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Antibacterial and antifungal influence 1
of amelanin producer Pseudonadsoniella

brunneaculturefluid

T. Kondratiuk, T. Beregova, L. Ostapchenko

Educational and Scientific Centre ‘Institute of Bigy and Medicine’, Taras Shevchenko National Ursitg
of Kiev, Volodymyrska str. 64/13, 01601 Kyiv, Uknai

Copyright: © The Author(s) 2017. Licensee Joanna Brddka. This is an open access chapter licensed under the terms of the Creative
Commons Attribution Non-Commercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted, non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT

Fungicidal and bactericidal effects of melanin pog, black yeast
Pseudonadsoniella brunnea (Meripilaceae, Agaricomycotina) culture fluid on test cultures of
pathogenic fungiGibberella baccata (anamorphiusarium lateritium), Gibberella intricans
(anamorph:Fusarium gibbosum), Gibberella pulicaris (anamorph:Fusarium sambucinum),
as well as Fusarium incarnatum, Fusarium solani, Fusarium poae, Rectifusarium
ventricosum and phytopathogenic bacterigdgrobacterium tumefaciens, Clavibacter
michiganensis subsp. michiganensis, Pectobacterium carotovorum subsp. carotovorum,
Pseudomonas syringae pv. syringae, Xanthomonas campestris pv. campestris is for the first

time established within this study.

Keywords. Pathogenic fungi; Phytopathogenic bacteria; Biwactompounds; Antagonism;

Biocontrol.

1. INTRODUCTION

The development of biotechnology, which is basedhe potential of microorganisms
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in obtaining biologically active substances (BAShich can be widely used in various fields
of human activity, is one of the main areas of nmodeorld science.

The fungi of the genuBusarium Link are the most common pathogens and harmful
fungal diseases of crops. Today, many specieseofjmus-uzarium considered to be the
members of the genuGibberella Sacc. after the teleomorphic (sexual) stageF&arium
verticilloides (Sacc.) Nirenberg. (synonyfusarium moniliforme J. Sheld.), now considered
to be synonym tdGibberella fujikuroi (Sawada) Wollenw. complex. Fungi of the genus
Gibberella are often pathogen of corn cobs disease and otbes (rice, corn, sugar reed,
soybeans etc.) in the world, especially in areas Wigh humidity and in years with high
rainfall (rain) (to more than 60% of corn harveshyrbe damaged bgibberella in these
areas) [1-6]. For mogtusarium species, the sexual cycle does not predominateeiriield
[7]. Fungi of the genusGibberella (anamorphs of the genuSusarium) can produce
mycotoxins (the fumonisins), which cause a carogmig effect on animals and humans. The
presence of these toxins in plants is subjectestriot control [3, 5, 8]. The bacteria of the
generaPseudomonas [9], Pectobacterium [10], Xanthomonas [11], Clavibacter [12], and
Agrobacterium [13] are the most common pathogens and harmfidadiss of crops too.
Species of bacteri®@seudomonas syringae is actually represented by over 50 different
pathovar strains, which is a set of bacterial savith similar characteristics differentiated
by their distinctive pathogenicity toward one or m@lant hosts [9, 14]. The pathogen
Pseudomonas syringae pv. syringae takes its name from the host from which it wastfir
isolated, but strains that have been proved todbleogenic to lilac also infect more than 44
plant species and there are strains with the sagtermdinative characteristics that do not
attack lilac [15]. In a comparative analysis of Bpsequences from a comprehensive range of
strains from thd®. syringae complex, found that strains from hosts associati¢tal particular
pathovars are distributed widely in tResyringae complex [16].Pseudomonas syringae pv.
panici is a phytopathogenic bacterium causing brownetligsease in economically important
crops worldwide [17]. The strains d¢fseudomonas syringae that are pathogenic causing
disease on their hosts through the release ofsad cell wall degrading enzymds].

Bacteria belonging téectobacterium carotovorum cause soft rot disease in diverse
vegetables and crops worldwide. These bacteriaugmdeveral different plant cell-wall
degrading enzymes such as pectinase (PCWDESs), glabigronase and cellulase. Since
Pectobacterium species can produce PCWDEs, soft rot disease @am otthe field as well
as during transportation and storage.carotovorum subsp.carotovorum has a wide host

range including potato, carrot, lettuce, onion &iinese cabbage [19-21]. In Morocco,
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approximately 95% of th®. carotovorum isolates from potato plants with tuber soft ra ar

P. carotovorum subsp.carotovorum [22]. The plant pathogeRlavibacter michiganensis
subsp.michiganensis is a gram-positive bacterium responsible for il canker disease of
tomato [12. Agrobacterium tumefaciens causes crown gall disease on various plant species
by introducing its T-DNA into the genome. Therefofgrobacterium has been extensively
studied both as a pathogen [13].

Plant diseases need to be controlled to maintenquality and abundance of food,
feed, and fiber produced by growers around the dvdifferent approaches may be used to
prevent, mitigate or control plant diseases. Beygmbd agronomic and horticultural
practices, growers often rely heavily on chemiaatilizers and pesticides. Conventional
biogicides are widely used to manage fungal anckadis of plants, with two major
consequences. On the one hand, fungicide overusatéins the human health and causes
ecological concerns. On the other hand, this pradtas led to the emergence of pesticide-
resistant microorganisms in the environment [2B-26

Today, there are strict regulations on chemicaltipele use, and there is political
pressure to remove the most hazardous chemicatstfre market. Additionally, the spread of
plant diseases in natural ecosystems may precludeessful application of chemicals,
because of the scale to which such applicationsinhigve to be applied. Consequently, some
pest management researchers have focused theitsedio developing alternative inputs to
synthetic chemicals for controlling pests and dissa Among these alternatives are those
referred to as biological controls [23

The microorganisms of different taxonomic and pblpgical groups and their
metabolic products and the drugs created on the twathese biological substances are now
widely used in many countries to protect crops frpathogenic microorganisms. This can
significantly reduce the negative impact on thei@mment, including agrocoenosis which
inflicted by chemicals (pesticides). The use ofldmacal agents against pathogenic fungi and
bacteria not only provides plant protection froraadises, but may stimulate their growth and
development, enhance seed germination, increaseldigivity. The most common method of
biocontrol of phytopathogenic microorganisms isrcleadf antagonist microorganisms. The
methods of biocontrol of phytopathogenic microoigars are environmentally safe, cost-
effective and do not disturb ecological [27-40].r Example,Pectobacterium carotovorum
and Pectobacterium atrosepticum are dreadful causal agents of potato soft rotualbt,

there are no efficient bactericides used to profemtato againstPectobacterium spp.
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Biological control using actinobacteria could be iateresting approach to manage this
disease [41].

Thus, research aimed at finding BAS microorganismsreate on their basis of
biological agents that protect plants from pathegénrelevant direction. Special attention of
researchers deserves microorganisms producers $ftihitats of which are associated with
extreme conditions. The stringent physical and cbanfactors causing significant adaptive
changes in microorganisms, accompanied by incresgaithesis of a number of metabolites
(potential BAS). For example, the metabolites afhséntarctic microscopic fungi found to
be potent sources of antimicrobial and antifungéivay [42].

Microscopic fungi and bacteria with distinct pholegical and biochemical
characteristics, pointing the adaptation to advenrs@ronmental conditions (synthesis and
accumulation of lipids, expression of antagonisficoperties in relation to other
microorganisms) were found during a preliminarydgtwf samples of moss, soil, lichen
obtained from Ukrainian Antarctic expeditions [43The Antarctic black yeast-like
fungus Pseudonadsoniella brunnea T.O. Kondratyuk et S.Y. Kondr. (Meripilaceae,
Agaricomycotina) [44] synthesizes and excretes mtoulture fluid dark pigment melanin.
The first data on antioxidant, antibacterial, fugtgiic wound healing properties of the gel
containing 0.05% melanin ("Melanin-gel"), which wagnthesized byP. brunnea are
obtained. Application of the "Melanin-gel" on wouadea enhanced wound cleaning from
dead tissue and reduced eschar, stimulated thg gesivth of granulation tissue, and
improved epithelialization of the wound [57].

The high fungicidal effect of melanin produdeseudonadsoniella brunnea culture
fluid on test cultures of pathogenic furkgisarium oxysporum Scherht. em. Snyder & Hansen
and Gibberella fujikuroi (anamorphfusarium verticilloides) for the first time found in our
previous studies [45, 46].

The purpose of this study was to find out the reatf influence of the culture fluid of
Pseudonadsoniella brunnea on pathogenic fungi and bacteria.

2. MATERIAL AND METHODS

The pure cultures of pathogenic fungus from thkectton of microscopic fungi of
Taras Shevchenko National University of Kiev (intgfonal acronym of collection — FCKU)

[47], and the phytopathogenic bacteria, as welhasculture fluid of Antarctic black yeast-
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like fungus, melanin produceRseudonadsoniella brunnea 470 FCKU [44] were used for
this study.

The following fungi, i.e.:Gibberella baccata (Wallr.) Sacc. (anamorphusarium
lateritium Nees) 332 FCKUGibberella intricans Wollenw. (anamorphFusarium gibbosum
Appel & Wollenw.) 147 FCKU,Gibberella pulicaris (Kunze) Sacc. (anamorplrusarium
sambucinum Fuckel) 336 FCKU Fusarium incarnatum (Desm.) Sacc. 330 FCKWusarium
solani (Mart.) Sacc. 329 FCKUE. solani 331 FCKU,F. solani 334 FCKU,Fusarium poae
(Peck) Wollenw. 339 FCKUF-. poae 340 FCKU, andRectifusarium ventricosum (Appel &
Wollenw.) L. Lombard & Crous 333 FCKU were usedt@st-cultures during our study. The
fungi Gibberella baccata 332 FCKU,Gibberella intricans 147 FCKU,Gibberella pulicaris
336 FCKU were studied in anamorph stage. So hereiafthe discussion we will use names
of anamorph stage of fungi mentioned.

The following phytopathogenic bacteria, i.€seudomonas syringae van Hall 590
FCKU, Pectobacterium carotovorum subsp. carotovorum 591 FCKU Xanthomonas
campestris 592 FCKU Clavibacter michiganensis subsp. michiganensis 593 FCKU
Agrobacterium tumefaciens 594 FCKU were used as test-cultures during our ystiad.
Thesebacteria were obtained from the D.K. Zabojotimstitute of Microbiology and
Virology, National Academy of Sciences of Ukrairleyiv and were grown on potato-
dextrose agar (PDA) medium. Mentioned above bagtecultures and some other bacterial
isolates are included to the FCKU collection [47].

The standard potato-dextrose agar (PDA) culturdivne was used for cultivation of
phytopathogenic fungus. In the experimental prot¢heszones of inhibition of fungal and
bacterial pathogens (in mm) were assessed usingnéteods of well diffusion assay (the
method of diffusion in agar) [48]. In the methodtlbé well diffusion assay after stabilization
of the PDA nutrient agar the medium surface wadecbaith 0.5 ml of spore suspension of
each of the ten fungal pathogens and 0.5 ml ofstedpension of each of the five bacterial
pathogens. Spores were washed-off from the imtradium with sterile water and placed in a
sterile glass test tube. The suspension of teireubf fungi with density 1 x faconidia/ml
was used. The density of the bacterial cell suspen® x 16 cell/ml) - 0.5 per McF was
determined using a densitometer (microbiologicalyrer) Vitek-2 (Bio Merieux, France).
Then, a small well (10 mm in diameter) in the cemteagar in petri dish was created. This
well was then poured with 100 of each examined dPseudonadsoniella brunnea culture

fluid treatment.
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The zone of inhibition around the area of the wedls measured after incubation at
28°C. Term of cultivation was 30 days at a tempeeadf 28°C for the fungal test-cultures
and three days for bacterial test-cultures. Thebmrmof the experiments per treatment was 3
and the experiment was repeated twice.

Performance oPseudonadsoniella brunnea culture fluid on test culture of fungus and
bacteria was compared with the effect of the bie@tiknown class of quaternary ammonium
compounds benzalkonium chloride (trade name KataBinat a concentration of 3% for the
active substance. The cultivationgeudonadsoniella brunnea was performed on a standard
liquid culture medium the Maltese-extract broth (BJEHiMedia Laboratories, India). The
impact of Pseudonadsoniella brunnea culture fluid and benzalkonium chloride on fungab
bacterial cultures was determined by the diamdténeozones with absence of growth of test
cultures of fungi that formed around the hole, vehibie test compound was added in culture.
Cultures of phytopathogenic microorganisms withadditions of Pseudonadsoniella
brunnea culture fluid and biocide mentioned were servedasrol cultures.

Trinocular microscope Primo Star of Carl Zeiss agldted morphometric computer
program AxioVision 4.8 (Carl Zeiss) were used fiudy of morphological features of studied
fungi. Calculation of arithmetic mean and standdediation using Statistica 12 was used for
analyzing morphometric parametersGibberella fujikuroi, and the diameter of the zones of
growth absence.

3. RESULTSAND DISCUSSION

3.1. Influence of Pseudonadsoniella brunneeulturefluid on test culture of fungi

Within our study thePseudonadsoniella brunnea culture fluid found to have
fungicidal effect on the studied test cultures dfthogenic fungiGibberella baccata
(anamorph:Fusarium lateritium 332 FCKU), Gibberella intricans (anamorph:Fusarium
gibbosum 147 FCKU),Gibberella pulicaris (anamorphfusarium sambucinum 336 FCKU),
Fusarium incarnatum 330 FCKU,Fusarium solani (strains 329 FCKU, 331 FCKU and 334
FCKU), Fusarium poae (strains 339 FCKU and 340 FCKU), aRdctifusarium ventricosum
335 FCKU. Zones of growth inhibition of test cuksr under the influence of the
Pseudonadsoniella brunnea culture fluid found to be stable and did not chatigeughout the

duration of the experiment. It was also establisttet the diameter of the zones without
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growth of the test cultures of pathogenic fungi,p@sed to fungicidal activity of
Pseudonadsoniella brunnea culture fluid, is similar to the diameter of therdle zones formed
under the influence of biocide benzalkonium chlerf@able 1, Fig. 1).

Table 1. Antifungal effect ofPseudonadsoniella brunnea culture fluid and benzalkonium chloride on
the test cultures of pathogenic fungi

The diameter (mm) of growth inhibition zone

Thetest cultures (including well diameter)*

of pathogenic fungi Pseudonadsoniella brunneaBenzalkonium chloride, 3%

culturefluid for the active substance

Fusarium lateritium 332 FCKU 59.8+0.2 65.1+0.1
Fusarium gibbosum 147 FCKU 45.6+0.25 48.2+0.15
Fusarium sambucinum 336 FCKU 48.5+0.3 49.7+0.2
Fusariumincarnatum 330 FCKU 49.8+0.25 55.6+0.2
Fusarium solani 329 FCKU 39.5+0.5 57.8+0.25
Fusarium solani 331FCKU 56.3+0.25 57.1+0.1
Fusarium solani 334 FCKU 46.7+0.2 43.9+0.1
Fusarium poae 339 FCKU 29.1+0.15 45.610.2
Fusarium poae 340 FCKU 31.240.2 46.8+0.1

Rectifusarium ventricosum 335 FCKU 51.4+0.3 63.3+0.15

Note: *— diameter of well is 10 mm; + Standard ewbmean

Figure 1. Zones of absence ofusarium solani 329 FCKU growth under influence of
Pseudonadsoniella brunnea culture fluid (A) and benzalkonium chloride (B). € control culture.
A — the reverse side of the Petri dish
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Thus all test cultures of the pathogenic fungiestigated appeared to show high
sensitivity to influence oPseudonadsoniella brunnea culture fluid and biocide benzalkonium
chloride. The growth of pathogenic fungal cultustsdied found to be often characterized
mainly by individual colonies of different diameteunder influence of tested substances
(Fig. 2).

The color of the mycelium dfusarium poae 339 FCKU,F. poae 340 FCKU cultures
found to be also changed in comparison with myeaelzolor in control cultures of strains
studied. That is especially well distinct at theenese side of the Petri dish (Figs. 1 and 2).

A .
. : '
: -
N\ XN S STV
n \ » ‘ .

Figure 2. Effect of Pseudonadsoniella brunnea cultures fluid on the test culture: the absence

of growth zone around the hole, where tPgeudonadsoniella brunnea culture fluid was added,
growth by individual coloniesFusarium incarnatum 330 FCKU (A), Rectifusarium ventricosum
335 FCKU (B),Fusarium poae 340 FCKU (C). B — the reverse side of the Peshdi

3.1. Influence of Pseudonadsoniella brunneaculture fluid on test culture of

phytopathogenic bacteria

Within our study thd”seudonadsoniella brunnea culture fluid found to have biocidal
effect on the test cultures of the phytopathogdyacteria studied, excejptectobacterium
carotovorum subsp.carotovorum. The impact ofPseudonadsoniella brunnea culture fluid on
Pectobacterium carotovorum subsp.carotovorum 591 FCKU was evaluated as bacteriostatic:
diameter of the growth inhibition zone after oney d@as similar to the zone of growth
inhibition of the other bacterial test cultureswes 39.3 + 0.15). However zone of the growth
inhibition of Pectobacterium carotovorum subsp.carotovorum decreased to 15.7 = 0.1 at the
third day (Table 2).
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Table 2. Antifungal effect ofPseudonadsoniella brunnea culture fluid and benzalkonium chloride on

the test cultures of phytopathogenic bacteria

The diameter (mm) of growth inhibition zone
Thetest cultures of (including well diameter)*

phytopathogenic bacteria Pseudonadsoniella Benzalkonium chloride,
brunneaculturefluid 3% for the active substance
Agrobacterium tumefaciens 594 FCKU 39.3+0.5 41.5+0.2

Clavibacter michiganensis subsp.

o ) 38.8+0.4 40.2+0.1
michiganensis 593 FCKU
Pectobacterium carotovorum subsp.
15.7+0.1 39.7+0.15
carotovorum 591 FCKU
Pseudomonas syringae pv. syringae
STINGAs Y- STINg 38.5+0.5 39.940.2
590 FCKU
Xanthomonas campestris pv.
Growth absent 41.1+0.3

campestris 592 FCKU

Note: *—~ diameter of well is 10 mm; + Standard ewbmean

The test cultures of phytopathogenic bacteridfanthomonas campestris pv.
campestris 592 FCKU found to be the most sensitive to infleeerof Pseudonadsoniella

brunnea culture fluid. The growth of this bacterium on tRetri dishes was not observed

within our study (Fig. 3).

