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ABSTRACT 

Introduction: Plasmids carry and transport genes that assist their hosts to survive in many 

environments. Many studies have examined the conditions for plasmid persistence in bacterial 

populations. A limitation includes that a majority of the mathematical models for examining 

plasmid persistence only included bacteria from similar colonies. However, most bacterial cells 

inhabit complex communities where plasmids disseminate between varied bacterial host cells. 

Thus, there is a gap in knowledge concerning the persistence of plasmids in natural bacterial 

populations. To address a few of these gaps in knowledge, the present study attempted to examine 

the effects of plasmid carriage on intrinsic stages of bacterial populations in Bacillus subtilis co-

cultures. 

Material and methods: B. subtilis cells were transformed with CRISPR-hCas-9 plasmid vectors 

where the natural phases of bacterial growth, biofilm production, and antibiotic resistance were 

examined in relation to plasmid carriage. These three natural phases were measured in relation to 

plasmid carriage through in vitro co-culture assays.  

Results: After calculating the CFU/mL, bacterial growth in the B. subtilis-Carrier with Escherichia 

coli (B. sub-C-E. coli) and Vibrio harveyi (B. sub-C-VH) co-cultures significantly decreased with a 

paired-t-test two-tailed P=0. The WT B. subtilis-V.H samples, the B. subtilis Carrier-V.H co-cultures, 

and the controls each scored a total of 40, 47, and 46 of crystal violet (CV) intensity of biofilm, 

respectively. Biofilm formation decreased after co-culturing E. coli with the B. subtilis-Carrier, 

yielding a P<0.001. The antibiotic resistance levels of the co-cultures increased by 3% for the B. 

sub-C-V.H samples while the B. sub-C-E. coli co-cultures decreased in antibiotic sensitivity by 

approximately 1.5%. 

Conclusions: Plasmid carriage contributes to plasmid persistence via altering the natural phases of 

bacterial populations. 

© 2022 The Authors. Published by Iberoamerican Journal of Medicine. This is an open access article under the CC 

BY license (http://creativecommons. org/licenses/by/4.0/).    
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RESUMEN 

Introducción: Los plásmidos portan y transportan genes que ayudan a sus huéspedes a sobrevivir 

en muchos entornos. Muchos estudios han examinado las condiciones para la persistencia de 

plásmidos en poblaciones bacterianas. Una limitación incluye que la mayoría de los modelos 

matemáticos para examinar la persistencia de plásmidos solo incluyeron bacterias de colonias 

similares. Sin embargo, la mayoría de las células bacterianas habitan en comunidades complejas 

donde los plásmidos se diseminan entre diversas células huésped bacterianas. Por lo tanto, existe 

un vacío en el conocimiento sobre la persistencia de plásmidos en poblaciones bacterianas 

naturales. Para abordar algunas de estas lagunas en el conocimiento, el presente estudio intentó 

examinar los efectos del transporte de plásmidos en las etapas intrínsecas de las poblaciones 

bacterianas en cocultivos de Bacillus subtilis. 
Material y métodos: Células de B. subtilis se transformaron con vectores plasmídicos CRISPR-hCas-

9 donde se examinaron las fases naturales de crecimiento bacteriano, producción de biopelículas y 

resistencia a los antibióticos en relación con el transporte del plásmido. Estas tres fases naturales 

se midieron en relación con el transporte de plásmidos a través de ensayos de cocultivo in vitro. 

Resultados: Después de calcular las UFC/mL, el crecimiento bacteriano en los cocultivos de B. 

subtilis-Carrier con Escherichia coli (B. sub-C-E. coli) y Vibrio harveyi (B. sub-C-VH) disminuyó 

significativamente con un -t-test de dos colas P=0. Las muestras WT B. subtilis-V.H, los cocultivos B. 

subtilis Carrier-V.H y los controles obtuvieron cada uno un total de 40, 47 y 46 de intensidad de 

biopelícula cristal violeta (CV), respectivamente. La formación de biopelículas disminuyó después 

de cocultivar E. coli con B. subtilis-Carrier, lo que arrojó un P<0,001. Los niveles de resistencia a los 

antibióticos de los cocultivos aumentaron un 3 % para las muestras de B. sub-C-V.H, mientras que 

las muestras de B. sub-C-E. Los cocultivos de E. coli disminuyeron la sensibilidad a los antibióticos 

en aproximadamente un 1,5 %. 

Conclusiones: El transporte de plásmidos contribuye a la persistencia de plásmidos mediante la 

alteración de las fases naturales de las poblaciones bacterianas. 

© 2022 Los Autores. Publicado por Iberoamerican Journal of Medicine. Éste es un artículo en acceso abierto bajo 

licencia CC BY (http://creativecommons. org/licenses/by/4.0/).    
HOW TO CITE THIS ARTICLE: Hillman T. Plasmid carriage and the natural complexity of bacterial populations contributes to 

plasmid persistence. Iberoam J Med. 2022;4(3):143-156. doi: 10.53986/ibjm.2022.0024. 
 

1. INTRODUCTION 

Plasmids are external genetic components that can become 

mobile. Plasmids can become transferred between bacterial 

cells via conjugation. Plasmids carry and transport genes 

that assist their hosts to survive in a plethora of 

environments [1]. The ability of plasmids to carry and 

transfer genes can initiate and complete the evolution and 

ecology of bacterial cells [1]. Because plasmids 

disseminate antibiotic resistance genes, these antibiotic 

resistance modes of action can continue to persist among 

medical pathogens for many additional decades [2]. These 

plasmids act as a type of genetic parasite [1]. Antibiotic 

resistance genes serve as benefits encoded in plasmids that 

can lead to virulence, high tolerance of heavy metals, and 

to higher rates of carbon metabolism [1]. Plasmids can also 

alter the environment of surrounding bacterial cells where 

beneficial enzymes or sources of nutrients can be produced 

[1]. Although plasmids are found in bacterial populations, 

plasmids can form many changes of physiology in their 

bacterial hosts, which then reduces plasmid fitness [3]. The 

cost to fitness has created a quandary and a difficulty for 

interpreting how plasmids are conserved in a bacterial 

population for the long-term [4]. The challenges of 

understanding plasmid persistence has led to an unsolved 

riddle known as the “the plasmid paradox” [4]. 

Many hypotheses have been presented to attempt to solve 

this paradox. For example, it has been argued that bacterial 

evolution fuels plasmid persistence by lessening the fitness 

cost combined with plasmid carriage where an amplified 

rate of conjugation solidifies the persistence and survival of 

plasmids [5]. As a result, the persistence and containment 

of plasmids in bacterial populations over time presents to 

the current field a plasmid persistence puzzle or a plasmid 

paradox. In theory, plasmids carrying beneficial genes do 

not provide a solid explanation for the maintenance of 

plasmids [6]. Because of fitness costs, plasmids in theory 

https://creativecommons.org/licenses/by/4.0/
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should dwindle while the beneficial genes integrate within 

the chromosomes of bacteria. As a result, many additional 

hypotheses have been generated to more succinctly explain 

the paradox of plasmid persistence. These hypotheses 

include a higher frequency of HGT and conjugation during 

infectious transmission, the plasmid transport between 

strains of bacteria, and in the maintenance of the higher 

proliferating bacterial strains, which display amplified 

effectiveness of transconjugation [6]. 

For many decades, a large number of studies have 

examined the conditions for plasmid persistence and 

maintenance in bacterial populations. A limitation takes 

into consideration that a majority of the mathematical 

models for examining plasmid population biology research 

involves bacterial populations within similar colonies. 

However, most bacterial cells inhabit complex 

communities where plasmids disseminate through 

conjugation from varied bacterial hosts [1]. Therefore, 

there is a gap in knowledge concerning the persistence of 

plasmids in natural bacterial populations and communities 

[1-2]. It is crucial to resolve these limitations to enhance 

our understanding of plasmid persistence. To address a few 

of these gaps in knowledge, the present study attempted to 

examine plasmid persistence in relation to plasmid carriage 

in Bacillus subtilis co-cultures. B. subtilis inhabits soils and 

dwells in many environments and ecosystems. B. subtilis 

are also gut commensal bacteria found in animals and in 

humans [7]. B. subtilis was selected for this study because 

it uses plasmids to assist with HGT in the gut microbiome 

[7]. Moreover, more frequent HGT events occur in the 

human gut microbiome than in a diverse ecosystem of non-

human microbes [8]. Physical proximity contributes the 

most to the large operation of HGT in the gut via cross-

domain gene transfer [9]. Conjugation as a mechanism of 

HGT is substantially altered by physical proximity [9]. 

Conjugation is effective in the gut because it conserves and 

protects DNA from enzymes known as nucleases along 

with elimination of heavy metals in the environment [9]. 

