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Abstract
Antibiotic resistance is a major burden in many hospital settings as it drastically
reduces the successful probability of treating bacterial infections. Generally, resistance
is associated with bacterial fitness reduction and selection pressure from antibiotic
usage. Here, we investigate the effects of bacterial conjugation, plasmid loss, and
drug responses on the population dynamics of sensitive and resistant bacteria by
using a mathematical model. Two types of drugs are considered here: antibiotic M
that kills only sensitive bacteria and antibiotic N that kills both bacteria. Our results
highlight that larger dose and longer dosing interval of antibiotic M may result in the
higher prevalence of resistant bacteria while they do the opposite for antibiotic N.
When delays in administering initial and second doses are incorporated, the results
demonstrate that the delays may lead to the higher prevalence of resistant bacteria
when antibiotic M or N is administered with the longer time of bacteria remaining at
the lower prevalence of the latter. Our results highlight that switching antibiotic
agents during a treatment course and different bacterial strain characteristics result in
a significant impact on the prevalence of resistant bacteria.
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1 Introduction
Antimicrobial-resistant bacteria (ARB) are a challenging and growing problem of public
health worldwide as infections caused by them are harder to treat than those by nonre-
sistant bacteria and may lead to longer hospital stay, additional costs, and increased mor-
tality. Acquisition of ARB occurs in two different ways including mechanical emergence
of resistance in an individual and transmission of bacteria already resistant to therapeu-
tic agents among colonized individuals. With the extensive use and misuse of antimicro-
bials, the problem becomes worsened, and resistance to multiple drugs has been more
frequently reported [1, 2]. As ARB can also be transmitted via contact between patients
and contaminated healthcare workers or environmental surfaces, the presence of them is
widespread in many hospital settings and health-care facilities [3–5].

Generally, bacteria can resist the action of a particular antibiotic as a result of inherent
structural and functional characteristics [6]. However, resistant genes can also be acquired
via either mutations in chromosomal genes or horizontal gene transfer (HGT). Chromoso-
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mal mutation is the modification of DNA occurring at a low level during DNA replication
[7, 8]. Although spontaneous mutations can generate mutants that confer resistance to an-
tibiotics, frequencies vary drastically according to bacterial species and therapeutic agents
[8, 9]. Horizontal gene transfer (HGT) is a process that allows microorganisms like bac-
teria to acquire genetic information from other microorganisms. HGT often involves the
use of plasmids, transposons, and integrons [10]. There are three principal mechanisms
of HGT including transformation, transduction, and conjugation. The latter has been rec-
ognized as a key mechanism for resistant gene dissemination in the hospital environment
under antibiotic treatment [10, 11].

Mutations occurring from conjugation and chromosomal mutation can arise when bac-
teria are exposed to antibiotics at a sublethal concentration [12]. Such concentration may
result from incomplete treatment, patient non-compliance, and limited drug accessibil-
ity to certain tissues [11]. It has been suggested that low level of antibiotics may induce
mutagenesis in a wider range of antibacterial resistance genes [13]. Moreover, preceding
studies suggest that horizontal evolution which is responsible for many current resistance
problems occurs at high rates in the gastrointestinal tract of humans under antimicrobial
therapy and causes resistance to spread from environmental species to pathogenic species
[14, 15]. Consequently, proper dose and duration of treatment are required to minimize
the development of resistance.

