria and can transfer DNA between genera, phyla, and even major domains (van Elsas 

and Bailey 2002). The extent plasmid transfer in vitro conditions has typically been 

obtained by identifying plasmid-encoded phenotypes (tetracycline resistance in case of 

pCF10) and the emergence of phenotype among recipient bacterial populations. However, 

the traditional methods produce population-averaged measures of gene transfer, which 
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generally do not provide single cell level insights into the number of conjugation competent 

donors undergoing conjugation or spatial extent of conjugation. This discrepancy can 

clearly be seen in the fraction of conjugation competent donors and a substantially lower 

conjugation events. 

Various reporter genes have been used to examine conjugation events such as the 

luciferase genes (Hoffmann et al. 1998), the β-galactosidase gene lacZ (Jaenecke et al. 

1996) and genes encoding fluorescent proteins such as green fluorescent protein (GFP) 

(Christensen et al. 1996; Dahlberg et al. 1998). Using a similar strategy, to directly 

visualize the pheromone induction and plasmid transfer in the pCF10 system, we developed 

a variety of fluorescently labelled strains that allow us to distinguish between recipients, 

donors, and transconjugants. Using confocal laser scanning microscopy and quantitative 

image analysis, we were able to identify some conjugation events arising in a pool of 

donors and recipients. To increase the throughput of detection, we also used flow cytometry 

to validate our findings regarding induction and conjugation. However fluorescent reporter 

based assays are often impaired by photobleaching and environmental conditions, such as 

high salt, low pH and lack of oxygen, 

RNA-seq expression profile along the conjugation operon indicated the attenuation 

of transcription along the length of the operon. This suggests that not all the donors 

transcribing the early conjugation genes synthesis the complete conjugation machinery 

leading to only a minuscule fraction of donors undergoing conjugation. We are in process 

of exploring this hypothesis using HCR-FISH labelling of early and late genes in the 

conjugation operon. By combining the fluorescence-based gene-transfer detection 

approach with fluorescence-activated cell sorting (FACS), specific fractions of donor and 
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transconjugants can be isolated which can subsequently be characterized for their plasmid 

copy numbers, induction state using the HCR-FISH methodology. 

Biofilms are uniquely suited for bacterial conjugation because they maintain high 

bacterial density and provide a stable physical environment for cell–cell contact (Molin 

and Tolker-Nielsen 2003). Under such biofilm situations, the frequency of transfer is 

dependent on access and establishment of cell-to-cell contact between donor and recipient 

cells. The spatial structure and micro-architecture of the biofilm has a decisive role in gene 

transfer. Hence, induction of plasmid does not necessarily translate into conjugation. In 

order to expand our knowledge concerning colonization and propagation of antibiotic 

resistance in biofilms, study of the biofilms under controlled conditions is indispensable. 

However, the current in vitro biofilm assays (microtiter plates, CDC biofilm reactors etc.) 

are not well suited for investigating phenotypic and genotypic characteristics of bacteria 

within a mammalian host, as these systems do not enable co-culture of bacteria and 

epithelial cells in a manner that mimics the natural microenvironment. Hence in order to 

conduct such experiments we are developing a microfluidic gut model to study bacterial 

conjugation in an in vivo like physiological conditions described in the next chapter.  
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7 In vitro model of human–microbe interface in GI tract 

7.1 Summary 
We are developing a microfluidic gut-on-a-chip model, using rapid prototyping 

techniques which allow for co-culturing of human and bacteria cells in an in vivo-simulated 

microenvironment. The oxygen levels of the basal and apical fluid phases are 

independently controlled to mimic blood side and intestinal lumen side to maintain long-

term co-culture of the bacteria and human cells. The bacteria are grown on the cell layer to 

form a biofilm and the transmission of plasmid in the biofilm is examined in situ. The gut-

on-a-chip model will be used to study invasion of Enterococcus across the epithelial layer, 

the main route of its infection into the blood stream. This system can be further used to 

gain a better mechanistic understanding of the complex nature of host-environment-

microbiome interaction. 

 
7.2 Introduction 

The gastrointestinal tract is the largest microbial community in the human host, 

consisting of up to 1014 individual bacterial cells of over 500 species. Biofilms found in the 

human intestinal tract and are thought to be ideal environments for horizontal gene transfer 

due to the high bacterial density and providing the cell-to-cell contact needed for 

conjugation to occur. In order to expand our knowledge concerning colonization and 

propagation of antibiotic resistance in the gut, study of the microbial communities under 

physiological conditions indispensable.  

Applicability of in vivo or ex vivo tissue systems from humans and animals are 

limited by the fact that they are not always readily available owing to ethical 

considerations, with tremendous variability among samples. Further, the explants of 
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intestinal mucosa can be maintained in vitro for only about 24 hours (Arsenault et al. 1984). 

