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ABSTRACT 
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Advisor: 
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The human gastrointestinal tract has been described as a “mixing pot” for 

dissemination of genetic elements due to the variety of organisms in the intrinsic gut 

microbiome and its ability to act as a genetic reservoir. Genes are often transferred via 

conjugation but few studies to date have examined the frequency of plasmid transfer in 

the environmental conditions of the gastrointestinal tract. Salmonella enterica carries 

many different families of plasmids, which have varying transmission dynamics. We 

observed how S. enterica plasmid transfer dynamics are affected by environmental 

factors (including pH, bile acids, the presence of a microbiota) consistent with transit 

through the gastrointestinal (GI) tract. We determined that S. enterica’s response to 

stress, and S. enterica's ability as a recipient, were strain specific. Furthermore, the 

majority of S. enterica strains studied were more efficient recipients after an acid-shock.  
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1 Literature Review  

1.1 Introduction 

Salmonella enterica subspecies enterica contains over 2600 serovars, although 

only a fraction of these serovars are known to cause disease (Cavestri et al. 2022). 

However, S. enterica subsp. enterica is the cause of great economic and healthcare 

burdens internationally (WHO, 2008). The twelve most prevalent human serovars and 

the ten most prevalent veterinary serovars cause about 70% of infections in their 

respective hosts (Porwollik et al. 2004). In humans non-typhoidal serovars of S. enterica 

subsp. enterica cause gastrointestinal (GI) illness and are the most common cause of 

hospitalizations and deaths of foodborne pathogens in the United States (Hoffmann et 

al. 2015). In animals, S. enterica subsp. enterica is most prevalent in swine and poultry, 

and certain serovars have the capacity to cause illness in these species while others 

cause asymptomatic infections (Antunes et al. 2016; Kim and Isaacson 2017; Martínez-

Avilés et al. 2019). Overall, non-typhoidal S.enterica is responsible for an estimated 

$3.7 billion in economic loss in the United States annually (Hoffmann et al. 2015). Many 

multi-drug resistant (MDR) strains of S. enterica have been isolated from both 

conventional and organic farms (Ray et al. 2006; Alali et al. 2010; Kuang et al. 2015). 

Since a connection between antimicrobial resistance (AMR) in farm animals and 

humans has long been established (Holmberg et al. 1984; Spika et al. 1987), this is a 

very serious public health issue.  

Salmonella enterica subspecies enterica serovars have a vast distribution across 

humans, animals and the environment (Porwollik et al. 2004; Gorski et al. 2011). Even 

within each serovar, members of S. enterica subsp. enterica vary greatly in virulence, 

host range, and accessory genes (Porwollik and McClelland 2003). Strains sharing a 

serovar may differ from each other by the presence or absence of hundreds of genes 

(Porwollik et al. 2004). Due to their wide host range, genetic plasticity, and 

environmental ubiquity, bacteria belonging to S. enterica subsp. enterica are critical 

genetic recipients from bacteria of both the same and different species. Besides their 
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ability to laterally accept genes amongst their own vast serovar, conjugation events 

between Enterobacteriaceae, such as Escherichia coli and Klebsiella pneumonia, and 

S. enterica have been reported (McCuddin et al. 2006; Saliu et al. 2019). This allows for 

potential of genetic transfer between pathogenic and commensal bacteria strains in the 

microbiota. The gut microbiota can then act as a genetic reservoir to potentially spread 

virulence or antimicrobial resistance genes to microbes that pass through the 

gastrointestinal tract. The fecal microbiota can also act as a repository of antimicrobial 

resistance genes, especially within agricultural animals that live in close contact. The 

application of manure onto fields can further result in the dissemination of these genes 

into the environment (Mathew et al. 2007; Marti et al. 2013).The high bacterial cell 

density in the mammalian gut makes it a hotspot for horizontal gene transfer (Lambrecht 

et al. 2019; Neil et al. 2020). Despite this, our understanding of the intricacies of intra-

bacterial relationships, as well as bacteria-host interactions, in the gut is limited.  

There is evidence that S. enterica subsp. enterica strains may persist in the 

environment for months to years at a time, depending on the environmental conditions 

(Ghosh and LaPara 2007; Parker et al. 2010). Since S. enterica can thrive in and persist 

in the environment as well as the gastrointestinal tracts of humans and animals, it is 

logical to approach S. enterica subsp. enterica research with a One Health perspective. 

An escalating amount of antimicrobial resistance genes in both animal and human 

bacterial populations threatens to continue to cause increasing significant medical and 

economic burdens (Innes et al. 2020). By studying the plasmid transfer dynamics of S. 

enterica in the human gut, we may gain insight into the interactions of foodborne 

bacteria with our intrinsic microbiota which could lead to breakthroughs in reducing the 

spread of antimicrobial resistance.  

1.2 Role of plasmids in horizontal gene transfer 

Plasmids are self-replicating, extrachromosomal DNA that may provide a host 

bacterium with genetic advantages, such as increased virulence or antimicrobial 

resistance (Shintani et al. 2015). However, plasmid carriage by a host bacteria may also 
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be associated with a loss of fitness in the host (Fischer et al. 2019). Under this 

assumption it would be logical to predict that AMR plasmids would disappear from a 

bacterial population that is not under antimicrobial selection pressure, but studies have 

shown AMR plasmid carriage to be maintained in the absence of antimicrobials (Fischer 

et al. 2019; Dimitriu et al. 2019). Multiple plasmids carried by the same bacterium have 

diverse interactions, and a plasmid may either increase or decrease the conjugation 

frequency of a co-residing plasmid. Plasmids within the same cell may also co-transfer 

or inhibit the transfer of other plasmids (Dionisio et al. 2019). Plasmids may also contain 

genetic entry-exclusion factors to prohibit competing plasmids from entering the cell, 

although these mechanisms are not fully understood (Oluwadare et al. 2020). 

Differences in conjugation frequencies when there are multiple plasmids in either the 

donor or recipient cells have also been documented, with either positive, null, or 

negative impacts previously reported (Gama et al. 2017).  

Plasmids have traditionally been characterized by the makeup of their replication 

initiation (Rep). Many plasmids carry multiple replicons (Shintani et al. 2015), with the 

benefit of an increased host range (Fang et al. 2016). Two separate plasmids carrying 

identical replicon types are not stable in a host cell and therefore cannot exist 

simultaneously (Dionisio et al. 2019), which forms the basis of the incompatibility (Inc) 

typing scheme. Within Enterobacteriaceae, there are at least twenty-seven 

incompatibility groups (Wang et al. 2019). Besides incompatibility grouping, the most 

common type of plasmid classification is the mobility, or MOB, typing system (Orlek et 

al. 2017). The MOB system is based off the amino acid sequence of the relaxase 

encoded by transmissible plasmids, and 6 families are included in MOB typing system 

(Garcillán-Barcia et al. 2009). While both typing systems have limitations (plasmids may 

have multiple replicon groups or be non-mobilizable), these typing schemes may be 

used concurrently to better identify and characterize plasmids (Alvarado et al. 2012).  

The mechanism behind plasmid transfer from a donor to a recipient bacterium is 

called conjugation, which is a type of horizontal gene transfer (HGT). Horizontal gene 

transfer is the process by which genes can be shared between different bacteria within 
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an environment. It is the mechanism responsible for the unprecedented dissemination 

of antimicrobial resistance genes in the anthropogenic era (Porwollik and McClelland 

2003; Guglielmini et al. 2011).  

1.3 An overview of Gram negative bacterial conjugation 

Conjugation was first categorized and studied using the F plasmid of E. coli 

(Clark and Adelberg 1962; Curtiss 1969). Briefly, conjugation is the transfer of genetic 

material after the establishment of cell-to-cell contact. The cell containing the F plasmid 

(F+ cell) is the donor, while the cell lacking the F plasmid (F- cell) is the recipient. When 

contact between the F+ and F- cells is made, a unidirectional genetic transfer occurs 

from donor to recipient. 

F+ cells can establish cell-to-cell contact via pili that extend from their cell walls. 

The DNA is then sent through the pili into pores in the donor cell’s cell wall (Lawley et 

al. 2003). The pili are encoded by the tra genes, which are regulated via Type IV 

Secretion System (T4SS) proteins (Lawley et al. 2003). When a F+ cell encounters a 

suitable donor, an intercellular signal stimulates an interaction between the relaxosome 

(located in the cytoplasm of the donor cell) and the coupling protein (located in the 

conjugative pore) (Lawley et al. 2003). This interaction leads to the unwinding of DNA, 

and the plasmid DNA is replicated (Virolle et al. 2020) and a single strand of DNA is 

transferred through the pore into the recipient (Lawley et al. 2003). Upon completion of 

conjugation both donor and recipient contain a full copy of the plasmid DNA. 

1.4 Gene transmission in the agri-food industry 

As the global demand for food increases, industrial farming is also on the rise. It 

is imperative that large-scale farming operations maintain the health of their livestock, 

and that is often achieved with antimicrobial agents (Manyi-Loh et al. 2018). 

Antimicrobials have historically been used in agriculture as growth promoters for 

livestock, although strict regulations have been introduced in Europe and North America 

(Costa et al. 2017). Antimicrobial agents are now mostly used in agriculture to prevent 
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infections caused by common pathogens (Manyi-Loh et al. 2018). The overuse of 

antimicrobial agents can lead to prolonged disease, complicated or untreatable 

infections, higher costs caused by more intensive health interventions, and, in humans, 

extended hospital stays (Manyi-Loh et al. 2018). The use of antimicrobials in animals 

has an impact on human health, as humans may acquire resistant pathogens through 

direct contact with infected animals or humans, or by consumption of contaminated 

meat (Chang et al. 2015). Additionally, common antimicrobial agents used in agriculture 

such as macrolides, quinolones, cephalosporins, polymyxins, tetracyclines and penicillin 

have the same mode of action or, in some cases, are the same antimicrobials used to 

treat infections in humans (De Briyne et al. 2014; Shankar et al. 2017). While recent 

changes have been made to limit the use of medically important antimicrobials in 

agriculture, there is still a need for stricter antimicrobial monitoring and stewardship 

(Collineau et al. 2021). 

Unfortunately, there is overwhelming evidence that overuse of antimicrobial 

agents makes them less effective at treating infections (Shankar et al. 2017). In the 

close quarters common to livestock rearing, bacteria can efficiently spread between 

hosts (Fischer et al, 2019). Fecal bacteria, such as members of the Enterobacteriaceae 

family, can colonize a multitude of livestock hosts. This increases the risk of AMR 

resistant bacteria being consumed by humans via the consumption of contaminated 

meat (Faure et al. 2010). Additionally, the production of animal products from 

slaughtering to final packaging invites many opportunities for resistance gene carrying 

pathogens to spread in facilities. By understanding the dynamics of plasmid 

transmission in vivo, we may be able to limit the spread of dangerous plasmids at the 

farm level.  

The persistence of resistant bacteria in the environment is a recognized issue. 

Bacteria of animal origin carrying antimicrobial resistance genes are spread in the 

environment through manure application, where they can share the resistance genes 

with soil and water microbes. A study by Ghosh and LaPara (2007) found that even 

after the cessation of antimicrobial agent use in livestock, resistant bacteria could be 
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cultured from soil that had been treated with manure up to six months after the last 

manure treatment. runoff into water used for irrigation can further spread these genes 

into produce (Pérez-Rodríguez and Mercanoglu Taban 2019).  

1.5 Relevant plasmids in Salmonella enterica  

There are certain plasmid families in S. enterica that are of critical importance for 

public health. IncF plasmids have a narrow host range, only infecting members of the 

Enterobacteriaceae family (Suzuki et al. 2010; Rozwandowicz et al. 2018). They are 

also the plasmid family most frequently isolated from human and animal sources (Yang 

et al. 2015; Lyimo et al. 2016; Fernandez-Lopez et al. 2016; Rozwandowicz et al. 

2018).IncF plasmids are associated with resistance to aminoglycosides, tetracyclines, 

trimethoprim, chloramphenicol, beta-lactams, sulfonamides, and fluoroquinolones 

(Mcmillan et al. 2020). Therefore, they pose a large public health risk. Many S. enterica 

plasmids also carry virulence genes. IncF plasmids can carry a specific virulence region 

called the spv operon. This operon allows S. enterica to cause systemic infections via 

interactions with the host immune defense, as well as by suppressing immune response 

(Libby et al. 2000; Guiney and Fierer 2011; Silva et al. 2017; Oluwadare et al. 2020). 

IncF plasmids carrying the spv operon are referred to as Salmonella virulence plasmids; 

however, it should be noted that plasmids in S. enterica outside of the IncF family may 

also carry virulence genes. There is evidence that the presence of a spvB gene held by 

an IncF plasmid excludes other IncF plasmids(Oluwadare et al. 2020). While the spv 

operon has been found to be carried in the chromosomes of some S. enterica lineages 

(Guiney and Fierer 2011), they have only been found to be carried on plasmids of the 

IncF family. Additionally, the Salmonella virulence plasmid is only present in Salmonella 

enterica subsp. enterica serotypes Abortusovis, Choleraesuis, Derby, Dublin, Enteritidis, 

Gallinarum/Pullorum, Paratyphi C, and Typhimurium (Oluwadare et al. 2020).  

