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Abstract  

 Enterococcus faecalis is a commensal member of the gastrointestinal tract 

of animals including humans but is also an opportunistic pathogen and a major 

cause of healthcare-associated infections. Its pathogenicity is thought to arise in 

immunocompromised people and after infection, treatment is difficult due to 

antibiotic resistance. E. faecalis is particularly good at transferring antibiotic 

resistance by mechanisms like conjugation and conjugative transfer of plasmids 

can occur at a high frequency without antibiotic selection. 

Conjugative plasmid pCF10 encodes tetracycline resistance and transfer 

between E. faecalis cells is facilitated by cell-to-cell communication. This 

signaling triggers expression of genes from pCF10 that encode for transfer 

machinery. The response to signaling is robust and has been extensively studied 

at the population level. However, it has recently become apparent that there is 

response variation. Understanding the mechanisms that underlie variation in 

response initiation is important to preventing transfer. 

Studies presented in this dissertation adapt fluorescence in situ 

Hybridization Chain Reaction (HCR) for single cell analysis of transcripts and 

explore questions about the pCF10 conjugation system that would not have 

otherwise been possible. In chapter 3, variation in the signaling response was 

assessed and the response was shown to be very heterogenous. When the level 

of signal is low, (like what might occur naturally), a minority of cells respond.  
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Although stochasticity in the system may give rise to such heterogeneity, 

work in chapter 4 investigates the response impact of a few specific mechanistic 

players (PrgX, C, and I). Changing the levels of these components was shown to 

change the outcome.  

Lastly, single cell analysis was used in chapter 5 to assess the expression 

of genes required for conjugative transfer. These results show that the few 

responding cells commit to expression of all the genes encoding for production of 

the conjugation machinery.  

Overall, these results suggest that the pCF10 system is evolutionarily 

tuned for specific levels of each component and poised to have response 

variation for a population of cells. Thus, a small percent of cells can respond and 

since the majority of responding cells are able to conjugate, plasmid transfer is 

highly efficient. These results also exemplify how small differences in two cells 

can precipitate different responses in otherwise identical cells exposed to very 

similar conditions. 

Information about variation in the initiation of the signaling response 

required for pCF10 transfer is important to understanding the general biology of 

gene transfer among bacteria. In the future, this information will be important for 

successful design of effective interventions to the transfer of genes conferring 

antibiotic resistance. 
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Chapter 1: Introduction to Enterococcus faecalis and conjugative plasmid                        

pCF10 

1.1 Enterococci live commensally and as opportunistic pathogens 

Enterococci (including Enterococcus faecalis, Enterococcus faecium, and 

other species) are small Gram-positive bacteria with thick cell walls. They are 

commensal members of the gastrointestinal (GI) microbiota of many animals 

including insects, invertebrates, birds, and most mammals, including humans. 

Molecular clock estimations combined with analysis of the current host 

distribution of enterococci suggest that speciation was concurrent with animal 

terrestrialization around 425 to 500 mya (Lebreton et al., 2017). Since then, 

enterococci have persisted through a wide range of challenging environments 

and acquired traits that make them resilient and experts at survival, colonization, 

and transmission. Enterococci are able to withstand desiccation, starvation, 

disinfectants, low pH, bile, denaturing solvents, and antibiotic treatment 

(Lebreton et al., 2017; Tannock & Cook, 2002). Thus, they can persist in soil, 

water, and on various surfaces including those in hospitals.  

 

1.1.1 Enterococci as commensal organisms 

In the human context, E. faecalis serves as one of the first colonizers of 

the infant GI tract (Milani et al., 2017). However as the diet changes away from 

predominantly milk, competition with other bacteria increases and enterococci 

become a minority member of the adult microbiota (Tannock & Cook, 2002). 

Although most humans have enterococci in their microbiota, these bacteria 
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comprise less than 0.1% of normal human core gut microbiota as assessed by 

analysis of fecal samples (Schloissnig et al., 2013). Yet, enterococci are one of a 

smaller subset of organisms that dominate the upper GI niche where nutrients 

are abundant, but pH is lower and conditions are challenging for many bacteria 

(Tannock & Cook, 2002). Like many core gut microbiome species, the 

enterococci contribute to the proper function of the GI system by playing helpful 

roles in nutrient breakdown, resistance to pathogen invasion, and immune 

system development (Schloissnig et al., 2013). The commensal tendency of 

enterococci is supported by experimental high-density colonization of the GI tract 

of germ-free mice with E. faecalis. In these experiments, the mouse GI tract 

appears healthier, with more normal mucus production, after colonization with E. 

faecalis and the GI tract lacks any pathology that indicates irritation by the 

bacteria (Barnes et al., 2017). Although enterococci have evolved primarily in this 

commensal context, the evolutionary history of this microbe has shaped its 

lifestyle, traits, and potential as an opportunistic pathogen. 

 

1.1.2 Enterococci as opportunistic pathogens 

 Although enterococci are minority members of the GI microbiota, their 

ubiquity, persistence, and traits poise them to become problematic under the 

right circumstances. Enterococcus faecalis can cause infections of surgical sites, 

implanted medical devices, heart valves (endocarditis), teeth, skin, urinary tract, 

bloodstream, and more (Tannock & Cook, 2002). In particular, enterococci are 

the second most common cause of catheter- associated urinary tract infections 
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(CAUTI) (Hidron et al., 2008) and third most common cause of endocarditis 

(Murdoch et al., 2009). Enterococcal endocarditis correlates with mortality rates 

of 11 to 22% (McDonald et al., 2005; Richards et al., 2000).  

Microbiome perturbations, immunocompromised states, and implanted 

devices all increase the risk for enterococcal infections. Perturbations in the 

microbiome, such as treatment by antibiotics, can devastate the populations of 

many members of the GI microbiota. But since enterococci are frequently 

resistant to the antibiotics used, their populations can surge and cause a state of 

dysbiosis in the intestinal tract where normal population balances and nutrient 

cycling may be thrown off and mucus layers may be altered. As a result, in 

immunocompromised people it is thought that the frequency of bacterial 

translocation through the intestinal epithelium may be increased and 

translocations such as these are thought to be the origin of many enterococcal 

infections (Garsin et al., 2014). Immunocompromised individuals are especially at 

risk of acquiring enterococcal infections following microbiome perturbations, but 

infections can also be acquired from the hospital environment. Troublingly, the 

immunocompromised subset of the population is growing with increases in the 

aging population, cancer treatment patients, and transplant patients.  

Overall, the pathogenicity of enterococci is strikingly opportunistic. 

Whereas enterococci are optimized to reside in the GI, they appear to have very 

few virulence factors to actively cause disease in a healthy host (Garsin et al., 

2014). In some ways, this alternative pathogenic existence seems to be an 

accidental lifestyle and possibly an evolutionary dead-end. In turn, the 
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mechanisms by which enterococci cause disease are complex and poorly 

understood. However, general enterococcal abilities to persist make the bacteria 

highly transmissible in the hospital environment and once established as an 

infection, their abilities to form biofilms and resist antibiotics become very 

problematic for treatment. Overall, more study is needed to understand the 

factors that allow enterococci to transition between living harmoniously with 

humans as commensals to forming robust infections that are challenging to treat. 

 

1.1.3 Growth as a biofilm 

Growth as a biofilm is one mechanism by which enterococcal infections 

become difficult to treat but also a typical commensal lifestyle for enterococci in 

the GI. A biofilm is defined by single- or multi-species growth in a surface-

adherent community and is the most natural state for both environmental and 

infectious habitation by many bacteria (Donlan, 2002; Hall-Stoodley et al., 2004; 

López et al., 2010; Parsek & Singh, 2003). Biofilms of many species have similar 

structures and are typically composed of proteins, polysaccharides, and eDNA, 

each of which is thought to be essential (López et al., 2010; Whitchurch et al., 

2002). The developmental process of biofilm formation is also relatively universal 

across most bacterial biofilm formers and occurs through a few primary steps: 

attachment, microcolony growth to maturation, and dispersal (Figure 1.1). 

Planktonic (free-living) cells attach to a surface, often assisted by expression of 

attachment structures and through initial secretion of an extracellular matrix 

(Cook & Dunny, 2014; O’Toole et al., 2000). In E. faecalis, attachment  is 
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primarily mediated by pili (Sillanpää et al., 2013) and surface proteins 

(Nallapareddy et al., 2000; Tendolkar et al., 2004). 

 
Figure 1.1 Model of biofilm formation by enterococci. To form a biofilm, 
planktonic cells attach to a surface and form microcolonies with an extracellular 
matrix including proteins, polysaccharides, and extracellular DNA. After 
maturation, cells may detach and resume planktonic growth or proceed to re-
attach elsewhere. 
 

Whether in association with humans in the gastrointestinal tract or coating 

rocks on a lake bed, the structure of a biofilm provides numerous advantages to 

the microbial members. Biofilms can protect individual cells from environmental 

stresses and changing conditions such as pH, moisture variation, antibiotics, or 

host defenses (Fux et al., 2005; Miller et al., 2014; Vega & Gore, 2014). Biofilms 

also allow for mutualistic cooperation across species where resources may be 

shared by the community and individual cells may specialize (López et al., 2010). 

Although enterococcal biofilms in the gastrointestinal tract exist in harmony with, 

and provide benefits for, the host, when biofilms develop in susceptible locations, 

such as on a damaged heart valve, the infections can become problematic due to 

the recalcitrance of biofilms to many treatments (Donlan, 2002; Peterson et al., 

2015). Biofilms have innately reduced susceptibility to antimicrobials, allow for 

increased horizontal exchange of plasmids carrying antibiotic resistance by 

multiple mechanisms, and are frequently more tolerant to starvation and other 
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environmental stresses than cells in the planktonic state possibly due to 

decreased uptake rates and/ or altered growth states (Donlan, 2002; Miller et al., 

2014; Peterson et al., 2015; Römling et al., 2014; Vega & Gore, 2014).  

Biofilm associated infections cost the US healthcare system up to $94 

billion annually and result in over half a million deaths (Wolcott et al., 2010). Of 

these infections, the CDC estimates that 1.7 million healthcare-associated 

infections (HAIs) involve microbial growth in the biofilm state (Klevens et al., 

2007) and that the annual cost of preventable HAIs is between $5.7 and $31.5 

billion (Scott, 2009). Biofilms are implicated in enterococcal infections of 

catheters, heart valves, embedded heart pump power cords, the bloodstream 

(catheter-related), root canals (endodontic failure), and the skin and several 

prospective studies have shown that the majority (≥80%) of E. faecalis clinical 

isolates form biofilms (Dunny et al., 2014). Overall enterococcal biofilm infections 

are responsible for 11 to 16% of hospital-acquired infections (HAI) of the 

bloodstream, urinary tract, and surgical sites (Hidron et al., 2008). Biofilm growth 

significantly contributes to the virulence and antibiotic resistance of enterococci, 

but it does not account for all of the antibiotic resistance that is apparent in 

enterococcal infections or isolates (Mohamed et al., 2004). 

 

1.1.4 Antibiotic resistance  

Antibiotic resistance can occur via many mechanisms that can be put into 

three categories: intrinsic resistance, acquired resistance, and tolerance (Kristich 

et al., 2014).  
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Intrinsic resistance describes resistance that is inherent to the properties 

of the microbe which are universally encoded by the genome of a particular 

species. For example, E. faecalis has intrinsic resistance to clinically achievable 

concentrations of aminoglycosides due to low cell wall permeability (Hollenbeck 

& Rice, 2012; Kristich et al., 2014). E. faecalis is also provided natural resistance 

to other ribosome targeting antibiotics including Lincosamides (clindamycin for 

example) and Streptogramins (quinupristin and dalfopristin for example) via an 

lsa gene-mediated mechanism that is thought to involve an ABC-efflux pump 

(Hollenbeck & Rice, 2012; Kristich et al., 2014). As a result of low-affinity 

penicillin-binding proteins, E. faecalis is also intrinsically less susceptible to 

penicillin and ampicillin and has high-level resistance to most cephalosporins. 

This is especially problematic because ampicillin is the treatment of choice 

(Hollenbeck & Rice, 2012; Kristich et al., 2014). 

Tolerance on the other hand, describes the ability to persist through 

exposure to an antibiotic and therefore not be killed even if the microbe does not 

grow during exposure. If bacteria in a biofilm are metabolically dormant, they may 

be able to tolerate exposure to certain antibiotics. In another example, 

enterococci are sometimes tolerant to cell-wall active agents including β-lactam 

antibiotics and vancomycin because although their growth is inhibited, they are 

not killed by clinically achievable concentrations of these antibiotics (Kristich et 

al., 2014). Tolerance to antibiotic treatment is problematic for eradication of 

endocarditis or infections of heart pump drive lines where the infected surface is 
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not easily removed or even mechanically disrupted; in these cases, potent 

bactericidal activity of antibiotics is essential. 

Acquired resistance is different from intrinsic resistance and tolerance, in 

that it is genetically encoded. Often genetically encoded resistance can rapidly 

appear in a population through mutation and selection for genetic mutants that 

provide resistance to a specific antibiotic. On top of the low level intrinsic 

resistance to β-lactam antibiotics discussed above, there can be point mutations 

in the penicillin-binding protein gene that allow for high-level acquired ampicillin 

and imipenem resistance (Kristich et al., 2014). Other forms of acquired genetic 

resistance are encoded by genes that provide especially high-level resistance to 

their respective antibiotic and are often carried and spread by transposons and 

plasmids. Genes that encode for resistance to gentamicin, streptomycin, 

vancomycin, linezolid, daptomycin, and tetracycline among others have been 

found in E. faecalis (Hollenbeck & Rice, 2012). 

The extraordinary success of rapid antibiotic resistance acquisition is very 

problematic. After introduction of chloramphenicol, erythromycin, and 

tetracyclines, resistant enterococci quickly emerged (Kristich et al., 2014). 

Antibiotic resistance genes are often located on mobile transposable genetic 

elements (or transposons) which are sprinkled throughout the genome and 

frequently present on plasmids (Kristich et al., 2014). Transposons are implicated 

in a variety of genome rearrangements and transfers and as a result, can confer 

mobility to a variety of determinants for virulence, colonization ability, cell-to-cell 

communication, and antibiotic resistance. In the face of antibiotic pressure, cells 



9 
 

that have obtained resistance determinants are selected for and resistant 

populations are allowed to expand and propagate. Genes encoding antibiotic 

resistance may transfer to other species that are naturally competent (Li et al., 

2001). But antibiotic resistance spread in the opportunistic pathogen E. faecalis 

is particularly troubling due to its ability to rapidly transfer plasmids containing 

genes for antibiotic resistance to other E. faecalis cells via pheromone-

responsive conjugative transfer. Pheromone-responsive conjugative plasmids 

(including highly studied pAD1 and pCF10) encode responses to small 

pheromone peptides which lead to clumping of donor and recipient cells and 

production of machinery that allows for transfer of the plasmid at efficiencies as 

high as 10-2 to 10-1 per recipient CFU (Christie et al., 1987; Dunny, 2013; 

Ehrenfeld & Clewell, 1987; Hirt et al., 2018). Pheromone responsive plasmids 

have also been implicated in the transfer of vancomycin resistance (Zheng et al., 

2009). Even in the absence of antibiotic selection, spread of conjugative 

plasmids has been shown to occur at high efficiency in vivo (Hirt et al., 2018).  

Compounding the problems of intrinsic and acquired antibiotic resistance, 

antibiotic tolerance, and resistance spread are other challenges. Many antibiotics 

have side effects and the clinically achievable concentrations are limited (Cunha, 

2001). Further, some antibiotics (like Trimethoprim- sulfamethoxazole) are 

effective against enterococci in vitro, but ineffective in animals since the bacteria 

can subvert the pathway of activity for the antibiotic in vivo (and in this example, 

obtain folate from the environment) (Kristich et al., 2014). Biofilm growth also 

increases the minimum inhibitory concentration of many antibiotics and since 
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antibiotics do not mechanically remove biofilm, even if their activity is 

bactericidal, the presence of dead bacterial debris may facilitate attachment and 

re-establishment of new biofilms and infections (Stewart & Costerton, 2001). 

Interestingly, E. faecalis strains containing conjugative plasmid pCF10 have been 

shown to produce more robust biofilms, (Bhatty et al., 2015), and biofilm growth 

is known to impact plasmid transfer (Cook & Dunny, 2014). This implicates a 

potential additional fitness advantage conferred by plasmids like pCF10, that 

needs further study. Further, given the rising issue of vancomycin and multidrug 

resistant enterococci, infection transmission among patients within the healthcare 

environment is particularly concerning (McDonald et al., 2005). Hospital-acquired 

infections by strains of vancomycin- and multidrug-resistant Enterococcus are 

becoming especially problematic (Arias & Murray, 2012; Miller et al., 2014). With 

all these issues and few new antibiotics on the horizon, society is approaching an 

era where there are no available antibiotics that can effectively treat infections. 

 

1.1.5 Outlook 

Overall, antibiotic resistance may be part of how enterococci become 

opportunistic pathogens. Although they reside as commensal GI organisms, 

antibiotic treatment likely disrupts the GI microbiome significantly. Since 

enterococci are more resistant or tolerant to many antibiotics, their population 

numbers are likely not reduced as the natural balance in the microbiota 

transitions to dysbiosis. Rather, enterococcal expansion is promoted since they 

may thrive in the absence of competitors. Since translocation is known to occur 
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at some low frequency in a healthy gut (and may be increased in a state of 

dysbiosis), the result may be an opportunistic infection of enterococci via 

translocation. From there, enterococci can reach the bloodstream and cause 

infections elsewhere (such as on a heart valve) and cause problems, especially 

in immunocompromised individuals.  

When enterococci are drug resistant, no matter how the infection 

originated, it is problematic to treat. Traits that allowed enterococci to persist over 

millions of years, now allow bacteria to persist in the modern hospital 

environment. Understanding how these organisms exist in their more common 

commensal state is important to allow design of interventions to prevent 

infections and spread of antibiotic resistant organisms. Since the transition of 

enterococci from a commensal organism to an opportunistic pathogen is subtle, 

designing effective interventions and treatments is reliant on understanding the 

ecology and lifestyle of enterococci as a commensal. Similarly, enterococci with 

the pCF10 plasmid do not require constant exposure to antibiotics for plasmid 

maintenance. Rather, the plasmid persists and is spread (and may confer fitness 

benefits) even without antibiotic selection. Understanding how signaling and 

transfer of plasmids like these occurs is important to designing effective 

interventions to plasmid spread.  

 

1.2 Conjugative plasmid pCF10  

The model conjugative plasmid pCF10 is one of many conjugative plasmids 

that have been found in clinical isolates. pCF10 encodes for tetracycline and 
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minocycline antibiotic resistance via the tetM element within a transposon called 

Tn925 (Christie et al., 1987; Dunny, 2013). E. faecalis cells containing pCF10 are 

considered potential plasmid donors which can be signaled by recipients via the 

chromosomally-encoded peptide pheromone cCF10 (C) to induce expression of 

genes on pCF10 (Dunny, 2013). As a result of induction, genes encoding 

conjugation machinery proteins responsible for adherence, type IV secretion, and 

DNA processing are expressed (Figure 1.2). These gene products then mediate 

transfer of donor pCF10 to plasmid-free recipient cells via conjugation (Dunny, 

2013).  

 

Figure 1.2 Map of conjugative plasmid pCF10. Induced expression from 
pCF10 begins at prgQ and can continue through the Q operon (QOp) and all of 
the genes encoding products required for conjugation (with adherence, Type IV 
secretion, and DNA processing functions). pCF10 also encodes for tetracycline 
resistance. Figure modified from (Dunny, 2013) and used with permission. 
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Plasmids have been shown to confer fitness advantages in vivo in the 

presence and absence of antibiotics. Many plasmid-containing bacteria produce 

more robust biofilms in a conjugation-independent but plasmid-dependent 

fashion (Cook & Dunny, 2014) and it has been shown that 24-hour biofilms 

comprised of pCF10-containing E. faecalis grown with the inducer cCF10 contain 

significantly more biomass and are approximately three times thicker relative to 

plasmid-free cells, as measured by biofilm assay and microscopy, respectively 

(Bhatty et al., 2015). Further, preliminary data suggest that pCF10 may confer a 

fitness advantage to enterococci living in a host GI tract, possibly through 

expression of factors like prgB which encodes for aggregation substance. For 

induced pCF10-containing cells, production of plasmid-encoded aggregation 

substance (PrgB) can mediate increased attachment of single cells and cell 

aggregates to surfaces as well as to other attached cells that produce 

chromosomally-encoded enterococcal binding substance (Chuang-Smith et al., 

2010). Importantly, signaling has been shown to be required for high frequency 

transfer in vivo (Hirt et al., 2018). Understanding the cell-to-cell signaling and 

induced gene expression processes required for pCF10 transfer is important for 

understanding how plasmids like pCF10 promote fitness of enterococci in hosts 

and spread in the environment.  

 

1.3 Regulation of pCF10 conjugation  

The signaling system used by the pCF10 conjugative plasmid is one of the 

RNPP family of quorum-sensing proteins that are found primarily in Gram-
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positive bacteria, but also in a phage that infects Bacillus (Erez et al., 2017; 

Rocha-Estrada et al., 2010). This family of quorum-sensing systems uses oligo-

peptides as signaling molecules which are taken up by recipient cells and signal 

through interaction with a receptor protein to impact gene expression. The RNPP 

family is named for representative receptor proteins from some of the identified 

systems including Rap, Npr, PlcR, and PrgX (from pCF10) (Rocha-Estrada et al., 

2010). Systems in this family have similar regulatory features and gene 

arrangements but have varied specific molecular mechanisms and control 

different cellular processes.  

The conjugative plasmid pCF10 has an intricate system of regulation 

involving secretion and signaling with two short peptides, cCF10 (LVTLVFV) 

(Mori et al., 1988) and iCF10 (AITLIFI) (Nakayama et al., 1994), each of which 

bind the pheromone receptor PrgX and together promote or inhibit productive 

transcription of prgQ and the downstream genes, respectively (Figure 1.2). 

