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Abstract

Background: Antibiotic resistance in pathogenic bacterial isolates has increased worldwide leading to treatment
failures.

Main body: Many concerns are being raised about the usage of biocidal products (including disinfectants,
antiseptics, and preservatives) as a vital factor that contributes to the risk of development of antimicrobial
resistance which has many environmental and economic impacts.

Conclusion: Consequently, it is important to recognize the different types of currently used biocides, their mechanisms of
action, and their potential impact to develop cross-resistance and co-resistance to various antibiotics. The use of biocides in
medical or industrial purposes should be monitored and regulated. In addition, new agents with biocidal activity should be
investigated from new sources like phytochemicals in order to decrease the emergence of resistance among bacterial
isolates.

Keywords: Antibiotics, Biocides, Cross-resistance, Co-resistance, Efflux
Background
Disinfectants, antiseptics, and preservatives are chemical
compounds having the capacity to kill or inhibit the
growth of microorganisms. They have a main role in the
medical and healthcare settings. In addition, they are ex-
tensively used in livestock, paints and coatings, plastics,
food and beverage manufacture, pharmaceutical industry,
textiles, and consumer products [1]. The term biocide is
used to describe this group of chemical compounds.
Disinfection is defined as the process of removing mi-

croorganisms from the surfaces of non-living objects.
Antisepsis is defined as killing or inhibition of microor-
ganisms that are present on living tissues to limit or pre-
vent the harmful results of infection. Preservatives are
included in many pharmaceutical formulations, to pre-
vent microbial spoilage of the product and to reduce the
risk to the consumer of acquiring an infection when the
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preparation is utilized. Preservatives must be able to
limit the spread of microorganisms that may be intro-
duced into non-sterile products such as oral and topical
medications during their manufacture and use. In sterile
products (multiuse preparations), preservatives should
kill all the microbial contaminants that might be intro-
duced inadvertently during consumer use. It is essential
that a preservative is not toxic in relation to the
intended method of administration of the preserved
preparation [2].
Biocides have been widely used in the control of bac-

teria for decades, and they are incorporated into various
products including disinfectant formulations, preserva-
tives, pesticides, cosmetics, and antiseptics [1]. A bio-
cidal product should have the following features: (i)
sufficiently effective with no undesirable effects on the
target organisms (i.e., resistance or cross-resistance); (ii)
no direct or indirect harmful consequences as a result of
its remains on human or animal health; (iii) no improper
environmental consequences itself, or as a result of its
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remains (i.e., its fate and distribution throughout the en-
vironment; particularly contamination of surface waters,
groundwater, and drinking water; its influence on non-
target organisms); (iv) its physical and chemical proper-
ties have been determined and considered acceptable for
the purposes of the appropriate use, storage, and trans-
port of the product [3].
Main text
Chemical groups and mode of action of different biocides
Biocides are broad-spectrum in activity and they are often
applied in numerous settings. They have multiple and
non-specific target sites in the microorganisms constitut-
ing DNA, RNA, the cytoplasmic membrane, proteins, and
the other cytosolic components. The interaction between
a biocide and a microorganism follows a series of events
as the biocide first binds to the cell surface of the microbe,
and then penetrates its cell wall and membrane, arriving
to the cytoplasm, where it can affect the cellular proteins
or nucleic acids. The harmful action results from the cel-
lular damage caused by the biocide at a certain stage dur-
ing this process [4].
Unlike most antibiotics, limited numbers of biocides

exert their action on one specific target within the cell of
the microbe. Most of the biocides are capable of acting at
numerous sites in the cell and the interaction leading to cell
death is not always well known [5]. The site of the lethal ac-
tion depends on the concentration utilized [6]. For ex-
ample, the low concentration of triclosan inhibits a certain
enzyme in the fatty acid biosynthesis, the enoyl-acyl carrier
protein reductase, FabI [7]. Whereas at higher concentra-
tions, triclosan has a membrane-disrupting action [8].
The action of biocides can be classified into low, inter-

mediate, and high level. Low-level action of biocides
includes inactivation of bacteria, fungi, and viruses (e.g.,
alcohols, idophores, diluted solution of sodium hypo-
chlorite, quaternary ammonium compounds). The inter-
mediate level action can affect more number of bacteria,
fungi, and viruses, (e.g., concentrated solution of calcium
hypochlorite and phenolic compounds). The high-level
action can kill them not only deactivating them, so they
are also named as chemical sterilizers (e.g., peroxides,
highly concentrated hypochlorite solutions, and perace-
tic acids) [9].
An overview of the commonly used biocides of different

chemical groups and their general field of application will
be discussed as shown in Table 1 focusing on their use
within the healthcare settings, food production, and ani-
mal husbandry. Also, the mode of action of each com-
pound on bacteria will be described as shown in Fig. 1.