Hence, an engineered in-vitro organ model using intestinal adenocarcinoma cell lines 

provides a lucrative option. These biomimetic systems can provide an organizational 

complexity mimicking the in vivo conditions for understanding various forms of 

regulation, which controls antibiotic resistance transfer in bacteria when they colonize the 

gut. 

In vitro tissue models hold tremendous potential for translating laboratory 

discoveries to clinical applications. They allow human tissues and tissue cells to be cultured 

and are used for the evaluation of drug candidates and more recently to study host-microbe 

interactions. Most in vitro models mimicking the human intestine rely on co-culturing 

microbes on a monolayer of intestinal epithelial cell lines in static Transwellä culture or 

using explanted human intestinal mucosa obtained through intestinal biopsies and adding 

microbes. In some cases, immune cells (peripheral blood mononuclear cells or B 

lymphocyte derived cell line) are added to the basolateral (mucosal) side to better 

understand the immune response of the microbes. Advances in stem cells technologies in 

over the past five years have also enabled the development of miniature 3D organs also 

referred to as “organoids”. However, these static in vitro methods do not effectively 

recapitulate the pathophysiology of human intestines such as flow or long-term cultured 

microbial community, because bacterial overgrowth may compromise the epithelium layer. 

This proves to be a major limitation in obtaining a stable co-culture between the epithelium 

and resident gut microbiome as observed in the normal intestine. 

The development of microfluidics platforms can help us significantly overcome the 

limitations of the static co-culture models and enhance our ability to study effects of 
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environmental, microbial and other influences on host cells as well as interrogate cell-cell 

communication. Furthermore, with a microfluidic system, the miniaturized device can be 

used for high-throughput studies and screening. Several such microfluidic devices, often 

referred to as “organ-on-chip” have been developed for various tissue cells such as lung 

(Huh et al. 2007; Huh et al. 2012; Huh et al. 2010; Tavana et al. 2011), kidney (Jang et al. 

2011; Jang et al. 2013), liver (Kane et al. 2006; Powers et al. 2002), gut (Kim et al. 2012; 

Kim and Ingber 2013; Kim et al. 2016; Marzorati et al. 2014; Rescigno et al. 2001; Shah 

et al. 2016a), breast (Song et al. 2009a; Torisawa et al. 2010), eye (Puleo et al. 2009) etc. 

using primary cells or tissue derived cell lines. 

Since E. faecalis is a gut commensal, we set out to develop an experimental co-

culture model to mimic the gut microenvironment. Towards that end, we adapted a recently 

described human gut-on-a-chip microfluidic device that enables human intestinal epithelial 

cells (Caco-2, HT29) to be co-cultured E. faecalis with in the presence of physiologically 

relevant luminal flow. In the gut, the intestinal cells are exposed to blood flow that is 

saturated with oxygen, while the epical side of the cell and the bacteria in the lumen are 

exposed to virtually anaerobic conditions. The microfluidic system will allow independent 

control of oxygen levels of the basal and apical fluid phase to mimic the aerobic and 

anaerobic conditions in the blood and intestinal lumen interfaces with the epithelium. 

Various growth and seeding conditions were tried using a simple Transwellä model to find 

the optimum conditions for prolonged co-culture of bacteria and intestinal epithelial cells. 

We further created recombinant cell lines producing human Beta Defensin-3 (hBD3) to 

better mimic the antimicrobial properties of the gut. Using these conditions, we expect to 
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prolong the co-culture of bacteria and the human epithelial cells and establish a stable 

polymicrobial community to study host-microbe-microbe interactions.  

7.3 Materials and methods 
7.3.1 Bacterial strain and culture condition 

E. faecalis OG1RF (pCF10_iGFP_P23_tdTomato) constitutively producing 

tdTomato was used for the study. E. faecalis liquid cultures were grown at 37 °C in M9 

medium (Difco) containing 3 g/L yeast extract, 10 g/L casamino acids, 36 g/L glucose, 

0.12 g/L MgSO4, and 0.011 g/L CaCl2.  

 

7.3.2 Cell culture 

Caco-2, a colon adenocarcinoma cell line (ATCC® HTB-37™) was maintained in 

DMEM supplemented with 10% FBS and passaged every 5-6 days in a T-75 flask. For the 

static Transwell model, the Caco-2 cells were seeded into 12-well Polyester (PET) 

Transwellä Inserts (Corning; pore size 3 µm) and were maintained in Dulbecco’s modified 

Eagle medium (DMEM containing 4.5 g/L glucose; Gibco) 2 mM L-glutamine (Gibco), 1 

mM sodium pyruvate (Gibco), and supplemented with 10 % fetal bovine serum (Sigma). 

The cell culture medium was replaced every 2–3 days until the cell monolayer reached 

complete confluence and continued until the trans-epithelial electrical resistance (TEER) 

reached about 400 W·cm2. The medium on the top chamber was replaced with glucose-free 

DMEM without fetal bovine serum 1 h before co-culture assays. The medium on the 

bottom chamber was kept at high-glucose DMEM with 10% FBS to support the survival 

of the cells. 
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7.3.3 Generation of recombinant hBD3 producing Caco-2 

A lentiviral vector with the hBD3 cDNA inserted downstream of the CMV promoter 

was constructed using the pLOVE-dGFP plasmid backbone shown in Figure 6A. 