Conjugation via HGT has a highly significant role in the 

gut microbiome, and an improved understanding of 

conjugation’s contribution to HGT in the gut is greatly 

needed [9]. 

Therefore, the main objective of this study was to provide 

additional evidence and explanations for plasmid 

persistence. To offer a potential interpretation of plasmid 

persistence, a possible relationship between natural 

bacterial conditions and plasmid persistence were 

investigated in B. subtilis (B. sub), Vibrio harveyi (VH), 

and Escherichia coli (E. coli) bacterial cell co-cultures. 

These bacterial strains were selected to model in vitro and 

naturally occurring communities of bacteria that represent 

an interaction between a few bacterial phylotypes present 

in the gut microbiome. For example, in this study, B. 

subtilis and E. coli that inhabit the gut microbiomes of 

animals and humans were used while V. harveyi was 

examined, which is a pathogen found in fish, in which 

many humans and animals consume. Factors and 

conditions, such as bacterial growth, biofilm formation, 

and antibiotic resistance genes, which may contribute to 

plasmid persistence, were analyzed in this study. These 

natural phases of bacterial populations were observed for 

any changes in bacterial host fitness as related to plasmid 

carriage that may offer insights into the dynamics and 

contributors of plasmid persistence. It was hypothesized 

that plasmid carriage can alter the natural phases of 

bacterial communities, which all interrelate with the 

plasmid persistence of bacterial host cells. To test the 

hypothesis of this study, B. subtilis cells were transformed 

with Clustered Regularly Interspaced Short Palindromic 

Repeats or CRISPR plasmid vectors encoding  human 

CRISPR associated protein 9 (hCas9) of accA, which codes 

for the bacterial acetyl-CoA carboxylase subunit AccA. 

The plasmid utilized a promoter exclusive only for human 

RNA polymerase to bind so that the bacterial accA-sgRNA 

could not be expressed. This was done in order to only 

observe the effects of plasmid carriage without gene 

modifications in the target bacterial host. After 

transformation of B. subtilis with the CRISPR-hCas9-accA 

plasmid vectors, the B. subtilis plasmid carriers and non-

carriers (B.sub-C/B.sub-NC) were co-cultured with E. coli 

and V. harveyi (VH) in order to exhibit any changes in the 

conditions of the bacterial cell co-cultures. The bacterial 

cell growths, biofilm intensity, and the antibiotic resistance 

of the co-cultures were then examined via common 

microbiological assays such as a biofilm crystal violet 

assay. As a consequence, the purpose for this study was to 

observe and analyze possible significant changes in the 

innate phases of bacterial communities to find a significant 

link between the three aforementioned natural bacterial 

states and the plasmid carriage of the bacterial co-cultures, 

which all can maintain plasmid persistence. 

 

2. MATERIAL AND METHODS 

2.1. BACTERIAL STRAINS 

Bacterial strains included B. subtilis, V. harveyi DSM 6904 

(DSMZ), E. coli BL21, and E. coli DH5a. Luria Bertani 

broth and agar were inoculated with each strain of bacteria 

aforementioned. The LB liquid and LB agar media were 
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incubated from 16 hours to 24 hours at the temperatures 

specific for each bacterium. B. subtilis and V. harveyi 

bacterial cells were incubated at 30 degrees Celsius as E. 

coli cell cultures were grown at 35 to 37oC.  

2.2. PLASMID DESIGN AND ASSEMBLY 

The vector named pRP[CRISPR]-hCas9-U6>{accA} was 

designed in VectorBuilder.com. The vector ID is 

VB210702-1210yff with a total value of 8431 base pairs 

(bp). The vector was designed to contain a single guide 

RNA (gRNA) for CRISPR-hCas9 to carry the 20bp of the 

accA gene. The gRNA can express the sequence of 

CTGCGTGAAATGTCTCGCCT, which is a guide RNA 

of 20bp for the bacterial accA gene. To assemble 

pRP[CRISPR]-hCas9-U6>{accA} hCas9 was inserted into 

the vector. The antibiotic resistant gene for ampicillin was 

also included in the plasmid assembly. The plasmids were 

produced at a high plasmid copy number. The fully 

assembled vectors were assembled and delivered by 

VectorBuilder. The plasmids were delivered through a 

glycerol stock solution of E. coli cells. The pRP[CRISPR]-

hCas9-U6>{accA} plasmids were purified from the E. coli 

cells via the BioBasic EZ-10 Spin Column plasmid DNA 

Kit (BS413-50 preps). 

2.3. B. SUBTITLIS TRANSFORMATION 

The pRP[CRISPR]-hCas9-U6>{accA} plasmids isolated 

from the E. coli stock of cells were used to transform B. 

subtilis cells, deriving the B. subtilis-Carriers. To optimize 

the B. subtilis transformation protocol, B. subtilis was 

cultured for 5 hours until the exponential phase of growth 

with an OD600 value of 0.3-0.4. Two millimeters were 

taken from the culture and centrifuged for 1 minute at 8,000 

rpm, collecting the B. subtilis cells. The supernatant was 

discarded. About 200 μL of LB broth with 2% xylose was 

added and then vortexed to concentrate the cell suspension 

at 10x. The 2% xylose was added to the LB. The isolated 

pRP[CRISPR]-hCas9-U6>{accA} plasmids with ampicillin 

selective markers were added to the concentrated B. subtilis 

cells with the 2% xylose-LB solution. The B. subtilis 

transformations were incubated for 1 hour at 37o C and then 

plated. About 20 μL each of the pRP[CRISPR]-hCas9-

U6>{accA} B. subtilis transformations were inoculated onto 

two LB agar plates and 160 μL were also plated. The plates 

were sealed with parafilm and incubated overnight at 37oC. 

Each LB agar culture plate contained carbenicillin to select 

for the pRP[CRISPR]-hCas9-U6>{accA} plasmids with the 

ampicillin selective marker because carbenicillin cannot 

degrade in high acidity or in excessive heat.  

2.4. CO-CULTURE ASSAYS 

The V. harveyi and the E. coli bacterial cells were co-

cultured with the B. subtilis Carriers and the wild type 

(WT) B. subtilis to detect any change in growth or bacterial 

host fitness of the B. subtilis-Carriers. After completing the 

co-cultures, the B. subtilis-Carrier co-cultures with V. 

Harveyi and E. coli BL21/DH5α cells were compared to 

the co-cultures of the WT B. subtilis with the V. harveyi 

and the E. coli BL21/DH5α. To use a co-culture assay and 

approach, each bacterial species and strain, 

aforementioned, were subcultured on seperate agar plates. 

Colonies from the agar plates were inoculated into LB 

liquid medium and then incubated overnight. About 5-6 

bacterial colonies from each E. coli BL21/DH5α and V. 

harveyi plate and 5-6 colonies from the B. subtilis-Carrier 

and WT B. subtilis agar plates were inoculated into LB 

broth. The co-cultures without the B. subtilis carriers were 

used as the control samples. The co-cultures were grown 

overnight at 30 to 35oC and then analyzed for CFU/mL, 

biofilm production, and antibiotic resistance. 

2.5. COLONY FORMING UNITS (CFU) 

To measure the total of colony forming units (CFU), 10μL 

of each stock of the bacterial strains were pipetted into 1.5 

mL Eppendorf centrifuge tubes. About 0.1mL of the 5 mL 

stock was added to 0.09 mL of LB broth to form the 10-1 

dilution of each bacterial strain. The dilutions were 

resuspended. Then, 10μL of the 10-1 dilution was added to 

90μL of LB broth to form a dilution of 10-2. The 10μL of 10-

2 were added to 90μL of LB broth, and then more dilutions 

were continued in a series to a total of 10-10 dilutions. The 

last dilution and two other dilution series were selected for 

plating. The plates with the selected dilutions were 

incubated overnight at 37oC. The number of colonies for 

each bacterial strain was counted from the cultured agar 

plates, using the Promega Colony Counter computer 

software program. The number of colonies counted was 

substituted into an equation for calculating the values of 

CFU for bacterial cells.  

The equation included:  

CFU/mL=[Number of Colonies Counted] x [Dilution 

Factor]/Volume spread on plate 

2.6. KIRBY-BAUER DISK DIFFUSION TESTS 

The co-cultures of E. coli BL21/DH5α and V. harveyi with 

B. subtilis Carriers and WT B. subtilis were then assayed 

for antibiotic resistance. The Kirby-Bauer Disk Diffusion 

Tests were used. Carbinicillin, chloramphenicol, 



IBEROAMERICAN JOURNAL OF MEDICINE 03 (2022) 143-156                                                                                                                   147 

 

tetracycline, and kanamycin were pipetted into sterilized 

antibiotic disks. Approximately, 5 μL of each of the four 

antibiotics were pipetted into the antibiotic disks. A lawn 

of each bacterial strain was inoculated on LB agar plates 

via the spread plate method. A swab of LB broth liquid 

cultures from each bacterial strain was spread onto agar 

culturing media. The antibiotic disks were placed onto the 

bacterial culture plates. The plates were incubated for 24 

hrs at 35oC. The zones of inhibition were measured in 

millimeters (mm) and then the values were interpreted, 

using a zone diameter interpretive standards chart provided 

by Sarker et al. [10]. 