IncI plasmids are often isolated from samples from food animals and have been 

associated with carriage and dissemination of AMR genes (Kaldhone et al. 2019). They 

are narrow host range plasmids and mainly reside inside of enteric bacteria (Zhang et 
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al. 2019). They are especially associated with third generation cephalosporins 

resistance and extended spectrum beta-lactamase (ESBL) genes (Smith et al. 2015; 

Wong et al. 2016; Kaldhone et al. 2019). Third generation cephalosporins are broad-

spectrum antimicrobial agents, used to treat a multitude of infections caused by both 

Gram positive and negative bacteria. The increased rate of resistance to third 

generation cephalosporins has been associated with the spread of blaCTX-M ESBL genes 

(Shaikh et al. 2015). Extended spectrum beta-lactamase enzymes confer resistance to 

antimicrobial agents used to treat serious infections caused by Enterobacteriaceae in 

humans, thus the dissemination of ESBL producing genes into enteric pathogens of the 

intrinsic gut microbiota is dangerous to human health. IncI1 plasmids carrying blaCMY-2 

are common in E. coli and S. enterica isolates (De Toro et al. 2013). Colistin resistance 

(mcr-1) genes are also carried in high rates on IncI plasmids (Zhong et al. 2018). Other 

common resistances carried by IncI plasmids include chloramphenicols, beta-lactams, 

sulfonamides, aminoglycosides, and tetracyclines. The literature suggests that IncI 

plasmids have a very low fitness cost on their carrier, which may allow them to persist 

and disseminate even in the absence of selection pressure (Johnson et al. 2015; 

Kaldhone et al. 2019). Additionally, IncI plasmids contain a shufflon system that allows 

them to vary the C-terminal end of the PilV protein of their thin pilus, which is 

responsible for stabilization of the mating pair in liquid matings (Cottell et al. 2014; 

Brouwer et al. 2015). The shufflon system therefore affects the plasmids affinity for 

different recipient cells when conjugation occurs in liquid.  

IncN plasmids are broad host range plasmids that are one of the most frequently 

encountered resistance plasmids in Enterobacteriaceae, and are often associated with 

fluoroquinolone, ESBL, carbapenemases, oxacillinases, aminoglycoside, and 

sulphonamide resistances (Moodley and Guardabassi 2009; García-Fernández et al. 

2011; McMillan et al. 2020). IncN plasmids harbored by S. enterica are prevalent in 

retail meat as well as agricultural animals (Carattoli 2009), thus IncN plasmid transfer 

from animals to humans poses a significant risk to public health. 
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Plasmids belonging to the narrow host range IncX incompatibility group may 

harbor a variety of antimicrobial resistance genes, including resistances to 

aminoglycosides, beta-lactams, quinolones, and to the last resort antibiotic colistin 

(Johnson et al 2012; Zhong et al. 2018; McMillan et al. 2020). They are most often 

associated with the gut microbiota of animals (Burmølle et al. 2012), although they have 

also been isolated from human infections (Fernandes et al. 2016). IncX plasmids have 

recently gained attention as they were found to carry blaNDM genes, which encode 

resistance to almost all beta-lactams (Espinal et al. 2018). Despite carriage of the 

emerging threats of mcr-1 and blaNDM, IncX plasmids have thus far been underreported 

in literature.  

The IncA/C plasmid family has recently been divided into two separate groups, 

IncA and IncC (Ambrose et al. 2018). The IncC incompatibility group are conjugative 

plasmids with a broad host range (Johnson et al. 2015; McMillan et al. 2020), with 

similar plasmids having been isolated from throughout the class Gamma-proteobacteria 

(Fricke et al. 2009). IncC and IncA plasmids are required for the replication and 

mobilization of Salmonella genomic island (SG1) 1, which is associated with multi-drug 

resistance (Carraro et al. 2017; Szabó et al. 2021; Durand et al. 2021) IncC plasmids 

may carry multiple resistance genes, including resistance to beta-lactams, 

fluoroquinolones, tetracyclines, trimethoprim, chloramphenicols, sulfonamides, and 

aminoglycosides (Liu et al. 2020; McMillan et al. 2020). 

1.6 Genetic plasticity of plasmids 

Plasmids themselves face evolutionary pressure. Since plasmids often incur a 

fitness cost on their host, it is imperative that the carriage of beneficial genes 

overcomes the fitness costs, thought to be associated with increased metabolic burdens 

associated with the use of host cellular resources and machinery (Hall et al. 2021). 

Interactions with other mobile genetic elements, such as integrons and transposons, 

facilitate continued evolution of plasmids (Bennett 2008; Dionisio et al. 2019). Integrons 

facilitate the acquisition of new, beneficial genes by capturing gene cassettes, while 
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transposons allow genes to move between genomic locations, including between 

locations on the plasmid, between plasmids, or from the plasmid to a chromosome or 

vice versa (Bennett 2008). Additionally, plasmids may recombine and express 

characteristics of multiple incompatibility groups (Shintani et al. 2015; Dionisio et al. 

2019). This facilitates bacterial evolution by creating endless new genetic combinations, 

allows different resistance genes or virulence genes to be spread concurrently, and can 

increase the host range of the plasmid (Fang et al. 2016). 

1.7 Gene transmission in the human gut microbiome 

The importance of conjugation in the gut microbiome has recently been 

acknowledged in literature (Stecher et al. 2012; Dobrijevic et al. 2016). As the gut 

microbiome is one of the densest microbial populations known, there is no surprise that 

it is a ‘hot spot’ for genetic transfer (Stecher et al. 2012; Dobrijevic et al. 2016). The 

ability of the gut microbiota to act as a reservoir for antmicrobial resistance, as well as 

the close physical proximity of bacterial cells, can allow for the transfer of potentially 

dangerous plasmids to other commensal bacteria or to transient microbes, including 

pathogens, that enter through the system. Horizontal gene transfer of both AMR and 

virulence genes occurs between enteric bacteria, culminating in the emergence of multi-

resistant, hyper-virulent pathogens (Juhas 2015).  

While there is research published that discusses how different physiological 

conditions may impact conjugation frequencies, the results are not conclusive and are 

likely strain specific. Saliu et al. (2019) found that conjugation of a plasmid from an E. 

coli donor to a S. Typhimurium recipient in vitro did not significantly change between pH 

of 5.0-7.5, and decreased with increasing concentrations of prevalent animal feed 

additives zinc and copper. The conjugation frequency was also significantly decreased 

in the presence of the short chain fatty acid propanoic acid, but was not significantly 

impacted by n-butyric acid, lactic acid, or acetic acid. Notably, this study did not specify 

the plasmid incompatibility group. Another study looking at conjugation of pESI, a 

currently untypable plasmid due to its unconventional replication system (Szmolka et al. 
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2021), from an S. Infantis donor to an E. coli recipient (Aviv et al. 2016) and found that 

upregulation of both pili gene transcription and observed plasmid conjugation rates 

occurred under physiological conditions representative of the mid-colon of warm-

blooded mammals (Aviv et al. 2016). Another study sucessfully transferred a plasmid 

between E. faecium strains isolated from different sources within the gastrointestinal 

tracts of mice, and reported that the conjugation occurred with ease and is very likely to 

occur naturally (Moubareck et al. 2003). The plasmid used in this experiment was not 

characterized. Conversely, Faure et al. (2010) determined that plasmid transfer 

between a strain of S. Virchow of human origin and the intrinsic microbiota of rats was 

very low and concluded that AMR genes were unlikely to transfer from humans to 

animals. However, only one donor, recipient, and plasmid was used in this experiment, 

limiting the scope of their results. Once again, the plasmid type used in this study was 

not reported. Neil et al. (2020) investigated 13 different Enterobactericeae mating pairs 

using plasmids from 10 incompatibility groups under both in vitro conditions and in situ 

within the intestinal tract of mice. The authors found that five of the 13 mating pairs did 

not produce detectable transconjugants in situ, while transconjugants from each mating 

pair was detectable when the conjugations were performed on agar. Despite this trend, 

the IncI2 plasmid TP114 had higher transfer rates in situ. These results indicate the 

difference between traditional in vitro conjguation results, and conjugations as they 

occur in the gastrointestinal system. Testing environmental stressors found in the GI 

tract, such as pH fluctuations, limited oxygen and nutrients, and osmotic stressors 

(Pradhan and Devi Negi 2019) is necessary to increase our knowledge of how 

conjugation occurs in situ.  

As different plasmid families have different transfer rates, it is imperative to 

include the plasmid replicon typing in studies so as to be able to make more direct 

comparisons. Neil et al. 2020 suggested that the type IVb pilus encoded by plasmid 

families IncB/O, IncI1, IncI2, IncK, and IncZ may assist in mating pair formation within 

the gastrointestinal system. Within a dynamic system, such as the gastrointestinal tract, 

environmental factors including bacterial mobility and flow forces may disrupt a mating 
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pair (Neil et al. 2021), so a mating pair with higher stability has a higher chance of 

succesfully transfering genetic material. Other plasmid encoded factors that may affect 

conjugation success are the ability of its pili to form biofilms (Ghigo 2001), as well as the 

presence of shufflon systems and adhesions on the pili (Neil et al. 2021), and the 

plasmid acquisition and fitness cost (Prensky et al. 2021). Additionally, specific 

environmental conditions may affect conjugation frequency at the plasmid level, 

separate from host response. This was observed in Neil et al. (2020) where the authors 

remarked that different plasmids carried by the same donor and recipient mating pair 

led to significantly different conjugation rates. Click or tap here to enter text.Consistency 

throughout not only methodology and the host strain, but also plasmid families and 

accessory genes, must be considered when comparing results across conjugation 

studies.  

1.8 Salmonella enterica in the gastrointestinal system 

Pathogenesis of S. enterica is complex, including Salmonella pathogenicity 

islands, bacterial genetics, host immune response, and presence of absence of 

virulence plasmids (Fàbrega and Vila 2013; Crouse et al. 2020). Bacteria survival inside 

the host is also related to its virulence, as S. enterica must survive passage through the 

gastrointestinal tract to cause infection. High virulence has previously been correlated 

with survival of gastrointestinal stressors in literature (Álvarez-Ordóñez et al. 2012; 

Cavestri et al. 2022), as well as intracellular survival (Crouse et al. 2020).  

The acid tolerance response (ATR) of S. enterica is a highly complex genetic 

regulatory system that allows S. enterica to survive the extreme conditions of the 

stomach. There are two distinct ATR responses: one for logarithmic phase cells and 

one for stationary phase cells (Wilmes-Riesenberg et al. 1996). Log phase ATR is seen 

in logarithmically growing cells and is activated by a pH of 5.8 followed by a pH of < 4.5, 

while the stationary phase ATR is seen in stationary phase cells and is activated by a 

pH of < 4.5 (Wilmes-Riesenberg et al. 1996). Stationary phase S. enterica on food likely 

has its ATR activated when the pH of the stomach increases to approximately a pH of 5 
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upon ingestion of a meal (Malagelada et al. 1976). Genes associated with acid 

tolerance include atp, fur, phoP, atrBCDFG, rpoS, and ompR/envZ (Wilmes-Riesenberg 

et al. 1996; Rychlik and Barrow 2005; Hernández et al. 2012). Salmonella Typhimurium 

strains lacking the operator PhoP were found to be fourfold less resistant to bile than 

those with the protein (van Velkinburgh and Gunn 1999), while rpoS - mutants of S. 

enterica failed to colonize the gall bladder of mice (Urdaneta et al. 2019). Activation of 

general stress response genes via the ATR may give S. enterica increased resistance 

to bile salt stressors, and potentially increase conjugation frequency by improving the 

overall fitness of the cell.  

1.9 Overview of SHIME 

The SHIME was developed in 1993 for the purpose of modeling the microbial 

community of the colon (Molly et al. 1993; Van de Wiele et al. 2015). Separate 

compartments may model the stomach and small intestine, by adjusting the nutritional 

intake of the former and the enzymatic and bile input of the latter (Dupont et al. 2019). 

The ascending, transverse, and descending colon compartments are constantly 

monitored for pH control (Dupont et al. 2019) which allows each compartment to 

develop their own unique microbiota based on their specific environmental conditions. 

This is critical as bacterial activities are variable in different parts of the gut and differ 

greatly from that of fecal samples (Molly et al. 1993; van den Abbeele et al. 2010). The 

SHIME must be seeded with a fecal sample and “fed” with a nutritional media three 

times a day to mimic the consumption of meals (Van de Wiele et al. 2015). After a 2-3 

week stabilization period, the SHIME mimics a human gastrointestinal system (Van de 

Wiele et al. 2015). The machine is kept at 37 ˚C and is flushed with N2 gas to maintain 

an anaerobic environment (Van de Wiele et al. 2015). The SHIME is considered a 

reproducible environment when seeded with the same samples (Van den Abbeele et al. 

2010; Van de Wiele et al. 2015). 

The benefits of the SHIME are numerous. Primarily, interactions that cannot be 

reproduced in vitro, such as the interactions between an established gut microbiota and 
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a transient microbe can be observed under approximated in vivo conditions. Aspects of 

a microbial community, such as signaling molecules and community by-products are 

absent when working with pure cultures. Factors that affect conjugation, such as cell 

density, growth phase, temperature, pH, nutrient availability, oxygen levels, and salinity 

fluctuate during the digestive process based on the physical location and cannot be 

imitated in vitro (Hausner and Wuertz 1999). Sampling from the varying compartments 

of the SHIME simultaneously allows researchers to study how these sections differ 

during digestion, and the impact that these changes have on community dynamics. 

A limitation of the SHIME is the lack of host cells, especially when studying 

conjugation. Stecher et al. 2012 found that intestinal inflammation in mice by S. enterica 

caused an overgrowth in both the causative pathogen and resident commensal E. coli, 

which led to increase in horizontal gene transfer between the donor S. enterica and 

recipient E. coli. Further trials comparing virulent to avirulent donor S. enterica strains, 

which did not cause inflammation, indicated that while inflammation is not mandatory for 

conjugation, the bacterial blooms in response to inflammation led to higher densities of 

donors and recipients. Whether the increased conjugation frequency was due to a 

higher density of potential mating pairs, or a genetic upregulation, was not determined. 

