
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Aug 27, 2022

Host Resistance, Genomics and Population Dynamics in a Salmonella Enteritidis and
Phage System

Holguín, Angela Victoria; Cárdenas, Pablo; Prada-Peñaranda, Catalina; Rabelo Leite, Laura; Buitrago,
Camila; Clavijo, Viviana; Oliveira, Guilherme; Leekitcharoenphon, Pimlapas; Møller Aarestrup, Frank;
Vives, Martha J.

Published in:
Viruses

Link to article, DOI:
10.3390/v11020188

Publication date:
2019

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Holguín, A. V., Cárdenas, P., Prada-Peñaranda, C., Rabelo Leite, L., Buitrago, C., Clavijo, V., Oliveira, G.,
Leekitcharoenphon, P., Møller Aarestrup, F., & Vives, M. J. (2019). Host Resistance, Genomics and Population
Dynamics in a Salmonella Enteritidis and Phage System. Viruses, 11(2), [188].
https://doi.org/10.3390/v11020188

https://doi.org/10.3390/v11020188
https://orbit.dtu.dk/en/publications/f340fb22-08b4-4550-b4b7-1e91dd337fbe
https://doi.org/10.3390/v11020188


viruses

Article

Host Resistance, Genomics and Population Dynamics
in a Salmonella Enteritidis and Phage System

Angela Victoria Holguín 1,* , Pablo Cárdenas 1,† , Catalina Prada-Peñaranda 1,

Laura Rabelo Leite 2, Camila Buitrago 1, Viviana Clavijo 1, Guilherme Oliveira 2,3,

Pimlapas Leekitcharoenphon 4 , Frank Møller Aarestrup 4 and Martha J. Vives 1

1 Department of Biological Sciences, Universidad de Los Andes, 111711 Bogotá, Colombia;

p.cardenas10@uniandes.edu.co (P.C.); cat-prad@uniandes.edu.co (C.P.-P.);

mc.buitrago10@uniandes.edu.co (C.B.); in-clavi@uniandes.edu.co (V.C.);

mvives@uniandes.edu.co (M.J.V.)
2 Instituto René Rachou, Fundação Oswaldo Cruz, 21040-900 Belo Horizonte, Brazil;

rabelo.leite@gmail.com (L.R.L.); guilherme.oliveira@itv.org (G.O.)
3 Instituto Tecnológico Vale, 66055-090 Belém, Brazil
4 Research Group for Genomic Epidemiology, National Food Institute, Technical University of Denmark,

2800 Kgs. Lyngby, Denmark; pile@food.dtu.dk (P.L.); fmaa@food.dtu.dk (F.M.A.)

* Correspondence: angela.holguin02@gmail.com; Tel.: +1-647-8092866

† Present address: Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge,

MA 02149, USA.

Received: 22 December 2018; Accepted: 13 February 2019; Published: 22 February 2019
����������
�������

Abstract: Bacteriophages represent an alternative solution to control bacterial infections.

When interacting, bacteria and phage can evolve, and this relationship is described as antagonistic

coevolution, a pattern that does not fit all models. In this work, the model consisted of a microcosm

of Salmonella enterica serovar Enteritidis and ϕSan23 phage. Samples were taken for 12 days every

48 h. Bacteria and phage samples were collected; and isolated bacteria from each time point were

challenged against phages from previous, contemporary, and subsequent time points. The phage

plaque tests, with the genomics analyses, showed a mutational asymmetry dynamic in favor of the

bacteria instead of antagonistic coevolution. This is important for future phage-therapy applications,

so we decided to explore the population dynamics of Salmonella under different conditions: pressure

of one phage, a combination of phages, and phages plus an antibiotic. The data from cultures with

single and multiple phages, and antibiotics, were used to create a mathematical model exploring

population and resistance dynamics of Salmonella under these treatments, suggesting a nonlethal,

growth-inhibiting antibiotic may decrease resistance to phage-therapy cocktails. These data provide

a deep insight into bacterial dynamics under different conditions and serve as additional criteria to

select phages and antibiotics for phage-therapy.

Keywords: phage-therapy; Salmonella Enteritidis; bacteria-phage coevolution; antibiotics; bacterial

resistance

1. Introduction

So-called “superbugs,” or bacteria resistant to multiple antibiotics, are a worldwide problem

that urgently requires solutions in order to control bacterial infections. Bacteriophages (henceforth

“phages”) have been proposed as one of these options since their discovery. Phages were used as a

therapy for a few years until penicillin was discovered. Following the advent of antibiotics, Western

countries halted research on phages, and antibiotics were used widely until a few years ago when

reports on bacterial resistance increased, and the world started to look for alternatives [1]. Subsequently,
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phages emerged once again, and several studies have been conducted to understand phage–bacteria

interaction and the applicability of these in food, animals, and humans [1].

Salmonella was chosen as a model due to the problem it represents for public health in the world

and other countries. This bacterium causes salmonellosis, a form of food poisoning in humans.

S. enteritidis, particularly, can live in chickens without causing disease and pass through them to

humans [2]. Between 2008 and 2013, the incidence of Salmonella infection in the United States was

15.2 illnesses per 100,000 individuals [2]; 1.2 billion illness and 450 deaths were reported to occur due

to non-typhoidal Salmonella in the United States, based on the annual report by the Centers for Disease

Control and Prevention (CDC) [3]. Globally, strains of Salmonella sp. have been found in poultry

farms at the main productions zones [1], and they have shown resistance to antibiotics allowed for

industrial use, leaving farmers with little alternatives to control it.

Several phage and antibiotic resistance mechanisms have been described for Salmonella, including

clustered regularly interspaced short palindromic repeats-Cas (CRISPR-Cas) systems for phages,

and efflux pumps, antibiotic-altering, and antibiotic-degrading enzymes, for antibiotics; target

modification and abortive infection are mechanisms that bacteria use both for phages and antibiotics.

Target modification occurs when a mutation alters the phage binding receptor. This mechanism can

be carried out in different ways, such as direct modification of the receptor protein, production of

exopolysaccharide, or masking the protein [4]. In the direct modification of the receptor, the bacterium

changes the active site of the protein or the structural domains involved. The latter option is the most

common, because these domains present non-conserved regions, unlike the active site of the protein [5].

On the other hand, the exopolysaccharide produced around the receptor constitutes a physical barrier

that the bacteria develops to prevent binding [5]. Finally, the bacterium can synthesize a protein that

masks the receptor thereby preventing the phage binding to the bacteria [4].

Bacterial receptors may limit phages to parasite them. Peptidoglycans are essential for bacterial

growth and have distinct structures from eukaryotic cells; the different compositional combinations can

act as phage receptors. Among the peptidoglycans are transpeptidases, β-lactamases, transglicosilases,

and glycopeptides, which also act as targets for antibiotics and are related to antibiotic resistance.

Mutations that decrease susceptibility to phages have been found in these proteins [6]. In some

cases, bacteria need to make another series of changes to compensate for modifications occurring

on the cell wall [7]. The PmrA/PmrB system has been reported in Salmonella as a target for a

resistance modification mechanism allowing the bacteria to avoid the antibiotic attack, phage infections,

and even detection by host immune systems. Briefly, this system is found in the lipid A region of

lipopolysaccharides, detects binding to the receptor, and emits a signal which activates the synthesis

of a 4-aminoarabinose group that binds to the phosphate ester bound in the diglucosamine component

of lipid A, thus decreasing the affinity to the antimicrobial component [6,8].

Another mechanism that bacteria use to fight both antibiotics and phages, also reported in

Salmonella, are abortive infections (Abi) systems. Abi refers to a collection of bacterial defense

systems intended to regulate genes involved in biofilm formation functions, control of bacterial growth

(for example, bacteriostatic toxins), and programmed cell death. One of these is the toxin-antitoxin

system, which works based on a complex of two proteins. In general, the antitoxin, as its name indicates,

works by blocking the toxin, thus preventing cell death. This state is preserved when conditions are

appropriate for the bacteria. Once the alarm system is turned on (an external switch), a signal is

emitted, and separation of the complex occurs, releasing the toxin and causing cell death [9,10].

Finally, another important mechanism of bacterial resistance to phage is the CRISPR system.

This is a system of two clusters, a CRISPR cluster, and a protein cluster, considered by many a form of

a bacterial adaptive immune system. Cas proteins are the most studied variation of CRISPR systems,

which is why it is usual to find the system named CRISPR-Cas [11].

Given that phage therapy is considered an alternative for the treatment of antibiotic-resistant

bacteria, understanding the evolutionary dynamics between Salmonella and their phages is important

to avoid rapid exhaustion of the therapy, as already happened with antibiotics. Buckling and
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Rainey [12] described antagonist coevolution in a Pseudomonas fluorescens-phage model. In contrast,

Barbosa et al. [13] described that a non-coevolutionary interaction took place between Vibrio sp. and

three different individual phages; instead, the bacteria showed continued resistance in the early stages

of the experiment. Based on similar results in Escherichia coli, Lenski [14] had previously proposed a

mutational asymmetry as an alternative hypothesis for the bacteria–phage interaction. This suggests

that when bacteria and phage coexist, bacteria have an advantage over phages because it is easier

for the bacteria to mutate the phage receptor than for the phage to find the exact mutation for the

new receptor. This sort of mutational asymmetry in favor of the host bacteria has been observed in

multiple other bacteria–phage systems as well [14–19]. With the aim of understanding the evolutionary

interaction between phages and its host, we characterized in vitro and in silico the interaction of

previously isolated bacteriophages with a Salmonella strain, using different conditions such as a single

phage, multiple phages, and antibiotics plus phage. For the phage experiments, we used a modified

experimental co-evolution model previously reported and compared the results of this bacterial model

with different ones to gain insight into the bacterial response to phage pressure. Here, we used a strain

of Salmonella enterica subspecies enterica sv. Enteritidis (from now: S. Enteritidis), and many Colombian

native phages that infect the strain.

2. Materials and Methods

2.1. Microorganisms

Ten strains of S. enterica subspecies enterica sv. Enteritidis and eight strains of S. enterica subspecies

enterica sv. Typhimurium were previously isolated and characterized by the Colombian Integrated

Program for Antimicrobial Resistance Surveillance (COIPARS) group, from the Colombian Corporation

for Agricultural Research (Corporación Colombiana de Investigación Agropecuaria, CORPOICA).