2.7. BIOFILM ASSAY 

Five milliliters of LB broth cultures were prepared from 

each bacterial strain and co-culture. The biofilms of the E. 

coli and V. harveyi strains were used as the controls and 

were co-cultured with the B. subtilis Carriers and WT B. 

subtilis. The cultures grew for 20 hours at 37oC. The 1: 100 

dilution sets were prepared, totalling to 1mL of the 

LB/Carb liquid cultures. About 100 μLof the dilution series 

were pipetted into 4 wells, per bacterial strain, of a 96 well 

plate. The plates were incubated for 48 hours at 37oC. The 

plates were shaken to remove any planktonic bacteria. The 

plates were rinsed with water. All the wells were stained 

with 125 μL of 0.1% crystal violet solution for 10 min. The 

96-well plate was shaken and rinsed with water to remove 

any excess crystal violet solution. 

2.8. STATISTICAL ANALYSIS 

The p-Values of Colony Forming Units for V. harveyi 

samples were analyzed through a Paired-Two-Tailed t-test. 

The biofilm assays were analyzed via Two-Way ANOVA. 

The antibiotic test data results were analyzed by One-Way 

ANOVA for E. coli samples as paired-t-tests, which were 

used to generate p-Values for V. harveyi antibiotic 

resistance sample results. Descriptive and inferential 

statistics were performed, using Microsoft Excel and 

GraphPad Prism. All graphs and other statistical analyses 

were generated through ChartExpo and GraphPad Prism. 

 

3. RESULTS 

3.1. BACTERIAL GROWTH DECREASED IN V. 
HARVEYI, E.COLI, AND B. SUBTITLIS-CARRIER CO-
CULTURES 

After transforming B. subtilis cells with the CRISPR-

hcas9-sgaccA plasmid vectors, the transformants were co-

cultured with V. harveyi and E. coli. The B. subtilis cells 

that were transformed with CRISPR-hCas-9 plasmid 

vectors were compared against bacterial samples with non-

carriers such as the V. harveyi and the E. coli. The colony 

forming unit (CFU) values of the non-carriers were 

compared to the carriers. As a result, after calculating the 

CFU/mL, bacterial growth, in the B. subtilis-Carrier and V. 

harveyi co-cultures, significantly decreased with a paired-t-

test two-tailed P=0 (Figure 1A). V. harveyi decreased by an 

average of 31% after the co-culture assays (Figure 1A). 

The bacterial growth between E. coli and B. subtilis Carrier 

co-cultures produced a percent difference of 54% (95% CI 

[3.06M, 1.10M]). E. coli yielded 3.02E7 CFU as the co-

culture decreased to 1.10E7 CFU. V. harveyi had an 

average CFU of 5.8E11 that was then reduced to 3.4E11 

CFU during the co-culture assays (Figure 1A). Overall, the 

co-cultures containing B. subtilis plasmid carriers exhibited 

lesser bacterial growth (Figure 1B). 

Figure 1: The Colony Forming Units (CFU/mL) After dilution 

series for each sample were generated, the CFU/mL were 

allocated. Each dilution series showed a large decrease in 

CFU/mL for B.subtilis-Carrier-V.H compared against the V. 

harveyi only bacterial sample culture. A. A significant decrease in 

bacterial growth occurred for the B.subtilis-Carrier-V.H-E.Coli 

co-culture assays. B. V.H CFU/mL dwindled from 3.69B to 2.46B 

when V. harveyi was co-cultured with B.subtilis plasmid carriers. 

E. Coli, when co-cultivated with plasmid carrier B.subtilis, 

displayed a significant decrease in CFU/mL from 3.02M to 

1.10M. 
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3.2. BIOFILM FORMATION WAS AMPLIFIED IN B. 
SUBTITLIS CARRIER-VH CO-CULTURES, BUT 

REDUCED IN E. COLI CO-CULTURES 

Biofilms include populations of microorganisms growing 

on a surface within a matrix of extracellular polymeric 

molecules. An innate property of biofilms is that biofilms 

are spatial and organized shelters where microbes interact 

with adjacent microbial communities rather than with 

wider spaced bacteria. The spatial structural complex offers 

heterogeneity within these spatial structures of biofilm 

where bacteria experience different environmental 

conditions and pressures in different locations of the 

biofilm [11]. The spatial structure and the heterogeneity of 

this biofilm habitat significantly affect the evolution of 

populations of microbes [11]. For example, through 

slowing down competition between bacterial cells, biofilm 

spatial structures’ environments select for many favorable 

mutations and then delay the rate of adaptation [11]. Thus, 

the biofilm intensity of each sample, including WT--VH-

E.coli, B.sub-C-VH-E.coli, and WTB.Sub-NC-VH-E.coli, 

was measured through a crystal violet assay. Biofilm 

formation was amplified in B. subtilis Carrier-V.H co-

cultures, but reduced in the E. coli co-cultures. Biofilm is 

vital for the survival, persistence, and for the proliferation 

of bacterial cells. Biofilm serves to insulate and protect 

bacterial cells from external antimicrobials such as 

antibiotics and other antagonistic microbes. Biofilm is also 

a major contributor to the increased virulence and 

proliferation of pathogenic bacteria, and it also invigorates 

antibiotic resistance. The biofilm production of V. harveyi 

and E. coli co-cultures with wild type B. subtilis were 

compared to the B. subtilis plasmid carriers, V. harveyi, 

and E. coli co-cultures. The wild type bacterial strains of V. 

harveyi and E. coli were used as control samples for 

comparative analysis. For V. harveyi samples grown with 

B. subtilis Carriers, biofilm formation exceeded the levels 

of biofilm generated by V. harveyi combined with WT B. 

subtilis. A Likert scale ranging from 1 to 5 was used to 

quantify the intensity of crystal violet absorbance added to 

the samples. A score of 4-5 equaled a high intensity of 

crystal violet coloration, and a value of 3 to 4 represented a 

moderate intensity of crystal violet absorbance. If a 

sampling well did not appear with much coloration or no 

stain was formed, these samples were given a score of 0 to 

1. 

The B. subtilis-C-V.H co-cultures averaged a score of 3.9, 

and the WT B. subtilis-V.H samples averaged a 3.3 crystal 

violet (CV) assay score. The control of the WT V. harveyi 

averaged a 3.8 CV intensity score. WT B. subtilis-V.H 

samples, the B. subtilis Carrier-V.H co-cultures, and the 

controls each scored a total of 40, 47, and 46 of CV 

intensity, respectively (Figure 2A-2B). The p-Values, after 

performing a Two-Way ANOVA analysis of each group’s 

CV scores, computed to P=0.134, P<.001, and P=0.64 for 

comparing the difference between the scores, the difference 

between the bacterial sampling groups, and for determining 

the variable difference between the bacterial groups and 

their CV scores, respectively. There was an increase in 

biofilm yield when comparing the B. subtilis-C-V.H 

treatment groups against the WT B. subtilis-V.H sample 

groups. However, the CV scores, for the B. subtilis-C-V.H 

co-cultures, of biofilm formed were equally approximate to 

the WT-V.H sample scores. Biofilm formation decreased 

after co-culturing E. coli with B. subtilis-Carrier, yielding a 

P<0.001 (Figure 3A-3C). 

Figure 2: Biofilm Assay. A. The crystal violet stain of B. 

subtilis-Carrier-V.H appeared with the highest intensity. B. 

subtilis-Carrier-V.H and V.H showed a higher score of CV 

intensity than the WT-B. subtilis-V.H co-cultures. B. The 

biofilm assays were performed in triplicates, in which the B. 

subtilis-Carrier-V.H had the highest expression of CV 

absorbance intensity. B. subtilis-Carrier-V.H co-cultures 

showed a higher intensity of Crystal Violet absorbance versus 

the wild type B. subtilis as shown in the simulation of data 

and in the scatter plot. 
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Figure 3: Biofilm Assay for E. Coli and AB. Subtilis Carrier A. E. 

Coli had a total score of 16 with an average CV intensity of 4 

(Avg=4, SD=0). B. The Pearson r analysis shows coefficients of 1 

between the non-carriers while there was a coefficient of 1 in the 

co-culture samples of carriers. There was a 0.71 coefficient 

between the noncarriers and the carriers, showing a decrease in 

correlations between each sample. C. B.subtilis-Carriers 

combined with E. Coli averaged a score of 1 CV intensity and a 

total score of 4 (Avg.=1 SD=0.8). E. Coli, grown with WT B. 

subtilis, averaged a 3.5 CV score and had a total score of 14 

(Avg=3.5, SD=0.58). 