Lentiviruses were produced in HEK293 cells by co-transfection of pLOVE and the helper 

plasmids pPAX2 (contains Gag, Pol, Rev, and Tat for packaging) and pMD2.G (VSV-G-

expressing envelope plasmid). Medium was collected 48 hours after transfection and 

filtered through a 0.45um filter. Virus was then added to 1´106 cell in a 12 well plate 

containing Caco-2 cells at an MOI of about 1. 48 h post infection, the media was replaced 

and subsequently expanded to a T75 flask followed by sorting of GFP positive cells using 

FACS (FACSAria II P0287) using non-infected Caco-2 as negative control. Top 1.5% of 

the GFP positive cells (1.2´105 cells) were collected and expanded to about 1´107 cells, 

and re-sorted to enrich for cells producing higher levels of GFP. Supernatant collected prior 

to FACS sorting was diluted to different levels and tested for growth inhibitory activity 

against E. faecalis in a microwell. The microbial growth was assayed by taking OD600 

measurements every 15 mins using a microplate reader. 

 

7.3.4 Measuring membrane integrity and permeability 

The trans-epithelial electrical resistance (TEER) values across the Caco-2 cell 

monolayer was measured using a voltage meter EVOM (World Precision Instruments) 

(Srinivasan et al. 2015b). The unit area resistance (Ω·cm2) was calculated by multiplying 

the sample resistance by the effective area of the membrane (1.12 cm2 for 12-well inserts). 

The permeability of Lucifer yellow across the Caco-2 cell-layer was also measured. Lucifer 

yellow (LY) is a fluorescent molecule that does not interact with cell components hence 

was developed as a quantitative detector of the cell layer permeability (Silve et al. 2012; 
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Towhidi et al. 2012). Lucifer yellow (50 µg/mL) was added to the upper chamber of the 

transwell for 1 h before 500 µL aliquots were removed from the upper and lower chamber 

of the transwell for fluorescence intensity measurements (Excitation wavelength: 488 nm 

and Emission wavelength: 523 nm).The concentration of Lucifer yellow was determined 

using the standard curve for Lucifer yellow in medium. To measure the permeability in the 

microfluidic device, the Lucifer yellow solution was perfused through the upper channel 

(50 µL/h), and 500 µL sample aliquots collected from the outlet of the upper and lower 

channel for concentration measurement as described above. 

 
7.3.5 Immunofluorescence microscopy 

For immunofluorescence microscopic analysis, cells grown in the 

Transwellä/microfluidic device were fixed with 4% (w/v) PFA, permeabilized with 0.2 % 

(v/v) Triton X-100. The sample was blocked with blocked with 2% (w/v) BSA and washed 

with PBS. The fixed sample was then incubated with primary antibody [anti-ZO-1 (rabbit 

monoclonal; Life Technologies), anti-villin (Goat monoclonal; Santa Cruz), anti-mucin 2 

(mouse mono-clonal; abcam, Cambridge, MA, USA)] and incubated at room temperature 

for 1 h. It was followed by incubation with secondary antibody dissolved in 2% BSA 

solution at room temperature under light protected conditions for another 1 h. Hoechst 

Stain (Sigma) was used for nuclei counter staining. The samples were mounted using 

ProLong Diamond Antifade Mountant (Thermofisher) and visualized using Zeiss LSM800 

laser scanning confocal microscopy. 
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7.3.6 Scanning electron microscopy (SEM) 

Samples were prepared using the cationic dye stabilization methods previously 

reported (Barnes et al. 2012). The top chamber was rinsed thrice with PBS and fixed 

(primary fixation) for 22 h in cacodylate-buffered solution (135 mM) containing EM-grade 

2% formaldehyde and 2% glutaraldehyde, 4% sucrose, and 0.15% Alcian Blue 8GX 

(Sigma-Aldrich). The primary fixative was then removed and the wells were rinsed with 

sodium cacodylate buffer, and fixed for 1 h in a cacodylate-buffered solution (150 mM) 

containing 1% osmium tetroxide and 1.5% potassium ferrocyanide (secondary fixation). 

The cell laden membranes from the well was chemically dried using a graded ethanol serial 

washes (25, 50, 70, 85, 95 [washed twice], 100% [washed twice]), processed in a CO2-

based critical point dryer (tousimis, Rockville, MD), and sputter coated with a 1- to 2-nm 

layer of iridium (Leica EM ACE600, Buffalo Grove, IL). Low-voltage SEM imaging 

(0.8 kV) was performed using a Hitachi SU8230 field-emission instrument with the low-

angle backscatter and secondary electron detectors.  

 
7.3.7 Microfluidic device fabrication and set up 

The layout of our microfluidic device used in this study is shown in Figure 7-1. 

