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Abstract: The development of multiple drug resistance organisms (MDR) is a major threat, and due to
this emergence, it is found that it is difficult to treat many infectious diseases. Synergistic interaction
means combining existing antimicrobials with any component that says it can be a herbal compound,
phytochemicals, essential oils, antibiotics, antimicrobial peptides, and even any other antimicrobial.
With the help of antimicrobial and phytochemical blending, this effective resistance conversion will
neutralize the resistance mechanism, which makes the drug effective in resistant organisms. Microbes
have developed several strategies, such as efflux pump inhibitors or inhibition of drug degrading
enzymes. This combination interaction has shown promising abatement in minimum inhibitory
concentrations and upturn of susceptibility of drug-resistant microorganisms. This synergistic
interaction is brought into play because it is very difficult to develop new antimicrobials. There are
already only limited antimicrobials that are segregated into classes and cannot be used all the time. So
this synergistic effect can bring about a change like it can be used to increase antimicrobials' effect and
prevent resistance in the organisms. Thus, it might be helpful in the effective treatment against various
infections.
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1. Introduction

Antimicrobial resistance is a major concern because it is important in treating deadly
infections. Suppose this issue is not being taken care. In that case, it reduces our capability and
limits the therapeutic options to control the diseases or infections. In the prior days, the
advancement of antibiotics has had the option to control the microorganisms responsible for
the infection or the disease. The very first discovered antibiotic was penicillin which Sir
Alexander Fleming discovered. Upon discovering the antibiotics, he also mentioned the
possibility of the chrysalis of the resistance in the organisms when it is under-dosed, and now
it is being realized by the broad scale of audiences.

The drugs used to treat many infections, nearly all pathogenic infectious organisms to
acquire the resistance. The main reasons that drive the development of antimicrobial resistance
are that the overuse of antibiotics in many sectors, say in humans, is used for therapeutic
purposes, and in food-producing animals, it is used as growth promoters and is also used in
prophylaxis meaning which is a treatment option that prevents the animals from infections.
Thus, there is a selection pressure in the microorganisms, making them gain resistance over a
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single drug or multiple drugs. This antimicrobial resistance is recognized through the non-
clinical environment and the other factors, including exposure to pollutants and other
environmental factors responsible for the spread of antimicrobial-resistant genes. However,
these antibiotics or even the antimicrobials values are nearly getting down as it is used
irrationally [1]. There are different elements that show the decrease of the adequacy of anti-
toxins because the uprising of insusceptible traded off people, maturing, relocate complexities,
and even the pressure. For example, around 90-95% of S.aureus strains are impervious to
penicillin, while 70-80% are impervious to methicillin.

Most of the resistance that appears in the organisms is due to excessive use, which leads
to selection pressure. The capability of the organisms to resist the drug treatment is inherited,
and as mentioned earlier, it can also be acquired, which is being transmitted from species to
species using horizontal gene transfer. For instance, one of the obstruction systems is the
alteration of the objective site, which the transformation has incited. That prompts the decline
in the antimicrobial viability of the medication. Regular models may remember the basic
change for the proteins like penicillin restricting proteins and DNA gyrase and RNA
polymerase, making a few medications inert. Apart from the earlier belief of intrinsic
development of resistance to the antimicrobials that were not exposed unveiled the resistance
due to the matter of fact of the extracellular pump's presence, the efflux pump which siphons
out the required supplements and as well the drugs. Thus, the bacteria develop resistance
through the extracellular mediated efflux pump, target modification, and enzyme-mediated
deterioration of drugs [2].

In its thick, the handiest method to counteract the drug resistance organisms is to co-
direct with the resistance rework along with the active drug. To help this, it has been clinically
perceived that beta-lactamase inhibitors (sulbactam, clavulanic acid) are utilized in
combination with amoxicillin [3].