Potential pCF10 recipients signal to pCF10-containing donor cells by releasing 

cCF10 (C), while in the absence of potential recipients, donor self-induction is 

prevented by pCF10-encoded iCF10 (I) and through sequestration of donor-

produced C by plasmid encoded PrgY (Figure 1.3) (Dunny, 2013).  
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Figure 1.3 Signaling between recipient and donor cells controls induction 
of the conjugation machinery and plasmid transfer. The cCF10 peptide (C) 
promotes induction and the iCF10 peptide (I) inhibits induction. Figure used with 
permission from (Breuer et al., 2018). 
  

 This two-peptide system allows bacterial sensing of the donor to recipient 

ratio in the population and determines whether induction is likely to occur. If 

donors are in the minority, the level of C is high, and induction is promoted. 

However, if donors are in the majority, the level of I is high, and induction 

frequency is reduced (Figure 1.4). As a result of this cell-to-cell signaling system, 

the pCF10 plasmid can be rapidly spread across a population, yet transfer events 

are limited to when donor cells containing the plasmid are not already abundant. 

This serves to promote induction of conjugation machinery when potential for 

transfer is high and prevent wasteful expression when transfer potential is low, 

(when potential recipients are in the minority or absent). Systems in the PrgX 

group of the RNPP family have been shown to result in similar donor density 

effects for enterococcal conjugative plasmids pAD1, pAM373, and pCF10 

(Bandyopadhyay et al., 2016). 
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Figure 1.4 Model depicting the effect of donor and recipient densities on C 
and I levels and transfer frequency. Plasmid-containing donor cells are shown 
with circles and depicted in red, potential recipient cells (without circles) are 
depicted in green. Recipient cells that have received a plasmid are 
transconjugants and depicted in yellow. Peptides C and I are depicted as stars in 
green and red respectively. Figure adapted from (Bandyopadhyay, 2018) and 
used with permission. 
 

Looking more closely at the regulatory region of pCF10, one can see 

several features that have been shown to impact induction of conjugation (Figure 

1.5A) (Dunny, 2013). The regulatory protein PrgX interacts with the promoter PQ 

to impact transcription. It functions as a dimer alone and as a tetramer when in 

complex with C or I (Chen et al., 2017). PrgX dimers repress transcription and 

PrgX-I tetramers enable enhanced repression. PrgX-C tetramers allow 

transcription to occur, resulting in expression of the genes downstream of IRS1. 

Genes required for conjugation are located downstream of IRS1 and if these are 

expressed, the cell becomes able to transfer the plasmid via conjugation.  



17 
 

Past models hypothesized that the oligomerization state of PrgX (which 

was predicted to be reduced by C binding and enhanced by I binding) led to its 

varied functions. However, in recent work both C  and I were shown to have 

similar high-affinity for PrgX (Chen et al., 2017). Further, it was revealed that both 

tetramer complexes have higher affinity for DNA binding than PrgX dimers (Chen 

et al., 2017). These findings have led us to the conclusion the differing roles of 

the PrgX-C and PrgX-I complexes are due to subtle changes in the structures the 

DNA-PrgX bound complexes (Chen et al., 2017). Our current model for how 

PrgX-peptide-DNA binding influences transcription from promoter PQ can be 

seen in Figure 1.5B. PrgX regulation occurs via interaction of PrgX tetramers (in 

complex with C or I) at one or both of the binding sites near promoter PQ. When 

PrgX is bound to I, both sites are bound creating a stable looped structure that 

largely prevents transcription. However, when PrgX is bound to C, the 

conformation of the tetramer distorted, putting stress on the DNA loop structure 

and reducing tight binding of PrgX to the bottom binding site and giving RNA 

polymerase better access to promoter PQ. We hypothesize that for induction or 

shut-down at promoter PQ to occur, one pre-formed PrgX complex with C or I 

must replace the other.  
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A 

 

B 

 

Figure 1.5 Models of the pCF10 regulatory region. (A) Peptides C and I are 
depicted as stars in green and red respectively. PrgX protein monomers are 
depicted as green balls. Immature I is encoded by prgQ which is transcribed in 
un-induced cells with termination at IRS1. Mature I is produced via cleavage of 
immature I upon export from the cell. C is encoded on the chromosome of E. 
faecalis and produced via processing in a similar manner. PrgY is encoded by 
pCF10 and sequesters or degrades C in plasmid-containing cells. PrgZ is also 
encoded by pCF10 and aides in peptide import. The PrgX protein is encoded by 
pCF10 and regulates promoter PQ. Upon induction by PrgX-C complexes, 
transcription past the IRS1 terminator is induced and expression of the genes 
required for conjugation may occur. (B) Models of looped structures formed when 
promoter DNA is bound PrgX in complex with C or I. Figure 1.5A used with 
permission from (Breuer et al., 2018). 
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Although PrgX is the master regulator, there are other features that can 

impact whether transcription from promoter PQ is productive toward conjugation 

(Figure 1.5A). The regulatory protein PrgX is encoded by pCF10 in an orientation 

opposite of prgQ, with promoters PX and PQ convergent. This orientation 

combined with active transcription from these promoters can create collisions 

between RNA Polymerase elongation complexes (Chatterjee et al., 2011). 

Further, if RNAs are made, antisense RNA interactions can occur (Johnson et 

al., 2010; Shokeen et al., 2010). Together, these factors can reduce the total 

amount of protein production that is possible from transcripts originating from 

promoters PX and PQ. 

 

1.4 pCF10 modeling 

To better understand the interaction and consequences of these regulatory 

features, mathematical modeling has been used. This regulation system was 

predicted to display a bistable genetic switch behavior, where induction is 

definitively ‘on’ or ‘off’ in each cell (Chatterjee et al., 2011; Shu et al., 2011). 

However, recent changes to our understanding of PrgX oligomerization states 

and DNA binding affinities have led us to refine this model. In chapter 3, both 

deterministic and stochastic models were used to interrogate the effects of 

exposure to varied concentrations of C on the level of induced QL transcript over 

time (Breuer et al., 2017). The deterministic model output that was fully 

determined by the initial conditions dictated by the input parameter values. This 

effectively modeled an entire population as one entity comprised of identically 
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behaving cells and since all inputs are fixed, the model always outputs the same 

result. Overall, our deterministic model showed good correlation between the 

input C concentration and the total QL produced in the population and transcript 

degradation was observed (Figure 1.6). This mirrors the results of various 

experiments examining transcription via microarray and RT-qPCR 

(Bandyopadhyay et al., 2016; Hirt et al., 2005). Although the observed QL levels 

output by this model could represent homogenous populations of cells exhibiting 

clonal behavior, in another interpretation, the model output could represent the 

averages of heterogenous QL levels in a population. A better way to simulate the 

possibility of heterogeneity is by a stochastic mathematical model. In a stochastic 

model there is inherent randomness. Although the input parameter values are the 

same, using this model, each cell can be modeled individually. This approach 

was used to model populations of cells in chapter 3 and test the hypothesis of 

heterogeneity in induction after exposure to varied levels of C (Breuer et al., 

2017). 
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Figure 1.6 Predictions of the deterministic mathematical model of induction 
and possible single cell representations. Model simulated exposure of cells to 
varied concentrations of C (1, 5, and 50 nM) and tracked QL expression levels 
over time. Peak QL levels could represent homogenous or heterogenous 
expression within the population. Figure adapted from Arpan Bandyopadhyay 
and used with permission. 
 

1.5 Importance of initiation and single cell analysis 

Overall and despite all of the regulatory features that can impact the 

system, the key step that is required for high frequency conjugation to occur is 

induction of transcription by PrgX-C complexes. Regulation downstream may 

impact the results of initiation of induction, but regardless, initiation is required. 

Quite a bit of work has demonstrated the rapid response that occurs upon 

induction by C (Dunny, 2013; Hirt et al., 2005), but the response in individual 

cells has had minimal investigation. Past population level analyses are limited by 

the effects of averaging and it is difficult to predict how much variation in the 

population exists. Work presented in this thesis investigates whether 

heterogeneity in the induced response of single cells occurs and looks at single 

cell inducibility of the system in circumstances with varied endogenous levels of 
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PrgX, C, and I. Further, this work goes on to explore the length of the induced 

transcript in single cells to assess whether all induced cells may be able to 

undergo conjugation. Understanding the frequency at which induced expression 

of the conjugation genes occurs for single cells in varied scenarios in vitro is an 

important first step toward understanding how gene transfer occurs in vivo in the 

GI tract of a host. With this information, we may be able to subvert the bacterial 

communication that facilitates this response.   

 

1.6 Thesis summary  

This thesis describes an investigation of the E. faecalis pCF10 induction 

response on the single cell level. Chapter 2 describes fluorescence in situ 

hybridization chain reaction (HCR) and adaptation of this method to labeling and 

thus visualization of transcripts in individual E. faecalis cells. This chapter 

demonstrates that adaptation of this method to E. faecalis planktonic cells and 

other systems is possible and that for E. faecalis sufficient permeabilization is 

important. Further, this chapter describes the current state of in situ RNA labeling 

technologies.  

Chapter 3 details use of HCR in parallel with a fluorescent reporter and 

mathematical modeling to reveal heterogeneity and stochasticity in the pCF10 

pheromone induction response in single cells. Use of a stochastic model 

suggested that there would be heterogeneity within the induced population of 

cells over time. This prediction was tested through HCR labeling analysis of 

populations of cells over the course of induction and parallel single cell 
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expression analysis using a GFP fluorescent reporter and results were 

agreeable. HCR analysis also confirmed the temporal dynamics of induction on 

the single cell level that had previously been supported by population averaging 

methods of analysis including micro array (Hirt et al., 2005), RT-qPCR 

(Bandyopadhyay et al., 2016), and RNAseq (Bandyopadhyay, 2018). Through 

HCR labeling, induction on the single cell level was observed within 15 minutes 

of inducer peptide C addition and shut down was beginning within 120 minutes. 

This rapid response and shut down has been conserved evolutionarily is likely 

important for the continued transfer of the pCF10 among enterococci and in its 

natural habitat. Further the apparent heterogeneity in the induced response likely 

arises from the stochastic nature of a response that is governed by number 

molecular events, however it also raised questions of whether there are specific 

molecular components that could push individual cells toward or away from 

induction.  

In Chapter 4 the impact of one molecular component, the master regulator 

PrgX, on the inducibility of the pCF10 system is assessed at the single cell level. 

Further, experiments in this chapter evaluate the effect of endogenous versus 

exogenous C and I on the pCF10 system. PrgX is shown to functionally repress 

induction in a concentration dependent fashion in vivo in the absence of 

peptides. Surprisingly, when levels of PrgX are increased, inducibility appears to 

increase upon addition of low levels of exogenous C. On the contrary, cells 

lacking endogenous I have decreased levels of PrgX, have elevated basal levels 

of expression, and display very weak inducible expression. Other experiments 
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show that inducibility is also increased in cells lacking endogenous C and in 

washed cells where endogenous C and I are effectively reduced. Taken together, 

the experiments in this chapter suggest that PrgX levels can impact a cell’s 

propensity toward induction, but also that changes to endogenous peptide 

production can have compounded effects on the system as a whole.  

Chapter 5 explores the possibility of another level of induced expression 

heterogeneity- that is heterogeneity in the length of the transcript that is 

expressed. Upon induction of donor cells, a long transcript is expressed from 

pCF10. The possibility that all cells induced to express early genes (like prgB) in 

this long transcript actually express the full transcript and are functionally able to 

conjugate had not yet been systematically tested. Using HCR labeling of genes 

from throughout the induced transcript, we found that the majority of cells 

induced for early genes also express genes toward the end of the conjugation 

machinery transcript. Further, the timing of expression of these genes is 

consistent with their transcription from a single initiation point upon induction. 

However, analysis of these experiments also suggests that although genes 

appear to be co-expressed in a single operon, peak expression of early and late 

induced genes may be temporally distinct. In fact, degradation of transcripts after 

induced expression may be so rapid that co-expression of both early and late 

genes in individual cells cannot always be observed. 
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Chapter 2: Hybridization Chain Reaction (HCR) can be used to visualize 

transcripts in E. faecalis  

2.1 Summary 

The need to investigate the variability of the response to induction in 

individual E. faecalis cells containing pCF10 led us to pursue transcript labeling 

by Hybridization Chain Reaction (HCR). 

 

In this chapter, we sought specifically to:  

• Determine whether Hybridization Chain Reaction (HCR) could be used to 

visualize transcripts in single E. faecalis cells. 

• Assess the value, challenges, and potential applications of this 

technology. 

 

2.2 Introduction 

2.2.1 Value and motivation for single cell analysis 

 Population-level analysis of gene expression is common in biological 

research and has advanced the understanding of numerous systems. Any time 

cells are harvested and pooled for analysis, the results are an average of the 

actual state of the individual cells in the population. However, from these results 

the amount of variation in the population remains unknown. As one can realize 

from the comparison of differing mean and median values, the average of a 

population does not always represent the state of the majority of the members in 

a population. The extremes and distribution of states in a population can 
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extensively change the population function. For E. faecalis with pCF10 and the 

response that is induced upon exposure to C, variation in induction for individual 

cells can have functional consequences. Although all members in the population 

may be exposed to the same level of C, stochasticity in the response may cause 

some cells to respond (and become induced) while other cells remain 

unresponsive. Further, there could be variation in the intensity of the response for 

individual induced cells. Although population level analyses may detect a 

moderate level of induction upon exposure to C, these analyses cannot 

differentiate between a population of cells that are homogenously induced to a 

moderate level and a population of cells with mixed levels of induction, with some 

cells in an uninduced state. Interrogation of this difference motivated single cell 

analysis of the pheromone response. 

 There are several ways to explore bacterial responses in single cells. 

Plating for single colonies allows one to characterize the phenotypes of bacterial 

colonies which originated from single cells in the population. This method has 

been used to learn a lot about bacteria, including conjugation of pCF10 between 

donor and recipient E. faecalis cells. Thanks to antibiotic resistance selection, 

one can mix populations of donor and recipient cells, allow mating to occur, and 

then selectively plate to enumerate the populations of donor, recipient, and 

transconjugant cells (Hirt et al., 2005). From this sort of analysis, one can 

conclude that conjugation is most efficient when recipients are in the majority and 

indirectly conclude that not all donor cells undergo conjugation. It is possible that 

not all donor cells are induced upon mixing and this could explain the limited 
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amount of conjugation, but without more direct single cell analysis, this remains 

unelucidated.  

Microscopy is another method that has been used extensively in bacterial 

research. For some bacteria, phenotypes can change drastically (Bacillus 

sporulation for example), and thus analysis by light microscopy can yield great 

insights into variation in the population (López et al., 2009). For E. faecalis (a 

small diplococci) light microscopy alone yields limited insight, but expression of 

fluorescent reporter proteins or labeling by a variety of means can aid the eye 

and allow observation of a variety of traits. Native protein expression can 

sometimes be assessed through antibody labeling with detection enabled by 

either colorimetric or fluorescent secondary antibodies, but this method requires 

development of an antibody to the protein of interest. Other agents that 

differentially bind different cell components are also available (Hoechst 33342 

and DAPI bind DNA and Wheat Germ Agglutinin is known to bind the cell 

envelope of many bacteria) and often are conjugated to fluorophores. Further, 

fluorescent proteins (green fluorescent protein, GFP, for example) can be 

engineered into bacterial genomes under control of promoters of interest or in 

lieu on genes of interest. In cells engineered to express a fluorescent reporter 

protein like GFP, following expression of gfp, the fluorescent GFP protein can be 

translated, and then folded in the cell. The resulting fluorescence emitted by the 

cell is a read-out of the relative level of expression from the promoter under 

which the protein is engineered. This method of analysis offers the benefit of 

potentially direct, real-time observation of gene expression in a cell, but also has 
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a number of challenges and disadvantages. For one, fluorescent reporters 

require time to engineer into a system of interest and such engineering is not 

always successful for various reasons. Additionally, upon transcription of the 

fluorescent protein, observation of fluorescence is not immediate, translation and 

folding take time. Further, since proteins are more slowly degraded than 

transcripts, one cannot assess rapid temporal changes in gene expression. 

Lastly, the fluorescent read-out is from an altered system and is not completely 

direct. A fluorescent GFP reporter was engineered into a pCF10-like system and 

used to assess induction in a population of cells (in work detailed in chapter 3) 

and although this analysis yielded helpful insights, the shut-down of the induced 

response was not observable and there was a delay in observation of induction, 

likely due to the requirements for protein translation and folding.  

 Given the drawbacks of looking at reporter protein expression, we sought 

a method that would enable direct observation of transcripts in single cells. 

Fluorescence in situ hybridization (FISH) is a method that has been used to 

differentiate bacterial species via fluorescently labeled oligonucleotide probes to 

ribosomal RNA. The success of this method is facilitated by the abundance of 

copies of ribosomal RNA which allows numerous probes to bind to a specific 

sequence. To look at less abundant RNAs, signal amplification is helpful. In 

fluorescence in situ Hybridization Chain Reaction (HCR), probes (usually about 5 

per transcript) are designed and hybridized to a transcript of interest. Since 

probes might not efficiently bind for reasons like unforeseen RNA secondary 

structure, multiple probes are used to provide redundancy. Hybridization probes 
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have an overhanging region that does not bind the transcript, rather this 

overhang can bind to a region on another fluorescently labeled oligonucleotide. 

There are two fluorescently-labeled oligonucleotide amplifier probes that are 

metastably folded until an initiating probe binds the overhang of a hybridization 

probe. Following this initiation, the amplifier probes alternate, effectively 

amplifying the fluorescent signal corresponding to each transcript. The HCR 

labeling process is further discussed and illustrated in chapter 3. Analysis of 

labeled cells can be done through high throughput image analysis and flow 

cytometry. Adaptation of HCR was motivated by its potential to detect low 

abundance transcripts and quantify expression in single cells. 

 These and other single cell analysis techniques are becoming more 

important for characterization of more subtle variation in phenotypes within 

populations where heterogeneity may have biological implications. Technological 

advances may allow many transcripts to be simultaneously quantified in 

individual bacterial cells via an HCR-like approach and in eukaryotic biological 

research, sequencing technology has already enabled single cell transcriptomics. 

It will be interesting to see what single cell analysis reveals, which may have 

remained obscured by population averaging approaches.  

 

2.2.2 Challenges 

 To allow fluorescence in situ Hybridization Chain Reaction (HCR) labeling 

of induced pCF10 transcripts in E. faecalis cells, the protocol developed for 

labeling of transcripts in eukaryotic tissue sections (Choi et al., 2010) would 
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require extensive modifications. Cells needed to be fixed at specific timepoints at 

which transcript expression was of interest and subsequently handled without 

allowing degradation of transcripts. Since E. faecalis is naturally quite 

impermeable, methods for cell permeabilization needed to be optimized with 

treatment by lysozyme to degrade the peptidoglycan of the cell wall. Further, 

methods to allow completion of all of the steps of HCR labeling without 

substantial cell loss needed development. The methods used to overcome these 

challenges are detailed in the Materials and methods of this chapter (section 

2.3).  

 

2.3 Materials and methods 

2.3.1 HCR adaptation with fixation, permeabilization, and labeling optimization for 

E. faecalis 

2.3.1.1 Planktonic bacterial growth 

E. faecalis strain OG1Sp is an OG1 derivative with spectinomycin 

resistance (Kristich et al., 2007). The p043lacZdx plasmid contains the pCF10 

regulatory region with a lacZ fusion downstream of IRS1, but with prgX deleted 

(Kozlowicz et al., 2004). Thus, strains carrying this plasmid constitutively express 

lacZ. It encodes erythromycin resistance. E. faecalis strains were grown statically 

at 37ºC in M9 medium containing 3 g l-1 yeast extract, 10 g l-1 casamino acids, 36 

g l-1 glucose, 0.12 g l-1 MgSO4, and 0.011 g l-1 CaCl2. Erythromycin was included 

in plates to check for expected resistance at 20 μg ml-1 erythromycin (Erm).  
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For harvest for HCR experiments overnight cultures were sub-cultured 

1:10 in M9 medium, grown to early exponential phase (≈3 h to OD600 ≈ 1.2), and 

harvested.   

 

2.3.1.2 Fixation optimization 

Fixation was done with EM-grade paraformaldehyde (PFA). After 

optimization (described below), fixation was done immediately upon cell harvest 

by mixing cultures 1:1 with 8% PFA (4% final concentration) and overnight 

incubation (>20 h) 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). Fixed cells were stored in this state for up to two weeks 

at 4oC. 

Before optimization, PFA percent and temperature were varied. 

Additionally, the fixation time was varied from 1 to 24 hours. For times less than 

20 h, some cells remained alive after fixation.  

 

2.3.1.3 Permeabilization optimization 

 Permeabilization was optimized with cells in suspension (further described 

in section 2.3.1.4), with testing of a range of lysozyme concentrations (from 1 to 

10 mg ml-1) and incubation times (from 30 minutes to 3 hours) at 37oC. Lysozyme 

was always freshly dissolved in permeabilization buffer containing 0.1 M Tris/ 

HCl, 0.05 M EDTA, and trace RNaseOUT. The impacts of addition of 500 U ml-1 

mutanolysin (Sigma) and 50 mM glucose were also assessed. A BacLight 
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Bacterial Viability Kit was used to stain cells (according to manufacturer 

instructions) and assess efficacy of permeabilization.  

Treatment with 5 mg ml-1 lysozyme in permeabilization buffer (described 

above) for 3 hours at 37oC was most successful at permeabilizing cells to the 

BacLight Propidium Iodide based reagent and subsequently appeared to work for 

permeabilization to the HCR reagents.  

 

2.3.1.4 HCR labeling in suspension  

HCR hybridization probes were designed to bind to a reporter gene (lacZ) 

constitutively expressed from a plasmid (p043lacZdx) in E. faecalis. The nucleic 

acid probes and hairpin amplifiers used in this study were obtained from 

Molecular Instruments (www.molecularinstruments.org) and the sequences 

homologous to the lacZ transcript can be found in Table 3.2 (Elac). The B1H1 

and B1H2 amplifiers conjugated to Alexa Fluor 488 were used to detect lacZ 

transcripts. 

Although HCR labeling of mounted cells was attempted (described below), 

we decided to attempt to maintain cells in suspension through each step of the 

HCR labeling and counterstaining procedure, with centrifugation and 

resuspension between each step for reagent changes, until mounting cells as a 

final step. Our protocol was based on established methods designed for mounted 

samples (Choi et al., 2014), it was published in detail, and reproduced here in 

chapter 3. Briefly, 20 μl aliquots of fixed cells in suspension were permeabilized 

and labeled by HCR. To switch buffers for each protocol step, cells were pelleted 

http://www.molecularinstruments.org/
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by centrifugation at 13,000×g for 2 minutes and re-suspended in the subsequent 

buffer or reagent. Illustration of this protocol can be seen in chapter 3. 

