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Preface

In the history of discoveries of fungal pathogens, the nineteenth century has

witnessed two important events. The causal organism of a silkworm disease,

muscardine, a fungus named later as Beauveria bassiana, was revealed by

Agostino Bassi in 1835. Six years later, in 1841, the causal agent of the

human scalp disease, favus, being a fungus was discovered by David Gruby.

The Gruby’s unique and innovative method for the isolation of fungus from

the infected scalp and on potato slices, repeated infection of the healthy

tissues by the isolated fungus (parallel to the Koch’s postulate) was left

ignored in the pages of science history due to reasons not related to science.

The fact remains that even after the seminal researches by Bassi and Gruby,

the knowledge of the fungal diseases remained much less than that of

bacterial diseases. Compared to bacterial diseases (among which some of

them were epidemic) of human beings, diseases caused by fungi were not

epidemic in nature and often are occasional but consequences of some

mycoses that can be severe to lethal.

Nevertheless, fungal infections are difficult to treat because fungi are

eukaryotes with similarity in biochemical composition and phylogenetic

nearness to animals. Hence, treatment of an internal infection caused by a

fungus is often very complicated as finding a drug that would specifically kill

the fungus and not the animal is very difficult. Most fungi are killed by the

immune system, and if the host immune system is overpowered by the

fungus, the result is most likely death. Abnormalities in the function of

neutrophils and neutropenia help the spread of infections caused by Candida,

Aspergillus, and Mucoraceae strains, while altered T-lymphocyte mononu-

clear phagocyte function will allow dissemination of C. neoformans,

Histoplasma, and Coccidioides. Treatment and diagnosis of fungal infections

in the immunocompromised host are very tricky and difficult, and in

obtaining enough tissue for histology and culture, it is most often required

to perform invasive procedures. Moreover, fungal infections have taken a

new spectrum due to the increased incidence of multidrug-resistant fungal

pathogens. The freedom of choice for drugs to treat fungal infections is also

narrow because of lesser probability of discovering drugs that would bypass

affecting human cells and target fungal cells producing fewer side effects in

patients.
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The book is edited in such a way that it will serve as an important resource

material for not only the students and researchers but also the physicians and

infectious disease scientists. It consists of a series of chapters that dealt in

details with the development of antifungal compounds; the prospect of

finding newer antifungal drugs including natural, synthetic, and designed;

the panorama of combinational therapy including immunotherapy, and the

susceptibility testing of dermatophytes. Medical relevance is emphasized

throughout the text. On a more immediate level, the editors are grateful to

all contributing authors for their intelligence, enthusiasm, and cooperation

and for their expert and exhaustive scientific review.

Kharagpur, West Bengal, India Amit Basak

Darjeeling, West Bengal, India Ranadhir Chakraborty

Midnapore, West Bengal, India Santi M. Mandal
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Abstract

Fungal infections have taken a new spectrum due to the increased inci-

dence of multi-drug resistant fungal pathogens. Freedom of choice for

drugs to treat fungal infections is also narrow because of lesser probability

of discovering drugs that would bypass affecting human cells and target

fungal cells producing fewer side effects in patients. An approach has

gained prominence in research is to look for bioactive antifungal

compounds from natural sources and discover new classes of antifungals

to control the recent emergence of fungal infections. Most of antifungal

drugs are originated from fungi. A conservative estimate of total number

of fungal species on this planet would exceed 106 if taken into account the

ones yet to be discovered from diverse habitats ranging from forest land to

marine ecosystem. While attempting to summarize the status of reported

fungi-derived antifungal compounds discovered since ancient times, the

subset of such compounds were found to be anticancer too. Antifungal

compounds with the promise of inducing challenge to rediscover the new

effective molecules from drug prototype are also discussed.
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1.1 Introduction

Diversity in species characterized by unique and

unusual biochemical pathways facilitates fungi

to offer several bioactive molecules (Keller and

Turner 2005). These compounds generally come

from fungal cellular components in the form of

secondary metabolites (Magdalena et al. 2013).

Fungal bioactive compounds suitably combats

several diseases in plants and animals. Biological

activities such as antibacterial, antifungal,

antitumor, anti-cholesterol, cytotoxic, muta-

genic, carcinogenic, teratogenic, immunosup-

pressive, enzyme inhibitory effect, etc. make

‘fungal origin’ as a potential area of research in

natural product discovery. Rapid increase in fun-

gal infections contributing to higher mortality

rates has become a major concern. Resistance

to currently available antifungal drugs

necessitates the discovery of new classes of

antifungals from both natural and synthetic

approach. In agriculture, infection or contamina-

tion from fungi in pre- or post-harvest is a major

problem leading to economic loss. Fungal patho-

gen e.g. Aspergillus and Fusarium spp. not only

relates to economical loss but also creates health

problem producing mycotoxins. A details top to

bottom outline of fungal derived antifungal

compounds with their modifications or synthetic

analogues may be helpful to understand the

structure-activity relationship, which leads to

new compound development in antifungal

chemotherapy.

1.2 Fungi-Derived Antifungal
Agents

1.2.1 Griseofulvin

Griseofulvin, a metabolic product of Penicillium

griseofulvum, was first isolated by Oxford

et al. in 1939 (1939). In 1946, Brain

et al. reported that Penicillium janczewski was

found to produce a substance capable of

shrinking and stunting of fungal hyphae (Brian

and Curtis 1946). The physical, chemical and

biological identity of the isolated compound

was established by several researchers (Brian

1949; Grove and McGowan 1947; Brian and

Curtis 1949). Subsequent studied had established

that P. platulum and P. raistrickii also produces

Griseofulvin (Brian and Curtis 1949, 1955).

Thereafter, the production of griseofulvin from

various fungi has been thoroughly studied (Brian

1949; Araujo et al. 1990; Petit et al. 2004; Oxford

et al. 1939; Wright 1955; Brian and Curtis 1955;

Clarke and Mckenzie 1967). The molecule offers

in vitro fungistatic action against dermatophytes,

such as Microsporum, Epidermophyton and

Trichophyton, whereas activity was restricted to

yeast, actinomyces and Nocardia. The minimum

inhibitory concentrations (MIC) were observed

as low as 5–20 μg/ml and bind to microtubules

comprising the spindles and inhibit mitotic cell

division (Huber and Gottlieb 1968). Initially the

structure of griseofulvin was reported as

7-chloro-4,6 dimethoxy-3-cumarone-2-spiro-

10,20-methoxy- 60-methyl-20-cyclohexen-40-one
(Fig. 1.1). The structures proposed by several

groups are inconsistent (Oxford and Raistrick

1939; Grove et al. 1951, 1952). Recently

approaches for strain improvement by mutation

are studied to enhance griseofulvin production

(Aytoun and Mcwilliam 1957; Songgang and

Yunshen 1983; Kommmunarskaya 1969, 1970).

1.2.2 Strobilurins

Strobilurins (methyl (E)-3-methoxy-2-

(5-phenylpenta-2,4-dienyl) acrylate) are another

class of fungal metabolites reported by Anke

et al. (1977). Strobilurus tenacellus, a

basidiomycetes fungus produce strobilurins A

and B, showed high activity against yeasts and

filamentous fungi but inactive against bacteria

(Anke et al. 1977). Strobilurins inhibits the mito-

chondrial respiration in fungi and binds at the

Qo-centre on cytochrome b which blocks the

electron transfer between cytochrome b and cyto-

chrome c1 (Balba 2007; Bartlett et al. 2002).

Therefore, it is called as Qo inhibitors (QoI), or

Quinone outside inhibitors. Anke and his

2 S.M. Mandal et al.



coworker first attempt to resolve the structure

and variable structure of strobilurins are listed

in Table 1.1. The structure of strobilurin may

vary in only in the aromatic ring substitutions at

3 and 4 positions. Strobilurin in natural form

break down easily under light (Dolores

et al. 2010).

1.3 Echinocandins, Pneumocandin
and Papulacandin

In 1970s, two structurally important antifungals

were screened. The first one belonged to the

lipopeptide class termed as echinocandins and

second one was glycopeptides class as

papulacandin, affecting cell wall components

are the prime target of fungal inhibition. Fungi-

derived echinocandins and pneumocandin are the

antifungal compounds having inhibitory effect

on the synthesis of glucan by noncompetitive

inhibition of the enzyme 1,3-β glucan synthase

(Morris and Villmann 2006a, b). Besides that,

these molecules are recognized as potent

backbones or as a basic molecular structure for

synthesis and developing analogues.

Echinocandins are cyclic antifungal

hexapeptides core N-acylated with different ali-

phatic carboxylic acids. The first report of

echinocandin discovery was in early 1974.

Researchers of Ciba-Geigy, Sandoz and Eli Lilli

isolated echinocandins B from the fermentation

broth of Aspergillus nidulans var. echinolatus,
Aspergillus nidulansvar roseus and Aspergillus

rugulosus in random screening of the available

strain collections (Benz et al. 1974; Keller-Juslén

et al. 1976; Nyfeler and Keller 1974; Geiser

et al. 2007). Afterword, a series of fungi now

has come into existence having ability of

synthesizing natural echinocandin (Nyfeler and

Keller 1974; Geiser et al. 2007; Traber

et al. 1979) (Table 1.2). The presence of different

substituents in the hexapeptide ring or a distinct

fatty acid chain makes echinocandins different

Fig. 1.1 The representative chemical structure of some fungi-derived antifungal agent

1 Fungi Fights Fungi: Tip-off in Antifungal Chemotherapy 3



Table 1.1 Natural strobilurins with their respective structure

Natural

isolated

Strobilurin Structure

Substitution in

R1 and R2

Name of the

fungus Reference

General

structure

Strobilurin A H� in both R1

and R2

Strobilurus
tenacellus

Anke et al. (1977),

Balba (2007), and

Schramm et al. (1978)

Strobilurin B

in R1 and Cl� in

R2

Strobilurus
tenacellus

Anke et al. (1977),

Balba (2007), and

Schramm et al. (1978)

Strobilurin C

in R1 and Cl� in

R2

Xerula
sp. (agaricales)

Balba (2007) and Anke

et al. (1983)

Strobilurin D

in R1 and

in R2

Cyphellopsis
anomala

Balba (2007) and

Weber et al. (1990b)

Strobilurin E Crepidotus
fulvotomentosus.

Weber et al. (1990a)

(continued)

4 S.M. Mandal et al.



from each other (Fig. 1.2). Several unusual

amino acids like dihydroxyornithine,

4-hydroxyproline, dihydrooxy homotyrosine

and 3-hydroxy-4-methylproline, as well as two

threonine component of hexapeptide nucleus are

reported (Kurtz and Rex 2001).

In 1977, a new antifungal antibiotic,

Aculeacin is isolated from the mycelial cake of

Aspergillus aculeatus M-4214 (Mizuno

et al. 1977b). Subsequently, another six new

antibiotics were isolated as the minor

components related to aculeacin A from the

same culture named as aculeacins B, C, D, E, F

and G. The structure of Aculeacin is similar to

echinocandin B but differs in the acyl moiety.

Their acyl moiety is either the myristoyl

(aculacin Aα–Dα) or palmytoyl (aculacin Aγ–
Dγ) group. Physicochemical properties

aculeacins B, C, D, E, F and G were analogous

to those of aculeacin A and they all showed

significant activity against fungi (Satoi

et al. 1977).

Pneumocandin is another fungi-mediated

antifungal compound. Pneumocandin has a sul-

fate moiety in the molecule and is differentiated

from echinocandins by their structural difference

(Fig. 1.2). The first member of pneumocandin

class was pneumocandin B0 and was isolated

from Glarea lozoyensis in 1985 at CIBE, a sub-

sidiary of Merck located in Madrid, Spain. Sub-

sequently, pneumocandin Ao was also reported

from same culture by the same research group

(Schwartz et al. 1989, 1992). Pneumocandin Ao

is less haemolytic than other member of naturally

occurring echinocandins (Boeck et al. 1989),

whereas pneumocandin Bo appears to be the

most potent glucan synthase inhibitor compared

to other pneumocandin and in vitro and in vivo.

Pneumocandin Bo differs from pneumocandin

Ao only by the absence of a methyl on one of

Table 1.1 (continued)

Natural

isolated

Strobilurin Structure

Substitution in

R1 and R2

Name of the

fungus Reference

Strobilurin F �OH in R1 and

in R2

Cyphellopsis
anomala and

Bolinea lutea. I.

Balba (2007), Weber

et al. (1990b),

Fredenhagen

et al. (1990a, b)

Strobilurin G

in R2

Bolinea lutea. I. Balba (2007), Weber

et al. (1990a), and

Fredenhagen

et al. (1990a, b)

Strobilurin H �OH in R1 and

�H in R2

Bolinea lutea. I. Balba (2007), and

Fredenhagen

et al. (1990a b)

1 Fungi Fights Fungi: Tip-off in Antifungal Chemotherapy 5



Table 1.2 Natural Echinocandin with fungal in origin

Echinocandins Fungus origin Reference

Echinocandin A Aspergillus nidulans Geiser et al. (2007)

A. rugulosus

Echinocandin B Aspergillus nidulans, A. rugulosus Nyfeler and Keller (1974),

Geiser et al. (2007), and

Traber et al. (1979)
A. nidulans var. roseus A. rugulosus

Echinocandin c A. rugulosus Traber et al. (1979)

Echinocandin d A. rugulosus Traber et al. (1979)

Aculeacin A–G Aspergillus aculeatus, A. japonicus
var. aculeatus

Mizoguchi et al. (1977a),

Mizuno et al. (1977a),

Satoi et al. (1977), and

Hino et al. (2001)

Mulundocandin

deoxymulundocandin

Aspergillus sydowi Roy et al. (1987),

Mukhopadhyay

et al. (1992), and Hawser

et al. (1999)

Cryptocandin Cryptosporiopsis quercina Strobel et al. (1999)

“Catechol-sulfate” echinocandins

(have thesame peptide nucleus as

echinocandin B but an N-palmitoyl

side chain (FR901379, FR901381-82,

FR190293, FR209602-4, FR220897,

FR220899, FR227673)

Coleophoma empetri, Coleophoma
crateriformis

Iwamoto et al. (1994), and

Kanasaki et al. (2006a, b,

c)

Pneumocandin A–E Glarea lozoyensis, Pezicula
carpinea, Cryptosporiopsis
G. lozoyensis, Pezicula carpinea,
Cryptosporiopsis sp., Aspergillus
aculeatus

Satoi et al. (1977),

Schwartz et al. (1989,

1992), Nobel et al. (1991),

Morris et al. (1994), Bills

et al. (1999), Mizoguchi

et al. (1977)

Sporiofungin A–C Cryptosporiopsis sp. Tscherter and Dreyfuss

(1982)

WF11899s Coleophoma empetri Hino et al. (2001)

WF738s Coleophoma crateriformis Hino et al. (2001)

WF14573s Coleophoma empetri Hino et al. (2001)

WF16616 Tolypocladium parasiticum Hino et al. (2001)

WF22210 Chalara sp. Hino et al. (2001)

Aculeacin A–G A aculeatus, Aspergillus japonicus
var. aculeatus

Mizuno et al. (1977a, b),

Satoi et al. (1977), Hino

et al. (2001)

6 S.M. Mandal et al.



the proline ring (L�oránd and Kocsis 2007)

(Lorand). Both the drug shows low water solu-

bility that makes it difficult to formulate.

Pneumocandin Co is another structural isomer

of pneumocandin Bo with a hydroxyl group at

the c-4 of proline. Pneumocandin Do possess

hydroxyl group at both c-3 and c-4 of proline.

Pneumocandin Eo has no hydroxyl groups on the

proline at position 1. Sporiofungin is another

echinocandins type of antifungal antibiotic

isolated from Coleophoma empetri. Three

sporiofungin antibiotics exist in the form of

Sporiofungin A, B and C. This compound poses

potent antifungal action against Candida.

Sporiofungins do not contain Thr but they have

3R-hydroxyl-L-Gln, and L-Ser residues at posi-

tion 5 and 2, respectively. Besides the

3R-hydroxyl-LGln moiety, they also have a

10,12-dimethylmyristoyl acyl group, similar to

pneumocandins (Emri et al. 2013). Eli Lilly

Company has it under clinical trials by the

name LY-303366.

Mulundocandins a lipopeptide antibiotic

belonging to the echinocandin class. The first

report of isolation was done in 1987 from Asper-
gillus sydowi strain no. Y-30462 (Roy

et al. 1987). This compound has 10,12-

dimethylmyristoyl acyl moiety and they contain

L-Ser (instead of LThr) at position 5 from the

N-terminus Orn (Mukhopadhyay et al. 1992)..

Pneumocandins differ from mulundocandins by

the 3R-hydroxyl-L-Gln at position

5 (Mukhopadhyay et al. 1992). This group of

antifungal agent shows broad spectrum activity

against Candida albicans (MIC range

0.5–4.0 μg/ml), C. glabrata (2.0–4.0 μg/ml) and

Echinocandin 

Lipopeptide family

R R1 R2 R3 R4 R5 R6 R7 R8

Echinocandin B linoleoyl OH OH OH H OH -

Echinocandin C linoleoyl H OH OH H OH

Echinocandin D linoleoyl H H H H OH

Aculeacin Ay palmitoyl OH OH OH H OH

Mulundocandin 12-methylmyristoyl OH OH OH H H H OH

sporiofungin A 10,12-dimethylmyristoyl OH OH OH H H OH

Pneumocandin Ao 10,12-dimethylmyristoyl OH OH OH CH3 H OH CH3

Pneumocandin Bo 10,12-dimethylmyristoyl OH OH OH CH3 OH OH H

Pneumocandin Co OH OH OH - OH OH H

WF11899A palmitoyl OH OH OH CH3 OSO3H OH H

L693, 989 10,12-dimethylmyristoyl OH OH OH CH3 - OPO(OH)2 H

L 705, 589 10,12-dimethylmyristoyl OH OH CH3 - OH H

L 731, 373 10,12-dimethylmyristoyl OH OH OH CH3 - OH H

L733, 560 10,12-dimethylmyristoyl OH OH CH3 - OH H

CH3

CH3

CH3

CH3

OCH2CH2NH2

OCH2CH2NH2

CH3

CH3

CH3

CH3

CH2CONH2

CONH2

CONH2

CONH2

CONH2

CONH2

CONH2

CH2NH2

CH2NH2

Fig. 1.2 Structure of echinocandin compounds. Structural skeleton (above picture) with variable functional groups

(listed at lower side)

1 Fungi Fights Fungi: Tip-off in Antifungal Chemotherapy 7



C. tropicalis (1.0–8.0 μg/ml) (Mizuno

et al. 1977b).