Combination therapy of drugs can be categorized into three major types: synergistic,
additive, and antagonistic. This review article's main focus would be on the synergistic
interaction; in this approach, the combined agents say that an antimicrobial compound and a
phytochemical compound tend to show a greater effect than the single use of the compound.
Additivity is the interaction between two compounds that are commonly absolute to each other,
thus being less effective. Finally, antagonism is the interaction between the drugs, which tend
to have opposite effects, meaning that it may reduce the other drug's effect when used alone.
The use of synergistic combinational therapy is the main focus because they tend to show more
effectiveness of the drug, can prevent the resistance of drugs in the organisms when used
against it, and it tends to treat the infections with the least effective dosage meaning that they
can show low minimum inhibitory combinations [4]. The synergistic interactions are now being
majorly studied along with phytochemicals and essential oils in combinations with the drugs
or the antibiotic or the antimicrobial resistance, which appear to be promising treatments for
future use. Thus this type of interaction can be used to treat infections that have beneficial
values [5].

2. Role of Natural Products in Antimicrobial Detection and its Synergistic Combination

Natural extracts or phytochemicals are produced by the plants where they can be
extracted from any part of the plant, say roots, stem, and leaves. These phytochemicals can be
secondary metabolites. Usually, the phytochemicals have a small molecular weight, and
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generally, they have weaker antibiotic action than the antibiotic action alone. Hence, using the
phytochemicals along with the already existing antibiotics in order to have effective synergistic
interaction. The combinational therapy of synergism with an antibiotic and phytochemical
establish the effectiveness of antibiotics and prevent the resistance in the organisms, and in
such case, this reduces the toxicity as it is used in less concentration to kill the organisms [6].
Moreover, developing new antibiotics is very difficult, and thus only existing antibiotics should
be used, and synergistic interactions play a major role in order to reduce the toxicity and make
the organism susceptible to the resistance developed, which means it is trying to prevent the
resistance. With the concern of previous lines, the synergism's main desire is that the increase
in the effectiveness and reduces the toxicity and the blend of antibiotics and the natural
compounds uprise the sensitivity of multiple drug-resistant bacteria and decline the minimum
inhibitory concentration [7]. The organisms had multiple targets that had changed in order to
develop the resistance. The plant or the herbal drugs and their extracted phytochemicals have
been shown to target these multiple sites [6]. Say, for instance, thymol and carvacrol improve
the porousness, epigallocatechin gallate (EGCG) represses beta-lactamases, EGCG, and
reserpine hinders the bacterial efflux siphons or the pumps [8].

The most utilized antimicrobials such as penicillin, vancomycin, antibiotic medications,
cephalosporins, and daptomycin were gotten from the normal sources [9]. The change of new
advancements like genomic advances, high throughput screening assays, and combinatorial
science to distinguish or find the new particle or the medication against the antimicrobial
obstruction yet also use these atoms or the medication is unobtrusive. The main reason and the
major focus would be on the target identification and the interaction of the drug molecule with
the target, say enzymes or receptors; it is done instead of piercing the bacterial cell wall, which
is done to avoid the mutation and avoid the efflux pumps. Thus, this had become the trend for
studies and spotlighted natural compounds and screening of the new antimicrobials, which
could potentially act in the organisms [10]. New tools have been utilized for the revelation and
segregation of mixes from normal assets. The change in the structure makes them effective
both chemically and biologically. Antimicrobials that are available naturally have been
screened so far in the plant-based products by the pharmaceutical companies, and other natural
resources are unchecked, say bacteria, fungi, actinomycetes, and insects like cockroach because
they are profoundly exposed to the polluted environments, which makes them as a source of
antimicrobials [11]. The main asset here is that they have declined side effects rather than the
synthetically prepared drug [6]. Thus, now the researchers are working on natural products to
find the new drugs [12].

3. Synergistic Interactions between Phyto-Chemicals and Antimicrobial Drugs

The synergistic interaction of phytochemicals with the antimicrobials or the antibiotics
and the other majorly used clinical drugs has been taken to study them for the effective
treatment of infections against multiple drug-resistant organisms. Here, the antibiotic and the
phytochemicals are co-executed, which can avert the resistance. The plant extracts (crude) and
the extracted compounds were tested [8]. The combo of natural products and antimicrobials
has shown possibly an effective pharmacological derive [13]. For instance, plant compounds
such as berberine and 5’-methoxyhydnocarpin, are usually found in barberry plants, displaying
synergistic effects by focusing the intracellular part of the microorganisms and hindering the
multiple drug resistance siphons [14]. A few different examinations in the synergism
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communication of the regular mixes and the antimicrobials state for an occurrence mix of
curcumin with the EGCG saw in the multidrug safe life form Acinetobacter baumannii [15].