A series of modeling studies has been conducted to help investigate the effects of antimi-
crobial therapies on the ascent of bacterial resistance. Some studies focused on how the
immune response affects the dynamics of resistant bacteria when chromosomal mutation
is present [16] and how it together with treatment timing can effectively help clear an in-
fection [17]. In addition, in the presence of host immunity, Ternent et al. [18] demonstrated
that combining antibiotics and anti-virulence drugs could help clear bacterial infections
and prevent the emergence of antibiotic-resistant populations. By particularly taking into
account bacterial conjugation, D’Agata et al. [19] showed that early initiation and combi-
nation of antibiotics could help prevent the emergence of resistant bacteria while shorter
therapeutic courses and sequential administration of antibiotics did the opposite. How-
ever, rotation between different antibiotics was demonstrated to reduce the prevalence of
antibiotic resistance in [20]. Several studies explored drug strategies to optimize antibiotic
usage such as drug synergistic and antagonistic effects on the risk of multi-drug resistance,
cycling between application and withdrawal of the antibiotic resulting in the fastest killing
of bacteria, and a high initial dose followed by an extended tapering of doses optimising
the use of antibiotics. [21–23]. There are also some preceding studies based on the phar-
macokinetic and pharmacodynamic frameworks that explored the effects of pharmacody-
namic parameters on the efficacy of antibiotics, optimal dosing regimens, multiple-drug
therapy, or the minimum concentration that resistant bacteria are selected [24–28]. In
this study, a mathematical model is developed by taking into account bacterial conjuga-
tion, probability of losing a plasmid, and antibiotic therapy. The model is implemented for
identifying important factors that affect the prevalence of sensitive and resistant bacte-
ria and investigating the effects of drug regimens, inhibitory types of antibiotics, delay of
administration of the initial and second doses, antibiotic switching, and characteristics of
bacterial strains.
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2 Model formulation
To investigate drug effects on the presence of antibiotic-resistant bacteria, a mathematical
model based on a within-host framework is developed. In the compartmental model, we
divide a population of bacteria into two categories: sensitive(S) and resistant(R). Two pro-
cesses including horizontal gene transfer and reversion of antibiotic resistance are taken
into account in the model to describe interchangeability of bacteria between these two
groups. Flow movements between the compartments are illustrated in Fig. 1. Parameters
used in the model are depicted in Table 1. They are based on parameters for Staphylo-
coccus aureus and some possible values. Population dynamics of sensitive and resistant
bacteria are then given by
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This model is adapted from preceding studies by extending the models to explore ther-
apeutic strategies [16, 19, 34]. In the model, growths of two populations of bacteria are
described by the logistic terms with the shared carrying capacity K and the division rates
of sensitive and resistant bacteria, gS and gR. Consequently, the total number of bacteria
lies between 0 and K . Without drug effects, bacteria die naturally at a rate of d.

Figure 1 Model formulation. (a) A flow diagram for describing the population dynamics of sensitive (S) and
resistant (R) bacteria, and (b) a binary fission diagram of a bacterial cell with the plasmid reversion probability

Table 1 Parameter values for the model

Parameter Description Value Units Ref.

λ Conjugation rate 0.7 h–1 from R0
K Bacteria carrying capacity 109 Cells [18]
gS Growth rate of sensitive bacteria 1 h–1 [18, 29]
gR Growth rate of resistant bacteria 0.65 h–1 [18, 29]
p Probability of losing a plasmid 0.5 – varied
d Natural death rate 0.5 h–1

ESmax Maximal kill rate of sensitive bacteria 1.5 h–1 [18, 30]
ERmax Maximal kill rate of resistant bacteria 1.1 h–1 [18, 30]
AS50 Concentration of antibiotic which has half maximum effect

on sensitive bacteria
0.25 μg/ml [18, 31]

AR50 Concentration of antibiotic which has half maximum effect
on resistant bacteria

5 μg/ml [18, 31]

αA Elimination rate of antibiotic under an intravenous therapy 0.15 h–1 [18, 32, 33]
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Due to the ability to exchange genetic material of bacteria by the horizontal gene trans-
fer process, it is assumed in the present study that acquisition of resistance commonly oc-
curs via conjugation [14] so that sensitive bacteria become resistant ones after exchanging
plasmids or transposons with resistant bacteria. We assume that conjugation is frequency-
dependent so that it does not depend on the bacterial population and it occurs at a rate of
λ with the probability of resistance acquisition R/(S + R).

In contrast to acquisition of resistance, plasmid-bearing or resistant bacteria can be-
come plasmid-free or sensitive bacteria from the bacteria reversion process [8, 35]. In the
above model, it is assumed that such a process happens at a rate of gR

p
2 , where p is the

probability that a bacteria cell loses its resistant element during division. Note that during
the binary fission, a plasmid-bearing bacterium generates two daughter cells so that the
probability of losing a plasmid p in the parent cell becomes p

2 in each daughter cell (see
Fig. 1(b)).