Figure 3. Effect of Pseudonadsoniella brunnea culture fluid on the test culture of phytopathadgen
bacteriumXanthomonas campestris pv. campestris 592 FCKU. A — controlB — absence of growth

(the reverse side of the Petri dish)
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Thus, the different species and strains of tedtui@s of pathogenic fungi and
phytopathogenic bacteria found to show differemtsgevity to the effect of the compounds
studied, as evidenced by data on the diameter eofztimes of growth delay (Tables 1, 2)
similarly to our previous study of the resistan¢d-asarium oxysporum (strains 150 FCKU
and 328 FCKU) [45] andsibberella fujikuroi (anamorph:Fusarium verticillioides; strains
234 FCKU, 333 FCKU, 338 FCKU and 434 FCKU) to impat compounds studied [46].
Our data on the diameter of growth inhibition zooégest cultures of pathogenic fungi were
compared also with an antagonistic effect of funigthe genuslrichoderma on pathogenic
fungi of the generaGibberella and Fusarium after data of other authors [32]. From this
comparison the effect dtseudonadsoniella brunnea culture fluid on pathogenic fungi of the
generaGibberella, Fusarium andRectifusarium ventricosum can be assessed as highly active.
It should be especially emphasized that increagathssis of pigments blfusarium poae
339 FCKU,F. poae 340 FCKU, similarly to those in previously invegtted by ussibberella
fujikuroi strains 234 FCKU and 434 FCKU influencedRsgudonadsoniella brunnea culture
fluid was observed. It is known that under theuafice of various factors, including stress,
the fungi of the of gener&ibberella and Fusarium can synthesize important biologically-
active pigments of interest in connection with adevirange of biological activity
(antibacterial, antifungal, phytotoxic, insectididand cytotoxic etc.) [49, 50].

According to our data obtaibed within this studhe timpact ofPseudonadsoniella
brunnea culture fluid on the test cultures of the phytdyatenic bacteria is evaluated as
antibacterial one.

Thus, fungicidal and bactericidal effects of melanproducer, black yeast
Pseudonadsoniella brunnea culture fluid on test cultures of pathogenic fur@gibberella
baccata (anamorph: Fusarium lateritium), Gibberella intricans (anamorph: Fusarium
gibbosum), Gibberella pulicaris (anamorphFusarium sambucinum), Fusarium incarnatum,
Fusarium solani, Fusarium poae, Rectifusarium ventricosum and phytopathogenic
bacteria Agrobacterium tumefaciens, Clavibacter michiganensis subsp. michiganensis,
Pectobacterium carotovorum subsp. carotovorum, Pseudomonas syringae pv. syringae,
Xanthomonas campestris pv. campestrisis for the first time established within this studyis
line of research is rather promising from our pahview.

Because one way of controlling phytopathogenshisugh the use of antagonistic
microorganisms. The usage of metabolic substantescooorganisms which can inhibit the

growth of other microorganisms (including pathogemicroscopic fungi and bacteria) as
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biological methods of pest management of agricaltproduction will result in decreasing a
negative impact on the environment that causeddxydal chemicals.

The yeast-like fungu$seudonadsoniella brunnea used by us within this study
synthesizes and excretes into a culture fluid daigment melanin, which is abioactive
compound. Earlier with the usage of the methodsthef molecular phylogeny it was
shown thatPseudonadsoniella brunnea shows the highest similarity to the members of the
family Meripilaceae (Poliporales, Basidiomycota) [44]. The polyphenolcarbon complex of
the Pseudonadsoniella brunnea culture fluid is a more than 90% of its.

It is also known that many polymeric and monomeciempounds, including
polyphenols, tyrosine, indole, etc., play a sigwfit role in the formation of melanin by
various fungi [51-53]. It is known that polyphermkompounds exhibit a strong biological
effect, such as restorative, antioxidant, antiamfinatory and wound healing. The effect of
natural polyphenols derived from different partsptEnt species on the growth of fungi and
bacteria (especially on growth of bacteria of Bseudomonas syringae complex) has been
studied by many researchers [54, 55].

Our previous studies shown that the melanin, wiscproduced by Antarctic black
yeast-like fungiPseudonadsoniella brunnea, with oral administration has cyto-protective,
stress-protective, radio-protective, antioxidantti-anflammatory, immunomodulatory and
antitumor properties [56].

The first data on antioxidant, antibacterial, fistatic wound healing properties of the
gel containing 0.05% melanin ("Melanin-gel"), whighas synthesized bk. brunnea are
obtained by us earlier too. Biocidal effect of @®5Melanin-gel" was revealed on test
cultures of bacteri&aphylococcus aureus and Pseudomonas aeruginosa. In a test culture of
Candida yeasts melanin gel produced the fungistatic efffoére were areas of growth
retardation, where a decrease in the intensityeatiygrowth was observed) [57].

Thus, the use of the culture fluid of the yeast-ilungusPseudonadsoniella brunnea,
which synthesizes and excretes dark pigment melatora culture, against pathogenic fungi
and bacteria is effective and represents promissglts as for antifungal and antibacterial

protection.
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ABSTRACT

Microbial contamination is one of the main problethat may affect the shelf life of
food and may also cause consumer illness. Therefor@ny chemicals are used as
preservatives to increase the safety and shelbfif@od products. Enzymes are biocatalysts
that increase the rate of otherwise slow reactipndecreasing the activation energy, without
undergoing any net change in their structureseaetid of a reaction. Papain enzyme belongs
to the papain superfamily, as a proteolytic enzyRepain is of crucial importance in many
vital biological processes in all living organismesponsible for breaking down proteins.
Besides, enzymes in the latex are also involvegratection of the plant against predator
attack. The presence of bacteriolytic action inltiBces ofCarica papaya confirms the fact
that bacteriolytic and proteolytic enzymes act mson to degrade undesirable proteins. It
preferentially cleaves peptide bonds involving basnino acids, particularly arginine, lysine
and residues following phenylalanine. Papain isaioled by cutting the skin of the unripe
papaya and then collecting and drying the latexctvtiiows from the cut. The greener the
fruit, more active is the papain. The unique stritestof papain gives its functionality that
helps to understand how this proteolytic enzymekwaand it's useful for a variety of

purposes.
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1. INTRODUCTION

Microbial contamination is one of the main problethat may affect the shelf life of
food and may also cause consumer illness. Therefor@ny chemicals are used as
preservatives to increase the safety and shelfoliféood products [1]. As a result of the
increased awareness of the consumer about theedelet effects of chemical preservatives
and the increasing preference for natural compenemisearchers have focused on the
generation of natural additives that demonstratengcrobial significance to be used in the
food industry [2]. Enzymes are biocatalysts thatease the rate of otherwise slow reactions
by decreasing the reactions activation energy, aumttrundergoing any net change in their
structures at the end of a reaction [3]. They amestip protein in nature and mediate all
synthesis and degradation reactions carried olivimg organisms [3]. Papain is an endolytic
plant cysteine protease enzyme which is isolatech fpapayaQarica papaya L.) latex [4].
Papain enzyme belongs to the papain superfamilyg gsoteolytic enzyme, papain is of
crucial importance in many vital biological processin all living organisms [5]. Papain
shows extensive proteolytic activity towards proggishort chain peptides, amino acid esters
and amide links and is applied extensively in tieéd$ of food and medicine [6]. Papain is
also used in topical formulations as a proteolgebriding agent for the treatment of open,
extensive wounds and burnings. It is also empl@sedn enhancer for cutaneous permeation
of active compounds, chemical peeling and as arpssge depilatory agent [7]. Gurudatta et
al. [8] reported that papain preferentially cleapeptide bonds involving basic amino acids,
particularly arginine, lysine and residues follogiphenylalanine. The unique structure of
papain gives its functionality that helps to untemd how this proteolytic enzyme works and
it's useful for a variety of purposes [9]. Gartighal. [10] reported that papain is bactericidal,
bacteriostatic, anti-inflammatory and debridemerstarial and shows a broad proteolytic
activity against the protein, short chain peptid@sino acid ester and amid. This chapter
addresses mainly structural features of enzymebittlegical importance and anti-microbial

action of papain.
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2. PROPERTIES AND STRUCTURE

The globular protein, the papain is a single chaitein with molecular weight of
23,406 DA and consists of 212 amino acid with foisulfide bridges and catalytically
important residues in the following positions GInI®s25, His158 and His159 [11]. It is
very stable even at elevated temperatures [6]. iRaa unusually defiant to high
concentrations of denaturing agents, such as, &d ar organic solvent like 70% EtOH [5].
Amanu [12] reported the optimum pH for activity mdpain is in the range of 3.0-9.0 which
varies with different substrate. Edwin et al. [¥8ported that cysteine proteases in papain
superfamily are usually consisting of two well-ahefil domains which provide an excellent
system for studies in understanding the foldingaldifhg behavior of proteins. The protein is
stabilized by three disulfide bridges in which tnelecule is folded along these bridges
creating a strong interaction among the side chaimsh contributes to the stability of the
enzyme [11, 14]. Its three-dimensional structurascsis of two distinct structural domains
with a cleft between them. This cleft contains #otive site, which contains a catalytic diad
that has been similar to the catalytic triad of mbyrypsin [15]. Ezekiel and Florence [6]
reported that Histidine-159. Aspartate-158 was g¢ibtwio play a role analogous to the role of
aspartate in the serine protease catalytic triatifiat has since then been disproved. Papain
molecule has an all a domain and an anti paralsidet domain [16]. Amanu [12] reported
the enzymatic activity of papain may be influendsd environmental conditions such as
temperature, light, oxygen, humidity and packingisTenzyme is more stable and active in
pH 5.0-7.0. Atalla et al. [17] reported the stdbilof the enzyme has been investigated at
different temperatures and results have confirnteel decrease in its activity with the
temperature increase. Catalytic activity of papawolves hydrolysis of proteins with broad
specificity for peptide bonds, but preference foramino acid bearing a large hydrophobic
side chain at the P2 position while does not acdgptin P1 [18]. The enzyme has been
reported to be generally more stable in hydrophsbleents and at lower water contents and
can catalyze reactions under a variety of condition organic solvents with its substrate
specificity little changed from that in aqueous meld9]. In general, native proteins have a
hydrophobic core and charged and/or polar grouthersurface. The hydrophobic core helps
to stabilize the tertiary structure of the protéwy hydrophobic interaction while the outer

polar surfaces preferentially interact with theeeixtr aqueous medium [6, 20].
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Figure 1. Structure of papain.

3. MODE OF ACTION

The mechanism in which the function of papain isdengossible is through the
cysteine-25 portion of the triad in the active ditat attacks the carbonyl carbon in the
backbone of the peptide chain freeing the aminmital portion. As this occurs throughout
the peptide chains of the protein, the protein ksegpart. The mechanism by which it breaks
peptide bonds involves deprotonation of Cys-25 ls+359. Asparagine-175 helps to orient
the imidazole ring of His-159 to allow this depnoétion to take place. Although far apart
within the chain, these three amino acids areasecproximity due to the folding structure. It
is though these three amino acids working togath#re active site that provides this enzyme
with its unique functions. Cys-25 then performsualaophilic attack on the carbonyl carbon
of a peptide backbone [11, 21]. In the active sftpapain, Cys -25 and His -159 are thought
to be catalytically active as a thiolate-imidazoiiiton pair. Papain can be efficiently inhibited
by peptidyl or non-peptidyl N-nitrosoanilines [2d]he inactivation is due to the formation of
a stable S-NO bond in the active sifnftroso- Cys25) of papain [23]. Recently Srivastava
and Singh [4] noted that feeding of bait formulataf papain with attractant (starch or serine)
have sufficient molluscicidal activity against Lcuminata. It significantly reduced the
fecundity of the snail and inhibited the AChE aityivin the nervous tissue simultaneously.
It seems that after sublethal treatment of papaiosed the decrease in the level of
serotonin and inhibits prostaglandins synthesisnbybiting 5-lipoxygenase and leukotriene
directly or indirectly CDCs. Possibly, the activelinscicidal component papain affect the
CDCs and reduce the release of ovulation hormasilting a decrease in the fecundity of

treated snail.
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4. PAPAIN SUPER FAMILY

Cysteine proteases of the papain super family adelydistributed in nature [24].
They can be found in both prokaryotes and eukasy@sy. bacteria, parasites, plant,
invertebrates and vertebrates [25]. The papainlyacointains peptidases with a wide variety
of activities, including endopeptidases with breaécificity (such as papain), endopeptidases
with very narrow specificity (such as glycyl endppdases), aminopeptidases, a dipeptidyl-
peptidase, and peptidases with both endopeptidadeea&opeptidase activities (such as
cathepsins B and H) [26]. Dubey et al. [24] repdbigat enzymes of papain family are found
in a wide variety of life forms: baculovirus, eubarta like Porphyromonas andLactococcus,
yeast, and probably all protozoa, plants, and alsinXaang et al. [27] reported that lysosomal
cysteine proteases, also known as cysteine cattse(Sats), include Cat B, Cat H, Cat S, Cat
K, Cat O/2, Cat F, Cat W and Cat U and also belanthe papain family sharing similar
protein structure and mechanism of action. Howeslgght structural differences make these
enzymes distinct with respect to their substratciigity and regulation. Marksmann et al.
[28] reported that cathepsins are synthesized aS03KDa precursor proteins, which are
glycosylated and phosphorylated in the Golgi appararhey are processed in the lysosomes
to their active forms by one or more proteolytieaslage. The optimum activity of cathepsins
is pH 5.0-6.5, although they can hydrolyze largestates also at neutral pH [29]. Dubay et
al. [24] reported that the pH dependent activitycathepsins is rather complex and depends
not only on the microenvironment and the naturthefconformation of the substrate, but also
on the presence or absence of stabilizing factdisst of these papain-like enzymes are
relatively small proteins with mass values in thage 20-35 kDa [30]. Disturbance of the
normal balance of enzymatic activity of lysosomalsteine proteases may lead to
pathological conditions, and these proteases haee lound to be involved in many such
cases [31]. The participation of these enzymesaimous diseases seems to be restricted to
their proteolytic function outside the lysosome#igrasecretion from lysosomes or after
translocation into different intracellular granul@2]. The resulting uncontrolled proteolysis
is a result of an imbalance between catalyticatiyva proteases and their natural inhibitors,
and can be observed in e.g. inflammation and tugnawth, although these processes are very
complex [33]. Cysteine proteases of the papainlfah@ve been reported in bacteria as well
[34]. How et al. [35] reported that proteolytic gnzes produced byPorphyromonas

gingivalis are important virulence factors of this periodomtitywgen. In the periodontal
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disease proteolytic enzymes are produced in latgmtgies. It has been shown that these
proteases can directly or indirectly degrade ctunstits of the periodontal tissues, destroy
host defense elements, dysregulate coagulatiorc@mglement kallikerinkinin cascades [36,
37]. Recently, proteases belonging to two catalglasses and produced Bygingivalis have
been identified. One enzyme is described as anXAsgecific proteinase and another is Lys-
X specific [38]. After transcription, the synthesisthe enzymes as inactive precursors, which
are subject to several steps of post-translatiodification, is the next regulatory mechanism
for the papain like cysteine proteases [39]. Braval. [40] reported that in the case of the
lysosomal enzymes, the signal peptides are remateth the molecules pass into the lumen
of the endoplasmic reticulum, and glycosylationpghorylation and formation of disulfides
then take place in the golgi complex. He also regabthat in the lysosomes, the proenzymes
are dephosphorylated and converted to the actizgnees by limited hydrolysis. The N
terminal proregions of the enzymes, which are reedoduring this final maturation step, act
as a potent reversible inhibitor against the magmzymes [41]. The propeptides of the plant
enzymes act as their inhibitors [42]. The crystalicture procaricain have shown that the
structure of the mature enzyme is already formetsimymogens and the propeptides prevent

the enzymatic activity by blocking the active siteft using the inhibitory mechanism [24].