The strains were kindly provided by Pilar Donado, head of the COIPARS group. Salmonella Enteritidis

strain s25pp was selected for subsequent experiments based on previous studies that showed it was an

efficient host to propagate different phages, its rapid growth, and absence of prophage induction by

ultraviolet light [20].

2.2. Phages

Three S. Enteritidis phages previously isolated and characterized, ϕSan23, ϕSan24, and

ϕSan15, [21] were selected for their diverse host range and infection parameters [20]. Phage

suspension titer was standardized by serial dilution on double agar plaque assays as described by

Kropinski et al. [22]. Chloramphenicol was chosen for the evolution experiments with antibiotic due

to the presence of a functional AcrAB-TolC efflux pump system in the S. Enteritidis genome sequenced

in this study, as revealed by preliminary sequence analysis. The AcrAB-TolC efflux pump system

found in different Enterobacteriaceae can transport multiple antibiotics, including chloramphenicol,

across both the inner and outer membrane, and have been found to be involved in resistance to

these compounds [23–25]. S. Enteritidis s25pp used in this study was found to be tolerant to low

concentrations of chloramphenicol (<0.05 µg/mL), albeit exhibiting decreased growth.

2.3. Media

Culture media and components were obtained from Oxoid Ltd (Hampshire, UK).

2.4. Lysate Preparation

The lysate phage preparation was performed before the coevolutionary assay in order to have

purified, concentrated phage. Purified plaques were resuspended in SM buffer overnight at 4 ◦C and

then centrifuged at 4500 rpm, for 20 min at 4 ◦C. The supernatant was placed in a new tube, and serial

dilutions were performed to 10−5, using SM buffer as the diluent. Each dilution was plated onto the

solid medium by using a double agar technique: 100 µL of each dilution with 100 µL of an overnight



Viruses 2019, 11, 188 4 of 22

culture of the bacteria were placed together in melted top agar (tubes filled with nutrient broth and

0.4% bacteriological agar) and incubated at 37 ◦C overnight [22,26]. Top agar was removed the next

day from plates with near-confluent lysis, using a glass microscope slide. Plates were rinsed with 3 mL

SM buffer, and transferred to a new tube; 0.5 mL of chloroform was added, tubes were vortexed for

1–2 min, and centrifuged for 20 min, 4500 rpm, at 4 ◦C. Then, the supernatant was placed in a new

tube with 100 µL of chloroform. Finally, the concentration of each phage solution was determined

using the double agar method, counting the plaque-forming units per milliliter (PFU/mL) [27].

2.5. S. Enteritidis and Phage ϕSan23 Evolutionary Dynamics

We performed coevolutionary experiments following the Barbosa et al. methodology [13].

Six microcosms (25 mL Erlenmeyer flasks with 6 mL of Luria–Bertani (LB) broth) were carried out by

co-cultivating bacteria and phage, at a multiplicity of infection (MOI) of 10, based on Barbosa’s protocol

(1 × 107 PFU/mL and 1 × 106 CFU/mL). The microcosms were incubated at 37 ◦C for 48 h. After

this time, samples were taken in order to isolate 10 bacterial colonies and one phage suspension per

microcosm. These samples were called transfer number 1, and 6 µL of each microcosm were transferred

to a new flask with fresh media. The second set of microcosms was incubated at 37 ◦C for 48 h. Again,

10 bacterial colonies and one phage suspension were isolated per microcosm, and 6 µL of each one

was transferred to fresh media. This procedure was repeated until transfer number 6. Six replicates of

the microcosms were performed. Each bacterial clone from each transfer was challenged against the

phage suspensions from two transfers forward (future phages), from the same transfer (contemporary

phages), and from two previous transfers (past phages). Additionally, all bacterial clones from each

transfer were challenged against the ancestral phage, and the phage suspensions from each transfer

were challenged against the ancestral bacteria [13].

Control experiments consisted of the bacterial evolutionary control and the phage evolutionary

control. For the bacterial evolutionary control, 60 µL of an overnight bacterial culture (OD600 nm 0.8)

were transferred to a 6 mL of fresh LB media and the culture was incubated at 37 ◦C for 48 h (without

phage). After this time, samples were taken to isolate 10 bacterial colonies. These samples were

named bacterial control transfer number 1, and 6 µL of culture were transferred to a new flask with

fresh media and incubated at 37 ◦C for 48 h and, again, 10 bacterial colonies were isolated, and 6 µL

were transferred to fresh media. This procedure was repeated until bacterial control transfer number

6. Each bacterial clone from each bacterial control transfer was challenged against the original, or

ancestral, phage (Supplemental Video 1).

Phage evolutionary controls were carried out by co-cultivating bacteria and phage at an MOI of 10

(1 × 107 PFU/mL and 1 × 106 CFU/mL). The microcosms were incubated at 37 ◦C for 48 h, after which

centrifugation was performed (4,500 rpm, for 30 min at 4 ◦C); 60 µL of supernatant was transferred to

a 6 mL of fresh LB media, and 60 µL of fresh overnight bacteria culture (OD600 nm 0.8) was added

and incubated at 37 ◦C for 48 h. After this time, samples were taken to recover the phage suspensions.

These samples were named phage control transfer number 1. This procedure was repeated until phage

control transfer number 6. Each phage suspension from each phage control transfer was challenged

against the ancestral bacteria.

2.6. Genomic Analyses

In order to identify the changes in bacteria and phages, whole genome sequencing was performed

in the samples taken from the experiment. We sequenced 60 bacterial genomes (10 randomly selected

clones per transfer, per six transfers, for a total of 60 bacterial genomes); six phages suspensions

(one phage suspension per transfer, for a total of six phage metagenomes); 12 bacterial genomes from

the control experiments (four randomly selected clones from transfer 1, four from transfer 3, and four

from transfer 6); the ancestral bacterial genome; and the ancestral phage genome.
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2.7. DNA Extraction

Bacterial DNA was extracted using the Easy-DNATM kit, according to manufacturer’s instructions

(InvitrogenTM by Life TechnologiesTM, Frederick, MD 21704, USA). Phage DNA extraction was

performed using the phenol-chloroform method from a phage suspension with a titer higher or equal

to 1 × 1011 PFU·mL−1. 700 µL phenol:chloroform:isoamyl alcohol (25:24:1) were added to 700 µL of the

phages. This mix was centrifuged at 13,000 rpm for 4 min at 4 ◦C. The aqueous phase was transferred

to a new tube and 350 µL of chloroform and 350 µL of isoamyl alcohol were added to it; the mixture

was centrifuged at 13,000 rpm for 4 min at 4 ◦C. The aqueous phase was taken and transferred to a

new Eppendorf tube, and the last step was repeated. The aqueous phase was again transferred to a

fresh tube, and a tenth of the volume of sodium acetate was added, as well as twice the volume of

100% ethanol. The tubes were stored at −20 ◦C overnight. The next day the samples were centrifuged

at 13,000 rpm for 30 min at 4 ◦C, the supernatant was discarded and the pellet was washed with 300 µL

of 70% ethanol and centrifuged for 5 min; the supernatant was discarded, and the pellet was dried and

resuspended in sixty µL of 10 µm Tris-HCl [11].

Next Generation Sequencing, MiSeq Illumina (sequencing at Innovation Centre at McGill

University) was carried out. Bacterial and phage genomic data were studied separately. For both,

we performed Single Nucleotide Polymorphism SNP calling, using raw reads genomes, using CSI

phylogeny software [28,29]. Then, we aligned the mutants against the ancestral genome to determine

differences between them using MAUVE [30,31] and BRIG [32,33]. Based on the results, we selected key

genes related to bacterial phage-resistance mechanisms, and we modeled the interaction of candidate

receptors and tail fiber proteins using DockingServer [34,35].

Bacterial bioinformatics analyses started with a quality assessment using FastQC [36], followed

by sequence trimming with Trimmomatic [37,38]. Genomic assembly was performed using different

software tools to complete the best assembly, including Assembler 1.0 [39,40], SPAdes [41,42], and the

read aligner Bowtie2 [43,44]. The ancestral bacterial assembly was carried first using SPAdes

and Assembler 1.0, we selected best assembly based on N50, then the mutants genome assembly

was performed with Bowtie2, SPAdes and Assembler 1.0. Gene prediction and annotation was

performed using Glimmer [45,46], RAST [47,48], Blast2go [49,50], and Prodigal [51,52]. Phage

bioinformatics analyses started with a quality assessment using [36], followed by sequence trimming

with Trimmomatic [37,38]. Genomic assembly was performed using SPAdes software [41,42].

Gene prediction and annotation was performed using RAST [47,48]. Phage lifestyle was determined

using PHACTS software [53,54].

2.8. BtuB, Colicin, Fhu Receptor Knockout

After the genomics results, three genes were selected to be tested experimentally as candidates

for bacterial resistance. BtuB, Colicin and Fhu bacterial receptors found in S. Enteritidis were knocked

out using TargeTron Gene Knockout System (Sigma Aldrich, TM, St. Louis, MO 63104, USA). After the

knockout, each mutant was tested by spot test against wild-type bacteriophage to detect the formation

of plaques.

2.9. Bacterial Growth at Sublethal Chloramphenicol Concentration

A growth curve was carried out to determine the effect of antibiotic at sublethal concentrations on

bacterial growth. Growth curves were determined with S. Enteritidis both in the absence and presence

of chloramphenicol, at 0.05 µg/mL in the latter case. Briefly, for each growth curve, 10 mL nutrient

broth were inoculated with a 1:1000 dilution of overnight culture, grown at 37 ◦C and 100 rpm agitation,

and destructively sampled every hour for 10 h. Optical density was measured in three samples per

treatment at a wavelength of 550 nm, and samples were dilution plated to 10−10 on nutrient agar to

determine growth every hour.



Viruses 2019, 11, 188 6 of 22

2.10. Evolutionary Dynamics of S. Enteritidis with Phages and Antibiotic

A series of evolutionary experiments were carried out to study the population dynamics of S.