Additionally, another study found that S. Typhimurium was able to undergo conjugation 

intracellularly in human epithlial cells, but genetic exchange did not occur extracellularly 

(Ferguson et al. 2002). There may therefore be a connection between virulence and 

conjugation frequency that cannot be studied in the SHIME. Conversely, Machado et al. 

(2014) reported that a decrease in conjugation frequency when co-cultured with 

intestinal cells, and hypothesized that the intestine may excrete a peptide or protein that 

inhibits conjugation.  

1.10 Thesis proposal  

1.10.1  Research Rationale  

Antimicrobial resistance, particularly in the Agri-Food sector, is a recognized One 

Health issue. The capability of S. enterica to persist in the environment as well as the 
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gastrointestinal systems of humans and animals provides rationale for this issue to also 

be viewed under a One Health approach. By understanding how S. enterica subsp. 

enterica reacts under environmental stress, we may gain insight into what triggers 

conjugation events in the human gut microbiome. Gaining a better understanding of 

plasmid transmission dynamics in a complex ecosystem that is a mixing pot of different 

microbes, as well as part of a transient system, can help future researchers make 

informed decisions on the topic of AMR dissemination. Furthermore, by testing to see 

what increases and limits conjugation rates, we may be able to develop strategies to 

better manipulate these rates in the future to slow the spread of antimicrobial resistance 

genes in humans, animals, and the environment. 

1.10.2  Objectives 

The purpose of this research project can be broken down into four objectives:  

i) to determine how the conjugation frequency of varying recipient S. 

enterica subsp. enterica serovars are impacted by acid-shock,  

ii) to determine how conjugation frequency of the same strains are impacted 

by the presence of bile salts, 

iii) to determine if the conjugation frequency of these strains differs when 

faced with both acid and bile salt stressors,  

iv) to compare the in vitro conjugation results to those obtained in the SHIME 

“in vivo” model. 
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2 Differences in conjugation frequency with Salmonella 
enterica as a recipient when impacted by in vitro 
gastrointestinal stressors 

2.1 Introduction 

Salmonella enterica subspecies enterica is a ubiquitous bacterium found in animals, 

humans, and the environment. Non-typhoidal S. enterica is the leading foodborne cause 

of hospitalizations and mortalities in the United States (Mąka and Popowska 2016). This 

bacterium’s success is due in part to its genetic flexibility, which is enriched by S. 

enterica’s ability to host many different families of plasmids. 

The stressors that bacteria face as they traverse the GI tract are highly variable. For 

example, the stomach has a pH between 1 and 3 outside of periods of active digestion 

(Wu et al. 2008). When a meal is consumed, the pH of the stomach increases to 

approximately pH 5 (Malagelada et al. 1976). Within the stomach, the foodstuff 

encounters both mechanical and chemical digestion. Parietal glands in the stomach 

secrete hydrochloric acid upon activation at a pH of approximately 0.8 (Patricia and 

Dhamoon 2021). After an hour, the gastric fluids reach approximately pH 3 (Malagelada 

et al. 1976), at which point pepsinogen is activated into the digestive enzyme pepsin 

(Patricia and Dhamoon 2021). It is during the first hour post meal-consumption that the 

food is homogenized and acidified. Any bacterial cells present in the meal will initially be 

acid-shocked upon entering the stomach (Malagelada et al. 1976). After another hour 

the pH stabilizes at 2 (Malagelada et al. 1976), at which point pepsin cleaves the protein 

bonds in the food and digests them, allowing for absorption in the small intestine (Heda 

et al. 2021; Patricia and Dhamoon 2021). Once inside the small intestine, the digest is 

exposed to a plethora of pancreatic digestive enzymes (Patricia and Dhamoon 2021). 

The pH of the small intestine is more moderate (pH 5.5 – 7.5) and it contains 

approximately 0.2 - 2% bile salts, depending on the individual (Nugent et al. 2001; 

Kristoffersen et al. 2007). As bile is released by the gallbladder into the proximal small 

intestine (duodenum) (Jones et al. 2021), the bile concentration likely decreases into the 

distal small intestine The bile assists in breaking down hydrophobic fats for the 
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hydrophilic pancreatic enzymes. The large intestine has a pH of 6.1-7.5 (Nugent et al. 

2001),  and functions to absorb leftover water and key nutrients from the remaining 

material, which will become waste (Azzouz and Sharma 2021). The large intestine is 

also the ecosystem for the majority of gut microbiota, which is now known to have a 

widespread impact on host health (de Graaf and Venema 2007). The diversity of the 

microbiota depends on the individual and is thought to be influenced from everything 

from social interactions, psychiatric disorders, diet, lifestyle, and environment (Deng et 

al. 2019; Johnson 2020).  

The gut microbiota contains the highest concentration of bacterial cells (~3 x 1013) in 

the human body, making it an ideal ecosystem for genetic exchange (Sender et al. 

2016). This allows horizontal gene transfer between related bacteria that colonize the 

gastrointestinal tract of the same hosts to occur frequently (Faure et al. 2010; Poole et 

al. 2017). Importantly, genes can not only disseminate between resident members of 

the gut microbiota but can also be exchanged between resident commensals and 

transient bacteria, potentially including pathogenic species (Stecher et al. 2012; San 

Millan 2018). Transconjugants have been detected in the proximal colon region of a 

model of a human gut 2 hours post inoculation (Lambrecht et al. 2019), while 

conjugation in murine gut has been shown to occur within 24 hours of inoculation (Neil 

et al. 2020), and within 2 hours of co-culturing with intestinal cells (Machado and 

Sommer 2014). 

Besides biotic factors, such as the presence of other microbes, abiotic factors also 

have an impact on conjugation. Abiotic factors including cell density, nutrient 

concentrations, acidity, contact time, availability of carbon, and temperature have been 

shown to have varying impacts on conjugation frequencies (Fernandez-Astorga et al. 

1992; Alderliesten et al. 2020). Despite the importance of the gut microbiota for genetic 

transfer, there are limited studies that expressly examine how the abiotic factors of the 

gastrointestinal system impact conjugation.  
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The purpose of these experiments was to mimic the passage of S. enterica through 

the gastrointestinal tract to see how environmental stressors of the GI tract influence 

plasmid uptake from diverse donors (E. coli, S. enterica, or K. pneumoniae) into 

recipient S. enterica. The objectives for this study were to: 

i) investigate how conjugation frequency of various strains of recipient S. 

enterica was impacted by acid-shock as it would occur during the passage 

through the stomach, 

ii) investigate how conjugation frequency of various strains of S. enterica was 

impacted by bile salt stressors as it would occur upon entry to the intestines, 

iii) to determine if S. enterica serovars are more efficient recipients when 

challenged with both acid-shock and bile salt stressors as would be 

encountered during transit through the digestive tract. 

2.2 Materials and Methods 

2.2.1 Recipient strain stress tolerance 

Eight strains of S. enterica, each of different serovars and from a variety of 

sources, were initially chosen as potential recipients (Table 2-1). All S. enterica strains 

were obtained from Dr. Lawrence Goodridge and are described in the SALFOS 

database (https://salfos.ibis.ulaval.ca/). To evaluate survivability of each strain in the 

test conditions, preliminary acid-shock and bile salt tolerance assays were performed. 

All assays were performed with triplicate technical replicates. Strains were selected for 

further testing based on their tolerance to the gastrointestinal stressors that were used 

in the conjugation assays. Virulence had been determined previously based on bacterial 

load in tissues post infection when compared to reference strains of a high virulence 

control and its isogenic low virulence mutant (Cavestri et al. 2022). 
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Table 2-1 List of potential recipient strains. Strains were isolated from a diversity of sources, as indicated, and there 

were both high and low virulence representatives included as well as variable serotypes and plasmid types included for 

the initial screening. With the exception of S. Typhimurium (obtained from P. Boerlin), all strains were obtained through 

our collaborator L. Goodridge. The original owners and sources of the strains are listed where applicable. 

 
Serotype Isolate ID Source Plasmids Virulence 

S. Montevideo S2401 Nuts N/A Low2 

S. Senftenberg  S2711 Nuts 
ColRNAI 
ColpVC 

Low2 

S. Uganda S2771 Ground beef N/A High2 

S. Heidelberg S4281 Human Feces  
ColpVC 

IncX1 
High2 

S. Derby S2291 Pork IncQ2 Low2 

S. London S3571 Shrimp N/A Low2 

S. Liverpool S3461 Cantaloupe IncN2 Low2 

S. Typhimurium  R1329 Unknown N/A Undetermined 

 

1 As reported in the SALFOS data base (https://salfos.ibis.ulaval.ca) 

2 Virulence determined by Crouse et al. 2020.  

Serotype Isolate ID Source Plasmids Virulence Researcher Source

S . Montevideo S240
1 Nuts N/A Low

2 Sandeep Tamber Health Canada

ColRNAI

ColpVC

S . Uganda S277
1 Ground beef N/A High

2 Sandeep Tamber Health Canada

S . Derby S229
1 Pork IncQ2 Low

2 Sandeep Tamber

S . London S357
1 Shrimp N/A Low

2 Sandeep Tamber

S . Liverpool S346
1 Cantaloupe IncN2 Low

2 Sandeep Tamber Health Canada

S . Typhimurium R1329 Unknown N/A Undetermined N/A N/A

Health Canada

Sadjia Bekal

Health Canada

Sandeep Tamber

Institut national 

de santé publique 

du Québec

S . Senftenberg S271
1 Nuts Low

2

S . Heidelberg S428
1 Human feces High

2ColpVC

IncX1

https://salfos.ibis.ulaval.ca/
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All cultures were grown at 37˚C in LB broth with shaking at 200 revolutions per 

minute (rpm) and all assays were performed in triplicate. For acid-shock assays, 1.8 mL 

of an overnight culture was collected through centrifugation, rinsed with 0.9% saline and 

re-suspended in 1 mL of unadjusted LB (control) or LB that had previously been 

adjusted to pH 3. After overnight incubation, cells were collected and serial dilutions on 

unadjusted LB were used to evaluate survival. 

 For bile-salt assays, overnight triplicate cultures were plated onto solid media 

supplemented with bile salts (Oxoid catalogue number LP0055) and incubated 

overnight to mimic the length of the conjugation assay. A concentration of 2% bile salts 

(weight/volume) was chosen as enteric bacteria, including E. coli, actively utilize bile 

salts to send environmental signals, create metabolites and alter the bile salt pool 

(Urdaneta and Casadesús 2017). By utilizing the bile salt concentration at the higher 

end of that found in the human small intestine, we can increase bacterial interaction with 

the environment, creating a more realistic model.  

2.2.2 Recipient mutagenesis 

To ensure that all recipient strains contained a selectable marker for the 

conjugations, all recipients underwent mutagenesis for resistance to 32 µg/mL of 

nalidixic acid (NAL). Resistance was obtained by growing each strain on LB containing 

increasing concentrations of NAL, beginning with 0.5 µg/mL NAL and doubling the 

concentration with each re-plating. Cultures were concurrently plated onto LB containing 

the full 32 µg/mL NAL. Once growth was consistently obtained at the desired 

concentration (32 µg/mL), the assay concluded. Successfully mutated strains were 

designated with an “M” at the end of their code.  

 Mutated strains that were chosen for further testing post-preliminary conjugation 

assays underwent a one hour acid-shock tolerance test (pH 3) following the same 

methods described above. Selected mutated strains were also subjected to a repeated 

bile salt tolerance assay as described in 2.3.1. 
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2.2.3 Donor strain stress tolerance 

 Six strains of E. coli, one strain of S. enterica, and four strains of Klebsiella 

pneumoniae were tested as potential donors (Table 2-2). The potential donor strains 

contained at least one plasmid of various plasmid types. For the sake of this 

experiment, the donor strains represented the intrinsic microbiota that is already 

established in the gastrointestinal system. Therefore, donor strains in the conjugation 

assays were faced with bile stress, but not acid-shock stress. The protocol for bile salt 

tolerance as described in section 2.3.1 was used.  

Table 2-2 List of potential donor strains. With the exception of S. Newport (obtained 

from L. Goodridge), all strains were obtained through our collaborator P. Boerlin.  

Serotype Code Source Plasmids Reference 

E. coli  181.1 Turkey feces IncI1 Moffat et al. 2020 

E. coli  81.1 Turkey feces IncI1 Moffat et al. 2020 

E. coli  136.2 Turkey feces IncF Moffat et al. 2020 

E. coli  101.3 Turkey feces IncF Moffat et al. 2020 

E. coli  J53B Unknown qnrB N/A  

E. coli  F28D14 Unknown IncC Chalmers et al. 2021 

S. Newport 624 Environmental  IncC SALFOS 

K. pneumoniae 17.3 Turkey feces IncFIB Moffat et al. 2020 

K. pneumoniae 71.1 Turkey feces 

IncFIB 

Moffat et al. 2020 

IncFII 

IncX4 

ColRNAI 

Col156 

K. pneumoniae 142.2 Turkey feces 
IncFIB 

Moffat et al. 2020 
IncFII 

K. pneumoniae 69.2 Turkey feces 
IncFIB 

Moffat et al. 2020 
IncFII   
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2.2.4 Acid-shock conjugations 

 Donor and recipient strains were grown overnight in LB broth in biological 

triplicates at 37 ˚C aerobically with shaking at 200 rpm. 1.8 mL of culture was 

centrifuged and the pellets resuspended in 1 mL of LB broth. Each resuspension was 

added to 4 mL of LB broth that was unadjusted (control) or that was adjusted to a pH of 

3 with HCl. The recipient cultures were acid-shocked at a pH of 3 for one hour at 37 ˚C 

at 200 rpm.  