Briefly, the upper and lower channel layers of the microfluidic device were prepared by 

demolding cured PDMS. Two microchannels with dimension 1.5 mm wide, 15 mm long, 

and 0.15 mm high were fabricated from PDMS. A porous PET membrane cut out from 

Transwell (Corning; pore size 3 µm) was cut out and sandwiched between the two 

microchannels allowing for nutrient and oxygen transport to the cells from the basolateral 

domain and microscopic observation. Tygon tubing was inserted into the microchannels to 

supply cell culture medium using a syringe pump. 
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Figure 7-1: (A) A schematic of the microfluidic gut model showing a porous membrane lined by gut 
epithelial cells, mimicking the microaerobic gut lumen side on the apical side and aerobic 
microenvironment on the basolateral side. (B) Prototype of the PDMS based microfluidic gut model. 

The device was disinfected by flowing in 70% ethanol though both the channels, 

followed by PBS wash and overnight UV irradiation in the biosafety cabinet. The device 

was filled with PBS and kept in incubator for at least 1h to saturate the device to prevent 

bubble formation during cell culture. On the day of cell seeding, both the channels were 

filled with 1 mg/mL Collagen I solution in PBS for at least 4h and the tubings were pinched 

off to prevent coating solution from the device. Cells trypsinized from a T75 flask were 

added to the top channel with a pipette and kept in an incubator for 3h under no-flow 

condition to allow cell adhesion to membrane surface. After 3h, bottom channel was 

perfused with media at a flowrate of 25 µL/h while the top channel had no flow to allow 

for cell adhesion. Post 24 hours, 50 µL/h flow was maintained in both channels. 

 Once the cell layer reached confluence, the permeability of the was measured by 

the Lucifer Yellow assay and was inoculated with bacteria at 103 CFU/mL and was co-

cultured in glucose-free DMEM on the apical side under physiologically relevant low flow 

rates (10 µL/h). The basolateral side was perfused with glucose rich oxygenated media to 

support the survival of epithelial cell layer. 
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7.4 Results 
7.4.1 Culturing cells in Transwell 

Human colon adenocarcinoma (Caco-2) cells, when grown on a membrane filter 

form a cell layer that resembles the small intestinal epithelium both structurally and 

functionally (Quaroni et al. 1986; Rousset 1986). Cells of the resulting monolayers feature 

apical microvilli, functional tight junctions. They are polarized, and express both apical 

and basolateral specific transporters (Hidalgo et al. 1989). The transwell membrane allows 

cells to have access to chemical environment of both top and bottom chambers that can be 

manipulated independently. Transwell system has been widely used as an in vitro system 

for investigating intestinal absorption of drugs, dietary nutrients, and environmental toxins 

(Artursson et al. 2012; Kobayashi et al. 2013; Sessa et al. 2014).  Caco-2 cells cultured in 

a transwell system was used as an intestinal epithelium model in a co-culture study with 

intestinal bacteria.  

 

To perform reliable in vitro experiments, qualitative and quantitative techniques 

have been used to first confirm and quantify the barrier integrity before proceeding with 

bacterial co-culture. Transepithelial electrical resistance (TEER) is a widely accepted 

quantitative technique to measure the integrity of tight junction in cell culture models. 

TEER is a measure of paracellular transport of ions and can be evaluated with an EVOM 

volt-ohm meter through a non-invasive, high throughput method. High TEER is indicative 

of high junctional tightness. The TEER values of a Caco-2 monolayer measured by EVOM 

is reported to be in the range of 150-500 Ω·cm2 (Fang et al. 2010; Pan et al. 2015a; 

Srinivasan et al. 2015a). When Caco-2 were seeded at a density of 1´105 cells/cm2 on the 

Transwells membranes (surface area 1.12 cm2), TEER values of 450 Ω·cm2 was obtained 
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within 7 days of culture. We further examined the effect of seeding density on the final 

TEER values for Caco-2 cell layer. Cells were seeded at density of 0.5´105, 1´105, 2´105, 

and 4´105 cells/cm2 in a 12 well Transwell with 3 replicate wells. TEERs were measured 

every other day (days 3, 5, and 7 post seeding). Results indicate that higher seeding density 

(4´105 cells/cm2) led to higher barrier integrity faster (Figure 7-2B). However, higher 

initial seeding density also leads to formation of multilayer of cells (Figure 7-2C). Hence, 

a seeding density of 1´105 cells/cm2 was chosen for all future experiments. 

 

Figure 7-2: (A) Schematic of the Transwell culture model. (B) Variation of TEER of Caco-2 cell layer 
with different cell seeding density. (C) Formation of multilayers at high cell seeding density (4´105 
cells/cm2) (marked by black arrows). Representative immunofluorescence images 
of immunofluorescence analysis of (D) ZO-1 and (E) Villin. (F) Alcian blue staining of the Caco-2 cell 
layer show rare pockets of mucin production (marked by red arrows). 