Before optimization of HCR labeling in suspension, HCR labeling reagents 

and buffers were applied to cells mounted on a slide in the standard HCR 

protocol (Choi et al., 2014). During incubation steps, the slide was kept in a 

humidified chamber to minimize evaporation. To switch buffers or reagents, the 

slide was tilted and a Kimwipe was applied to the corner of the slide to absorb 

the liquid.  

 

2.3.1.5 Counterstaining and mounting 

Before optimization of HCR labeling in suspension, attempts were made to 

mount samples on slides via spotting and serial ethanol dehydration before the 

HCR labeling steps described above. 10 µl fixed cells in suspension were spotted 

on slides and air dried at room temperature for several hours. Dried spots were 

further dehydrated by immersion of slides in a series of ethanol solutions (50%, 

80%, and then 98%) for 3 minutes each before air drying for 1 hour. Variations of 

this using charged slides and slides pre-coated with poly-L-lysine or gelatin were 

also used to attempt to reduce cell loss.  

After optimization of HCR labeling of cells in suspension, cells were 

mounted as a final step. Before mounting cells were counterstained in 

suspension with Wheat Germ Agglutinin conjugated to Alexa Fluor 594 (WGA: 

AF594) and/ or Hoechst:33342. Cells were washed in KPBS and resuspended in 

ddH2O. 10 µl cell suspension was spotted on a 22ᵡ22 mm No. 1.5 coverslips 
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(Gold-Seal) and let dry. Prolong Diamond Antifade hardening mounting medium 

(Molecular Probes by Life Technologies) was applied to a slide and the coverslip 

with the dried bacterial suspension was inverted and applied to the slide. 

Mounted samples were stored at 4oC for >48 hours to allow the mounting 

medium to stabilize and harden before visualization by microscopy. 

 During optimization, other mounting media were used, including SlowFade 

Gold with Dapi and SlowFade Diamond (Molecular Probes by Life Technologies), 

with mixed results. For HCR labeled E. faecalis, Prolong Diamond is preferred for 

its stability and mounting medium without counterstains are favored to minimize 

background fluorescence.   

 

2.3.1.6 Microscopy 

 Images 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 wide-field images 

through a 100x 1.45- NA objective (Nikon Instruments). For Figure 2.2, images 

were acquired as wide-field z stacks at 0.2- μm intervals through a 100x 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. 
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2.3.2 HCR adaptation for biofilm E. faecalis  

2.3.2.1 Biofilm bacterial growth 

E. faecalis strain JRC104 is an 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). 

Thus, strains carrying this plasmid inducibly express lacZ. pBK2 also encodes 

chloramphenicol resistance. E. faecalis strains were grown statically at 37ºC in 

M9 medium. Chloramphenicol was included in plates to check for expected 

resistance at 20 μg ml-1 chloramphenicol (Cm).  

For biofilm HCR experiments, overnight cultures were sub-cultured 1:10 in 

M9 medium and inoculated into 24 well plates with each well containing 1 ml of 

diluted culture and a single 11 mm diameter Aclar fluoropolymer membrane 

coupon. Plates were incubated for 3 hours at 37oC with agitation at 125 rpm. At 

this point, cells were induced with 10 ng ml-1 C and incubated for 30 minutes at 

37oC with agitation at 125 rpm before harvest.  

 

2.3.2.2 Fixation and permeabilization 

Fixation was done by removing Aclar coupons and placing in a new 24 

well plate containing 4% EM-grade PFA diluted from 8% with dH2O. Coupons 

were incubated in PFA overnight (>20 h) at 4oC. Following fixation, PFA was 

removed from wells and replaced with 200 µl permeabilization buffer (described 

above) containing 5 mg ml-1 lysozyme. Plates were incubated at 37oC for 3 hours 
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before permeabilization buffer was removed to be replaced with KPBS for 

washing. 

 

2.3.2.3 HCR labeling and counterstaining 

For each HCR labeling step, reagents were applied 100 to 200 µl at a time 

directly on top of the coupon to attempt to ensure reagent coverage. The HCR-

labeling protocol followed published methods (Choi et al., 2010). HCR 

hybridization probes designed to reporter gene lacZ were again used. The B1H1 

and B1H2 amplifiers conjugated to Alexa Fluor 546 were used to detect lacZ 

transcripts. 

Biofilm cells were counterstained with Hoechst:33342 using a 1:100 

dilution in dH2O. Coupons were washed in KPBS before mounting between a 

slide, with a 0.12 mm SecureSealTM spacer (Electron Microscopy Sciences), and 

a 22ᵡ22 mm No. 1.5 coverslips (Gold-Seal). Prolong Diamond Antifade hardening 

mounting medium (Molecular Probes by Life Technologies) was applied to both 

sides of the Aclar coupon. Mounted samples were stored at 4oC for >48 hours to 

allow the mounting medium to stabilize and harden before visualization by 

microscopy. 

 

2.3.2.4 Microscopy  

 Images were imaged and processed as described for HCR-labeled 

planktonic cells in section 2.3.1.6 above. 

 



37 
 

2.4 Results 

2.4.1 Fixation and treatment in cell suspension 

We began with adaptation of fluorescence in situ HCR to E. faecalis grown 

planktonically. We designed HCR hybridization probes to a reporter gene (lacZ) 

constitutively expressed from a plasmid (p043lacZdx) in E. faecalis. Fixation was 

done with paraformaldehyde (PFA), but varied in percent, time, and temperature 

for optimization. Mixing cell cultures 1:1 with 8% PFA and incubating overnight at 

4oC resulted in preserved unclumped cells, which failed to yield growth upon 

plating suggesting relatively complete fixation. Shorter incubations of 1-3 hours 

tended to yield growth upon plating, indicating that fixation was not complete and 

that RNA degradation could still be possible within the samples. Overall, fixing for 

prevention of RNA degradation appeared to be very rapid since experiments 

further presented in chapter 3 allowed observation of induced transcription within 

15 minutes and shutdown within 120 minutes of induction. After 24 hours of 

fixation and resuspension in KPBS for storage, fixed cultures appear to give 

comparable HCR labeling results for up two weeks post-harvest.  

After fixation, the standard protocol for HCR labeling calls for sample 

mounting for the HCR treatment steps to proceed (Choi et al., 2010). We began 

mounting samples on slides using a standard spotting and serial ethanol 

dehydration procedure. This was somewhat effectively initially, however after 

several treatment steps, we had extensive issues with spotted cell loss. We 

made several attempts to reduce cell loss through use of charged slides, pre-

coating slides with poly-L-lysine, and pre-coating slides with gelatin, however 
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these efforts yielded minimal improvements in cell adherence throughout the 

duration of the HCR labeling protocol and in some instances appeared to result 

in increased background fluorescence or debris. Additionally, we found 

maintaining reagent coverage through the HCR labeling protocol challenging due 

to the relatively high temperature overnight incubation required for probe 

hybridization. Given the lack of success retaining mounted cells through the 

procedure, we decided to attempt to maintain cells in suspension through each 

step of the HCR labeling and counterstaining procedure, with centrifugation and 

resuspension between each step for reagent changes, until mounting cells as the 

final step. This approach resulted in significantly more cells retained through the 

procedure.  

 

2.4.2 Permeabilization is required for HCR labeling of E. faecalis 

 The other significant hurdle that needed to be overcome for successful 

HCR labeling of transcripts in E. faecalis was permeabilization. Although 

standard FISH labeling can be accomplished with minimal cell permeabilization, 

HCR labeling amplifiers may have more structure that impedes cell entry and 

requires thorough degradation of cell wall peptidoglycan. We optimized this step 

using a range of lysozyme concentrations (from 1 to 10 mg ml-1) and incubation 

times (from 30 minutes to 3 hours) at 37oC and LIVE/DEAD staining using the 

BacLight Bacterial Viability Kit (Figure 2.1). We found that treatment with 5 mg 

ml-1 lysozyme for 3 hours at 37oC was most successful for cell permeabilization. 

Use of concentrations of lysozyme greater than 5 mg ml-1 for less time resulted in 
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a mix of misshaped, lysed, and inconsistently permeabilized cells. Addition of 

mutanolysin also did not appear to aid permeabilization. Further, inclusion of 50 

mM glucose did not appear to improve results: no more cells were permeabilized 

and cells did not appear misshapen or otherwise affected by osmotic pressure 

without glucose.  

 

Figure 2.1 E. faecalis permeabilization optimization. Bacteria were stained 
with the BacLight Bacterial Viability Kit following fixation and varied 
permeabilization protocols. Green staining by Syto 9, indicative of cells with 
limited permeability, possibly “live”. Red staining by propidium iodide, indicative 
of cell permeability.  (A) Cells kept on ice in KPBS as a negative control. Imaged 
with 20x objective. (B) Cells treated with 1 mg ml-1 lysozyme in permeabilization 
buffer for 30 minutes. Imaged with 20x objective. (C) Cells treated with 5 mg ml-1 
lysozyme in permeabilization buffer for 3 hours. Imaged with a 100x objective. 
 
 After cell permeabilization optimization, HCR labeling of constitutively 

expressed lacZ transcripts was successful (Figure 2.2). In these initial 

experiments, we used HCR hybridization probes to a reporter gene (lacZ) 

constitutively expressed from a plasmid (p043lacZdx) in E. faecalis strain OG1Sp 

and HCR amplifiers tagged with Alexa Fluor 488 (Figure 2.2A and 2.2B). Cells 

were counterstained with Wheat Germ Agglutinin conjugated to Alexa Fluor 594. 

Among other negative controls, the protocol was also run in OG1Sp cells without 

lacZ expression (cells not containing the plasmid, thus lacking a lacZ gene) and 

results in limited non-specific fluorescent puncta corresponding to the HCR 
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fluorophore (Figure 2.2C). Notably, in the high magnification, cropped image 

shown in Figure 2.2A, variation in lacZ expression in different cells is apparent, 

suggesting that even with constitutive expression, there may be cell to cell 

variation in transcription. Permeabilization effectiveness is further demonstrated 

in chapter 3 via co-labeling of both an inducible plasmid gene and a constitutively 

expressed chromosomal gene by HCR. Issues with clumping can also be seen in 

the sample images in Figure 2.2, likely due to the multiple centrifugation and 

resuspension steps used to change buffers throughout the labeling protocol. In 

future experiments this would be somewhat remedied via an additional vortex 

step and vigorous pipetting. However, clumping remains an issue. As described 

in chapter 3, for image analysis of HCR labeled E. faecalis cells, counterstaining 

would be done by Hoechst 33342 which stains the interior of cells and allows 

better separation between cells. By identifying and defining cells with this stain, 

HCR fluorescence corresponding to individual cells could be quantified, even in 

the presence of minor clumping. Counterstaining and mounting details can be 

found in the materials and methods section of this chapter. 
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Figure 2.2 HCR labeling of lacZ is specific in E. faecalis expressing lacZ 
and absent in cells without lacZ. Cells were fixed, permeabilized, subjected to 
HCR labeling, counterstained, and mounted. Red, E. faecalis cell envelope 
labeled with Alexa Fluor 594: wheat germ agglutinin (AF594: WGA) conjugate 
highlighting the outsides of individual cells. Green, HCR labeled lacZ transcripts 
(Alexa Fluor 488). Imaged with 100x objective. (A) and (B) OG1Sp+p043lacZdx. 
(A) Cropped and merged image highlighting a few cells with varied lacZ 
expression. (B) Wider field image demonstrating labeling of most cells. (C) 
OG1Sp (an isogenic strain with no lacZ gene expression) demonstrating lack of 
lacZ HCR staining in wider field image comparable to that in (B). Scale bars in 
(B) and (C) = 10 µm.  
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2.4.3 Transcript labeling in E. faecalis biofilms 

 Some preliminary work to label transcripts in E. faecalis biofilms has been 

done, but more optimization is necessary. In one experiment, E. faecalis was 

allowed to attach and grow on Aclar fluoropolymer membrane for a limited time 

and then fixed and permeabilized for HCR labeling. For this experiment, Aclar 

coupons were suspended in 1 ml medium for growth in a 24 well plate format. 

For each HCR labeling step, reagents were applied 100 to 200 µl at a time 

directly on top of the coupon to attempt to ensure reagent coverage. This 

approach appears to have effectively labeled transcripts in the attached E. 

faecalis cells (Figure 1.3) but required use of a large volume of HCR reagents 

and only demonstrates HCR biofilm labeling for a very thin layer (or rather small 

clumps) of attached E. faecalis cells. Other methods of biofilm growth on Aclar, 

glass slides, or coated coverslips might be more successful for robust biofilm 

growth and/ or consistent HCR-labeling without use of large volumes of reagent. 

One approach for the labeling steps that seems promising is coverage of the 

sample with reagent and a cover slip during each incubation step to ensure 

reagent exposure and prevent evaporation.  
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Figure 2.3 HCR labeling of lacZ in biofilm E. faecalis cells expressing lacZ. 
Biofilms were grown on Aclar fluoropolymer membranes before being fixed, 
permeabilized, subjected to HCR labeling, and counterstained. Blue, Hoechst 
33342 DNA label also highlighting individual cells. Orange, HCR labeled lacZ 
transcripts (Alexa Fluor 546). (A) Orange HCR channel only. (B) Orange and 
blue channels merged. Scale bar = 10 µm.  
 

2.5 Discussion 

2.5.1 Summary 

Overall optimization of fixation, permeabilization, and treatment of cells in 

suspension allowed adaptation of fluorescence in situ Hybridization Chain 

Reaction (HCR) labeling for visualization of transcripts in single E. faecalis cells 

grown planktonically. Preliminary experiments aimed at using HCR to label E. 

faecalis biofilms showed success, suggesting that extension of this technique to 

biofilm growth is possible. Extension of the HCR labeling technique to many 

other experimental systems is possible, but each extension is likely to require 

significant optimization. As discussed above, adaptation of HCR labeling to E. 

faecalis posed numerous challenges. HCR labeling of induced transcripts will be 

used to answer questions about heterogeneity in the response to C in E. faecalis 
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cells with pCF10 (as presented in the remainder of this thesis) and will likely 

prove of use to answer various other experimental questions in the future. Some 

other potential applications and variations of the technology are discussed below. 

 

2.5.2 Other potential HCR applications 

 HCR transcript labeling can likely be adapted to many other experimental 

systems. Molecular Technologies now has suggested protocols for samples 

ranging from bacteria, to formalin-fixed paraffin-embedded human tissue 

sections, to whole-mount larvae and embryos (Choi et al., 2016). As required for 

E. faecalis, it is likely that successful protocol adaptation will require some 

optimization. For E. faecalis, we hope to develop an HCR labeling protocol for E. 

faecalis within the mouse GI tract to explore gene expression within a more 

natural in vivo environment. Current obstacles to success of this adaptation 

include the differing permeability of E. faecalis and the GI tissue, the varied size 

scales of bacteria and the GI tissue, and multi-dimensional nature of the GI 

tissue, however it is possible that these challenges may be overcome by the right 

fixation, tissue sectioning, and treatment protocol. Adaptation of HCR labeling to 

bacteria in a host environment has been done with some success for other 

bacterial species (DePas et al., 2016; Nikolakakis et al., 2015; Rosenthal et al., 

2013). Use of this technology in this context is very exciting as visualization of 

transcripts via HCR labeling in bacteria and host species simultaneously could 

yield insights into host-bacteria interactions and a better understanding of 

commensal and pathogen states of various bacteria. Further, probes can now be 
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designed to almost any transcript of interest, labeling can be multiplexed, and 

microscopic differentiation of fluorophores with overlapping spectra has 

improved. These factors allow co-labeling of numerous transcripts with the right 

microscopic set-up. 

 

2.5.3 Variations of HCR and HCR-like transcript labeling technologies 

 Not surprisingly, other technologies for transcript labeling similar to HCR 

have been developed. Additionally, the HCR technology, with reagents available 

from Molecular Technologies and Molecular Instruments, Inc, has undergone 

improvement with release of multiple new generations of reagents. Together, 

these variations of transcript labeling technologies and the surge in publications 

using technologies like these demonstrate the research power of gaining insights 

into actual gene expression in situ in individual cells and intact tissues. Common 

to all of the HCR-like technologies discussed below is an amplification step and 

improvements to the technology have generally involved probe design that 

further reduces the potential for non-specific probe binding and signal noise.  

Advanced Cell Diagnostics has a technology named RNAscope which is 

based on use of RNA-specific target probes and three subsequent signal 

amplification steps which effectively build an oligo tree on which labeled probes 

can bind (Luo & Wen, 2013). This tree allows each transcript to effectively be 

labeled with numerous labeled probes, and for each tree, amplification is made 

especially sequence specific through the requirement for two neighboring target 

RNA specific probes for tree initiation. RNAscope has been developed for 
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numerous eukaryotic applications, automation, clinical analyses, and even single 

base pair mutation or junction detection (BaseScope). RNAscope amplification 

reagents include fluorescently labeled probes and probes that allow chromogenic 

development and observation by light microscopy. RNAscope probes have also 

been used with analysis by flow cytometry (Van Hoof et al., 2014). 

Invitrogen also offers a technology called ViewRNA ISH Cell Assays which 

uses a similar, but proprietary, fluorescent in situ hybridization and subsequent 

branched-DNA amplification technology (Battich et al., 2013). This technology 

also appears to use dual neighboring probes (to reduce signal noise) and a 

three-step tree-building signal amplification procedure.  

As mentioned, the HCR technology originally developed around the 

Hybridization Chain Reaction mechanism (Dirks & Pierce, 2004), has also seen 

improvements. Probes and amplifiers used in the work in this thesis are of the 

first generation of in situ HCR application (v1.0) (Choi et al., 2010). Since then, 

next generation (v2.0) (Choi et al., 2014) and third generation (v3.0) (Choi et al., 

2018) technologies have been introduced. Additionally, suggested protocols for 

several applications have been published (Choi et al., 2016). The v2.0 labeling 

reagents provided an overhang region on both sides of the initial transcript 

hybridizing probe, allowing for two times the amplification chain formation for 

each transcript. The v3.0 reagents now incorporate dual neighboring transcript 

hybridizing probes that both must bind to allow for chain reaction amplification 

and to reduce amplification from non-specifically bound probes. Additionally, the 

v3.0 reagent kit now offers protocols for quantitation by microscopy and flow 
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cytometry. Molecular Technologies (a non-profit resource at the California 

Institute of Technology) produces the v2.0 reagents, while v3.0 reagents are now 

offered through Molecular Instruments, Inc. These improvements have yielded 

transcript labeling technologies with even less non-specific signal and higher 

signal to noise overall. Innovative uses of HCR, RNAscope, and ViewRNA are 

bound to advance understandings of gene expression variation, localization, and 

context. 
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Chapter 3: Stochasticity in the enterococcal sex pheromone response 

revealed by quantitative analysis of transcription in single cells 

 

This chapter is a reprint, with minor alterations, of a published manuscript. 

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. AB ran the stochastic mathematical model. AB 

and SAO performed the fluorescent reporter experiments. RJB performed and 

analyzed the HCR experiments. 

 

 

3.1 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.  
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In this chapter, we sought to specifically to:  

• Compare the expression and timing results of HCR labeling to those of 

population averaging methods like RNAseq, micro array, and qRT-PCR. 

• Determine whether there is evidence for single cell variation in gene 

expression in E. faecalis. 

• Compare the timing and heterogeneity results of HCR labeling to single 

cell expression analysis using a GFP fluorescent reporter. 

• Compare existing mathematical models to HCR and fluorescent reporter 

data. 

 

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 modeled 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 and permit plasmid dissemination while minimizing fitness costs of 

induction to donor populations.   
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3.2 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; McDonald et al., 2005; Palmer et al., 2010). Transfer of the tetracycline-

resistance conjugative plasmid pCF10 between E. faecalis cells is controlled by 

two antagonistic signaling peptides (Figure 3.1A) (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 & Dunny, 

2002; Bensing et al., 1997; Chandler & Dunny, 2004; 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., 2002) 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 3.1A) (Bensing et al., 1996; 

Dunny, 2013). QL RNAs are not detectable in uninduced cells, but upon exposure 
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to C they increase in a dose-dependent fashion (Bandyopadhyay et al., 2016). 

Thus, pheromone induction leads to both quantitative (increased initiation from 

PQ) and 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 3.1A and 3.1B) (Buttaro et al., 2000; Kozlowicz et 

al., 2006; 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 (Chatterjee et al., 2013). 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).   
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Figure 3.1 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/ QL regulatory region as 

pCF10. However, either lacZ for pBK2 or gfp for pCIE-GFP have been inserted in 
place of the conjugation genes. 
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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 the conjugation operon and reduced 

conjugation frequencies (Chatterjee et al., 2013). 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., 2015, 2016) 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 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 
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induced response within single cells using direct transcript labeling and a 

fluorescent reporter system. These experimental methods combined with 

mathematical modeling 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.  

 

3.3 Materials and methods 

3.3.1 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 

endogenous conjugative plasmid pCF10 (Dunny et al., 1978; Ruhfel et al., 1993). 

OG1RF is an OG1 derivative with rifampicin and fusidic acid resistance 

(Bourgogne et al., 2008; Dunny et al., 1978). 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).  
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Table 3.1 Strains and plasmids used in this study. 

Strains Description Reference 

OG1 Reference strain (Gold et al., 1975) 

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) 

Plasmids Description Reference 

pBK2 Contains pCF10 regulatory 
region, has inducible 
expression of lacZ in lieu of 
genes encoding conjugation 
machinery, encodes for 
chloramphenicol 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., 1981; 
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 
Chloramphenicol resistance 

(Cook et al., 2011) 
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3.3.2 Growth conditions 

E. faecalis strains were grown statically at 37ºC in M9 medium containing 

3 g l-1 yeast extract, 10 g l-1 casamino acids, 36 g l-1 glucose, 0.12 g l-1 MgSO4, 

and 0.011 g l-1 CaCl2. M9 medium was supplemented with 20 μg ml-1 

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-1 for spectinomycin, 200 μg ml-1 for rifampicin, and 25 

μg ml-1 for fusidic acid. 