 100 µL of both donor and recipient were inoculated on filters (0.65 µm pore size, 

mixed cellulose esters membrane) on LB agar for conjugation. Pre-conjugation counts 

were obtained by plating the donor, control recipient, and acid-shocked recipient strains 

on LB agar containing their selective antibiotic. A negative control of LB supplemented 

with both antibiotics was also performed on all strains. All plates were incubated 

overnight aerobically at 37 ˚C. 

 Filters were aseptically removed from the agar and added to microcentrifuge 

tubes containing 1 mL of unadjusted LB. Filters were removed individually, vortexed 

vigorously, and immediately serially diluted to prevent further growth. Dilutions were 

plated onto LB containing 2 µg/mL ceftriaxone (CRO) and 32 µg/mL NAL. After 

overnight aerobic incubation at 37 ˚C, colonies were counted and suspected 

transconjugants were sub-cultured onto LB + CRO + NAL for confirmation.  

2.2.5 Bile salt shock conjugations 

Donor and recipient strains were grown up in LB broth overnight at 37 ˚C 

aerobically with shaking at 200 rpm in biological triplicates. 1.8 mL of culture were 

centrifuged, and pellets were resuspended in 1 mL of LB broth. 100 µL of both donor 

and recipient cultures were inoculated onto filters on either LB agar (control) or LB agar 

supplemented with 2% bile salts (treatment) for conjugation. 100 µL of donor and 

recipient cultures were also added to the filters individually on both unadjusted LB agar 

and LB agar supplemented with 2% bile salt to determine the cell counts prior to 
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conjugation and bacterial survival on bile. A negative control of LB supplemented with 

both antibiotics was also performed on all donor and recipient strains. 

 Filters were aseptically removed from the agar, added to microcentrifuge tubes 

containing 1 mL of unadjusted LB broth, and vortexed. Transconjugants were plated on 

unadjusted LB containing both selective antibiotics and incubated overnight aerobically 

at 37 ˚C. Suspected transconjugants were sub-cultured on LB + CRO + NAL for 

confirmation.  

2.2.6 Acid and bile salt shock conjugations 

 Donor and recipient strains were grown in LB broth overnight at 200 rpm in 

biological triplicates at 37 ˚C. 1.8 mL of culture was centrifuged, and recipient pellets 

resuspended in 1 mL of LB broth. Each resuspension was added to 4 mL of prewarmed 

LB broth that was unadjusted (control) or adjusted with HCl to a pH of 3 (treatment). 

The recipient cultures were acid-shocked at a pH of 3 for one hour at 37 ˚C at 200 rpm.  

 After the one hour incubation step, the donor strains were resuspended in LB 

broth. Conjugation filters were aseptically placed on LB agar (control) or LB agar 

supplemented with 2% bile salts (treatment) and inoculated with 100 µL of both donor 

and recipient strains. 100 µL of individual donor and recipient cultures were added to 

the filters to determine the cell counts prior to conjugation. A negative control of LB 

supplemented with both antibiotics was also performed on all donor and recipient 

strains. 

 Filters were aseptically removed from the agar, added to microcentrifuge tubes 

containing 1 mL of unadjusted LB broth, and vortexed. Cultures were plated on LB agar 

containing both selective antibiotics and incubated overnight aerobically at 37 ˚C. 

Suspect transconjugants were sub-cultured onto LB + CRO + NAL for confirmation. 

Successful transconjugants were sub-cultured onto MacConkey agar to visually confirm 

taxa designations. 
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2.2.7 Calculation of stress impact factor  

The stress impact factor (SIF) has previously been used in the literature to prevent 

bias when calculating conjugation frequency (Saliu et al. 2019, 2020). In this 

experiment, the SIF accounts for the environmental factors that influence the growth of 

the recipient cells. Briefly, the factor by which the recipient is impacted by stress is 

calculated. This factor is then applied to the transconjugants that have grown under 

stress. As the transconjugants are simply recipient cells that have received a plasmid, 

this factor will adjust the CFU/mL to reflect these transconjugants under stressed 

conditions but not being actively inhibited. If conjugation frequency has been increased 

post SIF adjustment, this could indicate that the environmental conditions allowed the 

transconjugants to receive plasmids in a way their control counterparts could not. A SIF 

above 1 indicates growth inhibition, while a SIF below 1 indicates growth promotion. 

The stress impact factor was calculated as follows: 

SIF = Average CFU/mLControl / AverageCFU/mLStress 

In which the averages are taken from the biological triplicates performed for each assay.  

2.2.7.1 Conjugation frequency calculation 

Conjugation frequency was calculated using the following formulas. While the 

acid-shock assay only involved stress for the recipient cells, both the donor and 

recipient cells underwent stress for the bile salt shock and acid + bile salt conjugation 

assays. For these assays, only the recipient SIF was used for calculations as the donor 

(F28D14) should have a consistent response to bile, and therefore is comparable 

across assays. 

Conjugation Efficiency (Control) = logCFU/mLTransconControl / 
(logCFU/mLDonor + logCFU/mLRecipientControl) 

 
 

Conjugation Efficiency (Acid-shock adjusted with SIF) = log(CFU/mLTransconStress * 
SIF) / (logCFU/mLDonor + logCFU/mLRecipientStress) 
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Conjugation Efficiency (Bile salt adjusted with SIF) = log(CFU/mLTransconStress * SIF) / 
(logCFU/mLDonorStress + logCFU/mLRecipientStress) 

 
 

Conjugation Efficiency (Acid + bile salt adjusted with SIF) = log(CFU/mLTransconStress * 
SIF) / (logCFU/mLDonorStress + logCFU/mLRecipientStress) 

 

2.2.8 Statistical analysis 

Log-reductions for each condition were performed using paired sample t-tests. All 

statistical analyses were conducted in SPSS. All data was log-transformed prior to 

analysis.  

2.3 Results  

2.3.1 Recipient strain stress tolerance 

Although all of the potential recipient strains were tested, only four (271, 277, 

428, 229) of the eight strains were successfully recovered post acid-shock (Figure 2-1). 

The remaining four strains (240, 357, 346, R1329) had lower than 1.0 * 103 CFU/mL, 

representing a greater than 6 log-reduction after overnight acid-shock. Of the strains 

that did survive the overnight acid-shock, strain 229 was the most inhibited, (SIF 2.03 * 

105) followed by strain 271 (SIF 5.51 * 102). The two high virulence (HV) strains, 428 

and 277, had the lowest SIF and therefore the least amount of inhibition in response to 

the acid. 
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Figure 2-1 Recipient strain acid-shock tolerance as measured in LB broth 

adjusted to pH 3 overnight, and their corresponding stress impact factor (SIF). 

Strains without corresponding orange bar or SIF value had growth below the detection 

limit of the assay (1.0 * 103 CFU/mL). A higher SIF indicates a higher degree of 

inhibition for the bacteria strain when faced with stress. 
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Similar results were obtained for strains 346 and 357 between the acid and bile 

salt tolerance assays, as both strains did not grow at the lower detection limit of the 

assay (1.0 * 103 CFU/mL) when bile salt shocked (Figure 2-2). Also similarly to the acid-

shock assays, the high virulence strains 428 and 277 were once again the least 

impacted by bile salts (SIF 1.38 and 1.44 respectively). Strain 229 once again had the 

highest calculated inhibition (SIF 13.8) The recipient cells had a much lower SIF overall 

after overnight growth on LB with 2% bile salts when compared to overnight growth in 

LB broth adjusted to a pH of 3.  
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Figure 2-2 Comparison of average recipient strain tolerance of LB agar 

supplemented with 2% bile salts overnight, and their corresponding stress impact 

factor. Strains 346 and 357 both did not grow at the lower detection limit of the stress 

assay (1.00 * 102 CFU/mL) and therefore were not counted. A higher SIF indicates a 

higher degree of inhibition for the bacteria strain when faced with stress. 
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2.3.2 Preliminary conjugation assays 

Six of the eight potential recipient strains were selected for conjugation with the 

eleven potential donor strains (Table 2-3). Strains 357M and 346M underwent limited and 

no conjugations, respectively, due to their poor tolerance to environmental stress. None 

of the donor strains were able to successfully transfer plasmids into strain 229M, and 

R1329 only accepted plasmids from two of the donor strains (Table 2-3). Recipient 

strains 271M, 240M, 428M, and 277M were therefore chosen for further testing.  
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Table 2-3 Conjugation success between donor and recipient strains. A green cell indicates that conjugation 

frequency was able to be calculated and is recorded in the cell. A yellow cell with ‘BG’ indicates background colonies were 

present at such a level that transconjugants could not be distinguished and therefore conjugation frequency could not be 

calculated.  A dark grey cell with ‘NG’ indicates that no transconjugants were detected. A light grey cell with N/A indicates 

that the conjugation was not attempted.  

240M 277M 229M 357M 346M R1329

N/A ColRNAI ColpVC N/A IncX1 ColpVC IncQ2 N/A IncN2 N/A

181.1 (IncI1) 2.54E-01 NG NG NG N/A NG

81.1 (IncI1) NG BG NG BG N/A NG

136.2 (IncF) BG 2.29E-01 NG BG N/A NG

101.3 (IncF) NG BG NG N/A N/A NG

J53B (IncHI2) 5.20E-01 2.47E-01 NG N/A N/A 4.57E-01

F28D14 (IncC) 4.53E-01 3.55E-01 NG 2.28E-01 N/A 5.29E-01

S. enterica 624 (IncC) NG NG NG N/A N/A NG

17.3 (IncFIB) BG BG BG BG BG BG BG N/A N/A BG

71.1 (IncFIB, IncFII, 

IncX4, ColRNAI, Col 

156)

BG BG BG BG BG BG BG N/A N/A BG

142.2 (IncFIB, IncFII) BG BG BG BG BG BG BG N/A N/A BG

69.2 (IncFIB, IncFII) BG BG BG BG BG BG BG N/A N/A BG

Recipient Code 271M 428M

Plasmids

Donor strain 

(Plasmids)

NG NG

2.52E-01 1.72E-01

1.84E-01

NG 1.69E-01

2.40E-01

BG BG

5.34E-01

E. coli

K. pneumoniae

2.85E-01

3.61E-01 4.43E-01
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Donor strain 101.3, as well as all the K. pneumoniae isolates (17.3, 71.1, 142.2, 

69.2) had no suspected positive transconjugants, but had background colonies at 1.0 * 

10-1 CFU/mL on the transconjugant plates, which may have interfered with the 

interpretation of the results. Several of the donors were only able to transfer plasmids 

into a limited number of recipient strains. This included the S. enterica donor, strain 624 

(into recipient 428M), and E. coli donor 181.1 (into recipient 240M). Strains 81.1 and 

136.2 both transferred their plasmids successfully into strains 271M and 428M, while 

136.2 also had a successful conjugation with strain 277M.  

2.3.3 Mutated recipient assays 

Even though all the recipients used in this study were members of S. enterica 

subsp. enterica, there was variation in how each strain tolerated a one hour acid-shock 

at pH 3 (Figure 2-3). 428M had the smallest SIF (1.11), and therefore was less hindered 

by the acid-shock. Conversely, 240M had the highest SIF (11.04), and was also the only 

strain significantly inhibited by the acid shock (p = 0.027). All strains maintained similar 

values (1.0 * 108 - 1.0 * 109 CFU/mL) in LB without acid and were reduced slightly (1.0 * 

107) in response to acid-shock.  
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Figure 2-3 Comparison of average mutated recipient strain CFU/mL post acid-

shock in LB broth adjusted to a pH of 3 for one hour, and corresponding stress 

impact factors. A higher SIF indicates a higher degree of inhibition for the bacteria 

strain when faced with stress. Statistical significance is indicated with an asterisk (p < 

0.05). 
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Strains 271M, 277M, and 428M had a statistically significant response to bile post-

mutagenesis than the nonmutated original strains (p < 0.05) (Table 2-4). Strains 240M, 

277M and 428M had significant changes in growth when grown in the presence of bile 

(Figure 2-4). Notably, growth of strain 428M was higher in the presence of bile than on 

the control LB media. 

Table 2-4 Differences in log reductions between mutated and nonmutated 

(original) recipient strains in response to growth on 2% bile salts.  

Strain ID 
Average Log Reduction 

(Mutagenesis) 
Average Log Reduction (Original) 

240M 0.11 0.88 

271M 0.17 0.50 

277M 0.39 0.16 

428M -1.00 0.14 
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Figure 2-4 Comparison of average CFU/mL of mutated recipient strains grown in 

2% bile salts, and corresponding stress impact factors. A higher SIF indicates a 

higher degree of inhibition for the bacteria strain when faced with stress. Statistical 

significance is indicated with an asterisk (p < 0.05). 
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2.3.4 Donor strain stress tolerance 

Among donor strains, the S. enterica donor strain, 624, was the least impacted 

by bile salt stress (SIF 2.0) (Figure 2-5). E. coli donors had highly variable inhibition 

rates, with SIFs ranging from 8.85 (strain 81.1) to 186 111 (strain J53B). There was less 

variation in SIF between the K. pneumoniae donor strains (SIF 427 – 4 108). Strain 

142.2 grew outside the upper detection limit of the assay on its control plate (1.0 * 1010 

CFU/mL) so the SIF could not be calculated, although there was at least a 0.74 log 

reduction in growth in the presence of bile. 
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Figure 2-5 Comparison of average donor strain tolerance of LB agar 

supplemented with 2% bile salts overnight, and their corresponding stress impact 

factor. An asterisk indicates that the observed CFU/mL for a strain was higher than the 

detection limit of the assay (1.0 * 1010 CFU/mL) and therefore was unable to be 

counted. A higher SIF indicates a higher degree of inhibition for the bacteria strain when 

faced with stress. 
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Donor strains F28416 and J53B successfully conjugated with the majority of recipient 

strains. Of these two strains, F28D14 had better tolerance to bile salts as well as a 

higher overall conjugation efficiency. This strain was selected as the sole donor moving 

onwards with this experiment.  