3.3. B. SUBTITLIS CARRIER-V.H AND B. SUBTITLIS 

CARRIER-E. COLI CO-CULTURES SHOWED MORE 

ANTIBIOTIC RESISTANCE THAN CONTROL SAMPLES 

The Kirby-Bauer antibiotic disk assay was used to analyze 

the antibiotic resistance of B. subtilis-Carrier co-cultures of 

B.sub-C-VH-E.coli and the non-carriers such as the B.sub-

NC-VH--E.coli, including the control samples of WT-VH 

and WT-E.coli. The antibiotic resistance of B. subtilis-

Carrier-V.H and the V. harveyi cultures were closely 

identical (Figure 4A). In fact, the B. sub-C-V.H cultures 

seemed to share the exact amount of antibiotic resistance 

with nearly equal zones of inhibition in millimeters. All co-

cultures were resistant to carbenicillin and moderately 

resistant to tetracycline (Figure 4A). The B. sub-C-V.H, the 

WT-V.H, and the control samples were all sensitive to 

chloramphenicol and to kanamycin. The antibiotic 

resistance of B. sub-C-V.H co-cultures compared against 

the control samples had a Two-Tailed P=0.51 after using a 

paired t-test analysis. The E. coli samples showed similar 

levels of antibiotic resistance as the B. sub-C-E. coli co-

cultures. All B. sub-C-E. coli sample groups were more 

resistant to each antibiotic. The B. subtilis-C-E.Coli 

compared against E. Coli, after a One-Way ANOVA 

analysis, yielded a P=0.49. The antibiotic resistance levels 

of the co-cultures seemed to mimic the antibiotic resistance 

expressed by the control sample groups, which included V. 

harveyi or E. Coli; however, the antibiotic resistance 

increased by 3% for the B. sub-C-V.H samples while the  

B. sub-C-E. coli co-cultures decreased in antibiotic 

sensitivity by approximately 1.5% (Figure 4B). The B. 

subtilis carriers co-cultured with V. harveyi and E. coli 

displayed a higher level of antibiotic resistance than the 

controls and its wild-type because the B. subtilis carriers of 

the antibiotic resistant genes may have outcompeted the 

bacteria without the resistant plasmids (Figure 5). 

Figure 4: Antibiotic Resistance Tests A. The top plates include 

the antibiotic resistant test results for E. Coli co-cultures and the 

bottom plates represent the results for V. harveyi sample groups. 

The top plates showed more moderate sensitivity to resistance of 

the antibiotics carbenicillin, chloramphenicol, tetracycline, and 

kanamycin. The WT E. Coli was more sensitive to tetracycline, 

chloramphenicol, and to kanamycin than the WT B. subtilis and 

the B.subtilis-Carrier-E. Coli co-culture. V. harveyi on the bottom 

plates showed identical and similar antibiotic resistance and 

sensitivity as the B.subtilis-Carrier-V.H and WT B. subtilis co-

cultures. B. The zones of inhibition were measured in millimeters. 

The zone of inhibition for V. harveyi totaled 99 and 91 for B. 

subtilis-Carrier-V.H producing a 3.0% decrease in the zones of 

inhibition between each of these samples. The WT E. Coli had a 

total zone of inhibition of 8.5% that was raised to 10.1% for the 

B. subtilis-Carrier-E. Coli that yielded a total Zol of 33. The wild-

type V. harveyi and E. Coli samples showed increased antibiotic 

sensitivity, however, the B. subtilis-Carrier-V.H and B. subtilis-

Carrier-E. Coli co-cultures increased in antibiotic resistance. 
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Figure 5: Zones of Inhibition (mm) The zones of inhibition were 

measured in millimeters. The zone of inhibition for V. harveyi 

totaled to 99 and 91 for B. subtilis-Carrier-V.H. WT E. Coli had a 

total zone of inhibition of 38 as B. subtilis-Carrier-E. Coli yielded 

a total Zol of 33. Wild-type V. harveyi and E. Coli samples 

showed increased antibiotic sensitivity, however, the B. subtilis 

Carrier-V.H and B. subtilis Carrier-E. Coli co-cultures increased 

in antibiotic resistance. 

 

4. DISCUSSION 

4.1. PLASMID CARRIAGE, BACTERIAL GROWTH, AND 

FITNESS 

Many studies have shown that for plasmid persistence to 

occur there must be an association between plasmid loss, 

transfer through conjugation, and the effects of plasmid 

carriage on the fitness of the host. Gama et al., concluded 

that regardless of the multiple types of interactions 

affecting the persistence of plasmids, there is a more potent 

effect on plasmid maintenance than on those interactions 

impacting conjugation and plasmid loss [12-17]. 

Additionally, Krone et al. used simulations of bacterial 

colony growth rates of plasmid carriers and plasmid-free 

strains as approximations for the growth rate parameters in 

their mathematical model [18]. They found a linear 

association between the radii of plasmid-carriers, plasmid-

free bacteria, and cell growth rates [18]. As a result, in this 

study, the B. subtilis plasmid carrier co-cultures showed 

lesser levels of bacterial cell growth because plasmid 

carriage many times reduces the fitness of its host [5]. The 

frequency and rates of these dynamics depend on the 

plasmid, the environmental pressures, and on the host. 

Plasmid loss during bacterial growth can become sensed 

and detected [5]. For these reasons, the B.sub-C-VH and 

B.sub-C-E. coli co-cultures may have had lesser bacterial 

growth because of having a higher fitness cost. However, 

without plasmid loss or lacking any fitness cost, plasmids 

would still become removed from the populations of 

bacteria [5]. Plasmid persistence, thus, depends more on 

fitness cost and horizontal transfer via conjugation [5]. 

The fitness that is related to plasmid carriage immensely 

affects the plasmid persistence in bacterial populations [1-

5]. However, the effects of plasmid fitness on wild-type 

bacterial host cells have not been completely surveyed [1-

5]. Computational experiments have shown that fitness 

varies between bacterial strains in a community, which 

then increases the probability of plasmid persistence at low 

rates of conjugation [1-5]. For these reasons, the co-

cultures with plasmid carriers may have shown higher 

fitness costs through displaying a bacterial growth 

reduction. In this study, the frequency of plasmid transfer 

may have been reduced as the amount of diverse bacterial 

strains in the cultures increased because the reception of 

plasmids was linked to a cost of fitness [1-5]. In addition, 

the acquisition of plasmids can be amplified when the 

allocation of fitness effects becomes more complex with a 

wider range of variance [1-5]. A possible interpretation of 

these effects is that the cost of plasmid fitness was similar 

between all bacterial strains in the cultures without plasmid 

carriers where higher rates of plasmid persistence occurred. 

The higher rates of plasmid persistence were observed in 

the cultures without carriers because there were lower rates 

of conjugation combined with lower fitness cost compared 

to the bacterial cultures with the more diverse bacterial 

strains, which required higher rates of conjugation [1-5]. 

For example, in the Benz et al. study they represented their 

model for the spread and proliferation of plasmids in a 

complex environment such as in the gut of animals and 

humans that predicted the rate of transfer using in vitro 

testing and genetic data analysis [19]. Benz et al. removed 

ESBL-plasmids from their native hosts, and they confirmed 

that the donor and recipient strains worked to regulate the 

frequencies of conjugation transfers [19]. However, the 

rate of conjugation needed for plasmid persistence may be 

much lower than confirmed in past studies [1-5]. An 

example includes a mathematical model that was created 

for the fitness effects of a carbapenem-resistance plasmid 

in 50 wild-type enterobacteria found in the gut microbiota 

of humans [1-5]. Alonso-Valle’s mathematical model 

showed that the chance of plasmid persistence is not 

dependent on an escalated rate of conjugation. This effect 

yields plasmids at a low average cost, but forms incomplete 

plasmids at a larger cost of fitness [1-5]. The chance for 

plasmid persistence amplifies with the increased numbers 

of bacterial strains, creating a highly complex community 

[1-5]. As the community increases in complexity, the 

stability of plasmid proliferation also elevates through the 

transfer dynamics of the plasmids [1-5]. This in turn offers 
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many available plasmid-permissive bacterial phylotypes 

[1-5]. 

