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Abstract- The purpose of this study is to understand the bacterial resistance mechanisms and find out the various trends in 
system biology research. In order to overcomes bacterial resistance, Resistance should be resolved at the cellular and 
community levels. Genetic scissors techniques have shown to provide a high potentiality of destroying the bacterial 
resistance.  
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History of Antibiotics  
In 1910, Ehrlich discovered the first antibiotic drug, 
Salvarsan 606, which was used against syphilis. Later 
in 1928, and then Alexander Fleming discovered 
penicillin by accident. Antibiotics have been used to 
kill bacterial infections since the 1940s.  
 

 
Figure 1 : Salvarsan 606 structure. 

 
The discovery of penicillin opened a new era in the 
treatment of infectious diseases, Golden era in 
antibiotic research has begun.[1] Discovery of other 
antimicrobials including streptomycin, 
chloramphenicol, and tetracycline soon followed.[2] 
For the first time, many common bacterial diseases 
could be cured. The first antibiotics played a core role 
in the treatment and prevention of infections during 
World War II [2]. As a result of the initial success of 
antibiotics, antibiotics were considered the ultimate 
cure, the “miracle drugs” in the medical world. An 
increase in the frequency of antibiotics treatment has 
promoted more bacteria to develop resistance to 
antibiotics.[3] Over time, most bacteria have acquired 
resistance mechanisms.[4] Resistance to antibiotics 
threatens treatment of human infections. Currently, 
new resistance mechanisms have emerged, and are 
rapidly spreading in the medical world.  
 

 
Figure 2 : penicillin structure. 

 
Trade-offs between resistance and toxicity 
A bacterium can acquire resistance by either mutation 
or the uptake of exogenous genes through horizontal 
transfer from other bacteria.[2] Virus with resistance 
is weakened in toxicity. by the way, Unlike virus, 
bacteria with resistance to antibiotics is maintained in 
toxicity.[3] If humans don't overcome bacterial 
resistance, they are still exposed to the risk of 
infection. So, people are responsible for taking 
necessary action to find resistance mechanisms and 
destroy bacterial resistance to antibiotics. For 
overcoming common resistance mechanisms and 
minimizing host toxicity, Finding ways to maximize 
bacterial killing and minimize emergence of 
resistance is crucial for optimizing the clinical use of 
antimicrobials in patients.[4]  
 
Antibiotic resistant mechanisms  
Enzymatic Inactivation : Several antibiotic resistant 
mechanisms have evolved in bacteria.[5] These 
mechanisms can either chemically modify an 
antibiotic or alter a target site that is recognized by 
the antibiotic. The most common mode is enzymatic 
inactivation of an antibiotic. An alternative strategy 
utilized by many bacteria is the alteration of an 
antibiotic target site through spontaneous mutation.  
These and other mechanisms are shown in the figure 
3 below. 

 
Figure 3 : Several antibiotic resistant mechanisms. 

(cited from : Web Review of Todar's Online Textbook of 
Bacteriology. "The Good, the Bad, and the Deadly", 

URL:http://textbookofbacteriology.net/resantimicrobial_3.htm
l) 
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A spontaneous Mutation : The spontaneous 
mutation frequency for antibiotic resistance is on the 
order of about of 10-8- 10-9.[5] Bacteria in an 
infection will develop resistance through the process 
of mutation. In E. coli, resistance gene is acquired at 
a rate of approximately 10-9. Although mutation is a 
very rare event, it doesn't take long for resistance to 
develop in bacterial population due to the very fast 
growth rate of bacteria. Once the resistance genes 
have developed, they are directly transferred to all the 
bacteria's progeny during DNA replication. A 
spontaneous mutation in the bacterial chromosome 
imparts resistance to a member of the bacterial 
population.[3]  
 
Horizontal Gene Transfer : Another mechanism 
beyond spontaneous mutation is the acquisition of 
antibiotic resistance through horizontal gene 
transfer(HGT). HGT is a process whereby genetic 
material contained in small packets of DNA can be 
transferred between individual bacteria.[6], There are 
three mechanisms of HGT that processes genetic 
exchange in bacteria.[7] These are transduction, 
transformation and conjugation. Conjugation occurs 
when there is direct cell-cell contact between two 
bacteria.[1],[2] Transfer of small pieces of DNA 
called plasmids takes place by conjugation. This is 
the main mechanism of HGT.  
 

 
Figure 4 : The generation of cell‐to‐cell contact involved in 

conjugation. 
(modified from : Michael Syvanen and Michael Syvanen, 

Horizontal Gene Transfer, 2001, 2nd edition) 
 
Transpozons carry several resistance genes. They can 
move within the genome, from a plasmid to a plasmid 
or from a chromosome to a plasmid. Integrons can 
also encode several resistance genes. Integrons are 
genetic units characterized by their ability to capture 
and incorporate gene cassettes.[8] They are 
commonly carried on plasmids. Transformation is a 
process where parts of DNA are taken up by the 

bacteria from the external environment.[9] This DNA 
is normally present in the external environment due to 
the death and lysis of another bacterium. 
Transduction occurs when bacteria-specific viruses 
(bacteriophages) transfer DNA between two closely 
related bacteria.  
 