Enteritidis and ϕSan23 under different conditions. Bacterial susceptibility to the ancestral ϕSan23

phage was determined for cultures evolving under different treatment regimes in two experiments in

order to better examine evolutionary dynamics between one and two phages, respectively, and the

bacterial strain. For the first, spanning eight days, treatments included: S. Enteritidis in the absence

of phages and antibiotic; S. Enteritidis in the presence of ϕSan23; S. Enteritidis in the presence of

ϕSan23 and ϕSan15; and S. Enteritidis in the presence of ϕSan23 and chloramphenicol (0.05 µg/mL).

For the second experiment, spanning 10 days, treatments included: S. Enteritidis in the absence of

phages and antibiotic; S. Enteritidis in the presence of ϕSan23; S. Enteritidis in the presence of ϕSan23

and ϕSan15; S. Enteritidis in the presence of ϕSan23 and ϕSan24; S. Enteritidis in the presence of

ϕSan23, ϕSan15, and ϕSan24; and finally, S. Enteritidis in the presence of ϕSan23 and chloramphenicol

(0.05 µg/mL). All experiments were carried out at MOI 10 Evolution experiment procedures were

adapted from the work of Barbosa et al. [13]. For each treatment, 10 mL cultures were grown for 24 h in

two replicates in nutrient broth at 37 ◦C and 100 rpm. After 24 h, 10 mL of fresh broth were inoculated

with 60 µL of culture for each replicate. A supplement of 0.05 µg/mL chloramphenicol was added to

the suitable flasks. Transfers were carried out in this way for every day of each experiment (except on

day 4). Cultures were streaked and plated onto nutrient agar before every transfer. The susceptibility

to ϕSan23 was evaluated for 10 colonies from each culture using a modified protocol of spot assays

on double agar [22]. Briefly, 1 mL cultures of each colony were grown overnight in nutrient broth,

after which 100 µL of culture were mixed with 100 µL of soft agar and plated onto nutrient agar. 3 µL

of ϕSan23 suspension (10 × 109 PFU/mL) were deposited on the surface of each soft agar surface,

and plates were inspected for lysis plaques after 24 h. The fraction resistant to ϕSan23 for each

treatment was then calculated as the number of soft agar cultures with no lysis plaques divided by 10.

2.11. Mathematical Model: Compartment Model Design

A first-order ordinary differential equation (ODE) compartment model was created to study the

population dynamics of S. Enteritidis and ϕSan23 under the different exposure conditions to phages

and antibiotic. Previous models have been applied to study similar bacterial and phage systems in

single phage scenarios [55–65]. The model proposed here, shown schematically in Figure 1, studies the

dynamics in a population of bacteria exposed to one or more different phages capable of producing

cell lysis. To the knowledge of the authors, it is the first ODE model proposed to model population

dynamics in a system with explicit multiple phages.

Equation (1) presents the dynamical system equations describing the compartment model.

Bacteria are assumed to replicate following a logistic model of specific growth rate r with a

fixed carrying capacity K, a model commonly used for modeling bacterial growth under limited

resources [66,67]. The specific growth rate r may be modified by an antibiotic, inhibiting growth by a

fraction of α. The presence and absence of the antibiotic is denoted by the control variable a. Bacteria

can be susceptible (S) or resistant (R) to one or both phages (V). Transitions between susceptible and

resistant bacteria occur at rates determined by a mutation rate m dictating a constant rate for single

mutations. Transitioning from susceptibility to both phages to resistance to both phages, for example,

requires two independent mutations, and occurs at a rate of m2. Transitions from susceptibility to both

phages to resistance to a single phage require a single mutation and occur at a rate of m − m2 to avoid

counting double mutants twice. Bacteria susceptible to a given phage may become infected (I) by it at

a rate dictated by the phage adsorption rate β, and the phage and bacterial concentration, following

mass-action law kinetics as done frequently in epidemiological models [68]. Infected bacteria lyse

and exit the population after the phage’s latent period λ, producing new free phage virions at a rate

dependent on the phage burst size b with every cell lysis. Free phages exit the population both when

they infect bacterial cells and through a constant phage degradation rate µ. All compartments are given

in terms of concentrations (CFU/mL for bacterial compartments, PFU/mL for phage compartments).
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The model may be solved as a single, continuous culture experiment, or as a series of transferred

cultures such as the ones described in the experimental methods. Simulation of culture transfers can

be achieved by multiplying all compartments by a constant dilution factor v, equal to the inoculation

volume as a fraction of the culture volume, at each transfer time.

dS
dt = r(1 − aα)

(

1 − N
k

)

S +
(

m − m2
)

(R1 + R2) + m2R12 −
(

2m − m2
)

S − β1SV1 − β2SV2

dR1
dt = r(1 − aα)

(

1 − N
k

)

R1 +
(

m − m2
)

(R12 + S) + m2R2 −
(

2m − m2
)

R1 − β2R1V2

dR2
dt = r(1 − aα)

(

1 − N
k

)

R2 +
(

m − m2
)

(R12 + S) + m2R1 −
(

2m − m2
)

R2 − β1R2V1

dR12
dt = r(1 − aα)

(

1 − N
k

)

R12 +
(

m − m2
)

(R1 + R2) + m2S −
(

2m − m2
)

R12

dI1
dt = β1V1(R2 + S)− 1

λ1
I1

dI2
dt = β2V2(R1 + S)− 1

λ2
I2

dV1
dt = b1

λ1
I1 − β1V1(R2 + S)− µ1V1

dV2
dt = b2

λ2
I2 − β2V2(R1 + S)− µ2V2

N = S + I1 + I2 + R1 + R2 + R12

(1)

 

φ
φ φ φ

φ φ
φ φ φ

φ φ φ φ

φ

φ

φ

φ

 

Figure 1. Population compartment model describing dynamics of two distinct phages infecting a

population of bacteria. Colored compartments represent subdivisions of the population, corresponding

to state variables in the ordinary differential equation (ODE) model. Bacteria may be susceptible to both

phages (blue), resistant to one phage and susceptible to the other (light orange), resistant to both phages

(dark orange), or infected with one phage (pink). Free phages are denoted in green compartments.

Arrows represent population flow between compartments, with constants governing the rate annotated

on each.

In the case of a single-phage situation, the system in Equation (1) can be simplified by taking

V2 = 0 and redefining S = S + R2 and R1 = R1 + R12, obtaining the system in Equation (2).

dS
dt = r(1 − aα)

(

1 − N
k

)

S + m(R1 − S)− β1SV1

dR1
dt = r(1 − aα)

(

1 − N
k

)

R1 + m(S − R1)
dI1
dt = β1V1S −

1
λ1

I1
dV1
dt = b1

λ1
I1 − β1V1S − µ1V1

N = S + I1 + R1

(2)
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As noted by previous authors [59–61,69], the population of a specific phage will only grow if

the population of bacteria susceptible to the phage exceeds a given threshold, the threshold of

proliferation (NP). This threshold can be computed from the basic reproduction number of the

phage R0, understood as the number of new phages produced by a single phage in a population of

bacteria entirely susceptible to the phage [68]. This analysis yields the proliferation thresholds NP,1

and NP,2 for Phages 1 and 2, respectively, shown in Equation (3) in terms of proliferation threshold

values for each compartment SP, R1,P, and R2,P (see the analysis in the Supplementary Material).

NP,1 = SP + R2,P = µ1

β1(b1−1)

NP,2 = SP + R1,P = µ2

β2(b2−1)

(3)

Additionally, each phage will only cause the population of bacteria susceptible to them to decrease

if the phage population exceeds what is known as the inundation threshold [63,70]. An upper bound

for each phage’s inundation threshold up to the first peak of infection for each phage, VIB, can be

calculated as shown in Equation (4) (see the analysis in the Supplementary Material).

VIB,1 = r(1−aα)−m
β1

VIB,2 = r(1−aα)−m
β2

(4)

Model Parameters and Assumptions. Table 1 summarizes information on the different parameters

in the model. Bacterial carrying capacity K and intrinsic growth rates r, both in the presence and

absence of antibiotic, were estimated by fitting growth curve data D obtained as previously explained

to a logistic function of time t (Equation (5)).

D(t) =
K

1 + e−(φ+rt)
(5)

Infected bacteria were assumed to consume resources from the environment but not replicate,

due to the phage’s hijacking of their cellular machinery. As has been done before [63], it is assumed that

all non-infected bacteria in the model possess the same replication rate, regardless of their resistance

or susceptibility to phage. The lack of a fitness penalty due to resistance to phage was confirmed

experimentally, as no appreciable difference was found in vitro in the growth rate of bacteria resistant

to ϕSan15, ϕSan23, or [20]. The relative growth penalty caused by sublethal concentrations of antibiotic

was calculated from the intrinsic growth rates obtained from non-linear fitting in the presence (ra) and

absence (rn) of antibiotic, as shown in Equation (6).

α = 1 −
ra

rn
(6)

The model assumes the resistance mechanisms to each phage are independent of each other.

In the case of ϕSan23, resistance is mediated by mutation of a surface receptor as was determined in

this work; so far, we have no information about the other phages’ resistance mechanisms. Certain

mechanisms of resistance, such as capsules or restriction enzymes, increase resistance to multiple

phages [5]. This model does not take these mechanisms into account.
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Table 1. Parameters used in ODE model for one- and two-phage infection of a bacterial population.

Constant Symbol Value Units Reference

Intrinsic growth rate of bacteria r 0.68885 h−1 This study

Relative growth rate penalty of
bacteria in presence of antibiotic

α 0.33736 – This study

Presence/absence of antibiotic a {1,0} – –

Bacterial carrying capacity k 1.2888 × 108 CFU/mL This study

Mutation probability m 1.4000 × 10−9 – This study, [71]

Adsorption rate for phage 1 β1 1.8000 × 10−9 mL pfu−1 h−1 *

Adsorption rate for phage 2 B2 1.0000 × 10−9 mL pfu−1 h−1 *

Burst size for phage 1 b1 165 PFU/mL *

Burst size for phage 2 b2 120 PFU/mL *

Phage 1 virion decay rate µ1 4.7917 × 10−4 h−1 [63,64,72]

Phage 2 virion decay rate µ2 4.7917 × 10−4 h−1 [63,64,72]

Phage 1 latent period λ1 0.5 h *

Phage 2 latent period Λ2 0.5 h *

Inoculation volume as a fraction
of the culture volume

v 6.000 × 10−3 – –

*: Determined experimentally, [20].