2.3.5 Acid-shock conjugation results  

When adjusted with the SIF, three of the four strains (240M, 277M, 428M) had a 

higher average conjugation efficiency after acid-shock than their control groups. All 

differences observed in conjugation frequency between control and acid-shocked 

strains were significant  (p < 0.05) (Figure 2-6).  
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Figure 2-6 Comparison of average conjugation frequencies of recipients that have 

undergone acid-shock at a pH of 3 for one hour, and corresponding stress impact 

factors. A higher SIF indicates a higher degree of inhibition for the bacteria strain when 

faced with stress. F28D14 was the donor strain in all conjugations. Statistical 

significance is indicated with an asterisk (p < 0.05). The values of stressed cells have 

been SIF adjusted.  
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There was variation in the observed SIF for each strain in the conjugation 

assays, compared to the SIF found in the t = 1h preliminary stress assays (Table 2-5). 

240M had a 1.11 log reduction between the conjugation and the preliminary stress. Also, 

271M grew better when acid-shocked in the conjugation, while its growth was inhibited in 

the preliminary assay.  

Table 2-5 Comparison of preliminary acid-shock SIF and the SIF obtained during 

the acid-shock conjugation. 

 Strain 
ID 

Acid Tolerance SIF (Preliminary) Acid Tolerance SIF (Conjugation) 

240M 11.04 141.07 

271M 2.83 0.21 

277M 1.41 4.01 

428M 1.11 2.37 

 

2.3.6 Bile salt shock conjugation results  

Unlike the acid-shock assays, all conjugations occurring on 2% bile had a lower 

average conjugation efficiency than their control groups (Figure 2-7). All strains tested 

had significant differences in conjugation frequency when conjugation occurred on agar 

supplemented with 2% bile (p < 0.05).  
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Figure 2-7 Comparison of conjugation frequencies of donors and recipients that 

have undergone conjugation on LB agar supplemented with 2% bile salts. The SIF 

of the donor strain was compared across assays as both the donor and recipient 

underwent bile salt stress. A higher SIF indicates a higher degree of inhibition for the 

bacteria strain when faced with stress. F28D14 was the donor strain in all conjugations. 

Statistical significance is indicated with an asterisk (p < 0.05). The values of stressed 

cells have been SIF adjusted.  
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 Similar to the acid-shock tolerance conjugation and its corresponding preliminary 

assays, there was variation found between the preliminary and conjugation bile salt 

tolerance (Table 2-6). The most notable was the difference for E. coli F28D14, which 

was strongly inhibited in the preliminary assay but comparable to other strains in the 

conjugation assays. Conversely, strain 428M grew better when plated directly onto the 

media but was inhibited when growing on the filter in the conjugation assays.  

Table 2-6 Comparison of preliminary bile salt tolerance SIF and SIF obtained 

during bile salt shock conjugation. 

Strain ID 
Bile Salt Tolerance SIF 

(Preliminary) 
Bile Salt Tolerance SIF (Conjugation) 

240M 13.22 6.52 

271M 1.48 5.97 

277M 2.47 4.18 

428M 0.1 5.08 

F28D14 7192.98 2.27 - 2.44 

 

2.3.7 Acid and bile salt shock conjugations 

Like the bile salt conjugation assays, all strains had a decrease in conjugation 

efficiency after the combination of acid-shock and then undergoing conjugation under 

bile stress (Figure 2-8). Strains 240M and 271M had significant differences in conjugation 

frequency when faced with both acid and bile stress (p < 0.05). The SIF of the acid + 

bile salt tolerance assays were most similar to the bile salt tolerance assays (Table 2-7). 
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Figure 2-8 Comparison of conjugation frequencies of donors and recipients that 

have undergone conjugation after acid-shock for t = 1h at a pH of 3 on LB agar 

supplemented with 2% bile salts. The SIF of the donor strain was compared across 

assays as both the donor and recipient underwent bile salt stress. F28D14 was the 

donor strain in all conjugations. Statistical significance is indicated with an asterisk (p < 

0.05). The values of stressed cells have been SIF adjusted.  
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Table 2-7 Comparison of SIF obtained across the three conjugation assays 

described in this chapter. 

Strain 
ID 

Acid Salt 
Tolerance SIF 
(Conjugation) 

Bile Salt Tolerance 
SIF (Conjugation) 

Acid + Bile Salt Tolerance 
SIF (Conjugation) 

240M 141.07 6.52 4.38 

271M 0.21 5.97 4.83 

277M 4.01 4.18 1.78 

428M 2.37 5.08 7.59 

F28D14 - 2.27 - 2.44 2.10 - 3.33 

 

2.4 Discussion 

2.4.1 Preliminary assays 

The bacteria chosen as potential donors for this study were E. coli, K. pneumoniae, 

and S. enterica. Escherichia coli inhabits the microbiota of approximately 90% of 

people, is largely commensal, and can be detected in domestic and wild animals, birds, 

and reptiles (Tenaillon et al. 2010). Escherichia coli, and its resistance genes, may 

easily spread amongst potential hosts undetected. Conversely, K. pneumoniae can be a 

member of the innate microflora or an opportunistic pathogen, while S. enterica can 

colonize the human gut during infection (Juhász et al. 2021; Westerman et al. 2021). 

Salmonella enterica was chosen as the sole recipient for this study due to its 

importance as a foodborne pathogen. The recipients in this study were viewed as 

transient microbes passing through and facing the stressors the gastrointestinal tract 

and undergoing conjugation in the intestines. The impact of gastrointestinal stress on 

conjugation in the gut microbiota has thus far been underrepresented in literature. 

Better understanding of the plasmid transmission dynamics of these species is critical to 

design prevention methods for antimicrobial gene dissemination. 

A high level of variability was observed in acid and bile tolerance across all 

strains, which is consistent with serovar level differences documented previously (Berk 

et al. 2005; Cox et al. 2015; Lianou et al. 2017). Of all the S. enterica recipient strains 
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tested, strains 346 and 357 (S. Liverpool and S. London) were the only strains to have a 

greater than 6 log reduction after both the overnight pH 3 acid-shock and the overnight 

2% bile salt tolerance assay. While S. London has previously been associated with 

foodborne outbreaks (Kim et al. 2003; Park et al. 2004), S. Liverpool has been found in 

food manufacturing environments but has not been associated with disease outbreaks 

(Investigation Details | Salmonella Outbreak Linked to BrightFarms Packaged Salad 

Greens | CDC, 2021.; Obe et al. 2020). The lack of tolerance of these strains to both 

acid and bile stress in this experiment may explain their lack of association with 

disease, as S. enterica strains that are unable to survive the stressors of the 

gastrointestinal tract will be less likely to colonize the human gut during infection. 

However other aspects, such as strain level variation or protection from acid stress 

through association with different foods (Fong et al 2016), may also explain how 

outbreaks may occur despite the observed low acid tolerance of this particular isolate.  

Although a bile salt concentration of 2% (weight/volume) was chosen for this 

experiment, the bile concentration is likely to vary throughout the small intestine and into 

the colon. An average of 98% of the bile that enters the small intestine is reabsorbed in 

the terminal ileum, with only 1% – 4% of all bile entering the small intestine continuing 

into the colon (Hill 1990). To the best of our knowledge, no estimations of bile salt 

concentration in the large intestines have been reported in literature.    

We also observed both compatible and incompatible mating pairs throughout the 

preliminary conjugation assay. Some recipient strains would accept a plasmid from one 

E. coli donor, but not from another carrying a plasmid of the same type. For example, 

recipient strain 240M (S. Montevideo) accepted an IncI1 plasmid from donor strain 

181.1, but not another IncI1 plasmid from 81.1. Whether this finding relates to the 

individual E. coli strains or differences between the two IncI1 plasmids merits further 

study. The inverse was observed for strain 428M (S. Heidelberg), which accepted the 

plasmid from 81.1 but not 181.1. Donor strains F28D14 and 624 both carried IncC 

plasmids, but the former was one of the most successful donors and the latter only 

successfully transferred to a single recipient. However, as the F28D14 and 624 strains 
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are E. coli and S. enterica, respectively, this could represent a restriction on plasmid 

transfer between Salmonella strains that is unrelated to plasmid type. More strains 

would need to be investigated in order to parse out the interactions between different 

strains and different plasmid types.  

Background colonies were prevalent in preliminary conjugation assays. 

Escherichia coli strains 81.1, 136.2, and 101.3 all had at least one mating pair with 

background colonies at the 1.0 * 103 CFU/mL plates to the extent that potential 

transconjugants could not be recognized. This was also problematic with all K. 

pneumoniae donors, and the issue extended to every recipient with which they were 

tested. Plating at a higher dilution did not yield any transconjugants. Sub-culturing the 

background colonies on MacConkey indicated that they were S. enterica. All donor 

strains were resistant to ceftriaxone, a beta-lactam, and were therefore producing beta-

lactamases. It is conceivable that the stress of nalidixic acid caused the donor cells to 

die and lyse, allowing the beta-lactamases to be released onto the media. The beta-

lactamases could deactivate the ceftriaxone, allowing S. enterica colonies to grow 

without having acquired the plasmid containing CRO resistance.  

 Strain 229M (S. Derby) was the only recipient strain that did not successfully take 

up a plasmid from any of the donor strains. Of the strains that grew within the assay 

detection limits, 229 had the lowest survival after the overnight acid-shock assay, as 

well as the bile salt shock assay. Strain 229M contains a plasmid from the IncQ2 family, 

which are known to be small plasmids with a broad host range that rely on self-

transmissible helper plasmids or host machinery for mobilization (Rawlings and Tietze 

2001). It is possible that either the IncQ2 plasmid, or the bacterial chromosome, 

contained entry exclusion factors which led to 229M not accepting any plasmids.  

Donor 624 (S. Typhimurium), which carries an IncC plasmid, was only able to 

successfully transfer ceftriaxone resistance with strain 428M, which contains an IncX1 

plasmid. Non-conjugative IncA/C plasmids have previously been reported in literature 

as mobilizing beta-lactamase genes via integration with a mobilizable IncX1 plasmid 
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(Wiesner et al. 2013). Gama et al. (2017) determined that the conjugation frequencies 

of some donor plasmids, including an IncA/C plasmid, increased when the recipient 

contained an IncX plasmid. The authors hypothesized that the IncX plasmid may have 

carried a biofilm-promoting gene cassette commonly found within the incompatibility 

group, which may have increased conjugation frequency. However, the carriage of an 

IncX plasmid in the recipient cell did not increase the conjugation frequency in all strains 

tested, including a strain carrying another IncA/C plasmid (Gama et al. 2017).  We 

hypothesize that the IncX1 plasmid in strain 428M may have transferred into strain 624, 

and then facilitated transfer of both back into our recipient. Future work should include 

sequencing to confirm this hypothesis.  

2.4.2 Conjugation assays 

For assays containing bile salts, the donor strain was also exposed to stress. 

However, as the donor control-stress log reductions were comparable across their own 

assays (Figure 2-7, Figure 2-8), they can be excluded from conjugation frequency 

calculations. 

Some consistent patterns were detected between the acid-shock, bile salt stress, 

and acid + bile salt stress conjugation groups (Figure 2-9). Fewer transconjugants were 

observed on bile as well as in the presence of both acid and bile than in the 

corresponding control groups. The three strains that had increased conjugation 

efficiency post acid-shock (271M, 277M, and 428M) had this affect mitigated by the 

presence of bile. The inhibitory effect the presence of >1% of bile salts on conjugation 

frequency has previously been reported (Aviv et al. 2016). While strain 240M had the 

highest log increase in conjugation efficiency post acid-shock, it also had the highest log 

reduction when stressed with both acid and bile. Notably, while all strains exhibited 

significant differences in conjugation frequency when exposed to acid and bile 

separately, only the low virulence strains 240M and 271M had significant differences in 

conjugation frequency in the presence of both stressors. The two high virulence strains, 

277M and 428M, had the most comparable results across all the groups. Both HV strains 
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had an increased conjugation efficiency post acid-shock, similar log reductions when 

conjugation occurred on bile salts, and a combined acid and bile stress response 

between the two individual stressors. These strains also had the highest overall 

conjugation efficiency in the presence of both acid and bile stressors. However, it is 

important to recognize that only a small number of isolates were investigated in this 

study, and any trends that we see may simply be due to random distribution, and not 

virulence potential. 
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Figure 2-9 Comparison of the conjugation frequency log reductions between the 

control and stress groups across assays, and corresponding SIF. A higher SIF 

indicates a higher degree of inhibition for the bacteria strain when faced with stress. 