In contrast, when the fitness effects differ, more available 

bacterial host cells in a population amplifies the chance of 

the uptake of plasmids by these host cells where no costs or 

favorable fitness effects are produced [1-5]. As a 

consequence, the B. sub-C-VH and the B.sub-C-E. coli co-

cultures in this study may have decreased the availability 

of plasmid-free cells and exhibited reduced growth rates 

because of a greater exertion of a host fitness cost 

compared to the control samples. This evidence is 

significant because it confirms that plasmid carriage may 

have lessened the numbers of available plasmid-free 

bacterial cells needed for conserving host cell fitness and 

maintaining plasmid persistence. For instance, when 

plasmids are readily available in a complex bacterial 

community, plasmid persistence may continue even during 

the lack of conjugation [1-5]. Therefore, increasing the 

complexity of bacterial communities can increase the 

probability and continuance of plasmid persistence in 

natural environments [1-5]. Because many natural 

microbiomes consist of complex bacterial strains and 

communities, plasmids can easily proliferate within these 

natural environments [1]. Consequently, in this study, 

plasmid persistence may have occurred more frequently 

because of increased complexity present in the B. subtilis 

Carriers co-cultured with additional bacterial strains of V. 

harveyi and E. coli.  

4.2. PLASMID CARRIAGE AND BIOFILM 

More biofilm may have been produced in B.sub-C-VH 

treatment samples than in the B. sub-C-E. coli samples 

because of a greater presence of conjugative plasmids in 

the B.sub-C-VH samples than in the B.sub-C-E. coli 

cultures because conjugative plasmids improve the 

bacterial capability to form biofilms by using greater 

numbers of pili, which increases the adhesion within a 

biofilm [20]. Biofilm formation may have been higher in 

the B.sub-C-VH co-cultures than in the B.sub-C-E. coli 

because of the rate of conjugation that created more pilli 

formation. This increased pilli activity may have increased 

the adhesion in the biofilms of co-cultures with plasmid 

carriers. However, plasmids may still interplay with each 

other by organizing or inhibiting the transfer of plasmids 

[20]. Gama et al. examined and quantified the formation of 

biofilm in E. coli cells carrying two types of plasmids [20]. 

Gama et al. used 11 innate and extracted conjugative 

plasmids where they confirmed that a few plasmids 

promote the formation of biofilm through conjugation 

efficiency [20]. Gama et al. also confirmed the effect of 

paired plasmids on biofilm formation. Their study showed 

increased formation of biofilm when both plasmids 

inhabited the same bacterial cell or when the plasmids were 

contained and carried in different cells [20]. One of the 

plasmids showed dominance over the other plasmid where 

one of the plasmids directed the increase of biofilm 

formation. E. coli cells showed low formation of biofilm in 

a crystal violet biofilm assay versus in quinolone-resistance 

E. coli found in the same population [21]. Acquiring the 

two different plasmids of the E. coli QREC virulent strain 

lowered the production of biofilm in the microtiter plates 

[21]. The rates of motility were reduced, but planktonic 

growth continued to increase [21]. Therefore, Nesse et al. 

hypothesized that plasmids carrying antibiotic resistance 

genes may have reduced the formation of biofilm 

dependent upon the fluxes of flagellar protein expression 

[21]. Likewise, in this study, the co-cultures of E. coli 

combined with B. subtilis plasmid carriers, containing the 

resistance gene of ampicillin, showed less biofilm 

generation possibly due to a lesser production of flagellar 

protein expression from the E. coli cells [21]. Currently, 

methods are needed in future research studies to better 

interpret the molecular basis of these dynamic plasmid 

interactions [20].  

Nesse et al. also observed that the acquisition of plasmids 

reduced the rate of motility in the transconjugants of the 

bacteria [21]. Earlier studies have confirmed this when the 

motility of E. coli strains increased after removing 

cephalosporin-resistance plasmids from the bacterial 

strains of E. coli [21]. The plasmids may have reduced the 

motility where the plasmids affected biofilm formation in 

the transconjugant bacterial cells by lowering the rate of 

motility [21]. These observations are supported by 

plasmids being acquired that did not affect the biofilm 

production on Congo Red (CR) agar plates, showing that 

the control of biofilm production depended on 

environmental conditions, which differed between the 

assays for biofilm [21]. The walls of the wells in a 

microtiter plate, at the liquid to air interface, of bacterial 

cells may have needed increased motility to reach the 

location of the biofilm [21]. This is opposite from the agar 

surface with biofilm formation because on agar surfaces 

intense motility levels may not be required for biofilm 

formation [21]. This is supported by previous studies of 

Salmonella flagellar mutants, in which these bacteria 

showed deformities in early biofilm creation in microtiter 

plates used for crystal violet biofilm tests [21]. In a 

subsequent study Salmonella displayed flagella that were 

not required for producing biofilm on CR-agar plates, but 

the lack of flagella did negatively affect the biofilm formed 
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on air to liquid, surface to liquid, or cell to cell liquid 

interfaces [21]. Therefore, in this study, the E. coli cells co-

cultured with B. subtilis carriers may have not shown 

profound biofilm formation because its plasmid carriage, 

containing ampicillin resistance genes, lowered the rate of 

motility needed for forming biofilm in the liquid cultures 

of the microtiter plates during earlier stages. This 

observation was depicted in the crystal violet biofilm 

assays of the B.sub-C-E Coli plasmid carriers, in which the 

B.sub-C-E. coli samples exhibited less biofilm formation 

possibly due to less motility negatively affecting the 

movement of the bacterial cells in  the liquid to air 

interface during the early stage of biofilm generation.  

However, in vibrios, biofilm creation is more robust 

because vibrios are highly motile during the early stages of 

biofilm formation in viscous liquid [22]. Although V. 

harveyi was co-cultured with the B. subtilis plasmid 

carriers, in this study, the B.sub-C-VH carrier cultures 

continued to show a greater intensity of biofilm formation 

because the V. harveyi produced a more vigorous motility. 

Many bacteria use their flagellum to produce much motility 

in the beginning stages of forming biofilm by increasing 

the movement into the biofilm or on its surface, but in 

vibrios motility involves more than initial attachment [22]. 

For example, it was shown in a previous study that Vibrio 

parahaemolyticus utilizes its motor to decide rather to 

move on a surface or swim in extremely viscous types of 

media [22]. V. parahaemolyticus uses its polar flagellum to 

initiate biofilm formation, so motility is central for biofilm 

formation in vibrios as observed in previous biofilm 

models [22]. The two flagellar systems power flagella 

through swimming in liquid media while the lateral 

flagellum drives the swarming on solid surfaces [23-28]. 

The biosynthesis of the flagellar complexes is needed for 

swarm motility [29l]. Bacterial cells from swarming 

colonies have more numbers of flagella than cells isolated 

from liquid cultures [29].  Wild-type B. subtilis are able to 

form biofilm complex structures on the surfaces of 

standing cultures of liquid [29]. However, researchers 

viewed deformities in these biofilm structures in B. subtilis 

mutants that lacked surfactin production [29]. B. subtilis 

produces surfactin as a self-defense mechanism. Bindel et 

al. found that because of a loss of swarming motility, their 

mutant B. subtilis sample of A164Δ10 could not form 

pellicles on their liquid cultures, but when they added 

proteases to the medium of A164Δ10 cultures, pellicles 

were produced [29]. The Bindel et al. study confirmed that 

there is a strong correlation between swarming motility and 

biofilm production [29]. Additionally, in this study, it may 

be inferred that the B. subtilis carriers and non-carriers co-

cultured with E. coli and V. harveyi may have lacked 

biofilm formation because there may have been less 

surfactin production. In the tested samples of B.sub-C-

E.coli and WT-B.sub-NC-VH, lesser amounts of surfactin 

may have led to a decreased rate of the B.subtilis ability to 

swarm, which then reduced the intensity of biofilm formed 

in the liquid culture crystal violet assays. Less biofilm was 

produced by the B.sub-C-E. coli growths due to the  

propensity of E. coli to have decreased rates of motility in 

liquid-to-air standing cultures while vibrios like V. harveyi 

use more vigorous flagellar motility in highly viscous 

medium not as utilized in liquid standing cultures. This 

reduction in swimming motility combined with a lesser 

presence and adhesion of E. coli cells or V. harveyi cells in 

the samples may have negatively affected the surfactin 

production of the B. subtilis plasmid carriers and of the 

wild-type B. subtilis non-carriers in these subsequent co-

cultures, leading to the observed decrease of biofilm 

formation. Roder et al. showed that biofilms are spatial 

storages for plasmids, which allow plasmids to persist even 

in intense pressures of environmental conditions [30]. 

Bacterial cells that carry plasmids increase the removal of 

bacterial cells lacking plasmids where biofilms can become 

temporary storages for the plasmids [30]. However, 

plasmid maintenance expends much energy and leads to a 

fitness cost of the host cell [30]. 