 

3.3.3 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-1 Bacto Todd Hewitt Broth 

(Becton, Dickinson and Company) and 15 g l-1 agar to enumerate the donors 

(spectinomycin and chloramphenicol resistant), recipients (rifampicin and fusidic 

acid resistant), and transconjugants (rifampicin, fusidic acid, and chloramphenicol 

resistant).  
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3.3.4 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-1 and 10 ng ml-1 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 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).  

 

3.3.5 HCR, cell staining, and mounting 

Nucleic acid probes and hairpin amplifier sequenced used in this study 

were obtained from Molecular Instruments (www.molecularinstruments.org), 

(Tables 3.2 and 3.3).  

 

 

 

 

 

 

 

 

 

http://www.molecularinstruments.org/
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Table 3.2 HCR probe sequences  

 

 

Table 3.3 HCR amplifier and fluorophore details 

 

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., 2010, 2014; Nikolakakis et al., 2015; Rosenthal 

et al., 2013; Schwarzkopf & Pierce, 2016; Shah et al., 2016). Briefly, cells were 

permeabilized, DNA probes were hybridized to transcripts of interest, fluorescent 

amplifier hairpins were hybridized to the bound probes, and subsequently cells 
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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 protocol is summarized in 

Figure 3.2.  

 

Figure 3.2 E. faecalis HCR labeling protocol overview. 
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 Our HCR protocol was as follows. For permeabilization, cells were 

suspended in 20 μl of permeabilization buffer containing 5 mg ml-1 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 suspended in 20 μl amplification buffer (Molecular Instruments) for 30 

minutes at room temperature for pre-amplification. Meanwhile required amplifier 

hairpins were snap cooled 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. Probe sequences and 

amplifier details for each transcript of interest can be found in Tables 3.2 and 3.3. 

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 cell envelope (Invitrogen). 
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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.  

 

3.3.6 Microscopy and image processing for HCR 

Images shown in Figure 3.5 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 63x 1.40- 

numerical aperture (NA) objective (Zeiss) in Airyscan mode. Images in Figure 

3.5A 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 3.5B were acquired 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 different than the HCR signal and 

generally do not overlap with cells. These puncta appear bright, but in reality their 

intensity is minimal in comparison to true HCR signal intensity as demonstrated 

in Figure 3.11. 
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 Images shown in Figures 3.6A and 3.8B 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 100x 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 (Figures 3.6C, 3.7A, 3.7B, 3.8A, 

3.8C, 3.8D, 3.10, 3.12, and 3.13) were taken using an Olympus IX83- P2ZF 

inverted microscope equipped with an X-Cite 120LED light source (Excelitas 

Technologies) for fluorescent excitation. Filter cubes used for acquisition were 

409 nm, 562 nm, and 506 nm for Hoechst stain, Alexa Fluor 546, and Alexa Fluor 

488, 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 60x 

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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3.3.7 Image analysis for HCR 

In brief, the blue fluorescence channel (the reference channel 

corresponding to Hoechst fluorescence) was used as a proxy to define the pixel 

locations of individual cells and co-localized fluorescent overlap from HCR 

labeled transcripts was quantified (Figures 3.12 and 3.13). 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 (Otsu, 1979) 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. Figure 3.13 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). 
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3.3.8 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). 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-1 was then added to the 

cells. For experiments involving iCF10, 50 ng ml-1 iCF10 was added to the cells 

in addition to cCF10. Cells were imaged on a Zeiss Axio Observer Z1 inverted 

confocal microscope using the 405 nm and 488 nm lasers for excitation of 

Hoechst and GFP, respectively. A 63x oil 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. 

 

3.3.9 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 
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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. 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 created using Mathematica. An overview of this analysis strategy 

and images demonstrating effective automated identification of cells can be seen 

in Figures 3.15 and 3.16. 
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3.3.10 Stochastic simulation of induction via modelling of the prgX-prgQ gene 

network 

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 (Chatterjee et al., 

2011; Kozlowicz et al., 2006). We recently gained more knowledge on the 

oligomeric states of apo-PrgX and PrgX/peptide complexes and measured the 

binding constants of the peptides to apo-PrgX and PrgX complexes to the DNA 

(Chen et al., 2017). We further determined some kinetic constants using RNA-

Seq.  

In summary, 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., 

2006). The model consisted of 15 species and 38 biochemical reactions involved 

in the induction of expression of QL (Table 3.7). 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 S1-S15 (Table 3.10) for steady-state when the extracellular 

concentration of cCF10 (C) was set to 0 ng ml-1 C.  For each simulation, 10,000 

trials (corresponding to 10,000 cells) were carried out.  

The recently measured binding constants of both the peptides to PrgX are 

very high and are similar in value (Chen et al., 2017) and this has implications on 
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the PrgX complexes possible in our model. Peptides bound to PrgX likely remain 

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) are 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. An overview of the 

mechanism of pCF10 induction utilized by the new stochastic model is illustrated 

in Figure 3.3 and supplemental information describing the possible peptide, 

PrgX, and DNA binding states can be found in Tables 3.8 and 3.9.  
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Figure 3.3 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.  

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 
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uninduced conditions. Order of magnitude estimated intracellular concentrations 

of various PrgX (X) complexes at various stages of induction are shown in Table 

3.4.  

Table 3.4 Prevalence of various PrgX complexes. At different states of 
induction, the prevalence of various PrgX complexes is expected to change as 
shown by these estimated intercellular species concentrations. Species 
components include PrgX (X), DNA (O), and peptides (C and I).  

 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 

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-I 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 allow synthesis of 

the conjugation machinery. Induction of the 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 
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the DNA causing a suppressive effect and shutting down the synthesis of 

conjugation machinery. 

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

In our model this is determined by a set of mass action differential equations which 

describe the balance of various transcripts and signaling molecules, C and I, 

involved in the prgQ-prgX genetic switch (Table 3.10). Initial conditions for all the 

species were obtained by solving equations S1-S15 (Table 3.7) for steady-state 

when the extracellular concentration of cCF10 (C) was set to zero using function 

“ode15s” in Matlab (version 2014b; MathWorks). These initial conditions were used 

in the stochastic model. Subsequently, the extracellular concentration of cCF10 

(C) was fixed at a desired value and the Hy3S based stochastic simulation was 

executed. A list of reactions and parameter value used in the stochastic model can 

be found in Table 3.7.  

 

3.4 Results 

3.4.1 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 
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classic quorum sensing signal of donor population density (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 (Figure 3.4). In this 

experiment, donor cells were incubated with synthetic peptides for 30 minutes 

and then mixed with recipients 10 minutes prior to plating on medium selective 

for transconjugants. This short mating time is not sufficient to allow the donors to 

respond to any pheromone produced by the recipients during co-culture, allowing 

measurement of the effects of the peptides added to donors prior to mating. 

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-1 C. Exposure to intermediate C concentrations in the 0.3 to 2.5 ng ml-1 

range (more closely resembling the levels of C naturally produced by recipient 

cells (Nakayama et al., 1994)) resulted in a jump to levels of transfer about 

1,000-fold above uninduced cells, but well below the maximum. Most striking was 

the observation that induction with 2.5 ng ml-1 C in the presence of a great 

excess of I (50 ng ml-1) 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 
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that these results reflected a variable transcriptional response among this small 

subpopulation required analysis of the pheromone response at the single 

bacterial cell level.  

 

Figure 3.4 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 a10 minute incubation as described in the 
Methods. 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. 

 

3.4.2 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 (Choi 
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et al., 2016) and in microbial symbionts of termites and the bobtail squid 

(Nikolakakis et al., 2015; Rosenthal et al., 2013). 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 (Figure 3.2). 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 3.1B). We used HCR probes 

against lacZ mRNA (paired with HCR amplifiers) to assay transcript levels 

(Tables 3.2 and 3.3). 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 (Table 3.2). 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 3.5A) compared to that of uninduced cells (Figure 3.5B). 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 effectively permeabilized cells to the HCR probes without 

lysis (further demonstrated in Figure 3.10). The rare green fluorescent particles 

observed in preparations of uninduced cells were of low intensity and generally 

localized outside of cells (Figure 3.5B and 3.11). 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 3.5 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-1 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 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. See 
Figure 3.11 for further documentation. Scale bars, 5 μm.  
 
 

3.4.3 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 3.1B) were induced with a high concentration of C, fixed at a range of 

time points, and assayed for lacZ expression by HCR (Figure 3.6A). Notably, 

lacZ mRNA was detected within 15 minutes after C addition and reached 
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maximum levels within 30 to 60 minutes. By 120 minutes, the number of cells 

expressing lacZ was significantly reduced (Figure 3.6A).  

 
Figure 3.6 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-1 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-1 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-1 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-1 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-1 C in a 

population of cells over time simulated using the stochastic mathematical model. 
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Fraction induced reflects the proportion of cells with the depicted levels of QL out 

of the total cell population. Scale bars, 3.9 μm (A) and 20 μm (B).  
 

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 et al., 2013; Hirt et al., 2005).The induction process was 

also examined using an inducible GFP reporter (pCIE-GFP; Figure 3.1B), and 

the onset of induction was similarly observed. GFP fluorescence was seen 

approximately 60 min after C addition (Figure 3.6B). 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 its 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 (Figures 3.6C, 3.6D, 3.12, 3.13, 

3.15, and 3.16). Using an uninduced cell population, we established a very strict 

threshold, which assumed that at least 99.7% of the cells were uninduced at the 

initial time point. This threshold was used to estimate the fraction of cells induced 

at different time points (Figures 3.6C and 3.6D) and the intensity of induced cells 

was normalized to the threshold intensity. Using a strict threshold helped 
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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 (Figures 3.6C 

and 3.6D). As time progressed the fraction of cells which were induced 

increased.  

 

3.4.4 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 et al., 

2013). In light of new knowledge on the oligomeric states of apo-PrgX and 

PrgX/peptide complexes (Chen et al., 2017), availability of kinetic parameters, 

and a greater mechanistic understanding of its interactions with DNA, the model 

was refined (Figure 3.3). A stochastic model based on our updated model was 

developed using Hy3S (Salis et al., 2006) which consists of 15 species and 38 

biochemical reactions and interactions involved in the induction of pCF10 (Table 

3.7). The QL transcript level in response to C was simulated in 10,000 individual 

cells (Figure 3.6E). The simulated time dynamics of QL behaved similarly to 

experimentally observed HCR and GFP profiles. 
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3.4.5 HCR analysis of reporter and pCF10 plasmids show similar dynamic 

inductions responses to varied concentrations of C 

We varied the concentrations of C from 0.625 ng ml-1 to 10 ng ml-1 and 

used HCR to examine the fraction of cells induced over time (Figure 3.7A). 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 et al., 2011). Using HCR we saw the fraction of cells induced 

increase with increasing C concentrations (Figure 3.7A). 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 

3.7B, Figure 3.1A, and Table 3.2). The induction profile of prgB from pCF10 was 

similar in magnitude and time course to lacZ from pBK2 (Figures 3.7A and 3.7B). 

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., 1996). However, the 

overall similarity suggests that pBK2 contains the key regulatory components 

required for heterogeneous induction of pCF10. Additionally, flow cytometry 

analysis of the lacZ and prgB HCR fluorescence of our samples showed a similar 

induction profile (section 3.7.2, Figure 3.14 and Tables 3.5 and 3.6). 
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Figure 3.7 HCR analysis of reporter and pCF10 plasmids show similar 
dynamic induction responses to varied concentrations 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. 
 

3.4.6 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 after induction (Figure 3.8A).  Previously, using qRT-

PCR measurement (a population average assay), we had seen induction at 1 ng 

ml-1 C (Chatterjee et al., 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-1 a few 

cells were induced to levels seen in populations exposed to higher C 

concentrations (Figure 3.8A). Samples of these rare highly induced cells were 

readily visualized (Figure 3.8B) and this small fraction of highly induced cells at 

1.25 and 2.5 ng ml-1 of C subsided subsequently over a similar time duration to 
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that observed with higher C concentrations (Figures 3.8C and 3.8D). 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. 

 

Figure 3.8 HCR analysis shows that 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) Histograms show the fraction of cells with HCR labeled prgB 
expressed upon pCF10 induction in OG1RF 30 minutes after addition of varied 
concentrations of C. Relative intensity of induced cells was normalized to the 
threshold value and reflects varied levels of induction. (B) Fluorescence images 
of E. faecalis with prgB transcripts labeled by HCR at 30 minutes after addition of 
1.25 and 2.5 ng ml-1 C. Green, HCR labeled prgB transcripts. Blue, Hoechst 
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33342. Scale bars, 1.58 μm. (C) and (D): 3D distributions of the induced 
expression of the prgB transcript measured using HCR upon addition of 1.25 and 
2.5 ng ml-1 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. 

 

3.4.7 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 report 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 that each cell became induced 

after exposure to C was determined and plotted (Figure 3.9A). At a high inducer 

concentration of 50 ng ml-1, the earliest induction occurred around 40 minutes 

after C addition, while the median induction time was around 90 minutes. 

Afterwards, the majority of cells had been induced and the frequency of newly 

induced cells decreased over time.  At lower C concentrations of 2.5 and 5 ng ml-

1, the median shifted to longer times, and even at 160 minutes cells continued to 

be induced at a 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 very similar irrespective of C 

concentration (all around 40-60 minutes as determined by GFP expression) 

(Figure 3.9A). When we used the stochastic model to simulate the response of 

cells to varying concentrations of C, the model (Figure 3.9B) predicted the 

behavior observed experimentally using GFP (Figure 3.9A). Further, in the 

presence of high concentrations of I (50 ng ml-1), reflecting the conditions that 
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occur at high donor densities, low C concentrations (2.5 ng ml-1) still result in 

early responding cells at a low frequency (Figures 3.9A and 3.9B).  

 

Figure 3.9 Distribution of induction times for E. faecalis cells exposed to 
exogenous C and 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-1). (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. 
 

3.5 Discussion 

3.5.1 Summary 

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 (Dunny, 

2013). However, at low recipient and high donor cell density (and thus low C 

concentrations and high I levels), low but significant levels of conjugation were 
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observed (Figure 3.4). To gain insights into the induction response in these 

conditions, we performed single cell analysis of the induction response using 

multiple complementary methods (Figures 3.6, 3.7, 3.8, and 3.9). The results 

obtained from HCR transcript labeling 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.  

 

3.5.2 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 3.9) 

and allowed some cells to undergo conjugation while the vast majority of cells 

remain in an uninduced state (Figure 3.4). 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.  
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3.5.3 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 their 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 (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 3.1) 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., 

2017). The probability of each molecular event depends upon the concentrations 

of the molecular entities involved. The low intracellular levels of these entities can 

magnify stochastic behavior, causing different cells to have different numbers of 

each of these molecules per cell and different outcomes. Even in an unfavorable 

induction condition 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 not 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 
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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.  

 

3.5.4 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., 2015, 2016). Our results 

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 3.1A) and to attempt to quantify actual conjugation 

events at the individual cell level. Variability in the induction of downstream 

genes among the cells 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.  



86 
 

3.5.5 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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3.7 Supplemental material 

3.7.1 HCR labeling analysis 

 The following Figures 3.10 and 3.11 demonstrate the effectiveness of cell 

permeabilization/ HCR labeling and the absence of background signal. Figure 

3.12 summarizes the approach used for HCR image analysis and Figure 3.13 

gives a sample output showing identification of individual cells. 
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Figure 3.10 The majority of cells are shown to express ptsI by HCR labeling 
indicating permeabilization effectiveness. Histograms show relative 
fluorescence intensity of HCR labeling for ptsI and lacZ or prgB transcripts. 
Scatter plots compare relative fluorescent intensity of ptsI and lacZ labeling or 
ptsI and prgB labeling within each cell. (A) JRC104+pBK2 samples. Left, 0 ng ml-
1 at 0 minutes. Right, 5 ng ml-1 at 30 minutes. (B) OG1RF+pCF10 samples. Left 0 
ng ml-1 at 0 minutes. Right, 5 ng ml-1 at 30 minutes. 
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Figure 3.11 The lacZ HCR signal is very minimal in the absence of 
induction. Comparison of raw and Min/ Max histogram stretched lacZ HCR 
signal with and without C addition. Cell envelope labeled with AF647: WGA 
shown for reference. 



90 
 

 

Figure 3.12 Image analysis scheme for images of HCR labeled cells. 
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Figure 3.13 Image analysis sample output confirms identification of 
individual cells for analysis of HCR signal. Sample image of JRC104+pBK2 
cells exposed to 10 ng ml-1 C, 30 minutes after C addition. (A) Loaded Hoechst 
image after background subtraction and maximum intensity projection. (B) 
Binarized image resulting from Otsu’s thresholding method. (C) Objects identified 
by Regionprops function are defined by red dots. (D) Objects remaining after 

filtering based on size are defined by red dots. These objects were analyzed for 
HCR signal. 

 

3.7.2 Complementary HCR labeling analysis by flow cytometry yields similar 

trends  

10 μl of remaining HCR labeled cell samples in suspension were diluted in 

1 ml PBS and analyzed by flow cytometry to further support results obtained by 

microscopic image analysis. Cells were analyzed for fluorescence from Hoechst 

33342, Alexa Fluor 488 corresponding to HCR labeled lacZ or prgB, and Alexa 

Fluor 546 corresponding to HCR labeled ptsI using a BD LSR Fortessa flow 
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cytometer and BD FACSDiva Software (version 8.0). Data were analyzed using 

FlowJo software (version 10.2). Summarized results of flow cytometry analysis 

can be found in Figure 3.14. Flow cytometry settings and the compensation 

matrix used in this analysis can be found in Tables 3.5 and 3.6. 

 

Figure 3.14 Measurement of induction response by flow cytometry analysis 
of HCR labeling shows similar induction dynamic as measurement by 
microscopic analysis. (A) Cells were gated by typical forward and side scatter 
(FSC and SSC) properties and Hoechst 33342 positive staining (405) before 
analysis of Alexa Fluor 488 HCR lacZ staining. Shown here are the results of this 
gating for JRC104+pBK2 samples before and after treatment with 5 ng ml-1 C. 
(B) Percent of cells with lacZ or prgB RNAs, expressed from pBK2 and pCF10 
respectively, labeled by HCR and measured by flow cytometry over time after 
addition of varied concentrations of C. 
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Table 3.5 Flow cytometry voltage settings. 

Flow Cytometry 
Parameter  

Used to characterize Voltage 

FSC-A Size 444 

SSC-A Granularity 187 

PE-Texas Red-A Alexa Fluor 546 
HCR labeled ptsI 

572 

Alexa Fluor 488-A Alexa Fluor 488 HCR 
labeled lacZ or prgB 

352 

Alexa Fluor 405-A Hoechst 33342 429 

 

Table 3.6 Flow cytometry compensation matrix. 

 
Alexa Fluor 
488-A 

Alexa Fluor 
647-A 

PE-Texas 
Red-A 

Alexa Fluor 
405-A 

Alexa Fluor 
488-A 

100 0 0.072 0.514 

Alexa Fluor 
647-A 

0.056 100 0.192 0.197 

PE-Texas 
Red-A 

0.05 0.028 100 0 

Alexa Fluor 
405-A 

0 0 0 100 
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3.7.3 GFP fluorescent reporter analysis 

The following Figure 3.15 summarizes the approach used for GFP 

fluorescent reporter image analysis and Figure 3.16 gives a sample output 

showing identification of individual cells. 

 

Figure 3.15 Image analysis scheme for GFP images. 
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Figure 3.16 Image analysis sample output confirms identification of 
individual cells for analysis of GFP signal. (A) Hoechst image after 
background subtraction and maximum intensity projection. (B) Binarized image. 
(C) Cell marker locations after distance transform and maximum detection. (D) 
Watershed transform on binarized image using cell marker locations. (E) 

Identified cells using SelectComponents and ComponentMeasurements are 

defined here by white circles. (F) Identified cells which were tracked throughout 
all 12 time points using ImageFeatureTrack are defined here by white circles. 

Scale bar = 20 μm (A-F). 

 

3.7.4 Supplementary information about the mathematical model  

The following Table 3.7 lists the reactions and parameter values used in the 

stochastic model as was referenced by the text in Section 3.4.4. Tables 3.8 and 

3.9 contain reactions and equations that detail the possible binding states and 

binding events that PrgX may participate in. A more detailed explanation of the 

mass action differential equations describing the balance of various transcripts, 

signaling molecules C and I, and the states of pCF10 DNA and PrgX species 



96 
 

involved in the prgQ-prgX genetic switch follows in Section 3.7.5.1 below 

accompanied by Table 3.10.  

Table 3.7 List of reactions and parameter values used in the stochastic 
model. 