F28D14 was the donor strain in all conjugations. The values of stressed cells were SIF 

adjusted prior to calculation of log reduction.
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There was a very large change in SIF of F28D14 between the bile salt conjugation 

assays and the preliminary bile salt assays (Table 2-10). The preliminary bile salt 

assays had the cells plated directly onto the media supplemented with bile salts, while 

the conjugation occurred on filters on top of the bile salt adjusted media. Inoculation 

onto filters decreased the SIF of F28D14 by log 3.35. The S. enterica recipients that 

also underwent both assays did not undergo such a drastic change in survival. Although 

both E. coli and S. enterica are both enteric bacteria, there was also a drastic difference 

observed in survivability between strains in the 2% bile (SIF E. coli 8.85 – 186 111, SIF 

S. enterica 1.10 – 7.37).  

The acid tolerance response of S. enterica is a highly complex system, consisting 

of a variety of proteins including RpoS, Fur, PhoPQ and OmpR/EnzR (Rychlik and 

Barrow 2005). RpoS has been correlated with virulence in S. enterica, being a vital 

component of the initial stages of infection in the small intestines and further persistence 

within a variety of organs (Dong and Schellhorn 2010). Besides its role in virulence, 

RpoS also contributes to S. enterica’s acid tolerance response. The majority of recipient 

strains used in this experiment, including strains 240, 271, 277, and 428 were 

investigated for genetic differences associated with the acid tolerance response, as well 

as survival in bile, by Cavestri et al. (2022). Notably, both low virulence recipient strains 

used in the in vitro conjugation assays (240 and 271) contained a deletion of the rpoS 

gene. It is possible that this deletion is correlated with the low virulence of both strains; 

however, the results obtained here suggest that a rpoS deletion did not correlate with a 

significant decrease in survival after 1 hour at pH 3. Similarly, Cavestri et al (2022) did 

not find a significant difference in survival between HV and LV strains over 90 minutes 

in a simulated stomach. However, the results obtained in this study found that HV 

strains 428 and 277, and their mutated variants, had the lowest SIF after both overnight 

and 1 hour exposure to media adjusted to pH 3. Due to the complexity of S. enterica’s 

stress response, further research is needed to determine if there is a relationship 

between stress tolerance and virulence, and if either directly correlate with a host cells 

ability as a recipient of conjugation.  
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Overall, the response to each stress assay appears to be strain-specific. 

Increased tolerance of a strain to a certain stressor did not necessarily correlate with 

increased conjugation efficiency in the presence of the same stressor, and in some 

cases the opposite trend was found. For example, strain 240M had the highest log 

reduction when faced with an acid-shock at pH 3 for one hour of all strains tested. 

However, this strain also had the highest conjugation efficiency after acid-shocking 

under the same conditions. 240M also had the highest conjugation efficiency in the 

presence of bile, but the lowest when faced with both acid and bile stress. Notably, 

none of the four strains tested consistently had the highest or lowest conjugation 

efficiencies or log reductions across assays. There is still much about interactions 

impacting conjugation that is not understood. Wiesner et al. (2013) hypothesized that 

conjugation is dependent on unknown factors within the recipient strain. Plasmid-

plasmid interactions, plasmid interactions with other mobile genetic elements, and 

plasmid-host interactions are also thought to have a considerable impact on conjugative 

transfer (Gama et al. 2018, 2020; Dionisio et al. 2019), and the impact of stress 

responses on both gene expression and activation of other mobile elements merits 

exploration. Further research focusing on differences between individual strains should 

be considered to deepen our knowledge of bacterial conjugation.  
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3 Differences in conjugation frequency in recipient 
Salmonella enterica in the presence of an established gut 
microbiota 

3.1 Introduction 

The human gut microbiota is a recognized hotspot for genetic transfer (Gumpert 

et al. 2017). The intrinsic microbiota can act as a reservoir for virulence or antimicrobial 

resistance genes that may enter the gut via foodborne bacteria (Aviv et al. 2016). 

Persistence of antimicrobial resistance genes in the human gut has been established in 

literature, even in environments without antimicrobial selective pressure (Gumpert et al. 

2017). Persistence can lead to the spread of resistance genes into the environment, 

and gene transfer between species of the human and animal microbiotas has been 

recorded (Hu et al. 2016). However, there has been little research performed on the 

environmental factors that influence horizontal gene transfer.  

Despite the demonstrated importance of the gut microbiota as a hotspot for 

bacterial conjugation, there has been comparatively little research performed in 

intestinal communities as compared to traditional in vitro experiments (Neil et al. 2021). 

The SHIME is a useful tool for studying interactions in the gut microbiota due to its 

unique ability grow and support a full gut microbiota. After being seeded with a fecal 

sample, the SHIME maintains a microbial community that is highly similar to the original 

microbiome found in the donor’s gastrointestinal system (Lambrecht et al. 2019). This 

allows microbial interactions, such as conjugation, to be studied “in vivo”. Every aspect 

of the SHIME, from the type and number of chambers to the acidity, can be adjusted in 

each vestibule to replicate different gastrointestinal systems. In this way different 

compartments of the SHIME can replicate different components of the GI tract, such as 

the stomach, small intestine, and ascending, transverse and descending colons (Van de 

Wiele et al. 2015). As each of these chambers has a structurally and functionally unique 

microbiota, SHIME users can sample from each to study microbial interactions at 

different points of the digestive tract. The high controllability of abiotic factors makes the 

SHIME a highly adjustable and highly reproductible system (Van de Wiele et al. 2015).  
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The aims of this study were  

i) to determine if conjugation rates differed between stressed and non-

stressed recipients using different serovars of S. enterica recipients, 

ii) to determine if there were difference in conjugation rates in our tested 

recipients after the introduction of a high virulence or low virulence strain 

of S. enterica into the microbiome.  

3.2 Materials and Methods 

3.2.1 SHIME set up 

The SHIME was set up with nine unique compartments: a combined 

stomach/small intestine (ST-SI), feeding into a proximal colon (PC), and then a distal 

colon (DC). The compartments were set up in triplicates, designated numerically (eg. 

ST-SI-1) (Image 3-1). Each replicate of the full transit system will be referred to as 

SHIME-1. SHIME-2 and SHIME-3. Each SHIME was seeded from the same fecal 

donor, after which they were allowed to stabilize. The stabilization period continued for 

28 days and was considered complete when nuclear magnetic resonance (NMR) tests 

showed metabolic profiles between SHIME-1, SHIME-2, and SHIME-3 with 97% 

uniformity across all chambers of the same type (data not shown).  
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Image 3.1 Schematic of the one of the triplicate SHIME setups used in this 

experiment. Created with BioRender.com. Each compartment contained a pH probe 

that would automatically adjust the acidity with hydrochloric acid or sodium hydroxide 

when the pH was outside the preset parameters. The proximal colons were kept at a pH 

between 5.6 - 5.9, and the distal colons were kept between 6.6 -6.9. External pH checks 

were performed daily in addition to the internal probes. The SHIME system was kept at 

37 ˚C and flushed with N2 weekly to maintain anaerobiosis. Each compartment 

contained a stir bar to mimic digestion. The bile concentration is maintained at 4.5 g/L 

across all chambers. 

Consistent with other studies, the protocols for our SHIME experiment followed 

those outlined by Molly et al. (1993, 1994). The stomach and small intestine portions of 

the SHIME were fed three times a day with 140 mL SHIME feed (arabinogalactan [1 

g/L], pectin [2 g/L], xylan [1 g/L], starch [4 g/L], glucose [0.4 g/L], yeast extract [3 g/L], 
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peptone [ 3g/L], mucin [1 g/L], cysteine [0.5 g/L]) and 60 mL pancreatic juice (NaHCO3 

[12.5 g/L], bile salts [6.0 g/L], pancreatin [0.9 g/mL]) (Van den Abbeele et al. 2010; Liu 

et al. 2018). 

Due to COVID-19 restrictions limiting access to the SHIME, another study was 

run on the SHIME concurrently with our study. For this study, additional S. enterica 

species were added after the stabilization period. SHIME-1 received no inoculation, 

while SHIME-2 was inoculated with strain 428 (S. Heidelberg), and SHIME-3 was 

inoculated with strain 346 (S. Liverpool). Each SHIME was therefore treated as a 

separate biological system for the purposes of our experiment.  

3.2.2 Initial SHIME testing 

To confirm that there was no intrinsic resistance to the antibiotics used in this 

study (CRO and NAL), the SHIME microbiota was extracted and 100 µL spread onto LB 

agar containing antibiotics used in the conjugation assays. Brilliance Salmonella agar 

was also tested with NAL to see if the intrinsic microbiota contained NAL resistant S. 

enterica.  

Due to time and COVID-19 restriction limitations, only a subset of the recipient 

strains used for conjugations in chapter two were run with the SHIME. Recipient strains 

240M, 428M and 277M were selected as the strains for this experiment, as they had the 

highest overall control conjugation frequency. Strain F28D14 once again acted as the 

sole donor. 

 Microbial kill assays were performed on all strains being tested to determine 

survival in the SHIME fluid. All assays were run in biological triplicates. Donor and 

recipient strains were grown up overnight in LB broth at 37 ˚C with shaking at 200 rpm. 

The donor strain was grown in LB broth supplemented with 8 µg/mL ceftriaxone (CRO) 

and the recipient strains were grown in LB broth supplemented with 32 µg/mL nalidixic 

acid (NAL). The cultures were grown at 37 ˚C aerobically with aeration. After pelleting 

1.8 mL of culture by centrifugation, the cultures were resuspended in 1 mL of LB broth. 
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SHIME fluid was collected with syringes from both the proximal and distal colons and 

inoculated with the donor or recipient strains. After gentle swirling to homogenize, 

culture was withdrawn and plated onto selective media supplemented with the 

corresponding antibiotic for the donor or recipient isolated. The plates were incubated at 

37 ˚C overnight aerobically to obtain donor or recipient counts prior to overnight 

incubation in SHIME fluid. The inoculated SHIME media was incubated in anaerobic 

chambers overnight at 37 ˚C.  

 Plate counts were obtained after overnight incubation. Inoculated SHIME fluid 

was plated onto selective media and incubated at 37 ˚C overnight aerobically. After the 

second plate counts were obtained, the log reduction was calculated for all triplicates.  

 Two separate assays were run with the dialysis cassettes to test membrane 

permeability. For the first assay, recipient 428M was inoculated into a cassette and 

placed in sterile LB broth. For the second assay, sterile LB broth was inoculated into a 

dialysis cassette (Fisher Scientific Slide-A-Lyzer Dialysis Cassettes, 0.5 mL), and 

placed into media that had purposefully been contaminated with 428M. After overnight 

aerobic incubation the previously sterile broth was streaked onto both LB and LB + NAL 

agar.  

3.2.3 Conjugations in SHIME liquid 

 Donor and recipient strains were grown up overnight in biological triplicates. The 

donor strains were grown in LB broth supplemented with ceftriaxone (CRO) and the 

recipient strains were grown in LB broth supplemented with nalidixic acid (NAL). The 

cultures were grown at 37 ˚C aerobically with shaking at 200 rpm. After the incubation 

step, 1.8 mL of culture was spun down and rinsed in 0.9% saline. The recipient pellets 

were resuspended in 1 mL of LB broth. Each resuspension was added to 4 mL of 

prewarmed LB broth that had previously been adjusted with hydrochloric acid to a pH of 

3. The recipient cultures were acid-shocked at a pH of 3 for one hour at 37 ˚C with 

shaking at 200 rpm. The acid-shock was run beside a control of the same culture added 

to 4mL of unadjusted LB broth. The donor strains were left in pelleted form until the 
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recipient acid-shock step was complete. 10 mL of SHIME fluid was collected into falcon 

tubes and stored in an anaerobic chamber until use. 

After the hour incubation step, the donor strains were resuspended in LB broth. 

All strains were diluted 10-fold into 0.9% saline to prevent further growth. Semi-

permeable dialysis cassettes were used to ensure physical contact between donor and 

recipient cells while also exposing the mating pair to the byproducts from the microbial 

community that cannot be reproduced in vitro, such as metabolites and signaling 

molecules. Using sterilized tweezers, the cassettes were moved into a beaker 

containing sterile saline and hydrated for approximately two minutes as directed by the 

manufacturer. The contents of the falcon tube were placed into a 250 mL beaker, and 

tweezers were used to move the cassette onto a sterile surface. The cassettes were 

carefully opened, and 100 µL of both donor and recipient strains were inserted into the 

cassette. The cassettes were closed and placed in the beaker with SHIME fluid. The 

beaker was covered in parafilm and placed in an anaerobic chamber. The beakers were 

incubated anaerobically at 37 ˚C overnight. The donor and recipient strains were then 

individually diluted and plated onto selective media supplemented with the 

corresponding antibiotic to determine cell counts going into the conjugation. Negative 

controls were also run with all donors and recipients. 

 After incubation, the beakers were removed from the anaerobic chamber in the 

biological safety cabinet (BSC). Cassettes were removed with sterile tweezers and 

rinsed in sterile saline. The lids were removed from the cassettes and the liquid from 

inside the cassette removed with a Pasteur pipette and moved into a sterile 

microcentrifuge tube. The liquid was diluted and plated onto both LB supplemented with 

CRO or NAL, or Brilliance media supplemented with CRO. The plates were incubated at 

37 ˚C overnight. Candidate transconjugants were re-streaked onto transconjugant 

media for verification.  
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3.2.4 Statistical Analysis  

Paired sample t-tests were utilized to analyze the log reduction of bacteria 

CFU/mL before and after overnight anaerobic incubation in SHIME media. This test was 

also used to compare control group transconjugants to transconjugants that had 

undergone acid-shock within the same colon regions of the SHIME. All assays were 

performed in triplicates. All statistics were performed in SPSS and all data was log-

adjusted prior to analysis.  

3.3 Results 

3.3.1 Preliminary SHIME Assays 

Results for SHIME microbiota resistance to NAL and CRO are summarized in 

Table 3-1. Faint colonies in small numbers were noted but ultimately counted as no 

growth, as faint colonies from undiluted SHIME microbiota would be unlikely to impact 

conjugation frequencies at higher dilutions.  