Cryptocandin is also a similar class of

echinocandin. It was extracted from the strain

of Cryptosporiopsis cf.quercina, isolated from

an endophyte of Tripterigeum wilfordii stems

(Strobel et al. 1999). More related compound

like WF11899A came to discovery from fungal

endophytes. This compound possess sulphate

group at the para or meta position of the

homotyrosine in the hexapeptide ring. This com-

pound offers minimal inhibitory concentration

values of 0.03–0.07 μg/ml against Candida

albicans, Trichophyton mentagrophytes and

Trichophyton rubrum. It contains palmitoyl moi-

ety and also Gln residue at position 5 which

makes the difference from echinocandin B.

Catechol-sulfate echinocandins are the fungal
metabolites having antifungal activity and have

drawn a remarkable attention nowadays. Their

acyl-moiety is palmitoyl. They have a catechol-

sulfate core in the homoTyr residue and contain

3R-hydroxyl-L-Gln at position 5. In some cases,

the second amino acid was L-Thr and the others

are L-Ser (Kanasaki et al. 2006b, c). They also

show some heterogeneity (both meta and para

positions may occur) in the position of sulfate

group (Emri et al. 2013). Several synthetic

analogues are reported as FR901379,

FR901381-82, FR190293, FR209602-4,

FR220897, FR220899, FR227673, etc.

1.4 Fungi-Derived Antifungal
Compounds Having Anticancer
Activities

1.4.1 Polyketides

Polyketides represent one of the major classes of

natural products known to have members

possessing both anti-cancer and antifungal

activities were shown in Table 1.3. Some well-

known fungal polyketides e.g compactin and

lovastatin having anticancer activity belong to

the statin family (Qiao et al. 2007; Chamilos

et al. 2006; Macreadie et al. 2006). A

dicyclohexene ring system linked to a side

chain with a closed lactone ring or an open acid

form constitutes the basic structure of statin.

Small antifungal polyketides, brefeldin A and

terrain were isolated from P. brefeldianum and

A. terreus, respectively (Betina et al. 1962; Sin-

gleton et al. 1958; Ghisalberti and Narbey 1990;
Raistrick and Smith 1935). Griseofulvin, another

famous polyketide isolated from

P. griseofulvum, described earlier in details,

exhibits both anticancer and antifungal activities.

One of the antifungal γ-pyrones, 3-O-

methylfunicone, produced by Talaromyces
pinophilus was also seen to have anticancer

activity (Hector 2005). Nowadays, several allied

azaphilones belonging to antifungal

chaetomugilin family were isolated from

Chaetomium globosum (Buommino et al. 2007;

Baroni et al. 2009). The hypocrellins of the

perylenequinone family was isolated from

Hypocrella bambusae, and one of the potent ana-

log hypocrellin D showed both antifungal and

anticancer properties (Cai et al. 2011).

1.4.2 Terpenes

Wortmannin, produced by T. wortmannii, is an

antifungal compound capable of inhibiting the

activity of leukemia HL-60 and K-562

(OH et al. 2001). The fungal genera Bipolaris,

Aspergillus, Sarocladium and Drechslera are the

known sources of sesterterpenes including

ophiobolins (Table 1.4). In addition to anticancer

activity, the ophiobolin family also shows anti-

fungal activity against a wide range of fungi

(Li et al. 1995; Krizsán et al. 2010). The isolation

of taxol from the bark of Taxus brevifolia and

identification of taxol as one of the most effica-

cious drug against cancer followed by the high

demand of raw material led to the search for an

alternative producer strain. The fungus

Taxomyces andreanea and P. raistrickii

produces taxol (Visalakchi and Muthumary

2010; Niedens et al. 2013). Terrecyclic acid A

is an example of another sesquiterpene, isolated

from A. terreus, which exhibit both antifungal

and anticancer activities (Nakagawa and Hirota

1982). Among the several trichothecenes, AETD
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Table 1.3 Polyketides having both anticancer and antifungal actvities

Producer organism Compound Structure

Talaromyces pinophilus (Penicillium
pinophilum)

3-O-

methylfunicone

P. brefeldianum Brefeldin A

Chaetomium globosum 11-

epichaetomugilin

I

P. griseofulvum Griseofulvin

Hypocrella bambusae Hypocrellin D

(continued)
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has also characteristic cytotoxic activity against

both fungi and cancer cell lines (Woloshuk and

Shim 2013). Another terpene, wentilactones,

isolated from the marine alga-derived endophytic

fungus, Aspergillus wentii, has shown potential

antifungal activity beside its anticancer property

(Sun et al. 2012).

1.5 Fungal Nitrogenous
Compounds Including
Non-ribosomal Peptides (NRPs)

A large group of natural products constituted

nitrogen containing compounds of fungal origin

that integrate amino acid building blocks into

often complex heteroaromatic compounds such

as diketopiperazines, quinazolines and

benzodiazepines known to have biological

activities (Table 1.5). These compounds contain

primary, secondary or tertiary amine

functionalities and because of their basic nature

are often called as alkaloids. However,

compounds only containing amide bonds, that

are essentially neutral, are also referred to as

alkaloids. Several nitrogen containing

compounds are produced biochemically with

the aid of non-ribosomal peptide synthases called

non-ribosomal peptides (NRPs) even though they

are also called alkaloids. Xanthocillin X, an

Table 1.3 (continued)

Producer organism Compound Structure

P. solitum; P. citrinum Compactin

Aspergillus terreus Monascus sp. Lovastatin

A. terreus Terrein
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Table 1.4 Terpenes having both anticancer and antifungal activities

Producer

organism Compound Structure

T. wortmannii Wortamannin

Bipolaris sp. Ophiobolin A

A. calidoustas

A. ustus

Taxomyces
andreanea

Taxol

A. terreus Terrecyclic acid A

Fusarium spp. 4-Acetyl-12,13-epoxy-9-trichothecene-3,15-

diol [AETD]

A. wentii Wentilactones
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Table 1.5 Fungal nitrogenous compounds including non-ribosomal peptides (NRPs) having both anticancer and

antifungal activities

Producer organism Compound Structure

A. fumigatus (Diketopiperazines with a disulfide

bridge) Gliotoxin

Emericella striata (Diketopiperazines with a disulfide

bridge) Emestrin A

A. fumigates (Tryptophan/proline diketopiperazines)

Fumitremorgin CA. fischeri

P. chrysogenum Xanthocillin X

Purpureocillium
lilacinum

(Peptide) Leucinostatin A
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antifungal compound, produced by

P. chrysogenum was also found to inhibit several

cancer cell lines (Frisvad et al. 2004). Diketopi-

perazines are basically cyclic dipeptides that are

reported to inhibit cell cycle at G2/M phase

(Borthwick 2012). The fumitremorgin group of

compounds among tryptophan/proline diketopi-

perazines is produced by A. fumigatus and

A. fischeri (Abraham and Arfmann 1990).

Fumitremorgin C, a potent antifungal compound,

was also found active against human carcinoma

cell lines (Zhao et al. 2002). Among another

group of diketopiperazines containing a

di-sulfide bridge in the diketopiperazine ring,

antifungal compounds, gliotoxin and

emestrin A, were shown to be potent inhibitor

of human cancer cell lines (Seya et al. 1986;

Finefield et al. 2012). The peptide

leucinostatin A, isolated from Purpureocillium

lilacinum, was found to be active against a num-

ber of fungi and Gram-positive bacteria as well

as several cancer cell lines (Arai et al. 1973;

Kawada et al. 2010).

1.6 Antifungal Metabolites from
Coprophilous Fungi

Coprophilus fungi are the type of saprobic fungi

prefer to grow on animal dung shares a lot of

fruitful metabolites having antifungal activity

and may lead some new in near future. They

have been generally isolated from animal dung

particularly from herbivorous mammals. The

interference competition among coprophilous

fungi in dung environment offers the production

of secondary metabolites by one species that

deter the growth of competitors (Bills and Gloer

2013). Here are some of the coprophilous fungi

with their antifungal metabolites (Table 1.6).

1.7 Mechanism of Antifungal
Action

Antifungal drug from natural or synthetic in ori-

gin share some common strategies which facili-

tate to inhibit the fungal cells. Very often the

strategies are cell wall biosynthesis, sphingolipid

synthesis, protein synthesis, electron transport,

membrane integrity, etc. Fungal cell wall com-

position varies among species to species but

three major polymeric components are glucan,

chitin and mannoproteins. Finding inhibitors of

such polymeric components are the prime objec-

tive of cell wall biosynthesis inhibition (Oxford

and Raistrick 1939). Sphingolipids and their

metabolites are present in relatively small pro-

portion modulate various cellular events includ-

ing proliferation, differentiation and apoptosis

(Brian and Curtis 1946). Inhibition of

sphingolipid synthesis results in disturbance in

fungal growth and subsequent cell death (Brian

1949; Grove and McGowan 1947; Brian and

Curtis 1949).

Apparently, the similarity in human and fun-

gal sphingolipid biosynthetic pathway may seem

that it is difficult to develop a controlling point.

But major enzymatic deviations like serine

palmitoyltranferase, ceramide synthase and IPC

synthase from mammalian system make this as

active target of sphingolipid synthesis. Although

protein synthesis is the primary and most impor-

tant choice of bacterial inactivation, fungal and

mammalian protein synthesis machinery is

almost same which makes it difficult to target

(Brian and Curtis 1949). Several approaches are

made to overcome such problems. Membrane

integrity and electron transport are the targets of

several antifungal agents. Compounds that target

membrane integrity bind with the common fun-

gal sterols, causing membrane permeability and

leakage of cytoplasmic content yielding cell
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death (Fig. 1.3). Mitochondrial electron transport

is now used as a target to fungal control.

Compounds (UK2A, UK3A) are structurally

related to actinomycin A, with nine member

dilactone ring offers broad spectrum antifungal

activities (Brian and Curtis 1955; Brian 1949;

Araujo et al. 1990).

1.8 Advancement
of Biosynthesized Antifungal
Agents

Fungal origin requires critical care in producing

compound in a large scale that includes from

designing bioreactor to finding optimum

Table 1.6 Other antifungal compounds from fungi special focus to coprophilous fungi

Name of the compound Biosynthetic family Name of the fungus Year References

Appenolides A–C Polyketide Podospora appendiculata 1993 Wang et al. (1993)

Apiosporamide Polyketide-amino

acid

Apiospora montagnei 1994 Alfatafta

et al. (1994)

Coniochaetones A and B: Polyketide antifungal Coniochaeta saccardoi. 1995 Wang et al. (1995a)

Terezines A–D Peptide Sporormiella teretispora 1995 Wang et al. (1995b)

Petriellin A Peptide Petriella sordida 1995 Lee et al. (1995)

Polytolypin Terpenoid Polytolypa hystricis 1995 Gamble et al. (1995)

Cercophorins A–C: Polyketide Cercophora areolata 1996 Whyte et al. (1996)

Anserinones A and B Polyketide Podospora anserina 1997 Wang et al. (1997)

Coniochaetones and

Cerdarin

Both polyketide Cercophora sordarioides 1997 Whyte et al. (1997)

Arugosin F: Polyketide Ascodesmis sphaerospora 1998 Hein et al. (1998)

Sporovexins A–C Mixed preussomerin

analog

Sporormiella vexans 1999 Soman et al. (1999)

Bombardolides Modified polyketide Bombardioidea anartia 2001 Hein et al. (2001)

Sordarins Terpenoid glycoside Lasiosphaeriaceae pleiospora 2001 Odds (2001)

Pseudodestruxins A, B and

Ascochlorin

Peptide and

Terpenoid/polyketide

Nigrosabulum globosum 2001 Che et al. (2001)

Decipinin A and

decipienolides A and B

Benzopyrans. Podospora decipiens. 2002 Che and Gloer

(2002)

Tulasnein and podospirone Terpenoid Podosordaria tulasnei 2004 Ridderbusch

et al. (2004)

Antiamoebins, myrocin B Peptide and

Terpenoid

Stilbella erythrocephala 2006 Lehr et al. (2006)

Others

Gymnoascolides A–C Shikimate Gymnoascus reessii 2005 Clark et al. (2005)

Pestalachlorides A–C Pestalotiopsis adusta 2008 Li et al. (2008)

Solanapyrone analogues Solanapyrone Hawaiian fungicolous fungus 2007 Schmidt and Gloer

(2007)

Naphthoquinone

spiroketal

Naphthoquinone Endophytic fungus, Edenia
gomezpompae.

2008 Macı́as-Rubalcava

et al. (2008)

zaragozic acids Polyketide-TCA-

amino acid

S. intermedia, and L. elatius 1995 Bergstrom

et al. (1995)

australifungin Polyketide Sporormiella australis 1995 Mandala

et al. (1995)

Sporminarins A and B Polyketide Sporormiella minimoides 2006 Mudur and Gloer

(2006)

Similins A and B Polyketide Sporormiella similis 1992 Weber and Swenson

(1992)

Fusidic acid Marine isolate of the fungus,

Stilbella aciculosa
2001 Kuznetsova

et al. (2001)
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condition of substrate, nitrogen source, tempera-

ture, inoculum dose, pH, etc. Several studies

have been carried out including the development

of high-yielding strains through genetic modifi-

cation (Keller and Turner 2005; Magdalena

et al. 2013; Oxford and Raistrick 1939; Brian

and Curtis 1946). Besides, the improvement of

biological activity, absorption, distribution,

metabolism and excretion are the prime object

of antifungal medicinal chemistry research. Syn-

thesis of derivatives and analogues of natural

products are the most important sources for new

drug candidates and tools for medicinal chemis-

try. Therefore, need for the development of

Fig. 1.3 Schematic diagram on the mechanism of action of antifungal agents
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efficient chemical synthesis methods for

accessing the natural products and their modified

derivatives are inspiring to control the resistance

mechanism in great importance. Therefore, need

for the development of efficient chemical synthe-

sis methods for accessing the natural products

and their modified derivatives are inspiring to

control the resistance mechanism in great

importance.

1.9 Echinocandin Past
and Present: A Possible Clue

FR901379, a cyclic lipopeptide, showed in vivo

antifungal activity against Candida albicans by

inhibiting the synthesis of 1,3-β-glucan, a key

component of fungal cell wall (Louise and Neil

2010). The producer strain of FR901379 was a

soil isolate collected at Iwaki City, Fukushima

Prefecture, Japan, and identified as Coleophoma

empetri F-11899 (Ascomycota) (Iwamoto

et al. 1994; Iwamoto et al. 1993; Yamashita

et al. 2005). However, this compound had

haemolytic activity and was also less active

against Aspergillus fumigatus. To overcome

these shortcomings, a series of strategies are

followed that opens up new directions of antifun-

gal drug discovery. In 2001, Fujie et al. have

reported to synthesized FR131535 by doing

some structural modifications as octyloxybenzoyl

acyl side chain was added instead of a fatty acid.

The new compound FR131535 retained the origi-

nal activity displayed by FR901379, acquired

potent anti-Aspergillus activity, and its hemolytic

activity was significantly reduced (Fujie

et al. 2001). Further extensive chemical modifica-

tion of FR901379 has led to the discovery of

micafungin (FK463), which is effective against

both Candida and Aspergillus spp. Micafungin

has been marketed in Japan and in United States

as a candin-class parenteral antifungal agent for

life-threatening mycoses (Akihiko 2007). Simi-

larly, Tomishima et al. reported a series of novel

acylated analogs of the echinocandin, FR901379.

They demonstrated relationship between antifun-

gal activity and lipophilicity of acyl side chain,

expressed as Clog P. Their analog was reported to

have higher efficiency than previously disclosed

4-(n-octyloxy)benzoyl side chain analog,

FR131535 (Tomishima et al. 2008a). They fur-

ther optimized side chain analogs of the natural

product FR901379 and led to the discovery of a

new modified compound. This compound is

reported to have reduced hemolytic potential

with a well-balanced profile and was selected as

the clinical candidate (Tomishima et al. 2008b).

Kanda et al. (2009) has tried to improve the

production of FR901379 by mutant selection and

medium optimization. They have performed an

interesting task and evaluated seven generation’s

strain-breeding, beginning with a wild type.

Medium for selection of screening and large-

scale production were designed (Kanda

et al. 2010). In the beginning of year 2011,

Ueda et al. purified FR901379 acylase, an

enzyme that catalyzes the hydrolysis of the

palmitoyl moiety of the antifungal lipopeptide

FR901379 from the culture broth of Streptomy-
ces sp. no. 6907 (FERM BP-5809). They trans-

ferred it and found 250-fold increase in

FR901379 acylase activity in recombinant Strep-
tomyces lividans 1326 carrying the cloned gene

(Ueda et al. 2011a). In the same year, they again

reported that the same species after mutagenesis

using UV-irradiation capable of hyperproducing

the FR901379-acylase enzyme (Ueda

et al. 2011b).

Echinocandin B, a lipopeptide with antifungal

activity, was first discovered in 1974 in Aspergil-

lus nidulans var. echinulatus A 32204 by a group

of German scientist (Nyfeler and Keller-

Schierlein 1974). In the fermentative production

of echinocandin B, a potent carcinogen sterigma-

tocystin is produced in significant amount. To

overcome the production of such carcinogen,

Hodges et al. (1994) worked out the genetic

modification of an echinocandin B-producing

strain of Aspergillus nidulans capable to produce

mutants blocked in sterigmatocystin biosynthe-

sis. In 1999, Butchko et al. (1999) reported the

regulation strategies by the pathway-specific

transcription factor, aflR, clustered on chromo-

some IV of A. nidulans and involved in the bio-

synthesis of sterigmatocystin (Butchko and

Adams 1999). Hodges et al. (2000) reported
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characterization of a mutant designated A42355-

OC-1 (OC-1), which is blocked in ST biosynthe-

sis, was the result of a chromosomal transloca-

tion (Niedens et al. 2013).

The synthetic approaches are also carried out

in parallel. Debono et al. (1988) has modified and

prepared new analogs of echinocandin B by

enzymatic deacylation and chemical reacylation

of echinocandin B. The strategy carried out here

was the incorporation of phenyl group into the

fatty acid chain. Synthesized antifungal agent

cilofungin (LY121019) offered excellent

anticandidal activity and low toxicity and was

superior to other available antifungal antibiotics

(Debono et al. 1988, 1989). Hence incorporation

of phenyl group becomes a pioneer breakthrough

in synthetic modification. Therefore, research

was mainly focused in incorporating more phe-

nyl group in fatty acid chain. One more phenyl to

the cilofungin side chain offered biphenyl com-

pound LY 298095, which showed tenfold

increased in vitro activity. Addition to another

phenyl compound yields rigid side chain analog

of LY280949, which offered a similar antifungal

activity and efficacy in animal model similar to

that of LY 298095. This was the first

echinocandin compound having oral efficacy in

an animal model of fungal infection. In this

group of compound, the side chain is crucial for

their desired property. Besides, the incorporation

of flexible alkyl section maximizes the antifungal

potency, possibly by a crucial adjustment of their

lipophilicity (Turner and Rodriguez 1996).