4.3. PLASMID CARRIAGE AND ANTIBIOTIC 

RESISTANCE 

Antibiotic resistance increased in the B.subtilis carrier co-

cultures because plasmids can be transferred when their 

rate of conjugation and horizontal transfer overrides the 

costs of plasmid carriage in a bacterial cell [31].  In a 

previous study, Svara et al. constructed a mathematical 

model to study the dynamics of plasmids as they responded 

to varied treatments of antibiotics [31]. However, when 

there were reduced fitness costs of plasmids, a beneficial 

transfer of plasmids dwindled [31]. Svara et al. produced a 

model for the absence of non-resistant plasmids as 

plasmids remain in a bacterial population when the rate of 

transfer is most efficient and favourable [31]. Svara et al. 

found that the resistant plasmids, such as the plasmids with 

antibiotic resistance genes, dominated the non-resistant 

plasmids [31]. As a result, the plasmid carriers combined 

with the non-carriers, in this study, showed more antibiotic 

resistance.  According to this previous study by Svara et al. 

these observations could have been a result of horizontal 

gene transfer where wild-type cells were more normally 

treated as the plasmids of wild-type bacteria that allow 

additional plasmids to enter bacterial cells [31]. Therefore, 



IBEROAMERICAN JOURNAL OF MEDICINE 03 (2022) 143-156                                                                                                                   153 

 

in a continuous presence of antibiotics, resistance genes in 

the host genome develop a high tolerance of treatments 

even in the presence of antibiotics.  

Antibiotic resistance presents a pertinent problem for 

public health [31]. When resistance genes are transported 

through plasmid carriage or by phages, the spread can 

accelerate. Plasmids can allow the rapid spread of 

antibiotic resistance genes [31]. However, many pressures 

that favor the plasmid carriage of resistance genes have not 

been fully examined [31]. For plasmid maintenance in a 

bacterial population, bacteria carrying plasmids and the 

wild-type cells require the presence of plasmid-free 

bacterial cells [31]. A reason for this is that plasmid 

carriage combined with resistance has a cost of fitness that 

must be balanced with the availability of infection 

susceptible plasmid-free cells [31]. When the plasmid-free 

cells are eliminated by antibiotics, the plasmids have fewer 

cells to infect [31]. Hence, in this study, there may have 

been a higher fitness cost of the plasmid carriage in the 

B.sub-C-VH-E. coli samples because antibiotic resistance 

increased. The increased numbers of resistant bacterial 

cells outcompeted the reduced numbers of plasmid-free 

bacterial cells, including V. harveyi and E. coli, and this 

caused a high cost of fitness. However, Svara et al. showed 

that plasmids with lower transfer rates cannot carry 

antibiotic resistance genes [31]. 

As a consequence, our understanding of the conditions 

where antibiotic resistant genes are carried in plasmids can 

assist with developing strategies to lessen the proliferation 

and spread of resistance via blocking plasmid transfer [31]. 

Without the presence of antibiotic-mediated selection, 

bacteria can remove their resistant bacterial competitors 

when the resistance genes cause a high fitness cost [32-37]. 

Conjugation and horizontal gene transfer allow for the 

ample persistence of plasmids, but an extremely high rate 

of conjugation is needed [38-44]. Conjugative plasmids can 

be transferred when there is a higher rate of conjugation 

remaining after the absence of antibiotics in E. coli samples 

[45-51]. The results from the Lopatkin et al. study showed 

that lessening the use of antibiotics is not sufficient enough 

for eliminating resistance [32-37]. As a consequence, 

joining conjugation inhibition with increasing plasmid loss 

could become an improved method to lessen conjugation-

dependent persistence of antibiotic resistance genes [32-

37]. 

4.4. HYPOTHETICAL MODEL FOR AN INTEGRATIVE 

CYCLE OF PLASMID PERSISTANCE 

Plasmids can be shared and carry genes that assist bacterial 

hosts to survive in adverse and complex environments [1]. 

Additionally, when plasmids exhibit epistasis (fitness) and 

interact, the plasmids can be maintained in homeostasis in 

the population where this combination offers a benefit of 

fitness to the bacterial host cells [12-17]. Plasmid-free cells 

can be non-present in the last and final bacterial population 

[12-17]. Bacterial populations with one favourable plasmid 

did not have plasmid-free cells lacking in the final 

population [12-17]. However, advantageous bacteria can 

still become extinct because only garnering fitness does not 

guarantee plasmid persistence [12]. Gama et al. results 

show that different assortments having positive epistasis 

can only survive and continue to proliferate when there is a 

lowered fitness cost, elevated rates of conjugation, and a 

decreased loss of transfer rates [12]. Contrarily, having low 

fitness cost, high rates of conjugation and reduced rates of 

loss is not a realistic condition for maintaining plasmid 

persistence [12-17]. These three conditions are not 

probable because the rate of conjugation is dependent on 

the costs of fitness, as a result of increased expenditure of 

energy as well as metabolites where only plasmids can 

benefit from conjugation activity at a lower cost, but 

plasmids cannot persist in both of these two conditions, 

simultaneously. Thus, according to Roder et al., bacterial 

cells that carry plasmids increase the removal of bacterial 

cells lacking plasmids where biofilms can become 

temporary storages for plasmids [30]. Hence, Figure 6 

shows a potential model for a cycle of plasmid persistence. 

The model is integrative in that it combines the three 

natural bacterial conditions, examined in this study, with 

host cell fitness and growth, conjugation, horizontal gene 

transfer (HGT), and the carriage of plasmids. The model 

may offer a potential visual explanation for the 

maintenance of plasmids in natural complex systems such 

as in the biofilm formed in an abiotic gut microbiome or in 

a biotic ecosystem. 
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Figure 6: An integrative and Hypothetical Model for the Cycle of 

Plasmid Persistence. This hypothetical model shows a cycle for 

plasmid persistence in natural bacterial populations within 

communities of biofilm formed on abiotic or biotic surfaces. 

These bacterial communities begin growing with host cell plasmid 

carriers and non-carriers. The plasmid carriers grow more 

vigorously than the non-carriers until there are no plasmid-free 

bacteria available. At this point, there is a high fitness cost with 

low conjugation and low horizontal gene transfer (HGT). The 

plasmid carriers then begin losing plasmids at a high rate, and 

then the plasmids are stored in the biofilm. This generates more 

plasmid-free cells where the plasmids can then enter the cells. 

The level of conjugation heightens with a low fitness cost and a 

higher rate of HGT. Bacterial cells re-enter a state of growth to 

restart the cycle of plasmid persistence. 

 

5. CONCLUSIONS 

In this study, the natural phases of bacterial growth, 

biofilm production, and antibiotic resistance were 

examined in relation to plasmid carriage. These intrinsic 

stages combined with plasmid carriage were surveyed 

through in vitro co-culture assays in order to form a 

potential explanation for plasmid persistence in natural 

conditions. Major changes in these natural states were 

observed in the samples with the plasmid carriers versus 

the non-carriers. Bacterial growth decreased in all carrier 

co-cultures, biofilm was produced in B.subtilis carriers 

with V. harveyi, biofilm was reduced in B. subtilis carriers 

with E. coli, and the B.subtilis carrier V. harveyi and E. coli 

co-cultures increased in antibiotic resistance. It was 

concluded that plasmid carriage affects bacterial growth, 

biofilm formation, and the rate of antibiotic resistance, in 

which plasmid carriage, including each altered bacterial 

phase, contributes to plasmid persistence. However, a 

major limitation of this present study includes that the 

effects of plasmid fitness were only examined through in 

vitro methods of LB liquid culturing. This is a common 

practice in the field where past studies have displayed the 

effects of plasmid fitness with laboratory conditions that 

are associated with the same data measured in animal 

models [1-5]. As a result, the results in this present study 

may not completely represent the plasmid fitness in the 

human gut. Future studies are needed to further survey the 

total complexity of in vitro matrices with focused analysis 

of in vivo animal models. However, analyzing the cost of 

plasmid production in liquid cultures cannot represent the 

totality of bacterial dynamics in a spatial ecosystem, 

therefore, an image of observation created through a 

mathematical model of plasmid dynamics in bacterial 

biofilms and colonies is necessary for predicting the 

outcome of plasmids in bacterial populations [18]. 

Developing this model can be improved by including three 

dimensions such as multiple strains and multiple species of 

bacteria from many different ecosystems [18]. Including 

more dimensions can enhance our understanding and 

predictions for plasmids in spatial bacterial communities 

[18]. Through exploring these multi-dimensional microbial 

communities, more methods to stagnate the spread of 

plasmids can be found that may limit the propagation of 

antibiotic resistance. 

 

6. CONFLICT OF INTERESTS 

The authors declare no conflict of interest. 

 

7. ACKNOWLEDGEMENTS 

Many thanks are given to my mentors who provided 

lectures, workshops, seminars, and research readings, which 

helped to establish my understanding of the fundamentals 

for microbiology. I also received hands-on experience in 

applying common and current novel microbiological 

techniques. 

 



IBEROAMERICAN JOURNAL OF MEDICINE 03 (2022) 143-156                                                                                                                   155 

 

8. REFERENCES 

1. Alonso-Del Valle A, León-Sampedro R, Rodríguez-Beltrán J, DelaFuente J, 
Hernández-García M, Ruiz-Garbajosa P, et al. Variability of plasmid fitness 
effects contributes to plasmid persistence in bacterial communities. Nat 
Commun. 2021;12(1):2653. doi: 10.1038/s41467-021-22849-y. 