We further characterized other properties pertinent to barrier.  We examined the 

expression and localization of the tight junction-associated proteins. The cell layer formed 

after culturing Caco-2 for 10 days in Transwell was immunostained for zonula occludens-

1 (ZO-1), a peripheral membrane protein specifically associated with the cytoplasmic 

surface of tight junctions (Figure 7-2D). Distribution of tight junction protein ZO-1 
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organized into circumscribing strands indicated the presence of functional tight junctions 

in the Caco-2 cell layer in the Transwell.  

The intestinal epithelium is characterized by the presence of microvilli that acts as 

the structural and functional unit for nutrient absorption. Villin is an actin binding protein 

present in cytoskeleton of intestinal microvilli playing a critical role in maintaining brush 

border organization. Presence of villin is considered as a marker enterocytic differentiation 

and presence of an apical brush border. Immunostaining of villin on Caco-2 cells cultured 

in transwell for 10-day showed the presence of villin and suggested the presence of 

microvilli in the cell layer (Figure 7-2E). 

The gastrointestinal epithelium is covered by a protective layer of gel-like mucus 

which are comprised mainly of mucin glycoproteins. Alcian blue has been widely used to 

visualize mucopolysaccharides and acidic mucins in tissues and cells which appear blue 

post staining (Jain et al. 2014; Steedman 1950; Wabinga 1996). Ten-day culture of Caco-

2 in Transwell stained for mucus using Alcian blue showed few rare pockets blue staining 

(Figure 7-2F) indicating that the Caco-2 lack mucus production consistent with previous 

studies (Bu et al. 2011; Pan et al. 2015b). Mixing Caco-2 with mucus producing cells like 

HT29 or LS174T may be able to better simulate human intestines.  

 

7.4.2 Co-culture of E. faecalis with Caco-2 in Transwells 

Intestinal epithelial cells represent the first line of defense against potentially 

harmful bacteria present in the gut lumen. In order to test the utility and functionality of 

the Transwell model for co-culturing intestinal epithelial cells with bacteria, Caco-2 cells 

grown on Transwell was co-cultured with the intestinal bacterium Enterococcus faecalis 

(Figure 7-4A). However, bacterial overgrowth occurs rapidly (within �24 h) compromising 
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the epithelium preventing long-term establishment of microbial community in the 

Transwell model. Hence various conditions such as bacterial inoculum, media 

composition, and dissolved oxygen levels were optimised for prolonging the co-culture. 

The initial bacterial inoculum was varied between103-108 CFU/mL. Low initial 

inoculum, 103-104 CFU/mL E. faecalis showed the highest cell viability at the end of 24 

hours. Hundred-fold increase in inoculum (106 CFU/mL) resulted in complete 

disintegration of the Caco-2 cell layer (Figure 7-3). In order to reduce bacterial growth 

rates, various strategies such as using diluted media on the upper chamber (Media:PBS = 

1:0, 1:1, and 1:3), (iii) glucose concentration in the media on the upper chamber (25 mM, 

5.5 mM, and 0 mM), (iv) adding mucin on upper chamber (6 µg/mL and 0 µg/mL), (v) 

aerobic or anaerobic conditions on the apical chamber using a layer of paraffin oil were 

used. With an initial inoculum 103-104 CFU/mL of and regular media changes every 8-16 

hours on the apical chamber, the co-culture was prolonged to 50 hours before the cell layer 

disintegrated. Using DMEM without glucose and anaerobic conditions, bacterial growth 

was substantially reduced but regular media changes was critical for prolonging the co-

culture. 
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Figure 7-3: Effect of initial E. faecalis inoculum on Transwell co-culture. Low initial innoulum of 104 
CFU/mL showed intact cell barrier with very high viability as seen by Live(green)/Dead(red) staining 
after 24 h co-culture. Orange speckles on the cell layer indicate bacterial attachment on the surface. 
Higher initial inoculum (106 CFU/mL) resulted in disintegration of cell layer.   

 
 Analysing the samples from 24 hours co-culture of Caco-2 with E. faecalis (DMEM 

0 mM glucose on the top chamber) under confocal microscope, bacterial attachment was 

observed on the cell surface, indicating the formation of bacterial biofilms on the surface 

(Figure 7-4B). The bacterial biofilm architecture was also assessed using scanning electron 

microscopy (SEM). Discrete microcolonies of were found directly attached to the cell 

surface on the Transwell (Figure 7-4C). Their morphologies were similar to E. faecalis 

biofilms in the mouse GI tract in the presence of high (>109) fecal bacterial loads (Barnes 

et al. 2017) (Figure 7-4D). On comparing the 24 h E. faecalis biofilm on the Transwell, we 

see a similar morphology of biofilm as we see in vivo. It is encouraging to use a Transwell 
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based bacterial co-culture model with human epithelial line to mimic a in vivo condition 

for high-throughput screening.  