Mutation probability was estimated from reported Salmonella molecular evolution rates for C→T

transitions [71], and molecular data for S. Enteritidis identifying bacterial resistance to ϕSan23 in a

specific C→T point mutation on membrane receptor BtuB, as was shown in this work. This mutation

rate is consistent with previous experimental data from fluctuation tests for similar bacteria–phage

systems [73,74]. The probability of reversing this mutation can differ from that of the mutation

occurring, as can the probabilities of mutations conferring resistance to different phages. Furthermore,

it is known that mutation frequency within a single strain can change in response to stress [75–78].

Nevertheless, for the sake of simplicity, the probability of mutation was assumed to be constant for all

types of mutations, independently of whether the mutation involved acquisition or loss of resistance to

one phage or another. Similarly, the free phage decay rates of different phages can vary within a range

but were taken as an average of free phage decay rates across many Myoviridae phages [63,64,72].

In both the case of mutation probability and free phage decay rate, the behavior of the model was

found to be largely insensitive to changes within the values reported for Salmonella and Myoviridae,

respectively, in the literature [63,64,72,79].

Phage adsorption overestimates successful adsorption rate, given that not all phage irreversible

adsorption events result in successful infection terminating in cell lysis. However, adsorption rates

provide a reasonable estimate for successful infection rates in lytic phages [80–82]. The model does

not take phage superinfection of bacteria into account, the underlying assumptions being that the

first phage to infect a bacterial cell is the first to cause lysis and the only one releasing fully-formed

progeny and that free phage virions adsorbing onto previously infected bacteria represent a negligible

fraction of total free virions. The effect of including superinfection of already infected bacterial

compartments into the equations for the rates of change in viral populations was found to be minimal

according to numerical simulation with the parameters in Table 1. Burst sizes and latent periods were

obtained from experimental measurements of ϕSan23 and ϕSan15 one-step curves for Phage 1 and 2,

respectively [20]. Adsorption rates were estimated from experimental measurements of ϕSan23 growth

curves, with ϕSan15 showing a decreased adsorption rate [20,80].

Implementation and Numerical Solution. Non-linear fitting of growth data was carried out

using the Levenberg-Marquardt algorithm for least-squares minimization [83]. The model was solved

numerically using the Livermore Solver for Ordinary Differential Equations (LSODA) solver-switching

algorithm [84]. In the case of both algorithms, FORTRAN implementations running underneath the
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wrapper function in R [85] were used. The source code for model simulation and graphics is available

online [86].

Accession Numbers: MUNA00000000: Salmonella enterica subsp. enterica strain s25pp.

3. Results

3.1. S. Enteritidis and Phage ϕSan23 Evolutionary Dynamics

We did not find evidence of antagonistic co-evolution or any arms race between phage ϕSan23

and S. Enteritidis s25pp, as shown in Figure 2. The resistance of the bacteria appeared at the first

transfer and this resistance was stable over time. In addition, when bacteria from all transfers were

challenged against the ancestral phage, all bacteria showed resistance to the ancestral phage. Phages

from each transfer from the control where only phages were allowed to evolve showed to be infective

against ancestral bacteria (Figure 3). Bacteria isolated from the control where only bacteria were

allowed to evolve showed to be susceptible to the ancestral phage.

 

φ φ

φ φ

φ

φ

φ
Figure 2. Interaction between S. Enteritidis s25pp and phage ϕSan23 under controlled conditions.

The lower horizontal axis denotes times P (present), C (Contemporary), and F (Future). The upper

horizontal axis shows the transfer number. The vertical axis indicates population resistance frequency,

on a scale from 0 to 1.00. The plots indicated that no antagonistic co-evolutionary relationship was

established. Phages from each transfer isolated from the control where only the phage was able to

evolve were shown to be infective against ancestral bacteria, and bacteria isolated from the control

where only bacteria was able to evolve were shown to be susceptible to the ancestral phage.
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A 

B 

Figure 3. (A) Bacteria isolated from the control where only bacteria were allowed to evolve were shown

to be susceptible to the ancestral phage. (B) Phages from each transfer from the control where only

phages were allowed to evolve were shown to be infective against ancestral bacteria.

3.2. Genomic Analyses

The genomic analysis comprises three sets of data: the ancestral bacterial genome, the ancestral

phage genome, and the co-evolution assay isolates (60 bacterial genomes and 6 phages metagenomes).

The ancestral or wild-type bacterial genome was trimmed and assembled; the whole genome

shotgun project has been deposited at the DNA Data Bank of Japan DDBJ/ European Nucleotide

Archive ENA/GenBank under the accession MUNA00000000. The version described in this paper is

version MUNA01000000. We assembled the genome and aimed to identify key proteins related with

bacterial resistance mechanisms. During genome annotation of S. Enteritidis s25pp wild-type bacteria

(Supplementary Figure S1), two bacterial and phage related resistance mechanisms were identified.
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The phage genome analyses were limited due to the lack of information. It is important to recall

that more than 80% of phage genome sequences are unknown. We were able to assemble the genome

into 9 contigs, and identify 341 coding DNA sequences (CDS), most of them encoding hypothetical

proteins (Supplementary Figure S2). The lifestyle analysis suggested ϕSan23 is a virulent phage.

The next step was to find changes in the phage-resistant mutants (isolates from the transfers)

compared to the ancestral bacterial genome in order to see what mechanism[s] the bacteria are using

to prevent phage infection. After assembly and annotations, mutant and control bacterial genomes

were plotted using BRIG software (Figure 4). Hence, we aligned the whole genomes and performed

SNP calling. The results showed first, there were no variations in the CRISPR-Cas system; second,

the prophage exhibited many SNPs throughout the mutants; and third, most of the SNPs correspond

to cell wall and capsule proteins (Figure S6) but without any pattern that could be associated to the

transfer (Figure S5), including outer membrane vitamin B12/cobalamine receptor BtuB [87], found

in the National Center for biotechnology Information (NCBI) database with accession AIE08100;

colicin I receptor; and Fhu (Ferric hydroxamate outer membrane receptor FhuA), involved in ferric

hydroxamate uptake [88].

 

φ

 

Figure 4. Visual comparison of genomic changes in the bacterial evolutionary control and phage

resistant mutants over time. Inset (A) Bacterial control genomes; each ring represents a sequenced

genome from the control, i.e. bacteria that evolve with no phage pressure. The single black line in the

inner circle shows the ancestral genome. Color represents the transfer number in time: fuchsia rings

correspond to transfer 1, black rings to transfer 3, and grey rings to transfer 6, white spaces represent

mutations. Inset (B) shows de genomes of phage resistant mutants over time. The single black line in

the inner circle shows the ancestral genome. Each ring represents a sequenced mutant genome and

colors represent the transfer number in time: red rings correspond to transfer 1; turquoise to transfer 2;

black to transfer 3; blue to transfer 4; fuchsia to transfer 5; and grey to transfer 6; white spaces represent

mutations over time. Multiple point mutations at the prophage location (ca. 2500 bp) were found,

in both control and phage resistant mutant bacteria.

3.3. BtuB, Colicin, Fhu Receptor knockout

After gene knockout and phage testing, BtuB was shown to be causing the resistance in the

bacteria against phage ϕSan23. When spot testing was performed in the knockouts for Colicin and

Fhu receptors, infection was not affected. However, when the BtuB knockout was tested, spot assays

showed that ϕSan23 was unable to infect the bacteria.

3.4. Assessing Bacterial Growth at Sub-Lethal Chloramphenicol Concentration

The specific growth rate for S. Enteritidis with no phage or antibiotic was estimated at r =

0.68885/h, based on non-linear fitting of growth curve data, similar to previous measurements

in Salmonella [89]. Carrying capacity for the S. Enteritidis population was estimated as k =
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1.2888 × 108 CFU/mL from the same fit. Addition of sub-lethal concentrations of antibiotic

(0.05 µg/mL chloramphenicol) resulted in a 33.7% reduction in S. Enteritidis growth rate

(Supplementary Figure S3).

3.5. Evolutionary Dynamics of S. Enteritidis with Phages and Antibiotic

Evolution experiments were carried out under different treatments combining phages and

antibiotic, as explained before. The results of these experiments can be found in Figure 5. The ODE

compartment model described above was solved simulating four different treatments: a single-phage

system with no antibiotic (Phage 1 initial MOI of 1, Phage 2 initial MOI of 0, a = 0), a single-phage

system with antibiotic (Phage 1 initial MOI of 1, Phage 2 initial MOI of 0, a = 1), a two-phage system

with no antibiotic (Phage 1 initial MOI of 1, Phage 2 initial MOI of 0.1, a = 0), and a two-phage system

with antibiotic (Phage 1 initial MOI of 1, Phage 2 initial MOI of 0.1, a = 1). In all cases, the model was

solved with a population of 12,888 susceptible cells and a MOI of 0.1 for Phage 1 as initial conditions,

using a time step of 0.01 h. MOI was changed from 10 to 0.1 as we did not want the bacterial population

to be killed at the first cycle, but we wanted the phages to reproduced inside the bacteria and to observe

the dynamics with this condition. Figure 5 compares the results of all four treatments in terms of total

bacterial population and resistance to phage treatment, while Figure 6 presents the dynamics of each

compartment in the model for each treatment. As can be seen in Figure 5_bookmark14, resistance to

the phage propagates throughout the population rapidly and irreversibly in the case of a single-phage

culture with no antibiotic, a phenomenon observed previously by Barbosa et al. [13]. The addition of

antibiotic results in extended susceptibility of S. Enteritidis to ϕSan23.