2. Pinilla-Redondo R, Olesen AK, Russel J, de Vries LE, Christensen LD, 
Musovic S, et al. Broad Dissemination of Plasmids across Groundwater-Fed 
Rapid Sand Filter Microbiomes. mBio. 2021;12(6):e0306821. doi: 
10.1128/mBio.03068-21. 

3. Hall JPJ, Wright RCT, Harrison E, Muddiman KJ, Wood AJ, Paterson S, et 
al. Plasmid fitness costs are caused by specific genetic conflicts enabling 
resolution by compensatory mutation. PLoS Biol. 2021;19(10):e3001225. doi: 
10.1371/journal.pbio.3001225. 

4. Jordt H, Stalder T, Kosterlitz O, Ponciano JM, Top EM, Kerr B. 
Coevolution of host-plasmid pairs facilitates the emergence of novel multidrug 
resistance. Nat Ecol Evol. 2020;4(6):863-9. doi: 10.1038/s41559-020-1170-1. 

5. Li L, Dechesne A, Madsen JS, Nesme J, Sørensen SJ, Smets BF. Plasmids 
persist in a microbial community by providing fitness benefit to multiple 
phylotypes. ISME J. 2020;14(5):1170-81. doi: 10.1038/s41396-020-0596-4. 

6. Stecher B, Denzler R, Maier L, Bernet F, Sanders MJ, Pickard DJ, et al. Gut 
inflammation can boost horizontal gene transfer between pathogenic and 
commensal Enterobacteriaceae. Proc Natl Acad Sci U S A. 2012 Jan 
24;109(4):1269-74. doi: 10.1073/pnas.1113246109. 

7. Meijer WJJ, Boer DR, Ares S, Alfonso C, Rojo F, Luque-Ortega JR, et al. 
Multiple Layered Control of the Conjugation Process of the Bacillus 
subtilis Plasmid pLS20. Front Mol Biosci. 2021;8:648468. doi: 
10.3389/fmolb.2021.648468. 

8. Liu L, Chen X, Skogerbø G, Zhang P, Chen R, He S, Huang DW. The human 
microbiome: a hot spot of microbial horizontal gene transfer. Genomics. 
2012;100(5):265-70. doi: 10.1016/j.ygeno.2012.07.012. 

9. Shterzer N, Mizrahi I. The animal gut as a melting pot for horizontal gene 
transfer. Can J Microbiol. 2015;61(9):603-5. doi: 10.1139/cjm-2015-0049. 

10. Sarker MM, Islam KN, Huri HZ, Rahman M, Imam H, Hosen MB, et al. 
Studies of the impact of occupational exposure of pharmaceutical workers on 
the development of antimicrobial drug resistance. J Occup Health. 
2014;56(4):260-70. doi: 10.1539/joh.14-0012-oa. 

11. Stalder T, Cornwell B, Lacroix J, Kohler B, Dixon S, Yano H, et al. 
Evolving Populations in Biofilms Contain More Persistent Plasmids. Mol Biol 
Evol. 2020;37(6):1563-76. doi: 10.1093/molbev/msaa024. 

12. Gama JA, Zilhão R, Dionisio F. Plasmid Interactions Can Improve 
Plasmid Persistence in Bacterial Populations. Front Microbiol. 2020;11:2033. 
doi: 10.3389/fmicb.2020.02033. 

13. Hall JPJ, Wright RCT, Guymer D, Harrison E, Brockhurst MA. Extremely 
fast amelioration of plasmid fitness costs by multiple functionally diverse 
pathways. Microbiology (Reading). 2020;166(1):56-62. doi: 
10.1099/mic.0.000862. 

14. Hülter NF, Wein T, Effe J, Garoña A, Dagan T. Intracellular Competitions 
Reveal Determinants of Plasmid Evolutionary Success. Front Microbiol. 
2020;11:2062. doi: 10.3389/fmicb.2020.02062. 

15. Dionisio F, Zilhão R, Gama JA. Interactions between plasmids and other 
mobile genetic elements affect their transmission and persistence. Plasmid. 
2019;102:29-36. doi: 10.1016/j.plasmid.2019.01.003. 

16. Gama JA, Fredheim EGA, Cléon F, Reis AM, Zilhão R, Dionisio F. 
Dominance Between Plasmids Determines the Extent of Biofilm Formation. 
Front Microbiol. 2020;11:2070. doi: 10.3389/fmicb.2020.02070. 

17. Hernández-Beltrán JCR, San Millán A, Fuentes-Hernández A, Peña-Miller 
R. Mathematical Models of Plasmid Population Dynamics. Front Microbiol. 
2021;12:606396. doi: 10.3389/fmicb.2021.606396. 

18. Krone SM, Lu R, Fox R, Suzuki H, Top EM. Modelling the spatial dynamics 
of plasmid transfer and persistence. Microbiology (Reading). 2007;153(Pt 
8):2803-16. doi: 10.1099/mic.0.2006/004531-0. 

19. Benz F, Huisman JS, Bakkeren E, Herter JA, Stadler T, Ackermann M, et al. 
Plasmid- and strain-specific factors drive variation in ESBL-plasmid spread in 
vitro and in vivo. ISME J. 2021;15(3):862-78. doi: 10.1038/s41396-020-
00819-4. 

20. Gama JA, Fredheim EGA, Cléon F, Reis AM, Zilhão R, Dionisio F. 
Dominance Between Plasmids Determines the Extent of Biofilm Formation. 
Front Microbiol. 2020;11:2070. doi: 10.3389/fmicb.2020.02070. 

21. Nesse LL, Mo SS, Ramstad SN, Witsø IL, Sekse C, Bruvoll AEE, et al. The 
Effect of Antimicrobial Resistance Plasmids Carrying blaCMY-2 on Biofilm 
Formation by Escherichia coli from the Broiler Production Chain. 
Microorganisms. 2021;9(1):104. doi: 10.3390/microorganisms9010104. 

22. Yildiz FH, Visick KL. Vibrio biofilms: so much the same yet so different. 
Trends Microbiol. 2009;17(3):109-18. doi: 10.1016/j.tim.2008.12.004. 

23. Guttenplan SB, Kearns DB. Regulation of flagellar motility during biofilm 
formation. FEMS Microbiol Rev. 2013;37(6):849-71. doi: 10.1111/1574-
6976.12018. 

24. Belas R. Biofilms, flagella, and mechanosensing of surfaces by bacteria. 
Trends Microbiol. 2014;22(9):517-27. doi: 10.1016/j.tim.2014.05.002. 

25. Wood TK, González Barrios AF, Herzberg M, Lee J. Motility influences 
biofilm architecture in Escherichia coli. Appl Microbiol Biotechnol. 
2006;72(2):361-7. doi: 10.1007/s00253-005-0263-8. 

26. Pesavento C, Becker G, Sommerfeldt N, Possling A, Tschowri N, Mehlis A. 
Inverse regulatory coordination of motility and curli-mediated adhesion in 
Escherichia coli. Genes Dev. 2008;22(17):2434-46. doi: 10.1101/gad.475808. 

27. Hölscher T, Bartels B, Lin YC, Gallegos-Monterrosa R, Price-Whelan A, 
Kolter R, et al. Motility, Chemotaxis and Aerotaxis Contribute to 
Competitiveness during Bacterial Pellicle Biofilm Development. J Mol Biol. 
2015;427(23):3695-708. doi: 10.1016/j.jmb.2015.06.014. 

28. Haiko J, Westerlund-Wikström B. The role of the bacterial flagellum in 
adhesion and virulence. Biology (Basel). 2013;2(4):1242-67. doi: 
10.3390/biology2041242. 

29. Connelly MB, Young GM, Sloma A. Extracellular proteolytic activity plays 
a central role in swarming motility in Bacillus subtilis. J Bacteriol. 
2004;186(13):4159-67. doi: 10.1128/JB.186.13.4159-4167.2004. 

30. Røder HL, Trivedi U, Russel J, Kragh KN, Herschend J, Thalsø-Madsen I, 
et al. Biofilms can act as plasmid reserves in the absence of plasmid specific 
selection. NPJ Biofilms Microbiomes. 2021;7(1):78. doi: 10.1038/s41522-021-
00249-w. 

31. Svara F, Rankin DJ. The evolution of plasmid-carried antibiotic resistance. 
BMC Evol Biol. 2011;11:130. doi: 10.1186/1471-2148-11-130. 

32. Lopatkin AJ, Meredith HR, Srimani JK, Pfeiffer C, Durrett R, You L. 
Persistence and reversal of plasmid-mediated antibiotic resistance. Nat 
Commun. 2017;8(1):1689. doi: 10.1038/s41467-017-01532-1. 