 

Figure 7-4: (A) Co-culturing E. faecalis with Caco-2 cells in a Transwell. (B) Confocal micrograph of 
24 hours co-culture of E. faecalis on Caco-2 cells. tdTomato producing E. faecalis appear red. The cell 
layer was stained with a cell membrane dye (green). (C) LV-SEM micrograph of 24 hours co-culture 
of E. faecalis on Caco-2 cells. (D) SEM of representative murine GI tract tissue sacrificed 7 d post-
gavage with E. faecalis (Barnes et al., 2017).  

 

7.4.3 Microfluidic Gut-on-Chip model 

The microfluidic Gut-on-Chip model comprises of a clear, flexible PDMS polymer 

that contains two central hollow microchannels separated by a porous collagen-coated 

membrane as described in section 7.3.7. Human Caco-2 intestinal epithelial cells were 

cultured on the in the top channel for 6-7 days under continuous media perfusion in both 

top and bottom channel until confluence is reached (Figure 7-5B).  
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Figure 7-5: Phase contrast micrograph of human Caco-2 intestinal epithelial cells post seeding (A) and 
confluent cell layer after 7 days (B) of culturing the cells in the microfluidic device under 30 µl/hr flow. 
(C) 24 h co-culture of Caco-2 cells and E. faecalis in the microfluidic device. The composite image is 
an overlay of the cell layer (grey) and bacteria (red). (D) 48 h co-culture of Caco-2 cells and E. faecalis 
in the microfluidic device results in the disintegration of the cell layer.  

 
Figure 7-6: Decreasing permeability of Lucifer yellow in the microfluidic device with increasing 
culture time indicates improving barrier properties. 

 

Once the permeability measured by the Lucifer yellow assay !"#$% !"&$##$'  was 

bellow 0.05 (Figure 7-6), the device was inoculated with E. faecalis (carrying tdTomato 

fluorescent reporter in the chromosome) at 103 CFU/mL.  

The upper and lower chamber were perfused with media (Top: DMEM without 

Glucose; Bottom: DMEM with 25 mM Glucose supplemented with 10 % FBS) at a flow 

rate (10 µL/h). The co-culture was maintained for more than 24 h. In about 48 hours, the 

cell layer had disintegrated (Figure 7-5D). In a subsequent experiment to evaluate the effect 

of flow, two devices with confluent layer of cells was used for co-culture with E. faecalis 

under no flow condition and other with a higher flowrate of 30 µL/h (top: DMEM, 0 mM 
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glucose; bottom: DMEM 25 mM glucose supplemented with 10% FBS). After 24 hours of 

co-culture, the PET membrane supporting the Caco-2 cell layer, was removed from the 

device followed by fixation and staining with Hoechst (nuclear stain) and FITC-Phalloidin 

(Actin stain) for confocal microscopic observation. With continuous medium flow, an 

intact monolayer of cells with attached bacteria on the cell surface was seen (Figure 7-7A). 

Without any medium flow, the cell layer appeared discontinuous with much of the surface 

uncovered by cells (Figure 7-7B). Bacterial attachment was seen at higher magnification 

with or without flow (Figure 7-7C and D). This indicated that flow conditions helps 

maintain the overall health of the cell layer by reducing bacterial overgrowth and 

continuous removal of toxic metabolites.  
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Figure 7-7: Confocal image of the cell layer under flow and no-flow condition show differences in 
barrier integrity. (A) Intact cell layer is observed after 24 h bacterial co-culture under 30 µL/h flow 
(B) Compromised cell layer with patched without cells observed after 24 h bacterial co-culture under 
stationary condition. Images under higher magnified (63x) show bacterial colonization on the surface 
under flow (C) and stationary condition (D). [Blue: Hoechst DNA stain, Green: FITC-Phalloidin Actin 
Stain, Red: E. faecalis with constitutive tdTomato]. 

 
7.4.4 Generating hBD3 producing Caco-2 cells 

A number of defensins, or antimicrobial peptides, are secreted by epithelium lining 

the gut of mammals. The accumulation of these antimicrobial agents in the surrounding of 

the epithelium, especially in the mucin, helps reduce the population of microbial cells on 

the surface of the epithelium (Cobo and Chadee 2013) and maintain an environment that 

is habitable for the epithelial cell. Human Beta Defensin 3 (hBD3) have been shown to be 

active against multiple bacterial species such as S. aureus, E. faecalis, S. pyogenes, P. 

aeruginosa, E. coli, and C. albicans (Joly et al. 2004; Maisetta et al. 2006). It plays an 
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important role in innate epithelial defense and is induced by inflammatory and infectious 

stimuli. Previous studies have reported that hBD3 was one of the most potent antimicrobial 

peptide against most microbes (Lee et al. 2013; Song et al. 2009b). We investigated the 

possibility that antimicrobial peptide secretion help sustain a microbial community in our 

gut-on-chip model. We first generated a Caco-2 cell line secreting hBD3 by gene 

transduction using a lentivirus vector as described in Section 7.3.3. Both hBD3 and 

destabilized GFP genes were driven by a CMV promoter (Figure 7-8A). The positive 

integrants were isolated using the GFP marker (Figure 7-8B) and expanded.  