5. LOCALIZATION OF PLANT PAPAIN-LIKE CYSTEINE
PROTEASES

Cornell and Stelmasiak [43] reported that in platitey are primarily found in the
latex and fruits of plants. In the latter, they dweated in the vacuoles, which are plant
counterpart of lysosomes, but are also extracelmdain the latices like papaya, figs and in
arthopods such as lobsters. Dubey et al. [24] tegdhat cysteine proteases of plants play a
major role in intracellular and extra cellular pesses such as development and ripening of
fruits, as nutritional reserve, degradation of agygr protein in germinating seeds, activation of
proenzymes and degradation of defective proteiteg et al. [44] reported that cysteine
proteases play an important role in seed germinatod have been observed during
maturation of storage proteins @annavalia ensiformis, Riccinus communis, Glycine max.
Papain is an endolytic plant cysteine proteasemaayhich is isolated from papay@afica
papaya L.) latex. Papain is obtained by cutting the skintloe unripe papaya and then

collecting and drying the latex which flows fronethut and the greener the fruit, more active
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is the papain [6]. It preferentially cleaves peetidonds involving basic amino acids,
particularly arginine, lysine and residues follog/iphenylalanine [45]. The unique structure
of papain gives its functionality that helps to arstand how this proteolytic enzyme works

and it's useful for a variety of purposes [8].

6. ANTI-MICROBIAL ACTIVITY OF PAPAIN

Schmelcher et al. [46] reported that the lysis a€rororganisms by lysozyme and
related enzymes and concluded that the lytic aatfolysozyme on bacteria can be ascribed
simply to the dissolution of the rigid cell-wallrgttures. When the degradation of the wall
occurs in dilute media, the underlying structurés dysozyme-sensitive bacterial cell will
collapse and the liberation of the cytoplasmic congmts into the medium will result in the
lysis of the bacterial suspension. Weibull [47]wkd that dissolution of the wall &acillus
megaterium in the presence of osmotically protective quarditi sucrose was accompanied
by liberation of bacterial protoplasts and onlyt@édroptical clearing of the cell suspension.
Although protoplast formation may account for inqdete lysis of bacterial suspensions
when treated with lysozyme under appropriate caobt it is evident that the walls of
bacteria differ quantitatively in the ‘amount’ gfsbzyme substrate present and such a factor
as this may contribute to the partial optical dleguin dilute media. The cell-wall amino acids
and sugars are not detectable as the free substamtiee dialyzable fractions of the digests.
The available evidence thus suggests that lysozgnsglitting the glycosidic bonds of the
cell-wall amino sugars, liberating the disacchanfl@cetylglucosamine and acetyl ‘muramic
acid’ as the simplest product, together with mommplex fragments which differ
quantitatively rather than qualitatively in thelreanical composition.

Gartika et al. [10] reported that the antibacteradtivity of papain against
Sreptococcus mutans ATCC 25175 and concluded that this enzyme showbraad
proteolytic activity against the protein, short ich@eptides, amino acid ester and amid,
including bacterial cell wall. The purpose of thstudy is to produce a proper papain
concentration to inhibit the growth of or k##treptococcus mutans. The type of research is an
experimental laboratory by determining the minimurhibitory concentration (MIC) and
minimal bactericidal concentration (MBC) with a utibn method, and measured using a

microplate reader papain’s minimum inhibitory camication (MIC) papain against
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Sreptococcus mutans was 7.5% and the minimum bactericidal concentma{i@BC) was
15%. Papain has antibacterial activity&toeptococcus mutans.

Bharwajd et al. [48] compared the antimicrobiaiatt of 2% chlorhexidine (100%),
extract ofMorinda citrifolia (86.02%), aloe vera gel (78.9%), papain gel (67.8f6 calcium
hydroxide (64.3%) againdEnterococcus faecalis. Phankhongsap et al. [49] compared the
effectiveness of the antimicrobial between papaith wnangosteen pericarp extract and
papain with propolis extract against mixtufreptococcus gordonii and Enterococcus
faecalis with the inhibiton zonw size11.25+0.66 and 10.4220mm, respectively. Minimum
inhibitory concentration of the two materials w@temg/ml, while the MBC were 50 mg/ml.

Kumar et al. [50] tested papaya leaf extracts agamiman pathogenic microbes.
Bacteria such aBacillus subtilis, Clostridium tetanus, Escherichia coli, Proteus vulgaris,
Sapylococcus aureusand fungi such asAspergillus conicus, spergillus flavus, Aspergillus
niger, Aspergillus sulphureus and Rhizopus by agar well diffusion method. All the leaf
extracts ofCarica papaya L. exhibited greater activity towards bacteria &mgi. The extract
demonstrated higher activities against all the dréctand fungi tested, with the highest
activity (acetone extract of 13 mm zone of inhdfi demonstrated againStaphylococcus
aureus and (ethanol extract of 18 mm zone of inhibiti@@monstrated againsispergillus
flavus. Carica papaya may be used for the treatment of gastroenteritistritis, otitis media,
dengue fever, typhoid fever and wound infections.

Krishna et al. [51] reviewed on nutritional, medigi and pharmacological properties
of papaya and find that the seed of papaya hami@ntbial activity againsirichomonas
vaginalis trophozoites. The report suggests the use of @apagd in urinogenital disorder
like trichomoniasis with care to avoid toxicity. @lseed and pulp of papaya was shown to be
bacteriostatic against several enteropathogensasBécillus subtilis, Enterobacter cloacae,
Escherichia coli, Salmonella typhi, Staphylococcus aureus, Proteus vulgaris, Pseudomonas
aeruginosa and Klebsiella pneumoniae by the agar cup plate method 24. Purified extracts
from ripe and unripe fruits also produces very gigant antibacterial activity oi%. aureus,
Bacillus cereus, E. coli, P. aeruginosa and Shigella flexneri. The aqueous extract of fruit
exhibited antimicrobial activity and promoted siggant wound healing in diabetic rats. The
seeds of irrespective stage of fruit maturity hbaeteriostatic activity on Gram positive and
Gram negative organisms, which could be usefutaating chronic skin ulcers. The papaya
seed macerate has a clinical potential on conjiygblasmid transfer fronBalmonella
typhimurium to Escherichia coli, on in vitro and in the digestive tract of genatoic

mice. Herbal formulations containing papaya leaaes root or leaves alone as one of
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the constituent has antibacterial activity agailgstmonella typhi, S. paratyphi and
S typhimurium; however, water, acetone and ethanol extract phym leaves showed no
microbicidal activity.

Anibijuwon and Udeze [52] reported the antimicrobeativity of Carica papaya
(pawpaw leaf) on some pathogenic organisms ofadinbrigin from South-Western Nigeria
and investigated for antibacterial activity agaisstne human pathogenic bacteria using the
agar diffusion method. The aqueous extracts ofrtioeé extracts did not show significant
activity, but the organic extracts had significamttivity with the methanol extracts
demonstrating the highest activity against the besiteria. The root extracts demonstrated
higher activities against all the Gram-positivetbaa than the gram-negative bacteria tested,
with the highest activity (14 mm zone of inhibitjodemonstrated againgtseudomonas
aeruginosa while the aqueous leaf extract showed pronouncédbition demonstrating
higher activities against the test bacteria thandiganic solvents. The extracts demonstrated
higher activities against all the Gram-positivetbaa than the Gram-negative bacteria tested,
with the highest activity (4.2 mm zone of inhibitjodemonstrated againBseudomonas
aeruginosa. Increase in temperature enhanced the activity efetttracts, while alkaline pH
decreased the activity. The Minimum Inhibitory Centration (MIC) and Minimum
Bactericidal Concentration (MBC) of the root extsmacganged between 50-200 mg/ml.
Preliminary phytochemical analyses showed that ékracts contain alkaloids, tannins,
saponins, glycosides and phenofSarica papaya may be used for the treatment of
gastroenteritis, uretritis, otitis media and woumections.

Kumar et al. [53] reported the antifungal medicipedperties ofCarica papaya. The
effects of different concentrations of alcoholidraxt of Carica papaya (root, shoot and seed)
on the radial growth of plant against the pathogémngi viz. Aspergillus niger, Aspergillus
flavus, Candida albicans and Microsporum fulvum. That with the increase in concentrations
the rate of growth inhibition also increases. Obaton further shows that like root extract
growth is also inhibited in the presence of shaud aeed alcoholic extract under culture
medium. Further shows that the growth of these ifumigibits more in presence of higher
concentrations as compared to lower concentrabbesgtract.

Islam et al. [54] experimented the evaluation ofitacterial activities of latex of
CaricaceaeQarica papaya L.) He has reported that latex was evaluated agams Gram-
positive bacteriunBacillus subtilis and three Gram-negative pathogenic bacterial stram
Escherichia coli, Agrobacterium sp and Rhizobium sp. Ciprofloxacin was used as a control

for investigating the bacterial species. Antibaeleactivity was expressed in terms of the
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radius of zone inhibition. Latex of this plant wiasted in seven doses (1, 2, 5, 7, 10, 15 and
20 mg/disk) and it was found that the antibacteaetivity was dose dependent and a
significant difference was also observed in casdliferent bacterial stains. The results
demonstrated noticeable inhibition of the bactegiawth against the tested organisms. In
case ofAgrobacterium sp. 20 mg of latex showed the average of 20.66 wme bf inhibition

and forE. cali this value was 16 mm for the same concentratidatek. The rest of the two
bacterial species showed comparative resistangapaya latex.

Coello et al. [55] assessed anti-protozoan actvitgrudeCarica papaya seed extract
gainstTrypanosoma cruzi and in order to determine thevivo activity against the protozoan
Trypanosoma cruz, two doses (50 and 75 mg/kg) of a chloroform ettcd Carica papaya
seeds were evaluated compared with a control gobwglopurinol. A significant reduction
(p < 0.05) in the number of blood trypomastigotes whserved in animals treated with the
evaluated doses of th@. papaya extract in comparison with the positive control o
(allopurinol 8.5 mg/kg). Parasitemia in animalsatesl with the fatty acids mixture was
also significantly reducedp(< 0.05), compared to negative control animals. €hesults
demonstrate that the fatty acids identified in $ked extracts of. papaya (from ripe fruit)
are able to reduce the number of parasites froim jpatasite stages, blood trypomastigote and
amastigote (intracellular stage).

Coello et al. [56] evaluated the anti-protozoanvégt of the chloroform extract of
Carica papaya seeds during the sub-acute and chronic phase eftioh of Trypanosoma
cruzi, doses of 50 and 75 mg/kg, including a mixturetladir main components (oleic,
palmitic, and stearic acids). Subsequently, dogeSOoand 75 mg/kg in mice during the
chronic phase of infection (100 dpi) were also eatdd. It was found that chloroform extract
was able to reduce the amastigote nests numbearggdbe subacute phase in 55.5 and 69.7%
(p > 0.05) as well as in 56.45% in animals treatedhhie mixture of fatty acids. Moreover,
the experimental groups treated with 50 and 75 qhgliring the chronic phase of the
infection showed a significant reduction of 46.81&8.13% respectivelyp(< 0.05). It is
recommended to carry out more studies to deterihinigher doses of chloroformic extract
or its administration in combination with other iactiiasmic drugs allows a better response
over the intracellular stage af. cruzi in infected animal models and determine if the
chloroform extract o€C. papaya could be considered as an alternative for treatmenhg the
indeterminate and chronic phase of the infection.

Kovendan et al. [57] reported the anti-malarial\atgt of the ethanol leaf extract of

Carica papaya, blood stages of CQ-sensitive and CQ resistaainstragainsflasmodium
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falciparum as target species. The larvae and pupae valudstaio 4th instars values of
LCso = 3.65%, 4.28%, 5.41%, 6.70%, and 7.50%, respagtivihe LGo to good 9.1%,
11.75%, 13.53%, 16.36%, and 16.92%, respectivehgesé& four concentrations (25, 50,100
and 150ug/ml) of ethanol leaf extracts exhibited promisingibitory activity against the CQ
sensitive strain with (I63) values 40.75%, 36.54%, 25.30%, and 18.0% andQnré&sistant
50.23%, 32.50%, 21.45%, and 23.12% agdh$alciparum.

Quintal et al. [58] reported the antifungal actvih ethanolic extracts o€arica
papaya L. cv. maradol leaves and seeds antifungal effeniss was determined by
challenging the extracts (LE, SRE, SUE) from thethkextraction treatment against three
phyto-pathogenic fungi: Rhizopus stolonifer, Fusarium spp. and Colletotrichum
gloeosporioides. The leaf extract exhibited the broadest actiagcspm. The MIC 50 for the
leaf extract was 0.625 mg/ml féusarium spp. and 10 mg/ml forC. gloeosporioides, both
equal to approximately 20% mycelial growth inhibiti Ethanolic extracts fronCarica
papaya L. cv. maradol leaves are a potential source cbsgary metabolites with antifungal

properties.

7. CONCLUSION

In conclusion, plant-based antimicrobials have emas therapeutic and preferential
potential. They can serve the desired purpose legiber side effects that are often associated
with synthetic antimicrobials. Papain is found mally in papaya which is a versatile plant
having number of uses, enzymatic properties anighambbial activity demonstrated in this
chapter. Antimicrobial activity of papain is an ication that there is possibility of sourcing
alternative antibiotic substances in these plaotstlie development of newer antibacterial

agents.
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ABSTRACT

Resistant-microbes are found in people, animats],fand the environment (in water,
soil and air). Poor infection control, inadequaamitary conditions and inappropriate food-
handling encourage the spread of antimicrobiaktasce also Antibiotic resistance is present
worldwide so Patients with infections caused bygdmsistant bacteria are at increased risk of
worse clinical outcomes causing death, in additibis, consumes more health-care resources
than patients infected with non-resistant straihthe same bacteria. Nature is a generous
source of a number of compounds with potential iappbn for the treatment of several
diseases including the infectious diseases. Theeptly investigated natural products derived
from local botanical are promising candidates tmatld be used against multi drug resistant

pathogens with high potency and less side effects.

Keywords: Resistant-microbes; Natural products; Structutes relationship.
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1. INTRODUCTION

Antimicrobial resistance has been attributed ahallenging problem worldwide. It
happens when microorganisms (such as bacteriai, fuingses, and parasites) change when
they are exposed to antimicrobial drugs (such asbiatics, antifungals, antivirals,
antimalarials, and anthelmintics). Microorganisrhattdevelop antimicrobial resistance are
sometimes referred to as “superbugs”. As a rethuidt,medicines become ineffective and
infections persist in the body, increasing the askpread to others [1].

New resistance mechanisms are emerging and spgeatlhbally, threatening our
ability to treat common infectious diseases, rasglin prolonged illness, disability, and
death. Also, Antimicrobial resistance increasesds of health care with lengthier stays in
hospitals and more intensive care required. Intemgiantimicrobial resistance is putting the
gains of the Millennium Development Goals at riskd aendangers achievement of the
Sustainable Development Goals [1].

Antimicrobial resistance occurs naturally overdinusually through genetic changes.
However, the misuse and overuse of antimicrobigl@dcelerating this process. In many
places, antibiotics are overused and misused iplpend animals, and often given without
professional oversight. Antimicrobial resistant-rolzes are found in people, animals, food,
and the environment (in water, soil and air). Tleay spread between people and animals,
and from person to person. Poor infection contimogdequate sanitary conditions and

inappropriate food-handling encourage the spreathtiicrobial resistance [1].

2. RESISTANCE AMONG DIFFERENT PATHOGENS

2.1. Resistancein Klebsiella pneumoniae

The common intestinal bacteria that can causetHifeatening infections — to a last
resort treatment (carbapenem antibiotics) hapread to all regions of the world.
K. pneumoniae is a major cause of hospital-acquired infectionghs as pneumonia,
bloodstream infections, and infections in newband intensive-care unit patients. In some
countries, because of resistance, carbapenem arsbdo not work in more than half of

people treated fdk. pneumoniae infections [1].

Karpinski T.M., Adamczak A., ed#ntimicrobial activity of natural substances.
DOI: http://dx.doi.org/10.5281/zenodo.1014019 36
JBBooks, Pozng Poland, 2017




2.2. Resistancein Escherichia coli

Resistance irk. coli to one of the most widely used medicines for tieatment of
urinary tract infections (fluoroquinolone antibicg) is very widespread. There are countries
in many parts of the world where this treatmenndsv ineffective in more than half of
patients. Colistin is the last resort treatment fde-threatening infections caused by
Enterobacteriaceae which are resistant to carbapenResistance to colistin has recently
been detected in several countries and regionsjngnaRkfections caused by such bacteria

untreatable [1].

2.3. Resistancein tuberculosis (TB)

WHO estimates that, in 2014, there were about new cases of multidrug-
resistant tuberculosis (MDR-TB), a form of tubeosi$é that is resistant to the 2 most
powerful anti-TB drugs. Only about a quarter ofsiag123 000 cases) were detected and
reported. MDR-TB requires treatment courses thatrauch longer and less effective than
those for non-resistant TB. Globally, only halfMDR-TB patients were successfully treated
in 2014.

Among new TB cases in 2014, an estimated 3.3% waulidrug-resistant. The
proportion is higher among people previously tréater TB, at 20%. Extensively drug-
resistant tuberculosis (XDR-TB), a form of tubensi$ that is resistant to at least 4 of the
core anti-TB drugs, has been identified in 105 ¢toes. An estimated 9.7% of people with
MDR-TB have XDR-TB [1].

2.4. Resistancein malaria

As of July 2016, resistance to the first-line tne@nt for P. falciparum malaria
(artemisinin-based combination therapies, also kn@as ACTs) has been confirmed in 5
countries of the Greater Mekong subregion (Cambothe Lao People’s Democratic
Republic, Myanmar, Thailand and Viet Nam). In mp#&ices, patients with artemisinin-
resistant infections recover fully after treatmenpvided that they are treated with an ACT
containing an effective partner drug. However, gloime Cambodia-Thailand border,
P. falciparum has become resistant to almost all available aféinal medicines, making

treatment more challenging and requiring close tooing. There is a real risk that multidrug
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resistance will soon emerge in other parts of theregion as well. The spread of resistant
strains to other parts of the world could pose gomaublic health challenge and jeopardize

important recent gains in malaria control [1].