4. Natural Plant-Based Products or Phyto-Chemicals Synergists as Inhibitors of Active
Site Modification

Certain organisms influence their cellular mechanisms to alter their targets, maybe
enzymes or proteins or receptors, to care for themselves from the antibiotics or the
antimicrobials. Thus, this change in the target makes them resistant to the antibiotics or the
antimicrobial, which means they are unaffected and get through life. A very model is the
elective penicillin-restricting protein (PBP2a) created by methicillin-safe S.aureus (MRSA),
notwithstanding the "typical™ penicillin-restricting proteins (PBPs) [16]. This amended gene is
encoded by the mecA gene, and this had declined rapport for the beta-lactams, penicillin, and
cephalosporins [17]. It is essential to restrain the change or adjusted dynamic site in these safe
microorganisms, specifically PBP2a, that repress the antimicrobial from official to the
microscopic organisms [6]. Say the excerpt of red rose, Rosa canina; it is found that it tends to
decline minimum inhibitory concentrations of beta-lactams in Methicillin-Resistant S.aureus.
Similarly, a compound called tellimagrandin I in synergism with the oxacillin and other beta-
lactams. Tellimagrandin I reduced the least inhibitory groupings of beta-lactams by 128-512
creases. FIC file was 0.39, indicating important synergism [18]. In other studies, phenolic
compounds and the monosaccharides B have been shown to be active site inhibitors of PBP2a
or PBP4, where they can be used as the synergistic antimicrobial beta-lactams against MRSA
[19]. There are many synergistic combinations used in order to see the minimum inhibitory
concentrations and to prevent the resistance in multiple drug resistance organisms and as well
in making the decline in toxicity, say for example baicalin, a flavone, declined the minimum
inhibitory concentrations of ampicillin, methicillin and cefotaxime in multiple drug-resistant
S. aureus (MRSA) and as well in penicillin-resistant S. aureus and this can be further
overburdened in overturning of the resistance [20].

5. Natural Plant-Based Product or Phyto-Chemical in Synergism as Inhibitors Of
Enzymes that Debase or Rework Drugs

As previously stated, penicillin was the first antibiotic discovered that belongs to the
beta-lactam class, and its overuse resulted in resistance. Here, the very basic and most
important or huge case of microorganisms protects from antimicrobials is a construction of
beta-lactamases that hydrolyzes or break down the classes of beta-lactams penicillin and
cephalosporins. Over these years, 200 types of beta-lactamases were found in both Gram-
positive microscopic organisms and Gram-negative microorganisms. There are antibiotic beta-
lactamases, for example, cephalosporinases which can hydrolyze cephalosporin, which is
found in Enterobacter spp. the enzyme that degrades is AmpC enzymes, and the beta-
lactamases can also hydrolyze these cephalosporins. To support this, an example would be
penicillinases in S. aureus. If the target is going to be enzymes, the natural inhibitor that can
be used is clavulanic acid, which is synergized with the antibiotics like penicillin for improved
treatment outcomes [21]. The researchers delve into checking the plant crude extracts'
efficiency for the advancement of unique beta-lactamase inhibitors [22]. To support this, the
compounds are extracted and isolated from the Camellia sinensis (green tea) had exhibited the
compound of beta-lactamases inhibitors. This compound has also shown the ability to reverse
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the resistant strains of S. aureus, which becomes vulnerable again, meaning sensitive to
antibiotics [23].