A. Alcohols:
In the group of alcohols, ethanol (EtOH) and isopro-
panol are the most frequently utilized compounds. The
activity of alcohols is broad-spectrum and rapid; they are
active against bacteria, viruses, and fungi; however, they
can not affect spores. Alcohols are extensively used for
hand, skin, and hard surface disinfection in healthcare
settings. There is little knowledge about the specific
mode of actions of alcohols; however, the primary mode
of action is the denaturation and coagulation of proteins.
This disturbs the membrane structure and function
resulting in the release of the intracellular components,
interference with cell metabolism and other cellular
functions, and cell lysis. Due to a lack of the sporicidal
activity, alcohols are not recommended to be used in
sterilization. However, they are widely utilized for skin
antisepsis and hard-surface disinfection. Lower concen-
trations could also be used as preservatives [1].

B. Aldehydes:

The main aldehydes used as biocides are formaldehyde
(FH) (as monoaldehyde) and glutaraldehyde (as dialde-
hyde). They have a broad spectrum of action including
bacteria, fungi, viruses, and bacterial spores. In health-
care settings, they are used for the disinfection of equip-
ment like endoscopes. Formaldehyde is additionally
utilized in veterinary hygiene. They can interact with
proteins, DNA, and RNA by cross-linking of the free
amino groups. They are used as sterilants, particularly
for low-temperature disinfection and sterilization of sur-
gical equipment [1].

C. Chlorine and iodine compounds:

This group comprises biguanides, chlorine releasing
agents (e.g., sodium hypochlorite), and iodine releasing
agents (iodophors). The antimicrobial action of chlorine-
releasing agents is not well known. Nevertheless, due to
their strong oxidizing potential, these compounds are sup-
posed to react with proteins and enzymes causing disturb-
ance of the cytoplasmic membrane and interfering with
the cell metabolism. Sodium hypochlorite solutions are
commonly utilized for hard-surface disinfection (house-
hold bleach) [10]. Iodine in water solutions has been com-
monly used for antiseptic purposes for many years;
however, they have been exchanged by the iodophors, be-
cause of the tissue irritation and excessive staining adverse
effects of iodine. The most commonly used iodophor is
povidone-iodine that is utilized as an antiseptic and disin-
fectant. Iodine is bactericidal, virucidal, fungicidal, and
sporicidal. The effect of iodine is rapid and is assumed to
interact with proteins and enzymes (especially the thiol
groups), nucleotides, and fatty acids; however, the exact
mechanism of action is not well understood [10].



Table 1 Uses and chemical structures of the commonly used biocides

*R: alkyl group
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Chlorhexidine belongs to the biguanides (divalent cat-
ionic compound). Chlorhexidine constitutes one of the
most frequently used biocides in antiseptic products,
particularly in handwashing and oral products, in
addition, it is used as a disinfectant and preservative.
The mechanism of action of chlorhexidine on bacteria
has been well investigated and its lethal impact com-
prises a series of events. This includes an attraction of
the cationic compound to the negatively charged bacter-
ial cell, then uptake of the compound which attacks the



Fig. 1 The main targets of the commonly used biocides
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cytoplasmic membrane causing inhibition of the
membrane-bound enzymes and leakage of intracellular
constituents. Chlorhexidine causes precipitation of cyto-
plasm at high concentrations [11].

D. Peroxygen compounds:

Hydrogen peroxide (HP) is the most important com-
pound that belongs to this group. HP is a strong oxidiz-
ing agent with a broad spectrum of activity against
bacteria, viruses, yeast, and bacterial spores. It is broadly
utilized for disinfection, antisepsis, and sterilization. It is
a colorless liquid which is commercially available in vari-
ous concentrations that range from 3 to 90%. HP attacks
cells by the formation of free hydroxyl radicals (·OH)
that are highly reactive molecules due to their strong
oxidizing action. They can react with the important cel-
lular components such as membrane lipids, proteins, ri-
bosomes, enzymes, and DNA leading to their
destruction [12].