2.5. Resistance in human immunodeficiency virus (HIV)

In 2010, an estimated 7% of people starting antiveal therapy (ART) in developing
countries had drug-resistant HIV. In developed toes, the same figure was 10-20%. Some
countries have recently reported levels at or aldi®% amongst those starting HIV treatment,
and up to 40% among people re-starting treatmems. rEquires urgent attention.

Increasing levels of resistance have importanhegoc implications as second and
third-line regimens are 3 times and 18 times moxgessive, respectively, than first-line
drugs.

Since September 2015, WHO has recommended thayoeee living with HIV
start on antiretroviral treatment. Greater use &TAis expected to further increase ART
resistance in all regions of the world. To maximigee long-term effectiveness of
first-line ART regimens, and to ensure that pe@vketaking the most effective regimen, it is
essential to continue monitoring resistance andminimize its further emergence and

spread [1].

2.6. Resistancein influenza

Antiviral drugs are important for treatment of éginic and pandemic influenza. So
far, virtually all influenza A viruses circulating humans were resistant to one category of
antiviral drugs — M2 Inhibitors (amantadine and amtadine). However, the frequency of
resistance to the neuraminidase inhibitor oseltamremains low (1-2%). Antiviral
susceptibility is constantly monitored through WO Global Influenza Surveillance and

Response System [1].

3. MAJOR BACTERIAL RESISTANCE STRATEGIES

There are four major bacterial resistance strasegie
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3.1. Prevention of the antimicrobial from reaching its target by reducing its ability to

penetrateinto the cell

Antimicrobial compounds almost always require asdeto the bacterial cell to reach
their target site where they can interfere with tleemal function of the bacterial organism.
Porin channels are the passageways by which thag@otics would normally cross the
bacterial outer membrane. Some bacteria protecingblves by prohibiting these
antimicrobial compounds from entering past thell walls. For example, a variety of Gram-
negative bacteria reduce the uptake of certairb@atitts, such as aminoglycosides and beta
lactams, by modifying the cell membrane porin cleninequency, size, and selectivity.
Prohibiting entry in this manner will prevent thesgimicrobials from reaching their intended
targets that, for aminoglycosides and beta lactaans,the ribosomes and the penicillin-
binding proteins (PBPs), respectively [2].

This strategy has been observed in:
+ Pseudomonas aeruginosa e.g. against imipenem (a beta-lactam antibiotic);
« Enterobacter aerogenes andKlebsiella pneumoniae against imipenem;
+ Glycopeptide intermediate-resista®phylococcus aureus so-called “GISA” strains
with thickened cell wall trapping vancomycin/tei¢apin;
+ Many Gram-negative bacteria against aminoglycosides

+ Many Gram-negative bacteria against quinolones.

3.2. Inactivation of antimicrobial agents via modification or degradation

Another means by which bacteria preserve themselveoy destroying the active
component of the antimicrobial agent. A classicneple is the hydrolytic deactivation of the
beta-lactam ring in penicillins and cephalosporins the bacterial enzyme called beta
lactamase. The inactivated penicilloic acid willeth be ineffective in binding to PBPs
(penicillin binding proteins), thereby protectinget process of cell wall synthesis. This
strategy has also been observed in:

+ Enterobacteriaceae against chloramphenicol (acetylation)
+ Gram negative and Gram positive bacteria againgt@gtycosides (phosphorylation,

adenylation, and acetylation) [3].
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3.3. Expulsion of the antimicrobial agents from the cell via general or specific efflux

pumps

To be effective, antimicrobial agents must alsodoesent at a sufficiently high
concentration within the bacterial cell. Some baatpossess membrane proteins that act as
an export or efflux pump for certain antimicrobjadxtruding the antibiotic out of the cell as
fast as it can enter. This results in low intradall concentrations that are insufficient to elicit
an effect. Some efflux pumps selectively extrudecd antibiotics such as macrolides,
lincosamides, streptogramins and tetracyclines,redsothers (referred to as multiple drug
resistance pumps) expel a variety of structuralMgide anti-infectives with different modes
of action e.g. th@ac genes which pump out chlorhexidine, propamidind goaternary
ammonium agents [4]. This strategy has also besareed in:

« E. coli and otheEnterobacteriaceae against tetracyclines;
« Various members of thenterobacteriaceae against chloramphenicol,
« Saphylococci against macrolides and streptogramins;

«  Saphylococcus aureus andStreptococcus pneumoniae against fluoroquinolones.

3.4. Maodification of the antimicrobial target within the bacteria

Some resistant bacteria evade antimicrobials pyoggamming or camouflaging
critical target sites to avoid recognition. Therefoin spite of the presence of an intact and
active antimicrobial compound, no subsequent bopdn inhibition will take place. This
strategy has been observed in:

« Saphylococci against methicillin and other beta-lactams (change acquisition of
different PBPs that do not sufficiently bind bedatbms to inhibit cell wall synthesis);

« Gram-positive cocci: erythromycin-resistant metkglas encoded by erm genes and
causes structural changes to rRNA which preventrotide binding and allow
synthesis of bacterial proteins to continue;

« Enterococci against vancomycin (alteration in cell wall presmr components to
decrease binding of vancomycin);

+ Mycobacterium spp against streptomycin (modification of ribosomabteins or of
16s rRNA);

« Various microbes which develop mutations in RNAypaoérase resulting in resistance

to the rifamycins e.gaphylococcus spp;
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members oEnterobacteriaceae with mutations in DNA gyrase resulting in resista

to quinolones [5].

4. MECHANISMS OF RESISTANCE AGAINST DIFFERENT

ANTIMICROBIAL CLASSES

Table 1. Mechanisms of resistance against different antiohied classes [6]

Antimicrobial M echanism Specific meansto achieve
_ , Examples
class of resistance resistance
Destruction of beta-lactam rings Resistance

by beta-lactamase enzymes. of staphylococci

With the beta-lactam ring to penicillin;
Enzymatic destroyed, the antibiotic will Resistance
destruction no longer have the ability to of Enterobacteriaceae

bind to PBP (Penicillin-binding to penicllins,

Beta-lactams
cephalosporins,

protein), and interfere with cell

Examples:
penicillin, wall synthesis and aztreonam
ampicillin, Changes in penicillin binding
mezlocillin, proteins. Mutational changes in Resistance
peperacillin, Altered original PBPs or acquisition of of staphylococci
cefazolin, target different PBPs will lead to inability to methicillin
cefotaxime, of the antibiotic to bind to the PBP and oxacillin
ceftazidime, and inhibit cell wall synthesis
aztreonam, Porin channel formation is )
. ) o Resistance
Imipenem decreased. Since this is where beta-
of Enterobacter
lactams cross the outer membrane ,
Decreased _aerogenes, Klebsiella
to reach the PBP of Gram-negative ,
uptake _ ) pneumoniae
bacteria, a change in the number or
andPseudomonas
character of these channels can , o
aeruginosa to imipenem
reduce betalactam uptake
Alteration in the molecular
Glycopeptides Altered structure of cell wall precursor Resistance
tere
Example: components decreases binding of of enterococci
target
vancomycin vancomycin so that cell wall to vancomycin
synthesis is able to continue
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Antimicrobial M echanism Specific meansto achieve
_ , Examples
class of resistance resistance

Modifying enzymes alter various

sites on the aminoglycoside ,
N Resistance of many
_ molecule so that the ability N

Enzymatic ) ) Gram-positive and

o of this drug to bind the , _
modification _ _ Gram negative bacteria
ribosome and halt protein , _
o o to aminoglycosides
synthesis is graly diminished
Aminoglyosides _
or lost entirely

Examples: :
o Change in number or character of
gentamicin, _ ,
) porin channels (through which _ _
tobramycin, _ , Resistance of a variety
T aminoglycosides cross the outer _
amikacin, Decreased _ of Gram-negative
o membrane to reach the ribosomes )
netilmicin, uptake , ] bacteria to
_ of gram-negative bacteria) so that _ _
streptomycin, _ , _ aminoglycosides
_ aminoglycoside uptake is
kanamycin C
diminished
Modification of ribosomal proteins
or of 16s rRNA. This reduces the Resistance
Altered N _ _ _
: t ability of aminoglycoside to of Mycobacterium spp.
arge
J successfully bind and inhibit to streptomycin
protein synthesis
Alterations in the outer membrane
diminishes uptake of drug and/or  Resistance of Gram
_ activation of an “efflux” pump that negative and
Quinolones Decreased . _
removes quinolones before staphylococci (efflux
Examples: uptake _ o _
_ ) intracellular concentration is mechanism only)
ciprofloxacin, o o ) )
_ sufficient for inhibiting DNA to various quinolones
levofloxacin, ]
) metabolism
norfloxacin, : : :
i Changes in DNA gyrase subunits Gram negative
lomefloxacin - _ N
Altered decrease the ability of quinolones and Gram positive
target to bind this enzyme and interfere  resistance to various

with DNA processes guinolones
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5. TEST METHODSTO DETECT ANTIMICROBIAL RESISTANCE

There are several antimicrobial susceptibilitytites methods available today, and
each one has their respective advantages and digages. They all have one and the same
goal, which is to provide a reliable predictionvatiether an infection caused by a bacterial
isolate will respond therapeutically to a particudatibiotict reatment. Some examples of

antibiotic sensitivity tesing methods are:

5.1. Dilution methods

The Broth dilution method involves subjecting thelate to a series of concentrations
of antimicrobial agents in a broth environment. Mdilution testing uses about 0.05 to
0.1 ml total broth volume and can be convenientgrfgrmed in a microtiter format.
Macrodilution testing uses broth volumes at aboQtril in standard test tubes. For both of
these broth dilution methods, the lowest concentmaat which the isolate is completely
inhibited (as evidenced by the absence of visibletdrial growth) is recorded as the minimal
inhibitory concentration or MIC. The MIC is thusethminumum concentration of the
antibiotic that will inhibit this particular isolat The test is only valid if the positive control
shows growth and the negative control shows no tirov procedure similar to broth
dilution is agar dilution. Agar dilution methodlifmwvs the principle of establishing the lowest
concentration of the serially diluted antibioticncentration at which bacterial growth is still
inhibited [7].

5.2. Disk diffusion method

Because of convenience, efficiency and cost, isle diffusion method is probably the
most widely used method for determining antimicabliesistance in private veterinary
clinics. A growth medium, usually Mueller-Hintonag is first evenly seeded throughout the
plate with the isolate of interest that has beelutetli at a standard concentration
(approximately 1 to 2 x &olony forming units per ml). Commercially prepdrdisks, each
of which are pre-impregnated with a standard comagan of a particular antibiotic, are then
evenly dispensed and lightly pressed onto the agdace. The test antibiotic immediately

begins to diffuse outward from the disks, creaangradient of antibiotic concentration in the
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agar such that the highest concentration is fouludecto the disk with decreasing

concentrations further away from the disk. Afteroaernight incubation, the bacterial growth

around each disc is observed. If the test isadas@isceptible to a particular antibiotic, a clear
area of “no growth” will be observed around thattigalar disk.

The zone around an antibiotic disk that has navtirds referred to as the zone of
inhibition since this approximates the minimum hiatic concentration sufficient to prevent
growth of the test isolate. This zone is then mesbin mm and compared to a standard
interpretation chart used to categorize the isaatsusceptible, intermediately susceptible or
resistant. MIC measurement cannot be determinad ffos qualitative test, which simply

classifies the isolate as susceptible, intermediatesistant [8].

5.3. E-test

E-test (AB Biodisk, Solna, Sweden) is a commelgialailable test that utilizes a
plastic test strip impregnated with a gradually rdasing concentration of a particular
antibiotic. The strip also displays a numericaalscthat corresponds to the antibiotic
concentration contained therein. This method prewitbr a convenient quantitative test of
antibiotic resistance of a clinical isolate. Howeva separate strip is needed for each
antibiotic, and therefore the cost of this methad be high [9].

5.4. Automated antimicrobial susceptibility testing systems

Several commercial systems have been developégrinade conveniently prepared
and formatted microdilution panels as well as insentation and automated reading of
plates. These methods are intended to reduce tatherrors and lengthy preparation times.
Most automated antimicrobial susceptibility testsystems provide automated inoculation,
reading and interpretation. These systems havadhantage of being rapid (some results can
be generated within hours) and convenient, butroapr limitation for most laboratories is
the cost entailed in initial purchase, operatiom anaintenance of the machinery. Some
examples of these include: Vitek System (bioMerjelasance), Walk-Away System (Dade
International, Sacramento, Calif.), Sensititre ART$ek Diagnostic Systems, East Grinstead,
UK), Avantage Test System (Abbott Laboratoriesyinly, Texas), Micronaut (Merlin,
Bornheim-Hesel, Germany), Phoenix (BD Bioscientésyland) [10].
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5.5. M echanism-specific tests

Resistance may also be established through testslirectly detect the presence of a
particular resistance mechanism. For example,lbetamase detection can be accomplished
using an assay such as the chromogenic cephalpaperitest (Cefinase disk by BD
Microbiology Systems, Cockeysville, MD and BBL Diyfe Nitrocefin, Becton Dickinson,
Sparks, MD) and detection for chloramphenicol mgdd enzyme chloramphenicol
acetyltransferase (CAT) may utilize commercial cohetric assays such as a CAT reagent

kit (Remel, Lenexa, Kansas) [11].

5.6. Genotypic methods

Since resistance traits are genetically encodedcam sometimes test for the specific
genes that confer antibiotic resistance. Howewaéihough nucleic acid-based detections
systems are generally rapid and sensitive, it [gomant to remember that the presence of a
resistance gene does not necessarily equate toné&eafailure, because resistance is also
dependent on the mode and level of expressionesfetlyenes. Some of the most common

molecular techniques utilized for antimicrobialist@nce detection are as follows:

5.6.1. Polymerase chain reaction (PCR)

This is one of the most commonly used moleculahngues for detecting certain
DNA sequences of interest. This involves severalasy of denaturation of sample DNA,
annealing of specific primers to the target seqeefiicpresent), and the extension of this
sequence as facilitated by a thermostable polyraeiesding to replication of a duplicate
DNA sequence, in an exponential manner, to a peimtch will be visibly detectable by gel
electrophoresis with the aid of a DNA-intercalatidgemical which fluoresces under UV
light [12].

5.6.2. DNA hybridization

This is based on the fact that the DNA pyrimidingytosine and thymidine)
specifically pair up with purines (guanine and adenor uracil for RNA). Therefore, a

labeled probe with a known specific sequence canymawith opened or denatured DNA
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from the test sample, as long as their sequencesplement each other. If this

“hybridization” occurs, the probe labels this wahdetectable radioactive isotope, antigenic
substrate, enzyme or chemiluminescent compoundré&@bef no target sequence is present
or the isolate does not have the specific genentdrest, no attachment of probes will

occur [13].

5.6.3. Modifications of PCR and DNA hybridization

With these basic principles, several modificatibase been introduced which further
improvement of the sensitivity and specificity bése standard procedures. Examples of such
development were the use of 5-fluorescence-labelegbnucleotides, the development of

molecular beacons, development of DNA arrays and Bhips, among many others [14].

6. NATURAL PRODUCTSACTING ASANTIMICROBIALS

Nature is a generous source of a number of congsowith potential application for
the treatment of several diseases including thectidus diseases. The presently investigated
natural products derived from local botanical arenpsing candidates that could be used
against MDR pathogens. Nevertheless, there is atillast flora that once systemically
explored could provide additional antimicrobialdeaand drugs.

The mechanisms of action of the natural produnttude the degradation of the cell
wall [16], damaging the cytoplasmic membrane, cigem coagulation [17], damaging the
membrane proteins, increased permeability leadiogleakage of the cell contents,
reducing the proton motive force [18], reducing th&acellular ATP pool via decreased
ATP synthesis and augmented hydrolysis that is ragpdrom the increased membrane
permeability and reducing the membrane potential imcreased membrane permeability
[19].

Herein we will discuss the following antimicrobials
* Antibacterial
e Antifungal
e Antiviral

* Antiprotozoal
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6.1. Antibacterial agents

The cinnamon, clove, pimento, thyme, oregano, esgkémary plants had strong
inhibitory effect against several bacterial pathwgdt has been also reported that essential
oils extracted from some medicinal plants had th&bacterial effects against all the five
tested food borne pathogens due to presence ofopthiestompounds such as carvacrol,
eugenol and thymol [20]. However found that benzaas, benzaldehydes and cinnamic
acid were able to inhibit the growth lofsteria monocytogenes [21].

The antimicrobial activity of garlic, ginger, cley black pepper and green chilli
analyzed on the human pathogenic bacteriaBaeillus sphaericus, Enterobacter aerogenes,

E. coli, P. aeruginosa, S aureus, S. epidermidis, S. typhi andShigella flexneri and stated that
amongst all the tested spices, aqueous garlic @gtmas sensitive against all the bacterial
pathogens [22]. Similarly, effect of clove extraats the production of verotoxin by
enterohemorrhagid&Escherichia coli 0157:H7 was investigated [23]. Furthermore it was
evident from the study that the verotoxin produttieas inhibited by clove extract. However
the effectiveness of cardamom, anise, basil, cdegnrosemary, parsley, dill and angelica
essential oil for controlling the growth and suslivof pathogenic and saprophytic
microorganisms. The results of their study showed éssential oils extracted oregano, basil
and coriander plants have inhibitory effect agafPssudomonas aeruginosa, S. aureus and
Yersinia enterocolitica [24].