 Reactions Parameter Description Value 

1 , 

2 4 42 4 X I bindk
X I X I−+ ⎯⎯⎯⎯→  

, 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 Ik
X I X I−⎯⎯⎯⎯→ +  

, 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 bindk
X C X C−+ ⎯⎯⎯⎯→  

, 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 Ck
X C X C−⎯⎯⎯⎯→ +  

, 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 bindk
O X OX−+ ⎯⎯⎯⎯→  2 ,O X bindk −  Rate constant for 

X2 binding to 
DNA 

1×106 M-1s-1 

6 2 ,

4 22O X dissk
OX O X−⎯⎯⎯⎯→ +  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 bindIk
O X I OX I−+ ⎯⎯⎯⎯→  

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 dissIk
OX I O X I−⎯⎯⎯⎯→ +  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 bindCk
O X C OX C−+ ⎯⎯⎯⎯→  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 dissCk
OX C O X C−⎯⎯⎯⎯→ +  

4 4 ,O sCX disk −
 Rate constant for 

X4C4 dissociating 
from DNA 

1×10-3 s-1 

11 
,P inducedQ

pre

k

O O Q⎯⎯⎯⎯→ +  
,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 Q⎯⎯⎯⎯→ +  
,QP inducedk  Transcription rate 

of Pre-Q RNA in 
induced state 

0.1 s-1 

13 
,

4 4

P repressedQ

pre

k

OX OX Q⎯⎯⎯⎯→ +  
,repressedQPk  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 Q⎯⎯⎯⎯→ +  
,repressedQPk  Transcription rate 

of Pre-Q RNA in 
repressed state 

7.23×10-4 s-1 
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 Reactions Parameter Description Value 

15 ,inducedQa
k

aO O Q⎯⎯⎯⎯→ +  
,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

k
OX C OX C Q⎯⎯⎯⎯→ +  

,aQ inducedk  Transcription rate 
of anti-Q RNA in 
induced state 

1.21×10-3 s-1 

17 ,

4 4

Q represseda

a

k
OX OX Q⎯⎯⎯⎯→ +  

,repressedaQk  Transcription rate 
of anti-Q RNA in 
repressed state 

8.23×10-3 s-1 

18 ,

4 4 4 4

Q represseda

a

k
OX I OX I Q⎯⎯⎯⎯→ +  

,repressedaQk  Transcription rate 
of anti-Q RNA in 
repressed state 

8.23×10-3 s-1 

19 
QL

e L

k

prQ Q⎯⎯→  LQk  Rate constant for 
QL synthesis from 
Qpre 

1 s-1 

20 
Q Qpre a

pre a s

k

Q Q Q
−

+ ⎯⎯⎯→  
pre aQ Qk −  Rate constant of 

interaction 
between Qpre and 
Qa RNA 

4.43×108 M-1s-1 

21 Iex
k

s exQ I⎯⎯→  exIk  Generation rate 
of extracellular 
iCF10 

5×10-4 s-1 

22 Iex
k

L exQ I⎯⎯→  exIk  Generation rate 
of extracellular 
iCF10 

5×10-4 s-1 

23 Ti
k

exI I⎯⎯→  
iTk  Transport rate 

constant of iCF10 
1×10-3 s-1 

24 Tck
C⎯⎯→  cTk  Transport rate 

constant of 
cCF10 

1×10-3×Cex s-1 

25 ,P inducedX
k

O O prgX⎯⎯⎯⎯→ +  
,XP inducedk  Transcription rate 

of prgX in 
induced state 

1.21×10-5 s-1 

26 ,

4 4 4 4

P inducedX
k

OX C OX C prgX⎯⎯⎯⎯→ +  ,XP inducedk  
Transcription rate 
of prgX in 
induced state 

1.21×10-5 s-1 

27 ,

4 4

P represseX dk
OX OX prgX⎯⎯⎯⎯→ +  

,repressedXPk  Transcription rate 
of prgX in 
repressed state 

1.02×10-2 s-1 

28 ,

4 4 4 4

P represseX dk
OX I OX I prgX⎯⎯⎯⎯→ +  

,repressedXPk  Transcription rate 
of prgX in 
repressed state 

1.02×10-2 s-1 

29 ,

2
X transk

prgX prgX X⎯⎯⎯→ +  

,X transk  Rate constant for 
translation and 
subsequent 
dimerization of 
PrgX 

2×10-3 s-1 

30 2

2

XX


⎯⎯→  2X  Degradation rate 
of apo-PrgX 
dimer 

1×10-5 s-1 

31 4 4

4 4

X CX C


⎯⎯⎯→  4 4X C  Degradation rate 
of PrgX-C 
tetramers 

1×10-5 s-1 
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 Reactions Parameter Description Value 

32 4 4

4 4

X IX I


⎯⎯⎯→  4 4X I  Degradation rate 
of PrgX-I 
tetramers 

1×10-5 s-1 

33 II


⎯⎯→  
I  Degradation rate 

of intracellular 
iCF10 

1×10-5 s-1 

34 CC


⎯⎯→  
C  Degradation rate 

of intracellular 
cCF10 

1×10-5 s-1 

35 QL

LQ


⎯⎯→  
sQ  Degradation rate 

of QL RNA 
1×10-3 s-1 

36 Qs

sQ


⎯⎯→  
sQ  Degradation rate 

of Qs RNA 
5×10-3 s-1 

37 Qa

aQ


⎯⎯→  
aQ  Degradation rate 

of Anti-Q RNA 
1×10-3 s-1 

38 prgXprgX


⎯⎯⎯→  prgX  
Degradation rate 
of prgX RNA 

2×10-4 s-1 

 

Table 3.8 Reactions reflecting possible peptide, PrgX, and DNA binding 
states. 
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Table 3.9 Equations reflecting the possible PrgX, peptide, and DNA binding 
events. 

 

 

3.7.4.1 Details of the mass action differential equations used in the updated 

stochastic mathematical model for pheromone induction 

Control of the prgX- prgQ regulatory network is dependent on the state of 

the pCF10 DNA, rates of transcription, synthesis of transcripts (including QL, QS, 

Anti-Q RNA (Qa), and full-length prgX), the balance of PrgX species, and the 

dynamics of C and I production and import (where extracellular peptides (Iex and 

Cex) are produced and mature peptides (C and I) are imported. These factors are 

further described below and summarized by the equations in Table 3.10. The list 

of reactions and parameter values used in the stochastic model was shown above 

in Table 3.7. 

 Equations S1-S4 describe 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). 
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Since the 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 

S1. Equations S2 and S3 mathematically describe 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 EMSAs (Chen et al., 2017). The forward and 

backward reaction rates were assumed to be in the order of typical DNA binding 

reactions. Equation S5 describes the balance on free DNA (O) under the 

assumption that the total plasmid copy number remains constant. 

Equation S5 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 S5. 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 S6 and 

S7 describe the synthesis of QL and QS transcripts. 

Equations S8 and S9 describe transcription from PX promoter, which is 

involved in the synthesis of Anti-Q RNA (Qa) and full-length transcript for PrgX 

protein.  
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Equations S10-S12 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 (Chen et al., 

2017). 

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

extracellular cCF10 (Cex), and cCF10 (C) are shown in Equations S13-S15. iCF10 

is synthesized by pCF10 under leader sequence of transcripts produced 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 when exported from 

cells. Combining its translation and export, the rate of iCF10 synthesis is modeled 

to be proportional to the sum of Qs and QL. The transport of signaling molecules 

cCF10 and iCF10 across the membrane protein PrgZ is modeled as a first-order 

reaction dependent on the concentration difference between extracellular and 

intracellular concentrations of respective peptides.  
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Table 3.10 The mass action differential equations describing the balance of 
various transcripts, signaling molecules C and I, and the states of pCF10 
DNA and PrgX species involved in the prgQ-prgX genetic switch.  
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Chapter 4: The effects of varying the levels of PrgX, endogenous C, and 

endogenous I on induction 

4.1 Summary  

Given the importance of understanding induced transcript initiation in the 

pCF10 system and the heterogeneity in the response that was revealed in the 

work of chapter 3, we sought to look at factors that might impact the inducibility of 

individual cells.  

 

In this chapter, we specifically sought to: 

• Determine the effect of increased PrgX levels on inducibility. 

• Assess the effects of reducing endogenous C and/ or I on basal 

expression and inducibility. 

 

Despite all of the work done to characterize the mechanism of induction 

and conjugation of pCF10, previous studies have not systematically varied PrgX 

concentrations in vivo to examine steady state levels of expression and/ or 

inducibility by exogenous C. In this chapter, this was methodically done and 

effects on induction were assessed. PrgX was confirmed to functionally repress 

induction in the absence of exogenous peptides in vivo, but cells with increased 

levels of PrgX were shown to be more prone to induction. Further, ablation of 

endogenous I resulted in reduced PrgX levels, reduced basal repression, and 

loss of inducibility. Loss of endogenous C and reduction of endogenous peptides 

by washing also increased the inducibility of cells. Together, these results show 
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that endogenous PrgX, C, and I levels can impact the induction potential of a cell. 

Further, these results may suggest an expanded role for PrgX, (beyond that of 

solely a repressor), that should be investigated.  

 

4.2 Introduction  

The understood role for the regulatory protein PrgX is as a repressor 

either alone or with I. In complex with C, the PrgX complex structure is thought to 

change, abolishing repression of transcription and ultimately converting donor 

cells to an induced (conjugation-proficient) state. Past genetic evidence has 

shown that prgX is expressed from a promoter convergent with the opposing 

prgQ promoter (Bae et al., 2000). Past work supports PrgX mediated repression 

via two binding sites located in the prgQ promoter region, one with an 11 base 

pair palindromic sequence and another with weaker affinity and only half of the 

palindromic sequence (Bae et al., 2002). Further, analysis of dominant negative 

mutants of prgX provided evidence for oligomerization of PrgX for negative 

regulation of pheromone-inducible conjugation (Bae & Dunny, 2001).  

Models for the roles of PrgX in regulation were extensively refined based 

on genetic evidence (Kozlowicz et al., 2004), but molecular studies have also led 

to advances in our understanding of pCF10’s complex regulatory system. The 

molecular basis for control of induction by PrgX complexes was better revealed 

by the solved PrgX molecular structure with and without C and further analysis of 

predicted mutant structures (Kozlowicz et al., 2006; Shi et al., 2005). Although 

initial studies suggested that the PrgX oligomerization state in vivo was a dimer, 
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subsequent work has revealed that in complex with C  or I, PrgX forms a 

tetramer (Chen et al., 2017). However, alone PrgX acts as a dimer and its direct 

repressive effects can be observed via in vitro transcription experiments (Caserta 

et al., 2012). Overall, all current evidence supports PrgX’s ability to repress prgQ 

transcription as an apo-protein or in complex with I. The predicted prgQ upstream 

regulatory sequence secondary structures, PrgX oligomerization states, and 

peptide and DNA binding sites described above are represented in the context of 

our current models for PrgX-mediated regulation and binding (chapter 1, Figures 

1.5A and 1.5B).  

In light of all the pCF10 regulatory features that have been revealed, we 

sought to better understand how stochastic variation in the levels of individual 

components of this system might impact the inducibility of individual cells. In this 

chapter, we aimed to look at the effects of PrgX levels and endogenous C and I 

on the system. Overall, PrgX impacts transcript initiation from promoter PQ and 

since induced transcript initiation is required for expression of the conjugation 

machinery from pCF10, initiation is essential for plasmid transfer. It also follows 

that understanding variability in initiation of this response may reveal insights into 

how this system functions and what factors might push cells to be more or less 

likely to be induced and undergo conjugation.  

 

4.3 Materials and methods 

4.3.1 Bacterial growth  
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The E. faecalis strains and plasmids used in this chapter are listed in 

Table 4.1.  

 

Table 4.1 Strains and plasmids used in this study. 

Strains Description Reference 

OG1 Reference strain (Gold et al., 1975) 

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 that does not 
produce the cCF10 peptide 
pheromone due to a nonsense point 
mutation in the ccfA gene 

(Kristich et al., 2007) 

DM100-5 OG1RF derivative with 
chromosomally integrated expression 
of PrgX from a promoter with an 
optimized Ribosomal Binding Site 

This study 

DM101-12 OG1RF derivative with 
chromosomally integrated expression 
of PrgX from the native PrgX promoter 
and Ribosomal Binding Site 

This study 

DM102-1 OG1RF derivative with 
chromosomally integrated expression 
of PrgX with a mutated Ribosomal 
Binding Site 

This study 
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Plasmids Description Reference 

pCF10 Native E. faecalis conjugative plasmid 
encoding for Tetracycline resistance 
and inducible expression of genes for 
conjugation machinery 

(Dunny et al., 1981; Hirt 
et al., 2005; Ruhfel et 
al., 1993) 

p043lacZdx Contains pCF10 regulatory region with 
a lacZ fusion downstream of IRS1. It 
could have inducible expression of 
lacZ in lieu of genes encoding 
conjugation machinery, but due to a 
deletion in the prgX gene sequence 
from the SpeI site to the 3’ end and 
therefore lack of PrgX protein, it has 
constitutive lacZ expression. It allows 
for iCF10 production and encodes for 
Erythromycin resistance. 

(Kozlowicz et al., 2004) 

pBK2 Contains pCF10 regulatory region with 
a lacZ fusion downstream of IRS1, 
thus it has inducible expression of lacZ 
in lieu of genes encoding conjugation 
machinery, allows for iCF10 
production, encodes for 
Chloramphenicol resistance 

(Shokeen et al., 2010) 

pBK2idT Derivative of the pBK2, contains 
pCF10 regulatory region, has inducible 
expression of lacZ in lieu of genes 
encoding conjugation machinery, does 
not produce functional iCF10 due to 
deletion of 3 nucleotides from prgQ 
leading to production of an inactive 
iCF10-like peptide which cannot bind 
PrgX, encodes for Chloramphenicol 
resistance 

(Borrero et al., 2015; 
Chatterjee et al., 2013) 

 

E. faecalis strains were grown statically at 37ºC in M9 medium containing 

3 g l-1 yeast extract, 10 g l-1 casamino acids, 36 g l-1 glucose, 0.12 g l-1 MgSO4, 

and 0.011 g l-1 CaCl2. Antibiotics, when used for selection, were at following 
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concentrations: tetracycline (Tet), 10 μg ml-1; chloramphenicol (Cm), 20 μg ml-1; 

erythromycin (Erm), 20 μg ml-1; spectinomycin (Spec), 1000 μg ml-1; rifampicin 

(Rif), 200 μg ml-1; and fusidic acid (Fus), 25 μg ml-1. Antibiotics were generally 

used to check for expected antibiotic resistances and not during experimental 

growth.  

pCF10 was transferred between strains by conjugation and where 

necessary plasmids p043lacZdx, pBK2, and pBK2idT were transferred into 

strains by electroporation. Strains were plated on Brain Heart Infusion medium 

with 15 g l-1 agar (BHI-agar) containing antibiotics and/ or 250 ug ml-1 XGal (5-

Bromo-4-Chloro-3-Indolyl β-D-Galactopyranoside) for selection and phenotypic 

confirmations.  

Peptides iCF10 and cCF10 were kept in DMF stock solutions at 50 mg ml-

1 and freshly diluted to their final concentration upon each use.  

 

4.3.2 Western blots 

4.3.2.1 Bacterial growth and harvest for western blots 

For the western blots in Figures 4.1B, 4.2B, and 4.8B, cultures were 

grown in M9 medium overnight, diluted 1:10 in fresh M9, and incubated for 2 

hours. Culture densities were normalized to an OD600 of 1 in KPBS and cells from 

1 ml of culture were pelleted to be processed for western blot. PrgX antibody 

raised in rabbit (Bae et al., 2000) was diluted 1:300 for use (in 10% milk in PBST, 

further described below). Western blots were done according to the protocol 

below. 
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For the western blots in Figures 4.3A and 4.5, cultures were grown 

according to four conditions (referred to as a, b, c, and d) and used for analysis 

by western blots, XGal spot plates, and liquid β-galactosidase assays. 

Specifically, cultures were grown overnight in M9 medium then diluted and grown 

to log phase in medium without C (uninduced, condition a) or with 2.5 ng ml-1 C 

(condition b). For conditions c and d, cultures were grown overnight in medium 

containing 250 ng ml-1 I, and then diluted and grown to log phase in medium 

containing 250 ng ml-1 I (condition c) or 250 ng ml-1 I and 2.5 ng ml-1 C (condition 

d). For all four conditions, cultures were harvested 2 hours after dilution, 

normalized to an OD600 of 1 in KPBS and cells from 1 ml of culture were pelleted 

to be processed for western blot. PrgX antibody raised in rabbit was freshly 

absorbed (described below) before dilution 1:150 for use (in 10% milk in PBST, 

further described below). Again, these western blots were done according to the 

protocol below.  

 

4.3.2.2 Western blot protocol 

 Western blots were done based on previously published methods (Bae et 

al., 2000; Towbin & Gordon, 1984) with specific methods variations described 

below.  

Cells (1 OD600 worth) were pelleted via centrifugation and resuspended in 

15 mg ml-1 lysozyme in TES buffer comprised of 10 mM Tris pH 8.0, 1 mM EDTA 

pH 8.0, and 25% sucrose. Resuspended cells were incubated in a 37oC water 

bath for 15 minutes to allow for peptidoglycan degradation and the resulting 
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protoplasts were pelleted via centrifugation. Pellets were resuspended in 50 µl 1x 

SDS-PAGE loading dye comprised of 31.3 mM Tris, pH 6.8, 20% sodium dodecyl 

sulfate (SDS), 5% glycerol, 0.125% bromophenol blue, and 5% β-

Mercaptoethanol (βME) and vortexed to ensure resuspension and kept on ice 

until boiling. His-tagged purified PrgX protein dimer samples were thawed and 

diluted to a concentration of 10,000 ng ml-1 using a buffer comprised of 20 mM 

Tris and 300 mM NaCl. Toward the goal of loading 30 ng protein on the gel, 6 µl 

of 10,000 ng ml-1 protein was mixed with 4 µl ddH2O and 10 µl 2x SDS-PAGE 

loading dye. This was also kept on ice until boiling. Samples were boiled for 3-5 

minutes before 10 µl of each sample was loaded into separate lanes of a 12% 

SDS-PAGE gel (further described below). 5 µl of the Precision Plus Protein 

Western C blotting standard (BioRad) was also loaded into one lane. Before 

loading, the gel running apparatus was filled with 1x Tank Buffer pH 8.3 

comprised of 25 mM Tris, 192 mM glycine, and 0.1% SDS. The gel was run at 

395 Amp and 100 Volts until the loading dye was out of the stacking gel, and 

then at 150 Volts until the loading dye had reached the bottom of the gel.  

To make the SDS-PAGE gel, a Hoefer gel casting device, Illumina plates, 

glass slide, and 1.5 mm spacers were used. Gel casting components were 

washed with 1x RBS (Sigma-Aldrich) and rinsed with dH2O. The resolving gel 

was made by combining 1.5 M Tris, pH 8.8, dH2O, 30% acrylamide/ 0.8 

bisacrylamide, 10% SDS, 10% ammonium persulfate (APS), and TEMED. The 

resolving gel was pipetted into the casting device and isopropanol was used to 

cover the gel during polymerization. After 45 minutes, the stacking gel was made 
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by combining 0.5 M Tris pH 6.8, dH2O, 30% acrylamide/ 0.8 bisacrylamide, 10% 

SDS, 10% ammonium persulfate (APS), and TEMED. After dumping out the 

isopropanol and rinsing with dH2O, the stacking gel was pipetted on top of the 

resolving gel and combs were inserted in the gel. Polymerization was allowed for 

15 minutes before the combs were removed, wells were washed with Tank 

Buffer, and the gel was loaded and run as described above.  

After running, the gel was prepared for protein transfer to a Whatman 

Protran BA 83 0.2 µm nitrocellulose membrane (GE Healthcare Life Sciences). 

The gel, a piece of nitrocellulose, transfer sponges, and two Whatman papers 

were soaked/ pre-wet in Towbin buffer for 15 minutes. Towbin buffer was 

comprised of 25 mM Tris, 192 mM glycine, and 20% methanol. The gel was 

subsequently sandwiched in a transfer cassette between sponges, Whatman 

paper, and the nitrocellulose membrane cut to the size of the gel. The transfer 

cassette was inserted in a transfer apparatus filled with Towbin buffer and run at 

90 Volts, 0.3 Amp, and 300 Watts, for 70 minutes with the current flowing toward 

the nitrocellulose membrane.  

After gel transfer, the gel was stained with GelCode Blue Stain Reagent 

(ThermoFisher) according to manufacture instructions and the nitrocellulose 

membrane was stained with 0.1% Ponceau S in 5% acetic acid. Ponceau S 

staining allowed observation of equal loading and transfer across the samples. 

Ponceau S de-staining was done with an aqueous solution of 0.1 M NaOH and 

subsequent rinsing in dH2O. The membrane was then transferred to 10% milk in 

PBST which was comprised of 10 mM KPBS pH 7.4 and 0.1% Tween 20 for 
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blocking. Blocking was done gently rocking overnight at 4oC. After blocking, 

primary antibody to PrgX was diluted in PBST with 10% milk (details for each 

individual blot were described above) and membranes were incubated at room 

temperature, rocking with primary antibody for 1 hour. Next, the membrane was 

gently washed three times with PBST for 5 minutes each at room temperature. 

Horse Radish Peroxidase (HRP)- Goat Anti-rabbit IgG (H+L) secondary antibody 

(Invitrogen) was diluted 1:5000 in PBST with 10% milk and incubated for 1 hour 

at room temperature with the membrane with rocking. Finally, the membrane was 

again washed three times with PBST for 5 minutes each at room temperature. 

To develop the western blots, SuperSignal West Pico PLUS 

Chemiluminescent Substrate (ThermoFisher) was used according to 

manufacturer instructions. Blots were imaged on a FluorChem FC3 chemi-imager 

(proteinsimple) and/ or on x-ray film with varied exposure times from 30 seconds 

to overnight. Figures 4.1B and 4.2B were imaged using x-ray film and Figures 

4.3A and 4.5 were imaged on the FluorChem FC3 chemi-imager. 

 For antibody absorption, (for the primary antibody to PrgX used in the 

blots shown in Figures 4.3A and 4.5), 2 ml E. faecalis cell lysate was mixed with 

150 µl of PrgX primary antibody-containing rabbit serum. This mix was inverted 

constantly overnight at 4oC and then centrifuged at 13,000 xg for 15 minutes. 

Aliquots of the resulting cell-free supernatant were stored at -20oC and used 

diluted 1:150 in PBST with 10% milk.  
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4.3.3 XGal (5-Bromo-4-Chloro-3-Indolyl β-D-Galactopyranoside) spot plates 

In these spot plate experiments, β-galactosidase enzyme expression level 

is reflected by formation of blue 5,5'-dibromo-4,4'-dichloro-indigo product in the 

XGal spot plate assays and such activity is generally equated with inducibility in 

the summary of these results. 

For spot plates in Figure 4.1A, cultures were grown in M9 medium 

overnight, diluted 1:10 in fresh M9, and incubated for 2 hours. Culture densities 

were normalized to an OD600 of 1 in KPBS and 5 µl of culture were spotted on 

BHI-agar plates containing 250 ug ml-1 XGal and varied concentrations of C (from 

0 to 10 ng ml-1). Spots were dried, inverted, incubated for 16 h at 37°C before 

imaging.  

For spot plates in Figure 4.3B, the cultures used were the same as those 

used in the western blot and β-galactosidase assays presented in Figures 4.3A 

and 4.4. These cultures were grown according to growth conditions a and b 

referenced above. Specifically, cultures were grown overnight in M9 medium 

then diluted and grown to log phase in medium without C (uninduced, condition 

a) or with 2.5 ng ml-1 C (condition b). Cultures were harvested 2 hours after 

dilution, normalized to an OD600 of 1 in KPBS, and 5 µl of culture were spotted on 

BHI-agar plates containing 250 ug ml-1 XGal and 2.5 ng ml-1 C or 250 ng ml-1 I. 