 

φFigure 5. Increase in S. Enteritidis resistance to ϕSan23 through successive cultures. Each time

series represents a different treatment of successively propagated S. Enteritidis cultures. Error bars

portray standard error (n = 2). Dotted lines represent corresponding behavior as predicted by the

mathematical model.
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Figure 6. Population composition dynamics predicted under different treatment regimes (single

phage without antibiotic, single phage with antibiotic, two phages without antibiotic, two phages

with antibiotic). Dotted lines denote culture transfers, simulated by multiplying all compartments

in the model by a dilution factor v. Note traces with similar behavior overlap each other near the

horizontal axis, causing only the peaks of certain populations to be visible, as is the case of bacteria

infected with Phage 1 in the two-phage systems (orange line), for example. Graphs have different

vertical axis scales in order to better view dynamics.

As can be seen in Figure 7, the combination of two phages is predicted by the mathematical

model to cause an increase in the time taken by the bacterial culture to develop resistance against

phage treatment, as has been reported elsewhere [13]. Furthermore, the addition of a growth-reducing,

sub-lethal antibiotic is shown by the model to be an equally effective mechanism of increasing the

time to complete resistance. This effect, which confirms the experimental data, is evident both in

single- and two-phage treatment, and in continuous culture as well as a culture transfer scenario with

periodic bottlenecks.
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φ

φ

φ

Figure 7. Bacterial population total size and resistance to phage predicted under different treatment

regimes (single phage without antibiotic, single phage with antibiotic, two phages without antibiotic,

two phages with antibiotic). Dotted lines denote culture transfers, simulated by multiplying all

compartments in the model by a dilution factor v.

4. Discussion

ϕSan23 is a candidate for biocontrol agent against S. Enteritidis. This phage, according to the

characterization, was found to be a virulent phage forming clear plaques, possessing a broad host

range among the Salmonella sp. strains of interest to this study, and exhibiting good stability at 4 ◦C.

Therefore, phage ϕSan23 was chosen for the co-evolutionary models. Our experiments revealed a rapid

increase in the frequency of resistant bacteria. Bacteria that evolved resistance during the co-evolution

experiment remained resistant against the ancestral phage strains. Data collected from the evolution

experiment, in which the only phage evolved and bacteria were removed and replaced every transfer,

revealed that the infectivity of individual phages decreased drastically over the first day of assessment.

This suggests that, in addition to the rapid evolution of bacterial resistance, phages may have also

evolved low infectivity in the co-evolution treatment.

These results differ from what has been reported by Buckling and Rainey [12], where the authors

suggested antagonistic coevolution between bacteria and phages. The results with Salmonella sp. and

ϕSan23 did not show an arms race interaction or antagonistic coevolution. This pattern repeated with

another phage against the same Salmonella strain. Barbosa et al. [13] performed the same methodology

using Vibrio harveyi as the model. In this case, they tested three individual phages as well as a cocktail

of all three. The results from individual phages did not show antagonistic coevolution, but it was

found when phages were tested together. Pseudomonas fluorescens, which was used as a model by

Buckling and Rainey [12], showed a powerful antagonistic coevolutionary trend. Altogether, the data

from these studies suggest that the interaction between phages and their host seems to depend on the

bacterial and phage model, at least in controlled lab experiments.
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The results led us to sequence bacteria and phage genomes and analyze the changes over time.

For the bacterial genomic analyses, three interesting candidates for resistance mechanisms were

detected. First, CRISPR-Cas systems were the first hypothesis proposed as an explanation for bacterial

resistance. Given CRISPR’s surge to fame as one of the strongest explanations for the molecular

mechanisms that bacteria use against foreign DNA, it was plausible to think this was the mechanism

conferring bacterial resistance to the phage. Nevertheless, once we performed the alignment of this

region with the phage-resistant mutants and ancestral bacteria, no changes throughout the sequence

were shown. In a similar fashion, we performed an alignment between these sequences and the phage

genome in order to confirm no ϕSan23 DNA was found within the CRISPR spacers. Second, the most

notable change (the longest region that is different) in the phage-resistant mutants compared to the

ancestral bacteria was located in the prophage region. An alternative hypothesis was that this might

serve as a site for ϕSan23 genome integration. However, neither the ancestral bacteria nor any of the

resistant mutants were found to have any sequence homologous to ϕSan23. Additionally, the phage

genome did not present any gene encoding for a protein related to insertion or the lysogenic cycle.

Finally, mutations were found in three membrane proteins: BtuB, Colicin I receptor precursor and Fhu

receptor. Protein BtuB, a vitamin 12/cobalamin transporter [87], was previously reported as a phage

receptor, and the molecular docking interaction modeling performed showed a possible interaction

between the BtuB protein and the annotated tail proteins found in the phage genome (Supplementary

Figure S4). The docking models did not predict any interaction for the other two membrane proteins.

Knockout results suggest BtuB protein is the receptor for ϕSan23 and the resistance mechanism the

bacteria are using to defend themselves against the phage is a functional mutation in the receptor that

binds with the phage [90].

In contrast, phage genome analyses did not show a clear path to overcome the bacterial resistance.

Random SNPs were found throughout the genome, and none of them showed a functional change.

The mutations found in the gene sequences encoding for tail proteins did not represent functional

changes, so it is not a direct defense mechanism against bacterial resistance. It seems that a small

proportion of the bacterial population remains sensitive to the phage and this is what allows the

phage to survive a relatively long time; however, the bacterial population is always predominant in

the microcosm.

There are three interesting lessons from these sets of experiments. Firstly, in the controlled lab

experiments of coevolution, there is no general pattern in the interaction between phage and bacteria.

This interaction depends on the particular bacterial and phage model. Secondly, in the S. Enteritidis

model, the bacteria seem to respond to the phage pressure with parsimony: it is less energy-consuming

to mutate the phage receptor rather than use the complex machinery of CRISPR-Cas systems. Third,

one individual phage does not seem to battle the molecular machinery that S. Enteritidis uses to defend

itself. Our results strongly suggest that the mutational asymmetry gives an evolutionary advantage to

the bacteria against the phage. It is easier for the former to mutate a receptor rather than for the latter

to find the exact mutation needed to overcome the functional change in the receptor. Therefore, in the

long term after forced contact, continuous co-culture and under a strong selective phage pressure,

bacteria will prevail.

The mathematical model here studied predicts the growth-reducing effect of the antibiotic

increases the effectiveness of phage treatment since it increases the time taken for resistance to appear.

As depicted in Figure 6, this occurs partly because the reduction in growth rate delays the onset of

the phages’ peaks of infection, but mainly because it delays the post-peak growth of resistant bacteria.

This results in longer times for the total bacterial population to reach carrying capacity and for the

fraction of bacteria resistant to a single phage to approach totality, both in single culture and culture

transfer settings (Figure 7). The addition of a second, weaker phage in the form of ϕSan15 resulted

in no noticeable increase in time to resistance, both in vitro (Figure 5), and in silico as predicted by

the model (Figure 7). This may be a consequence of the relatively weaker ϕSan15 when compared

to ϕSan23 concerning proliferation and inundation thresholds. The onset of the infection peak for
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Phage 1 (ϕSan23) overtakes the population rapidly due to its lower proliferation (N1,P) and inundation

thresholds V1,P, delaying the infection peak for Phage 2 (ϕSan15) for many more hours while the

bacterial population recovers from the first phage (Figures 6 and 7). This also explains the momentary

reversion of resistance to Phage 1 seen in the two phage systems (Figure 7), caused by the exponential

growth of bacteria resistant to Phage 1 but not to Phage 2, followed by the subsequent increase of

Phage 2 virions once the population reaches the proliferation threshold for Phage 2 N2,P, and the

population collapse caused once the virions reach the inundation threshold V2,P (Figure 6). These

transient reversion dynamics occur rapidly in culture transfer experiments and are not captured in the

sample times shown in Figure 5. The use of phages with equal adsorption rates resulted in qualitatively

different behavior, with both phages reaching thresholds simultaneously and resulting in increased

time before resistance spread through the population, with no transient reversion [20]. This behavior,

however, was highly sensitive to differences in the relative magnitude of the adsorption rates, and in

practice may not necessarily be stable due to stochastic effects leading one of the phages to reach the

inundation threshold before the other has reached the proliferation threshold, resulting in the same

qualitative behavior observed before. Although the experimental data fit was closer to the model in

the first experiment than in the second, the qualitative behavior in both cases corresponds to that

predicted theoretically. Differences in fit may be due to the system’s sensitivity to small variations in

experimental parameters, including stochastic variations in initial conditions and transfer inoculum

size and composition, particularly during the early stages of the experiment [20]. These variations

amplify differences in time scale behavior downstream both in the model and in vitro but preserve

the qualitative dynamics here reported. It may be of some use in the future to model the same system

stochastically using a Gillespie simulation in order to sound the effect of probabilistic effects on the

system’s dynamics.

The theoretical and experimental findings here presented suggest the value of supplementing

phage-therapy with a growth-reducing treatment, such as antibiotics for which resistance is already

present in the population, capable of enhancing the phages’ population-reducing effect. As has been

shown, antibiotics help to prolong the susceptibility of bacterial populations to a given phage or

combination of phages. This implies that bacterial population numbers are kept at low levels due

to phage population control for significantly longer periods of time. The theoretical work shown

here indicates that this can be explained in terms of the effect that sub-lethal antibiotic concentrations

have on bacterial reproduction rate. Furthermore, the use of antibiotics at sub-lethal levels may also

contribute to modifying phages’ properties, enhancing their effect. Santos et al. [26] observed increases

in phage burst size and decreases in latency in the presence of antibiotics; the model presented here

does not take these possibilities into account. Additionally, the results show that the combination of

any two phages may not have as significant an effect on the time taken to evolve phage resistance

as would be desired. Indeed, the qualitative population dynamics and, therefore, the effectiveness

of phage-therapy, seem to be heavily dependent on the specific parameters of the phages involved.

While the addition of an additional phage does increase the time to complete resistance, the magnitude

of this increase varies wildly depending on phage adsorption and burst size. The multiplicative

nature of these effects explains why success with three or more phage cocktails has seen experimental

success [13], but the work here suggests that the effects of adding a lethal phage can be significantly

augmented by reducing the overall growth rate using a sub-lethal antibiotic. These insights may prove

valuable in the design of future phage-based alternatives for antibacterial treatment.