 
Figure 5 : Mechanisms of horizontal gene transfer (HGT) in 

bacteria(cited from : Web Review of Todar's Online Textbook 
of Bacteriology. "The Good, the Bad, and the Deadly", 

URL:http://textbookofbacteriology.net/resantimicrobial_3.htm
l) 

 
The combined effects of fast growth rates to large 
densities of cells, genetic processes of mutation and 
selection, and the ability to exchange genes, account 
for the extraordinary rates of adaptation and evolution 
that can be observed in the bacteria. For these reasons 
bacterial adaptation (resistance) to the antibiotic 
environment seems to take place very rapidly in 
evolutionary time. Bacteria evolve fast! 
(cited from : Web Review of Todar's Online 
Textbook of Bacteriology) 
 
β-lactamase produced by the resistant strains : β-
lactam antibiotics inhibit the synthesis of bacterial 
cell wall. Production of β-lactamases is a major 
resistance mechanism toward β-lactam antibiotics. 
Mach researches in the past decade have focused on 
the discovery of novel compounds that inhibit the 
function of β-lactamase.[1],[2],[3] The novel β-
lactamase inhibitors are introduced in the clinical 
practice. Despite the development of β-lactamase 
inhibitors, the use of β-lactamase inhibitors still 
remain as a challenge. It is necessary to inhibit the 
induction of β-lactamases by targeting the key players 
required for β-lactamase induction. 
 
Efflux Transporters : Sending antibiotics to extra-
cellular matrix(ECM) is another means of resistance 
mechanisms by efflux transporters.[3] The multi-drug 
efflux systems in bacteria contribute to the increased 
resistance to multiple antibiotics. A major challenge 
in developing efficacious antibiotics against drug-
resistant pathogens is to identify compounds that can 
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counteract the efflux functions. Bacterial genomics 
information suggests the presence of a variety of 
efflux systems in bacteria. Bacteria may possess 
multiple efflux transporters in families.[3] The 
expression of bacterial multidrug efflux system is 
usually controlled by transcriptional regulators that 
either repress or activate the transcription of the 
multidrug efflux genes.  
 
Antibiotic Resistance by Biofilms : Classical 
understanding about antibiotic resistance deals with 
how resistance occurs within an individual microbial 
cell.[3] In the past, the majority of research on 
antibiotic resistance has been focused on cellular 
resistance. Many antibiotics were originally 
developed to target individual bacterial cells. 
Recently, it became clear that many bacteria live as 
complex communities called biofilms.[10],[13],[14] 
The biofilm provides advantages to microorganisms , 
such as resistance to antibiotics.[15] In practice, most 
bacteria are associated with surfaces and grow faster 
as biofilms than as planktonic cells.[13] The biofilm 
with extra-cellular polymeric matrix is a powerful 
means of resistance to the antibiotic.[13],[14],[15] 
Bacteria within biofilms are more resistant to 
antibiotics than bacteria without biofilm.[14] In a 
recent study, there are evidences that biofilm induces 
an increase in antibiotic resistance The resistance 
provided by biofilms at a community level is distinct 
from resistance mechanisms that operate at a cellular 
level.[13],[14].15] Novel strategies are necessary to 
combat biofilm-related infectious diseases. High level 
of biotechnology is required to destroy mechanisms 
of antibiotic resistance at cellular and community 
levels.  
 
Strategies To Destroy Resistance Mechanism 
Blocking Quorum Sensing : The crisis of antibiotic 
resistance demands new targets and new approaches. 
The use of compounds that block quorum sensing(QS) 
has significant advantages over the use of 
conventional antibiotics.[12],[14] Bacteria constantly 
releases autoinducers, which are signaling molecules, 
into extracellular matrix and create a biofilm through 
quorum sensing.[12] Our long-term goal is to find QS 
inhibitors. The discovery of bacteria's ability to 
communicate with each other through quorum 
sensing changed our general perception of many 
single organisms.[14] In addition to releasing the 
signaling molecules, bacteria are also able to measure 
the number (concentration) of the molecules within a 
population.[12] Nowadays we give a name 'Quorum 
Sensing' (QS) to describe the phenomenon that a 
single cell is able to sense the number of bacteria (cell 
density) by the accumulation of signaling 
molecules.[12],[13],[14],[15] Quorum sensing is a 
system by which certain bacteria can monitor their 
own population density. When the concentration of 
an autoinducer reaches a critical threshold value (as 
the result of an increase in bacterial population 

density), it triggers to block the growth pathway in 
bacterial group.  
 

 
Figure 5 : quorum sensing communication 

(cited from : URL : 
http://molbio.princeton.edu/labs/bassler/research) 

 
Quorum sensing is the regulation of gene expression 
in response to fluctuations in cell-population 
density.[12] Bacteria with quorum sensing produce 
and release chemical signal molecules called 
autoinducers that increase in concentration as a 
function of cell density. In general, Gram-negative 
bacteria use acylated homoserine lactones as 
autoinducers, and Gram-positive bacteria use 
processed oligo-peptides to communicate. Recent 
advances in the field indicate that cell-cell 
communication via autoinducers occurs both within 
and between bacterial species.[12],[13],14]  
 

 
Figure 6 : Schematic of the QS process in bacteria. 