E. Phenols and bis-phenols:

Phenolic compounds have a broad spectrum of activity
against bacteria, fungi, and viruses. They have been uti-
lized as antiseptics, disinfectants, and preservatives. Tri-
closan (TCS) is the most important bisphenol
compound that is commonly utilized in antiseptic soaps
and hand rinses. TCS is also widely used in the industry
and is incorporated in various products including toys,
deodorants, toothpaste, and cosmetics. The mechanism
of action of phenols and bisphenols is believed to be the
disturbance of the cytoplasmic membrane leading to a
rapid release of the intracellular components. Though,
TCS has a specific target, the enoyl-ACP reductase in
bacteria, encoded by the fabI gene, which is involved in
fatty acid synthesis [13, 14].

F. Quaternary ammonium compounds (QACs):

Benzalkonium chloride (BAC) and cetrimide are the
main agents within the group of QACs which are active
against bacteria, enveloped viruses and fungi. They are
commonly utilized for disinfection of areas where ani-
mals are kept and transported (e.g., floors, walls, and
transportation vehicles). They are also used for the disin-
fection of food handling regions [15].
Cytoplasmic membrane is the main target for QACs.

The mechanism of action of these compounds is sup-
posed to follow series of events; adsorption to the cell
wall and diffusion through it, then interaction with and
disruption of the cytoplasmic membrane causing the re-
lease of cellular components and precipitation of cellular
contents and death [15].

G. Bases and acids:

Caustic soda (NaOH), soda (Na2CO3), caustic potash
(KOH), and hydrated lime (Ca(OH)2) have antimicrobial
action against some bacteria and viruses. Caustic soda
and caustic potash have been commonly used for clean-
ing of surfaces [1].



Elekhnawy et al. Future Journal of Pharmaceutical Sciences            (2020) 6:97 Page 5 of 10
Acids are either mineral or organic acids. The most
vital mineral acids are sulphuric acid (H2SO4) and
hydrochloric acid (HCl) that are commonly used in the
food processing industry for cleaning of the different
surfaces. Organic acids (e.g., lactic, acetic, and citric
acids) are frequently used as preservatives. Acids are
thought to have their antimicrobial action by pH-
mediated coagulation of proteins [1].

Factors influencing the choice of biocides
Choice of the most suitable biocide for a certain purpose
depends on some factors which are summarized as
follow:

A. Properties of the chemical compound:

The process of killing or inhibiting the growth of mi-
croorganisms by any antimicrobial agent is a chemical
reaction. The rate and the extent of this reaction will be
affected by the concentration and the formulation of the
chemical compound, temperature, and pH. Tissue tox-
icity determines whether the chemical agent can be uti-
lized as antiseptic or preservative, and this limits the
numbers of agents used for these applications or necessi-
tates the usage of much lower concentrations of this
agent [16].

B. Microbiological challenge: The level of microbial
contamination (the bioburden) and the type of
microorganisms present have an important effect
on the result of the treatment. If the bioburden is
high, higher concentrations of the antimicrobial
and/or long exposure times may be needed.
Microorganisms are different in their sensitivity to
the action of the chemical compounds [16].

C. Intended application: The intended application of
the antimicrobial agent (preservation, antisepsis, or
disinfection) will affect its choice and influence its
performance [16].

D. Toxicity of the antimicrobial compound [16].

Factors affecting the efficacy of biocides
The efficacy of a disinfection process is a result of the
right application of an efficient biocide. There are some
causes that might lead to loss of the efficacy of biocides
and they are summarized as follows [17]:

A. The use of an effective product (i.e., a biocide
having an incomplete spectrum of activity). So, all
the microorganisms which are outside the range of
the product efficiency will survive and ultimately
develop resistance to the specific antimicrobial
agent and to related or unrelated agents (cross-
resistance) [18].
B. Application of the product without regard to the
correct conditions recommended by the supplier.
This includes concentration, pH, temperature, time
of application, and inactivation by organic matter
[18].

C. The extended application of biocides at sub-lethal
concentrations may lead to the adaptation of micro-
organisms to the biocide [18].