6. Natural Plant-Based Product or Phyto-Chemical Synergists as Inhibitors of Efflux
Pumps

Microorganisms can protect themselves from the action of antibiotics in them or pump
out the antibiotic immediately or rapidly, making sure that they do not flow in. There is a
decline in the antibiotics' action through the above, which made sure of the resistance in them
[21]. For instance, the efflux coded by the msrA gene can pump out the erythromycin out of
the cells, which is making them have decreased concentration in the cell and becoming resistant
[24]. These efflux siphons are chromosomally encoded and have a place with the family
opposition nodulation-division (RND) Gram-negative microbes. There are numerous efflux
pumps described in P. aeruginosa, such as MexAB-OprM, MexXY-OprM, and so on. The
significantly uncovered or communicated siphon is MexAB-OprM which is more adaptable
and siphons out the anti-toxins without any problem. The antibiotics such as beta-lactams,
tetracyclines, novobiocin, fluoroquinolones, and macrolides were failed in them [25]. To
overcome this, effective efflux pump inhibitors must be used, such as Conessine, a steroidal
alkaloid, inhibited the MexAB-OprM efflux pump in P. aeruginosa and made it susceptible to
antibiotics [26]. The exact mechanism of efflux pump inhibitors is not known, and the other
mechanism might be then the depletion of intensity or arrangement of a complex with
antibiotics which helps to go inside the cells and bigger the size of the inhibitor better the stay
and work of antibiotics inside the cells [27]. Several other synergy models are being studied
and showed efficiency in inhibiting pumps such as Syringic acid and p-coumaric acid results
in enhanced activity of and intracellular concentrations [28].

7. Essential Oils Help in Synergism

The essential oil was the term that was coined by Paracelsus, which implied the
successful part of each medication called “quinta essentia” [29]. The essential oil components
include terpenes, terpenoids, a long chain of hydrocarbons, or aliphatic and sweet-smelling
mixes, for example, phenolic compounds and aldehydes [30]. The composition of essential oils
IS being determined by different elements like natural condition, the dirt determinants or
creation, method or way of cultivation, season and season of the culling the plant, storage and
preparing conditions like extraction and chemical method components analysis [31]. Essential
oils are being extracted by many methods like refining maturation, pounding, extraction, airing,
and hydrolysis, and the most successful technique is refining upon which steam refining is
used. The chromatographic methods isolate a particular compound, and the most widely used
technique among these is gas-chromatography-mass spectroscopy [32]. Apart from this, Thin-
layer chromatography and High-performance Liquid Chromatography are utilized [33]. There
is a wide range of utilization in fundamental oils like fixings in makeup, daycare items like
scents, hair wash and in body salves, oral disinfectant arrangements and toothpaste and also in
cleaning items for residential purposes and deodorizers and their certain bioactivities are
antimicrobial, antioxidant, wound recuperating, anti-aging and so on [34]. Since they are
considered the replenishing source and the emergence of antimicrobial resistance has been
noticed to use them as the antimicrobial activity. Gram-positive microorganisms are more
prone or susceptible to essential oils than Gram-negative microscopic structures [35], which is
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due to the membrane's impermeability, which acts as an authoritative hydrophilic character,
giving cell membrane a shielding effect [36]. Gram-positive are more susceptible because their
cell membrane is disrupted. There is inhibition of enzymes and disruption in ion channels [37],
which leads to cellular death [38]. Huge attributes of the basic oils, such as hydrophobicity,
aggravation of the cytoplasmic film, disturbance of the electron stream, dynamic vehicle, and
coagulation of cell substance, can be considered potential systems of their antimicrobial
activity [32]. The other mechanisms may be like dysfunction of membranes which contain the
pH gradient and electrical conductance of the proton motive force [39]. The most efficient
essential oil components are phenolic compounds which are carvacrol, eugenol, and thymol
[40] which causes structural and functional changes in the cell [41]. The phenolic mixes like
carvacrol indicated extraordinary inhibitory activities in life forms like L. monocytogenes and
S. aureus, and the Gram-negative S. enteritidis, E. coli O157:H7, Y. enterocolitica, and Shigella
flexneri [30]. These essential oils can also be used for synergistic interaction, which can show
better results.