Table 3-1 Growth of SHIME microbiota on media with antibiotics used in this 

study. Plates were incubated aerobically for 24-48 hours after inoculation. G 

indicates growth, while NG indicates no growth. 

 CRO (2µg/mL) 
CRO 

(8µg/mL) 
NAL (32µg/mL) 

NAL 
(32µg/mL) 
(Brilliance 

Salmonella) 

CRO (8µg/mL) 
+                 

NAL (32μg/mL) 

PC 1 Faint NG G Faint Faint 

PC 2 Faint NG G Faint Faint 

PC 3 Faint NG G G NG 

DC 1 G NG G Faint NG 

DC 2 G Faint G G NG 

DC 3 G Faint G G NG 

As SHIME-1 was the only triplicate that was not inoculated with S. enterica, and 

initial screening had identified NAL resistant S. enterica in SHIME-2 and SHIME-3 
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(Table 3-1) only SHIME-1 was used for the kill assays. All strains faced a logarithmic 

reduction of at least 0.56 and 0.42 after overnight anaerobic incubation in the fluid 

withdrawn from the proximal colon and distal colon, respectively (Figure 3-1). There was 

a significant decrease in bacterial survival when strains 240M and 428M were introduced 

to the proximal colon fluid, and also when strains 428M and F28D14 were introduced to 

the distal colon fluid. All strains apart from 428M had higher inhibition in the proximal 

than in the distal colon regions.  
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Figure 3-1 Log reduction of recipient and donor strains post-exposure to SHIME 

contents from the proximal (PC) and distal (DC) colons. Statistical significance (p < 

0.05) is indicated with an asterisk.  

 The final preliminary testing was to check the permeability of the cassettes. After 

incubation, there was some bacterial growth in each of the experiments performed. The 

bacteria were not resistant to NAL, indicating that inoculated cultures had not 
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transferred across the membrane but rather that the cassettes were not completely 

sterile. The experiments continued despite these limitations as the presence of NAL-

susceptible bacteria would not interfere with detection of transconjugants.  

3.3.2 Conjugations in SHIME liquid 

Preliminary conjugations were performed with ceftriaxone at a concentration of 2 

µg/mL. However, the microbiota of the SHIME had demonstrated resistance to that 

concentration of ceftriaxone. As the donor strain F28D14 was capable of growth at 

higher concentrations without loss of fitness, 8 µg/mL of ceftriaxone was used for the 

conjugations going forward. There was no little to no growth on plates containing both 

NAL and 8 µg/mL CRO, and therefore background colonies were not expected to be 

detected when transconjugants were plated at higher dilutions.  

Preliminary conjugations revealed that conjugation efficiency in the distal colon 

for each pair was higher than the efficiency in the proximal colon. Only strain 240M had 

any transconjugants grow in the proximal colon when plated at 1.0 * 101, and only for 

the control recipients. Proximal colon conjugations were therefore discontinued going 

forward. For conjugations occurring in the SHIME fluid from the distal colon regions, 

each of the three strains used as recipients exhibited distinct responses, and will 

therefore be discussed separately. 

The control group of strain 240M had the highest conjugation efficiency in DC 1, 

and the lowest conjugation efficiency in DC 3 (Figure 3-2); however, none of the 240M 

triplicates survived post acid-shock. Within the control group, the conjugations that 

occurred in the presence of the microbiota from DC 1 had the highest efficiency out of 

all the control groups (for all strains), followed by DC 2 and DC 3. Transconjugant 

counts from LB + NAL + CRO plates were used for this conjugation as the 240M 

transconjugants were very pale and difficult to count on Brilliance Salmonella media.  

 



 

 

60 

 

 

Figure 3-2 Conjugations rates for the control 240M recipient under SHIME distal 

colon (DC) conditions. F28D14 was the donor strain in all conjugations. 

Strain 277M exhibited its highest control conjugation efficiency in DC 1, and the 

lowest in DC 3 (Figure 3-3), similar to what was seen with strain 240M. The inverse was 

true for the acid-shocked strains as the acid-shocked strains that underwent conjugation 

in DC 2 and DC 3 had higher overall conjugation efficiencies than their control 
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counterparts. There was a statistically significant difference observed between the 

control and acid-shocked conjugation frequencies in DC 3 (p = 0.044) only. It should be 

noted that the p-value for DC 1 could not be calculated in the above tests as one of the 

triplicate acid-shocked transconjugants failed to grow. This was counted as an outlier 

and excluded from the averages. The transconjugant counts from LB + NAL + CRO 

plates were used to calculate conjugation frequency for this strain, as the counts across 

dilutions were inconsistent on the Brilliance Salmonella plates.  
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Figure 3-3 Conjugations rates for the control or acid-shocked 277M recipient 

under SHIME distal colon (DC) conditions. F28D14 was the donor strain in all 

conjugations. Statistical significance is indicated with an asterisk. The values of 

stressed cells have been SIF adjusted.  

 The control group of strain 428M had the highest conjugation efficiency in DC 2 

and the lowest in DC 1, although the control rates were comparable across all three 
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SHIMEs. The acid-shock group had the highest conjugation efficiency in DC 3 and 

lowest in DC 1. This strain had higher conjugation efficiency in each distal colon when it 

had undergone acid-shock, although these results were not significant (DC 1 p = 0.735; 

DC 2 p = 0.129; DC 3 p = 0.221). Transconjugants were counted on Brilliance 

Salmonella as the corresponding LB + NAL + CRO plates had many background 

colonies and inconsistent counts across dilutions.  
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Figure 3-4 Conjugations rates for the control or acid-shocked 428M recipient 

under SHIME distal colon (DC) conditions. F28D14 was the donor strain in all 

conjugations. The values of stressed cells have been SIF adjusted.  

 

 Conjugation frequencies of acid-shocked or control groups of the same strains 

across different distal colon replicates were compared (Table 3-2). Statistically 
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significant differences were observed between DC 2 and DC 3 for the control groups of 

277M and the acid-shocked groups of 428M. 

Table 3-2 Comparison of conjugation frequencies of either control or acid-

shocked groups of the same strain across different distal colon replicates. ‘A’ 

indicates that the recipients used in the conjugation were acid-shocked, while ‘C’ 

indicates the untreated group. P-values for 277M A DC 1 could not be calculated as 

one of the triplicates did not grow.  

Region Condition 
p-values 

428M 277M 

DC 1 / DC 2  
C 0.914 0.171 

A 0.307 - 

DC 1 / DC 3 
C 0.934 0.081 

A 0.274 - 

DC 2 / DC 3 
C 0.153 0.009 

A 0.033 0.681 

 Conjugation frequencies of control groups of different strains in each distal colon 

replicate were also compared. Acid-shock groups were not utilized as this test was to 

see the differences at the recipient level in each unique microbiota (Table 3-3). 

Statistically significant differences were seen between 277M and 240M in DC 2 and DC 3 

(significance < 0.05) although trends (p < 0.07) were also identified for 277M and 428M 

in the same vessels.  
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Table 3-3 Comparison of conjugation efficiencies based on different recipient 

strains in same distal colon region, and corresponding p-values.  

Region 
Strain 

Comparisons 
p-value 

 
DC 1 

277M / 428M 

0.833  

DC 2 0.065  

DC 3 0.054  

DC 1 

277M / 240M 

0.085  

DC 2 0.01  

DC 3 0.012  

DC 1 

428M / 240M 

0.141  

DC 2 0.20  

DC 3 0.69  

 

3.4 Discussion 

The proximal colon had a higher inhibitory effect on all strains tested than the 

distal colon region, apart from 428M. The higher inhibition of 428M in the distal colon 

region than in the proximal colon region could be attributed to a higher acid tolerance, 

as the pH of the proximal colon is between 5.6 – 5.9 and the pH of the distal colon in 

between 6.6 – 6.9.This is supported by the results obtained in the previous chapter, as 

strain 428M had increased growth after 1 hour in media adjusted to a pH of 3. Two 

separate studies have previously observed strain-specific survival of S. enterica isolates 

in the presence of low water activity foods (Andino et al. 2014; Fong and Wang 2016). 

Wang et al (2020) observed the impact of acidic, hyperosmotic, and oxidative stressors 

on five different S. enterica isolates. They hypothesized that the diversity in the level of 

cellular maintenance (DNA and protein repair), post-translational protein modifications, 

metabolic states, and outer membrane proteins could all potentially have a role in 

survival profiles of different strains (Wang et al. 2020).  
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Bacterial survival results obtained in the kill assay experiment did not have a 

positive correlation with conjugation efficiency that occurred in the SHIME-1 fluid in the 

final experiment. Strain 240M in PC 1 had the highest log reduction of all strains, but 

240M was the only strain that had countable transconjugants in the proximal colon 

region in subsequent testing. 240M was also the recipient strain most impacted by the 

stressors of DC 1, but again, had the highest conjugation frequency of all recipients in 

DC 1. 277M was also less inhibited in the distal colon region than 428M, but had a higher 

control conjugation frequency in that region. This suggests that gastrointestinal 

stressors may upregulate S. enterica’s ability as a recipient, even when the stressors 

have an inhibitory effect on cell survival. 

Not all stress factors were accounted for in the kill assay. The donor and 

recipient strains were not tested for tolerance to anaerobiosis without the additional 

shock of the SHIME fluid. Additionally, strains that had been acid-shocked were also not 

tested in the kill assay. Prior exposure to acid may have activated molecular machinery 

to increase survivability in bile, as has been noted in other gastric bacteria such as 

Lactobacillus and Bifidobacterium (Ruiz et al. 2013). As acid-adapted S. Typhimurium 

has increased tolerance to other environmental stressors, such as increased 

temperature and salinity (Leyer and Johnson 1993), it is possible that the general stress 

activation response may extend to increased tolerance to bile. The difference in 

resilience between acid-shocked and control strains was not tested in the kill assays. 

This would have aided in determining if the difference in conjugation frequency in DC 2 

and DC 3 between control and acid-shocked groups was due to an upregulation of 

conjugation related genes post acid-shock, or by decreased survivability of the control 

shocked strains in the presence of other S. enterica strains.  

Bacterial growth on either LB or Brilliance Salmonella agar was strain dependent. 

Bacterial counts for strain 428M transconjugants were performed on Brilliance 

Salmonella, as the colonies on the LB agar plates had inconsistent dilution counts and 

many background colonies. However, both strains 277M and 240M were counted on LB 

agar, as transconjugants grew very faintly on Brilliance Salmonella. Brilliance 
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Salmonella is a chromogenic, highly inhibitory medium that contains novobiocin and 

cefsulodin. It is possible that strains 277M and 240M struggled to grow in the presence of 

the additional stressors of the media, along with the background cells from the SHIME 

microbiota.  

To the best of our knowledge, comparative testing of Brilliance Salmonella has 

only been reported twice in literature. Martiny et al. (2016) tested the performance of 

different chromogenic agars, including Brilliance Salmonella, at isolating S. enterica 

from stool. They determined that Brilliance Salmonella had a low sensitivity (30.1% - 

60.3%) when an enrichment step was not performed (Martiny et al. 2016). The low 

sensitivity may have caused an overrepresentation of transconjugants in strains 240M 

and 277M compared to the counts obtained for 428M. The other study also tested the 

performance of Brilliance Salmonella in isolating Salmonella Paratyphi A from stool. The 

authors found a high false positive rate (17.4%) but noted that the type of Brilliance 

Salmonella used was not recommended for isolation of S. Paratyphi A by the 

manufacturers (Kuijpers et al. 2018).  

There were patterns observed in the conjugation result between the strains  

when exposed to DC SHIME fluid. Strains 277M and 428M had an overall higher 

conjugation efficiency post acid-shock, but the only statistically significant difference 

was found between the control and acid-shock group of 277M in DC 3. The control 

groups for strains 240M and 277M had higher conjugation efficiency in DC 1 than DC 2, 

and the lowest conjugation efficiency in DC 3. The lack of growth for the 240M acid-

shock strains unfortunately means conclusions cannot be drawn between high virulence 

and low virulence (LV) strains for this assay. However, the small number of isolates 

used in this experiment means that these values could be due to random distribution, so 

higher number of replicates are required in the future.  

Strain 428 was inoculated into SHIME-2, but despite this it does not appear to 

have increased the conjugation frequency drastically for either strain 428M control or 

acid-shocked recipients. The impermeability of the dialysis cassettes would not have 
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allowed the 428 in the microbiota to have physical contract with donor F28D14, and 

therefore there should not be any false positive transconjugants. The control efficiencies 

for strain 428M across all three distal colons replicates were similar, and the acid-

shocked strains increased in conjugation efficiency in the presence of other S. enterica 

strains. 

A previous experiment by Lambrecht et al. looked at the transfer of an untyped 

MDR plasmid of an animal-derived, commensal Escherichia coli towards an established 

human microbiome in simulated colon chambers of a Mucosal Simulated Intestinal 

Microbial Ecosystem (M-SHIME), while also evaluating the effect of meal size on E. coli 

survival and plasmid transfer rates. They found that sampling from different times 

relevant to feeding, as well as meal size, did not affect the number of transconjugants 

found. However, the Lambrecht et al. study inoculated the SHIME with their donor strain 

and studied the transfer of its plasmid into the SHIME microbiota of the proximal colon. 

As with this study, the authors determined that plasmids can transfer in a simulated gut 

environment in the absence of antimicrobial agent stress. 