To take into account the ability of an antibiotic agent to kill bacteria, we incorporate the
drug killing rate as a sigmoid Emax function in model (1) as follows:

μi(A) =
Ei

maxA(t)
Ai

50 + A(t)
for i = S or R, (2)

where Ei
max is the maximum killing rate of bacteria i, and Ai

50 represents the antibiotic
concentration required for a half maximum effect [36]. In addition, A(t) is the antibiotic
concentration with an initial dose A0 that satisfies the following equation:

dA
dt

= –αA, (3)

where α denotes an antibiotic elimination rate. Hence, the antibiotic concentration expo-
nentially diminishes over time (A = A0e–αt), and consequently the rate of killing decreases
and approaches zero. In this work, two types of antibiotics are considered: 1) an antibiotic
agent M that kills only sensitive bacteria and 2) an antibiotic agent N that kills both bacte-
ria. Moreover, owing to the ability of administered agents to normally kill more sensitive
bacteria than resistant bacteria, we assume that ES

max ≥ ER
max, and therefore μS(A) ≥ μR(A).

To study the effects from administrating multiple doses of antimicrobial agents during
a treatment period, we implement a switch function that a constant dose of antibiotic is
introduced at every τ period. Hence, the drug concentration becomes

Ai(t) =

⎧⎨
⎩

(
∑i–1

j=0 A0e–jατ )e–α(t–(i–1)τ ), t ∈ ((i – 1)τ , iτ ),∑i
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(4)

where Ai is the antibiotic concentration after the ith dose. This function reflects the pos-
sibility of having a remaining amount of drug from previous doses. Such a remaining
amount depends on how fast the antibiotic agent is eliminated and how long from the
beginning of the antibiotic course.

Since the total number of bacteria can be very large so that it may be difficult to compare
the difference between sensitive and resistant bacteria, we rescale variables to study them
in fractional numbers as follows:

s =
S
K

and r =
R
K

.
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Hence, system (1) becomes
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3 Results
3.1 The resistance acquisition number (R0)
The resistance-free equilibrium of system (5) is given by E0 = (1 – d

gS
, 0). We calculate

the resistance acquisition number (R0) that helps determine whether resistant bacteria
can coexist with susceptible bacteria by using the next generation matrix method [37].
This number is similar to the basic reproduction number in epidemiology. If R0 > 1, the
resistant bacteria coexist with the sensitive bacteria; if R0 < 1, only sensitive bacteria exist.
Rearranging system (5) gives
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Note that F is a vector of new acquisition of resistance, and V is a vector of other move-
ments between the bacterial compartments. Next, we obtain F and V from the Jacobian
matrices of F and V as shown below
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]
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.

Therefore, R0 can be calculated as the spectral radius of FV –1 and it is given by
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It can be clearly seen that based on the definition of resistance acquisition number,
whether resistant bacteria persist depends on conjugation rate, growth rate, natural death
rate, and probability of losing a plasmid. For example, high conjugation rate may lead to
higher numbers of resistant bacteria.

3.2 Numerical results
To investigate an impact of certain parameters on the dynamics of sensitive and resis-
tance bacteria in the model, we use numerical simulations based on the ODE45 function
in MATLAB. In this work, R0 is approximately 2, which is assumed to be in a possible
range of the resistance acquisition number of MRSA transmission between patients in
some previous studies and also coincides with other antibiotic resistant bacteria [38, 39].
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Figure 2 Prevalence of sensitive and resistant bacteria according to R0: (a) Resistant bacteria die out when R0 < 1
(λ = 0.3), and (b) sensitive and resistant bacteria coexist when R0 > 1 (λ = 0.7) (S(0) = R(0) = 103)

Figure 3 Effects of vital parameters on the prevalence of two bacterial types. Parameters, unless varied, are set
according to Table 1. Results are obtained at the steady state when (a) the conjugation rate λ is varied, (b) the
probability of losing a plasmid p is varied, and (c) the mortality rate of bacteria d is varied. Prevalence of
sensitive and resistant bacteria when both of the conjugation rate and the probability of losing a plasmid are
varied is illustrated in (d) and (e), respectively (S(0) = R(0) = 103)

First, we consider the system without antibiotic therapy (μS(A) = μR(A) = 0). Figure 2 il-
lustrates that the resistance acquisition number helps determine whether the resistant
bacteria population persists. In Fig. 2(a), resistant bacteria die out while sensitive bacteria
persist when R0 < 1. Both types of bacteria coexist whenever R0 > 1 as shown in Fig. 2(b).