D. Insufficient contact between the biocide and the
microorganisms.

E. Insufficient availability of the biocide [18].

All these situations may decrease the expected action
of biocides [18]. Nevertheless, the main reasons for the
failure of the disinfection process are linked mainly to
the development of microbial resistance. Gilbert and
McBain [18] defined resistance as a relative insuscepti-
bility of a microorganism to a certain treatment under a
certain set of conditions. For biocides, it is generally
quantified as the concentration that leads to sub-lethal
effects on the bacterial cells. In addition to the environ-
mental factors, resistance to biocides can be intrinsic
(natural property of a microorganism) or acquired (by
mutation or acquisition of plasmids or transposons)
[19].
Mechanism of resistance to biocides
Unlike antibiotics, target sites for biocides are not very
specific and hence their resistance mechanisms are not
specific as well. The resistance mechanisms of bacterial
isolates to biocides are either intrinsic (inherent resist-
ance of bacteria to biocides which can be achieved
through reduced uptake or physiological adaptation or
enzymatic degradation) [20] or acquired by mutations in
the genetic material of bacteria (alteration of the preex-
isting genes) or uptake of new genetic material (mobile
genetic elements like plasmids) by horizontal gene trans-
fer [21–23].

A. Intrinsic resistance:

Intrinsic resistance may be as a result of the reduced
uptake of the biocides either due to the presence of a
permeability barrier or efflux pumps. Permeability bar-
rier can limit the penetration of the biocides and thus,
reducing its efficacy. Gram-negative bacteria (for ex-
ample) are generally less susceptible to antimicrobials
than Gram-positive bacteria. This is due to the presence
of the outer membrane in Gram-negative bacteria, as it
can act as a permeability barrier leading to a reduction
in the uptake of biocides [24, 25]. Multidrug efflux
pumps are common in bacteria. There are five main
classes of efflux pump systems and they are as follow:
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� The major facilitator (MF) superfamily
� The ATP-binding cassette (ABC) family
� The small multidrug resistance (SMR) family
� The resistance-nodulation-division (RND) family
� The multidrug and toxic compound extrusion

(MATE) family [26].

In addition, the physiological condition of bacteria can
influence their sensitivity to biocides. Biofilms, for ex-
ample, represent a serious problem as bacterial cells
present within biofilms have been found to be less sus-
ceptible to biocides [27, 28]. Numerous mechanisms can
explain this decline in the susceptibility: penetration of
the biocidal compound into the biofilm may be limited,
possible chemical interaction between the antimicrobial
molecules and the biofilm matrix thus, reduce the effi-
cacy of the biocide, and the formation of microenviron-
ments which are both nutrient- and oxygen-deficient
leading to an exhibition of stress response rendering
bacteria less susceptible to biocides after adaptation to
these microenvironments [17, 29].
Enzymatic transformation or inactivation of the bio-

cides into non-toxic forms has been described in some
bacteria [30]. For example, aerobic microorganisms have
enzymatic systems which relieve the bacteria from the
toxic byproducts (like production of hydrogen peroxide
and superoxide throughout the oxidative respiration);
superoxide dismutase enzyme gets rid of the superoxide
from the cell and catalase enzyme eliminates the hydro-
gen peroxide [31].

B. Acquired resistance:

Bacteria can acquire resistance to different antimicro-
bials by:

i) target site alteration
ii) impermeability
iii) enzymatic modification or degradation
iv) active efflux

Since the antimicrobial agents in general have a spe-
cific target site in bacteria, the acquisition of one or
more of these mechanisms can render the bacteria re-
sistant to multiple antimicrobials [32].

Agents with the potential for co-selection of resistance

A. Antibiotics:

Antibiotics display a high antimicrobial potency and a
selective toxicity that is satisfactory in many cases to
allow their usage as anti-infective agents in the body tis-
sues. This is attributed to their high specific action on
the microbial target [33], which acts with the host’s im-
mune system to resolve the microbial colonization or in-
fection over an extended period of time [20]. Reduced
susceptibility of bacteria to an antibiotic may be innate
(for example due to characters of the microbe’s cell en-
velope, energy metabolism, or the presence of another
metabolic pathway) [34]. On the other side, the reduced
susceptibility may be acquired through single- or multi-
step mutation that has an impact on the target site and/
or the effective concentration of the antibiotic in the cell,
or by the gaining of genetic material encoding certain
feature like an alternative to the target molecule or an
inactivating enzyme [35]. Bacterial resistance may be
stimulated by sub-therapeutic antibiotic concentra-
tions in certain tissues or organs and the ability of
antibiotics to induce non-specific mutagenesis in bac-
teria [36]. An important parameter of the antibiotic-
microbe combination is the minimum inhibitory con-
centration (MIC), which is the lowest concentration
of antibiotic which can inhibit the growth of the
microbe and it is likely to be therapeutically effective
if achieved in the target tissue [37].