Subsequently in 1995, chemical modification

lead to an important compound of this group

LY303366, termed as anidulafungin. Side chain

of LY303366 has a rigid terphenyl head and a

flexible C5 tail. It proved to be effective by oral

route of administration (Debono et al. 1995) and

was chosen as new generation clinical candidate

for antifungal therapy. The semisynthetic analog,

LY303366 of echinocandin B showed potential

activity against growing yeast by inhibiting the

beta-D glucan synthase (Lisa et al. 1999;

Petraitiene et al. 1999), which also revealed

their significant efficacy in animal model

experiments (Keller and Turner 2005; Oxford

and Raistrick 1939). β-D-glucan synthase,

exhibits efficacy in animal models of human

fungal infections and works best against actively

growing yeasts (Lisa et al. 1999; Petraitiene

et al. 1999). In 2007, Jamison et al. (1997) have

reported the synthesis strategies and biological

activity of a series of N-alkylated derivatives of

echinocandin B. In reductive alkylation

conditions, echinocandin nucleus was treated

with a slight excess of aldehyde in the presence

of sodium cyanoborohydride and refluxed with

methanol/dimethylformamide for 24 ~ 48 h had

yield N-alkylated derivatives of echinocandin

B. Mulder et al. (2011) studied details on the

synthetic strategies to make novel echinocandins

analogues by on-resin ring closing to metathesis

or disulfide formation. This was to explore the

influence of cyclic peptide backbone on the anti-

fungal activity. They concluded that the ring size

was an important factor for antifungal activity

(Mulder et al. 2011).

1.10 Problem, Strategies
and Prospects of Griseofulvin

Griseofulvin is an orally acting antifungal antibi-

otic with lowwater solubility. After the discovery

of Griseofulvin, several efforts were made to

synthesize its derivativewithmore efficient activ-

ity and increased solubility than its original one.

But research carried out till are seems to be inef-

fective to produce the appropriate derivative.

Crosse et al. tested more than 300 analogues com-

pound of Griseofulvin. But unfortunately none of

them exceed the potency of original molecule

(Crosse and McWillium 1964). Further, Fischer

and Riegelman (1967) prepared some derivatives

of the 40-keto group of griseofulvin but again they
were failed to sufficiently improve the biological

action. But they succeeded in another way by

increasing the water solubility and absorption

potential of the drugs. In 1970, Fields and

Newman (1970) prepared analogs

50-diazogriseofulvin of antifungal drug griseoful-
vin. But in that case, again the activity was

reduced. But in that case, again the activity was
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reduced (Fields and Newman 1970). In the

meantime, some other synthesis strategies of gris-

eofulvin were followed (Danishefsky et al. 1978,

1979; Danishefsky and Etheredge 1978), but

didn’t work properly. In 1990, Ko and Oritani

relate possible structure-activity relationship

of griseofulvin (Ko and Oritani 1990). They

concluded that the presence of 60-methyl group

and 40-oxo group on the C ring is very important

factor in the biological activities of griseofulvin.

Yamato and co-workers with their three consecu-

tive publications explored details for the possible

structure activity relationship of griseofulvin

(Tomozane et al. 1990; Takeuchi et al. 1997a,

b). According to them, the relationship between

the antifungal activity and the position or kind

of substituents on the benzene ring of griseofulvin

is important. This might serve as a clue for

modern synthetic modification of griseofulvin.

In 1992, Gaoxiong et al. also tried to modify

the griseofulvin but they didn’t succeed to

improve the biological activity. Among their

synthesized derivatives, only oxime of griseoful-

vin was shown to have the most potent ability

than griseofulvin. But they were able to increase

the water solubility of some compounds

(Delgado et al. 1992). In a recent study in 2012,

53 analogues compound of griseofulvin also

followed the same trend with the majority

being less active than griseofulvin and none

had more than twice the potency of parent

compound (Pan et al. 2012). In the same year,

40-thiosemicarbazonegriseofulvin, a new

thiosemicarbazide derivative of griseofulvin,

was synthesized and evaluated for its potential

in the control of enzymatic browning and post-

harvest disease of fruits. This derivative showed

strong inhibition of the mycelial growth of the

target fungi (Rønnest et al. 2012). Recently, an

enantioselective Michael-aldol tandem reaction

was done with respect to prochiral 2-substituted

benzofuran-3-ones and enones by a facile pri-

mary amine catalyst, rapid access to the desired

pharmaceutically active griseofulvin analogues is

achieved (Dong et al. 2013). Thus, earlier

development may serve the key issues and trends

which must be effectively handled in near future

in the way to discover efficient antifungal.

1.11 Strobilurins Synthesis: Success
and Future Threat

Strobilurins in natural form are volatile and

unstable in nature. Using Quantitative Structure

Activity Relationship (QSAR) over natural

strobilurins, many pesticide companies were

able to discover many synthetic analogues

which are more potential and stable fungicides

(Balba 2007). Simpler structure in chemical syn-

thesis leads strobilurins A as the preferred choice

to the researchers. The first patent on strobilurins

derivative came in 1999 and after that a number

of patents were issued with structural

modifications only. The major objective of

chemical modification was to improve photo-

stability and to reduce the volatility and chemical

systematic properties (David and Geoffrey

1980). Thus this objective is quite effectively

being solved. Anke et al. were pioneers in

strobilurins synthesis and modifications. The ini-

tial modification starts with the work of

Wolfgang (Hubert and Wolfgang 1999). Further,

a lot of modifications are carried out by them-

selves which led a new way in strobilurins

research (Bartlett et al. 2002). Several chemical

companies like Zeneca Research Team, BASF,

Novartis, Sinochem Shanghai, Shenyang

Research Institute of Chemistry Industry, Kumiai

Chemical Industry, etc. had done a lot of inde-

pendent research programmes. Modification of

the α-substitution in the (E)-β-methoxyacrylate

group was the primary focus of the structural

modifications. BASF research programme leads

to the replacement of the basic toxiphoric group

of (E)-β-methoxyacrylate with a methoxyimi-

noacetate group. Photostability and solubility

was improved by adding diphenyl ether and ben-

zene ring, respectively. In 1992, Zeneca (now

Syngenta) and BASF announced QoI fungicides
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azoxystrobin and kresoxim-methyl, respectively.

These fungicides become commercially avail-

able in 1996. Whereas further modifications by

replacing (E)-β-methoxyacrylate group with

2-methoxyiminoacetamide leads to the develop-

ment of metominostrobin (Dolores et al. 2010).

Recently, several products are available in the

market and some of them are presented in

Table 1.7. The drugs were acquired 10–15 %

by 2005 of world’s fungicide market and now

are the second largest fungicidal chemicals used

in agricultural sector (David and Geoffrey 1980).

Several reviews and works on synthesis

strategies, assigned problem have been published

(Balba 2007; Hubert and Wolfgang 1999;

Vladimir and Leonid 1998; Sauter and

Ammermann 1996; Dave et al. 2001). The

optimistic and successful discovery leads

strobilurins to be considered as one of the most

valuable classes of single-site fungicides ever

discovered by the agrochemical industries. But

the recent problem of strobilurins fungicide resis-

tance is a recent threat to researchers. This group

of drug inhibits respiration by blocking the ATP

synthesis and is prone to potential resistance. Just

one mutation at the target site can develop resis-

tant strain. In this prospect, fungicides with mul-

tiple mode of action are necessary to being

developed. This requires a detailed knowledge

on the existing structures that might open new

avenue in antifungal chemotherapy.

1.12 Pneumocandin B0
as the Starting Material
of Synthetic Antifungal
Caspofungin Acetate

Pneumocandin B0 served as the starting material

for effective semisynthetic antifungal drug

caspofungin acetate (CANCIDAS®). This drug

inhibits the β -D glucan that interferes with fun-

gal cell wall synthesis (Keller and Turner 2005;

Oxford and Raistrick 1939). The development of

such effective drug with improved potency,

water solubility, half-life and stability faces sev-

eral challenges. The fermentive material,

pneumocandin B0 remained with other 20 closely

related compounds made difficulties in initial

approach of purification. The prime objective in

caspofungin acetate synthesis was surface modi-

fication of the peptide core of the pneumocandin

B0. The strategy followed was reduction of the

primary amide of 3-hydroxyglutamine to an

amine and condensation of the hemiaminal moi-

ety with ethylenediamine. Although several

difficulties like instability of caspofungin and

its intermediates in varied pH and freezed condi-

tion have been attempted to address. Problem in

isolation, purification and crystalization of

final product is yet to be solved (Balkovec

et al. 2014).

1.13 Future Perspectives

Epidemiologic studies have showed increased

mortality rate due to infections with different

fungal species belonging to the genera like

Aspergillus, Fusarium, Candida and

Zygomycetes. Most of the antifungal agents are

currently being used to act by altering the

functions of cellular membrane or cell wall.

The development of new antifungal compounds

with broad spectrum of activity with diverse

mechanism of action is essentially required.

Simultaneous usage of two or more antifungal

compounds to treat the diseases caused by resis-

tant varieties is another way to achieve maximum

antifungal activity. In the present era of novel

and improved medical practices, the treatment of

fungal diseases has also attained newer heights

and has better perspectives. New diagnostic

measures are now replacing the use of blind

antifungal therapy that was normally used for

patients suffering from mycoses. The diagnosis

needs to be involved with fungal antibodies,

antigens or metabolites for fungal detection.

However, both fungus and humans are

eukaryotic and effective treatment depends

upon locating and exploiting other cellular

targets. Current antifungals are limited to a

range of cellular targets and so are either toxic

or become less effective or ineffective due to

natural or induced resistance. To achieve the

development of highly specific antifungal agent,
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Table 1.7 Synthetic Strobilurins analog group with example

Natural structure of strobilurins

Class Methoxyacrylates

Example

Azoxystrobin Picoxystrobin Pyraoxystrobin

Class Oximinoacetates

Example

Kresoxim-methyl Trifloxystrobin

Class Oximinoacetamides

Example

Metominostrobin Dimoxystrobin Orysastrobin

Class Methoxycarbamates

Example

Pyraclostrobin Pyrametostrobin

(continued)
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the combined application of antifungal screening

procedures and rational antifungal design is nec-

essary. The systemic fungal infections are often

caused by one opportunistic fungus at a time and

not a ‘mix’ or consortium of cultures; therefore,

the uses of ‘broad spectrum’ antifungals are

harmful and unnecessary for treatment. In this

light, fungal ecology is of particular interest and

exploring and exploiting endophytic fungi to

develop antifungal agents might be considered

as a unique option.

Endophytic fungi might serve as an important

source of antifungal agents because fungal antag-

onism has been reported in many fungal

ecosystems. Endophytic fungi inhabiting spaces

within plant cells are capable of producing cer-

tain antifungal agents that eventually ward off

plant pathogens. The endophytic basidiomycete

fungus KG146A found in rosemary shrub

demonstrated antifungal activity against several

strains of Candida (human pathogen). This path-

ogen affects several immune compromised

patients and causes systemic mycoses that tend

to prevail even with antifungal therapies.

Several fungal-derived antifungal compounds

have anticancerous activity which may remind us

their promiscuousity, in which multiple targets

are associated with a common structure. The

promiscuous activity of an antifungal compound

should be used in the development of novel

biopharmaceuticals. Emphasis will be given to

their structural skeleton responsible for selectiv-

ity against additional targets and molecular

mechanisms. The development of novel syn-

thetic analogs of molecule is important for

enhancing their multipurpose activities. Second-

ary infections with fungal species are very much

common in immune compromised cancer

Table 1.7 (continued)

Natural structure of strobilurins

Class Dihydrodioxazines

Example

Fluoxastrobin

Class Benzylcarbamates

Example

Pyribencarb
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patients. In such cases, the molecules having

promiscuous (both anti-cancerous and antifun-

gal) activities should be an excellent options as

chemotherapeutics agents.

Many fungal-derived compounds with

immense biodiversity have been isolated and

used as antifungal and antitumor therapeutic

agents. With the onset of this golden era of

mycology and antifungal chemotherapy, it is

more imperative that our future provides novel,

enhanced anti-fungal agents for safer treatment

of fungal diseases. Nowadays, it might be said

that ‘no fungi is non-pathogenic fungi’ and so we

have to enter into a battle against fungi using our

ammunition of ‘improved or novel antifungals’.
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González JM, Anaya AL (2008) Naphthoquinone

spiroketal with allelochemical activity from the

newly discovered endophytic fungus Edenia

gomezpompae. Phytochemistry 69:1185–1196. Epub

2008 Jan 29

Macreadie IG, Johnson G, Schlosser T et al (2006)

Growth inhibition of Candidaspecies and Aspergil-
lus fumigatus by statins. FEMS Microbiol Lett

262:9–13

Magdalena J, Monika OJ, Grzegorz J et al (2013) New

bioactive fungal molecules with high antioxidant and

antimicrobial capacity isolated from Cerrena unicolor

idiophasic cultures. BioMed Res Int 2013:497492

Mandala SM, Thornton RA, Frommer BR et al (1995) The

discovery of australifungin, a novel inhibitor of

sphinganine N-acyltransferase from Sporormiella

australis. Producing organism, fermentation, isolation,

and biological activity. J Antibiot (Tokyo) 48:349–356

Mizoguchi J, Saito T, Mizuno K et al (1977) On the mode

of action of a new antifungal antibiotic, Aculeacin A:

inhibition of cell wall synthesis in Saccharomyces

cerevisiae. J Antibiot 30:308–313

Mizuno K, Yagi A, Satoi S et al (1977a) Studies on

aculeacin. I. Isolation and characterization of

aculeacin A. J Antibiot 30:297–302

Mizuno K, Yagi A, Satoi S et al (1977b) Studies on

aculeacin. I. Isolation and characterization of

aculeacin A. J Antibiot (Tokyo) 30:297–302

Morris MI, Villmann M (2006a) Echinocandins in the

management of invasive fungal infections, Part

1. Am J Health Syst Pharm 63:1693–1703. doi:10.

2146/ajhp050464.p1

Morris MI, Villmann M (2006b) Echinocandins in the

management of invasive fungal infections, Part

2. Am J Health Syst Pharm 63:1813–1820

Morris SA, Schwartz RE, Sesin DF et al (1994)

Pneumocandin D0, a new antifungal agent and potent

inhibitor of Pneumocystis carinii. J Antibiot

47:755–764

Mudur SV, Gloer JB (2006) Sporminarins A and B: anti-

fungal metabolites from a fungicolous isolate of

Sporormiella minimoides. J Antibiot 59:500–506

Mukhopadhyay T, Roy K, Bhat RG et al (1992)

Deoxymulundocandin-a new echinocandin type anti-

fungal antibiotic. J Antibiot 45:618–623

Mulder MP, Kruijtzer JA, Breukink EJ et al (2011) Syn-

thesis and evaluation of novel macrocyclic antifungal

peptides. Bioorg Med Chem 19:6505–6517. doi:10.

1016/j.bmc.2011.08.034. Epub 2011 Aug 22

Nakagawa M, Hirota A (1982) Terrecyclic acid A, a new

antibiotic from Aspergillus terreus. I. Taxonomy, pro-

duction, and chemical and biological properties. J

Antibiot 35:778–782

Niedens BR, Parker SR, Stierle DB et al (2013) First

fungal aromatic L-amino acid decarboxylase from a

paclitaxel-producing Penicillium raistrickii.
Mycologia 91:619–626. 140, 141

Nobel HM, Langley D, Sidebottom PJ et al (1991) An

echinocandin from an endophytic Cryptosporiopsis

sp. and Pezicula sp. in Pinus sylvestris and Fagus

sylvatica. Mycol Res 95:1439–1440

Nyfeler R, Keller SW (1974) Metabolites of

microorganisms, 143: echinocandin B, a novel

polypeptide-antibiotic from Aspergillus nidulans var

echinulatus—isolation and structural components.

Helv Chim Acta 57:2459–2477

Odds FC (2001) Sordarin antifungal agents. Expert Opin

Ther Pat 11:283–294

OH GS, Hong KH, OH H et al (2001) 4-Acetyl-12,13-

epoxyl-9-trichothecene-3,15-diol isolated from the

fruiting bodies of Iaria japonica YASUDA induces

apoptosis of human leukemia cells (HL-60). Biol

Pharm Bull 24:785–789

Oxford AE, Raistrick H (1939) Griseofulvin,

C17H17O6Cl, a metabolic product of Penicillium
griseofulvum Dierckx. Biochem J 33:240–248

Pan ZZ, Zhu YJ, Yu XJ et al (2012) Synthesis of 4-
0-thiosemicarbazonegriseofulvin and its effects on the

control of enzymatic browning and postharvest dis-

ease of fruits. J Agric Food Chem 60:10784–10788.

doi:10.1021/jf302356x. Epub 2012 Oct 18

Petraitiene R, Petraitis V et al (1999) Antifungal activity

of LY303366, a novel Echinocandin B, in experimen-

tal disseminated Candidiasis in rabbits. Antimicrob

Agents Chemother 43:2148–2155

Petit KE, Mondeguer F, Roquebert MF, Biard JF,

Pouchus YF (2004) Detection of griseofulvin in a

marine strain of Penicillium waksmanii by ion trap

mass spectrometry. J Microbiol Methods 58:59–65

Qiao J, Kontoyiannis DP, Wan Z, Li R et al (2007) Anti-

fungal activity of statins against Aspergillus species.
Med Mycol 45:589–593

Raistrick H, Smith G (1935) LXXI. Studies in the bio-

chemistry of micro-organisms. XLII. The metabolic

products of Aspergillus terreus Thom. A new mould

metabolic product-terrein. Biochem J 29:606–611

Ridderbusch DC, Weber RW, Anke T et al (2004)

Tulasnein and podospirone from the coprophilous

xylariaceous fungus Podosordaria tulasnei.

Naturforsch C 59:379–383

Rønnest MH, Raab MS, Anderhub S et al (2012) Dispa-

rate SAR data of griseofulvin analogues for the

dermatophytes Trichophyton mentagrophytes,

T. rubrum, and MDA-MB-231 cancer cells. J Med

Chem 55:652–660. Epub 2012 Jan 17

Roy K, Mukhopadhyay T, Reddy GC et al (1987)

Mulundocandin, a new lipopeptide antibiotic.