The effect of oregano essential oils on the beahaef Salmonella typhimurium in
sterile and naturally contaminated beef filletsestiounder aerobic and modified atmospheres
also they have concluded that the addition of aregsssential oils checked the reduction in
initial population of the tested bacterial pathag§2b]. However the bacterial growth may be
inhibited by the ample application of essentias @if their use at high concentrations and their
mode of action results in decline of the bacteréls [26].

The antibacterial activity of essential oils exted from thyme and mint leaves
against thestaphyl ococcus aureus, Salmonella typhimurium andVibrio parahaemolyticus and
the result showed that all the plants have antdvadtactivity against the tested pathogens but
the effect of thyme leaves extract was more prooedncompared to other plants [27].
Moreover cinnamon, oregano, clove, pomegranate pedl grape seed were found effective
againstS. enterica at room temperature, but the clove extracts podsigbest antibacterial
activity, thyme, sage, myrtle, laurel, and orangseatial oils have a potential to inhibit and

inactivate four microorganisms in agar and milk madat different concentrations also the
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inhibitory effects of essential oils increased withreasing concentration so it is suggested to
investigate higher essential oils concentratioas twere those used in research, and to study
the effects over a longer time period in milk andeo available milk products to access the

potential of plant species essential oils as pvasiees [28].

6.1.1. Main antibacterial phytochemicals

Plant-derived compounds of therapeutic value avstiyi secondary plant metabolites
traditionally used for medicinal purposes. Theyédavwide activity range, according to the
species, the topography and climate of the couafrprigin, and may contain different
categories of active principles [29]. Variations tile chemical composition modify their
antimicrobial activity. Some main categories of fgthemicals extracted from medicinal

plants are examined to evaluate their pharmacabgitivity.

6.1.1.1. Flavonoids

Flavonoids, previously called bioflavonoids andlimed in aromatic compounds, are
phenolic structures ubiquitous in photosynthesiziefis and are commonly found in fruit,
vegetables, nuts, seeds, stems, flowers, tea, wir@polis and honey. For centuries,
preparations containing these compounds as theipainphysiologically active constituents
have been used to treat human diseases. The hasiusal feature of flavonoid compounds
is the 2-phenyl-benzopyrane or flavane nucleusgsisting of two benzene rings linked
through a heterocyclic pyrane ring.

In total, there are 14 classes of flavonoids,edéhtiated on the basis of the chemical
nature and position of substituents on the diffenémgs. The antibacterial properties of
flavonoids are thought to come from the abilitfdon complexes with both extracellular and
soluble proteins, as well as with bacterial membi&9].

Kuete demonstrated that among the flavonoids hydiating the prenyl groups of
stipulin, the compounds obtained, angusticornin ®l aartericin A, had a superior
antimicrobial activity [31]. Thus, the prenyl group plays an important rolehia &ctivity of
chalcones. Recently two flavonoids (6-hydroxy-74mostyluteolin and the xanthone
8-carboxymethyl-1,5,6-trihydroxy-3-methoxyxanthorgjracted from the leaves béiothrix
spiralis, a South American plant belonging to the Erioceede family, showed a promising
activity on Escherichia coli and Pseudomonas aeruginosa [32]. Some flavonoids also

revealed activity again$f. tuberculosis [33].
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A synergy has been demonstrated between activenitads as well as between
flavonoids and existing chemotherapeutics, evethef reports of activity in the field of
antibacterial flavonoid research are widely comiflig, probably owing to inter- and intra-
assay variation in susceptibility testing [34]. dmet optimization of these compounds through
structural alteration may allow the development a@f pharmacologically acceptable
antimicrobial agent or group of agents. Existingaure-activity data suggest that it might be
possible, for example, to prepare a potent antiettflavanone by synthesizing a compound
with halogenation of the B ring as well as lavaytlor geranyl substitution of the A ring.
Also, it is worth noting that by elucidating flavaid biosynthetic pathways it would be
possible to produce structural analogs of actiedhoids through genetic manipulation.
Numerous research groups have sought to elucidatartibacterial mechanisms of action of
selected flavonoids; the activity of quercetin hmesen at least partially attributed to the
inhibition of DNA gyrase, whereas sophoraflavona@ (-)-epigallocatechin gallate inhibit

cytoplasmic membrane function, and licochalconemd C inhibit energy metabolism.

6.1.1.2. Alkaloids

Alkaloids are heterocyclic nitrogen compounds abterized by different
antimicrobial activities. The analysis of the leaftracts of Gymnema montanum and of
ethanol extract ofabernaemontana catharinensis root bark revealed an antimicrobial activity
[35] in the first case due to an activity dependimgpn the chemical composition of the
extracts and membrane permeability of the microled,in the second case linked to indole
alkaloids responsible for the observed antibadtend antidermatophytic activity. Diterpene
alkaloids, commonly isolated from the plants of Benunculaceae group, had antimicrobial
properties [36]. Berberine, an isoquinoline alkdjopresent in roots and stem-bark of
Berberis species, is a hydrophobic cation widely used aditronal medicine owing to its
activity against bacteria, fungi, protozoa and s&s1[37]. It accumulates in cells driven by the
membrane potential and is an excellent DNA intextcal active on several microorganisms

with a target on RNA polymerase, gyrase and topoease IV and on nucleic acid [38].

6.1.1.3. Terpenes

Terpenes compounds are also referred to as ismpeerand their derivatives
containing additional elements, usually oxygen, aafled terpenoids. The antibacterial
activity of some monoterpenes (C10), diterpenoggsquiterpenes (C15), triterpenoids and

their derivatives was recently reviewed. The resolbtained illustrate the strong structure-
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function influence of the antibacterial potentiaf terpenes. Diterpenoids, such as
sesquiterpenes, isolated from different plants latdd bactericidal activity against Gram-
positive bacteria and inhibited the growthMf tuberculosis [39]. The mechanism of action

of terpenoids is not fully understood, but is spa®md to involve membrane disruption by the

lipophilic compounds [40].

6.1.1.4. Phenolics & polyphenols

Phenolic compounds are widely distributed in @anthere they protect the plants
from microbial infections. They have potential amtidative properties but are also potent
anti-infectives. They are a large group of aromatmmpounds, consisting of flavones,
flavanoids and flavanols containing one carbonglugr quinones with two carbonyl groups,
tannins, polymeric phenolic substances, and counsaphenolic compounds with fused

benzene and pyrone groups [41].

6.1.1.5. Flavones and their derivatives

Flavones and their derivatives represent an astebal therapeutic possibility to
disrupt bacterial envelopes. The catechins areudedd among the flavan-3-ols or flavanols,
present in different plants, particularly in team Camelia sinensis, where they form
complexes with the bacterial cell wall and are \ecton intestinal microorganisms [42].
Biological assays indicated the inactivation of@fie bacterial enzymes by several of these
compounds. Moreover significant synergy was alsseoked between theaflavin and

epicatechin against important nosocomial Gram-megaiathogens [43].

6.1.1.6. Quinones

Quinones (aromatic rings with two ketone subsbhg), ubiquitous in nature, are
another significant group of secondary metaboltéh potential antimicrobial properties.
They provide a source of stable free radicals arelersibly complex with nucleophilic
amino acids in microbial proteins determining lagstheir function. Anthraquinones in
particular had a large spectrum of antibacteriédo(antimycobacterial) activity, based on
inactivation and loss of function of bacterial @ios, such as adhesins, cell wall polypeptides
and membrane-bound enzymes, consequently leadihg teath of the pathogens [41].

6.1.1.7. Tannins

Tannins are a group of polymeric phenolic subsariound in almost every plant part
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characterized by antibacterial activity owing t@dtivation of bacterial adhesins, enzymes,
cell envelope and transport proteins. Recentlylogainin-rich plant extracts demonstrated
inhibitory activities on different bacteria attrifaile to their strong affinity for iron and to the
inactivation of membrane-bound proteins.

Hydrolysable and condensed tannins, derived frolavahols, and called
proanthocyanidins, exert antimicrobial activity bBptiperoxidation properties inhibiting in
particular the growth of uropathogertc coli. Anthocyanidin synthesis occurs in plants on
the cytoplasmic leaflet of the endoplasmic reticuland then accumulates in the large central
vacuole; in many plants, anthocyanidins might ogéowligomeric form and in this case they
are called proanthocyanidins. Depending on the tfpeond between the oligomer-forming
anthocyanidin molecules, two general types (A anii @& proanthocyanidins are
distinguished. In less common A-type proanthocyasidtwo bonds are formed between
2B-7 and 4-8 carbon of oligomer-forming molecules; in B-typaly one $#-8 bond is
formed. The beneficial effects of anthocyanins emhbn health have been known at least
from the 16th century, when blackberry juice wasdugh the treatment of mouth and eye
infections. However, only few studies have focusedthe antimicrobial activity of these
compounds. Recently, Cisowska et al. describecmiigocyanin profile of action of different
fruits, mainly berries, but also red grapes and,cbgsequence, red wine, also containing
stilbenoid resveratrol, indicating a superior atgiagainst Gram-positive bacteria [44].

6.1.1.8. Coumarins

One known coumarin, scopoletin, and two chalcomese isolated as antitubercular
constituents of the whole plaRatoua pilosa.

Also, spices and aromatic plants have an antirbiateffectiveness that depends on
the kind of plant, its composition and concentmatiof essential oils, often rich in
monoterpens and sesquiterpenes. Studies analymngntimicrobial activity of essential oil
of Allium sphaerocephalon inflorescenses revealed the accordance with tipellpo use of
plants belonging to th@llium genus in traditional medicine, indicating the intpace of

aroma precursors (cysteine sulfoxides) for a pdieiogic activity [45].

6.1.2. Plant extracts with efflux pump inhibitorycavity

Multidrug resistance due to the expression by dyactof an efflux pump is an

increasing clinical problem. Therefore an interggtiapproach to the therapy of many
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infections would be one based on the identificabbmolecules interfering with the process
of efflux.

In 1998, it was shown that plant-derived compouaidsactive against Gram-positive
bacteria, in particulaBaphylococcus aureus; successively numerous phytochemicals were
shown to act as potential efflux pump inhibitor® (& with antimicrobials for Gram-positive
bacteria [46]. Gram-negative bacteria have innatétidnug resistance to many antimicrobial
compounds owing to the presence of efflux pumpsparticular, the AcrAB-TolC efflux
system, and some authors suggested that plantsnatgyroduce molecules active on these
organisms [47].

However, the chemical diversity between plants amdroorganisms represents an
ecological possibility to identify EPIs from naturaources. Reviewing the literature
concerning bacterial resistance modulators fromarahplants, Stavri et al. described different
bacterial EPIs, such as the plant alkaloid resergierberine and methoxylated flavones and
isoflavones, that revealed putative interferingwdtgt on efflux [48]. Moreover, the level of
accumulation of berberine in the cells was incrdaseresence of 5-methoxyhydnocarpin, a
multidrug pump inhibitor, reported as a minor comgat of chaulmoogra oil, used in
traditional therapy for leprosy [49]. Recent datadicate that the AcrAB-TolC (in
Enterobacteriaceae) and MexAB-OprM fnaeruginosa) efflux pumps are involved in the
resistance of Gram-negative bacteria to most ohttaral products [50]. In the presence of
the EPI phenylalanine arginingnaphthylamide (PBN), the activities of some natural
products belonging to the phenolics, in particiathe naphthoquinones (plumbagin), and
flavonoids (4-hydroxyloncharpin), showed a sigr@aht increase in activity, whereas
terpenoids are not active, probably due to difficuin passing through the bacterial
membrane barrier. The natural products exhibitimg best antibacterial activities have the
same pharmacophore; plumbagin, which revealed fgignt antibacterial activity in the
absence of an EPI, is the minimal scaffold requfaedactivity. The other functional groups
may modulate the susceptibility of the molecule Hacterial resistance mechanisms.
Moreover, extracts from plants, and in particulareatract of an essential oil from a Corsican
plant, Helicrysum italicum, containing geraniol, was able to synergize whloamphenicol
against different Gram-negative bacteria [51]. @gret al. indicated that extracts of different
plants that are used as herbal medicinal prodwuctsam inhibitors of efflux in Gram-negative
bacteria [52]. The most active compound, falcanhdextracted fromievisticum officinale,
revealed a synergistic activity with ciprofloxaciBy adding EPI PAN to Dichrostachys

glomerata extracts, an increase of the activity &n coli, Klebsiella pneumoniae and
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Providencia stuartii resistant strains was shown; moreover, a synargffect was noted by
associatind. glomerata extracts with some antibiotics.

Since the antimicrobial effectiveness of flavorsoicbmes from the ability to form
complexes with both extracellular and soluble pretend bacterial membranes, penetration
of, and maintaining its position in, a microorganiss a critical point. Thus, the presence of
EPIs is essential for flavonoid antimicrobial aityiv Recently Fowler et al. used the natural
flavonoid scaffold to synthesize non-natural flama@ molecules with functional groups

responsible for activity against bacteria and fumigh minimal toxicity to human cells [53].

6.1.3. Plant extracts with bacterial quorum sensimnibitory activity

It is now well recognized that populations of leaiet from many Gram-positive and
Gram-negative species cooperate and communicajgetiorm diverse social behaviors,
including swarming, toxin production and biofilm rfeation. Communication among
bacterial cells involves the production and detectf diffusible signal molecules and has
become commonly known as quorum sensing (QS), sityesiependent system that regulates
the bacterial expression of specific genes, whosdyzts modify the local host environment
favoring the invasion and persistence of the patho{pb4]. The discovery that many
pathogenic bacteria employ QS to regulate theulemce makes this system interesting as a
target for antimicrobial therapy. Therefore, thealigbto interfere with QS interrupting
bacterial communication opens new therapeutic masp The ideal QS inhibitor (QSI)
would be a low-molecular-mass molecule able to cedthe expression of QS-controlled
genes; in order to avoid toxic side effects; thkibiior should exhibit a high degree of
specificity for the target QS-related molecule.dfiyy the QSI agent should be chemically
stable and resistant to the metabolic and disgosaksses of the host organism. The study of
a strategy to interfere with bacterial QS is thessical pharmacological approach to receptor
antagonism. In particular, halogenated furanonetass of natural products isolated from the
marine red algaBelisea pulchra, have an effect on bacterial QS. Zah@l. showed that the
mechanism of action is the modification and inaion of LuxS (S-ribosylnomocysteine
lyase), the enzyme which produces autoinducerd?,ttediates interspecies QS among many
bacteria, but is absent in humans [55]. Moreovenumber of plant extracts and natural
compounds inhibitind®. aeruginosa QS have been identified by Rasmuseeal., including
bean sprout, chamomile, carrot, garlic, haban@apgcum chinensis), propolis, water lily,

yellow pepper, and two products Bénicillium fungi, patulin and penicillic acid [56]. The
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authors further investigated the effects of gaghtract, which contains at least three different
QS inhibitors and was able to inhibit QS in a cartiion-dependent manner and with a
structure—activity relationship hypothesizing comitpee binding. In fact, GeneChip®
analysis revealed that garlic extract had a pradoeifiect on QS-regulated virulence genes,
significantly reducedP. aeruginosa biofilm tolerance to tobramycin and lowered the
pathogenicity of P. aeruginosa in a Caenorhabditis elegans nematode model. The
phytoalexin resveratrol (3,5,4'-trihydroxystilbenan antifungal agent found in grapes and
other plants, has direct antibacterial activity ingaNeisseria gonorrhoeae and Neisseria
meningitides. However, we observed that resveratrol can intibideruginosa QS in vitro.
Also, solenopsin A, a venom alkaloid from the faret Solenopsis invicta, has been shown to
be able to interfere with

P. aeruginosa QS, probably by targeting thes,EiSL-dependenthl system [57].
Solenopsin A reduced biofilm production B aeruginosa in a dose-dependent manner,
indicating a QS signaling suppression mechanisminhibition of QS-controlled virulence
factors, such akasA proteasel.asB elastase, pyoverdin and biofilm production, in saene
microorganism by extracts from different south Flar (USA) plants was also reported.
Recently, some traditional Chinese medicine heirbgarticular Areca catechu, are a rich
source of compounds which exhibit anti-QS propsrti8everal QSI of natural origin, in
particular the isothiocyanate iberin from horseshdiand ajoene, a sulfur rich molecule from
garlic that inhibitsP. aeruginosa genes controlled by QS, were identified [58]. Bajbene
and horseradish juice extract, in combination wattramycin, have a synergistic antibacterial
efficacy. A natural nonpeptide compound isolatemirfrthe bark ofHamamelis virginiana,
hamamelitannin (2',5-dB-galloyl-D-hamamelose), was found to inhibit QSSraureus and
S epidermidis, inhibiting the production of RNAIIl and hemolysinin vitro [59].