The dialysis cassettes had a dual purpose of ensuring that mating pairs could 

establish physical contact, and to prevent other potential donors or recipients in the 

SHIME microbiota from causing false positives in our transconjugant assays. Our 

results suggested that the dialysis cassettes were not permeable to bacteria but were 

not sterile. The two dialysis cassettes tested had bacteria on the exterior and interior, 

respectively. However, these bacteria were not resistant to NAL. While any 

contaminants were unlikely to cause significant changes in conjugation results during 

this experiment, indirect consequences of contamination may have occurred, such as 

introduction of new mobile genetic elements not native to the SHIME microbiota, 

competition for nutrients, or interspecies cellular signalling.  

Although the SHIME is a highly reproducible machine when using the same fecal 

sample, there are limitations to the model including the lack of host immune cells. One 

study determined that inflammation from S. enterica or E. coli infections helps increase 
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colonization of Enterobacteriaceae, leading to increased conjugation rates (Stecher et 

al. 2012). This means that conjugation could be underrepresented in the SHIME, 

particularly for virulent strains such as 277M or 428M that may cause increased 

inflammation upon infection of host cells, causing bacterial blooms leading to a higher 

cell density. Whether the cassettes mimic this phenomenon by confining the cells inside 

of a fixed space is uncertain. Conversely, there is also evidence that the lack of host 

cells may have caused an overrepresentation of conjugation frequency, albeit via a 

different mechanism. A study that co-cultured E. coli isolates with human intestinal cells 

found a decrease in conjugation efficiency between E. coli donor and recipient strains 

(Machado and Sommer 2014), suggesting that host cell factors may inhibit conjugation. 

Further experiments comparing in vitro and in vivo conjugations of the same mating 

pairs should be conducted to increase our understanding of how conjugation differs 

between a laboratory environment and in the host gastrointestinal system. 

In conclusion, the high variability of conjugation frequencies across DC replicates 

and strains warrants more research. While sample sizes for this experiment were low 

and survivability assays were not performed in all chambers of the SHIME or with acid-

shocked strains, the increase in conjugation frequency when recipients are faced with 

both acid-shock and intestinal stressors may further suggest an upregulation of genetic 

transfer in the gastrointestinal tract of humans.  
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4 Discussions and Conclusions 

4.1 Comparisons across all assays  

The gut microbiota is a highly variable ecosystem. The composition of the microbiome 

depends on dietary and environmental factors (Ronda et al. 2019), as well as history of 

antimicrobial agent usage (Strati et al. 2021). Each host’s microbiota begins forming in 

infancy, with evidence indicating that even the method of birth can cause long lasting 

effects on the gut microbiota in early life and presumably throughout the life course 

(Salminen et al. 2004). Studies looking at conjugation frequency in vivo in only one 

animal host, or in germ-free hosts, are limited by the inability to account for different 

microbial communities between individuals. Additionally, conjugation is affected at the 

plasmid-bacteria interface due to plasmid incompatibility grouping, bacterial immunity 

systems, plasmid co-carriage, and plasmid fitness costs (Benz et al. 2020). 

Furthermore, there is evidence that mammalian host genetics may influence the 

microbial community and impact conjugation efficiency (Ott et al. 2020). As well as 

differences in biotic factors, conjugation frequency is impacted by abiotic factors 

including nutrient availability, the presence of metabolites, and chemical stressors like 

acid and bile (Fernandez-Astorga et al. 1992; Kohli et al. 2018; Alderliesten et al. 2020; 

Benz et al. 2020). Our understanding of how different abiotic and biotic factors affect 

conjugation frequency is incomplete and variable microbial communities are not 

commonly incorporated in conjugation studies (Toomey et al. 2009; Neil et al. 2021).  

Acid-shocking appeared to have a beneficial effect on conjugation efficiency in our 

study. The conjugations that occurred in the presence of the SHIME microbiota, as well 

as the in vitro acid-shock conjugation assays, had an overall increase in conjugation 

efficiency post-stress (Figure 4-1). While differences in conjugation frequency are not 

necessarily associated with differences in virulence, high virulence strain 428M had a 

higher conjugation frequency in 4 of the 6 trials, all in which the bacteria were acid-

shocked prior to conjugation. Strain 277M also had increased conjugation efficiency in 3 

of the 4 assays in which it was acid-shocked, and increased conjugation efficiency in 2 
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of the 3 SHIME compartments. However, only two HV isolates from two different 

serovars were tested in this experiment, so any conclusions drawn regarding acid-

shocking increase conjugation frequency and virulence should be interpreted with 

caution.  

The impact of co-culturing of donor and recipient strain growth was not considered in 

this experiment. If the presence of a strain impacted the growth of the other in the 

mating pair, either positively or negatively (Gao et al. 2021), it may cause a shift in 

conjugation frequency that our methods could not detect. An example of a possible 

negative effect is the production of biocins by both S. enterica and E. coli, and plasmids 

that they both can carry (Kaldhone et al. 2019). Biocins produced by natural E. coli have 

been shown to have a direct inhibitory effect against clinical S. enterica strains (Zihler et 

al. 2009).  Future studies should investigate growth of co-cultured donor and recipient 

strains in the presence of stress, as well as individually. 
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Figure 4-1 Comparison of the log reductions of control conjugation efficiencies 

minus the stressed conjugation efficiencies for the experiments performed in 

chapters two and three. A negative log reduction indicates an increase in conjugation 

frequency after a recipient has undergone stress. The values of stressed cells were SIF 

adjusted prior to calculation of log reduction.  
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Cavestri et al. (2022) analyzed the survival of S. enterica strains, including the 

strains utilized in this experiment, though the TNO (gastro)intestinal model (TIM-1). 

There were a few differences in strain behavior between the results of Cavestri et al. 

and the results documented in this experiment. Cavestri et al .documented that strain 

346 had the highest survival rate in acid at both 60 minutes and 90 minutes post 

digestion, while this study found it to be one of the strains the most inhibit by acid 

overnight. However, this could be due to the differences in inoculation time within the 

acid.  Additionally, there was a larger discrepancy in survival between strain 277 and 

strain 428 in the study by Cavestri et al., while in this study the two strains had similar 

responses to stress. Cavestri et al. reported that low virulence strain 271 also had better 

survival in the stomach compartment than HV strain 277 after one hour, while this study 

found that 277 had better survival after a one hour acid shock. This can be attributed to 

differences between the experimental designs. Primarily, the bacteria used by Cavestri 

et al. were inoculated onto lettuce prior to passage through the gastrointestinal system. 

This allowed the bacteria to experience a more gradual acid-shock (pH 6.5 at meal, pH 

4.3 after 30 minutes, pH 2.3 after 60 minutes, pH 1.8 after 90 minutes), and may have 

also provided a protective barrier for the S. enterica cells (Cavestri et al. 2022). Future 

in vitro work should consider modeling the acid shock to the changes in the pH of the 

stomach following a meal to better allow cellular adaptation to acid conditions to 

develop. Notably, the strains that underwent a one hour acid shock in this paper (240M, 

271M, 277M and 428M) had a decreased logarithmic reduction than the nonmutated 

variants of these strains after one hour in the stomach compartment of the TIM-1. After 

1 hour after inoculation the pH of the TIM-1 gastrointestinal was 2.3, instead of the pH 3 

used in the acid shock assays in this experiment. This difference in stress may have 

accounted for the more drastic log reduction.  

The matrix in which conjugation occurred may have impacted our results. There is 

evidence that different matrices affect conjugation frequency depending on the 

plasmids. Plasmids may encode pili with varying flexibilities, which benefit conjugation 

frequencies in different matrices (Bradley et al. 1980; Neil et al. 2021). IncC pili are thick 
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and flexible (Bradley 1980), which corresponds with better conjugation frequency on 

plates than in liquid media (Bradley et al. 1980). This is consistent with our findings, as 

our donor strain included an IncC plasmid and had higher conjugation frequency on 

agar than in liquid, although this does not account for the additional stressors that were 

present within the liquid SHIME medium. However, while the donor and recipient pairs 

used in the SHIME conjugation were suspended in liquid, the cassettes used for the 

SHIME conjugations may have provided physical support for conjugations to occur on 

solid surfaces. It should further be noted that the structure on which conjugation occurs 

inside the gut lumen is currently unknown (Benz et al. 2020).  

All strains used in this experiment, apart from J53B, as well as their associated 

plasmids, were wild-type strains isolated from natural sources. The importance of using 

wild-type strains in science to determine variation has long been recognized; however, 

the term “wild-type” commonly indicates organisms with normal characteristics for their 

species (Holmes 2017). Strains that have been isolated from natural sources allow us to 

study bacteria that represent a diversity of strains that would be found in the 

environment. Few studies have previously investigated the differences between 

laboratory strains and natural strains, as most studies observe differences between 

laboratory strains and their knockout mutant variants, limiting the scope of results 

obtained. 

4.2 Future Research and Applications 

Antimicrobial resistance is a major concern in today’s society. In 2005, infectious 

disease was reported as the third leading cause of death in the United States, and the 

second highest cause of death worldwide (Conly and Johnston 2005). Antimicrobial 

resistance related deaths were estimated at 4.95 million in 2019 and these numbers 

have been predicted to rise to ten million deaths annually by 2050 (Murray et al. 2022). 

Despite this, development of novel antimicrobial agents by pharmaceutical companies 

has been decreased during the past few decades (Plackett 2020).  
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The ideal antimicrobial agent has been described as “…an antibacterial agent that 

kills or inhibits the growth of harmful bacteria in a host regardless of site of infection 

without affecting beneficial microbes (gut/skin flora) or causing undue toxicity to the host 

with low potential for resistance” (Singh et al. 2017). Targeting the transfer of 

antimicrobial resistance genes from cell-to-cell, instead of the cells themselves, may fit 

this criterion. Neil et al. (2021) discussed the possibility of targeting the mating-pair 

stabilization (MPS) process of bacterial conjugation. By disturbing the formation of 

mating pore via decreased adhesion or by damaging the mating pili, we may be able to 

inhibit genetic transfer between cells. Vrancianu et al (2020) reviewed various proposed 

mechanisms targeting plasmids to reduce genetic transmission, including curing 

plasmids carrying antimicrobial resistance and virulence genes, blocking conjugation 

using conjugation inhibitors, utilizing engineered plasmids with a competing 

incompatibility group to encode antitoxins and replicons to eliminate genes or plasmids 

of interest, and utilizing CRISPR/Cas systems to eliminate MGEs. The authors 

concluded that although a multitude of different mechanisms to target antimicrobial 

being resistance genes are under development, all the studies mentioned have 

limitations to overcome prior to bona fide applications (Vrancianu et al. 2020).  

Fortification of the natural microbiota to outcompete potential antimicrobial or 

virulence carrying pathogens is also promising (Pamer 2016; Baumgartner et al. 2020) . 

Probiotics may be administered post antimicrobial agent usage to reestablish any of the 

natural microbiota that may have been lost during treatment. The SHIME, with its ability 

to maintain a microbiota and compare treatments across multiple chambers, has the 

potential to greatly assist further research in probiotics. Probiotic usage has recently 

been tested in the SHIME to stimulate the growth of Lactobacilli, with promising results 

(Salgaço et al. 2021). Fecal transplants have also been used to successfully reconstruct 

the gut microbiota, while reducing the load of antimicrobial resistance in the host (Hyun 

et al. 2022). A deeper understanding of the gut microbiota will lead to more insights on 

treatment options to decrease resistance genes.  
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A study by Perez et al (2010) highlighted the variance in survival in the presence of 

gastrointestinal stressors, as well as documented pre-adaptation to acid causing 

increased colonization of the intestinal tract. Researchers looked at acid-adapted and 

non-adapted Salmonella Enteritidis and Salmonella Typhimurium. Strains were grown in 

nutrient broth containing glucose until stationary phase was reached for gradual acid 

adaptation (pH 4-5) (Perez et al. 2010). Both acid-adapted and non-adapted strains 

were inoculated into simulated gastric fluid prior to acid-shocking (pH 1.5) for 20 – 100 

seconds and inoculation into rats. The authors found that non-adapted strains of both 

serovars were shed in feces in a higher amount than the acid-adapted strains. They 

hypothesized that the acid adaption increased the virulence of the strains, promoting 

colonization of the intestines. The acid-adapted strain of S. Enteritidis had significantly 

higher counts in the small intestine than its non-adapted strain, as well as the acid 

adapted strain of S. Typhimurium, indicating serovar specific differences in virulence 

post acid adaptation. While our research also found that survival in acid was variable 

across strains of S. enterica, we did not measure survival in in intestinal conditions (bile 

or SHIME liquid) post acid-shocking. However, acid-shocking prior to inoculation into 

SHIME fluid increased conjugation frequency in 5 of our 6 trials. Future research should 

investigate the correlation between conjugation frequency and survival in the presence 

of multiple stressors. Additionally, RNA sequencing should be utilized to detect changes 

in gene expression after exposure to different stressors and correlate them to 

conjugation frequency. 

The complexity of the interactions within the gut microbiota are difficult to replicate. 

The experiments conducted throughout this paper only performed conjugations on 

strains carrying zero or one conjugative plasmids. As Enterobacteriaceae found in the 

gut may harbor multiple plasmids (Neil et al. 2021), our model is limited. Additionally, 

other mobile elements that may affect genetic exchange, such as Salmonella genomic 

islands, integrons, or transposons were not accounted for.  

There is still much about strain specific survival and conjugation factors that is not 

understood. Relatively few researchers have investigated conjugation frequency in 
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response to the gastrointestinal stressors, despite the importance of the gut microbiota 

in horizontal gene transfer. Future research should investigate the connection between 

cellular survival and conjugation in response to multiple stressors, while taking 

advantage of the unique capabilities of the SHIME to study enteric pathogens in an in 

vivo environment. 
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