I. Taxonomy, fermentation, isolation and characteri-

zation. J Antibiot 40:275–280

Satoi S, Yagi A, Asano K et al (1977) Studies on

aculeacin. II. Isolation and characterization of

aculeacins B, C, D, E, F and G. J Antibiot 30:303–307

1 Fungi Fights Fungi: Tip-off in Antifungal Chemotherapy 25

http://dx.doi.org/10.1016/j.fgb.2009.09.003
http://dx.doi.org/10.1016/j.fgb.2009.09.003
http://dx.doi.org/10.2146/ajhp050464.p1
http://dx.doi.org/10.2146/ajhp050464.p1
http://dx.doi.org/10.1016/j.bmc.2011.08.034
http://dx.doi.org/10.1016/j.bmc.2011.08.034
http://dx.doi.org/10.1021/jf302356x


Sauter H, Ammermann E (1996) Strobilurins- from natu-

ral products to a new class of fungicides. In: Copping

LG (ed) Crop protection agents from nature: natural

products and analogues. Royal Society of Chemistry,

Cambridge, pp 50–81

Schmidt LE, Gloer JB (2007) Solanapyrone analogues

from a Hawaiian fungicolous fungus. J Nat Prod

70:1317–1320. Epub 2007 Jul 31

Schramm G, Steglich W, Anke T, Oberwinkler F (1978)

Antibiotics from basidiomycetes, III. Strobilurin A

and B, antifungal metabolites from Strobilurus
tenacellus. Chem Ber 111:2779–2784

Schwartz RE, Giacobbe RA, Bland JA et al (1989) L-

671,329, a new antifungal agent. I. Fermentation and

isolation. J Antibiot 42:163–167

Schwartz RE, Sesin DF, Joshua H et al (1992)

Pneumocandins from Zalerion arboricola. Discovery

and isolation I. J Antibiot 45:1853–1866

Seya H, Nozawa K, Nakajima S et al (1986) Studies on

fungal products. Part 8. Isolation and structure of

emestrin, a novel antifungal macrocyclic epidithio-

dioxopiperazine from Emericella striata. X-Ray

molecular structure of emestrin. J Chem Soc Perk T

1 1986:109–116

Singleton V, Bohonos N et al (1958) Decumbin, a new

compound from a species of Penicillium. Nature

181:1072–1073

Soman AG, Gloer JB, Koster B et al (1999) Sporovexins

A-C and a new preussomerin analog: antibacterial and

antifungal metabolites from the coprophilous fungus

Sporormiella vexans. J Nat Prod 62:659–661

Songgang W, Yunshen B (1983) Study on the

characterstics of Penicillium patulum strains with

high ability of producing griseofulvin.

Weishengwuxue Tongbao 10:204–206

Strobel GA, Miller RV, Martinez-Miller C et al (1999)

Cryptocandin, a potent antimycotic from the endo-

phytic fungus Cryptosporiopsis cf. quercina. Microbi-

ology 145:1919–1926

Sun HF, Li XM, Meng L et al (2012) Asperolides A-C,

tetranorlabdane diterpenoids from the et al. marine

alga-derived endophytic fungus Aspergillus wentii
EN-48. J Nat Prod 75:148–152

Takeuchi Y, Tomozane H, Misumi K et al (1997a)

Syntheses and antifungal activity of dl-griseofulvin and

its congeners. II. ChemPharmBull (Tokyo) 45:327–332

Takeuchi Y, Watanabe I, Misumi K et al (1997b)

Syntheses and antifungal activity of dl-griseofulvin

and it congeners. III. Chem Pharm Bull (Tokyo)

45:2011–2015

Tomishima M, Ohki H, Yamada A et al (2008a) Novel

echinocandin antifungals. Part 1: Novel side-chain

analogs of the natural product FR901379. Bioorg

Med Chem Lett 18:1474–1477. doi:10.1016/j.bmcl.

2007.12.062. Epub 2007 Dec 28

Tomishima M, Ohki H, Yamada A et al (2008b) Novel

echinocandin antifungals. Part 2: Optimization of the

side chain of the natural productFR901379. Discovery

of micafungin. Bioorg Med Chem Lett 18:2886–2890.

doi:10.1016/j.bmcl.2008.03.093. Epub 2008 Apr

8. PMID:18424132[PubMed - indexed forMEDLINE]

Tomozane H, Takeuchi Y, Choshi T et al (1990) Syntheses

and antifungal activities of dl-griseofulvin and its

congeners. I. Chem Pharm Bull (Tokyo) 38:925–929

Traber R, Keller-Juslén C, Loosli HR et al (1979)

Cyclopeptid-Antibiotika aus Aspergillus-Arten.

Struktur der Echinocandine C und D. Helv Chim

Acta 62:1252–1267

Tscherter H, Dreyfuss MM (1982) New metabolites. Pro-

cesses for their production and their use. Internat.

Patent Appl PCT/EP8/ 00121

Turner WW, Rodriguez MJ (1996) Recent advances in

medicinal chemistry of antifungal agent. Curr Pharm

Des 2:209–224

Ueda S, Shibata T, Ito K et al (2011a) Cloning and

expression of the FR901379 acylase gene from Strep-

tomyces sp. no. 6907. J Antibiot (Tokyo) 64:169–175.

doi:10.1038/ja.2010.151. Epub 2010 Dec 1

Ueda S, Kinoshita M, Tanaka F et al (2011b) Strain

selection and scale-up fermentation for FR901379

acylase production by Streptomyces sp. no. 6907. J

Biosci Bioeng 112:409–414. doi:10.1016/j.jbiosc.

2011.06.002. Epub 2011 Jul 12

Visalakchi S, Muthumary J (2010) Taxol (anticancer

drug) producing endophytic fungi: an overview. Int J

Pharm Bio Sci 1:1–9

Vladimir VZ, Leonid VK (1998) Natural compounds of

the strobilurin series and their synthetic analogues as

cell respiration inhibitors. Russ Chem Rev 67:535.

doi:10.1070/RC1998v067n06ABEH000426

Wang Y, Gloer JB, Scott JA et al (1993) Appenolides

A-C: three new antifungal furanones from the cop-

rophilous fungus Podospora appendiculata. J Nat

Prod 56:341–344

WangHJ, Gloer JB, Scott JA et al (1995a) Coniochaetones

A and B: new antifungal benzopyranones from the

coprophilous fungus Coniochaeta saccardoi. Tetrahe-

dron Lett 36:5847–5850

Wang Y, Gloer JB, Scott JA et al (1995b) Terezines A-D:

new amino acid-derived bioactive metabolites from

the coprophilous fungus Sporormiella teretispora. J

Nat Prod 58:93–99

Wang H, Gloer KB, Gloer JB et al (1997) Anserinones A

and B: new antifungal and antibacterial

benzoquinones from the coprophilous fungus

Podospora anserina. J Nat Prod 60:629–631

Weber HA, Swenson DC (1992) Similins A and B: new

antifungal metabolites from the coprophilous fungus

Sporormiella similis. Tetrahedron Lett 33:1157–1160

Weber W, Anke T, Steffan B et al (1990a) Antibiotics

from basidiomycetes. XXXII. Strobilurin E: a new

cytostatic and antifungal (E)-beta-methoxyacrylate

antibiotic from Crepidotus fulvotomentosus Peck. J

Antibiot (Tokyo) 43:207–212

Weber W, Anke T, Bross M et al (1990b) Strobilurin D

and strobilurin F: two new cytostatic and antifungal

26 S.M. Mandal et al.

http://dx.doi.org/10.1016/j.bmcl.2007.12.062
http://dx.doi.org/10.1016/j.bmcl.2007.12.062
http://dx.doi.org/10.1016/j.bmcl.2008.03.093
http://dx.doi.org/10.1038/ja.2010.151
http://dx.doi.org/10.1016/j.jbiosc.2011.06.002
http://dx.doi.org/10.1016/j.jbiosc.2011.06.002
http://dx.doi.org/10.1070/RC1998v067n06ABEH000426


(E)-β-methoxyacrylate antibiotics from Cyphellopsis
anomala (1). Planta Med 56:446–450

Whyte AC, Gloer JB, Scott JA (1996) Cercophorins A-C:

novel antifungal and cytotoxic metabolites from the

coprophilous fungus Cercophora areolata. J Nat Prod

59:765–769

Whyte AC, Gloer KB, Gloer JB et al (1997) New antifun-

gal metabolites from the coprophilous fungus

Cercophora sordarioides. Can J Chem 75:768–772

Woloshuk CP, Shim WB (2013) Aflatoxins, fumonisins,

and trichothecenes: a convergence of knowledge.

FEMS Microbiol Rev 37:94–109

Wright JM (1955) The production of antibiotics in soil:

ii. Production of griseofulvin by penicillium nigricans.

Ann Appl Biol 43:288–296

Yamashita M, Matsuda M, Oohata N (2005) Study of

industrial manufacturing methods for Micafungin

(FK463). Seibutsu-kogaku 83:123–131

Zhao S, Smith KS, Deveau AM et al (2002) Biological

activity of the tryprostatins and their diastereomers on

human carcinoma cell lines. JMedChem45:1559–1562

1 Fungi Fights Fungi: Tip-off in Antifungal Chemotherapy 27



Essential Oil and Antifungal Therapy 2
Mohammad Moghaddam and Leila Mehdizadeh

Abstract

Essential oils are complex mixtures of odorous principles stored in differ-

ent parts of special plants that play an important role in plant defense

mechanisms against pathogenic fungi. They are composed of different

chemical compounds which have various biological activities and thera-

peutic effects that can be used in different industries as well as control

molds and various fungi such as food-borne and phytopathogenic fungi

which cause different postharvest diseases and animal and human

disorders. The antifungal activity of essential oil is associated with phyto-

chemical components. In addition to this, percentage inhibition of mycelia

growth depends on some other factors such as the antifungal activity

method, the day of observation, oil concentration, and examined fungal

species. In order to reduce the hazardous effects of synthetic fungicidal

products, the increasing interest in the possible application of essential

oils for pathogen management has induced to investigate new sources of

biologically active natural products in antifungal therapy.

2.1 Introduction

Plants have been used medicinally for thousands

of years by cultures all over the world. Medicinal

plants include herbs, herbal materials, and

products that contain different parts of plants or

other plant materials as active ingredients and

are the most popular forms of traditional

plants which are used to maintain health,

as well as prevent or treat physical and mental

disorders. Herbal medicines are referring to

herbal remedies, products, phytomedicines,

phytotherapeutic agents, and phytopharma-

ceuticals. Recently medicinal plants and bioac-

tive phytocompounds are applied worldwide

(WHO 2005). There is an increasing interest on

the use of them in the industrial and pharmaceu-

tical applications. Nonedible purpose of plant

usage is dating back to prehistory. Since ancient

time, natural products have been displayed as an
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important source of drugs, and today lots of

practical drugs are derived from natural sources

(Lang and Buchbauer 2012).

Traditionally, plants have been the main

source of materials to maintain health and pre-

vent ill health, and it is only comparatively

recently that they have been replaced by

synthetics. The study of plant structure and func-

tion should not be regarded as too simple. The

chemical compounds of plants can be classified

into two main groups. The primary metabolites

are those that are distributed worldwide across

the plants as basic building blocks of life. Four

major subgroups of these metabolites include

proteins, carbohydrates, nucleic acids, and lipids.

Besides the primary metabolites, plants produce

a great variety of secondary metabolites related

to mechanisms of adaptation and are important

in mediating interactions between plants and

biotic environment. The secondary metabolites

existing in some plant species are classified

into terpenoids, shikimates, polyketides, and

alkaloids. The most important ones which are

related to essential oils are the terpenoids and

shikimates (Baser and Buchbauer 2010). Second-

ary metabolites obtained from plants have

diverse functions such as defensive and protec-

tive process in the plants itself. The phytochemi-

cal studies are directed with an aim to find

biopesticides of plant origin. Previously other

researches demonstrated that diverse secondary

metabolites have different sites of action and

different molecular targets when they interact

with enzymes and metamorphosis processes

(Torres et al. 2003; Silva and Fernandes 2010;

Baser and Buchbauer 2010).

The increasing interest in the possible appli-

cation of secondary metabolites for pathogen

management has aimed to investigate new

sources of biologically active natural products,

with new and specific action (Edris 2007; Lang

and Buchbauer 2012). Microbial infections

including bacterial, fungal, and viral infections

are the most commonly encountered illnesses

worldwide. There is a widespread effort to find

new fungicidals, and currently it is focused on

natural compounds. Various experimental works

have been performed with natural products,

which are potential models for defensive

substances against fungal predators (Tabassum

and Vidyasagar 2013; Stević et al. 2014).

Among the secondary metabolites, essential oils

are very important natural products which have

different therapeutic and biological activity.

Therefore in this chapter, we investigate the

effects of essential oils on pathogenic fungi.

2.2 What Is Essential Oil?

Essential oils (volatile oils) are complex

mixtures of odorous principles stored in special

plant cells, glands, glandular hairs, oil ducts, or

resin ducts in any part of a plant which are

obtained by living organisms and isolated by

pressing and hydro or steam distillation from a

whole plant or different parts of plants such as

leaves, flowers, fruits, grass, root, wood, bark,

gum, and blossom in some plant families. The

most important plant families which are used to

extract essential oil are Lamiaceae, Myrtaceae,

Rutaceae, and Apiaceae. Essential oils are solu-

ble in alcohol and fats but only slightly soluble in

water. Most essential oils are colorless, but some

of them are colored (e.g.,Matricaria chamomilla
oil has azulene, which is blue). Upon exposure

to light and air, they readily oxidize and resinify.

The total essential oil content of plants is gener-

ally very low (<1 %). Plant essential oils have

various applications such as fragrances,

flavorings, preservative agents, condiments or

spices, as well as medicinal uses in food, cos-

metic, and pharmaceutical industries. In addi-

tion, they are the most concentrated part of a

plant’s vital force or energy, and they have anti-

microbial and insecticidal properties (Ahmad

et al. 2006; Rai and Cecilia Carpinella 2006;

Baser and Buchbauer 2010; Silva and Fernandes

2010).

2.3 Essential Oil Extraction
and Composition

There are several methods for producing essen-

tial oils which include steam distillation, solvent
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extraction, expression, enfleurage, supercritical

carbon dioxide extraction, and phytonic process.

Essential oils comprise over 100 chemical

compositions; however, many compounds are

present in small quantities which makes it hard

to detect them. Generally the therapeutic effects

of essential oils reflect their constituents. Plants

have specialized mechanisms that are capable of

synthesizing complex carbohydrates from simple

primary materials such as hydrogen, carbon, and

oxygen. The required energy for this action is

obtained from the sun by photosynthesis

(Mc Guinness 2007). While there are obvious

variations in essential oil composition between

oils from different species of the same genus

(e.g., peppermint and spearmint) or same plants

from different regions, there are many factors that

influence the composition of oils. The most influ-

ential factors that affect the ratios of essential oil

molecules made by the plants include growth

conditions, climate, altitude, soil type, agricul-

tural methods, phenological stage of growth,

plant part extracted, harvesting time even the

time of day when harvesting is done, and method

of extraction (Bowles 2003; Mc Guinness 2007).

2.4 Chemistry of Essential Oil

Essential oils are composed of different chemical

compounds including terpene, terpenoid,

phenolic and phenylpropanoid, non-terpenoid

aliphatic, and heterocyclic molecules (Bowles

2003).

2.4.1 Terpene and Terpenoid
Molecules

Terpene and terpenoid molecules are the most

essential oil molecules and are applied by plants

to repel predators and prevent bacterial and fun-

gal infections as well as used in flowers to attract

insect pollinators. Terpenoids, or terpenes, are

the most important group of natural products

comprising one of the most important groups of

active compounds in plants with over 20,000

known structures. They are determined as

constituents composed of isoprene (five carbons)

units containing two unsaturated bonds. The iso-

prene unit is the starting point for manufacture of

terpenoid compounds, the main type of molecule

found in essential oils. They are synthesized from

acetate via the mevalonic acid biosynthetic path-

way. In essential oil, terpenoid has two or three

isoprene units which are easily linked together to

form long, branched chains of carbon atoms

(Baser and Buchbauer 2010). Isoprene unit and

aromatic rings are two main building blocks of

essential oils chemical structure. Aromatic rings

consist of six carbon atoms joined together in a

ring form (Mc Guinness 2007) (Fig. 2.1).
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Fig. 2.1 Terpenes and terpenoid molecules
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There are two different classifications of

mono- and sesquiterpene compositions including

hydrocarbons and oxygenated compounds.

Hydrocarbons are the first major category of

compounds that only contain hydrogen and car-

bon molecules and classified as terpenes. The

second major category of components is

oxygenated compounds which contain hydrogen,

carbon, and oxygen and classified under various

chemical types such as acids, alcohols,

aldehydes, esters, ketones, lactones, oxides, and

phenols and classified as terpenoids

(Mc Guinness 2007).

Most essential oils are highly complex

mixtures of mono- (C10) and sesquiterpenes

(C15), including biogenetically related phenols

(phenylpropenes and cinnamates), along with

carbohydrates, alcohols, ethers, aldehydes, and

ketones that are responsible for the characteristic

properties.

2.4.1.1 Monoterpenes
Monoterpenes are the simplest molecule where

two isoprene units are joined together. They have

monoterpenoid carbon chain of 10 carbons and

may contain a hydroxyl group anywhere along

the chain. At this point, these molecules are

called monoterpenes (from the Latin mono,

“one”). Limonene is a common monoterpene in

citrus and peppermint essential oils (Fig. 2.1).

2.4.1.2 Sesquiterpenes
Terpene molecules with three isoprene units, that

is, 15 carbon atoms, are known as sesquiterpenes

(from the Latin sesqui, “one and a half”).

Bisabolene is an open-chain sesquiterpene found

in myrrh oil and German chamomile (Fig. 2.1).

Both monoterpenes and sesquiterpenes can be

modified by the addition of functional groups.

When a terpene has a functional group added to

it, it is known as a terpenoid, either

monoterpenoid or sesquiterpenoid. The oid end-

ing means “like,” or “derived from”; hence, “ter-

penoid” can refer to all molecules with a terpene-

like structure. Some authors refer to all terpenoid

molecules by the general term (Bowles 2003; Mc

Guinness 2007).

Furthermore, there are sometimes trace

amounts of diterpenes in essential oils with four

isoprene units (Bowles 2003; Baser and

Buchbauer 2010). The direction of joining of

isoprene units is in one direction. The branched

end of the chain is related to as the head of the

molecules and the other as the tail. Therefore it is

called head-to-tail joining. This pattern of cou-

pling is explained by the biosynthesis of

terpenoids (Bu’Lock 1965; Croteau 1987; Mann

et al. 1994).

The predominant group, the monoterpenes,

are often cyclic, with a saturated (e.g., pulegone)

or unsaturated hexacycle (e.g., limonene) or an

aromatic system (e.g., thymol). Bicyclic (e.g., 1,8

cineole) and acyclic examples (e.g., citronellal)

are not uncommon. Functional groups include

alcohols (e.g., thymol), aldehydes (e.g., citronel-

lal), and ketones (e.g., menthone), but simple

hydrocarbons also occur (e.g., limonene). Gener-

ally due to their low boiling points (140–180 �C
for monoterpenes, >200 �C for sesquiterpenes),

all are relatively volatile, accounting for their use

as fragrances and as fungistatic and fungicidal

properties (Rai and Cecilia Carpinella 2006)

(Fig. 2.1).