6.1.4. Plant extracts with biofilm inhibitory actity

Biofilms are the default mode-of-life for many bextal species and biofilm-based
infections cause harm to millions of humans angudihe difficulty of eradicating biofilm
bacteria with classic systemic antibiotic treatrserg a prime concern of medicine. In
particular, the ability of staphylococci to adhere both eukaryotic cells and abiotic surfaces
and to form biofilm are important virulence factars chronic infections associated with
implanted biomaterials, which are particularly it to eradicate. Recently, Artini et al.,

assessing four compounds (derived from aerial antigarts oKrameria lappacea, Aesculus
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hippocastanum, Chelidonium majus and Macleya cordata) that contained several alkaloids
and flavonoids, revealed a potentially interestiagtivity on staphylococci, clinically
significant microorganisms also for the emergenceethicillin-resistant variants [60]. Two
compounds in particular, proAc (proanthocyanidin-gttsphatidylcholine) isolated from
A. hippocastanum and CH (chelerythrine) purified frorMlacleya cordata, exhibited an
inhibition of de novo' biofilm formation without bactericidal activityThe treatment of
bacteria with these alkaloids downregulates som@ortant proteins belonging to different
pathways. In particular, proAc acts on the irondloig protein (determining the impairment
of the uptake of iron, an essential micronutriemt microorganisms), blocking the switch
process from planktonic to sessile state of bactanid ablating autolysin (penicillin-binding
protein), thus inhibiting biofilm formation. Theemtment with sanguinarine and CH acts on
some bacterial proteins involved in heat shockaase, surface exposed lipids and methoxy—
mycolic acid synthase, until protein synthesis pig@rance. Both sanguinarine and CH also
act on some elements of the bacterial cytoskelestmuctural compart recognized as a
potential target for antimicrobial therapy; themefoinhibitors of cytoskeletal proteins may
function as lead compounds for the developmentoeEhantimicrobials. Hamamelitannin, a
polyphenol extracted from the bark bflamamelis virginiana belonging to the family of
tannins, significantly reduces biofilm metaboligiaity of different microorganisms [61].
Carvacrol, a monoterpenic phenol natural biocidad an effect on dual-species
biofilms formed byS. aureus andSalmonella enterica serovaityphimurium [62]. Nonbiocidal
concentrations of this molecule disrupted normalettgpment of biofilm, preventing the
build up of protein mass and arresting at the noii@any stage. This component, together
with thymol, is the principal phenolic componenttidetermined the antimicrobial activity of
oregano oil on staphylococci. These molecules, adtarized by a hydrophobic nature,
interact with the lipid bilayer of cytoplasmic merahes causing considerable effects on its
structural and functional properties and loss daégnty of bacterial cell. Moreover, these
compounds may diffuse through the polysaccharideixnaf the biofilm thus destabilizing it.
A compound (1-deoxynoijirimycin) purified fromlorus alba inhibited biofilm formation of
S mutans, a major causal organism of dental caries, reduddacterial extracellular
polysaccharide secretion [63]. Similarly a new rthplene compound frorirachyspermum
ammi seeds exhibited the same effect indicating gretdrpial as a therapeutic agent against
caries [64]. Moreover, another novel strategy ttuce development of dental caries may be
the use of plant lectins, proteins that recognimedlycoconjugates present on the surface of

S mutans; in particular glucose/mannose-specific lectirer@t the adhesion of bacteria on
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saliva-coated surfaces [65]. AlsBropionibacterium acnes, microorganism responsible for
acne vulgaris and able to form biofilm, resultedscaptible to plant extracts containing
icariin, resveratrol and salidroside, compoundg &blreduce biofilm formation [66].

For the treatment of urinary tract infectiomdglia dubia, a plant from Meliaceae
family present in the Indian subcontinent, has besed in folk medicine. Ravichandiran et
al., examining the antivirulent potentiality of $hplant, evaluated the principles antagonizing
the quorum sensing systems of uropathogeEnmmli [67]. They found few compounds which
can curtail the bacterial biofilm formation andulence factor by controlling their quorum

sensing

6.2. Antifungal agents

Human fungal infections, particularly in immunogmmomised persons (AIDS, cancer
and transplant patients), are a very challengimdplpm because the therapeutic options are
hampered by serious drawbacks, such as the devetdpoh drug resistance and toxic side
effects [68]. Thus, there is a clear demand for tlewvapeutic approaches based on molecules
found in plants that may be used directly or comsd as a model for developing better
molecules. Before 2009, more than 600 plants hasen lreported for their antifungal
properties, but few were examined for the activdeaudes [69]. Recently the use of the
natural product tea tree oil in antifungal therdyag been proposed. This compound appears
to be effectivein vitro against multidrug-resistar€@andida and in vivo against mucosal
candidiasis [70]. Moreover, it has also been doagtk that terpinen-4-ol rather than
1,8-cineole is the most likely mediator of tea todeactivity or, at least, a main contributor to
anti-Candida activity. The genu$aeonia is one of the most important sources of drugs in
traditional Chinese medicine. Picerno et al. obsérthat its extracts and some of their
compounds inhibitedC. albicans growth [71]. The antifungal properties of essdntds
obtained from different aromatic plants, in pard@écurom Mentha suaveolens, whose main
microbicidal components were pulegone and pipegitoxide [72]. A strong antifungal
activity of essential oils obtained from other gtawas demonstrated [73]. In particular, in
Bidens tripartite L. roots, the main components asepinene, B-bisabolene, p-cymene,
hexanal and linalool; i€oriandrum sativum extracts, the effect is fungicidal and responsible
for a marked reduction of germ tube formation [Fpm several parts (flower, leaf and stem
containing different compounds) #foysia triphylla, Gypsophila bicolor, Lavandula viridis,

Erigeron acris andannuus, and also from star anisdl{cium verum) an activity, linked to
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trans-anethole, was observed [75]. Coumarin andophgxins, which are hydroxylated
derivatives of coumarins, revealed a certain angéd activity. The antifungal activity of dill
(Anethum graveolens) oil results from its ability to disrupt the peraiglity barrier of the
plasma membrane and from mitochondrial dysfuncimoliced reactive oxygen species
accumulation irAspergillus flavus [76].

Promising activity againsC. albicans biofilm formation was displayed by eugenol
and cinnamaldehyde, molecules belonging to the glegroup of essential oil compounds,
which also showed synergy with fluconazoieitro [77].

The essential oils of differen€urcuma spp., containing caryophyllene as major
compound, displayed varying degrees of antimiclolaativity, in particular against
Cryptococcus neoformans. A protective effect of an oral natural phytoment was observed
in recurrent vulvovaginal candidiasis, and prongsalternatives were revealed by several
terpenic derivatives for the topic treatment ofl arandidiasis and denture stomatitis [78].
Some antidermatophitic compounds that have beem Used as Chinese medicines to treat
various ailments such as dermatomycosis, were radddrom extracts ofructus psoraleae
and Folium eucalypti globuli and also fromAchillea millefolium extracts. Moreover,
flavonoids isolated from mangdvéngifera indica) leaves revealed antifungal activity on
different species, in particulakspergillus sp., and schinol and a new biphenyl compound
were active orParacoccidioides brasiliensis. Moreover, metronidazole showed a potentiation
of its antifungal effect when combined with planttracts, as did fluconazole with other
phytocomponents. Using genetic and biochemicalaggbres, Xu et al. showed the antifungal
activity of a plant-derived acetylenic acid by nfiéeing with the fatty acid homeostasis
pathway [79].

6.3. Antiviral agents

6.3.1. Oregon grapéViahonia aquifolliumynervosa)

This antiviral herb's active ingredient is an & called berberine, a bright yellow
substance that's most prevalent in its roots. Tusrare best harvested during the fall and
winter months when the plant is in a state of dertyaAt this time, all of the plant’s energy
goes into the roots making the potency of the mediat its highest. It's also starting to be
used as an alternative to goldenseébidfastis canadensis), which is one of the antiviral herbs

that has been over harvested and has similar medligioperties. Once you've harvested the
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roots, remove the brown outer bark and keep thlwelhner bark and wood. Scrape the
yellow inner bark and wood into shavings and make@ure with the shavings using grain
alcohol. Oregon grape tincture can be used to addhe following viruses: cytomegalovirus

(CMV), human papillomavirus (HPV), influenza, commeoold (rhinovirus) [80].

6.3.2. St. John’s Wor{Hypericum perforatum)

Hypericin is the active ingredient in St. John'@tMvhich is most prevalent in its
flowers. The flowers bloom during mid to late summraad that's when it is the best time to
harvest. People that infuse it in olive oil as wé&While it has a multitude of medicinal
properties, it's an incredibly strong antiviral wiishouldn't be underestimated. St. John's
Wort can b used to address the following virused§V 1 and 2, HIV, Hepatitis C, MCMV,
Sindbus virus [81].

6.3.3. Gingen(Zingiber officinale)

Ginger root, like garlic, is best taken raw arid iypically my second “go to” herb
when either a cold or flu sneaks up on me. Whike often used for upset stomachs and
motion sickness, its 12 antiviral compounds makimdtedibly effective against viruses as
well. Oftentimes | will shave portions of the rooff onto my vegetables or just eat the
shavings raw. The root is best harvested duringfaheand winter months when it's most
potent. Ginger can be used to address the followinges: HRSV, common cold, flu and
most viral infections of the lungs [82].

6.3.4. Astragalus roofAstragal us membranaceus)

This is of the most popular antiviral herb in G¥se medicine because of it's ability to
strengthen the immune system. It's a popular treattnfor people who have undergone
chemotherapy because of its ability to help theybqdickly recover from such a severe
amount of stress. Roots are best harvested irathanfd winter months and you should make
it into a tincture similar to the method used fae@bn grape. Astragulus roots can be used to
address the following viruses: HIV, influenza, coonmcold and most viruses in general

because of how strong it makes your immune sys83h [
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6.3.5. OregandOriganum vulgare)

Oregano is a member of the mint family which ighhin volatile oils. The active
ingredient in these volatile oils is called careatand its best extracted using an olive oil
infusion (let the oregano infuse for 6 weeks sulyeérin the olive oil). Oregano has also
been vastly underrated as a medicine since stargHb@regano oil is typically less than half
as potent as the oil you make yourself with wilfterdh oregano. The wildcrafted variety is
considered by many to be the best treatment fdr stmep throat and the flu. While the oil has
many benefits, it also kills beneficial bacterigpecially in your digestive system. Either
don’t use for a prolonged period of time or supmemdosages with foods that contain
probiotics such as yogurt or sauerkraut. It's besharvest when it's about 4 inches high
before it goes to seed. Oregano can be used tesxithe following viruses: HSV 1, shingles,

influenza, strep throat [84].

6.3.6. UsneqUsnea australis)

While it's actually a lichen and not an herbacegoast, | decided to include it on my
list of antiviral herbs because it's one of my ealtefavorites. Also known as Old Man's
Beard, it can often be found on fallen branchesdefiduous trees here in the Pacific
Northwest. | often gather my usnea after wind storits active ingredient is usnic acid and
its best consumed in tincture form. People withoemmune disorders should avoid usnea
since it will encourage the immune system to attheklthy cells. Usnea can be used to
address the following viruses: influenza, commofdcéiSV 1 and 2, Epstein-Barr, Junin

virus, Tacaribe virus and polyomavirus [85].

6.3.7. Lemon balm{Melissa officinalis)

Lemon balm is another member of the mint familyosdn volatile oils contain antiviral
compounds. It's best to harvest it between summeémad fall since that's when the oils are
most abundant. You can make it into a tinctureragrdiviral herb but | personally prefer it as
a tea or an infusion. It loses its volatile oilsdally so it's best to steep the leaves fresh rather
than dry them out. It's also a great herb for cagirihe central nervous system. Lemon balm

can be used to address the following viruses: H&W 1, influenza, common cold [86].
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6.3.8. Lomatium(Lomatium dissectum)

Lomatium is also known as desert parsley andrgelg an underrated antiviral herb.
The root was used by Native Americans to treat s bb different viruses but was mainly
used for upper respiratory infections. It actuatgrted to be written about in great detail
around 1918 after the outbreak of the Spanish fler& it saved a great deal of lives. Today
it's used for almost all types of bad respiratanfections, bad fevers and pneumonia. It's
active ingredient is an oleoresin stored in itstsolt’'s a big and powerful medicine that is
best taken in tincture form. Take in small dosagjese some people develop rashes when
taken in large dosages. Harvest the root eithénerfall/winter when the plant is dormant or
in the early spring before the plant goes to flowihe root should be harvested when the
plant is between 4-10 years of age because thaes ihey have their highest medicinal
concentrations. It's considered to be one of theeb@fluenza herbs because not only is it
antiviral, it's also respiratory clearing, meaniiigorevents secondary infections which are
common occurrences with the flu virus. Lomatium d¢sn used to address the following
viruses: cytomegalovirus, HIV, Epstein-Barr, infhz@, common cold and practically any

respiratory virus [87].

6.3.9. White sag€Salvia apiana)

White sage is yet another mint family member.alitive ingredients are the volatile
oils camphor and eucalyptol. The best time to h&trsage is in the mid to late summer once
the flowers have gone to seed. It is best usesh@ture form as an antiviral herb since many
of the active ingredients aren't water soluble. d/bBage can be used to address the following

viruses: common cold, influenza [88].

6.4. Antiprotozoal agents

Several natural compounds have been identifiethimtreatment of leishmaniasis and
research on plants and their metabolites can tanérito overcoming the drug resistance of
Leishmania parasites. Among the plant species evaluated Nefalcifolia presented the best
results regarding anti-leishmanial activity, wittetethanolic leaf extract displaying an 4D
of 138.5 pug/ml and 65.6 + 5.4% growth inhibition thle promastigote forms df. (V.)

braziliensis at the highest concentration tested, 320 pg/ntkaEts ofH. gardneriana (aerial
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parts) andC. podantha (leaves), which also demonstrated reasonable pptemesented an
LDso of 237 and 271 pg/ml, respectively. No growth Ioition was obtained at drug
concentrations lower that 40 pg/ml. The medium amiig DMSO did not affect the growth
of the protozoa [89].

Ethanolic extracts df. podantha andM. arenosa (aerial parts) inhibited the growth of
epimastigote forms Of. cruzi even at very low concentrations (10 pug/ml), présgro0.4 +
11.52 and 88.9 £ 2.20% growth inhibition of thi®fmzoan, respectively. On the other hand,
extracts ofH. gardneriana, N. falcifolia, andP. elegans (leaves) showed similar activities
only when a concentration of 1000 pg/ml was usé@. medium containing 1.0% DMSO did
not affect the growth of the protozoa. Benznidazaded as the positive control against
T. cruz at 10 pg/ml, showed 80% growth inhibitions [90].

The best results in terms of molluscicidal acyiwitere obtained with the ethanolic
extract ofM. arenosa, which induced 100 and 60% snail mortality at @tcations of 200
and 150 pg/ml, respectively, with an ¢bf 143 pg/ml. TheN. falcifolia extract was 100%
lethal to the snails at the concentration of 200ml,gout mortality was not obtained at lower
concentrations. Control assays with DMSO showedefiect on the snails. Niclosamide
at 5 ug/ml was used as positive control agdngtabrata and showed 100% lethality [90].

Although the literature indicates that ideal cartcations of plant extracts are below
100 pg/ml for molluscicidal activity, the resultbtained forM. arenosa, LDsg of 143 pg/ml,
justify the continuation of its study. This plarg native to the area and the extract was
obtained from regenerating parts of the plant,diacthat can be considered of importance
[91].

The genud\ectandra is well represented in the Brazilian flora, witkveral species
presenting many benefits to man. They have beeth inspopular medicine for the relief of
pain, arthritis, rheumatism and diarrhea, and atsantifungals. Pharmacological studies have
demonstrated the antitumoral activity of. rigida Nees, the antimalarial activity of
N. cuspidata Nees and the vascular and antimalarial activibiehl. salicifolia Nees. In our
study, N. falcifolia leaves presented good results regarding theirratdgoal activity against
promastigotéorms ofL. (V.) brazliensis [91].

Some species of the gent&icteres have been used in folk medicine, such as
H. isora L. (as an expectorant, demulcent, astringentgalatctagogue, and for the relief of
the flu, against empyema, stomach affections, aabetes)H. angustifolia (analgesic, anti-
inflammatory and anti-bacterial effects}]. ovata Lam. (depurative, emollient and

antisyphilitic effects), andH. sacarolha Juss. (depurative and in syphilitic inflammations)
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Pharmacological studies have demonstrated theiamgisc and hypolipidemic activities of
H. isora L. Also H. gardneriana (aerial parts) also displayed good antiprotozadiviy
against promastigoterms ofL. (V.) brazliensis [92].

Among the species of the genDayaponia that have been used populaiG,tayuya
(Vell.) Cogn. andC. espelina Cogn. (anti-snake venom, tonic, diuretic, anthasdtic,
antisyphilitic, and purgative effects, and to comlepilepsy, diarrhea and bronchitis),
C. cabocla M. (purgative and depurative effects in cutanealiseases and as an
emmenagogue) ar@ pilosa Cogn. (emmenagogue, antisyphilitic and purgatifeces). Our
data demonstrated th@t podantha (leaves) presents important antiprotozoal actigmginst
epimastigote forms oF. cruzi and promastigote forms bf (V.) brazliensis [93].