The culture supernatant was used to measure its bacteriocidal activity. As a control, 

culture supernatant of uninfected Caco-2 cells was used. About 103 cells was used as an 

initial inoculum for 100 µL supernantant in a 96 well plate and the optical density was 

measured at 600 nm every 15 mins using a plate reader for 15 hours (Figure 7-8D). Though 

the growth dynamics in the lag and exponential growth phase was not substantially 

different, but the final bacterial density in the hBD3 containing supernatant was about half 

compared to the control. Further, the color of the phenol red containing media also 

indicated a dramatic difference in the culture pH values (pH ~ 4 in control and pH ~ 7 for 

hBD3 containing supernatant) correlating with the bacterial growth. Further 

characterization on hBD3 transcript and protein expression would be done followed by its 

use in the microfluidic device for co-culture. 
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Figure 7-8: (A) Plasmid map of pLOVE_hBD3_dGFP vector used to generate lentivirus for creating 
hBD3 producing cell lines. (B) Sorted GFP+ hbD3 producing Caco-2 cells (C) Flow cytogram showing 
fraction of GFP+ cells in the infected population (C) Growth curves of E. faecalis OG1RF in the 
supernatant collected from hBD3 producing cells vs a non hBD3 producing cells. 

 
 
7.5 Discussion 

The human gut microbiome has been the subject of extensive research since it is 

associated with human metabolism, nutrition (Vyas and Ranganathan 2012), control of 

intestinal homeostasis (Sommer and Backhed 2013) and immune modulation (Guarner and 

Malagelada 2003; Maynard et al. 2012), as well as in the  Irritable Bowel Syndrome 

(Ghoshal et al. 2012), Crohn’s disease (Martin et al. 2004). However, the host-microbiome 

interactions have been usually assessed by the addition of bacteria-free supernatants to 

cultured human cells (van Nuenen et al. 2005) or through short-term direct-contact co-

cultures (Fang et al. 2010; Parlesak et al. 2004; Wang et al. 2016). In order to study 
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bacterial physiology in a more physiological setting, it is important to mimic the living 

human intestine by establishing a stable ecosystem containing physiologically 

differentiated intestinal epithelium, gut bacteria which can be cultured for few days. The 

ability to co-culture human and microbes in a controlled manner and performing 

methodical analyses of such co-cultures will enable us to (i) study host-microbe-microbe 

interactions (ii) understanding the causal relationships between gastrointestinal microbiota 

and human diseases and (iii) screen for probiotic candidates for therapeutic applications.  

Due to rapid bacterial overgrowth occurs the mammalian cells lose viability within 

hours compromising the epithelium layer. This proves to be a major challenge in 

establishing a long-term co-culture of microbiome and human cells. Hence, we took 

inspiration from the human gut itself to design the gut model. In the gut, the intestinal cells 

are exposed to blood flow that is saturated with oxygen, while the epical side of the cell 

and the bacteria in the lumen are exposed to virtually anaerobic conditions. Maintaining 

nutrient lean environment and anaerobic conditions in the apical chamber of the epithelial 

layer may help reduce bacterial growth. The intestinal cells also secrete small cationic 

antimicrobial peptides (defensins) which form an essential component of the intestinal 

lumen’s innate immunity. Bacteriocidal activity of these defensins over diverse intestinal 

pathogens also play an important role in preventing bacterial overgrowth. Further having a 

physiologically relevant flow rate of the chyme can allow bacterial populations to reach a 

dynamic steady-state and help recreate the gut microenvironment.  

The developed microfluidic gut model will allow independent control of oxygen 

levels of the basal and apical fluid phase to mimic the aerobic and anaerobic conditions in 

the blood and intestinal lumen interfaces with the epithelium. Further, the use of hBD-3 
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overexpressing cell line and glucose-free media perfused in the apical domain will limit 

bacterial overgrowth. The gut model may find also applications in numerous other areas 

including drug screening, drug discovery, drug delivery as well as in pharmacokinetics and 

nutritional studies. In future, the system will also allow us to add immune cells (PBMCs) 

to mimic the effect of immune cell recruitment and open up numerous avenues for human 

microbiome studies in the future.  
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8 Summary and concluding remarks  

In the last few decades, enterococci have been identified as an important cause of 

nosocomial infections. Though these organisms are a part of the intestinal microflora, due 

to their opportunistic nature, some enterococcal infections are severe and difficult to treat 

because they are resistant to a large variety of antimicrobial agents (Daniel et al. 2015). 

Enterococci are also known to harbour transferable genetic elements, conjugative plasmids 

and transposons, which can even be transferred between gram-negative and gram-positive 

bacterial cells (Clewell et al. 1995). These conjugative plasmids often carry antibiotic 

resistance determinants, haemolysin/cytolysin and other gene products involved in the 

pathogenesis of enterococci. Cells carrying these conjugative plasmids are a potential 

source of resistance genes spreading to the native intestinal microflora (Licht et al. 1999). 