The current study showed the phage interaction of a resistant-to-antibiotics Salmonella Enteritidis

and the dynamics under different treatments. The results determined that the phage–bacteria

interaction change from system to system, and this particular interaction did not demonstrate

antagonist coevolution but mutational asymmetry. On the other hand, one the most important

limitations of the study is that in the real world environment the conditions are different from the

conditions we tested and the bacteria may not be that “comfortable” as it was under our conditions.



Viruses 2019, 11, 188 18 of 22

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/2/188/s1.

Author Contributions: Conceptualization, A.V.H., P.C. and M.J.V.; Data curation, A.V.H.; Formal analysis, A.V.H.,
P.C., L.R.L., C.B., P.L. and M.J.V.; Funding acquisition, M.J.V.; Investigation, A.V.H., P.C., C.P.-P., V.C. and M.J.V.;
Methodology, A.V.H., P.C., L.R.L., C.P.-P., C.B., V.C. and P.L.; Project administration, G.O. and M.J.V.; Resources,
G.O., F.M.A. and M.J.V.; Supervision, G.O., P.L., F.M.A. and M.J.V.; Validation, A.V.H.; Writing – original draft,
A.V.H., P.C. and C.P.-P.; Writing – review & editing, A.V.H., P.C., G.O., P.L. and M.J.V.

Funding: This research was part of a project, “Uso de bacteriófagos nativos como alternativa para el control
de la salmonelosis en Colombia”, that was funded by COLCIENCIAS, grant number 1204-569-34190, contract
0845-2013, and the doctoral students scholarship awarded to Angela Victoria Holguin Moreno by COLCIENCIAS.
Also, funds came from the Faculty of Sciences Research (projects “proyectos semilla 2012-1, 2013-2, 2014-1 and
2016-2”), the Office of the Vicerector for Research [project “Finalización de proyectos 2016”] and the Department
of Biological Sciences, Universidad de los Andes, for the partial funding provided for the research and the support
for Angela Victoria Holguin Moreno. GO is funded by CNPq (307479/2016-1), CAPES and CABANA-GCRF
RCUK (BB/P027849/1).

Acknowledgments: The authors thank Pilar Donado for providing the Salmonella strains, and Juan José Restrepo
for helping with the preliminary experiments.

Conflicts of Interest: Angela Victoria Holguin, Catalina Prada-Peñaranda and Martha J. Vives are members of the
spin off SciPhage S.A.S., which works for the development of phage-therapy in Colombia. The rest of the authors
declare no conflict of interest.

References

1. Donado-Godoy, P.; Byrne, B.A.; Hume, M.; Leon, M.; Pérez-Gutiérrez, E.; Vives Flores, M.J.; Clavijo, V.;

Holguin, A.; Romero-Zuñiga, J.J.; Castellanos, R.; et al. Molecular characterization of Salmonella Paratyphi

B dT+ and Salmonella Heidelberg from poultry and retail chicken meat in Colombia by pulsed-field gel

electrophoresis. J. Food Prot. 2015, 78, 802–807. [CrossRef] [PubMed]

2. Crim, S.M.; Iwamoto, M.; Huang, J.Y.; Griffin, P.M.; Gilliss, D.; Cronquist, A.B.; Cartter, M.;

Tobin-D’Angelo, M.; Blythe, D.; Smith, K.; et al. Incidence and trends of infection with pathogens

transmitted commonly through food—Foodborne Diseases Active Surveillance Network, 10 US sites,

2006–2013. MMWR Morb. Mortal. Wkly. Rep. 2014, 63, 328–332. [PubMed]

3. Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.-A.; Roy, S.L.; Jones, J.L.; Griffin, P.M.

Foodborne illness acquired in the United States—Major pathogens. Emerg. Infect. Dis. 2011, 17, 7–15.

[CrossRef] [PubMed]

4. Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Microbiol. 2010, 8,

317–327. [CrossRef] [PubMed]

5. Milind, M.N.; Santosh, K.D. Lear resistant bacteria: Lead resistance mechanisms, their applications in lead

bioremediation and biomonitoring. Ecotox Environ. Saf. 2013, 98, 1–7.

6. Lambert, P.A. Bacterial resistance to antibiotics: Modified target sites. Adv. Drug Deliv. Rev. 2005, 57,

1471–1485. [CrossRef] [PubMed]

7. Enright, M.C.; Robinson, D.A.; Randle, G.; Feil, E.J.; Grundmann, H.; Spratt, B.G. The evolutionary history

of methicillin-resistant Staphylococcus aureus [MRSA]. Proc. Natl. Acad. Sci. USA 2002, 99, 7687–7692.

[CrossRef]

8. Chen, H.D.; Groisman, E.A. The biology of the PmrA/PmrB two-component system: The major regulator of

lipopolysaccharide modifications. Annu. Rev. Microbiol. 2013, 67, 83–112. [CrossRef]

9. Faridani, O.R.; Nikravesh, A.; Pandey, D.P.; Gerdes, K.; Good, L. Competitive inhibition of natural antisense

Sok-RNA interactions activates Hok-mediated cell killing in Escherichia coli. Nucleic Acids Res. 2006, 34,

5915–5922. [CrossRef]

10. Fineran, P.C.; Blower, T.R.; Foulds, I.J.; Humphreys, D.P.; Lilley, K.S.; Salmond, G.P.C. The phage abortive

infection system, ToxIN, functions as a protein–RNA toxin–antitoxin pair. Proc. Natl. Acad. Sci. USA 2009,

106, 894–899. [CrossRef]

11. Richter, C.; Chang, J.T.; Fineran, P.C. Function and regulation of clustered regularly interspaced short

palindromic repeats [CRISPR]/CRISPR associated [Cas] systems. Viruses 2012, 4, 2291–2311. [CrossRef]

[PubMed]

12. Buckling, A.; Rainey, P.B. Antagonistic coevolution between a bacterium and a bacteriophage. Proc. R. Soc.

Lond. B Biol. Sci. 2002, 269, 931–936. [CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/11/2/188/s1
http://dx.doi.org/10.4315/0362-028X.JFP-14-356
http://www.ncbi.nlm.nih.gov/pubmed/25836408
http://www.ncbi.nlm.nih.gov/pubmed/24739341
http://dx.doi.org/10.3201/eid1701.P11101
http://www.ncbi.nlm.nih.gov/pubmed/21192848
http://dx.doi.org/10.1038/nrmicro2315
http://www.ncbi.nlm.nih.gov/pubmed/20348932
http://dx.doi.org/10.1016/j.addr.2005.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15964098
http://dx.doi.org/10.1073/pnas.122108599
http://dx.doi.org/10.1146/annurev-micro-092412-155751
http://dx.doi.org/10.1093/nar/gkl750
http://dx.doi.org/10.1073/pnas.0808832106
http://dx.doi.org/10.3390/v4102291
http://www.ncbi.nlm.nih.gov/pubmed/23202464
http://dx.doi.org/10.1098/rspb.2001.1945
http://www.ncbi.nlm.nih.gov/pubmed/12028776


Viruses 2019, 11, 188 19 of 22

13. Barbosa, C.; Venail, P.; Holguin, A.V.; Vives, M.J. Co-evolutionary dynamics of the bacteria Vibrio sp. CV1

and phages V1G, V1P1, and V1P2: Implications for phage-therapy. Microb. Ecol. 2013, 66, 897–905. [CrossRef]

[PubMed]

14. Lenski, R.E.; Levin, B.R. Constraints on the coevolution of bacteria and virulent phage: A model,

some experiments, and predictions for natural communities. Am. Nat. 1985, 125, 585–602. [CrossRef]

15. Bohannan, B.J.M.; Lenski, R.E. Linking genetic change to community evolution: Insights from studies of

bacteria and bacteriophage. Ecol. Lett. 2000, 3, 362–377. [CrossRef]

16. Gómez, P.; Buckling, A. Bacteria-phage antagonistic coevolution in soil. Science 2011, 332, 106–109. [CrossRef]

17. Koskella, B.; Parr, N. The evolution of bacterial resistance against bacteriophages in the horse chestnut

phyllosphere is general across both space and time. Phil. Trans. R. Soc. B 2015, 370, 20140297. [CrossRef]

18. Scanlan, P.D.; Hall, A.R.; Blackshields, G.; Friman, V.-P.; Davis Jr, M.R.; Goldberg, J.B.; Buckling, A.

Coevolution with bacteriophages drives genome-wide host evolution and constrains the acquisition of

abiotic-beneficial mutations. Mol. Biol. Evol. 2015, 32, 1425–1435. [CrossRef]

19. Schwartz, D.A.; Lindell, D. Genetic hurdles limit the arms race between Prochlorococcus and the T7-like

podoviruses infecting them. ISME J. 2017, 11, 1836–1851. [CrossRef]

20. Holguín, A.V.; Universidad de los Andes, Bogotá, Colombia. Complementary experiments performed in the

home lab to have a well understanding of the phage-bacteria dynamics. Unpublished work. 2014.

21. Universidad de los Andes. Composition Comprising Bacteriophages for Reducing, Eliminating and/or

Preventing Salmonella Enteritidis, Salmonella Typhimurium and Salmonella Paratyphi B. CO Patent

15281747759, 25 November 2015.

22. Kropinski, A.M.; Mazzocco, A.; Waddell, T.E.; Lingohr, E.; Johnson, R.P. Enumeration of bacteriophages by

double agar overlay plaque assay. Methods Mol. Biol. 2009, 501, 69–76. [PubMed]

23. Pradel, E.; Pagès, J.-M. The AcrAB-TolC efflux pump contributes to multidrug resistance in the nosocomial

pathogen Enterobacter aerogenes. Antimicrob. Agents Chemother. 2002, 46, 2640–2643. [CrossRef] [PubMed]

24. Baucheron, S.; Tyler, S.; Boyd, D.; Mulvey, M.R.; Chaslus-Dancla, E.; Cloeckaert, A. AcrAB-TolC

directs efflux-mediated multidrug resistance in Salmonella enterica serovar Typhimurium DT104.