Spots were dried, inverted, incubated for 16 h at 37°C before imaging. 
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4.3.4 Beta-galactosidase assays 

 For the quantitative liquid β-galactosidase (β-gal) assays in Figure 4.4, the 

cultures used were the same as those used in the western blots and XGal spot 

plate assays presented in Figures 4.3A, 4.3B, and 4.5 or cultures grown as 

biological replicates according to the same conditions. Again, these 4 growth 

conditions were referenced as conditions a, b, c, and d. For conditions a and b, 

cultures were grown overnight in M9 medium then diluted and grown to log 

phase in medium without C (uninduced, condition a) or with 2.5 ng ml-1 C 

(condition b). For conditions c and d, cultures were grown overnight in medium 

containing 250 ng ml-1 I, and then diluted and grown to log phase in medium 

containing 250 ng ml-1 I (condition c) or 250 ng ml-1 I and 2.5 ng ml-1 C (condition 

d). For all four conditions, cultures were harvested 2 hours after dilution and a 

portion of the culture was used in the assay. 

 The liquid β-gal assays were done based on previous methods (Hedberg 

et al., 1996; Miller, 1972), but specifically, 1 ml of harvested culture was pelleted 

by centrifugation and resuspended in 1 ml 28oC Z buffer comprised of 60 mM 

Na2HPO47H2O, 40 mM NaH2PO4H2O, 10 mM KCl, 1 mM MgSO47H2O, and 50 

mM βME. The OD600 of these resuspended cultures was determined. For β-gal 

assays of each sample, technical replicates were set-up. To lyse cells, 40 µl 

toluene was added to 100 µl of culture in Z buffer, immediately vortexed for 10 

seconds, and then incubated at 28oC for at least 10 minutes. Subsequently, 200 

µl Z buffer containing 0.8 mg ortho-Nitrophenol-β-galactoside (ONPG) was 

added, tubes were vortexed, and incubations were continued at 28oC until yellow 
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color had developed and this incubation time (tmin) was recorded. The tmin ranged 

from 5-15 minutes. Reactions were stopped via addition of 500 µl 1 M Na2CO3. 

Tubes were centrifuged for 15 minutes at 4oC and 13,000 xg and the resulting 

supernatant OD420 and OD550 were measured. Miller Units reflecting the amount 

of β-galactosidase activity (and therefore LacZ levels in cultures) were calculated 

based on culture volume used in the assay (V), the assay time (tmin), OD600 

reflecting on the cell density at the start of the assay, OD420 reflecting the 

absorbance by o-nitrophenol and light scattering by cell debris, and OD550 

reflecting light scattering by cell debris. Miller Units were calculating according to 

the formula below. The graph in Figure 4.4 was made using GraphPad Prism 

(version 5).  

 

Miller Units =   OD420 – 1.750(OD550)         x      1000 
V x tmin x OD600 

 

 

4.3.5 HCR analysis  

4.3.5.1 Induction and cell harvest for HCR 

For HCR experiments in Figures 4.2A and 4.8A, overnight cultures were 

sub-cultured 1:10 in M9 medium, grown to early exponential phase (≈2 h to 

OD600 ≈ 1.2), induced with 0 or 2.5 ng ml-1 C, and harvested at varied times (0, 

30, or 120 minutes) post C addition. Cells were fixed by mixing cultures 1:1 with 

8% PFA (4% final concentration) and overnight incubation (>20 h) at 4oC before 

resuspension in KPBS with trace RNaseOUT (Invitrogen). 
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For the washing experiment in Figure 4.6, overnight cultures were similarly 

sub-cultured 1:10 in M9 medium and grown to early exponential phase (≈2 h to 

OD600 ≈ 1.2). Cells were washed prior to resuspension with 2.5 ng ml-1 C for 

induction and harvest at 30 minutes post C addition. Cells were fixed by the 

same methods as above. 

 

4.3.5.2 HCR labeling 

HCR labeling generally followed the published methods described in 

chapter 3 (Breuer et al., 2017). Briefly, cells were permeabilized and HCR 

labeling and counterstaining was done on cells in suspension. HCR hybridization 

probes were designed to an early induced gene from pCF10 (prgB). Nucleic acid 

probes and hairpin amplifiers used in this study were obtained from Molecular 

Instruments (www.molecularinstruments.org) and the sequence homologous to 

the prgB transcript can be found in Table 3.2 (prgB). The B2H1 and B2H2 

amplifiers conjugated to Alexa Fluor 488 were used to detect prgB transcripts. 

 

4.3.5.3 HCR microscopy, image processing, and analysis 

After cell labeling by HCR and counterstaining by Hoechst 33342, cells 

were mounted as described in chapter 3. Images were acquired 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 63x 1.40- numerical aperture (NA) objective (Zeiss) as z 

stacks at 0.15- μm intervals and using Zen software (version 2.1, Zeiss) these 

http://www.molecularinstruments.org/
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images were deconvolved and flattened using a maximum intensity projection 

with Ortho Display. From here, images were analyzed by high-throughput Matlab 

(version 2015b, Mathworks) analysis described below. 

For HCR image analysis, the blue fluorescence channel (the reference 

channel corresponding to Hoechst fluorescence) was used as a proxy to define 

the pixel locations of individual cells and co-localized fluorescent overlap from 

HCR labeled transcripts was quantified (Figures 4.2A, 4.6, 4.7, 4.8A). Algorithms 

for image analysis were developed and described in chapter 3. Briefly, 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 (Otsu, 1979) for thresholding. The 

internal Regionprops function was used to identify and characterize the sizes 

and pixel locations of objects in the image. Objects between 3 and 50 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. The percentages of cells 

induced were determined based on a threshold HCR intensity of 50, which was 

chosen based on expression in the uninduced population and represents a 

conservative cut-off for induction (which likely mis-categorized some induced 
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cells as uninduced). Graphs were created using Matlab and Excel (Microsoft 

Office, Version 1812).   

 

4.4 Results 

4.4.1 PrgX acts as a repressor in a concentration dependent fashion in vivo 

 To confirm the understood role of PrgX as a repressor of induction in vivo, 

strains and plasmids with varied intracellular concentrations of PrgX were utilized 

in the context of a β-galactosidase (LacZ) reporter of expression from the prgQ 

promoter (Figure 4.1). Whereas PrgX is normally encoded by pCF10, in this 

experiment the strains and plasmids were constructed to have varied levels of 

PrgX which were confirmed by western blots to PrgX (Figure 4.1C). OG1Sp 

alone does not express prgX, while DM100-5 expresses prgX from its 

chromosome under control of the prgX promoter with an optimized ribosomal 

binding sequence (RBS). p043lacZdx lacks expression of prgX, while pBK2 

expresses pCF10-like levels of prgX (Figure 4.1A).  

 
Spotting of normalized log phase cultures of these strains on plates 

containing 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (XGal) resulted in 

development of blue relative to the level of LacZ present (Figure 4.1B). From this 

experiment, in the absence of C, we observed uncontrolled production of LacZ 

from strain OG1Sp+p043lacZdx which completely lacks PrgX. However, for 

strains with increasing levels of PrgX (DM100-5+p043lacZdx, OG1Sp+pBK2, and 

DM100-5+pBK2), production of LacZ in the absence of C was reduced in 

proportion to intracellular PrgX levels. With the addition of low levels of C to 
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plates (2.5 ng ml-1), production of LacZ was strongly induced in strains with 

higher levels of PrgX (OG1Sp+pBK2, and DM100-5+pBK2). With the addition of 

higher levels of C to plates (10 ng ml-1), production of LacZ was further induced 

to comparable levels in all strains that have PrgX (DM100-5+p043lacZdx, 

OG1Sp+pBK2, and DM100-5+pBK2). In the absence of PrgX (strain 

OG1Sp+p043lacZdx), LacZ expression was not further increased by C.  

 

Figure 4.1 The repressing effect of PrgX can be observed in vivo. (A) 
Plasmids and strains used in this analysis. Maps show the prgX-prgQ regulatory 
region of reporter plasmids pBK2 and p043lacZdx. (B) XGal spot plates show 
development of blue relative to the level of expression of LacZ under control of 
the prgQ promoter from the pBK2 or p043lacZdx reporter constructs in strains 
OG1Sp and DM100-5. Plates contain 250 µg ml-1 XGal and varied levels of C, 
from 0- 10 ng ml-1. (C) Expected relative levels of PrgX expression can be 
observed in these strains by western blot of PrgX.  
 

These results confirm the role of PrgX as a repressor in the absence of 

peptide C and demonstrate the role of C as an inducer in the presence of PrgX. It 
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is interesting to note that LacZ expression from DM100-5+p043lacZdx does not 

appear to increase with the addition of 2.5 ng ml-1 (relative to increases observed 

in strains with higher levels of PrgX- OG1Sp+pBK2 and DM100-5+pBK2). In the 

next section, we further explored the impact of PrgX levels on inducibility by 

single cell analysis at the mRNA level.  

 

4.4.2 Cells with increased levels of PrgX are more inducible by low levels of 

exogenous C 

 To investigate the impact of PrgX levels on inducibility of pCF10, PrgX 

was expressed from the chromosome of OG1RF under control of either the 

native prgX promoter (DM101-12) or the prgX promoter with an optimized RBS 

(DM100-5) and inducibility was assessed (Figure 4.2). Strains DM100-5+pCF10, 

DM101-12+pCF10, and OG1RF+pCF10 were shown to have 3 distinct levels of 

PrgX by western blot to PrgX (Figure 4.2B). These strains were grown to log 

phase and then induced by addition of 2.5 ng ml-1 C. Induction of prgB transcripts 

in individual cells was assessed 30 and 120 min after C addition by fluorescence 

in situ hybridization chain reaction (HCR) labeling and analysis. HCR analysis 

showed that all three strains had similar basal levels of expression and were 

induced and shut-down within the same time frame. However, strains with 

increased levels of PrgX (DM100-5+pCF10 and DM101-12+pCF10) were shown 

to have an increased percent of cells induced (or increased inducibility) 

compared to wild type (OG1RF+pCF10), (Figure 4.2A). 
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Figure 4.2 HCR labeling of induced cells shows that cells with increased 
levels of PrgX are more inducible by low levels of exogenous C. (A) Cells 
with varied levels of PrgX expression were harvested for HCR labeling from 
uninduced populations and at 30 and 120 min after addition of 2.5 ng ml-1 C. 
Induced prgB transcripts were fluorescently labeled by HCR, cells were imaged, 
and fluorescence corresponding to HCR labeling was quantified for each cell. 
Cells were considered induced if HCR fluorescence exceeded a threshold. 
Results are the mean of 3 biological replicates with bars showing standard error. 
(B) Expected relative levels of PrgX can be observed in these strains with and 
without pCF10 by western blot of PrgX. 
 
 

4.4.3 Cells lacking endogenous I have decreased PrgX levels and do not have 

inducible expression with the addition of low levels of exogenous C 

 Peptides C and I are produced endogenously in wild type E. faecalis cells 

containing pCF10. We sought to assess the effects of these endogenous 

peptides on the functioning of the pCF10 regulatory system. We accomplished 

this by again using a β-galactosidase reporter construct pBK2 from which lacZ is 

expressed in lieu of the conjugation genes downstream of the prgQ promoter. 
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Reporter plasmid pBK2idT is similar, but whereas pBK2 produces endogenous I, 

pBK2idT does not produce endogenous I. To vary endogenous C production, we 

used wild type E. faecalis strain OG1Sp and strain JRC104, an OG1RF 

derivative that does not produce endogenous C due to a nonsense point 

mutation in the ccfA gene. The resulting strain/ plasmid combinations and 

numerical abbreviations used in the following figures (Figures 4.3, 4.4, and 4.5) 

are 1: OG1RF+pBK2idT (C+ I-), 2: JRC104+pBK2 (C- I+), 3: OG1Sp+pBK2 (C+ 

I+), and 4: JRC104+pBK2idT (C- I-).  

 To determine whether changes to endogenous I and C impacted basal 

levels of PrgX, strains were grown to log phase in M9 medium without or with low 

levels of exogenous C, culture densities were normalized, and relative levels of 

PrgX were compared by PrgX western blot (Figure 4.3A). Western blots on cells 

grown in the absence of exogenous C showed that PrgX levels were similar to 

wild type in strains lacking endogenous C or endogenous C and I. However, in 

strain OG1RF+pBK2idT, which only lacks endogenous I, PrgX protein levels 

were reduced relative to wild type. For cells grown to log phase in the presence 

of exogenous C, OG1RF+pBK2idT PrgX levels were reduced relative to wild 

type. For strains 2 (C- I+) and 4 (C- I-), PrgX levels were again similar to wild 

type, but appeared reduced relative to the same strains grown in the absence of 

exogenous C. This slight reduction in PrgX expression is expected based on the 

effects of antisense RNA interactions reducing prgX transcript levels after 

induced expression from the prgQ promoter and collisions between RNA 
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polymerase elongation complexes originating from the prgX and prgQ promoters 

(Figure 1.5A), (Chatterjee et al., 2011; Johnson et al., 2010).  

The effective reduction in PrgX levels in strain OG1RF+pBK2idT 

(observed by western blot) allowed us to further examine the effects of reducing 

basal PrgX levels on inducibility. We looked at inducibility of these strains in two 

ways: (1) by spotting of cultures on plates containing XGal +/- C or I and (2) by 

assaying for β-galactosidase activity via liquid β-gal assays (Figures 4.3B and 

4.4 respectively).  

In the absence of exogenous peptides there was some basal lacZ 

expression for wild-type-like strain 3 (OG1Sp+pBK2) (Figure 4.3B). This basal 

expression was completely obliterated in strains 2 and 4 (JRC104+pBK2 and 

JRC104+pBK2idT), which lack endogenous C. Strain 1 (OG1RF+pBK2idT) had 

slightly increased basal β-galactosidase expression relative to strain 3, probably 

resulting from the decreased level of PrgX repression in this strain. As expected, 

spotting of cultures that had been grown in liquid medium in the presence of C on 

XGal plates without peptides resulted in some induction from strains 2 and 4 

(Figure 4.3B, top right). This inducibility was also observed by spotting cultures 

which had been grown in the presence or absence of C on XGal plates 

containing C (Figure 4.3B, middle row), where strains 2 and 4 were both 

inducible to wild type-like strain 3 levels. Strain 1, which lacks endogenous I and 

had reduced PrgX levels, appeared to have slightly decreased levels of induction 

relative to strains 2, 3, and 4 (Figure 4.3B, middle row), and the blue intensity 

appeared unchanged relative to the strain 1 spot on the XGal plate without C 
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(Figure 4.3B, top left). Further, when spotted on XGal plates containing I (Figure 

4.3B, bottom row), where strain 3 appeared to have a slight decrease in 

inducibility (as compared to plates without peptide), strain 1 activity was largely 

unchanged. Taken together, this result suggested that reduction of PrgX in cells 

via complete elimination of endogenous I made cells less responsive to induction 

by exogenous C and possibly less repressible by exogenous I.  

 

Figure 4.3 Cells lacking endogenous I have decreased PrgX levels and are 
less impacted by exogenous peptides C and I. (A and B) Cultures were grown 
to log phase in M9 medium – C (left) or + 2.5 ng ml-1 C (right) and normalized. 
Strains are 1: OG1RF+pBK2idT (lacks I), 2: JRC104+pBK2 (lacks C), 3: 
OG1Sp+pBK2 (WT-like C and I), and 4: JRC104+pBK2idT (lacks C and I). (A) 
Levels of PrgX are compared by PrgX western blot. The far right lane was loaded 
with 30 ng purified his tagged PrgX. (B) XGal spot plates show development of 
blue relative to the level of expression of LacZ under control of the prgQ 
promoter from the pBK2 or pBK2idT reporter constructs. Plates contain 250 µg 
ml-1 XGal and 2.5 ng ml-1 C (for the middle row) and 250 ng ml-1 I (for the bottom 
row). 
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To confirm the observation that cells with reduced PrgX may be less 

inducible by low levels of exogenous C and unresponsive to repression by 

exogenous I, liquid β-gal assays were performed following varied exposure to 

exogenous C and/ or I (Figure 4.4). Specifically, cultures were grown overnight 

then diluted and grown to log phase in medium without C (uninduced, condition 

a) or with 2.5 ng ml-1 C (condition b). For conditions c and d, cultures were grown 

overnight in medium containing 250 ng ml-1 I, and then diluted and grown to log 

phase in medium containing 250 ng ml-1 I (condition c) or 250 ng ml-1 I and 2.5 ng 

ml-1 C (condition d). Cultures were harvested 2 hours after dilution and assayed 

for β-galactosidase activity. Results of β-gal assays on uninduced cells (condition 

a) were generally as expected: there was some basal induction of wild type-like 

strain 3, strains 2 and 4 (which lack endogenous C) completely lacked activity, 

and strain 1 (which lacks endogenous I and has reduced PrgX levels) had high 

basal levels of expression. β-gal assays on cells induced by 2.5 ng ml-1 

(condition b) showed that strains 2, 3, and 4 had strongly inducible expression. It 

is not clear whether expression of strain 1 in condition b was increased relative to 

basal expression in condition a due to the high level of β-galactosidase activity 

and great deal of variability in both conditions. Interestingly, looking at condition 

b, strain 4 which lacks endogenous C and I appeared to be more inducible than 

wild type-like strain 3 and this difference was statistically significant.  

To look at whether reporter expression from these strains could be 

affected by exogenous I, cells were exposed to conditions c and d (Figure 4.4). 

β-gal assays on cells grown in conditions c and d showed that I effectively 
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reduces expression in all 4 strains. Although the reduction did not appear as 

complete in strain 1, the differences between strain 1 and strain 3 in conditions c 

and d were not statistically significant. Additionally, the low level of C in condition 

d did not appear to have allowed for measurable induction by any of the 4 

strains. Next, we sought to determine why reporter expression from strain 1 now 

appeared to be repressible in conditions c and d (where it did not in the previous 

XGal spot plate experiments in Figure 4.3B). A likely possibility was that 

extended incubation with exogenous I had effectively complemented I in this 

strain and allowed the strain to produce a more wild-type-like level of PrgX. 

 
Figure 4.4 Cells lacking endogenous I (which have very low PrgX levels) do 
not have inducible expression with the addition of low levels of exogenous 
C. Cultures were grown overnight then diluted and grown to log phase in medium 
without C (uninduced, condition a) or with 2.5 ng ml-1 C (condition b). For 
conditions c and d, cultures were grown overnight in medium containing 250 ng 
ml-1 I, and then diluted and grown to log phase in medium containing 250 ng ml-1 I 
(condition c) or 250 ng ml-1 I and 2.5 ng ml-1 C (condition d). Strains include 1: 
OG1RF+pBK2idT (lacks I), 2: JRC104+pBK2 (lacks C), 3: OG1Sp+pBK2 (WT-
like C and I), and 4: JRC104+pBK2idT (lacks C and I). Cultures were harvested 2 
hours after dilution and assayed for β-galactosidase activity which is quantified in 
Miller Units. Miller Unit values reflect amount of β-galactosidase activity based on 
formation of colorimetric product ortho-nitrophenol and take into account enzyme 
assay run time, reaction volume, culture density, and light scattering by cell 
debris. Results show 3 biological replicates with bars indicating standard error of 
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the mean. Pairwise comparisons to strain 3 for each condition show the following 
comparisons with statistically significant differences where P<0.01: 1a vs 3a, 1b 
vs 3b, and 4b vs 3b. All other pairwise comparison to strain 3 of the same 
condition are not statistically significant (P>0.05). 
 

To investigate whether PrgX levels were increased in strain 1 

(OG1RF+pBK2idT) during extended incubation with exogenous I, western blots 

were performed to assess PrgX levels in these strains and with these varied 

treatment conditions (Figure 4.5). The data showed that I was effectively 

complemented extracellularly in cells lacking endogenous I and it is hypothesized 

that this complementation allowed for the repressive effects of PrgX and I to be 

observed when cells were assessed for β-galactosidase activity in conditions c 

and d. Also, when these cells were subsequently exposed to exogenous C in 

condition d, expression remained shut-down (Figure 4.4). Growth of strains 2, 3, 

and 4 in the presence of I (condition c) does not appear to have impacted PrgX 

levels in these strains. 

 

Figure 4.5 Incubation with exogenous I increases PrgX expression levels in 
cells lacking endogenous I. Numbers represent strains and letters represent 
culture conditions as follows. Cultures were grown overnight then diluted and 
grown to log phase in medium without C (uninduced, condition a). For conditions 
c and d, cultures were grown overnight in medium containing 250 ng ml-1 I, and 
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then diluted and grown to log phase in medium containing 250 ng ml-1 I (condition 
c) or 250 ng ml-1 I and 2.5 ng ml-1 C (condition d). Strains include 1: 
OG1RF+pBK2idT (C+ I-), 2: JRC104+pBK2 (C- I+), 3: OG1Sp+pBK2 (C+ I+), 
and 4: JRC104+pBK2idT (C- I-). Cultures were harvested 2 hours after dilution 
and normalized for comparison of PrgX levels by western blot. The far-right lane 
was loaded with 30 ng purified his tagged PrgX.  
 

4.4.4 Washing cells (which reduces endogenous I and C) increases inducibility of 

cells exposed to low levels of exogenous C  

 Although cells permanently lacking endogenous I (OG1RF+pBK2idT) had 

decreased inducibility due to resulting changes in PrgX, we sought to determine 

whether shorter term removal of endogenous peptides would alter inducibility. 

We tested shorter term peptide removal by washing cells in KPBS before 

resuspending in medium and inducing with 2.5 ng ml-1 C (Figure 4.6). The 

percent of cells induced were assessed by HCR labeling of induced prgB 

expression and analysis. Strains with varied levels of PrgX (due to additional 

chromosomal expression) were used to look at the effects of washing in systems 

with varied levels of PrgX. Without washing, the results mirrored what was shown 

in Figure 4.2A; strains with increased levels of PrgX had increased inducibility 

relative to wild-type OG1RF+pCF10. The results of this experiment further show 

that washing drastically increases the frequency of induction within a population 

of cells, likely due to reduction of endogenous I, in strains with varied levels of 

PrgX (Figure 4.6).  
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Figure 4.6 Washing increases the frequency of induction for cells exposed 
to low levels of exogenous C. Cells with varied levels of PrgX expression were 
washed in KPBS before resuspending in medium containing 2.5 ng ml-1 C and 
compared to unwashed cells. Cultures were harvested for HCR labeling 30 min 
after C addition. Induced prgB transcripts were fluorescently labeled by HCR, 
cells were imaged, and fluorescence corresponding to HCR labeling was 
quantified for each cell. Cells were considered induced if HCR fluorescence 
exceeded a threshold. Graph reflects the fold increase in the percent of cells 
induced for washed cells as compared to unwashed cells.  
 