2.4.2 Functional Groups

2.4.2.1 Acids
Organic acids are rare component of essential

oils. They are based on the carboxyl group and

have the chemical grouping COOH. Acids have a

low volatility rate. Phenylacetic acid in neroli is

an example of acids found in essential oils

(Fig. 2.2).

2.4.2.2 Alcohols
Terpenic alcohols are found in many essential

oils. Their name all end in –ol. They have a

hydroxyl group joined to one carbon atom.

Monoterpenic alcohols (monoterpenols) are

good antiseptics with antifungal properties. Lin-

alool is a monoterpenol found in some essential

oil like basil and coriander (Fig. 2.2).
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2.4.2.3 Aldehydes
Aldehydes have an oxygen atom double bonded

to a carbon atom at the end of a carbon chain. The

fourth bond is usually a hydrogen atom (Bowles

2003). They all end in –al and are important to

the aroma of the plant. Citral in lemon balm

(Melissa officinalis), citronella in lemongrass

(Cymbopogon citratus), geranial in lemon
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Phenylacetic acid    Linalool Citral Geranial

CHO

CH3
CH3

O

C

O

C

O

O
O

Neral Linalyl acetate Geranyl acetate          Camphor

CH2-COOH

H
H

O

O

O

O

OH

cis-Jasmone Fenchone Nepetalactone Carvacrol    

O

CH3

O

C

O

H N

H

trans-Anthole Eugenol Aliphatic aldehyde octanal (C8H16 O) Heterocyclic molecule indole

Fig. 2.2 Functional groups in essential oils
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eucalyptus (Eucalyptus citriodora), and neral in

lemon verbena (Aloysia triphylla) are some

examples of them (Fig. 2.2).

2.4.2.4 Esters
Esters are a combination of an acid and alcohol

and possess fruity smell. Their names end in “–

ate,” and some of them have antifungal property.

Some famous esters are linalyl acetate found in

lavender (Lavandula angustifolia), clary sage

(Salvia sclarea), bergamot (Citrus aurantium

subsp. bergamia), and geranyl acetate found in

sweet marjoram (Origanummajorana) (Fig. 2.2).

2.4.2.5 Ketones
A ketone is extracted from an alcohol by

oxygenation and has oxygen atom double bonded

to a carbon atom, which is also bonded to two

other carbon atoms (Bowles 2003). The name of

ketones ends in “– one,” camphor being the

exception. Camphor in rosemary (Rosmarinus
officinalis), cis-jasmone in jasmine (Jasminum

officinale) (International School of Aromather-

apy 1993), fenchone in fennel (Foeniculum
vulgare var. dulce), and menthone in peppermint

(Mentha piperita) are some important ketones

(Fig. 2.2).

2.4.2.6 Oxides
An oxide has an oxygen atom in a chain of

carbons, which form a ring. The most common

oxides include 1,8 cineole that is found in blue

gum (Eucalyptus globulus), rosemary

(Rosmarinus officinalis), and bay laurel (Laurus

nobilis) (Fig. 2.2).

2.4.2.7 Lactones
Lactones always have an oxygen atom double

bonded to a carbon atom. The carbon atom is

attached to another oxygen atom that is part of

a closed ring. The name of this group ends in

“–lactone” or “–ine.” Nepetalactone in catnip

(Nepeta cataria) is a common lactone (Fig. 2.2).

2.4.2.8 Ethers
Ethers occur when a methyl or ethyl group is

attached to a benzene ring via an oxygen

molecule; trans-anethole fennel (Foeniculum
vulgare) is an example of ethers (Fig. 2.2).

2.4.3 Phenolic and Phenylpropanoid
Molecules

A few phenolic compounds are found in essential

oils. They are most likely used by the plant to

repel predators. Phenols and phenylpropanoids

are made via the shikimic acid pathway in plants

which also make compounds like the tannins

found in tea. They have a distinctive benzene or

aromatic ring. Phenols have a hydroxyl (–OH)

group attached to the benzene ring and usually an

isopropyl tail (3-carbon chain bonded to the ring

at the middle carbon atom). The names end in

“–ol” like alcohols. The common phenols in

essential oils are thymol and carvacrol in thyme

(Thymus vulgaris) and oregano (Origanum

vulgare) and eugenol in clove (Syzygium

aromaticum). Phenylpropanoids usually have a

methyl ether functional group attached to the ring

and a propenyl tail (3-carbon chain with one C–C

bonded to the ring by one end). Anthole is an

example of phenylpropanoid (Fig. 2.2).

2.4.4 Non-terpenoid Aliphatic
Molecules

These are likely to repel predators, as they are

found in citrus peel oils. The word “aliphatic”

describes molecules made up of carbon chains

that are in a straight line and do not have a closed

or aromatic ring. Examples of aliphatic

molecules are the acrid-smelling C8 (8-carbon),

C9, and C10 aldehydes found in small amounts in

citrus oils and the green-leafy smelling C6

compounds found in some floral oils like jasmine

and rose. A molecule of the aldehyde octanal

(C8H16O) is found in sweet orange oil. Aliphatic

molecules are usually found only in trace

amounts in essential oils, but if they have

oxygenated functional groups attached, their

odors are usually noticeable despite this

(Fig. 2.2).
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2.4.5 Heterocyclic Molecules

These molecules contain atoms other than carbon

in closed rings. They are found in only a few oils

and include molecules such as the nitrogen-

containing indole and methyl anthranilate and

the oxygen-containing lactones, coumarins, and

furanoid compounds. Heterocyclic compounds

are made up of carbon atoms arranged in a ring,

with either a nitrogen or oxygen atom included as

part of the ring. These molecules are uncommon

in essential oils, occurring mainly in heady floral

oils like jasmine, neroli, and narcissus. Indole is

found in jasmine oil. Alkaloids are heterocyclic

compounds that feature a nitrogen atom as part of

the closed ring. However, alkaloid molecules are

seldom found in steam-distilled essential oils as

they are soluble in water (Fig. 2.2).

2.5 The Biosynthesis Pathway
of Essential Oils

Essential oils are organic compounds where car-

bon, hydrogen, and oxygen are their building

blocks (Mc Guinness 2007). There are three bio-

synthetic pathways for deriving the main

compounds of essential oil: the mevalonate path-

way which leads to sesquiterpenes, the methyl-

erythritol-pathway leading to mono- and

diterpenes, and the shikimic acid pathway along

the way to phenylpropenes (Baser and

Buchbauer 2010).

2.5.1 Mevalonic Acid Pathway

Terpenoid molecules are made by mevalonic

acid pathway. The steps of pathway include

(1) to make mevalonic acid with 6-carbon

atoms, (2) to rearrange mevalonic acid by a

series of enzymatic transformations to form

isopentenyl pyrophosphate consisting of a

branched 5-carbon molecule (isoprene unit),

and (3) isoprene joined to two phosphate groups.

Isoprene is the main constituent of essential oil

that starts the manufacture of terpenoid

compounds (Bowles 2003) (Fig. 2.3).

Erythrase 4-phosphate

Aromatic 
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Aliphatic amino 
acids

CO2

Photosynthesis

Carbohydrates

Pentose phosphate pathway
Glycolysi

Phosphoenol pyruvic acid

Acetyl CoATricarboxylic acid

Shikimic acid pathway

Melonic 
acid 

Nitrogen containing 
secondary metabolites

PHENOLIC COMPOUNDS

Mevalonic acid 

IPP + DMAPP

TERPENES

Fig. 2.3 Secondary metabolite synthesis within the plant (Mc Guinness 2007)
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2.5.2 Shikimic Acid Pathway

Shikimic acid is a key synthetic intermediate for

plants since it is the key precursor for both the

flavonoids and lignin (Bu’Lock 1965; Mann

et al. 1994). Flavonoids act as antioxidant,

colors, and protective agents against ultraviolet

light; also, lignin is a key compound of the struc-

tural substances of plants (Baser and Buchbauer

2010) (Fig. 2.3).

2.6 The Pharmacology
of Essential Oils

The study of the actions and effects of essential

oil in living organisms comes under pharmacol-

ogy. The two main branches of pharmacology

include pharmacokinetics and pharmacodynam-

ics. In the present context, pharmacokinetics and

pharmacodynamics means the action of the body

toward the essential oil and the action of the

essential oil on the body, respectively.

Pharmacodynamics is related to the method of

essential oil binding to drug targets, biochemical,

physiological, and side effects of them. All

molecules of essential oil activate by interacting

with the target molecules in the body. There are

various types of target molecules and sites for

essential oil molecule interaction such as cell

membranes, neuronal and muscular ion channels,

and different receptors.

Individual patients respond in varying ways

to the same dose of the same oil. This variation is

thought to be directly related to

pharmacokinetics. Pharmacokinetics means

what the body should do to the essential oil. It

is the certain description of the rate and extent of

absorption, distribution, metabolism, and excre-

tion of essential oil (Gwilt 1994). These pro-

cesses describe the movements of essential oil

within the body.

2.6.1 Absorption

Inhalation and dermal applications are two major

ways of essential oil usage that convey topical

dosage of essential oils to respiratory membranes

or the skin. In each method, essential oil

components are absorbed in different speeds

and varying amounts into the circulatory system.

Absorption depends on the mode of delivery.

Transdermal path is thought to be slower and

more controlled. It is thought to decrease the

variation between the maximum and minimum

oil concentrations achieved during a dosing inter-

val (Blaschke and Bjornsson 1995).

2.6.2 Distribution

Distribution is determined as the movement of

essential oil substances between two locations in

the body (Bryant et al. 2003). The distribution of

any essential oil is controlled by the bloodstream

to the tissue or organ, as well as by the oil’s

ability to bind to plasma proteins. The pathway

of essential oil from absorption to excretion is

illustrated in Fig. 2.4.

Transport in 

blood and lymphAbsorption

Metabolism in 

liver

Movement into 

target tissue and 

therapeutic 

Storage and 

inactivation by 

body molecules

Excretion by kidneys, 

lungs, bowel and skin

Fig. 2.4 The pathway of

essential oils through

different parts of the body

from absorption to

excretion (Bowles 2003)
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2.6.3 Metabolism

Essential oils are mainly soluble in alcohol. The

main function of essential oil metabolism is to

alter the alcohol solubility of their molecules to

excrete via urine; however, some essential oil

molecules can be directly excreted in the urine

without metabolism. The chemical reactions to

transform essential oil molecules in to various

metabolism are usually carried out by enzymes

which take place in the liver or epidermal layers

of the skin (Rawlins 1989). Essential oils that are

inhaled or applied topically do not go through the

first stage of metabolism by the liver (Price and

Price 1999). Essential oils are lipid soluble, and

their components are easily accessible to the

brain. While being carried by the bloodstream,

the constituents travel readily to the adrenal

glands and kidneys (Tisserand and Balacs

1995). The rate of essential oil removal from

the body is related to the concentration of the

oil in the bloodstream. It is complicated because

the essential oil begins to be eliminated while it

is still being absorbed.

2.6.4 Excretion

Excretion refers to the ability of an organ or the

whole body to remove essential oil molecules

and its metabolites from the bloodstream, which

is named as clearance. Essential oils are excreted

via the kidneys, lungs, skin, and feces. The time

taken for the oil concentration in the blood to

decrease by one half is called half-life. It depends

on both the distribution degree of the oil and the

rate at which that drug is removed from the body

(Gwilt 1994).

2.7 Therapeutic Effects of Essential
Oils and Their Constituents

Nature is a rich source of products with interest-

ing and useful biological activities. Plants’ sec-

ondary metabolites evidencing therapeutic,

flavoring, odoriferous, stimulant, poisoning,

hallucinogenic, or coloring properties still play

an important role in human activities.

Essential oils have various biological

activities and therapeutic effects which can be

used in different industries and treat several

disorders in humans, animals, and plants and

also used as foods. Some activities of essential

oils such as acaricidal, anticarcinogenic, antioxi-

dant, and antimicrobial including antibacterial,

antifungal, and antiviral activities were reported

earlier. In previous sections, we understood the

mechanisms and processes of essential oils in the

body. The target sites or receptors of essential

oils are related to the diseases or conditions that

could benefit from binding their molecules to

each type of receptor or site. Every cell is

surrounded by a phospholipid membrane, which

keeps its substances separated from the fluid

between the cells. This membrane can be dam-

aged by lipophilic solvents or free radicals and

oxidation. Essential oil constituents have

activities in each of these areas, mainly due to

their lipophilic nature (Bowles 2003).

2.8 Antifungal Therapy
with Essential Oils

Essential oils are volatile compounds produced

in many plant species that play an important role

in plant defense mechanisms against pathogenic

microorganisms (Liu and Chu 2002). As natural

substances, they represent a potential source of

new antifungal agents. During the past years, a

number of studies have been carried out

concerning the application of essential oils as

antifungal agents. Particularly, essential oils

obtained from aromatic herbs and spice plants

are known to be inhibitive or lethal to fungi.

Essential oils have been reported to control

molds and various fungi such as food-borne and

phytopathogenic fungi which cause different

postharvest diseases and animal and human

disorders (Banihashemi and Abivardi 2011).

Various essential oils could be useful alternative

substances replacing synthetic fungicides in the

plant disease management (Gwinn et al. 2010;

Nguefack et al. 2013). Aromatic plants such as
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members of the Asteraceae, Lamiaceae,

Rutaceae, and Verbenaceae contain essential

oils which have bioactivity against several fungi

(Lahlou 2004; Edris 2007).

2.9 Methods for Testing
the Antifungal Activity
of Essential Oil

As mentioned in the previous section, pharmaco-

logical researches of essential oils and their anti-

fungal activities have been done before. So the

information from other studies were collected

and examined to obtain the variability of test

parameters, data variation, and the significance

of such factors in the interpretation of results.

There are several methods for testing in vitro

antifungal activity of essential oils including

disk diffusion, serial broth or agar dilution, the

vapor phase tests, airtight boxes, spore germina-

tion, and poisoned food test.

Recording of growth curves and determina-

tion of the amount of a compound being effective

to inhibit growth to 50 % (IC50) of the test

organisms, poisoned food techniques in which

the delay of microbial growth is determined in

the presence of growth inhibitors, spore germina-

tion, and short contact time studies in fungi are

some other tests which comprise different kill-

time study are in practice (Friedman et al. 2004;

Lang and Buchbauer 2012; Jing et al. 2014).

2.9.1 Broth or Agar Dilution Method

The agar dilution method is consist of adding

different amounts of pure essential oils dissolved

in absolute ethyl alcohol, 5 % Tween 80 (v/v), to

potato dextrose agar (PDA) before pouring it into

Petri dishes while the medium is still warm

(40–50��C), to obtain the desired concentrations

of the oil. A 5 mm diameter disk of inoculums of

the tested fungi with a cork borer, cut from the

periphery of an actively growing culture on PDA

plates, is placed at the center in each Petri plate.

Control group consists of just PDA. Then the

colony radius is measured at different incubation

times at 25 �C. The percentage of inhibition of

mycelia growth is calculated from mean values

of colony diameter in treated and control Petri

dishes. The size of inhibition zone is regarded as

measure for the antifungal potency of an essen-

tial oil (Lang and Buchbauer 2012).

There are some differences between the broth

and the agar dilution test. In the agar dilution test,

a concentration gradient of the antifungal sub-

stance is placed onto an agar plate; also the agar

with supplements is able to adequately support

fungus growth, while in the broth dilution test, a

concentration series of the tested substance is

obtained by a broth medium, which is seeded

with fungal strains. In this method, lack of or

poor growth of many anaerobic microorganisms

is observed because of insufficient supplements

(Varela et al. 2008; Jiang 2011; Lang and

Buchbauer 2012).

2.9.2 Disk Diffusion Method

Sterile filter paper disks soaked in desired

concentrations of pure essential oil were placed

in the inner surface of the Petri dish lid. The

dishes are sealed with parafilm and incubated

upside down at 25 �C colony radius (in mm) is

measured at different time intervals. The control

consists of sterile distilled water-soaked filter

paper in the lid of Petri dish (Jiang 2011).

2.9.3 Vapor Phase Test (VP)

In the vapor phase, a standardized method does

not exist to study antifungal activity of essential

oils. In most of the examinations, a reservoir

(paper disk, cup, and glass) contains the sample

of essential oil and a seeded agar plate inverted

over the reservoir. After incubation, an inhibition

zone is formed, which is the measure of activity

(Cavanagh 2007).
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2.9.4 Airtight Boxes

Because these methods allow only the creation of

relative values, a few examiners defined the MIC

in atmosphere (MICair) by using airtight boxes,

which contained a seeded agar plate and the

essential oil on the glass or paper. Otherwise,

the results are estimated with + + + ¼ normal

growth; �+ ¼ reduced growth; + � ¼ visible

growth; and NG ¼ no growth. The test

parameters are growth medium, incubation

time, incubation temperature, and activity evalu-

ation or MIC in μg mL�1 or ppm (Baser and

Buchbauer 2010; Pauli and Schilcher 2010).

2.9.5 Spore Germination Assay

It is a method described by Rana et al. 1997 for

spore germination assay. Different concentrations

of the essential oil and control are tested for the

ability to inhibit spore germination of the fungi.

Aliquots of 0.1 mL from each sample are mixed

with fungal spores obtained from cultural fungi

and placed on separate glass slides. Slides

containing the spores are incubated in a moist

chamber at 28 �C for 24 h. Then each slide is

fixed in lactophenol cotton blue and observed

under the microscope for spore germination. A

spore is considered to germinate when the germ

tube length is 1.5 times the spore diameter

(Ibrahim et al. 2015).

2.9.6 Poisoned Food Technique

In this method, the fungitoxicity is expressed

with respect to the percentage of mycelia growth

(Sharma and Tripathi 2008).

2.9.7 Percent Inhibition of Mycelia
Growth

When the growth of the colony in the control

treatment reaches the edge of the plate, the

diameters are measured of both treatments and

control. Fungistatic effect is expressed in terms

of mycelia growth inhibition (%). The percent-

age inhibition of fungal growth is determined on

the growth in test plates compared to the respec-

tive control plates.

The inhibition rate could be estimated

according to the formula of previous studies:

I ¼ DT�Dtð Þ=DT�100

where I is the inhibition rate of mycelia growth of

tested fungal isolates (%), DT the diameter of the

mycelia growth area in the control medium

(mm), and Dt the diameter of the mycelia growth

area in the treated medium (mm) (Schadler and

George 2006; Jing et al. 2014; Messgo-Moumene

et al. 2015)

2.9.8 Estimation of Minimal Inhibitory
Concentration (MIC)
and Minimum Fungicidal
Concentration (MFC)

A method has been described by Thompson

(1989) to determine the nature of toxicity (fungi-

static and/or fungicidal effect) of the essential

oils against fungi and to identify whether the

test essential oil only had fungistatic activity on

the pathogens or also could it have fungicidal

effect. The inhibited fungal mycelia plugs of

the essential oil-treated PDA plates were

reinoculated into fresh medium and observed

for revival of their growth to determine whether

the essential oil used had fungicidal effect on the

tested fungi.