Antimicrob. Agents Chemother. 2004, 48, 3729–3735. [CrossRef] [PubMed]

25. Du, D.; Zhao Wang, N.R.J.; Voss, J.E.; Klimont, E.; Ohene-Agyei, T.; Venter, H.; Chiu, W.; Luisi, B.F. Structure

of the AcrAB-TolC multidrug efflux pump. Nature 2014, 509, 512–515. [CrossRef] [PubMed]

26. Santos, S.B.; Carvalho, C.M.; Sillankorva, S.; Nicolau, A.; Ferreira, E.C.; Azeredo, J. The use of antibiotics to

improve phage detection and enumeration by the double-layer agar technique. BMC Microbiol. 2009, 9, 148.

[CrossRef] [PubMed]

27. Petty, N.K.; Foulds, I.J.; Pradel, E.; Ewbank, J.J.; Salmond, G.P.C. A generalized transducing phage [$ϕ$IF3]

for the genomically sequenced Serratia marcescens strain Db11: A tool for functional genomics of an

opportunistic human pathogen. Microbiology 2006, 152, 1701–1708. [CrossRef] [PubMed]

28. Kaas, R.S.; Leekitcharoenphon, P.; Aarestrup, F.M.; Lund, O. Solving the problem of comparing whole

bacterial genomes across different sequencing platforms. PLoS ONE 2014, 9, e104984. [CrossRef]

29. CSI Phylogeny software. Available online: https://cge.cbs.dtu.dk/services/CSIPhylogeny/ (accessed on

20 May 2015).

30. Darling, A.C.E.; Mau, B.; Blattner, F.R.; Perna, N.T. Mauve: Multiple alignment of conserved genomic

sequence with rearrangements. Genome Res. 2004, 14, 1394–1403. [CrossRef]

31. Mauve alignment software. Available online: http://darlinglab.org/mauve/mauve.html (accessed on

3 April 2017).

32. Alikhan, N.-F.; Petty, N.K.; Zakour, N.L.; Beatson, S.A. BLAST Ring Image Generator [BRIG]: Simple

prokaryote genome comparisons. BMC Genom. 2011, 12, 402. [CrossRef]

33. BLAST Ring Image Generator. Available online: https://sourceforge.net/projects/brig/ (accessed on

15 October 2016).

34. Bikadi, Z.; Hazai, E. Application of the PM6 semi-empirical method to modeling proteins enhances docking

accuracy of AutoDock. J. Cheminform. 2009, 1, 15. [CrossRef]

35. Molecular Docking server. Available online: https://www.dockingserver.com/web (accessed on

20 November 2016).

36. Quality assessment FastQC. Available online: https://www.bioinformatics.babraham.ac.uk/projects/

download.html (accessed on 28 January 2017).

http://dx.doi.org/10.1007/s00248-013-0284-2
http://www.ncbi.nlm.nih.gov/pubmed/24013213
http://dx.doi.org/10.1086/284364
http://dx.doi.org/10.1046/j.1461-0248.2000.00161.x
http://dx.doi.org/10.1126/science.1198767
http://dx.doi.org/10.1098/rstb.2014.0297
http://dx.doi.org/10.1093/molbev/msv032
http://dx.doi.org/10.1038/ismej.2017.47
http://www.ncbi.nlm.nih.gov/pubmed/19066811
http://dx.doi.org/10.1128/AAC.46.8.2640-2643.2002
http://www.ncbi.nlm.nih.gov/pubmed/12121946
http://dx.doi.org/10.1128/AAC.48.10.3729-3735.2004
http://www.ncbi.nlm.nih.gov/pubmed/15388427
http://dx.doi.org/10.1038/nature13205
http://www.ncbi.nlm.nih.gov/pubmed/24747401
http://dx.doi.org/10.1186/1471-2180-9-148
http://www.ncbi.nlm.nih.gov/pubmed/19627589
http://dx.doi.org/10.1099/mic.0.28712-0
http://www.ncbi.nlm.nih.gov/pubmed/16735733
http://dx.doi.org/10.1371/journal.pone.0104984
https://cge.cbs.dtu.dk/services/CSIPhylogeny/
http://dx.doi.org/10.1101/gr.2289704
http://darlinglab.org/mauve/mauve.html
http://dx.doi.org/10.1186/1471-2164-12-402
https://sourceforge.net/projects/brig/
http://dx.doi.org/10.1186/1758-2946-1-15
https://www.dockingserver.com/web
https://www.bioinformatics.babraham.ac.uk/projects/download.html
https://www.bioinformatics.babraham.ac.uk/projects/download.html


Viruses 2019, 11, 188 20 of 22

37. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data.

Bioinformatics 2014, 30, 2114–2120. [CrossRef] [PubMed]

38. Trimmomatic. Available online: http://www.usadellab.org/cms/?page=trimmomatic (accessed on

2 February 2017).

39. Larsen, M.V.; Cosentino, S.; Rasmussen, S.; Friis, C.; Hasman, H.; Marvig, R.L.; Jelsbak, L.; Pontén, T.S.;

Ussery, D.W.; Aarestrup, F.M.; et al. Multilocus sequence typing of total genome sequenced bacteria. J. Clin.

Microbiol. JCM 2012, 50, 1355–1361. [CrossRef] [PubMed]

40. Assembler 1.0. Available online: https://cge.cbs.dtu.dk/services/Assembler/ (accessed on 15 May 2015).

41. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;

Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell

sequencing. J. Comput. Biol. 2012, 19, 455–477. [CrossRef] [PubMed]

42. SPAdes. Available online: http://cab.spbu.ru/software/spades/ (accessed on 15 November 2016).

43. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.

[CrossRef] [PubMed]

44. Bowtie2. Available online: http://bowtie-bio.sourceforge.net/bowtie2/index.shtml (accessed on

15 January 2016).

45. Delcher, A.L.; Bratke, K.A.; Powers, E.C.; Salzberg, S.L. Identifying bacterial genes and endosymbiont DNA

with Glimmer. Bioinformatics 2007, 23, 673–679. [CrossRef] [PubMed]

46. Glimmer. Available online: https://ccb.jhu.edu/software/glimmer (accessed on 3 October 2016).

47. Brettin, T.; Davis, J.J.; Disz, T.; Edwards, R.A.; Gerdes, S.; Olsen, G.J.; Olson, R.; Overbeek, R.; Parrello, B.;

Pusch, G.D.; et al. RASTtk: A modular and extensible implementation of the RAST algorithm for building

custom annotation pipelines and annotating batches of genomes. Sci. Rep. 2015, 5, 8365. [CrossRef]

48. Rast. Available online: http://rast.theseed.org/FIG./rast.cgi (accessed on 25 July 2018).

49. Götz, S.; Arnold, R.; Sebastián-León, P.; Martín-Rodríguez, S.; Tischler, P.; Jehl, M.-A.; Dopazo, J.; Rattei, T.;

Conesa, A. B2G-FAR, a species-centered GO annotation repository. Bioinformatics 2011, 27, 919–924.

[CrossRef]

50. Blast2go. Available online: https://www.blast2go.com (accessed on 15 september 2017).

51. Hyatt, D.; Chen, G.-L.; LoCascio, P.F.; Land, M.L.; Larimer, F.W.; Hauser, L.J. Prodigal: Prokaryotic gene

recognition and translation initiation site identification. BMC Bioinform. 2010, 11, 119. [CrossRef]

52. Prodigal. Available online: http://prodigal.ornl.gov (accessed on 28 September 2016).

53. McNair, K.; Bailey, B.A.; Edwards, R.A. PHACTS, a computational approach to classifying the lifestyle of

phages. Bioinformatics 2012, 28, 614–618. [CrossRef]

54. PHACTS. Available online: http://www.phantome.org/PHACTS (accessed on 2 December 2015).

55. Levin, B.R.; Stewart, F.M.; Chao, L. Resource-limited growth, competition, and predation: A model and

experimental studies with bacteria and bacteriophage. Am. Nat. 1977, 111, 3–24. [CrossRef]

56. Levin, B.R.; Bull, J.J. Phage-therapy revisited: The population biology of a bacterial infection and its treatment

with bacteriophage and antibiotics. Am. Nat. 1996, 147, 881–898. [CrossRef]

57. Sahani, S.K.; Gakkhar, S. A Mathematical Model for Phage-therapy with Impulsive Phage Dose. Differ. Equ.

Dyn. Syst. 2016, 1–12. [CrossRef]

58. Middelboe, M. Bacterial growth rate and marine virus–host dynamics. Microb. Ecol. 2000, 40, 114–124.

[PubMed]

59. Payne, R.J.H.; Jansen, V.A.A. Phage-therapy: The peculiar kinetics of self-replicating pharmaceuticals.

Clin. Pharmacol. Ther. 2000, 68, 225–230. [CrossRef] [PubMed]

60. Payne, R.J.H.; Jansen, V.A.A. Understanding bacteriophage-therapy as a density-dependent kinetic process.

J. Theor. Biol. 2001, 208, 37–48. [CrossRef] [PubMed]

61. Weld, R.J.; Butts, C.; Heinemann, J.A. Models of phage growth and their applicability to phage-therapy.

J. Theor. Biol. 2004, 227, 1–11. [CrossRef]

62. Mudgal, P.; Breidt, F.; Lubkin, S.R.; Sandeep, K.P. Quantifying the significance of phage attack on starter

cultures: A mechanistic model for population dynamics of phage and their hosts isolated from fermenting

sauerkraut. Appl. Environ. Microbiol. 2006, 72, 3908–3915. [CrossRef]

63. Cairns, B.J.; Timms, A.R.; Jansen, V.A.A.; Connerton, I.F.; Payne, R.J.H. Quantitative models of in vitro

bacteriophage–host dynamics and their application to phage-therapy. PLoS Pathog. 2009, 5, e1000253.