Notably, the distributions of induced prgB expression levels in individual cells (as 

reflected by HCR labeling intensity distributions) were similar for induced cells 

with or without washing (Figure 4.7). This suggests that washing does not 

change the induced expression levels for individual cells, but rather increases 

frequency of induction across the population of cells. Thus, the overall range of 

prgB expression levels (reflected by HCR intensity values) remained the same.  
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Figure 4.7 Distributions of induced prgB expression levels are similar for 
induced cells with or without washing. HCR labeling intensity histograms 
show the fraction of cells with different levels of HCR labeled prgB expressed 
upon pCF10 induction in OG1RF or DM100-5 30 minutes after addition of 2.5 ng 
ml-1 C. HCR intensity reflects quantified fluorescent intensity of HCR labeled prgB 
transcripts in individual cells. Top row, sample data for unwashed cells. Bottom 
row, sample data for washed cells.  
 

The results of this washing experiment intuitively make sense since 

washing likely reduces the concentration of the inhibitory I peptide, making 

induction more likely. Yet, at first glance, these results may seem to contradict 

the OG1RF+pBK2idT induction phenotypes where cells lacking endogenous I 

were less inducible than cells with endogenous I. However, these experiments 

are different in that they look at the effects of short-term reduction in endogenous 

peptides by washing and not the effect of permanent endogenous I eradication. 

In the case of short-term peptide reduction, PrgX levels likely remain unaltered 

due to the stability of the protein (Bae et al., 2000).  
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4.4.5 Cells lacking endogenous C are more inducible by low levels of C, possibly 

due to altered levels of I and not due to drastic alterations in the levels of PrgX 

 Lastly, we sought to more closely examine whether elimination of 

endogenous C would impact pCF10 inducibility. Thus, we grew strain 

JRC104+pCF10 (which lacks endogenous C) and wild type strain 

OG1RF+pCF10 to log phase and then induced by addition of 2.5 ng ml-1 C 

(Figure 4.8A). Induction of prgB transcripts in individual cells was assessed 30 

and 120 min after C addition by fluorescence in situ hybridization chain reaction 

(HCR) labeling and analysis. HCR analysis showed that induction of 

JRC104+pCF10 was similar to OG1RF+pCF10 in that it had similar basal levels 

of induction and was induced and shut-down on the same time frame. However, 

the strain lacking endogenous C had an increased percent of cells induced (or 

increased inducibility) compared to wild type (OG1RF+pCF10), (Figure 4.8A). 

 The observation of increased inducibility in the strain led us to question 

whether eliminating endogenous C impacted PrgX levels (like was seen for the 

strain lacking endogenous I). Western blots to PrgX showed that PrgX 

expression was not drastically altered in JRC104+pCF10 relative to 

OG1RF+pCF10 (Figure 4.8B). This suggested to us that the increase in 

inducibility of this strain could be due to altered levels of I or other changes to the 

pCF10 regulatory system in this strain. Improved methods for quantification of 

peptides in vivo would be helpful to further nail down the mechanism by which 

inducibility is altered in this and other strains.  
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Figure 4.8 Cells lacking endogenous C are more inducible by low levels of 
C but have wild type-like levels of PrgX. (A) Cells with (OG1RF+pCF10) and 
without endogenous C (JRC104+pCF10) were harvested for HCR labeling from 
uninduced populations and at 30 and 120 min after addition of 2.5 ng ml-1 C. 
Induced prgB transcripts were fluorescently labeled by HCR, cells were imaged, 
and fluorescence corresponding to HCR labeling was quantified for each cell. 
Cells were considered induced if HCR fluorescence exceeded a threshold. 
Results are the mean of 3 biological replicates with bars showing standard error. 
(B) Relative levels of intracellular PrgX can be observed in these strains by 
western blot of PrgX. 
 

4.5 Discussion  

4.5.1 Methods analysis 

The combination of single-cell and population-averaging approaches used 

in this analysis of the impact of endogenous PrgX, C, and I levels has yielded 

several new insights. HCR analysis of induction in single cells allowed us to 

gauge the overall inducibility of cells. In parallel, the lacZ reporter construct 

allowed us to functionally assess the level of basal and induced expression via 

XGal spot plates and quantitative β-Gal assays at a population level. Lastly, 

western blots to PrgX allowed us to assess PrgX levels to confirm PrgX levels in 
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our engineered constructs and ask whether PrgX levels had been impacted by 

other changes to endogenous peptide concentrations in the system. 

However, it is also apparent that each of these methods of analysis has its 

own advantages and shortcomings. While together the data overwhelmingly 

support the conclusions discussed below, there are some inconsistencies that 

might be explained by how the analysis approaches differ. For example, in 

comparison of the quantitative liquid β-gal assay (Figure 4.4) and XGal spot plate 

(Figure 4.3B) results, one may notice that for quantitative assay strain 1, 

OG1RF+pBK2idT (C+ I-) appears to have substantially increased basal 

expression relative to wild-type like strain 3 that is much less apparent on the 

plate-based assay. This is likely due to differences between how these assays 

are run and how LacZ activity is detected. For the plate assay, cultures are 

grown and normalized before being spotted on plates containing XGal. Plates are 

incubated for a defined amount of time before being imaged. The resulting 

development of blue is relative to the amount of extracellular LacZ produced by 

the strain but is also determined by the amount of XGal in that portion of the plate 

and the incubation time. For the liquid assay, cultures are also grown and 

normalized, but cells are lysed and total LacZ activity is assessed at a single 

timepoint by reaction with ONPG. For expression of lacZ from this pCF10-like 

reporter system, the temporal effects of induction could also yield slightly 

different results with analysis of LacZ activity over time in the plate assay versus 

at a single timepoint in the liquid assay. Regardless, both of these methods are in 
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agreement in that they show that for strain 1 (C+ I-) basal expression is higher 

and expression cannot be induced above basal levels. 

Overall strain 1, OG1RF+pBK2idT (C+ I-) was shown to have decreased 

PrgX levels. Based on our model for pCF10 and our observation that increased 

levels of PrgX led to increased inducibility, we hypothesize that decreased PrgX 

levels in this strain may explain the loss of inducibility of strain 1 (C+ I-) observed 

in Figures 4.3B and 4.4. However, in further consideration of the effect of 

endogenous I loss, when we look at the results of the wash experiment in section 

4.4.4, there appears to be an inconsistency. Washing cells, which effectively 

removes endogenous peptides, leads to a significant increase in inducibility 

(Figure 4.6). For unwashed strain 1 (C+ I-) there was a loss of inducibility (Figure 

4.4). It is likely that this difference is due to the time period for which endogenous 

peptides were altered. For strain 1, endogenous I was permanently removed and 

the effects of this were allowed to compound over time. As a result, the levels of 

PrgX in strain 1 decreased and in turn, inducibility was lost. For the wash 

experiment, endogenous peptides were removed for a short period, effectively 

increasing the chance that PrgX produced by cells would remain without peptides 

until exposure to exogenous peptides. As a result of washing, cells became more 

inducible. 

Other differences in the results of HCR and LacZ reporter experiments 

may be observed. HCR allows detection of very rare events that may not be 

detectable by population averaging approaches. It is likely that more common 

phenotypes obfuscate rare phenotypes when an average is measured or 
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observed. For these reasons, analysis by complementary single cell and 

population-level approaches is valuable. 

    

4.5.2 Summary and conclusions 

Work presented in chapter 4 expands our understanding of the impact of 

the levels of endogenous PrgX, C, and I on the inducibility of single cells. 

Specifically, analysis of induction in section 4.4.1 demonstrates the in vivo role of 

the master regulator PrgX in the absence of peptides. Alone, PrgX represses in a 

concentration dependent manner. However, analysis of inducibility with 

increased levels of PrgX or varied levels of endogenous peptide reveals that the 

level of PrgX can impact the tendency of cells to be induced. Taken together, the 

results in this sections 4.4.2 and 4.4.3 and Figures 4.2, 4.3, and 4.4 show that 

with low levels of exogenous C, cells with increased PrgX levels have increased 

inducibility and cells with decreased PrgX levels have decreased inducibility. This 

supports a new role for PrgX beyond that of simply a repressor, which should be 

explored more in the future. Further, given our understanding of the mechanisms 

that govern induced expression from the pCF10 regulatory region, the results 

shown in these sections make sense (Dunny & Berntsson, 2016; Dunny, 2013). 

As expected based on our model of pCF10 regulation, extracellular 

complementation of I led to increased production of PrgX in the strain lacking 

endogenous I (Figure 4.5), which can explain the restoration of repression of 

induction in this strain (Figure 4.4). Examination of the effects of cell washing in 

section 4.4.4 further demonstrated that removal of endogenous peptides could 
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make cells more inducible. Lastly, in section 4.4.5 endogenous C ablation was 

also shown to increase inducibility.  

Together, these results suggest that small stochastic differences in the 

levels of these individual regulatory components (PrgX, I, or C) in individual cells 

could lead to different propensities for induction in individual cells and contribute 

toward the heterogeneity observed in the response. 

  

4.5.3 Future directions 

 Based on the fact that inducibility is increased with increased levels of 

endogenous PrgX, the understood role of PrgX solely as a repressor alone or in 

complex with I may need to be altered. PrgX binding with C was known to relieve 

repression of expression from promoter PQ allowing for induction, but these 

results suggest that PrgX-C complexes may actually activate transcription 

initiation. Promoter activation could occur via polymerase recruitment or through 

alteration of the DNA structure in such a way as to promote more transcription or 

give more access to helicase. These possibilities could be tested through in vivo 

and in vitro transcript quantification and foot-printing experiments to determine 

the direct impact of PrgX, PrgX-C, and PrgX-I complexes on expression. In 

particular, in vitro transcription experiments comparing transcription from 

promoter PQ without PrgX and in the presence of these 3 different PrgX 

complexes would directly assess whether PrgX-C complexes could actually 

promote transcription above levels that would occur in the absence of PrgX. 

Additionally, methods to quantify peptide levels in vivo, would allow us to assess 
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whether changes to endogenous PrgX, C, and I levels further impacted peptide 

levels and better understand feedback in this system. 
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Chapter 5: Investigation of heterogeneity in the induced prgQ transcript 

length within single cells 

5.1 Summary  

For high frequency transfer of pCF10 between E. faecalis cells, induced 

expression of the genes encoding conjugative transfer and DNA processing 

machinery from cells containing the plasmid is required. This process is initiated 

by the C inducer peptide produced by potential recipient cells. The expression 

timing of some of the induced genes just downstream of the inducible promoter 

has been studied extensively on the single-cell level (prgB expression in chapters 

3 and 4 above for example). However, analysis of expression of other genes 

further downstream of the inducible promoter has been at the population-

averaging level. RNAseq data looking at inducible expression from pCF10 

suggested that not all genes were expressed at the same level following 

induction (Bandyopadhyay, 2018). Further, preliminary functional work using 

fluorescent reporters to look at conjugation at the single cell level indicated that 

not all induced cells actually transfer (Bandyopadhyay, 2018).Together, these 

data led us to question whether all cells induced for expression of the 5’ portion 

of the prgQ operon go on to express all the genes required for conjugation. 

 

In this chapter, we specifically sought to: 

• Assess in individual cells the simultaneous presence of RNAs produced 

from the proximal and distal portions of the prgQ operon. 

• Assess the prevalence of heterogeneity in induced transcript length. 
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• Evaluate the temporality of induced transcript expression for genes other 

than prgB. 

 

Using HCR labeling, we observed that the majority of cells expressing 

early QOp transcripts (such as prgB and prgA) also expressed late QOp transcripts 

(such as prgJ, pcfC, and pcfG). This work suggests that after initiation of 

induction, when induced transcription proceeds past IRS1, it likely extends 

through the end of the conjugative machinery operon for the majority of initiation 

events. Further, these experiments support the dynamics of induction observed 

for early QOp transcripts and by population averaging methods and further 

suggest that HCR analysis may be able to capture the dynamics of degradation 

for different transcripts from this single induced operon. 

 

5.2 Introduction   

5.2.1 Expression from pCF10 with and without induction by C 

E. faecalis conjugative transfer of pCF10 is enabled at a high frequency by 

expression of genes encoding conjugative transfer and DNA processing 

machinery from pCF10. In the presence of potential recipients, expression and 

transfer are induced via the C peptide as described in greater detail in chapters 

1, 3, and 4. Induced expression is understood to occur from promoter PQ, but 

expression also occurs from this promoter in the absence of induction by C 

(Figure 5.1). Without C, transcripts originate from PQ and terminate at IRS1 (QS 

transcripts) (Dunny, 2013). Upon induction by C, the frequency of transcription 
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from PQ increases and transcripts continue past IRS2 through the entire 

conjugation operon (Bensing et al., 1997). In this work, the term “QL” will be used 

to refer to induced transcripts terminated at IRS2 and “QOp” (short for Q operon) 

will be used to refer to all transcripts extending past IRS2. Further, early “QOp” 

will be used to discuss genes encoded close downstream of IRS2, while late 

“QOp” will be used to refer to genes encoded much further downstream (15-30 

kilobase pairs downstream).  

 
Figure 5.1 Model of the pCF10 prgX- prgQ regulatory region and transcripts 
expressed from promoter PQ with and without induction by C. In the 
uninduced state, PQ is somewhat active and produces QS transcripts (red) which 
terminate at IRS1. Upon induction, production of QL (gray) and QOp transcripts 
(blue) increases dramatically. QL transcripts (gray) terminate at IRS2, while QOp 
transcripts (blue) continue through regions of pCF10 that encode genes required 
for conjugation. prgX transcripts originate from promoter Px and terminate 
downstream.  

 The timing of induced expression from PQ has been studied extensively at 

the population and single cell levels by a wide variety of methods including 

microarray, RT-qPCR, RNAseq, fluorescent reporter and HCR analysis, and 
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functional assays for clumping and conjugation (Bandyopadhyay, 2018; 

Bandyopadhyay et al., 2016; Hirt et al., 2005; Kozlowicz et al., 2006). These 

methods have revealed that induction is very rapid: induced transcripts can be 

observed by microarray within 30 minutes of C addition (Hirt et al., 2005) and a 

significant increase in transconjugants can be quantified within 120 minutes of 

mixing donor and recipient cells without exogenous peptides (Chatterjee et al., 

2013). Induction and shut-down have also been observed occur within 15 and 60 

minutes of C addition by RT-qPCR (Chatterjee et al., 2013). Further, single cell 

analysis methods have shown that there is a great deal of response variation 

within populations of cells (where some cells have induced expression, while 

others do not) and HCR analysis has supported the timing of early QOp induced 

expression and degradation observed by population-level approaches (Breuer et 

al., 2017). Expression across the entire pCF10 genome including the full 

conjugation operon and late QOp genes has been limited to population averaging 

methods, however all data are consistent with induced expression of all the 

conjugative machinery transcripts in a single operon with one initiation event.  

 

5.2.2 RNAseq data suggest the possibility of variation in QOp transcript length 

within a population of induced cells 

 Recent work using RNAseq to look at plasmid wide expression following 

induction by a high concentration of C (where the majority of cells should be 

induced) (Bandyopadhyay, 2018), also replicated the general dynamics of 

induction seen in past studies (Chatterjee et al., 2013; Hirt et al., 2005), (Figure 
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5.2). In the absence of induction, expression across the QOp transcript of pCF10 

is very minimal (Figure 5.2A). By 30 minutes, expression across QOp is robust 

and by 120 minutes, expression returns to be close to that of an induced 0 

minute state (Figure 5.2B and 5.2C). However, we unexpectedly observed that 

level of expression (as measured by read pileup) across the QOp transcript 

appeared to decrease further downstream of the PQ initiation site (Figure 5.2B).  
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Figure 5.2. Analysis of pCF10 gene expression over the course of induction 
by C shows temporal response and suggests possible heterogeneity in 
transcript length within the population. Cells (OG1RF+ pCF10) were induced 
with 50 ng ml-1 C and harvested for analysis by RNAseq at 0 min (before 
induction (A)), and at 30 and 120 min after C addition (B) and (C). Expression 
levels across positions on the pCF10 plasmid (in base pairs) are quantified by 
read pileup at those positions. Figure adapted from (Bandyopadhyay, 2018) and 
used with permission. 
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Multiple termination sites downstream of PQ and IRS2 could explain these 

decreases in late QOp expression observed by RNAseq (Figure 5.2B). This would 

result in some induced cells that do not express the full QOp transcript but could 

otherwise be observed as induced by early QOp gene expression. This possibility 

that induced transcript length could vary among individual induced cells has not 

been tested.  

 

5.2.3 Not all induced cells appear to transfer by fluorescent reporter analysis of 

plasmid induction and transfer 

In other recent work, fluorescent reporters were designed to look at 

functional conjugation by induced cells at the single cell level (Bandyopadhyay, 

2018). Recipient cells were pre-stained with a DNA binding blue dye, while donor 

cells containing a pCF10-like plasmid were designed to constitutively express a 

red fluorescent reporter (tdTomato) and express a Green Fluorescent Protein 

(GFP) upon induction. Microscopic tracking of the fluorescent expression of 

individual cells after mixing of donors and recipients allowed observation of donor 

induction and in some cases, formation of new transconjugants cells via transfer 

of the plasmid from an induced donor to a recipient cell. Interestingly, not all cells 

that were induced according to GFP expression appeared to transfer plasmid, 

even if they were spatially oriented near a potential recipient cell. Quantification 

of induction and conjugation was also done on larger populations of mixed donor 

and recipient cells by flow cytometry. Analysis of this experiment showed that 

although over half of donors were induced, only a fraction of those donors went 
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on to transfer plasmid, even when recipients were in the majority 

(Bandyopadhyay, 2018). The fluorescent reporter of induction mimics an early 

QOp transcript, so it appears possible that some of the cells that failed to transfer 

a plasmid failed because they did not express all of the required conjugation 

machinery (late QOp transcripts).  

 

5.2.4 Transcript length heterogeneity could explain the QOp expression levels 

observed by RNAseq and the discrepancy between the number of cells induced 

and transconjugants formed 

Together, analysis of the RNAseq expression data and the plasmid 

induction and transfer fluorescent reporter experiments led us to question 

whether all induced cells may really go on to express all the genes required for 

conjugation. Past studies assessing expression upon induction demonstrated 

that induced expression from PQ made it past IRS1, but it had been an open 

question as to how far the transcript continued.  

In this chapter, we sought to investigate whether: (1) all cells induced at 

promoter PQ went on to express the full QOp transcript encoding all of the 

functions needed for conjugation or whether (2) some cells expressed a partial 

QOp transcript ending before all of the genes required for conjugation had been 

expressed (Figure 5.1). Although cells in case (2) would not be expected to 

undergo functional conjugation at a high frequency, we imagined that these cells 

could still play functional roles within a population via induced expression of the 

early QOp gene prgB, (aggregation substance), or through contribution toward 
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production of iCF10 (I) which is encoded by the very early QOp, QL, and QS gene, 

prgQ. Through production of I, this sub-population of cells could help contribute 

toward the rapid shut-down of induction. This would prevent unneeded and costly 

expression of the conjugation machinery when plasmid transfer may have 

already occurred. Further, expression of prgB in another sub-population of cells 

could confer fitness benefits to cells residing in a biofilm, where attachment could 

be advantageous. In preliminary experiments, cells with pCF10 have been shown 

to have a slight fitness advantage. Overall, these hypotheses and the open 

question of QOp transcript length heterogeneity made further investigation 

appropriate.  

 

5.3 Materials and methods 

5.3.1 Bacterial growth, induction, and cell harvest for HCR 

E. faecalis strain OG1RF containing the conjugative plasmid pCF10 was 

used in the experiments in this chapter (Dunny et al., 1981). OG1RF is an OG1 

derivative with resistance to Rifamycin and Fusidic acid (Bourgogne et al., 2008; 

Dunny et al., 1978). E. faecalis strains were grown statically at 37ºC in M9 

medium containing 3 g l-1 yeast extract, 10 g l-1 casamino acids, 36 g l-1 glucose, 

0.12 g l-1 MgSO4, and 0.011 g l-1 CaCl2. Antibiotics, when used for selection, 

were at following concentrations: tetracycline (Tet), 10 μg ml-1; rifampicin (Rif), 

200 μg ml-1; and fusidic acid (Fus), 25 μg ml-1. Antibiotics were used to check for 

expected antibiotic resistances and not during experimental growth.  
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For HCR experiments, overnight cultures were sub-cultured 1:10 in M9 

medium and grown to early exponential phase (≈2 h to OD600 ≈ 1.2). Cultures 

were induced with 2.5 or 50 ng ml-1 cCF10 (C) peptide and cells were harvested 

at times 25 to 45 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 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). 

 

5.3.2 HCR labeling  

HCR labeling generally followed the published methods described in 

chapter 3 (Breuer et al., 2017). Briefly, cells were permeabilized and HCR 

labeling and counterstaining was done on cells in suspension. HCR hybridization 

probes were designed to genes throughout inducted QOp from pCF10 including 

“short QL”, prgA, prgB, prgJ, pcfC, and pcfG. Nucleic acid probes and hairpin 

amplifiers used in this study were obtained from Molecular Instruments 

(www.molecularinstruments.org) and can be found in Tables 5.1 and 5.2. After 

cell labeling by HCR and counterstaining by Alexa Fluor 647: wheat germ 

agglutinin or Hoechst 33342, cells were mounted as described in chapter 3. 