Figure 3(a) shows the effects of certain parameters on the prevalence of two bacteria
at the steady states when bacterial conjugation is present. Based on our parameter set-
ting, resistant bacteria are not prevalent until the conjugation rate approximately reaches
0.35. Moreover, the system starts to favor resistant bacteria after the conjugation rate ap-
proximately approaches 0.55. Our results generally suggest that the increasing conjugation
rate favors the presence of resistant bacteria before the system is saturated. By varying the
probability of losing a plasmid, it can be seen in Fig. 3(b) that the increased probability can
eventually lead to a better outcome for sensitive bacteria. In this work, if the probability is
roughly above 0.75, sensitive bacteria become more prevalent than resistant bacteria. As
the death rate is set to be equivalent for both sensitive and resistant, Fig. 3(c) shows an ad-
vantage of resistant bacteria over sensitive bacteria when the death rate is small. However,
when the death rate becomes bigger, the prevalence of resistant bacteria is drastically re-
duced and becomes closer to the prevalence of sensitive bacteria. We further investigate
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Figure 4 Drug concentration and efficacy. (a) Antibiotic concentration profile with the initial dose
A0 = 4 μg/ml, and (b) the ratio between the maximum kill rate of resistant bacteria and the maximum kill rate
of sensitive bacteria (S(0) = R(0) = 103)

the effects of bacterial conjugation rate and the probability of losing a plasmid simulta-
neously in Fig. 3(d) & (e). Our results suggest an impact from both the conjugation rate
and the probability of losing a plasmid on the prevalence of sensitive and resistant bacte-
ria with a lower impact from the latter. For example, our results suggest that the higher
conjugation rate could lead to the higher prevalence of resistant bacteria but the lower
prevalence of sensitive bacteria. However, the prevalence of resistant bacteria is slightly
reduced when the probability of losing a plasmid becomes bigger. When the conjugation
rate is small, the prevalence of sensitive bacteria is high while the prevalence of resistant
bacteria is low.

Next, we incorporate administration of one dose of antibiotic into the model to inves-
tigate how drug effects influence the prevalence of sensitive and resistant bacteria. Fig-
ure 4(a) shows the decrease of drug concentration with the initial dose A(0) = 4 μg/ml and
elimination rate α = 0.15 according to time. The concentration decreases rapidly within
20 hours and approaches 0 as time increases. In Fig. 4(b), we vary the ratio between the
maximum kill rate of resistant bacteria and the maximum kill rate of sensitive bacteria
in per cent (% of ER

max
ES

max
) so that ER

max
ES

max
= 1 means that the antibiotic acts equivalently to kill

both types of bacteria. Our results show that resistant bacteria are dramatically reduced
by the antibiotic efficacy to kill resistant bacteria. However, in comparison with the resis-
tant bacteria, such an efficacy has a smaller impact on the sensitive bacterial population. In
other words, the ability of antibiotic to kill resistant bacteria may not have a much negative
impact on sensitive bacteria.