Some species of the gentdelochia have been used in folk medicine, such as
M. corchorifolia L. (dysentery, abdominal swellings and water-snbites), M. umbellata
(Houtt.) Stapf (deobstruent) and. pyramidata L. (bronchitis and cough). The extract
obtained from the aerial parts bf. arenosa demonstrated molluscicidal effects and activity

againsfl. cruzi epimastigotes [94].
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ABSTRACT

The figwort family (Scrophulariaceae) is a big fgncomprising about 87 genera with
nearly 4800 species. Members of this family ardnlyigpopular for their folk medicinal uses
in addition to their phytotherapeutic importancerdphulariaceae represents an appealing,
unique and diverse resource that furnishes a vaay af bioactive secondary metabolites
including alkaloids, phenylpropanoids, iridoid ghsades, and terpenoids. Additionally,
various species belonging to the Scrophulariaceaatam substantial amounts of
flavolignans, polyphenols and phenolic acids. Urndedly, these phytoconstituents are
responsible for their wide medicinal values as -arftammatory, antimicrobial,
antinociceptive, antioxidant and cytotoxic propestiBuddlga, Eremophila, Leucophyllum,
Myoporum, Scrophularia andVerbascum are among the highly valuable medicinal genera in
the figwort family. In this chapter we are shadiinght on the antimicrobial potency of
various species belonging to the aforementione@rgewith special emphasis on the effects
of their derivedsecondary metabolites and interpretation of thegwvipusly reported mode of
action Moreover, insilico molecular modeling study of the major constituastdated from
these genera of interest on various key enzymgmmnsgble for the incidence, resistance and

progression of infectious diseases will be carwed in an attempt to verify the probable
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mechanism of action for the previously reportedinaictobial members belonging to

Scrophulariaceae.

Keywords. Antimicrobial activity; Buddlga; Eremophila; Leucophyllum; Verbascum;

Myoporum; Scrophularia; Molecular modeling; Phytoconstituen&crophulariaceae.

1. INTRODUCTION TO MICROBIAL INFECTIONS AND ITS
HAZARDOUSEFFECT

Infection can be defined as an invasive attackhef living organism by disease
producing agents as well as their multiplicationthim the organism’s body with the
subsequent interaction of the immune system ofhttet organism towards them and their
toxins. Infectious diseases, also known as transmissibleoormunicable diseases, can be
classified anatomically into skin, odontogenic,piestory tract, urinary tract infections as
well as vaginal and intra amniotic infections. Thmain symptoms of infectious diseases
comprise aches, fatigue and appetite loss with @ortent loss of weight as well as fever,
chills and night sweets. Additionally, other symp® which are greatly specific to the
affected organ including cough, runny nose and s&shes may appear in addition to the
existence of asymptomatic infections [1].

Despite of the enormous progress in the medicitnategjies for the curing of many
health problems, infectious diseases due to bactiemgi and viruses still constitute a major
impendence to public health in the®2dentury. This is ultimately obvious in developing
countries attributing to the lack of medicine indabn to the appearance of many resistant
strains to commonly used antibiotics. Accordinglgyel classes of antibiotics are constantly
required to overcome the disturbing side effectsyithetic antimicrobial agents. Hence,
attention has been given to the beneficial thertipgutential of herbal medicine setting an
example of cheap, substantially safe remedy offeran mine that could be used as
antimicrobial candidates [2].

The development of bacterial resistance combaliagcommonly used antibiotics has
been seriously reducing the cure rate. The probaiglehanisms of bacterial resistance that
were previously reported include the inactivatidrthe antimicrobial agent directly through
the changing of the important functional groupgha drug as acetylation, methylation and
the opening of the beta-lactam ring of penicillhoreover, the modification of the targeted
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site of action, the variation in the metabolic pedlys that the drug prohibited, inhibition of
drug uptake by the affected tissues and reductidimeantracellular amount of the drum its
exportation out of the infected cell by ABC trandpos are also among the prominent

mechanisms of bacterial resistance [3].

2. PREVIOUSLY REPORTED MECHANISMS OF ACTIONS FOR
POPULAR ANTIMICROBIALS

The usage of antimicrobial agent is widely accgpbeprohibit the spread of infection.
It can be classified according to their purpose anttiseptics that are effective in the removal
of microorganisms from living tissue and/or skinowever, disinfectants are used for the
destruction of the microorganisms existing on nemg things in addition to the antibiotics
that are given as a prophylactic rather than asre. 8esideshand washing, wearing gowns
together with face masks, the adherence to hehfésgyle with a balanced diet and regular
exercise may help to reduce the risk of incidentédaxterial infectionslt is worthy to
mention that the prolonged utilization of these rdgecauses bacterial mutations with
consequent appearance of bacterial resistance [4].

There are a lot of mechanisms by which the antwhial agents exert their effects;
this includes inhibition of protein, nucleic acids well as cell wall synthesigrohibition of
the function of cell membrane, in addition to iféeing with other metabolic processes (Fig.
1) [5]. The existence of cell wall in the bactergallls that is crucial to their survival make
them more susceptible for being attacked by thaméerbbial agents that targeted cell wall
synthesis inhibition as penicillins and cephalogpcomparable to human and animal cells
that lack cell wall. On the contrary, polymixin Bidacolistin that affect the cell membrane
structure causing its damage and the leakage af siitbstances necessary for the cell’s
survival is nonselective and also adversely affeaman and animal cells. However,
antimicrobial agents that inhibit protein are desig to selectively attack certain bacterial
enzymes and structures that are required for theltiplication and growth with concomitant
interference with their metabolism as 30S or 50Busiis of the intracellular ribosomes as
aminoglycosides chloramphenicol and tetracycliddsanwhile, it goes without saying that
nucleic acids, DNA and RNA, are of great necessitthe bacterial division and survival so
selective binding with the bacterial nucleic acmsuld effectively lead to their death as

quinolones. Additionally, many antibiotics hits &@@n metabolic paths that are essential for
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the bacterial survival as inhibition of dihydroftdareductase and dihydropteroate synthase
enzymes resulting in disruption of folic acid syedls with consequence destruction of DNA
synthesis as sulfonamides and trimethoprim [6].
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Figure 1. Major microbial targets for antimicrobial agents

Apart from the well-defined targets of the commoniged antimicrobial agents,
antimicrobial enzymes that constitute a promineatt from the host immune system
implicated in its defense against pathogenic miesofire nowadays adopted as an advanced
method for combating infectious disease. These rargyinclude hydrolyzing ones that
prohibit bacterial growth either by invading theucal components of the cell wall or by
destroying the substances that adheres the cgishter and to surrounding surfacBssides,
proteolytic enzymes exemplified by subtilisins ahdostaphin are highly effective in
hydrolyzing the adhesive proteins that are mangator the formation of bacterial
biofilms. Polysaccharide-hydrolyzing enzymes cosipg a-amylase, dispersin B, chitinases
S-glucanases and alginate lyases are found to bet# in both inhibiting biofilm formation
as well as destroying the formed films in a vasayrof microorganismsia cleavage of
various glycoside linkages. Additionally, oxidativenzymes mainly cellobiose dehydro-

genase, glucose oxidase and superoxide dismukaskrnawn to elicit an anti-infective
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mannervia the liberation of a huge amount of the destruckiydrogen peroxide that causes
cytotoxicity in the infectious agent. Among thedrgsting host enzymes that exhibited potent
antifungal properties are quorum-quenching andsgremzymes. The formers include AHL-
lactonase, AHL-acylase and paraoxonases that shawgeat interference to bacterial cell-
to-cell communication (quorum sensing) that undedlyt decrease the ability of the
organisms to release virulence components causaucation of the organisms. However the
latter is highly efficacious in case of urinarydranfections inhibiting the formation of hard

coatings around the bacteria that protects it [7-9]

3. REPORTED ANTIMICROBIAL ACTIVITY OF SOME IMPORTANT
GENERA BELONGING TO FAMILY SCROPHULARIACEAE AND
THEIR ISOLATED PHYTOCONSTITUENTS

3.1. Buddleja

GenusBuddleia (Buddlgja) belonging to the family Scrophulariaceae compraasut
100 species that are native to Africa, Asia, Natid South Americgl0]. Traditionally,
Buddleia species were highly recommended to be used asicakamtiseptic as well as a
diuretic owing to the different classes of compaurmtedominating in the genus [11].
Recently many of theBuddleia species have been investigated for their antimiatob
properties and many of which are found to be higiffective either in the form of crude
extract or isolated compounds.

The stems and the leavesBfsaligna were evaluated for their antimicrobial activity
using isolates of 10 bacteria species comprising ram-positive and five Gram-negative
strains. The tested samples showed substantiaitgcigainst the Gram-positive and some
Gram-negative strains that further consolidatesfdbethat Gram-negative bacteria are more
resistant relative to the Gram positive ones. Thathanol extract of its leaves that showed
higher antibacterial potency comparable to the stavas found to exert its antimicrobial
effect against all the tested bacterial straingepkéor Serratia marcescens andPseudomonas
aeruginosa. Bacillus cereus, Sreptococcus pyrogens andPseudomonas aeruginosa only were
susceptible to the stem effect [12].

Additionally, the ethanol extracts 8f globosa leaves exhibited a potent antibacterial

activity agains&aphylococcus aureus andEscherichia coli mainly attributing to the presence

Karpinski T.M., Adamczak A., ed#ntimicrobial activity of natural substances.
DOI: http://dx.doi.org/10.5281/zenodo.1014019 75
JBBooks, Pozng Poland, 2017




of verbascoside that showed a minimal inhibitorpaantration of 1 mM [13]. Verbascoside
(1) was also isolated frorB. cordata leaves methanol extract and was monitored for its
antibacterial property againStaphylococcus aureus utilizing killing kinetics together with
incorporation of precursor methods. Results clkdifthe lethal effect of verbascoside on
S aureus via interfering with protein synthesis and inhibitiohleucine incorporation [14].
Additionally, B. globosa stem bark showed antifungal activity agaihsichophyton rubrum,
Trichophyton interdigitale, and Epidermophyton floccosum. Buddlejone(2), maytenong3),
buddledin A(4) and buddledin B5) and deoxybuddlejonés) were found to be responsible
for the antifungal activity with buddledins A anddBowed the greatest activity, with MIC
values of 43 uM and 51 pM, respectively [15].

Similarly, the antifungal activity of the chlorofo extracts ofB. cordata and
B. davidii stem bark against the soil fungiwas explained gwimthe predominance of the
sesquiterpene buddledin A [16].

Moreover, the acetone/water (4:1) crude extracg& eéligna leaves and stem showed
pronounced activity by bioautography agaikstherichia coli, Saphylococcus aureus, and
Mycobacterium aurum. Oleanolic acid7) isolated from th&-hexane soluble fraction of the
crude extracts exhibited bactericidal activity agaMycobacterium microti, Mycobacterium
avium and Mycobacterium scrofulaceum at loading doses of 2.5 pg/spot for the first and
1.25 pg/spot for the last two ones. Its mechanisraction could be explained in virtue of
suppression of DNA polymerase [17]. Farbrasiliensis leaves methanol extract, it showed
antibacterial properties againgteromonas hydrophila, Bacillus subtilis, Pseudomonas
aeruginosa and Staphylococcus aureus [18].

B. perfoliata Kunth, used traditionally for the alleviation of géistive disorder,
exhibitedin vitro anti-H. pylori activity with minimum inhibitory concentration (M@) of
aqueous and methanol extracts of its aerial pguals to 500, and 62.5 pg/ml, respectively
[19]. The crude extract of the stem barkBxfordata exhibited a marked anti-mycobacterial
activity owing to the presence of various phytoditaents comprising 2[4'-hydroxyphenyl]-
ethyl lignocerat€8) that revealed a substantial antibacterial agt@&gainstMycobacterium
tuberculosis with MIC value of 64 micrograms/ml [20].

The leaf extracts ofB. salviifolia as well as its isolated compounds namely,
4'-hydroxyphenyl ethyl vanillat€9), verbascosid€l) and quercetin10) showed a broad
spectrum of antibacterial activity. Its ethyl at¢et&raction revealed a good activity against
Bacillus subtilis and Staphylococcus aureus wheraeas, the hexane and dichloromethane

fractions showed the highest activity towaf@mndida albicans [21]. Besides, the volatile oll
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of B. asiatica leaves that was found to be enriched wgitaryophyllene oxide(11),
citronellol (12), andp-caryophyllene(13) revealed a highly potent antifungal, antibacterial
and anthelmintic activity [22].

3.2. Eremophila

Members of the genusremophila, commonly known as Fuchsia bush or Emu bush,
represent perennial shrubs containing approxim&®lyspecies with an endemic existence in
the arid and semi-arid areas in Australia. Theyeha@en employed in the folk medicine for
the cure of many health disorders including respiya gastro-intestinal tract and skin
infections. Additionally many biological activitiekave been assigned to the genus anti-
infective, immunomodulatory, and anti-inflammataag well as antiproliferative activities.
This could be due to its richness with flavonoilignans, phenylpropanoids and terpenoid
[23]. Evaluation of the antimicrobial potency ofricaus Eremophila extracts as well as their
isolated compounds revealed their antimicrobiailcafly particularly against Gram-positive
bacteria [24] E. duttonii extract showea high antimicrobial potency against Gram-positive
bacteria exemplified b¥nterococcus faecalis, Bacillus cereus, Saphylococcus aureus and
Streptococcus pyogenes [25]. Additionally, E. alternifolia and E. duttonii ethanol extracts of
inhibited clinical isolates of methicillin-resistar&aphylococcus aureus (MRSA) and
vancomycin-resistanEnterococcus (VRE) [26]. Moreover, variousood-borne pathogensas
Clostridium spp. namelyC. perfringens, C. sporogenes in addition tolListeria monocytogenes
were greatly susceptible to the lethal effeCE. duttonii extract. This pronounced activity
could be to a great extent relied upon the exigt@iwarioussterols and terpenes as revealed
by bioautography27]. Recently, extracts for both alternifolia andE. duttonii have shown
inhibition zones of 8.8 mm and 9.6 mm, respectivigy Listeria monocytogenes [28].
Serrulat-14-en-7,8,20-trig|14) and serrulat-14-en-3,7,8,20-tetrg@b) isolated from itsn-
hexane fraction revealed potency agataphylococcus aureus, Staphylococcus epidermidis
and Streptococcus pneumonia [29].

Regarding the diethyl ether extracti®fneglecta, 8,19-dihydroxyserrulat-14-ern@6)
and 8-hydroxyserrulat-14-en-19-oic a€i¥) were isolated and showed antimicrobial potency
againstSaphylococcus aureus, Streptococcus pyogenes, and Streptococcus pneumoniae in
addition to exertion of activity against the Graegative bacteridMoraxella catarrhalis
showing MIC values of 3.1, 6.2 pg/ml for the twongounds, respectively [30, 31].

E. serrulata leaves extracts offered O-naphthoquinor{@8), and 20-acetoxy-8-
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hydroxyserrulat-14-en-19-oic ac{d9) that showed activity toward3reptococcus pyogenes,
and Streptococcus pneumonia [32]. However the ethyl acetate fraction obtainednf
E. sturtii leaves together with its isolated compounds, &8etoxyserrulatic acid20) and
serrulatic acid21) showed potency with the latter being most poteairesg Staphyl ococcus
aureus[33].

A study carried out by Ndi et al., in 2007 evalogtithe antibacterial activity of 72
different extracts ofEremophila towards 68 clinical isolates of multi-resistanttmeillin-
resistant Saphylococcus aureus (MRSA). Results shaded the light on the antimi@abb
property of several testdetemophila species particularli. virens that prohibited the growth
of all the examined isolates at a concentratioBlply/ml [34]. E. longifolia ethanol extracts
of the stem lethally affec®reptococcus mutans and Streptococcus sobrinus growth owing to
the prevalence of phenolics [3H. maculata leaves ethanol extract was effectively potent
against three Gram-positive bacteria [36]. Addisibyy E. longifolia offered antimicrobial
agents which are neryl ferulaf22) and nerylp-coumaraté23). The former showed moderate
effect against several various Gram-positive baitstrains whereas the latter was effective
only towardsEnterococcus faecium only [37].

The antimicrobial efficacy oE. microtheca and its isolated compound jaceosi¢id)
recorded relevant antibacterial activity agaissiphylococcus aureus strains [38]. In a
mechanistic study to trace the antimicrobial poyeot 8-hydroxyserrulat-14-en-19-oic acid
(17) isolated fromE. neglecta, results revealed that its bactericidal effect loamnterpreted by
its effect on the logarithmic-phase, stationaryggha and adherentSaphylococcus
epidermidis, as well as against methicillin-susceptible andhmeélin-resistant S. aureus
making it unable to produce polysaccharide intéutal adhesion-mediated biofilm. Thus,
this clarified its multi-target effect through its/drolytic properties on the cell membrane
together with the general inhibition of macromoleciwiosynthesis [39]. The smoke extract
obtained fromE. longifolia exhibited potent antimicrobial properties agaitis¢ Gram-
positive speciesstaphylococcus aureus, Bacillus subtilis and the yeasCandida albicans
owing to the presence of genifuranal that is forraga result of rearrangement of geniposidic
acid upon heating that does not exist naturalthéleaves [40].

Besides, the antimicrobial properties for a numifeEremophila species have been
reported comprising. bignoniiflora andE. maculata. The former with itamajor compounds
fenchyl-acetate and bornyl-acetate successfullybitgd pathogenicTrichophyton species
associated with dermatophytosis, however substaatizvity was proven againstandida

albicans andStaphylococcus epidermidis [41]. Meanwhile the volatile oil of the of the lezs
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and flowers latter species showed a relevant &mbmial activity against a panel of Gram

positive, Gram negative, MRSA and fungi [42].