 Conjugative transfer of plasmids in enterococci is often stimulated by intercellular 

communication using peptide pheromones. In this thesis, we investigated pheromone-

induced transfer of tetracyline resistance plasmid pCF10 in Enterococcus faecalis between 

plasmid-bearing donor cells and plasmid-free recipient cells. A dual signalling system was 

previously found to influence the occurrence of conjugative transfer where two 

antagonistic signalling peptides (C and I) modulate the donor response in accordance with 

the relative abundance of donors and recipients. However, in light of new information on 

the oligomeric structures of PrgX and PrgX-peptide complexes and the affinity of the 

peptides to PrgX and the subsequent affinities to the operator sites on the plasmid, we 

refined our understanding of the regulation mechanism of the pCF10 (Chapter 3).  

We further found distinct dual-signal systems in two other conjugative plasmids: 

pAD1 and pAM373 (Chapter 4). The primary role of the plasmid encoded inhibitor peptide 
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was considered to be blocking self-induction by endogenous pheromone in donor cells. 

Here, we demonstrated a critical role for the inhibitor peptides (iAD1 and iAM373) in 

reducing the ability of donors harboring plasmids pAD1 and pAM373 to initiate a mating 

response at high donor density. The concentration of the inhibitor peptide serves as an 

indicator for donor density and functions as a “self sensing” signalling molecule used by 

the donor cells to calibrate its mating response, by titrating the levels of pheromone and 

inhibitor. This kind of dual sensing mechanism may possibly help maintain two 

subpopulations of bacterial cells: a plasmid-free sub-population with reduced metabolic 

burden and a sub-population of plasmid-bearing cells with increased metabolic burden but 

an added fitness benefit. By manipulating their signalling mechanisms thus perturbing the 

balance of subpopulations, one may be able to devise a strategy of controlling the 

population to combat the spread of antibiotic resistance. 

In Enterococcus faecalis, conjugation mediated transfer of plasmids with antibiotic 

resistance can occur in scenarios (low inducer concentrations or high inhibitor 

concentrations) that might seem to disfavour plasmid transfer. A low conjugation 

frequency can be attributed to the variation in expression levels of individual cells (and the 

resulting functional behaviours) which may differ substantially from the mean of the 

population due to stochasticity or microenvironment heterogeneity. Quantification of 

bacterial gene expression at the single cell level provides a more informative picture of 

microbial communities. Using a stochastic model for the induction of conjugation operon 

in pCF10, we were able to provide evidence for the variability in the minimum period, 

maximum response level, and duration of response of individual cells to a specific inducing 

condition. Though mathematical model guided experimental design and using fluorescence 
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in situ hybridization chain reaction (HCR) methodology and fluorescent reports for 

simultaneous quantification of induction at the single cell level were able to validate the 

stochasticity and a population heterogeneity in conjugation response.  

The regulatory mechanisms that control conjugative transfer have been extensively 

studied in vitro. Plasmid transfer was reported at high frequency in animals where it was 

detected (Huycke et al. 1992; Licht et al. 2002), indicating that transfer, possibly facilitated 

by pheromone signalling between donors and recipients, occurs in vivo. However, 

remarkably little is known about role and mechanism of signalling in the intestinal tract 

which is the primary niche of these organisms. To get a better understanding of the plasmid 

transfer in a more physiological scenario, direct visualization of pheromone induction and 

plasmid transfer will be very helpful. For this purpose, we have developed a variety of 

fluorescently labelled strains that allow us to distinguish between recipients, donors and 

transconjugants (Chapter 6). Although plasmid transfer is highly efficient, it proved quite 

challenging to detect 1 in 100 recipients receiving the plasmid. Using high-resolution 

imaging and flow cytometry, we were able to identify recipients, donors and 

transconjugants (induced and uninduced) sub populations in an in vitro setting.  

To extend these findings into a more in vivo like situation, we are developing a 

microfluidic gut-on-a-chip model which allows for co-culturing bacteria on gut epithelial 

cell layer (Chapter 7). We are currently working on the characterization and improving the 

robustness of the system. The microfluidic device can enable high throughput investigation 

of experimental conditions which will serve as a foundation for further in vivo studies that 

could lead to novel interventions to reduce opportunistic infections and spread of antibiotic 
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resistance. This system can be further used to gain a better mechanistic understanding of 

the complex nature of host-environment-microbiome interaction. 

Through this work, we have tried to elucidate the presence of multiple layers of 

regulation that control conjugative plasmid transfer in E. faecalis. Combining modelling 

and experimental approaches we have demonstrated the role of signalling in maintaining a 

community balance between the plasmid-bearing donors and plasmid-free recipients. 

These results have important implications for developing strategies to prevent the spread 

of antibiotic resistance of such as manipulation of bacterial signalling mechanisms and 

disrupting the community balance. 
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