Figure 5(a) shows a profile of antibiotic concentration according to changes of the drug
elimination rate at three different levels (slow, intermediate, fast). It can be clearly seen that
a slower rate leads to a longer period of drug depletion. In Fig. 5(b)–(c), we demonstrate
the behaviors of both populations of bacteria in correspondence with antibiotic agents M
and N, respectively. For the antibiotic agent M, as it only affects the sensitive bacteria, the
prevalence of sensitive bacteria decreases during the therapeutic effect (∼15 hrs), while
the prevalence of resistant bacteria decreases but remains at a higher level than the sen-
sitive bacteria. The latter event may result from the diminished conjugation pathway to-
wards resistance following lower abundance of sensitive bacteria. Moreover, since it takes
longer for the antibiotic agent to diminish, the sensitive population increases more slowly
when the elimination rate decreases (see Fig. 5(b)). In case the antibiotic agent N that af-
fects both populations of bacteria is applied, both bacterial populations decrease during
the presence of therapeutic effects and then increase again after the drug clearance. In a
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Figure 5 Investigation of antibiotic regimens after resistant bacteria are prevalent. Two types of antibiotics are
considered: drug M that kills only sensitive bacteria and drug N that kills both sensitive and resistant bacteria.
(a) Antibiotic concentration profile when the elimination rate varies (α = 0.075—solid line, α = 0.15—dash
line, and α = 0.225—dot line). (b) & (c) Prevalence of sensitive and resistant bacteria according to the
elimination rate when drug M and N are administered, respectively. (d) Two concentration profiles when two
drug regimens are considered with the same total dose: every 12 hours and every 24 hours.
(e) & (f) Prevalence of sensitive and resistant bacteria according to two drug regimens when drug M and N are
given, respectively (S(0) = 1.2× 108 and R(0) = 2.3× 108)

similar way with the antibiotic agent M, the prevalence of sensitive and resistant bacte-
ria slowly increases when the elimination rate is small. Because the therapeutic agent is
usually administered in multiple doses within a certain length of time, we further inves-
tigate this scenario of drug administration in Fig. 5(d)–(f ). In Fig. 5(d), we demonstrate
two strategies of drug administration for treating a patient in five days: every 12 hours and
every 24 hours. Note that the total amount of drug in the two strategies is equivalent. For
the antibiotic agent M, both populations of bacteria are present (see Fig. 5(e)). Moreover,
with the same amount of drug administration, the prevalence of bacteria is lower when
the antimicrobial agent is frequently administered; however, results are not significantly
different. Figure 5(f ) suggests that when the antimicrobial agent N that can kill both bac-
teria is applied, both bacteria die out within the treatment period. In this strategy, as the
bacteria population dies out quickly within 20 hours, with a lower dose of the every 12-
hour strategy the sensitive and resistant bacteria are more prevalent than those resulting
from the every 24-hour strategy.

To explore the time-delay effects in drug administration on the prevalence of sensitive
and resistant bacteria, two delay schemes are introduced. The first scheme is for inves-
tigating the effects of a delay in administering the initial dose of an antibiotic agent. The
drug concentration according to time is shown in Fig. 6(a). The initial dose is assumed to
be given with no delay, delay for two days, or delay for four days. The second scheme is for
investigating the effects of a delay in administering the second dose. The second dose is
assumed to be given after 24 hours, after 36 hours, and after 48 hours. When the delay is
present in administration of the initial dose, both bacterial populations only start decreas-
ing right after the administration following the drug effects and then increase again after
the drug wanes off. Similar trends occur for both types of drugs. We further investigate the
effect of a delay by using the area under a curve (AUC) of each bacterial population that
reflects its prevalence as shown in Table 2. As a result, the higher value of AUC suggests
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Figure 6 Effects of delays in drug administration. (a) Antibiotic concentration changes according to time for
three scenarios of a delay in administering an initial dose of a therapeutic agent: (1) no delay (2) delay of two
days, and (3) delay of four days. (b)–(c) Prevalence of sensitive and resistant bacteria after administering drug
M and N, respectively. (d) When there is a delay in administering the second dose of an antimicrobial agent,
the antimicrobial concentration changes with time according to three scenarios: (1) no delay in the second
dose, (2) delay of 12 hours, and (3) delay of 24 hours. (e)–(f) Prevalence of sensitive and resistant bacteria
when there is a delay in administrating the second dose for drug M and N, respectively (S(0) = 1.2× 108 and
R(0) = 2.3× 108)

Table 2 Areas under the prevalence curves according to the time period of 8 and 12 days for
sensitive and resistant bacteria

Delay τ Drug M Drug N

Sensitive Resistant Sensitive Resistant

τ = 0 8 days 2.661829 19.462309 0.175281 0.841777
12 days 12.830115 39.866851 3.860024 7.259887