33. San Millan A. Evolution of Plasmid-Mediated Antibiotic Resistance in the 
Clinical Context. Trends Microbiol. 2018;26(12):978-85. doi: 
10.1016/j.tim.2018.06.007. 

34. San Millan A, Santos-Lopez A, Ortega-Huedo R, Bernabe-Balas C, 
Kennedy SP, Gonzalez-Zorn B. Small-plasmid-mediated antibiotic resistance is 
enhanced by increases in plasmid copy number and bacterial fitness. 
Antimicrob Agents Chemother. 2015;59(6):3335-41. doi: 10.1128/AAC.00235-
15. 

35. Andersson DI, Hughes D. Persistence of antibiotic resistance in bacterial 
populations. FEMS Microbiol Rev. 2011;35(5):901-11. doi: 10.1111/j.1574-
6976.2011.00289.x. 

36. Loftie-Eaton W, Bashford K, Quinn H, Dong K, Millstein J, Hunter S, et al. 
Compensatory mutations improve general permissiveness to antibiotic 
resistance plasmids. Nat Ecol Evol. 2017;1(9):1354-63. doi: 10.1038/s41559-
017-0243-2. 

37. Harrison E, Guymer D, Spiers AJ, Paterson S, Brockhurst MA. Parallel 
compensatory evolution stabilizes plasmids across the parasitism-mutualism 
continuum. Curr Biol. 2015;25(15):2034-9. doi: 10.1016/j.cub.2015.06.024. 

38. Kottara A, Hall JPJ, Harrison E, Brockhurst MA. Variable plasmid fitness 
effects and mobile genetic element dynamics across Pseudomonas species. 
FEMS Microbiol Ecol. 2018;94(1):fix172. doi: 10.1093/femsec/fix172. 

39. Bottery MJ, Wood AJ, Brockhurst MA. Adaptive modulation of antibiotic 
resistance through intragenomic coevolution. Nat Ecol Evol. 2017;1(9):1364-
69. doi: 10.1038/s41559-017-0242-3. 

40. Ilhan J, Kupczok A, Woehle C, Wein T, Hülter NF, Rosenstiel P, et al. 
Segregational Drift and the Interplay between Plasmid Copy Number and 
Evolvability. Mol Biol Evol. 2019;36(3):472-86. doi: 10.1093/molbev/msy225. 

https://doi.org/10.1038/s41467-021-22849-y
https://doi.org/10.1128/mbio.03068-21
https://doi.org/10.1371/journal.pbio.3001225
https://doi.org/10.1038/s41559-020-1170-1
https://doi.org/10.1038/s41396-020-0596-4
https://doi.org/10.1073/pnas.1113246109
https://doi.org/10.3389/fmolb.2021.648468
https://doi.org/10.1016/j.ygeno.2012.07.012
https://doi.org/10.1139/cjm-2015-0049
https://doi.org/10.1539/joh.14-0012-oa
https://doi.org/10.1093/molbev/msaa024
https://doi.org/10.3389/fmicb.2020.02033
https://doi.org/10.1099/mic.0.000862
https://doi.org/10.3389/fmicb.2020.02062
https://doi.org/10.1016/j.plasmid.2019.01.003
https://doi.org/10.3389/fmicb.2020.02070
https://doi.org/10.3389/fmicb.2021.606396
https://doi.org/10.1099/mic.0.2006/004531-0
https://doi.org/10.1038/s41396-020-00819-4
https://doi.org/10.1038/s41396-020-00819-4
https://doi.org/10.3389/fmicb.2020.02070
https://doi.org/10.3390/microorganisms9010104
https://doi.org/10.1016/j.tim.2008.12.004
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.1016/j.tim.2014.05.002
https://doi.org/10.1007/s00253-005-0263-8
https://doi.org/10.1101/gad.475808
https://doi.org/10.1016/j.jmb.2015.06.014
https://doi.org/10.3390/biology2041242
https://doi.org/10.1128/jb.186.13.4159-4167.2004
https://doi.org/10.1038/s41522-021-00249-w
https://doi.org/10.1038/s41522-021-00249-w
https://doi.org/10.1186/1471-2148-11-130
https://doi.org/10.1038/s41467-017-01532-1
https://doi.org/10.1016/j.tim.2018.06.007
https://doi.org/10.1128/aac.00235-15
https://doi.org/10.1128/aac.00235-15
https://doi.org/10.1111/j.1574-6976.2011.00289.x
https://doi.org/10.1111/j.1574-6976.2011.00289.x
https://doi.org/10.1038/s41559-017-0243-2
https://doi.org/10.1038/s41559-017-0243-2
https://doi.org/10.1016/j.cub.2015.06.024
https://doi.org/10.1093/femsec/fix172
https://doi.org/10.1038/s41559-017-0242-3
https://doi.org/10.1093/molbev/msy225


156 IBEROAMERICAN JOURNAL OF MEDICINE 03 (2022) 143-156 

 

41. Harrison E, Brockhurst MA. Plasmid-mediated horizontal gene transfer is 
a coevolutionary process. Trends Microbiol. 2012;20(6):262-7. doi: 
10.1016/j.tim.2012.04.003. 

42. San Millan A, Escudero JA, Gifford DR, Mazel D, MacLean RC. Multicopy 
plasmids potentiate the evolution of antibiotic resistance in bacteria. Nat Ecol 
Evol. 2016;1(1):10. doi: 10.1038/s41559-016-0010. 

43. Turner PE, Williams ES, Okeke C, Cooper VS, Duffy S, Wertz JE. 
Antibiotic resistance correlates with transmission in plasmid evolution. 
Evolution. 2014;68(12):3368-80. doi: 10.1111/evo.12537. 

44. Santos-Lopez A, Bernabe-Balas C, Ares-Arroyo M, Ortega-Huedo R, 
Hoefer A, San Millan A, et al. A Naturally Occurring Single Nucleotide 
Polymorphism in a Multicopy Plasmid Produces a Reversible Increase in 
Antibiotic Resistance. Antimicrob Agents Chemother. 2017;61(2):e01735-16. 
doi: 10.1128/AAC.01735-16. 

45. Wein T, Hülter NF, Mizrahi I, Dagan T. Emergence of plasmid stability 
under non-selective conditions maintains antibiotic resistance. Nat Commun. 
2019;10(1):2595. doi: 10.1038/s41467-019-10600-7. 

46. Porse A, Schønning K, Munck C, Sommer MO. Survival and Evolution of a 
Large Multidrug Resistance Plasmid in New Clinical Bacterial Hosts. Mol Biol 
Evol. 2016;33(11):2860-73. doi: 10.1093/molbev/msw163. 

47. San Millan A, Peña-Miller R, Toll-Riera M, Halbert ZV, McLean AR, 
Cooper BS, et al. Positive selection and compensatory adaptation interact to 
stabilize non-transmissible plasmids. Nat Commun. 2014;5:5208. doi: 
10.1038/ncomms6208. 

48. Zwanzig M, Harrison E, Brockhurst MA, Hall JPJ, Berendonk TU, Berger 
U. Mobile Compensatory Mutations Promote Plasmid Survival. mSystems. 
2019;4(1):e00186-18. doi: 10.1128/mSystems.00186-18. 

49. Rodriguez-Beltran J, Hernandez-Beltran JCR, DelaFuente J, Escudero JA, 
Fuentes-Hernandez A, MacLean RC, et al. Multicopy plasmids allow bacteria 
to escape from fitness trade-offs during evolutionary innovation. Nat Ecol Evol. 
2018;2(5):873-881. doi: 10.1038/s41559-018-0529-z. 

50. San Millan A, Toll-Riera M, Qi Q, Betts A, Hopkinson RJ, McCullagh J, et 
al. Integrative analysis of fitness and metabolic effects of plasmids in 
Pseudomonas aeruginosa PAO1. ISME J. 2018;12(12):3014-24. doi: 
10.1038/s41396-018-0224-8. 

51. San Millan A, MacLean RC. Fitness Costs of Plasmids: a Limit to Plasmid 
Transmission. Microbiol Spectr. 2017;5(5). doi: 
10.1128/microbiolspec.MTBP-0016-2017. 

 

 

https://doi.org/10.1016/j.tim.2012.04.003
https://doi.org/10.1038/s41559-016-0010
https://doi.org/10.1111/evo.12537
https://doi.org/10.1128/aac.01735-16
https://doi.org/10.1038/s41467-019-10600-7
https://doi.org/10.1093/molbev/msw163
https://doi.org/10.1038/ncomms6208
https://doi.org/10.1128/msystems.00186-18
https://doi.org/10.1038/s41559-018-0529-z
https://doi.org/10.1038/s41396-018-0224-8
https://doi.org/10.1128/microbiolspec.mtbp-0016-2017