8. Antimicrobial Peptides and their synergism

Antimicrobial peptides are found in all classes of life. This is otherwise called the host
safeguard peptides, which have been considered therapeutics for the antimicrobial obstruction
lately because they assume a significant job in the natural insusceptible arrangement of the
multicellular living beings [42]. In all circumstances, revealed normally happening and
manufactured antimicrobial peptides are gathered in information bases, like Data Repository
of Antimicrobial Peptides (DRAMP), which contains more than 4500 groupings of
antimicrobial peptides [43]. They are classified into 4 classes depending on their auxiliary
structures (i) a-helical antimicrobial peptides (cathelicidins); (ii) p-sheet-containing
antimicrobial peptides, regularly with at least two disulfide bonds present (a-and, B-defensins);
(ii1) Antimicrobial peptides with a B-clasp or circle adaptation settled by the nearness of a
solitary disulfide bond as well as cyclization of the peptide chain (thanatin); (iv) short
antimicrobial peptides with broadened compliances (indolicidin) [44].

As noted previously, antibiotics are ineffective against microorganisms that form
biofilms, making it difficult for existing or conventional antibiotics to bring in the staticity of
the organisms. To overcome this, synergism plays a role in bringing effectiveness and
eradicating biofilms [45, 46]. As the significance of synergism is known already, which is
lowering the dose concentration, increasing the effectiveness of antibiotics, and fewer side
effects? For instance, checkerboard titration and stream cell tests exhibited that peptide 1018
synergized with sets of various classes of existing regular anti-toxins to turn away and remove
existing biofilms yet when the peptide was enhanced within sight of low focus or levels of the
antimicrobials ceftazidime, ciprofloxacin, imipenem, the grouping of anti-infection needed to
evacuate biofilms was declined up to 64-overlap which included biofilms shaped by P.
aeruginosa, E.coli, A. baumannii, K. pneumoniae, S. enterica and methicillin-resistant
S.aureus [47].

The trouble in utilizing the antimicrobial peptide is that there is a decrease in their
antimicrobial action amidst the organic liquids like serum and spit when contrasted with non-
natural conditions in phosphate supports. Because of the high convergences of salt, anionic
proteins, and polysaccharides present in the organic liquids and inactivation of AMPs byhaving
and bacterial proteases during the time of disease [48]. Antimicrobial peptides which are not
from humans can damage human cells. For example, melittin, an alkaline polypeptide with 26
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amino acid residues derived from the venom of the European honeybee (Aphis mellifera), can
break down or lyse cells, including erythrocytes.[49]. AMPs can also be prone to proteolytic
degradation. With consideration of producing or making AMP is difficult and to get in large
quantities because it involves the convoluted process of extraction, isolation, and purification
[50]. Synergism contemplates, including AMPs are likewise basically expected to find fruitful
AMP-AMP or AMP-sedate mixes to guarantee fewer reactions of these antimicrobials [51].

9. Ways to Overcome Bacterial Resistance

So far, it is seen how the microscopic structures can allay the drugs by methods of few
systems such as classical or traditional mechanisms such as the modifications in the drug target,
enzymatic inactivation, and the efflux pump. The other way of non-traditional or non-classical
mechanistic way is the formation of biofilms. Hence, the plant-derived natural extracts and
isolated compounds can be used to overcome the resistance [52].

9.1. Clogging or filling of efflux pumps.

Efflux pumps assume an essential job in the movement of the life forms. It helps in
stress adaptation, virulence, and pathogenicity. They are considered one of the main sources
for the development of antimicrobial resistance, so they must be targeted to prevent the
resistance because they ensure pump-in of components and do not flow inside the cell. There
are secondary metabolites or plant-based extracts which can potentially inhibit the pumps on
the cell wall. Compounds such as catechol, piperine, quercetin, conessine, quercetin,
epigallocatechin gallate and resveratrol [53-55]. The exact mechanism is not known well, but
some of the phytochemicals molecules are clogged to inhibit the efflux pump. For example,
totarol, a diterpene from Podocarpus totara, goes about as a simultaneous inhibitor of NorA-
siphon in S. aureus [56]. Apart from this, polyphenolic compounds can directly attach to the
pump and make structural conformation changes, thus inhibiting the pump [57]. The
synergistic association can effectively focus on the pump and restrain it; for instance, alkaloid
reserpine from Rauvolfia vomitoria hinders NorA efflux siphon action in S. aureus in a mix
with fluoroquinolones [58].