3.3. Leucophyllum

Leucophyllum is a small genus comprising about 15 species efgegen shrubs ,
native to Mexico as well as the southwestern UWniBtates [43]. The methanol extracts
obtained from the roots and leavesLoffrutescens revealed a high antimicrobial potency
against the drug-resistant strainMycobacterium tuberculosis; with MICs of 62.5 and 125
ug/ml, respectively [44]. Besides, the diterpenébthanol(25) isolated fromL. frutescens
showed notable antibacterial potency towards nmwigidesistant strains &&aphylococcus
aureus, and is of great interest for being applied in gtect control of bacterial biofilms
formation [45]. Additionally, the furolignan 2'&limethoxysesamiii26), isolated from the
its root bark, exhibited promising antitubercul@gsivity with a MIC equals to 63 pg/ml with
no observed cytotoxicity [46].

3.4. Myoporum

Myoporumis a genus including about 30 species of flowgnptants and recently
included in the family Scrophulariaceae. It is natio the Australian areas as well as Pacific
islands and Indian ocearidyoporum members are mainly shrubs or small trees mostiy wi
white flowers. ManyMyoporum species have shown a potent antimicrobial actimitjuding
M. acuminatum in which the essential oil of its fruits reveakedotable antimicrobial potency
against a panel of bacteria Bacillis subtilis,Streptococcus pneumonia, Escherichia coli as
well as fungi comprisingAspergillus fumigates, Geotricum candidum and Syncephalastrum
racemosum. This may be attributed to the synergistic actidrall its components that are
represented mainly by D-limonef27) and (-) carvon€28) as monoterpenoids in addition to
negaiong29) and myomontanon@0) as furanoid sesquiterpenes [47].

Moreover, the leaves ofM. montanum was found to contain three toxic
furanosesquiterpenes namely (x)-myoporor§dl), (-)-10,11-dehydromyoporone and
11-hydroxymyoporone that showed a prominent antésed activity towardsEnterococcus
faecalis, Moraxella catarrhalis and Saphylococcus epidermidis with immeasurable
cytotoxicity against a number of cancer cell lirsmsswell as the normal breast cells [48].

Also, the essential oil of its leaves and stem&ad a potent antimicrobial activity [49].
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Meanwhile, the ethereal oil di. crassifolium showed a considerable antimycobacterial
activity againstMycobacterium bovis [50]. RegardingV. bontioides, it showed a relevant
antibacterial activity particularly toward@aphyloccocus aureus andEscherichia coli with its
constituent, 5,7-dihydroxyflavon€2) showing substantial of antibacterial propertyhwit
MIC of 62.50 pg/ml [51]. Besides, their isolatednmgmounds namely tangereti(83),
sinensetin(34), dihydrokaempfero{35), luteolin (36) exhibited significant antifungal activity
towardsColletotrichum musae [52].

Additionally, in a recent study that was done usiigomobacterium violaceum assay
to evaluate the ability of the substances to hiratet disrupt the bacterial communication
system expressed in terms of quorum sensing (Q8avds ofM. laetum revealed an
interesting anti-quorum sensing that undoubtedigcted in its potent antimicrobial activity
via prohibiting the secretion of virulence factorsilitgating the eradication of the organisms
[53]. Additionally, a significant antiviral, antiloterial as well as antifungal activity was
shown by its essential oil that showed its richn@gsss ngaion€29), myoporong(31), and
myomontanor{30) [47].

3.5. Scrophularia

Scrophularia with its 200 species represents a large genus rilabeous plants that
are widely distributed in Asia. Its name was dafifeom a form of tuberculosis termed
scrofula as the majority of its species are higplgpular as antituberculous agents.
Traditionally, it was employed for the relief of maailments owing to its richness with
various secondary metabolites particularly iriddisi, 55].

Additionally many species ofcrophularia have been used for the alleviation of
infectious diseases aS. buergeriana that showed potent antimicrobial and anti-viral
properties [56]. Moreover, the leaves extractSofmingpoensis together with its isolated
saponin glycoside, scrokoelziside (87), showed a great activity against beta-haemolytic
streptococci using disc-diffusion as well as therowwell dilution methods [57]. Recent
antimicrobial investigations done on the highlyutgble traditional antimicrobial herbaceous
herbS. striata applying micro broth dilution assay towards a wadey of bacteria and fungi
resulted in a potent antimicrobial properties. Atly this activity was found to be directly
related to the total phenolic content as revelemnfrthe total phenolics and flavonoids
assessments [58]. Moreoves, deserti showed a relevant antimicrobial activity that is
probably relied on the presence of 3(beta)-hydrostadeca-4(E),6(Z)-dienoic acid,
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ajugoside(38) and scropolioside B that exhibited substantialnaictobial activity towards
multidrug strains as well as methicillin-resist&udphylococcus aureus (MRSA) and a panel
of rapidly growing mycobacteria showing MICs valuestween 32 and 12gg/ml [59].
However, the essential oil isolated from the aepiafts ofS. subaphylla that is composed
mainly of terpenoids and fatty acids namely, lim&l@hytol, geraniol and palmitinic acid that

showed mild antibacterial activity comparable theyScrophularia members [60].

3.6. Verbascum

The genusverbascum is commonly named byelvet plant belongs to the figwort
family and comprises about 250 species. They magihgad inAsia, Africa, and North
America and Europe. Many beneficial internal anteeal effects have been attributed to
leaves and flowers of many of its species. Trad#lly, they were highly adopted to induce
diuresis, expectoration as well as sedation [61].

Many Verbascum species asV. bombyciferum, V. olympicum, V. thapsus and
V. xanthophoeniceum showed potent antimicrobial activity in many receesearches [62,
63]. Additionally, the ethanol/water (70:30 v/v)tect of V. macrurum leaves revealed potent
antibacterial activity [64]. It is worthy to mentiothat the antimicrobial activity of
V. densiflorum and V. phlomoides is greatly attributed to their richness in flavai® and
phenylethanoids. Diosmi(89) and tamarixetin 7-rutinosid@O) are highly prevalent in the
flower V. phlomoides meanwhile verbascosid&) and luteolin 7-glucosidétl) (were greatly
abundant irv. densiflorum flower [65].

V. bottae was proved to be a highly efficacious antibactexgent exhibiting its effect
against a wide panel of Gram-positive bacteriaudiclg multi-resistant ones owing to the
existence of various classes of compounds likeoflaids and terpenoids [66]. Moreover,
the antimicrobial evaluation done on various extraaf V. pinetorum and V. antiochium
revealed that its methanol and methanol/chlorofestracts are highly potent on a broad
range of microorganisms particulataemophilus influenzae, whereas the acetone extract of
the former was highly active against a@@ndida albicans. Undoubtedly the observed
activity relied upon its phytoconstituents mainligloid glycosides, flavonoids, saponins and
phenolic compounds [67-69].

Besides, V. leptostychum flower showed a notable antimicrobial activity eiga
Proteus sp., Pseudomonas aeruginosa, Shigella dysenteria, Salmonella enteritidis,

Salmonella typhi, Staphylococcus aureus, Streptococcus faecalis, and Candida albicans [70].
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Hydroalcoholic extracts of. sinaiticum showed sustainable antimicrobial activity towards
Saphylococcus aureus and Trichophyton mentagrophytes that could provide evidence about
its popularity in the folk medicine as a cure farious skin disorders [71].

4. IN SILICO MOLECULAR MODELING STUDY OF THE MAJOR
CONSTITUENTSISOLATED FROM THESE GENERA

In this section, molecular modelling studies of tholated phytoconstituents from the
6 major Scrophulariaceae genera that showed rdlear@mmicrobial activity were done on
important target enzymes implicated in the occureeand dissemination of infection. This
was done in an effort to explore the exact meclharas action of these naturally occurring
entities in fighting bacterial infections. Notewytto mention that plethora of enzymes could
be targeted to either treat bacterial infectiongpmhibit the development of bacterial drug
resistance. Herein, six enzymes which are cruoiahé survival and division of bacteria as
well as the development of resistance were chasehe molecular modelling studies using
C-docker protocol [72, 73]. The enzymes were doadéal from the protein data bank and
are as follows: DNA-gyrase (PDB ID 4z2D; 3.38 Atgpoisomerase IV (PDB ID 4Z30;
3.44 A®); dihydrofolate reductase (PDB ID 4KM2; 1A4); transcriptional regulator TcaR
(protein) (PDB ID 4EJV; 2.9 A°)p-lactamase (PDB ID 3NBL; 2.0 A°) and aminoglycoside
nucleotidyl transferas@DB ID 4WQL; 1.73 A°).

DNA-gyrase is a vital enzyme that regulates theestgiling of DNA in addition to
relieving the topological stress resulting from tteslocation of transcription and replication
complexes within DNA. However, topoisomerase IV as enzyme responsible for the
decatenation and separation of interlinked daugtthteomosomes consequently after DNA
replication [74]. Folic acid is of great necessity to the bacteriabngh as well as
multiplication [75]. Dihydrofolate reductase is responsible for the lgais of the NADPH-
dependent reduction of dihydrofolate to tetrahydia®; consequent metabolites of
tetrahydrofolate are required for incorporatiorsioigle carbon units into purines, pyrimidines
and amino acids. Thus prohibition of dihydrofolageluctase resulted in a deficiency of the
components of nucleic acids and proteins with contant inhibition of DNA synthesis and
eventually cell death and can undoubtedly empl@agsthtibacterial agen{36, 77].

Regarding bacterial resistancg;lactamasesconstitute enzymes formed by the

bacteria that are responsible for the developmentuiti-resistance to antibiotics containing
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p-lactam ring as penicillingia cleavage of thg-lactam ring and thus destroying the activity
of the antibiotics. Thus development/lactamases inhibitors is important for the prei@nt
of bacterial resistance [78]. Additionallaminoglycoside nucleotidylyltransferase is an
enzyme involved in bacterial resistance to aminoggyde antibiotics that changes the
structure of the antibiotics through adenylylateomd thus deactivating the drug causing it to
be inactive towards bacteria [79].

Results of the molecular modelling of forty one g(Fi2) previously reported
antimicrobial secondary metabolites from selectegeces belonging to Family
Scrophulariaceae in the active sites of six impareanzymes implicated in the incidence of
bacterial infections as well as development of é@al resistance using molecular modeling
experiments calculated in Kcal/mol were illustratedTable 1 and Fig. 3 and 4. Results
revealed that tamarixetin 7-rutinosi¢¢0) showed the highest binding in the active sites of
dihydrofolate reductas@;lactamase and aminoglycoside nucleotidyl transtees evidenced
from its biding free energies meanwhile diosn{89) showed the highest inhibition to
topoisomerase IV. However, scrokoelzisidg3) exhibited the highest inhibition towards

DNA-gyrase and transcriptional regulator proteimRc

5. CONCLUSIONS

Family Scrophulariaceae with most of its genererefa hidden mine for diverse
promising secondary metabolites that could be ahhrelevant antimicrobial activity.
Nevertheless, more thorough phytochemical and gicéd studies should be done on many
of its species to discover many antimicrobial lettd can overcome the resistance exerted

by many microbial strains.

Karpinski T.M., Adamczak A., ed#ntimicrobial activity of natural substances.
DOI: http://dx.doi.org/10.5281/zenodo.1014019 83
JBBooks, Pozng Poland, 2017




: CH20H H

g, 17 COOH g CH; CH, o Ly
4 19: COOH H CH,0Ac CH; 0
20: COOH

: COOH

o 39:H
40: OH

Figure 2. The structure of the secondary metabolites thawet@antimicrobial activity from selected

OH O 32: H

genera belonging to Schrophulariaceae

Karpinski T.M., Adamczak A., ed#ntimicrobial activity of natural substances.
DOI: http://dx.doi.org/10.5281/zenodo.1014019 84
JBBooks, Pozng Poland, 2017




Figure 3. 2D and 3D binding modes of scrokoelziside A witttie active sites of DNA-gyrase (A),
2D and 3D binding modes of diosmin within the aetsites of topoisomerase IV (B) and 2D and 3D
binding mode of tamarixetin 7-rutinoside within thetive sites of dihydrofolate reductase (C)
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(B)

©) (©) A

Figure 4. 2D and 3D binding mode of scrokoelziside A withire active sites of transcriptional
regulator TcaRprotein (A), 2D and 3D binding modeamnarixetin 7-rutinoside within the active site
of p-lactamase (B) and 2D and 3D binding mode of taxetiri 7-rutinoside within the active site of

aminoglycoside nucleotidyl transferase (C).
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Table 1. Free binding energieaG) of some previously reported antimicrobial se@gdnetabolites
from selected species belonging to family Scropiadaae in the active sites of six important
enzymes implicated in the incidence of bacteridédtions as well as development of bacterial

resistance using molecular modeling experimentutted in Kcal/mol

Binding energy (K cal/mal)

Compounds DNA- Topoisomerase Dihydrofolate Transcriptional p- Aminoglycoside
nucleotidyl
gyrase v reductase regulator TcaR  lactamase
transferase
Verbascosidél) FD FD FD -49.58 FD -76.83
Buddlejone(2) -25.73 31.20 - 30.83 -22.74 FD -51.02
Maytenong(3) -37.14 FD FD -33.88 FD -33.75
Buddledin A(4) -23.99 -26.78 -29.53 -26.22 -33.26 -44.33
Buddledin B(5) -21.86 -24.57 -29.63 -21.25 -29.07 -32.70
Deoxybuddlejong6) -28.84 -27.70 -30.16 -25.77 -32.76 -39.66
Oleanolic acid7) -33.01 -33.28 -42.22 -31.24 -42.80 -43.21
2l4-Hydroxyphemyll- g ¢, FD -48.91 -42.39 -57.09 -65.69
ethyl lignoceratg8)
4-Hydroxyphenyl 5, g4 -43.32 -39.88 27.22 -45.32 -47.07
ethyl vanillate(9)
Quercetin(10) -31.17 -41.63 -40.28 -23.31 -48.82 -45.00
Caryc’pr(‘ﬂf”e oxide 53 06 -23.21 -28.62 2222 -28.83 -27.58
Citronellol (12) -23.61 -24.34 -25.84 -24.64 -29.62 -32.05
B-caryophylleng13)  -21.32 -21.41 -22.80 -20.32 -28.84 -25.47
Serrulat-14-en-7,8,20- 5, 5q -39.46 41.26 -28.76 -44.20 -46.57
triol (14)
Serrulat-14-en-
3,7.8,20-tetraol 15) -37.05 -40.00 -44.69 -28.01 -40.94 -58.80
8,19-
Dihydroxyserrulat-  -32.81 -36.61 -37.34 -28.66 -43.51 -40.32
14-ene 16)
8-Hydroxyserrulat-
14-en-19-oic acid  -33.63 -40.72 -40.25 -29.98 -48.19 -44.63
17)
O'”apkztlgc)’q”'“one -29.32 -33.18 -34.71 -27.14 -36.66 -47.44
20-Acetoxy-8-
hydroxyserrulat-14-  -40.95 -43.44 -45.86 -34.20 -49.20 -60.25
en-19-oic acid19)
3,8-
Dihydroxyserrulatic ~ -37.40 -35.95 -42.52 -33.54 -45.17 -51.87
acid @0)
Serrulatic acidZ1) -36.26 -37.57 -41.33 -37.53 -44.66 -52.56
Neryl ferulate 22) -31.31 -42.40 -40.91 -29.80 -41.80 -45.98
Neryl ':’('z";umarate -35.63 -47.57 -37.78 -29.28 -48.74 -46.09
JaceosidinZ4) -33.18 -41.79 -40.13 -27.25 -41.39 -48.96
Leubethano(25) -31.30 -36.26 -33.68 -28.17 -38.94 -41.86
25" -32.42 FD FD FD -46.28 FD

Dimethoxysesamin
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Binding energy (K cal/mal)

Compounds DNA- Topoisomerase Dihydrofolate Transcriptional p- Aminoglycoside
gyrase v reductase regulator TcaR  lactamase nucleotidyl
transferase
(26)
D-Limonene(27) -18.69 -21.12 -16.59 -14.13 -19.74 FD
() Carvone(28) -20.43 -23.00 -21.81 -18.53 -26.21 FD
Negaiong29) -27.11 -32.36 -31.77 -27.55 -34.14 -42.06
Myomontanong30) -23.90 -28.70 -27.92 -23.83 -31.57 -37.35
(+)-Myoporone(3l)  -27.99 -34.66 -33.07 -24.85 -42.89 -43.16
5'7'Dihy(d3rg)xyﬂa"°“e -25.89 -33.10 -29.32 -22.81 -38.57 -41.31
Tangeretin(33) -34.19 -46.10 -42.48 -27.13 -45.40 -49.42
Sinensetin(34) -36.09 -48.18 -42.20 -32.07 -45.57 -49.46
Dihyd“zgg;empfem' -28.83 -36.70 -34.59 -32.79 -41.00 -49.33
Luteolin (36) -32.86 -40.12 -39.00 -26.62 -38.15 -45.04
Scrokoelziside A37) -62.28 FD FD -56.01 FD FD
Ajugoside(38) -36.64 -34.36 -47.84 -35.96 58.17 -56.70
Diosmin(39) -48.97 -69.75 -60.76 -46.97 -66.76 -66.76
:3:222:;‘2('20; -46.12 -64.60 6132 -44.79 67.11 -84.85
"”teo"”(Zi)g'”COSide -43.77 -54.73 -52.81 -40.91 -53.29 -56.29
Trimethoprim ND ND -35.69 ND ND ND
Chloramphenicol ND ND ND -29.02 ND ND
Cefuroxime ND ND ND ND -70.87 ND
Levofloxacin -36.26 ND ND ND ND ND
Moxifloxacin ND -53.10 ND ND ND ND
Kanamycin ND ND ND ND ND -73.94
ND: not done

FD: fail to dock
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