(cited from : URL : 
http://blackwell.chem.wisc.edu/content/research-overview.) 

 
QS(quorum sensing) enables bacteria to co-ordinate 
their behavior. As environmental conditions change, 
bacteria need to respond quickly in order to survive. 
In order to escape the immune response of the host 
and establish a successful infection, Pathogenic 
bacteria need to co-ordinate their virulence during 
infection of a host.[15] Cell-to-cell signaling, known 
as quorum sensing, has been shown to play a role in 
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biofilm formation.[14],[15] Modulating quorum 
sensing processes will prevent biofilm formation or 
possibly weaken established biofilms. A cell density-
dependent signaling system is mediated by chemical 
autoinducer molecules , which are produced by 
bacteria.[12,[13],14] The autoinducer molecules bind 
to the appropriate transcription regulator(s) when the 
bacterial population reaches the quorum level.[12] 
Binding of the autoinducers is followed by activation 
or repression of target genes.[12] Thus, quorum 
sensing allows bacteria to display a unified response 
that benefits the population. Biofilm formation is 
modulated by bacterial quorum sensing systems. 
Bacterial biofilms are a complex aggregation of 
microorganisms and are embedded in a self-produced 
matrix of extracellular polymeric substance 
(EPS).[14],[15] There are an aggregation of bacterial 
cells within the biofilm matrix. The ability of 
bacterial cells to produce biofilms is a major 
virulence factor that correlates with increase in 
antibiotic resistance, and overall persistence of the 
bacterial population. The mechanisms on biofilms 
still remain unclear.[12] Biofilms are powerfully 
resistant to the antibiotics. Gene transfer in biofilms 
occurs far more frequently than previously. thought. 
Horizontal gene transfer inside a biofilm matrix 
offers a great advantage in terms of both frequency 
and stability.[15] There are necessary new strategies 
for prevention of biofilm associated infections. The 
genetical and phenotypical versatility of the bacterial 
biofilms represent a challenge for discovering new 
methods of treatment of biofilm associated 
infections.[14],15] A novel class of anti-biofilm are 
interfering with a new target – the QS pathway called 
QS inhibitors.  
 
The CRISPR technique : CRISPR as a gene editing 
tool in biotechnology has multiple functions in 
bacteria.[18] The most obvious function is the 
destruction of foreign DNA(nucleic acids).[20] 
Antibiotic-resistant bacteria can be killed by 
bacteriophages that deliver a specific CRISPR/Cas 
system. New approach applies these specialized 
viruses to supply CRISPR/Cas and get rid bacteria of 
antibiotic-resistance plasmids in the environment 
before bacteria are able to infect a host. Each phage is 
specific to a bacterial species.[18].[19] A specific 
bacterial sequence can be targeted by CRISPR.[18] 
A attacking resistance genes using phage as a vehicle 
is a nice application of the CRISPR system.[18] The 
idea of CRISPR-based approaches is to enact 
sequence-specific antimicrobial activity.[19] E. coli-
targeting phage that encodes the CRISPR genes 
targets two conserved β lactamases that confer 
resistance to β-lactam antibiotics. Once integrated 
into the E. coli genome, the phage prevents the 
transfer of β genes, which are essential for 
survival.[19],[20] The phage with CRISPR-Cas 
systems can destroy target bacterial resistant genes 
that are essential for survival. 

CONCLUSION 
 
Many antibiotics that target cellular mechanisms are 
less effective against microbes in biofilms. It is true 
that biofilms play a role in many infections. Poor 
understanding of the biofilm in 20th century has 
impeded the development of drugs that specifically 
target biofilms. In the future, realizing the importance 
of developing anti-biofilm drugs is a first step in 
developing strategies for destroying bacterial 
resistance to antibiotics.[16] Biofilm formation needs 
to be inhibited through the development of anti-
biofilm drugs.[17] An alternative strategy to prevent 
biofilm formation is via targeting cell signaling, such 
as quorum sensing. A combination therapy, which is 
applying anti-biofilm drugs in conjunction with 
traditional antibiotics that target cell growth, should 
be applied.[17]  
 
In the combination therapy, the anti-biofilm drugs 
will promote planktonic growth and remove the 
additional community level resistance provided by 
biofilms. Healthy adults with the normal immune 
system are not threatened by multi-drug-resistant 
super bacteria. When a patient with weak immune 
system is infected with antibiotic resistant super-
bacteria, the patient' health incredibly deteriorates. In 
order to overcome antibiotic resistance, first of all, we 
have to understand the mechanisms by which bacteria 
successfully defend themselves against the antibiotic 
assault. Then, we should facilitate the development of 
means to potentiate the efficacy and increase the 
lifespan of antibiotics while minimize the emergence 
of antibiotic resistance.  
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