 

 

 

 

http://www.molecularinstruments.org/


149 
 

Table 5.1 HCR probe sequences 

 

 

Table 5.2 HCR amplifier and fluorophore details 
Transcript 

labeled 

Amplifiers/ Fluorophore 

Short QL 

prgA 

prgB 

prgB 

prgJ 

pcfC 

pcfC 

pcfG 

B4H1, B4H2 Alexa Fluor 647 

B1H1, B1H2 Alexa Fluor 488 

B2H1, B2H2 Alexa Fluor 488 

B2H1, B2H2 Alexa Fluor 647 

B3H1, B3H2 Alexa Fluor 488 

B4H1, B4H2 Alexa Fluor 488 

B4H1, B4H2 Alexa Fluor 647 

B5H1, B5H2 Alexa Fluor 488 

 

 For HCR labeling shown in Figure 5.4 and quantified in Figure 5.5, 

different transcripts including prgA, prgB, prgJ, pcfC, and pcfG were labeled in 

paired samples. For detection of these transcripts, HCR amplifiers conjugated to 
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Alexa Fluor 488 were used and cells were counterstained with Alexa Fluor 647: 

wheat germ agglutinin to label cell envelopes.  

 For HCR labeling shown in Figure 5.6, transcripts prgB and pcfC were co-

labeled in one sample and transcripts pcfG and “short QL” were co-labeled in 

another sample. For these samples, HCR amplifiers conjugated to Alexa Fluor 

488 were used to label prgB and pcfG transcripts, while amplifiers conjugated to 

Alexa Fluor 647 were used to label pcfC and short QL transcripts. For both 

samples, cells were counterstained with Hoechst 33342 which binds DNA.  

 For HCR labeling quantified in Figure 5.7, transcripts prgB and pcfG were 

co-labeled. HCR amplifiers conjugated to Alexa Fluor 488 were used to label 

pcfG and HCR amplifiers conjugated to Alexa Fluor 647 were used to label prgB. 

Cells were counterstained with Hoechst 33342 which binds DNA to allow for 

high-throughput image analysis. 

 

5.3.3 HCR microscopy, image processing, and analysis 

For images shown in Figures 5.4 and 5.6 and for image analysis data 

shown in Figure 5.7, images were acquired 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 63x 1.40- 

numerical aperture (NA) objective (Zeiss) as z stacks at 0.3- μm intervals and 

using Zen software (version 2.1, Zeiss) these images were deconvolved and 

flattened using a maximum intensity projection with Ortho Display. From here, 

images were presented for viewing in Figures 5.4 and 5.6 or further analyzed by 
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high-throughput Matlab (version 2015b, Mathworks) analysis described in 

chapters 3 and 4. Briefly, the blue fluorescence channel corresponding to 

Hoechst fluorescence was used to define the locations of individual cells and co-

localized fluorescent overlap from HCR labeled transcripts was quantified (Figure 

5.7). The percentages of cells expressing each transcript were determined based 

on a threshold HCR intensity of 50, which was chosen based on expression in 

the uninduced population and represents a conservative cut-off for expression 

(which likely mis-categorized some cells with transcripts as cells without 

transcripts). Graphs were created using Excel (Microsoft Office, Version 1812).   

 

5.3.4 HCR analysis by flow cytometry 

 For analysis of HCR labeling presented in Figure 5.5, flow cytometry was 

used to characterize HCR labeling. 10 μl of HCR labeled cell samples in 

suspension were diluted in 1 ml KPBS and analyzed by flow cytometry. Cells 

were analyzed for fluorescence from Alexa Fluor 647: wheat germ agglutinin and 

Alexa Fluor 488 corresponding to HCR labeled transcripts using a BD Fortessa 

X-20 flow cytometer and BD FACSDiva Software (version 8.0). Data was 

analyzed using FlowJo software (version 10.2). Flow cytometry settings and the 

compensation matrix used in this analysis can be found in Tables 5.3 and 5.4. 

Cells were gated by typical forward and side scatter (FSC and SSC) properties 

(Cells gate) and the percentages of cells with Alexa Fluor 488 HCR staining were 

quantified. Probable cells based of FSC and SSC properties were also further 
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gated by AF647: WGA staining and the percentages of cells with Alexa Fluor 488 

HCR staining were re-quantified (Cells and WGA+ gate). 

 

Table 5.3 Flow cytometry voltage settings used for flow cytometry analysis 
shown in Figure 5.5. 

Flow Cytometry 
Parameter  

Used to characterize Voltage 

FSC-A Size 444 

SSC-A Granularity 253 

Alexa Fluor 488 Alexa Fluor 488 HCR 
labeled transcripts 

450 

Alexa Fluor 647 Alexa Fluor 647: WGA 135 

 

Table 5.4 Flow cytometry compensation matrix. 

 
Alexa Fluor 488 Alexa Fluor 647 

Alexa Fluor 488 100 0 

Alexa Fluor 647 8.59 100 

 

5.4 Results 

To test whether there could be heterogeneity in QOp transcript length, we 

designed fluorescence in situ hybridization chain reaction (HCR) probes to 

induced early and late QOp transcripts including the region between IRS1 and 
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IRS (“early QL”), early transcripts prgA and prgB, and late transcripts prgJ, pcfC, 

and pcfG (Figure 5.3).  

 
Figure 5.3 pCF10 map showing the extended QOp transcript and genes for 
which HCR probes are designed. Early QOp transcripts (prgQ/ early QL between 
IRS1 and IRS2, prgA, and prgB) for which HCR probes are designed are boxed 
in blue and late QOp transcripts (prgJ, pcfC, and pcfG) for which HCR probes are 
designed are boxed in orange. Figure modified from (Dunny, 2013) and used 
with permission. 
 

5.4.1 Induced expression of genes throughout the QOp transcript appears similar 

after induction by high levels of exogenous C 

To look at variation in QOp transcript length in a large population of cells, 

we aimed to push the majority of cells to an induced state via induction with a 

high concentration of exogenous C. Cells were harvested before addition of C 
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and 30 and 120 minutes post C addition. Expression of induced prgA, prgB, prgJ, 

pcfC, and pcfG transcripts were visualized via fluorescence in situ HCR labeling 

and microscopy (Figure 5.4). Expression of these transcripts was observed to be 

minimal for uninduced cells (harvested before C addition), while induced 

expression was observable by 30 minutes after addition of C and shut-down 

appeared to have begun by the 120 minute timepoint. Expression levels of these 

transcripts were robust in the majority of cells at the 30 minute timepoint, 

indicating that late QOp transcripts appear to have been expressed in a similar 

percentage of cells as compared to early QOp transcripts (Figure 5.4). 

 
Figure 5.4 Images showing HCR labeling of induced genes suggest that 
induced early and late transcripts appear to be expressed in a similar 
percentage of cells. E. faecalis OG1RF+pCF10 were harvested for HCR 
labeling at 30 min after addition of 50 ng ml-1 C. Induced prgA, prgB, prgJ, and 
pcfC transcripts were fluorescently labeled by HCR in separate paired samples. 
Red, cell envelopes labeled with Alexa Fluor 647: wheat germ agglutinin (AF647: 
WGA) conjugate highlighting the outsides of individual cells. Green HCR labeled 
transcripts (Alexa Fluor 488). 
 
 For more robust quantification of the percentages of cells fluorescently 

labeled by HCR, flow cytometry was used to analyze these samples (Figure 5.5). 

Cells were labeled with fluorescent wheat germ agglutinin (WGA) which binds 

cell envelopes and multiple gating strategies were employed for robustness. 

Typical forward and side scatter properties of E. faecalis were used to gate on 



155 
 

probable cells and staining by WGA was used to further gate out events that 

might not represent cells. Regardless of the gating strategy, the percent of cells 

expressing each transcript remained similar for early and late QL transcripts. 

Although there was some variability and it is not clear which gating strategy 

better represented actual individual cells, there was not a clear drop off in 

expression of the later transcripts.  

 
Figure 5.5 Flow cytometry analysis of HCR labeling of induced genes 
suggests that induced early and late transcripts appear to be expressed in 
a similar percentage of cells. E. faecalis OG1RF+pCF10 were harvested for 
HCR labeling at 30 min after addition of 50 ng ml-1 C. Induced prgA, prgB, prgJ, 
pcfC, and pcfG transcripts were fluorescently labeled by HCR in separate paired 
samples. Cells were also labeled with Alexa Fluor 647: wheat germ agglutinin 
(AF647: WGA) conjugate which binds cell envelopes. Cells were gated by typical 
forward and side scatter (FSC and SSC) properties (Cells gate) and the 
percentages of cells with Alexa Fluor 488 HCR staining were quantified. 
Probable cells based of FSC and SSC properties were also further gated by 
AF647: WGA staining and the percentages of cells with Alexa Fluor 488 HCR 
staining were re-quantified (Cells and WGA+ gate). 
 
 

5.4.2 In individual cells, induced expression of early and late QOp genes appears 

similar after induction by low levels of exogenous C  

After analysis of early and late QOp transcripts expressed upon addition of 

high levels of C failed to reveal heterogeneity in late transcript expression, we 
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wondered if the lack of heterogeneity could have been due to the high level of C. 

Thus, we next induced with a low level of exogenous C, to create more variability 

in induction, and took a more targeted approach in which we simultaneously 

labeled representative sets of early and late QOp transcripts in populations of 

cells harvested 30 min after C addition (Figure 5.6). In one instance we co-

labeled prgB and pcfC transcripts by HCR. And, in another instance we co-

labeled a portion of the QOp transcript between IRS1 and IRS2 (short QL) and 

pcfG by HCR. Although this approach did create more heterogeneity in induction 

overall (not all cells had induced expression), dual gene HCR labeling further 

suggested that cells induced to express early QOp transcripts also express late 

QOp transcripts. Further, if there was any level of differential labeling of early 

versus late genes in individual cells, it appeared as though there was actually 

more expression of the late QOp gene than the early QOp gene in individual cells 

and that this was not an artifact of the fluorophore used in the HCR labeling.  
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Figure 5.6 Images of HCR labeled cells show cells that express early 
induced transcripts also express late induced transcripts. E. faecalis 
OG1RF+pCF10 were harvested for HCR labeling at 30 min after addition of 2.5 
ng ml-1 C. Induced prgB or pcfG (green) and pcfC or short QL (red) transcripts 
were fluorescently labeled by HCR. Blue: DNA labeled with Hoechst 33342 
highlighting individual cells, green: HCR labeled transcripts (Alexa Fluor 488) and 
red: HCR labeled transcripts (Alexa Fluor 647).  
 

5.4.3 Peak expression of early and late induced genes may occur at different 

times after induction by exogenous C 

 To further explore the possibility that late QOp gene expression might be 

more robust than early QOp gene expression at 30 min after addition of C, we 

again pursued a dual gene HCR labeling approach (labeling prgB and pcfG). But 

this time, we harvested cells at times 25, 30, 35, 40, and 45 minutes after 

addition of a low level of exogenous C (Figure 5.7).  Fluorescence corresponding 

to each HCR labeled transcript was quantified and plotted for every cell observed 

by microscopy (Figure 5.7A) and in Figure 5.7B, only cells above a threshold of 

induction were plotted. In both cases we observed that the occurrence of cells 
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with high fluorescence corresponding to prgB transcripts is greater at earlier 

timepoints, while the occurrence of cells with high fluorescence corresponding to 

pcfG transcripts is greater at later timepoints. This is also reflected by the slope 

of the trendlines when cells below the induction threshold are removed (Figure 

5.7B). Further, quantification of the percent of cells expressing each transcript at 

each timepoint showed that the peaks for induced expression of prgB and pcfG 

were temporally distinct (Figure 5.7C). These data also further support the 

dynamics of pCF10 induction that have been observed in the past by population 

averaging methods, where induction and shutdown occur rapidly across the 

entire QOp transcript. 
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Figure 5.7 Analysis of HCR labeled cells suggests that peak expression of 
early and late induced genes may be temporally distinct. E. faecalis 
OG1RF+pCF10 were harvested for HCR labeling at 25, 30, 35, 40, and 45 min 
after addition of 2.5 ng ml-1 C. Induced early (prgB) and late (pcfG) transcripts 
were fluorescently labeled by HCR. (A and B) Plotted values reflect relative 
intensity of the fluorescent HCR labeling in individual cells for each transcript. 
Trend lines and R2 values reflect the cells plotted on each graph. (A) All analyzed 
cells are plotted. (B) All cells over the HCR intensity threshold of 50 for either 
labeled transcript are plotted. (C) Percentages of cells with HCR staining over a 
threshold were quantified and plotted for each time point.  
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5.5 Discussion 

5.5.1 Cells that initiate induction complete expression of the full QOp transcript 

Overall, analyses of HCR labeling suggest that peak expression of early 

and late induced genes may be temporally distinct and that degradation of 

transcripts after induced expression is rapid. Since the majority of cells that 

initiate induction appear to complete expression of the full QOp transcript, these 

data generally refute the hypothesis that subpopulations of cells with 

heterogeneity in induced transcript lengths with different population roles exist. In 

hind sight, these conclusions are supported by microarray and RNAseq temporal 

data. But these new data were the first to explore long QOp gene expression at 

the single cell level and show the temporality of induction of genes all along QOp.  

 

5.5.2 Limitations of fluorescent reporters of conjugation and RNAseq 

 In the light of analysis of long QOp transcripts by HCR, we have 

reconsidered the preliminary results that suggested that not all cells that initiate 

induction complete expression of the full QOp transcript and find that the results 

are not in conflict. Spatial constraints could have limited induction and transfer 

events leading to observation of reduced transfer frequencies using the 

fluorescent reporter of conjugation. Additionally, by assessing transfer events at 

a single time point, we may have missed some of the cells that had yet to 

produce the fluorescent reporter protein. For the RNAseq results (Figure 5.2), 

both timing and averaging could have led us to observe decreased expression of 

the later QOp genes.  
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5.5.3 Limitations of analysis by HCR 

HCR analysis and comparison of gene expression is limited by the fact 

that the fluorescence emitted by HCR labeled transcripts can only give relative 

and not absolute comparisons. The actual numbers of transcripts may vary more 

than is reflected by HCR intensity values since HCR labeling functions through 

an amplification step where the HCR amplifiers chain react to increase the 

fluorescence emitted by a single transcript. Thus, overall this method is better for 

judgement of presence versus absence of individual transcripts. Additionally, 

since HCR allows detection of transcripts at a single point in time, it is inherently 

unable to track the history of expression within individual cells. 

Given these shortcomings, it remains possible that there is more variation 

in prgB expression than pcfG expression. For example, an individual cell may 

express multiple copies of prgB (which could be beneficial as discussed above), 

while expressing a single copy of the later QL transcript (pcfG) required for 

conjugation. This scenario might result in similar HCR labeling for both 

transcripts, but actually represent different transcript levels which could be 

reflected by population-level RNAseq transcript quantification. Slight variation in 

absolute transcript abundance for early versus late QOp transcripts in individual 

cells could be caused by very weak terminators or stochastic termination of 

transcription due to polymerase fall-off that is known to occur for long transcripts 

at a low rate (Peters et al., 2011). However, these data support that strong 

terminators within the long QOp transcript (that might create detectable 

heterogeneity in transcript length) do not exist. Further, it is also possible that the 
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transcript levels observed by RNAseq reflected incomplete, but ongoing 

transcription through the induced operon and that at a slightly later timepoint late 

QOp transcripts would have appeared more abundant than early QOp transcripts 

by RNAseq. Absolute quantification of the levels of early and late transcripts in 

the same individual cells for differentiation between the possibilities discussed 

above by any experimental method would be difficult due to timing constraints.  

 

5.5.4 Conclusion 

All of the data in this chapter suggest that heterogeneity in induced 

transcript length is not present, but rather that the majority of induced cells go on 

to express the full QOp transcript encoding for all of the functions required for 

conjugation (cell type 4 from Figure 5.1). If strong checkpoint-like terminators in 

the long QOp transcript were present, we would have expected to find a 

measurable number of cells that did not express late QOp transcripts (cell types 2 

and/ or 3 shown in Figure 5.1). Regardless, due to the constraints and 

mechanisms discussed above, it is possible heterogeneity in the exact number of 

transcripts in individual cells may exist at some level; but based on the absence 

of detectable heterogeneity in transcript length, it is unlikely that there are strong 

checkpoints that create major induced population subtypes.  

Looking to the overall functioning of the pCF10 system, this work 

demonstrates the commitment cells make to undergoing conjugation upon 

induction. For the propagation of the pCF10 plasmid through time, tight inducible 

control of induction which reduces superfluous costly production of the 
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conjugation machinery encoded by QOp may have been essential. Even if a very 

low percentage of cells may be induced, it is likely that they will express all of the 

genes required for conjugation and be functionally able to transfer the plasmid. 

 

5.5.5 Future directions 

If technology allows, it would be interesting to directly assess whether 

transcripts are co-expressed. It may be possible to utilize a differential RNAseq 

approach to look for processed and unprocessed 5’ ends of transcripts to test 

whether all of the genes encoded on QOp are co-expressed or whether there exist 

multiple transcript initiation points. However, without altering transcript 

degradation rates, this analysis would be difficult due to the rapid timing of 

induction and degradation observed in this analysis. It would also be interesting 

to define the mechanisms of induced transcript degradation and further develop 

the HCR technique for temporal use. 
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Chapter 6: Summary and conclusions 

6.1 Relevance  

 E. faecalis is a common commensal GI microorganism, but also a 

problematic opportunistic pathogen. Intrinsic and acquired antibiotic resistance 

and tolerances make treatment of infections very difficult. Conjugative plasmids, 

like pCF10, are one mechanism of very efficient gene transfer among 

enterococci. Conjugative transfer of pCF10 occurs following cell-to-cell 

communication via the C peptide which interacts with the master regulator PrgX 

and induces expression of all of the genes required for conjugation. 

Understanding how this response occurs and the regulation involved is important 

for developing interventions that could prevent antibiotic resistance spread. 

Further, variation in this response is important to consider, since rare events of 

plasmid transfer can still be problematic, especially in the case of antibiotic 

selection. In some ways, pCF10 can be viewed as a symbiont of E. faecalis. It 

balances the need to spread among hosts, while minimizing the fitness costs of 

its own spread and maintenance. It also provides some benefits to the host 

including enhanced attachment abilities and antibiotic resistance.  

 

6.2 Summary, open questions, and future directions 

6.2.1 Single cell analysis of gene expression 

In chapter 2, adaptation of HCR labeling to E. faecalis was shown to be 

possible via proper cell permeabilization and treatment of cells in suspension. 

This method is amenable to many other experimental systems and next we hope 
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to adapt the technology to labeling of transcripts of E. faecalis in the mouse GI 

tract. Single cell analysis methods like HCR provide insight into variation that 

would otherwise be missed by population averaging approaches. More work still 

needs to be done with the fluorescent reporter of conjugation to answer 

questions about induction and plasmid transfer frequency. We would like to learn 

how many cells an individual donor might transfer to and how quickly a new 

transconjugant may go on to transfer the plasmid. Additionally, fluorescent 

reporters may yield insights into the spatial structure of enterococcal 

microcolonies and plasmid transfer in vivo.  

 

6.2.2 Changes to the molecular model of control of expression from PQ 

From the work in chapters 3 and 4, we know that induction is 

heterogeneous and that changing endogenous levels of PrgX, C and I can 

impact inducibility. However, we don’t know exactly how or why these changes 

alter induction potential. To directly test whether PrgX-C complexes may promote 

induction, in vitro transcription and other expression analysis experiments should 

be done. Further, to better define the impact of changes to endogenous PrgX, C 

and I, methods to measure peptides in vivo would be helpful. It is possible that 

peptide levels were altered by some of the treatments and changes made to 

endogenous PrgX, C, and I levels in chapter 4.  
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6.2.3 Effects of RNA and protein turnover on pCF10 conjugation 

 Our understanding of pCF10 regulatory turnover is also not fully 

developed. The results of chapter 5 show that most cells induced to express 

early QOp transcripts also express late QOp transcripts and that transcription is 

rapidly followed by transcript degradation. However, it is not clear if there are 

pCF10-specific mechanisms for transcript or PrgX protein degradation. 

Experiments looking at transcript degradation should be done. It is also possible 

that peptides somehow tag PrgX for degradation, thereby impacting PrgX levels 

in the cell, while making unbound PrgX most prevalent and available to bind 

exogenous C to enable induction. This possibility has not yet been tested. We 

have some understanding of peptide production and turnover. Induction of 

plasmid-containing cells by endogenous C is known to be prevented by PrgY 

through a mechanism that may involve degradation. It is possible that this also 

functions on I, but more work must be done to conclusively show this. Preliminary 

results in the Dunny lab suggest that these peptides may be cleaved by PrgY 

(Le, 2017). Better methods for quantification of peptides like C and I would be 

helpful. We also do not know how PrgX repression is established in new 

transconjugants cells. Since we know that expression from promoter PQ is strong 

in the absence of PrgX repression, it seems that antisense effects of QS 

transcripts would preclude production of prgX, however this apparently is not the 

case.  
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6.2.4 Summary overall 

 Overall, work presented in this thesis defines single cell variation of 

induction, endogenous mechanistic components that may lead to this variation, 

and provides a better understanding of induced transcript length in single cells. 

Future work to understand the pCF10 regulatory system may lead to better 

models of regulation and definition of mechanisms by which conjugation can be 

altered. 

 

6.3 Conclusions 

In this thesis, single cell analysis of transcripts by fluorescence in situ 

HCR was adapted and used to explore questions about the pCF10 conjugation 

system that would not otherwise have been possible. In chapter 3, variation in 

the response to the signaling peptide C was assessed and this induction was 

shown to be very heterogeneous, especially at low levels of C. Stochasticity in 

the pCF10 system appears to govern the response such that a minority of cells 

can become induced and undergo conjugation while the vast majority of cells in a 

population remain in an uninduced state. The results of chapter 4 show that 

single cell variation in the endogenous levels of PrgX, C, and I could lead to 

some of the heterogeneity in this induced response. Induction of such a minority 

of cells has proven to be favorable evolutionarily, possibly because it prevents 

unnecessary expression of a very large and costly induced transcript (Bhatty et 

al., 2015, 2016). As shown by the results in chapter 5, the few cells that become 

induced commit to expression of the full QOp transcript which encodes for 
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production of all of the conjugation machinery and is very effective at transferring 

the plasmid. The requirements for induction by C make spatial proximity to a 

recipient a requirement and plasmid transfer likely. Overall, the system regulating 

induction of pCF10 appears tuned for very specific levels of each molecular 

component, such that a small percent of cells in the population can respond to a 

low concentration of C. As a result, small, but meaningful changes can impact 

the system and natural variation of a component (like the PrgX level) in an 

individual cell could push that cell toward being in the subset of the population 

that responds.  
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