The MIC and MFC of the most effective

essential oils against tested fungi was described

by Plodpai et al. (2013). The PDA plates are

amended with various concentrations of essential

oils. To enhance the solubility of the essential oil,

Tween 20, 0.01 % (v/v), was added. Each plate

was to be inoculated with a mycelia plug of the

fungus. All plates with respective concentration

were to be incubated at 28 �C for 72 h. Plates

with only Tween 20, without any essential oil

were used as control. The MIC values were

determined as the lowest concentration of each
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essential oil that completely prevented the visible

fungal growth.

To determine MFC, the mycelia plugs

obtained from each Petri dish was treated with

the oil concentrations higher than MIC and

cultured on PDA at 28 �C for 72 h. MFC is

defined as the lowest concentration at which no

colony growth is observed after subculturing into

fresh PDA medium (Khaledi et al. 2015).

2.10 Antifungal Effects
of Essential Oils

The use of herbs for treating plant disease has

been intensified. Plant volatile oils may play an

important role in the preservation of foodstuffs

against fungi, in the fungicidal application

against plant diseases, and in the fight against

various human fungal infections. Various studies

have shown the biological activities of essential

oils and their individual pure constituents and

have documented the inhibitory activity of these

substances against the growth of various fungi

(Dwivedi and Singh 1999; Abraham and

Prakasam 2000; Rao et al. 2000; Rawal and

Thakore 2000; Tsao and Zhou 2000; Agarwal

et al. 2001; Agnese et al. 2001; Alvarez-

Castellans et al. 2001; Abou-Jawdah

et al. 2002; Lee et al. 2005; Romagnoli

et al. 2005; Talas-Ogras et al. 2005).

2.11 Importance of Natural
Products

Crop protection from competing weeds, insects,

and diseases is the prime requirement for the

higher yields in agriculture. Natural chemical

materials can be useful for crop and food protec-

tion. Medicinal plants are potential sources of

antifungal components, which could be used in

the management of plant diseases with low haz-

ardous and negative effects on human health

(Balbi-Peoa et al. 2006). There are numerous

plant diseases created by pathogenic microbes,

which are caused to reduce crop production. The

application of chemical compounds for

controlling diseases brings about several

problems such as residues in edible plant parts,

resistant strains, and environmental pollution.

From the 1970s, multiplied interests on the

study of the plants’ autoprotective capacity

against pathogenic agents or non-conducive

environmental conditions were observed (Bailey

et al. 1992). For controlling fungi, several

methods such as biological control (Sreedevi

et al. 2011; Huang et al. 2012), chemical control

(Mahmoud et al. 2006), and application of plant

essential oils (Seema and Devaki 2010; Javaid

and Naqvi 2012) were recommended. In addi-

tion, consumers prefer to use more natural

products rather than synthetic ones in different

industries including food, drink, cosmetic, agri-

cultural, and pharmaceuticals (Lang 1998;

Walton and Brown 1999; Bansal and Gupta

2000; Singh et al. 2000; Kamanzi Atindehou

et al. 2002). For these reasons, there has been

an increasing interest for using eco-friendly pro-

duction to control pests and diseases of various

crops (Thind et al. 2005). Hence, the develop-

ment and use of safe antifungal agents such as

plant-based essential oils to control

phytopathogens is rising in the agriculture sector

(Adebayo et al. 2013).

2.12 Pathogenic Fungi

Fungal growth has been demonstrated to be

responsible for food spoilage and plant disease,

which leads to significant economic losses as

well as disorders in animal and human system.

Microbial infection increases the risk of food-

borne diseases which are a growing public health

problem worldwide, in addition to its role in

reducing the shelf life of foods (Scallan

et al. 2011). Penicillium, Rhizopus, Aspergillus,
and Fusarium species are the most important

fungi that cause spoilage of foodstuffs and rapid

deterioration of fresh commodities. Fungi are

also responsible for off-flavor formation and pro-

duction of allergenic compounds and mycotoxins

that affect their quality and shorten the shelf life

(Lichter et al. 2002; Tejeswini et al. 2014).

Molds – in most cases Aspergillus species – can
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lead to invasive infections especially in patients

with a weakened immune system. Aspergillus

species cause a number of severe diseases, both

in normal and immunocompromised hosts,

clubbed under the name aspergillosis which

includes allergic disease, saprophytic disease,

superficial infections, and invasive infections

(Leyngold et al. 2014; Zhang et al. 2014).

Among the Aspergillus species, A. fumigatus is

the most common human infectious agent,

followed by A. flavus, A. niger, and A. terreus

(Latgé and Steinbach 2009; Gustot et al. 2014).

A. versicolor produces many toxic compounds

which can cause severe symptoms in humans

and animals infected through inhalation or other

forms of contact with debris or spores (Dagenais

and Keller 2009; Veraldi et al. 2010).

The designation “dermatophytic fungi”

comprises different kinds of Epidermophyton,

Microsporum, and Trichophyton species. These

pathogens are responsible for the generation of

fungal infections concerning the human skin,

nails, and hair (Woodfolk 2005).

Trichophyton species are pathogenic fungi

causing superficial mycoses, commonly known

as tinea infections, in various tissues of humans

and other animals (Czaika 2013). T. rubrum is a

predominate cause of dermatophytosis, followed

by T. mentagrophytes and T. tonsurans

(Hryncewicz-Gẃ�ozdź 2010; Molenberg

et al. 2010; Mapelli et al. 2012; Wu et al. 2013).

Yeasts are unicellular, eukaryotic organisms

that belong to the kingdom of fungi. The two

most well-known yeasts are Saccharomyces

cerevisiae and Candida albicans which have

been studied frequently in order to gain knowl-

edge about the eukaryotic cell (Kurtzman and

Piškur 2006). The yeasts of the genus Candida

are the most frequently recovered from human

fungal infections. The Candida genus comprises

over 150 heterogeneous species (Calderone

2002), but only a minority (about 20 species)

are known to be etiological agents of human

and animals’ infections (Pfaller and Diekema

2004; Silva et al. 2012). Candida species are a

natural part of the human flora in the gastrointes-

tinal tract, in the genitourinary system, and on the

skin. Cryptococcus neoformans enters the human

body through inhalation.

Field crops and stored grain are susceptible to

attack by different pathogenic fungal species,

one of the most serious agents of disease in plants

worldwide (Woodfolk 2005). The genera Asper-

gillus and Fusarium are examples of known phy-

topathogenic fungi reported to be widespread and

harmful toxin producers (Harris and Mantle

2001; Harvey et al. 2001; Hussein and Brasel

2001).

Macrophomina phaseolina (Tassi) Goid

causes dry root rot, charcoal rot, seedling blight,

and ashy stem blight in several hosts, mainly

bean plants (Su et al. 2001; Gachitua

et al. 2009). It is one of the most destructive

necrotrophic soilborne pathogens, infecting

about 500 plant species (Mihail and Taylor

1995). Outbreaks of charcoal rot disease

associated with M. phaseolina caused reduction

of seed production and yield losses ranging in

many bean-growing regions worldwide (Amusa

et al. 2007; Mayek-Perez et al. 2003). R. solani is
an important necrotrophic pathogen, with a broad

host range and little effective resistance in crop

plants (Nikraftar et al. 2013). Stem and root rot

caused by R. solani is a major constraint leading

to severe yield losses in bean production.

2.13 Antifungal Mode of Action
of Essential Oil

The mechanism of the inhibitory action of essen-

tial oil on the fungi is not well understood. As

yet, there are a limited number of studies describ-

ing the mode of action of many essential oils.

The antifungal property of plant essential oil has

been supposed to be because of their lipophilic

nature, responsible for disruption of plasma

membrane, loss of membrane integrity, and leak-

age of cellular material and thereby negatively

affecting the main cellular components particu-

larly mitochondria as has been supported by the

transmission electron microscopy studies on

essential oil-treated Aspergillus flavus culture

(Tian et al. 2011, 2012; Da Silva Bomfim

et al. 2015). The data obtained by microscopic

observations are in accordance with previous

studies in which essential oils of aromatic plants

caused morphological alterations on the fungal
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hyphae (Romagnoli et al. 2005; Soylu

et al. 2010).

In general, the antifungal activity of essential

oils against pathogenic fungi can be attributed to

morphological changes in the cell wall and inter-

ference in enzymatic reactions of wall synthesis,

which affect fungal growth and morphogenesis

(Sharma and Tripathi 2008). This causes either

an increase in ion permeability and leakage of

vital intracellular constituents or impairment of

the fungal enzyme systems (De Billerbeck

et al. 2001; Romagnoli et al. 2005).

2.14 Interaction Effects Between
Essential Oil Composition
and Fungi

Essential oils contain different kinds of volatile

molecules such as terpenes and terpenoids and

phenol-derived aromatic and aliphatic

components. Different constituents of essential

oils are responsible for their mode of antifungal

action (Bakkali et al. 2008). Plant products have

interaction with fungi. Natural fungitoxins are

the substances of plant origin that cause a signifi-

cant toxic or inhibitory action on the fungus

growth at different concentration. Post-

inhibitions are a group of fungitoxic vascular

substances coexisting with the cytoplasmic-

specific hydrolytic enzymes. Seven classes of

these toxins are known which usually involved

in the plant resistance to one or more phytopath-

ogenic fungi. Some of these compounds are

saponins, of sulfurated amino acid derivatives

and several types of glycosides (Harborne

1987). The efficacy of many plant essential oils

and their major compounds has displayed anti-

fungal activity against a range of phytopatho-

genic fungi (Rai and Cecilia Carpinella 2006).

The same compounds in the oils from different

species of the same family may increase their

probability of inhibiting particular microbes

(Edris 2007).

Several studies have been published to con-

firm the effect of essential oil and their major

compounds on pathogenic fungi. Reports from

previous researches showed that the essential

oils of Thymus vulgaris (Zambonelli et al. 2004;

Lee et al. 2007; Abdel-Kader et al. 2011), Salvia
fruticosa (Pitarokili et al. 2003),Mentha piperita

(Zambonelli et al. 2004; Abdel-Kader

et al. 2011), cinnamon, Calocedrus macrolepis

var. formosana Florin (Chang et al. 2008), and

Monarda spp. (Gwinn et al. 2010) have antifun-

gal activity against Rhizoctonia solani. Rhizocto-

nia solani is an important necrotrophic pathogen,

with a wide host range and little effective resis-

tance in crop plants (Nikraftar et al. 2013(. In

addition, antifungal activities of the essential oils

of thyme (Abdel-Kader et al. 2011) against

Macrophomina phaseolina; Bunium persicum

against Fusarium oxysporum (Sekine

et al. 2007); spearmint against F. oxysporum
f. sp. radiciscucumerinum (Nosrati et al. 2011);

cumin, thymus, lavandula, eucalyptus, rosemary,

nigella, and dill against the F. oxysporum f. sp.

radicis-lycopersici and F. oxysporum f. sp.

lycopersici (Arici et al. 2013); Syzygium

aromaticum against F. moniliforme,
F. oxysporum (Rana et al. 2011), and Fusarium

sp. (Borrego et al. 2012); F. oxysporum,

F. verticillioides, and F. avenaceum (Ćosić

et al. 2010); Aspergillus sp., Mucor sp.,

Trichophyton rubrum, and Microsporum

gypseum ( Rana et al. 2011); Aspergillus niger,
Aspergillus clavatus, Penicillium sp. (Borrego

et al. 2012), and Botrytis cinerea (Sirirat

et al. 2009); and Candida, Aspergillus, and der-

matophyte species (Pinto et al. 2009) were previ-

ously demonstrated.

Antifungal activities of Mentha piperita and

Echinophora platyloba essential oils against

phytopathogenic fungi, including Fusarium

oxysporum, Macrophomina phaseolina,
Drechslera spicifera, Alternaria alternata,

Curvularia fallax, Cytospora sacchari, and

Colletotricbum tricbellum, have been

investigated (Moghaddam et al. 2013, 2015).

Differential inhibition of pathogens by essen-

tial oils may be due to their compositions that

contribute to their biological activity. Volatile

compounds of essential oils, mainly monoter-

pene and sesquiterpene hydrocarbons, are

responsible for their biological activity. However

the main components have good activity for the

tested strains; minor compounds have very low

activity (Tavares et al. 2010). Reports from
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previous researches showed that the main

compounds are responsible for the antifungal

properties of essential oil, for example:

Linalool (Koutsoudaki et al. 2005)

α-Pinene and β-pinene
p-Cymene

γ-Terpinene
β-Phellandrene
Spathulenol

δ-Cadinene
α-Cadinol (Dorman and Deans 2000; Chang

et al. 2000, 2008; Chinou et al. 2004; Xianfei

et al. 2007; Barra et al. 2010; Ho et al. 2011)

Citral in lemon grass oil (Paviani et al. 2006)

Eugenol

Iso-eugenol

Caryophyllene

Furfural

α-Pinene and eugenyl acetate in clove oil (Matan

et al. 2006; Fichi et al. 2007; Ayoola

et al. 2008; Rahimi et al. 2012)

Azadirachtin

Azadiradione

Fraxinellone

Nimbin salannin in neem oil (Silva and

Fernandes 2010)

Menthol in peppermint oil (Bupesh et al. 2007)

Carvacrol

Thymol

γ-Terpinene and p-cymene in summer savory

Oregano and thyme (Lee et al. 2007; Dikbas

et al. 2008; Stevic et al. 2014)

α-Phellandrene and α-pinene in Wedelia

prostrata (İşcan et al. 2012)

Monoterpenes including p-cymene, isobornyl

formate, citral, and phenolic compounds

such as carvacrol and thymol in Thymus

vulgaris and Verbena officinalis essential oils
(Elshafie et al. 2015)

Dimethyl trisulfide, methyl-propyl-trisulfie,

dietil-1,2,4-tritiolan,methyl-(1-propyl-trisulfi-

deandmethyl-(1-propenyl)-trisulfide in Allium

cepa (Kocic-Tanackov et al. 2012)

Linalool (Carson and Riley 1995) and geranyl

acetate (José Goncalvesa et al. 2011) in

Coriandrum sativum

β-Phellandrene, spathulenol, bicyclogermacrene,

germacrene D, and 1,8-cineole in the

Mpumalanga specimens (Moreno et al. 2009;

Barra et al. 2010)

Results from different studies mark phenolic

compounds as agents with the highest antifungal

potential among different components of essen-

tial oils. Thyme oil and its major phenolic

constituents thymol and carvacrol are clearly

active against most fungal species tested

(Kalemba and Kunicka 2003; Rai and Cecilia

Carpinella 2006; Carmo et al. 2008; Gallucci

et al. 2014). Diterpenoids isolated from Nicoti-

ana glutinosa, isoterpenoids extracted from sev-

eral species of Lupinus, and a sesquiterpenic

lactone produced by Chrysanthemum

parthenium are some examples of antifungal

compounds produced by plant leaves as a reac-

tion to the attack of a fungus (Harborne

et al. 1976; Thara et al. 1984; Matos 2000).

Moreover, antifungal activity of essential oils

was significantly affected by the presence of

biological precursor compounds such as

γ-terpinene and p-cymene, as monoterpene

hydrocarbons. Essential oils are rich in monoter-

pene hydrocarbons (α- and β-pinene, myrcene,

cymene); monoterpenols (terpineol) and phenols

(carvacrol, thymol, and other monoterpenes) are

known to possess an important antifungal activ-

ity (Aggarwal et al. 2002; Matasyoh et al. 2007;

Chang et al. 2008; Chutia et al. 2009; Tabassum

and Vidyasagar 2013). These components

showed toxic effects on the in vitro mycelium

growth against several phytopathogenic fungi

like Penicillium, Fusarium, and Aspergillus spe-

cies and Alternaria alternata. Several other stud-
ies have confirmed the antifungal activity of

eugenol against pathogens such as

A. ochraceus, F. graminearum, F. moniliforme,
Penicillium citrinum, P. viridicatum,

Trichophyton rubrum, T. mentagrophytes,

C. tropicalis, and C. krusei. (Kamatou

et al. 2012). The presence of monoterpene

hydrocarbons has been demonstrated to inhibit

the mycelia growth of F. oxysporum (Singh

et al. 2002) and Candida species, particularly
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C. albicans (Filipowicz et al. 2003; Nissen

et al. 2010; Rivas da Silva et al. 2012). Soković

and Griensven (2006) observed antifungal activ-

ity of limonene and α-pinene against Verticillium
fungicola and Trichoderma harzianum which are

found in different amounts in different plant

essential oils. Filtenborg et al. (1996) showed

that the germination of Penicillium digitatum

conidia was stimulated by certain combination

of the volatiles such as limonene, β-pinene,
sabiene, and β-myrcene. This might be due to

the mechanism developed by some fungal

pathogens using the secondary metabolites as a

signal to initiate germination.

Antifungal activity of Cymbopogon nardus
and Corymbia citriodora against Aspergillus

spp., Pyricularia (Magnaporthe) grisea, and

Colletotrichum musae was studied before where

it was shown that the active constituent citronel-

lal, as an aldehyde, was a potent inhibitor. More-

over this activity may be associated with

synergistic interactions among the essential oil

components such as geraniol, α-pinene, β-pinene,
myrcene, and linalool (Nakahara et al. 2003).

Moreover, the sesquiterpenes, in particular

(Z) caryophyllene, are known to possess more

significant antifungal activity than monoterpene

hydrocarbons such as limonene and β-myrcene

(Chang et al. 2008). The highest MIC values

were recorded for chamomile oil in which

sesquiterpenes are dominant compounds (Stevic

et al. 2014). The essential oil isolated from

plantlets of Thymus mastichina L. ssp. mastichina

was rich in 1,8 cineole (55.5 %) and linalool

(24.5 %). The oil showed antifungal activity

against eight pathogenic fungi of the genus Fusar-
ium with MICs and MFCs ranging from 1500 to

2100 μg mL�1 and from 2000 to 2400 μg mL�1,

respectively (Fraternale et al. 2003).

Monoterpene alcohols are one of the

subgroups of oxygenated monoterpenes with

antifungal activity which is highly active due to

its good solubility in water and the presence of

functional alcohol group. For example, high anti-

fungal potential of rose oil can be explained by

the dominance of monoterpene alcohols, citro-

nellol, and geraniol. Essential oil of Pelargonium

graveolens with high presence of citronellol

(35 %) and geraniol (28.8 %) was found to be

highly active against Rhizoctonia solani

(Bouzenna and Krichen 2013). Furthermore,

high antifungal potential of tea tree essential oil

is the consequence of high content of terpinen-4-

ol, monoterpene alcohol, which in previous stud-

ies showed good antifungal activity against

Aspergillus and Penicillium (Hammer

et al. 2003). Also, coriander oil exhibits moder-

ate to good antifungal activity due to the domi-

nation of linalool and monoterpene alcohol. It is

considered that monoterpene alcohols increase

the permeability of the plasma membrane and

inhibit process of respiration on mitochondrial

membrane of fungi (Deba et al. 2008; Imelouane

et al. 2009).