9.2. Constriction of bacterial harmfulness.

In barely any cases, the plant inferred parts show their antibacterial action by intruding
on the key pathogenic cycle. For instance, routine with sub-inhibitory groupings of thymol or
eugenol declined the development of a-hemolysin and Staphylococcal enterotoxins A and B in
both methicillin-touchy and methicillin-safe S.aureus strains or disengages [59]. Similar results
were obtained when using different compounds like allicin [60], alkaloid capsaicin, flavonoids,
farrerol [61], and epicatechin gallate [62].

9.3. Interruption in biofilms.

The formation of bacterial biofilms is one such feature where the organism tries to
protect itself from unfavorable or undesirable conditions like change in the environment or
even the selection pressure of drugs or the drug environment. They are complex in a structure
where the commune of microorganisms is placed on a surface that is wrapped around by the
biopolymer matrix. This provides mechanisms to perform intracellular communications. The
phenomenal ability of the life forms to live inside the biofilm is that the nearness of continuing
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cells which has the postponed digestion, the separating limit of the framework which upset the
medication stream in and the hereditary "participation” and common help of bacterial cells
taking into consideration organism networks to deal with their life assets and deftly reacts to
the alterable ecological conditions. Biofilms that trigger or initiate the reason for constant,
nosocomial, and clinical gadget-related diseases are the extraordinary danger in the center
because of their high resistance to anti-infection agents [52]. Many studies have been done in
order to disrupt the biofilm using secondary metabolites from plants like phenylpropanoids,
terpenoids, betulinic and ursolic acids, alkaloids, and other plant-derived compounds were
found to exhibit marked anti-biofilm activity against P. aeruginosa [63-67] K. pneumoniae [68,
69], Staphylococcal biofilms [70] which makes sure that the previously formed biofilms are
also attacked, and as well there is the prevention of formation of new biofilms. Their
interruption systems are accepted to be a disturbance in intracellular association, cell to cell co-
aggregation, immobilizing the cell portability, and inactivation of bond atoms [71].

9.4. Blocking communication.

Quorum sensing is one such mechanism where the microorganisms can communicate
(cell-cell interaction). This would lead to new medication views on infections. Many plant
extracts have been found to down-regulate the quorum-sensing gene expression in P.
aeruginosa by organosulfur ajoene from garlic [72]. Two mechanisms have been stated in the
inhibition of this process. Firstly, lowering the signaling molecules by down-regulating the
guorum sensing genes and the interaction between the molecules of drug that is secondary plant
metabolite with the signaling molecule quorum sensing thus deactivating the mediators and
declining in cell intensity as well in communication [73].

10. Conclusions

In this review, the basic concept of synergism interaction of antimicrobials or the
antibiotics with the combination of plant extracts or the individual components or
phytochemicals is seen with the plant extracts and essential oils and as well as naturally
occurring antimicrobial peptides and lastly, the overcome of antimicrobial resistance is seen.
Plant extract for phytochemical drug combination shows auspicious results for the resistance
modifying molecules or agents with various activities. For example, plant-based inferred mixes
like EGCG synergistically intensify the antimicrobial movement of cell divider amalgamation
inhibitors through the restraint of beta-lactamases. In a few many clinical trials, the plant extract
and the synthetically prepared drugs were tested, and the results observed was that the natural
extracts showed the significant result as like the synthetic drug whereas some showed superior
effect with the already existing antimicrobial spectrum of drugs.

Since they are more efficient in treating the infection with low concentration and
bringing in less toxicity and retrieving the sensitivity yet, they are not used much because of
the use of plant molecules as a synergist and their mode of action needed to be known clearly.
There are some cases where it can validate in vitro conditions, but it may not when coming to
in vivo conditions. So these must be tested with controlled human trials. In the future, the
potential antagonistic must be known generally and as well in organ pharmacology, meaning
stating its adverse effect at organ level talking about the stability of the drug, toxicity,
bioavailability, and interaction should be assessed as well.
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Thus, for the being, this method can be adapted to treat infections at critical conditions,

and future applications needed to be found, say for example, in the field of transplantation and
also treating any other medical conditions.
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