[CrossRef] [PubMed]

http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://www.usadellab.org/cms/?page=trimmomatic
http://dx.doi.org/10.1128/JCM.06094-11
http://www.ncbi.nlm.nih.gov/pubmed/22238442
https://cge.cbs.dtu.dk/services/Assembler/
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://cab.spbu.ru/software/spades/
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://dx.doi.org/10.1093/bioinformatics/btm009
http://www.ncbi.nlm.nih.gov/pubmed/17237039
https://ccb.jhu.edu/software/glimmer
http://dx.doi.org/10.1038/srep08365
http://rast.theseed.org/FIG./rast.cgi
http://dx.doi.org/10.1093/bioinformatics/btr059
https://www.blast2go.com
http://dx.doi.org/10.1186/1471-2105-11-119
http://prodigal.ornl.gov
http://dx.doi.org/10.1093/bioinformatics/bts014
http://www.phantome.org/PHACTS
http://dx.doi.org/10.1086/283134
http://dx.doi.org/10.1086/285884
http://dx.doi.org/10.1007/s12591-016-0303-0
http://www.ncbi.nlm.nih.gov/pubmed/11029080
http://dx.doi.org/10.1067/mcp.2000.109520
http://www.ncbi.nlm.nih.gov/pubmed/11014403
http://dx.doi.org/10.1006/jtbi.2000.2198
http://www.ncbi.nlm.nih.gov/pubmed/11162051
http://dx.doi.org/10.1016/S0022-5193(03)00262-5
http://dx.doi.org/10.1128/AEM.02429-05
http://dx.doi.org/10.1371/journal.ppat.1000253
http://www.ncbi.nlm.nih.gov/pubmed/19119417


Viruses 2019, 11, 188 21 of 22

64. Santos, S.B.; Carvalho, C.; Azeredo, J.; Ferreira, E.C. Population dynamics of a Salmonella lytic phage and its

host: Implications of the host bacterial growth rate in modelling. PLoS ONE 2014, 9, e102507. [CrossRef]

65. Volkova, V.V.; Lu, Z.; Besser, T.; Gröhn, Y.T. Modeling the infection dynamics of bacteriophages in

enteric Escherichia coli: Estimating the contribution of transduction to antimicrobial gene spread.

Appl. Environ. Microbiol. 2014, 80, 4350–4362. [CrossRef]

66. Zwietering, M.H.; Jongenburger, I.; Rombouts, F.M.; Van’t Riet, K. Modeling of the bacterial growth curve.

Appl. Environ. Microbiol. 1990, 56, 1875–1881. [PubMed]

67. Wachenheim, D.E.; Patterson, J.A.; Ladisch, M.R. Analysis of the logistic function model: Derivation and

applications specific to batch cultured microorganisms. Bioresour. Technol. 2003, 86, 157–164. [CrossRef]

68. Brauer, F.; Castillo-Chavez, C. Mathematical Models in Population Biology and Epidemiology; Springer: Berlin,

Germamy, 2001.

69. Wiggins, B.A.; Alexander, M. Minimum bacterial density for bacteriophage replication: Implications for

significance of bacteriophages in natural ecosystems. Appl. Environ. Microbiol. 1985, 49, 19–23. [PubMed]

70. Payne, R.J.H.; Jansen, V.A.A. Pharmacokinetic principles of bacteriophage-therapy. Clin. Pharmacokinet. 2003,

42, 315–325. [CrossRef] [PubMed]

71. Lind, P.A.; Andersson, D.I. Whole-genome mutational biases in bacteria. Proc. Natl. Acad. Sci. USA 2008,

105, 17878–17883. [CrossRef] [PubMed]

72. De Paepe, M.; Taddei, F. Viruses’ life history: Towards a mechanistic basis of a trade-off between survival

and reproduction among phages. PLoS Biol. 2006, 4, e193. [CrossRef]

73. Beale, G.H. A method for the measurement of mutation rate from phage sensitivity to phage resistance in

Escherichia coli. Microbiology 1948, 2, 131–142. [CrossRef]

74. Arias-Sánchez, F.I.; Hall, A.R. Effects of antibiotic resistance alleles on bacterial evolutionary responses to

viral parasites. Biol. Lett. 2016, 12, 20160064. [CrossRef]

75. Hughes, D.; Andersson, D.I. Carbon starvation of Salmonella typhimurium does not cause a general increase

of mutation rates. J. Bacteriol. 1997, 179, 6688–6691. [CrossRef]

76. Galhardo, R.S.; Hastings, P.J.; Rosenberg, S.M. Mutation as a stress response and the regulation of evolvability.

Crit. Rev. Biochem. Mol. Biol. 2007, 42, 399–435. [CrossRef]

77. Bjedov, I.; Tenaillon, O.; Gerard, B.; Souza, V.; Denamur, E.; Radman, M.; Taddei, F.; Matic, I. Stress-induced

mutagenesis in bacteria. Science 2003, 300, 1404–1409. [CrossRef] [PubMed]

78. Foster, P.L. Stress-induced mutagenesis in bacteria. Crit. Rev. Biochem. Mol. Biol. 2007, 42, 373–397. [CrossRef]

[PubMed]

79. Thomas, R.; Berdjeb, L.; Sime-Ngando, T.; Jacquet, S. Viral abundance, production, decay rates and life

strategies [lysogeny versus lysis] in Lake Bourget [France]. Environ. Microbiol. 2011, 13, 616–630. [CrossRef]

[PubMed]

80. Hyman, P.; Abedon, S.T. Practical methods for determining phage growth parameters. Methods Mol. Biol.

2009, 501, 175–202. [PubMed]

81. Moldovan, R.; Chapman-McQuiston, E.; Wu, X.L. On kinetics of phage adsorption. Biophys. J. 2007, 93,

303–315. [CrossRef] [PubMed]

82. Shao, Y.; Wang, N. Bacteriophage adsorption rate and optimal lysis time. Genetics 2008, 180, 471–482.

[CrossRef] [PubMed]

83. Moré, J.J. The Levenberg-Marquardt algorithm: Implementation and theory. In Numerical Analysis; Springer:

Berlin, Germany, 1978; pp. 105–116.

84. Petzold, L. Automatic selection of methods for solving stiff and nonstiff systems of ordinary differential

equations. SIAM J. Sci. Stat. Comput. 1983, 4, 136–148. [CrossRef]

85. The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on

10 December 2018).

86. Github. Available online: https://github.com/pablocarderam/PhageModel (accessed on 14 February 2019).

87. Shultis, D.D.; Purdy, M.D.; Banchs, C.N.; Wiener, M.C. Outer membrane active transport: Structure of the

BtuB: TonB complex. Science 2006, 312, 1396–1399. [CrossRef] [PubMed]

88. Killmann, H.; Herrmann, C.; Wolff, H.; Braun, V. Identification of a new site for ferrichrome transport

by comparison of the FhuA proteins of Escherichia coli, Salmonella paratyphi B, Salmonella typhimurium,

and Pantoea agglomerans. J. Bacteriol. 1998, 180, 3845–3852. [PubMed]

http://dx.doi.org/10.1371/journal.pone.0102507
http://dx.doi.org/10.1128/AEM.00446-14
http://www.ncbi.nlm.nih.gov/pubmed/16348228
http://dx.doi.org/10.1016/S0960-8524(02)00149-9
http://www.ncbi.nlm.nih.gov/pubmed/3156556
http://dx.doi.org/10.2165/00003088-200342040-00002
http://www.ncbi.nlm.nih.gov/pubmed/12648024
http://dx.doi.org/10.1073/pnas.0804445105
http://www.ncbi.nlm.nih.gov/pubmed/19001264
http://dx.doi.org/10.1371/journal.pbio.0040193
http://dx.doi.org/10.1099/00221287-2-2-131
http://dx.doi.org/10.1098/rsbl.2016.0064
http://dx.doi.org/10.1128/jb.179.21.6688-6691.1997
http://dx.doi.org/10.1080/10409230701648502
http://dx.doi.org/10.1126/science.1082240
http://www.ncbi.nlm.nih.gov/pubmed/12775833
http://dx.doi.org/10.1080/10409230701648494
http://www.ncbi.nlm.nih.gov/pubmed/17917873
http://dx.doi.org/10.1111/j.1462-2920.2010.02364.x
http://www.ncbi.nlm.nih.gov/pubmed/21054737
http://www.ncbi.nlm.nih.gov/pubmed/19066822
http://dx.doi.org/10.1529/biophysj.106.102962
http://www.ncbi.nlm.nih.gov/pubmed/17434950
http://dx.doi.org/10.1534/genetics.108.090100
http://www.ncbi.nlm.nih.gov/pubmed/18757924
http://dx.doi.org/10.1137/0904010
https://www.r-project.org/
https://github.com/pablocarderam/PhageModel
http://dx.doi.org/10.1126/science.1127694
http://www.ncbi.nlm.nih.gov/pubmed/16741124
http://www.ncbi.nlm.nih.gov/pubmed/9683481


Viruses 2019, 11, 188 22 of 22

89. McKay, A.L.; Peters, A.C.; Wimpenny, J.W.T. Determining specific growth rates in different regions of

Salmonella typhimurium colonies. Lett. Appl. Microbiol. 1997, 24, 74–76. [CrossRef]

90. Rakhuba, D.V.; Kolomiets, E.I.; Dey, E.S.; Novik, G.I. Bacteriophage receptors, mechanisms of phage

adsorption and penetration into host cell. Pol. J. Microbiol. 2010, 59, 145–155. [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

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

http://dx.doi.org/10.1046/j.1472-765X.1997.00354.x
http://www.ncbi.nlm.nih.gov/pubmed/21033576
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Microorganisms 
	Phages 
	Media 
	Lysate Preparation 
	S. Enteritidis and Phage San23 Evolutionary Dynamics 
	Genomic Analyses 
	DNA Extraction 
	BtuB, Colicin, Fhu Receptor Knockout 
	Bacterial Growth at Sublethal Chloramphenicol Concentration 
	Evolutionary Dynamics of S. Enteritidis with Phages and Antibiotic 
	Mathematical Model: Compartment Model Design 

	Results 
	S. Enteritidis and Phage San23 Evolutionary Dynamics 
	Genomic Analyses 
	BtuB, Colicin, Fhu Receptor knockout 
	Assessing Bacterial Growth at Sub-Lethal Chloramphenicol Concentration 
	Evolutionary Dynamics of S. Enteritidis with Phages and Antibiotic 

	Discussion 
	References