On the other hand, the high activity of anis oil

was due to trans-anethole, as phenol ether, which
is equally active in inhibiting the growth of fungi

(Huang et al. 2010). Weaker antifungal potential

of the basil oil can be attributed to the dominance

of methyl chavicol which is a phenol ether

(Tadtong et al. 2009).

In conclusion, the chemical composition of

the main compounds and precursor could explain

their strong antifungal activity (Stevic

et al. 2014). Synergistic or antagonistic effects

between major and minor oil components and

their mutual interaction play an important role

in the overall activity of the essential oils (Dikbas

et al. 2008). Limonene and linalool acetate were

predominant components in lavender and berga-

mot oils with low antifungal activity. So the good

antifungal potential of bergamot and lavender

oils is probably a result of the contributory

activities of other compounds present in the oils

(Hammer et al. 2003). Weak antifungal activity

of essential oils of lemon, orange, and eucalyptus

can be explained by the dominance of limonene

which together with monoterpene acetates is the

weakest inhibitor of fungal growth among the

pure monoterpene compounds (Combrinck

et al. 2011).

The constituents, structure, and functional

groups of the oils play an important role in their

antifungal activity that phenolic groups usually

are being the most effective components (Holley

and Patel 2005). Therefore, essential oils’
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antifungal action could be attributed to the pres-

ence of monoterpenes, sesquiterpenes, and

oxygenated compounds such as alcohols,

phenols, and aldehydes (Zhu et al. 2005).

According to the results of preceding studies,

monoterpene hydrocarbons, oxygenated

monoterpenes, sesquiterpenes, and phenolic

compounds are responsible for inhibiting the

mycelia growth of various fungi. In the antimi-

crobial action of essential oil components, the

lipophilic character of their hydrocarbon skeleton

and the hydrophilic character of their functional

groups are of fundamental importance. The activ-

ity rank of essential oil components is as follows:

phenols > aldehydes > ketones > alcohols >

ethers > hydrocarbons. The highest activity is

reported for phenol thymol, carvacrol, and euge-

nol, which are explained by the acidic nature of

the hydroxyl group, forming a hydrogen bond

with an enzyme active center (Kalemba and

Kunicka 2003). Therefore, essential oils with

phenols as main compounds express the highest

activity against microorganisms, and their activ-

ity spectrum is the broadest (El-Shiekh

et al. 2012). In a study concerning Candida spp.,

several alkyl phenol thymol, methyl thymol,

eugenol, methyl eugenol, anethole, estragole,

and amphotericin, respectively, showed different

MIC values (Fontenelle et al. 2011).

2.15 Effective Factors on Antifungal
Activity of Essential Oils

As mentioned in previous section, the antifungal

activity of essential oil is associated with phyto-

chemical components. In addition to this, some

other factors can influence their antifungal activ-

ity. Percentage inhibition of mycelia growth

depends on various factors such as the antifungal

activity method, day of observation, dosage, and

examined fungal species. The antifungal

activities of the essential oils depend on the con-

centration used (Bakkali et al. 2008). Minimum

effective concentrations of the oil against fungal

pathogens were different. Antifungal activity of

essential oil is increased with rising in the con-

centration. Moreover, the day of observation and

the screening methods which are used to deter-

mine antifungal activity can affect the results

(Moghaddam et al. 2013, 2015).

The sensitivity of the various pathogens may

depend on the morphological and physiological

characteristics of the fungus hyphae. By compar-

ing the percentage inhibition of mycelia growth

for every fungus, a difference between the

tolerances against the oil can be observed. This

may be due to production of more enzymes by

some fungus such as Macrophomina phaseolina

which catalyzes the oxidation and thus inactiva-

tion of the added oil. Inhibition of the growth of

these fungal pathogens may be due to emulsion

causing damage to the cell wall and cell mem-

brane to various degrees because of differential

capacity to penetrate oil into the chitin-based cell

walls of fungal hyphae (Moghaddam et al. 2013).

The mode of action of the essential oil as anti-

fungal agents may be due to inhibition of respi-

ration and disrupting the permeability barriers of

the cell membrane structures (Cox et al. 2000).

Natural compounds act on the internal

mechanisms of the fungus leading to malforma-

tion of important structures, cytoplasmic granu-

lation, disorganization of cell contents,

disruption of the plasma membrane, and inhibi-

tion of fungal enzymes, consequently inhibiting

germination, germ tube elongation, and reduc-

tion or inhibition of the mycelia growth

(Schwan-Estrada et al. 2000).

On the other hand, increased fungistatic

potential of mixture of essential oils may be due

to the combined activities of two or more

components of the essential oils (Gõni

et al. 2009; Begnami et al. 2010).

2.16 Results on Antifungal Activity
of Essential Oil Obtained from
Previous Researches

In previous sections, some important information

were scripted about essential oils and their com-

position, antifungal activity, and mode of action.

In recent years, many researchers investigated

the effects of essential oils of different plant

species on various pathogenic fungi. In Table 2.1,
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io
n

–
4
.6

μg
m
L
�
1

–
M
er
g
h
ac
h
e

et
al
.
(2
0
1
4
)

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

L
am

ia
ce
ae

O
ci
m
u
m
am

er
ic
an
um

L
ea
v
es

1
,8
-C
in
eo
le

(2
5
.9

%
),
(Z
)-
m
et
h
y
l

ci
n
n
am

at
e
(2
9
.4

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ic
ro
d
il
u
ti
o
n

–
5
0
0
0
μg

m
L
�
1

5
0
0
0
μg

m
L
�
1

V
ie
ir
a

et
al
.
(2
0
1
4
)

C
an
di
da

tr
op
ic
al
is

5
0
0
0
μg

m
L
�
1

N
I

C
an
di
da

pa
ra
ps
il
os
is

2
5
0
0
μg

m
L
�
1

5
0
0
0

C
an
di
da

gl
ab
ra
ta

N
I

N
I

C
an
di
da

kr
us
ei

N
I

N
I

C
an
di
da

pa
ra
ps
il
os
is

N
I

N
I

C
.
al
bi
ca
ns

5
0
0
0
μg

m
L
�
1

5
0
0
0
μg

m
L
�
1

O
ci
m
um

ba
si
li
cu
m

v
ar
.
pu
rp
ur
as
ce
ns

L
ea
v
es

L
in
al
o
o
l
(4
1
.5

%
),
α-
m
u
u
ro
lo
l

(1
1
.8

%
)

C
an
di
da

al
bi
ca
ns

N
I

N
I

C
an
di
da

tr
op
ic
al
is

N
I

N
I

C
an
di
da

pa
ra
ps
il
os
is

5
0
0
0
μg

m
L
�
1

N
I

C
an
di
da

gl
ab
ra
ta

N
I

N
I

C
an
di
da

kr
us
ei

N
I

N
I

C
an
di
da

pa
ra
ps
il
os
is

(A
m
er
ic
a
T
y
p
e
C
u
lt
u
re

C
o
ll
ec
ti
o
n
)

N
I

N
I

C
.
al
bi
ca
ns

5
0
0
0
μg

m
L
�
1

N
I

V
er
b
en
ac
ea
e

V
it
ex

ne
gu
nd
o

S
ee
d
s

n-
H
ex
ad
ec
an
o
ic

ac
id

(1
7
.6
8
%
),

eu
d
es
m
-4
(1
4
)-
en
-1
1
-o
l
(1
2
.3
9
%
),

ca
ry
o
p
h
y
ll
en
e
o
x
id
e
(1
0
.7
9
%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ic
ro
d
il
u
ti
o
n

–
4
.0

μg
m
L
�
1

–
H
o
n
g
-W

ei

et
al
.
(2
0
1
4
)

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
6
4
μg

m
L
�
1

–

M
ic
ro
sp
or
um

gy
ps
eu
m

–
6
4
μg

m
L
�
1

–

C
an
di
da

tr
op
ic
al
is

–
6
4
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n
ru
br
um

–
3
2
μg

m
L
�
1

–

F
on
se
ca
ea

co
m
pa
ct
a

–
>
6
4
μg

m
L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
>
6
4
μg

m
L
�
1

–

C
an
di
da

pa
ra
ps
il
os
is

–
>
6
4
μg

m
L
�
1

–
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L
am

ia
ce
ae

O
ci
m
um

ba
si
li
cu
m

v
ar
.
m
in
im
um

L
ea
v
es

L
in
al
o
o
l
(4
4
%
),
1
,8

ci
n
eo
le

(1
5
.5

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ic
ro
d
il
u
ti
o
n

–
N
I

N
I

V
ie
ir
a

et
al
.
(2
0
1
4
)

C
an
di
da

tr
op
ic
al
is

N
I

N
I

C
an
di
da

pa
ra
ps
il
os
is

N
I

N
I

C
an
di
da

gl
ab
ra
ta

N
I

N
I

C
an
di
da

kr
us
ei

N
I

N
I

C
an
di
da

pa
ra
ps
il
os
is

N
I

N
I

C
.
al
bi
ca
ns

N
I

N
I

O
ci
m
um

m
ic
ra
nt
hu
m

L
ea
v
es

E
u
g
en
o
l
(6
4
.1
1
%
),
β-
ca
ry
o
p
h
y
ll
en
e

(1
4
.3

%
)

C
an
di
da

al
bi
ca
ns

1
2
5
0
μg

m
L
�
1

1
2
5
0
μg

m
L
�
1

C
an
di
da

tr
op
ic
al
is

1
2
5
0
μg

m
L
�
1

1
2
5
0
μg

m
L
�
1

C
an
di
da

pa
ra
ps
il
os
is

3
1
2
.5

μg
m
L
�
1

6
2
5
μg

m
L
�
1

C
an
di
da

gl
ab
ra
ta

6
2
5
μg

m
L
�
1

6
2
5
μg

m
L
�
1

C
an
di
da

kr
us
ei

1
2
5
0
μg

m
L
�
1

1
2
5
0
μg

m
L
�
1

C
an
di
da

pa
ra
ps
il
os
is

(A
m
er
ic
a
T
y
p
e
C
u
lt
u
re

C
o
ll
ec
ti
o
n
)

1
2
5
0
μg

m
L
�
1

1
2
5
0
μg

m
L
�
1

C
.
al
bi
ca
ns

6
2
5
μg

m
L
�
1

6
2
5
μg

m
L
�
1

P
o
ac
ea
e

C
an
ar
iu
m

sc
hw

ei
nf
ur
th
ii

R
es
in
s

L
im

o
n
en
e
(4
2
.7
),
α-
te
rp
in
eo
l
(3
4
.4
),
p-

cy
m
en
e
(9
.8

%
)

A
sp
er
gi
ll
us

fla
vu
s

D
is
k
d
if
fu
si
o
n

–
1
8
0
0
μL

L
�
1

–
A
m
b
in
d
ei

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

ni
ge
r

–
2
8
0
0
μL

L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
1
3
0
0
μL

L
�
1

–

B
u
rs
er
ac
ea
e

A
uc
ou
m
ea

kl
ai
ne
an
a

R
es
in
s

α-
P
h
el
la
n
d
re
n
e
(3
0
.9

%
),
α-
p
in
en
e

(2
9
.3

%
),
p-
cy
m
en
e
(9
.2

%
)

A
sp
er
gi
ll
us

fla
vu
s

–
>
5
0
0
0
μL

L
�
1

–

A
sp
er
gi
ll
us

ni
ge
r

–
>
5
0
0
0
μL

L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
>
5
0
0
0
μL

L
�
1

–

V
er
b
en
ac
ea
e

A
lo
ys
ia

g
ra
ti
ss
im
a

L
ea
v
es

1
,8

C
in
eo
le

(1
3
.7

%
),
g
er
m
ac
re
n
e-
D

(1
3
.4

%
),
β-
ca
ry
o
p
h
y
ll
en
e
(1
2
.7

%
),

β-
p
in
en
e
(1
1
.7

%
)

A
sp
er
gi
ll
us

fla
vu
s

B
ro
th

m
ic
ro
d
il
u
ti
o
n

–
>
1
0
0
0
μg

m
L
�
1

–
S
an
to
s

et
al
.
(2
0
1
5
)

A
sp
er
gi
ll
us

fu
m
ig
at
es

–
>
1
0
0
0
μg

m
L
�
1

–

R
hi
zo
pu
s
sp
.

–
>
1
0
0
0
μg

m
L
�
1

–

M
ic
ro
sp
or
um

ca
ni
s

–
>
1
0
0
0
μg

m
L
�
1

–

E
pi
de
rm

op
hy
to
n

flo
cc
os
um

–
1
0
0
0
μg

m
L
�
1

–

M
ic
ro
sp
or
um

gy
ps
eu
m

–
1
0
0
0
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n
ru
br
um

–
1
0
0
0
μg

m
L
�
1

–

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
1
0
0
0
μg

m
L
�
1

–

C
an
di
da

al
bi
ca
ns

–
1
0
0
0
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
5
0
0
μg

m
L
�
1

–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

A
p
ia
ce
ae

C
or
ia
nd
ru
m
sa
ti
vu
m

L
ea
v
es

D
ec
an
al

(1
9
.0
9
%
),
tr
an
s-
2
-d
ec
en
al

(1
7
.5
4
%
),
2
-d
ec
en
-1
-o
l
(1
2
.3
3
%
),

cy
cl
o
d
ec
an
e
(1
2
.1
5
%
),
ci
s-
2
-

d
o
d
ec
en
al

(1
0
.7
2
%
)

C
an
di
da

al
bi
ca
ns

A
g
ar

d
il
u
ti
o
n

–
1
5
.6

μg
m
L
�
1

3
1
.2

μg
m
L
�
1

F
re
ir
es

et
al
.
(2
0
1
4
)

C
.
tr
op
ic
al
is

–
3
1
.2

μg
m
L
�
1

6
2
.5

μg
m
L
�
1

C
.
kr
us
ei

–
1
5
.6

μg
m
L
�
1

3
1
.2

μg
m
L
�
1

C
.
du
bl
in
ie
ns
is

–
3
1
.2

μg
m
L
�
1

6
2
.5

μg
m
L
�
1

C
.
ru
go
sa

–
1
5
.6

μg
m
L
�
1

3
1
.2

μg
m
L
�
1

L
am

ia
ce
ae

T
hy
m
br
a
sp
ic
at
a

A
er
ia
l

p
ar
ts

C
ar
v
ac
ro
l
(8
2
.6
8
%
),
cy
m
en
e
(7
.5
8
%
),

γ-
te
rp
in
en
e
(6
.0
4
%
)

Sa
pr
ol
eg
ni
a
pa
ra
si
ti
ca

D
is
k
d
if
fu
si
o
n

–
5
0
μL

m
L
�
1

–
G
o
rm

ez
an
d

D
il
er

(2
0
1
4
)

O
ri
ga
nu
m
on
it
es

C
ar
v
ac
ro
l
(8
2
.2
4
%
),
th
y
m
o
l
(1
3
.0
4
%
)

–
1
0
μL

m
L
�
1

–

Sa
tu
re
ja

th
ym

br
a

C
ar
v
ac
ro
l
(5
2
.3
8
%
),
th
y
m
o
l

(2
6
.4
5
%
),
ca
ry
o
p
h
y
ll
en
e
(7
.2
8
%
)

–
1
0
0
μL

m
L
�
1

–

M
y
rt
ac
ea
e

M
yr
tu
s
co
m
m
un
is

L
ea
v
es

an
d

F
lo
w
er
s

α-
P
in
en
e
(5
0
.8
an
d
3
3
.6

%
),
1
,8
ci
n
eo
le

(2
1
.9

an
d
1
3
.3

%
),
li
n
al
o
o
l
(2
.7

an
d

1
4
.8

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ac
ro
d
il
u
ti
o
n

–
2
.5

m
g
m
L
�
1

2
.5

m
g
m
L
�
1

B
o
u
za
b
at
a

et
al
.
(2
0
1
5
)

C
.
tr
op
ic
al
is

–
2
.5

m
g
m
L
�
1

2
.5

m
g
m
L
�
1

C
.
kr
us
ei

–
2
.5

m
g
m
L
�
1

2
.5

m
g
m
L
�
1

C
.
gu
il
li
er
m
on
di
i

–
2
.5

m
g
m
L
�
1

2
.5

m
g
m
L
�
1

C
.
pa
ra
ps
il
os
is

–
2
.5

m
g
m
L
�
1

5
m
g
m
L
�
1

A
sp
er
gi
ll
us

fla
vu
s

–
5
m
g
m
L
�
1

>
1
0
m
g
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
2
.5

m
g
m
L
�
1

>
1
0
m
g
m
L
�
1

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
2
.5

m
g
m
L
�
1

>
1
0
m
g
m
L
�
1

M
ic
ro
sp
or
um

ca
ni
s

–
0
.6
4
m
g
m
L
�
1

0
.6
4
m
g
m
L
�
1

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
0
.6
4
m
g
m
L
�
1

0
.6
4
–
1
.2
5
m
g

m
L
�
1

E
pi
de
rm

op
hy
to
n

flo
cc
os
um

–
0
.6
4
m
g
m
L
�
1

0
.6
4
m
g
m
L
�
1

T
ri
ch
op
hy
to
n
ru
br
um

–
0
.6
4
m
g
m
L
�
1

0
.6
4
m
g
m
L
�
1

M
ic
ro
sp
or
um

gy
ps
eu
m

–
1
.2
5
m
g
m
L
�
1

1
.2
5
m
g
m
L
�
1

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
1
.2
5
m
g
m
L
�
1

1
.2
5
m
g
m
L
�
1

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s
v
ar
.

in
te
rd
ig
it
al
e

–
1
.2
5
m
g
m
L
�
1

1
.2
5
m
g
m
L
�
1

T
ri
ch
op
hy
to
n

ve
rr
uc
os
um

–
1
.2
5
m
g
m
L
�
1

1
.2
5
m
g
m
L
�
1
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A
st
er
ac
ea
e

A
rt
em

is
ia

ab
ro
ta
nu
m

A
er
ia
l

p
ar
ts

E
u
ca
ly
p
to
l
(2
5
.2
7
%
)

Sc
le
ro
ti
ni
a
cl
er
ot
io
ru
m

D
is
k
d
if
fu
si
o
n

–
1
2
0
0
μL

L
�
1

–
B
ad
ea

an
d

D
el
ia
n
(2
0
1
4
)

A
rt
em

is
ia

sa
nt
on
ic
a

α-
T
h
u
jo
n
e
(4
4
.8
0
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
po
nt
ic
a

E
u
ca
ly
p
to
l
(6
2
.4
1
%
)

–
2
4
0
0

�
1

–

A
.
an
nu
a

A
rt
em

is
ia

k
et
o
n
e
(3
1
.3
1
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
au
st
ri
ac
a