τ = 2 8 days 7.830120 25.939458 5.963989 11.896001
12 days 12.832599 39.869256 5.965214 11.897438

τ = 4 8 days 12.998323 32.415881 11.752682 22.950139
12 days 14.239244 41.570756 11.752696 22.950224

higher prevalence of bacteria. In Table 2, we study the AUCs of sensitive and resistant
bacteria within two time periods, 8 and 12 days. Based on our results, having a delay may
generally lead to higher prevalence of bacteria for both types of antibiotics. For the antibi-
otic agent M, when the observation days increase from 8 days to 12 days, the number of
bacteria increases. However, the difference of bacterial numbers between 8 and 12 days
shows a declining trend when the delay of drug administration increases. For the antibiotic
agent N, such difference is only present when there is no delay in administration. More-
over, in this type of drug sensitive and resistant bacteria are not significantly different in
numbers when the delay increases for both periods of observation days.

Furthermore, we investigate how the switching of antibiotic agents with different spec-
tra of activity takes effect on the prevalence of bacteria in Fig. 7. As using only the single
antibiotic agent M leads to higher prevalence of both bacteria, Fig. 7(a)–(c) demonstrates
that later introduction of drug N in the treatment course started with the antibiotic agent
M leads to the reduction of prevalence of bacteria in comparison to the treatment course
with the single drug M. The earlier the administration of N, the lesser the prevalence of
bacteria. Next, we explore a scenario that the antibiotic agent M is administered following
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Figure 7 Switching of antibiotic agents. (a) Prevalence of sensitive and resistant bacteria with exposure to the
antibiotic M: without and with introduction of the antibiotic N (dashed line for administration of the antibiotic
M only and solid line for administration of three doses of the antibiotic M followed by three doses of the
antibiotic N. (b) & (c) Prevalence of sensitive and resistant bacteria with administration of two doses of the
antibiotic M and four doses of the antibiotic N and with administration of one dose of the antibiotic M and
four doses of the antibiotic N, respectively. (d) Prevalence of sensitive and resistant bacteria with exposure to
the antibiotic N: without and with introduction of the antibiotic M (dashed line for administration of the
antibiotic N only and solid line for administration of three doses of the antibiotic N followed by three doses of
the antibiotic M. (e) & (f) Prevalence of sensitive and resistant bacteria with administration of two doses of the
antibiotic N and four doses of the antibiotic M and with administration of one dose of the antibiotic N and
four doses of the antibiotic M, respectively. (g) Prevalence of sensitive and resistant bacteria according to
antibiotic switching between M and N starting with M (solid line) and N (dashed line). (h) Prevalence of
sensitive and resistant bacteria switched between two doses of M and two doses of N starting with with M
(solid line) and N (dashed line). (S(0) = 1.2× 108 and R(0) = 2.3× 108)

the prior treatment by the antibiotic agent N (see Fig. 7(d)–(f )). We find that increasing
the administration of M may lead to higher prevalence of bacteria. In Fig. 7(g) & (h), when
antibiotics are switched between two agents, our results suggest that starting a treatment
course with N may lead to the lower prevalence, and the one-dose switching style of an-
tibiotics results in a better outcome for the treatment than the two-dose switching style.