B. Biocides:

Contrary to antibiotics, biocides have more diverse ap-
plications, do not work with the benefit of a simultan-
eous immune response, and commonly have to deal
with microbes in protected or resistant states (for in-
stance, in biofilms or organic matter, in moisture- or
nutrient-limited environments, or after sporulation).
Consequently, they are intended to be lethal, usually
after a single application, and usually have multiple bio-
chemical and structural targets to achieve a great de-
structive effect on the microorganisms [38].
The “in use” concentrations of biocides are laboratory

determined by minimum lethal concentrations which
are intended to be rapidly lethal to the target microor-
ganisms [18]. Many biocides when applied at their in-
use concentrations seem to affect multiple targets, with
the membrane effects being a mutual target [38].

Mechanisms linking altered susceptibilities of bacteria to
antibiotics and biocides
On initial concern, differences between antibiotics and
biocides in respect to their targets and their modes and
intensity of action, would propose that there is not likely
to be much mutual ground between the two types of
compounds. Indeed, antibiotic effects on bacteria can be
significantly reduced by only single-step mutations in
the target enzymes, or by the production of inactivating
enzymes like β-lactamases [35, 39].
Clinical doses are cautiously controlled to avoid tox-

icity or other harmful impacts. Thus, such specific,
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single-step alterations can result in clinical resistance to
antibiotics. Similar mechanisms are seen infrequently in
case of biocides like mutation and upregulation of fabI
gene in relation to TCS [40–42] and are considered to
have little impact in “real world” applications where nu-
merous targets are affected by biocides simultaneously
[43, 44]. However, there are some phenomena that cause
reduced susceptibility both to biocides and to antibiotics
and which are either intrinsic in the microorganisms or
are acquired by mutation or genetic transfer under suit-
able conditions as discussed before [45, 46].
In terminology to precisely describe the linked changes

in susceptibility among antimicrobial agents (co-selec-
tion), there is an important difference between cross-
resistance and co-resistance [47] as shown in Fig. 2. As-
sociations arising as a result of physiological adaptations
that have effects on the action of a number of com-
pounds are called cross-resistance. Examples include ef-
flux pump over-expression or upregulation [48], reduced
permeability of the cell envelope, or (commonly in rela-
tion to antibiotics) alteration in a target site or produc-
tion of an inactivating enzyme (such as an extended-
spectrum β-lactamase) that inhibits the action of com-
pounds from more than one class [37]. On the other
hand, when the mechanisms of reduced susceptibility
are different but are genetically linked, the phenomenon
is termed co-resistance. There is also another common
definition of cross-resistance, i.e., resistance to related
Fig. 2 Co-selection in bacteria. A: Co-resistance where the genes of resistan
mobile genetic element. B: Cross-resistance where a single gene encoding
biocides and antibiotics
agents for example members of the same antibiotic fam-
ily [49, 50].
Effects on bacterial fitness
Adaptation of bacterial cells to biocides frequently
comes with some related costs to them. This is mainly
significant when the change is mutationally leading to
the constitutive expression of certain resistance mecha-
nisms [18]. In the present situation, the broad substrate
efflux pumps is a very good example as they consume
some cell energy and indiscriminately remove some
beneficial metabolic materials from the microbial cell
[43, 51]. A further example is plasmids that encode re-
sistance to both antibiotics and biocides, where instabil-
ity and the fitness cost need a selective pressure for their
preservation [52, 53].
There is an immediate indication of the bacterial fit-

ness costs in the laboratory, in terms of decreased size of
colonies or other growth properties [53], or the cost may
be only observed in the communities where there is a
competition within and between different microbial spe-
cies. However, co-selection is not often costly and pro-
longed exposure to biocides may select compensatory
adaptations which could restore the bacterial fitness [17,
54]. Moreover, certain resistance adaptations, such as
enhancement of biofilm formation, may improve the
bacterial survival in other environments [55].
ce to antibiotics and biocides are physically located on the same
a resistance mechanism (e.g., efflux pumps) confer resistance to both
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Future perspectives