As bacteria could have different characteristics, we study how different conjugation rate
and probability of losing a plasmid affect the treatment strategies on the prevalence of
bacteria. Figure 8(a)–(f ) highlights the different outcomes following different values of
λ and p after drug administration. Figure 8(a) shows that when a single agent is used in
the treatment course, it provides a better outcome when bacteria have a tendency of los-
ing a plasmid and the conjugation rate is high. Similarly, for other switching scenarios of
treatment, resistant bacteria are significantly reduced when bacteria have the higher prob-
ability of losing a plasmid and the higher conjugation rate. The results correspond to the
results illustrated in Fig. 3(d) & (e) (see dashed lines) that by fixing the resistance acquisi-
tion number and varying both the conjugation rate and the probability of losing a plasmid,
it is possible that lower values of λ and p result in higher prevalence of resistant bacteria
during the treatment therapy. In addition, for all the treatment scenarios, bacteria are not
significantly reduced when they are less likely to lose a plasmid and the conjugation rate
is low.
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Figure 8 Characteristic of resistant bacteria. Three different characteristics of bacteria by fixing the resistance
acquisition number equaling 3 are considered: (1) strain with less likelihood of losing a plasmid and
horizontally transferring a plasmid p = 0.1,λ = 0.65 (red line), (2) strain with intermediate likelihood of loosing
a plasmid and horizontally transferring a plasmid p = 0.5,λ = 1.05 (cyan line), and (3) strain with more
likelihood of losing a plasmid and horizontally transferring a plasmid p = 0.9,λ = 1.45—purple line.
(a) Prevalence of sensitive and resistant bacteria when the antibiotic M is administered only (solid line) and
when the antibiotic N is administered only (dashed line). (b) Prevalence of sensitive and resistant bacteria for
the one-dose antibiotic switching of M and N. (c) & (d) Prevalence of sensitive and resistant bacteria for
two-dose antibiotic switching of M and N starting with M and N, respectively. (e) Prevalence of sensitive and
resistant bacteria with two doses of M and three doses of N. (f) Prevalence of sensitive and resistant bacteria
with two doses of N and three doses of M. (S(0) = 1.2× 108 and R(0) = 2.3× 108)

4 Discussion
The ability of bacteria to acquire resistance to antibiotics has proven to have a dramatic
impact on patient therapy [10]. One important process to acquire resistance that DNA
material is transferred between bacterial cells by cell-to-cell contact is bacterial conjuga-
tion. The conjugation has been recognized as an important process responsible for the
spread of resistant genes between patients under sublethally antibiotic treatment in the
hospital environment. In this study, we develop a mathematical model that takes into ac-
count bacterial conjugation and drug effects to investigate the presence of sensitive and
resistant bacteria in a human host. We also explore the effects of model parameters such
as drug efficacy, conjugation rate, and the probability of losing a plasmid. Drug regimens,
delay in administering a therapeutic agent, and combination of antibiotic agents are also
investigated.

As resistant bacteria are allowed to lose plasmids, the sensitive bacteria are always
present in the system. In this study, the resistance acquisition number (R0) that helps de-
termine whether resistant bacteria can coexist with sensitive bacteria is calculated. We
found that it depends on the ability of bacteria to transfer genes or the bacterial conjuga-
tion rate, the bacterial growth rate, the death rate of bacteria, and the probability of losing a
plasmid. If R0 < 1, only sensitive bacteria persist in the bacterial population. When R0 > 1,
both sensitive and resistant bacteria coexist within a host. These results correspond to
our numerical results. Our study suggests that certain parameters affect the prevalence
of sensitive and resistant bacteria. When the conjugation rate increases, the prevalence
of sensitive bacteria declines while the prevalence of resistant bacteria increases. This is
opposite to when the probability of losing a plasmid increases. In such a case, sensitive
bacteria are more prevalent while resistant bacteria are more likely to lose their plasmids.
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In comparison to the probability of losing a plasmid, the conjugation rate has a greater
impact on prevalence of sensitive and resistant bacteria when it is large enough. Note that
the resistance acquisition number may be useful in identifying the parameters that may
affect the dynamics of resistant bacteria, and it can be further investigated by a sensitivity
analysis technique to determine which parameters have more impact on the prevalence
of resistant bacteria.

Previous studies have demonstrated that pharmacodynamic parameters play an impor-
tant role in the emergence of resistance [24, 25, 27]. Here, we explore the effect of drug
efficacy on the prevalence of sensitive and resistant bacteria by studying the ratio between
the maximum kill rate of resistant bacteria and the maximum kill rate of sensitive bacte-
ria. The reduced ability to kill resistant bacteria over sensitive bacteria more dramatically
affects the prevalence of resistant bacteria than the prevalence of sensitive bacteria. In
addition, our findings suggest that increasing the killing ability of antibiotic on resistant
bacteria may not significantly reduce the presence of sensitive bacteria. Our results also
suggest that antibiotic that lasts longer in the body is more likely to help reduce the preva-
lence of both bacteria. However, in reality the longer presence of antibiotic may relatively
lead to accumulation of it in the body and result in toxic side effects [32]. Generally, antibi-
otic may be eliminated by being converted to metabolites or eliminated in feces or urine.
Drug concentration and the dosing interval have been recognized as important factors
that optimize therapeutic outcomes and minimize toxicity. Our findings correspond with
previous findings suggesting multiple doses of antibiotics [22, 23]. Additionally, we inves-
tigate how two drug regimens with two dosing intervals and dosages affect the prevalence
of sensitive and resistant bacteria for two types of drugs with different properties, drug M
and N. The results highlight that for drug M that kills only sensitive bacteria larger dosage
and longer dosing interval may result in higher prevalence of resistant bacteria. This result
is in agreement with a preceding study suggesting moderate treatments with appropriate
timing, reduced drug dosage, and short treatment duration to limit the pathogen burden
and selection of resistance [17]. However, our results also suggest that the larger dose and
longer interval may positively lead to better outcomes for drug N that kill both bacteria.

Preceding studies suggest that delayed treatment may cause therapeutic failures and
mortality of patients [40, 41]. Hence, it is important to understand the effects of delays of
antibiotic administration to minimize those consequences. To explore the effects of delay
in this study, we consider two types of delays in administration of drug M and drug N:
delay in administering an initial dose and delay in administering a second dose. Our re-
sults predict the negative impact of both types of delays on the prevalence of sensitive and
resistant bacteria. The longer the delay lasts, the higher the prevalence of bacteria is. This
is in agreement with the modeling study by D’Agata et al. [19] and the preceding empiri-
cal studies promoting the early administration of antibiotics to prevent treatment failures
[40, 41]. Moreover, our results also suggest that the delays may have a greater impact on
the prevalence of resistant bacteria in comparison to sensitive bacteria when drug N is ad-
ministered. They may lead to the increasing number of resistant bacteria. In contrast, the
findings here contradict with a previous study when host immunity is taken into account
[17].

Based on our results, a treatment course with the single antibiotic N is most effective
while a treatment course with the single antibiotic M is less effective. As antibiotics could
have toxicity or other side effects, in this work, we investigate an impact of antibiotic
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switching and how switching between two antibiotics with different spectra (M which
is less powerful and N which is more powerful) would affect the prevalence of bacteria.
We found that introduction of the antibiotic N into the prior treatment with M could help
reduce the prevalence of bacteria while introduction of the antibiotic M into the prior
treatment with N could lead to the higher prevalence of bacteria later. Our results are in
agreement with empirical studies supporting the use of a more powerful antibiotic agent
for a whole treatment course or the use of the powerful antibiotic after another antibi-
otic agent for better treatment outcomes [42, 43]. However, the results are in contrast
with some preceding studies suggesting that switching from a less powerful treatment to
a more powerful antibiotic agent could lead to better outcomes than a scenario that only a
more powerful antibiotic agent is administered [44]. Our findings also suggest that switch-
ing the antibiotics by starting with the antibiotic N results in better treatment outcomes
than starting with the antibiotic M. In addition, we explore how characteristics of bacteria
affect the prevalence of bacteria. Our results suggest that treatment is more effective for
bacteria with the higher probability of losing a plasmid and the higher conjugation rate.
Our results are in agreement with some preceding studies that highlighted the importance
of interval between treatments to plasmid-borne antibiotic resistance [45].

All in all, we believe that our study helps gain a better understanding into the population
dynamics of sensitive and resistant bacteria under a therapeutic treatment, the effects of
certain factors involving bacterial mechanisms, and other effects such as drug regimens,
drug efficacy, delays in administrations, antibiotic switching, and characteristics of bacte-
ria strains. As changing certain parameters may affect the overall results, one limitation of
this study is related to some specific values of parameters. In each numerical investigation,
certain parameters related to possible scenarios are altered to specifically investigate their
effects on the presence of sensitive and resistance bacteria while some other parameters
remain fixed and are subject to their realistic values as possible. We believe that our study
helps illustrate the usefulness of mathematical models to investigate treatment strategies,
and the work can be extended to explore other parameters and drug regimens to optimize
the prevalence of resistant bacteria.
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