A. The future of biocides in the healthcare
environment:

Undoubtedly, biocides will remain to have a significant
role in the prevention and control of different infections
in the healthcare sector, although some caution is neces-
sary in relation to their use and the type of the products
which should contain antimicrobials. For the purposes
of disinfection and antisepsis, chemical biocides are
often utilized at relatively high concentrations (i.e., above
their bacterial MICs many times) to achieve a rapid kill.
At these concentrations, a biocide will affect multiple
target sites within the bacteria [16], and the development
of resistance is therefore improbable.
The increased usage of biocides in products and for-

mulations is undoubtedly driven by the demand to con-
trol and decrease the spread of the hospital-associated
infections (HAIs) [56]. But the use of these products
needs to be balanced between the benefit of controlling
the spread of infections and the probable risk associated
with its use, not only in terms of developing microbial
resistance but also their toxicity and environmental con-
tamination [1].
In this regard, the benefits of using biocides on non-

critical surfaces to avoid the transmission of HAIs
should be further evaluated [57]. Evaluation of the role
of biocides in the governing of nosocomial infections is
hard to be assessed in situ, although this information is
vital for the selection of suitable regimens [16]. For a
biocidal formulation to be effective, good knowledge of
the chemical biocide, training of the end-users, and good
compliance are very necessary. It has to be well-known
that, when applicable, physical processing, (e.g., heat
sterilization), provides many advantages over the chem-
ical disinfection and it should be the method of choice
when it is possible [16].
A good understanding of the mechanisms of action of

biocides, the factors affecting their action, and the differ-
ent problems that are associated with the specific practice
is essential and could have a role in the improvement of
the biocidal product, in terms of activity and usage. For
example, improved compliance to hand hygiene in the
healthcare environments was observed with the introduc-
tion of different hand rub products [58].
There are some interesting developments in the use of

biocides in the prevention of many potential infections.
In the medical field, the utilization of biocide combina-
tions in catheters and implants, and other medical de-
vices is an advancing field of research, though medical
devices that contain biocides may be of some concern
[16]. In the dental field, light-activated biocides are
under study to be used in the treatment of root canals
[59]. There is no doubt that the advances in the biocidal
research will contribute to the development of new bio-
cidal products or biocide containing medical devices
with particular usage and improved efficacy [16].

B. Phytochemicals:

Antimicrobial resistance is more significant when bac-
terial cells are present in a biofilm [60]. Therefore, new
biocides are essential for effective disinfection and anti-
sepsis. Phytochemicals (secondary metabolites from
plants) are considered an unexploited source of new bio-
cides [61, 62]. Plants can synthesize a very large number
of organic compounds that can be classified as primary
and secondary metabolites. Primary metabolites (like
sugars, fatty acids, amino acids, and nucleic acids) are
compounds that have important roles in photosynthesis,
growth and development, and respiration [63].
Secondary metabolites (or phytochemicals) are those

chemicals which are required for the interactions of
plants with the environment, like pathogen and pest
defense compounds, Ultraviolet-B sunscreens, and allo-
pathic agents. They are structurally diverse and many
are found in a limited number of species in the plant
kingdom [63].
Plant products have been used since early times as fla-

vors in beverages and foods, and also for medical purposes
in order to prevent and cure different diseases with vary-
ing degrees of success. A small percentage of plant species
has been explored phytochemically till date; and there is a
great possibility for the determination of new bioactive
compounds [64]. Plants are important sources for natural
bioactive compounds like secondary metabolites as they
adsorb sunlight to do photosynthesis and these produce
secondary metabolites [65].
The antimicrobial activity of plant extracts has been

largely attributed to the secondary metabolites (phyto-
chemicals), which are synthesized to protect the plant
against different external stress conditions such as mi-
crobial infections [66].
Several phytochemicals are proven to be effective, with

low cytotoxicity, degradable and affordable, environmen-
tally friendly, against microorganisms makes them a vital
source for antimicrobial agents and, consequently, re-
markably alternative to the commonly used biocides
[67]. Additionally, they have the advantage that they do
not exhibit the side effects which are often associated
with the use of the synthetic chemicals and this is a sig-
nificant benefit of using these plant-derived antimicro-
bials [68, 69]. Secondary metabolites can be classified
according to their chemical structures, which also affect
their antimicrobial characters, and it was found that the
major groups responsible for antimicrobial activity from
plants include phenolics, alkaloids, and terpenoids which
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are widely found in non-flowering medicinal plants.
For example, the fern, Aspleniumnidus nidus con-
tained quercetin-7-O-rutinoside and gliricidin 7-O-
hexoside which can fight against 3 pathogenic bac-
teria: Proteus mirabilis, Proteus vulgaris, and Pseudo-
monas aeruginosa [70].

Conclusion
The aim of this study was to analyze the influence of the
step-wise exposure and adaptation of bacterial isolates to
biocides. The vast and extensive use of biocides in order
to control microbial growth has considerable environ-
mental and economic effects. The misuse of biocides es-
tablishes an extra risk to public health as it can lead to
the selection of pathogens that are not susceptible to the
available antimicrobials.
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