C
am

p
h
o
r
(3
5
.7
5
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
dr
ac
un
cu
lu
s

S
ab
in
en
e
(5
1
.0
6
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
le
rc
hi
an
a

E
u
ca
ly
p
to
l
(4
4
.0
0
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
sc
op
ar
ia

C
ap
il
le
n
e
(6
6
.2
0
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
vu
lg
ar
is

G
er
m
ac
re
n
e-
D
(2
7
.6
9
%
)

–
2
4
0
0
μL

L
�
1

–

A
.
dr
ac
un
cu
lu
s
v
ar
.

pi
lo
sa

B
o
rn
eo
l
(2
8
.2
9
%
)

–
2
4
0
0
μL

L
�
1

–

L
am

ia
ce
ae

O
ci
m
u
m
se
ll
o
i

L
ea
v
es

L
in
al
o
o
l
(1
6
.8

%
),
an
et
h
o
le

(5
2
.2

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ic
ro
d
il
u
ti
o
n

–
1
2
5
0
μg

m
L
_
1

2
5
0
0

_
1

V
ie
ir
a

et
al
.
(2
0
1
4
)

C
an
di
da

tr
op
ic
al
is

1
2
5
0
μg

m
L
_
1

1
2
5
0
μg

m
L
_
1

C
an
di
da

pa
ra
ps
il
os
is

3
1
2
.5

μg
m
L
_
1

6
2
5
μg

m
L
_
1

C
an
di
da

gl
ab
ra
ta

1
2
5
0
μg

m
L
_
1

5
0
0
0
μg

m
L
l_
1

C
an
di
da

kr
us
ei

1
2
5
0
μg

m
L
�
1

1
2
5
0
μg

m
L
_
1

C
an
di
da

pa
ra
ps
il
os
is

6
2
5
μg

m
L
_
1

2
5
0
0
μg

m
L
_
1

C
.
al
bi
ca
ns

1
2
5
0
μg

m
L
_
1

1
2
5
0
μg

m
L
_
1

L
am

ia
ce
ae

O
ci
m
um

ca
nu
m

A
er
ia
l

p
ar
ts

C
am

p
h
o
r
(3
3
.2

%
),
li
m
o
n
en
e
(5
.6

%
),

ca
m
p
h
en
e
(6
.2

%
),
β-
se
li
n
en
e

(1
0
.3

%
),
α-
se
li
n
en
e
(8
.1

%
),

β-
ca
ry
o
p
h
y
ll
en
e
(5
.7

%
)

R
hi
zo
ct
on
ia

so
la
ni

P
o
is
o
n
ed

fo
o
d

–
1
0
0
0
μL

L
�
1

–
P
ra
g
ad
h
ee
sh

et
al
.
(2
0
1
3
)

C
ho
an
ep
ho
ra

cu
cu
rb
it
ar
um

9
0
0
μL

L
�
1

O
ci
m
um

ki
li
m
a
nd
sc
ha
ri
cu
m

A
er
ia
l

p
ar
ts

C
am

p
h
o
r
(6
6
.5

%
),
li
m
o
n
en
e
(6
.6

%
),

ca
m
p
h
en
e
(5

%
)

R
hi
zo
ct
on
ia

so
la
ni

1
2
0
0
μL

L
�
1

C
ho
an
ep
ho
ra

cu
cu
rb
it
ar
um

7
3
0
μL

L
�
1

R
an
u
n
cu
la
ce
ae

N
ig
el
la

sa
ti
va

S
ee
d

T
h
y
m
o
q
u
in
o
n
e
(4
2
.4

%
),
p-
cy
m
en
e

(1
4
.1

%
),
ca
rv
ac
ro
l
(1
0
.3

%
),

lo
n
g
if
o
le
n
e
(6
.1

%
),
4
-t
er
p
in
eo
l

(5
.1

%
)

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

D
is
k
d
if
fu
si
o
n

–
4
m
g
m
L
�
1

–
M
ah
m
o
u
d
v
an
d

et
al
.
(2
0
1
4
)

M
y
rt
ac
ea
e

E
uc
al
yp
tu
s

er
yt
hr
oc
or
ys

L
ea
v
es

1
,8

ci
n
eo
le

(5
4
.8

%
),
v
ir
id
ifl
o
ro
l

(8
.9
7
%
),
α-
p
in
en
e
(7
.8
4
%
),
le
d
o
l

(5
.3
2
%
),
ac
id
e
o
ct
ad
ec
an
o
iq
u
e

(5
.3
2
%
)

B
ip
ol
ar
is
so
ri
ki
ni
an
a

D
is
k
d
if
fu
si
o
n

–
>
4
μL

m
L
�
1

–
B
en

G
h
n
ay
a

et
al
.
(2
0
1
3
)

B
ot
ry
ti
s
ci
ne
re
a

>
4
μL

m
L
�
1

F
us
ar
iu
m
so
la
ni

>
4
μL

m
L
�
1

F
.
av
en
ac
eu
m

>
4
μL

m
L
�
1

F
.
ox
ys
po
ru
m

>
4
μL

m
L
�
1

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

C
u
p
re
ss
ac
ea
e

Ju
ni
pe
ru
s
ph
oe
ni
ce
a

B
er
ri
es

α
-P
in
en
e
(8
4
.2

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ac
ro
d
il
u
ti
o
n

–
5
μL

m
L
�
1

–
A
b
u
-D

ar
w
is
h

et
al
.
(2
0
1
3
)

C
.
tr
op
ic
al
is

–
1
0
μL

m
L
�
1

–

C
.
kr
us
ei

–
5
μL

m
L
�
1

–

C
.
gu
il
li
er
m
on
di
i

–
1
.2
5
μL

m
L
�
1

–

C
.
pa
ra
ps
il
os
is

–
5
μL

m
L
�
1

–

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
0
.6
4
–
1
.2
5
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
1
.2
5
μL

m
L
�
1

–

M
ic
ro
sp
or
um

ca
ni
s

–
1
.2
5
μL

m
L
�
1

M
.
gy
ps
eu
m

–
1
.2
5
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n
ru
br
um

–
0
.6
4
μL

m
L
�
1

–

E
pi
de
rm

op
hy
to
n

flo
cc
os
um

–
0
.6
4
μL

m
L
�
1

–

T
.
m
en
ta
gr
op
hy
te
s
v
ar
.

in
te
rd
ig
it
al
e

–
2
.5

μL
m
L
�
1

–

T
.
ve
rr
uc
os
um

–
2
.5

μL
m
L
�
1

–

A
sp
er
gi
ll
us

ni
ge
r

–
�1

0
μL

m
L
�
1

–

A
.
fla
vu
s

–
�1

0
μL

m
L
�
1

–

A
.
fu
m
ig
at
us

–
>
2
.5

μL
m
L
�
1

–

L
am

ia
ce
ae

O
ri
ga
nu
m
vu
lg
ar
e

L
ea
v
es

C
ar
v
ac
ro
l
(2
0
.0
4
%
),
p-
cy
m
en
e

(6
.6
2
%
),
ca
ry
o
p
h
y
ll
en
e
(5
.5

%
),
α

–
te
rp
in
en
e
(5
.4

%
)

C
an
di
da

al
bi
ca
ns

A
g
ar

w
el
l

d
if
fu
si
o
n

–
0
.6

μL
m
L
�
1

1
.2
5
μL

m
L
�
1

A
b
d
u
lm

aj
ee
d

(2
0
1
5
)

C
.
tr
op
ic
al
is

–
0
.6

μL
m
L
�
1

1
.2
5
μL

m
L
�
1

C
.
pa
ra
ps
il
os
is

–
1
.2
5
μL

m
L
�
1

2
.5

μL
m
L
�
1

C
.
gl
ab
ra
ta

–
1
.2
5
μL

m
L
�
1

2
.5

μL
m
L
�
1
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A
p
ia
ce
ae

O
en
an
th
e
cr
oc
at
a

A
er
ia
l

p
ar
ts

tr
an
s-
β-
O
ci
m
en
e
(3
1
.3

%
),
sa
b
in
en
e

(2
9
.0

%
)
,
ci
s-
β-
o
ci
m
en
e
(1
2
.3

%
)

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

M
ac
ro
d
il
u
ti
o
n

b
ro
th

–
0
.6
4
–
1
.2
5
μL

m
L
�
1

–
V
al
en
te

et
al
.
(2
0
1
3
)

C
an
di
da

al
bi
ca
ns

–
0
.6
4
–
1
.2
5
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n

ve
rr
uc
os
um

–
0
.6
4
–
1
.2
5
μL

m
L
�
1

–

C
an
di
da

gu
il
li
er
m
on
di
i

–
0
.6
4
μL

m
L
�
1

–

C
an
di
da

kr
us
ei

–
1
.2
5
μL

m
L
�
1

–

C
an
di
da

pa
ra
ps
il
os
is

–
1
.2
5
μL

m
L
�
1

–

C
an
di
da

tr
op
ic
al
is

–
1
.2
5
μL

m
L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
1
.2
5
μL

m
L
�
1

–

A
sp
er
gi
ll
us

ni
ge
r

–
1
.2
5
μL

m
L
�
1

–

E
pi
de
rm

op
hy
to
n

flo
cc
os
um

–
0
.0
8
μL

m
L
�
1

–

M
ic
ro
sp
or
um

ca
ni
s

–
0
.0
8
μL

m
L
�
1

–

M
ic
ro
sp
or
um

gy
ps
eu
m

–
0
.0
8
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n
ru
br
um

–
0
.0
8
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
0
.1
6
μL

m
L
�
1

–

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s
v
ar
.

in
te
rd
ig
it
al
e

–
0
.1
6
μL

m
L
�
1

–

A
sp
er
gi
ll
us

fla
vu
s

–
2
.5

μL
m
L
�
1

–

R
an
u
n
cu
la
ce
ae

N
ig
el
la

sa
ti
va

S
ee
d

T
h
y
m
o
q
u
in
o
n
e
(4
2
.4

%
),
p-
cy
m
en
e

(1
4
.1

%
),
ca
rv
ac
ro
l
(1
0
.3

%
),

lo
n
g
if
o
le
n
e
(6
.1

%
)
,4
-T
er
p
in
eo
l

(5
.1

%
)

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

D
is
k
d
if
fu
si
o
n

–
4
m
g
m
L
�
1

–
M
ah
m
o
u
d
v
an
d

et
al
.
(2
0
1
4
)

M
ic
ro
sp
or
um

ca
ni
s

–
4
m
g
m
L
�
1

–

M
ic
ro
sp
or
um

gy
ps
eu
m

–
4

�
1

–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

L
am

ia
ce
ae

L
av
an
du
la

m
ul
ti
fid
a

A
er
ia
l

p
ar
ts

C
ar
v
ac
ro
l
(4
2
.8
–
4
1
.5

%
),

ci
s-
β-
o
ci
m
en
e
(2
7
.4
�2

7
.0

%
)

C
an
di
da

al
bi
ca
ns

B
ro
th

m
ac
ro
d
il
u
ti
o
n

–
0
.3
2
μL

m
L
�
1

0
.6
4
μL

m
L
�
1

Z
u
za
rt
e

et
al
.
(2
0
1
2
)

C
an
di
da

tr
op
ic
al
is

–
0
.3
2
μL

m
L
�
1

0
.6
4
μL

m
L
�
1

C
an
di
da

pa
ra
ps
il
os
is

–
0
.3
2
μL

m
L
�
1

0
.6
4
μL

m
L
�
1

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
0
.6
4
μL

m
L
�
1

0
.6
4
μL

m
L
�
1

C
an
di
da

kr
us
ei

–
0
.6
4
μL

m
L
�
1

0
.6
4
μL

m
L
�
1

C
an
di
da

gu
il
li
er
m
on
di
i

–
0
.3
2
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s
va
r.

in
te
rd
ig
it
al
e

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

T
ri
ch
op
hy
to
n
ru
br
um

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

T
ri
ch
op
hy
to
n

ve
rr
uc
os
um

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

M
ic
ro
sp
or
um

ca
ni
s

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

M
ic
ro
sp
or
um

gy
ps
eu
m

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

E
pi
de
rm

op
hy
to
n

flo
cc
os
um

–
0
.1
6
μL

m
L
�
1

0
.3
2
μL

m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
0
.3
2
μL

m
L
�
1

1
.2
5
μL

m
L
�
1

A
sp
er
gi
ll
us

fla
vu
s

–
0
.6
4
μL

m
L
�
1

1
.2
5
μL

m
L
�
1

L
am

ia
ce
ae

O
ri
ga
nu
m
vu
lg
ar
e

ss
p
.
vu
lg
a
re

A
er
ia
l

p
ar
ts

–
A
sp
er
gi
ll
us

ni
ge
r

W
el
l
d
if
fu
si
o
n

–
3
.1
2
5
m
g
m
L
�
1

3
.1
2
5
m
g
m
L
�
1

Y
o
to
v
a
an
d

Ig
n
at
o
v
a-

Iv
an
o
v
a
(2
0
1
5
)

P
en
ic
il
li
um

cl
av
if
or
m
e

–
3
.1
2
5
m
g
m
L
�
1

3
.1
2
5
m
g
m
L
�
1

Sa
cc
ha
ro
m
yc
es

ce
re
vi
si
ae

–
1
2
.5

m
g
m
L
�
1

1
2
.5

m
g
m
L
�
1

C
an
di
da

al
bi
ca
ns

–
6
.2
5
m
g
m
L
�
1

3
.1
2
5
m
g
m
L
�
1

C
an
di
da

gl
ab
ra
ta

–
1
2
.5

m
g
m
L
�
1

6
.2
5
m
g
m
L
�
1
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L
am

ia
ce
ae

M
on
ar
da

di
dy
m
a

–
T
h
y
m
o
q
u
in
o
n
e
(3
6
.0
2
%
),
th
y
m
o
l

(1
6
.7

%
),
v
in
y
l
am

y
l
ca
rb
in
o
l
(6
.5
4
%
),

m
et
h
y
l
th
y
m
o
l
(7
.8
6
%
)

A
sp
er
gi
ll
us

fla
vu
s

B
ro
th

d
il
u
ti
o
n

–
6
.0

%
v
/v

–
M
ic
k
ie
n
e

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

fla
vu
s

V
ap
o
r
p
h
as
e

–
2
.0

%
v
/v

–

A
sp
er
gi
ll
us

ni
ge
r

B
ro
th

d
il
u
ti
o
n

–
6
.0

%
v
/v

–

A
sp
er
gi
ll
us

ni
ge
r

V
ap
o
r
p
h
as
e

–
2
.0

%
v
/v

–

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

B
ro
th

d
il
u
ti
o
n

–
4
.0

%
v
/v

–

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

V
ap
o
r
p
h
as
e

–
0
.5

%
v
/v

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

B
ro
th

d
il
u
ti
o
n

–
1
1
%
v
/v

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

V
ap
o
r
p
h
as
e

–
8
.0

%
v
/v

–

P
en
ic
il
li
um

co
m
m
un
e

B
ro
th

d
il
u
ti
o
n

–
1
1
.0

%
v
/v

–

P
en
ic
il
li
um

co
m
m
un
e

V
ap
o
r
p
h
as
e

–
8
.0

%
v
/v

–

P
en
ic
il
li
um

ci
tr
in
um

B
ro
th

d
il
u
ti
o
n

–
1
1
.0

%
v
/v

–

P
en
ic
il
li
um

ci
tr
in
um

V
ap
o
r
p
h
as
e

–
8
.0

%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

B
ro
th

d
il
u
ti
o
n

–
9
.0
%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

V
ap
o
r
p
h
as
e

–
5
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

B
ro
th

d
il
u
ti
o
n

–
1
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

V
ap
o
r
p
h
as
e

–
0
.0
5
%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

B
ro
th

d
il
u
ti
o
n

–
5
.0

%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

V
ap
o
r
p
h
as
e

–
1
.5

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

B
ro
th

d
il
u
ti
o
n

–
1
0
.0

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

V
ap
o
r
p
h
as
e

–
5
.0

%
v
/v

–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

L
am

ia
ce
ae

L
am

iu
m
al
bu
m

–
T
et
ra
d
ec
an
o
l
–
n
(2
0
.7
7
%
),
b
en
zo
at
e-

is
o
p
en
ty
l
(1
5
.2
4
%
),
sq
u
al
en
e

(9
.8
2
%
),
p
h
y
to
n
e
(7
.2
5
%
),
u
n
d
ec
an
e

-n
(5
.2
5
%
)

A
sp
er
gi
ll
us

fla
vu
s

B
ro
th

d
il
u
ti
o
n

–
N
D

–
M
ic
k
ie
n
e

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

fla
vu
s

V
ap
o
r
p
h
as
e

–
N
D

–

A
sp
er
gi
ll
us

ni
ge
r

B
ro
th

d
il
u
ti
o
n

–
N
D

–

A
sp
er
gi
ll
us

ni
ge
r

V
ap
o
r
p
h
as
e

–
N
D

–

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

B
ro
th

d
il
u
ti
o
n

–
2
0
.0

%
v
/v

–

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

V
ap
o
r
p
h
as
e

–
1
8
.0

%
v
/v

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

B
ro
th

d
il
u
ti
o
n

–
N
D

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

V
ap
o
r
p
h
as
e

–
N
D

–

P
en
ic
il
li
um

co
m
m
un
e

B
ro
th

d
il
u
ti
o
n

–
N
D

–

P
en
ic
il
li
um

co
m
m
un
e

V
ap
o
r
p
h
as
e

–
N
D

–

P
en
ic
il
li
um

ci
tr
in
um

B
ro
th

d
il
u
ti
o
n

–
2
5
.0

%
v
/v

–

P
en
ic
il
li
um

ci
tr
in
um

V
ap
o
r
p
h
as
e

–
2
3
.0

%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

B
ro
th

d
il
u
ti
o
n

–
2
5
.0

%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

V
ap
o
r
p
h
as
e

–
1
0
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

B
ro
th

d
il
u
ti
o
n

–
1
5
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

V
ap
o
r
p
h
as
e

–
1
0
.0

%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

B
ro
th

d
il
u
ti
o
n

–
1
5
.0

%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

V
ap
o
r
p
h
as
e

–
1
3
.0

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

B
ro
th

d
il
u
ti
o
n

–
2
5
.0

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

V
ap
o
r
p
h
as
e

–
2
0
.0

%
v
/v

–

P
o
ac
ea
e

C
an
ar
iu
m

sc
hw

ei
nf
ur
th
ii

R
es
in
s

L
im

o
n
en
e
(4
2
.7
),
α-
te
rp
in
eo
l
(3
4
.4
),
p-

cy
m
en
e
(9
.8

%
)

A
sp
er
gi
ll
us

fla
vu
s

D
is
k
d
if
fu
si
o
n

–
1
8
0
0
μL

L
�
1

–
A
m
b
in
d
ei

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

ni
ge
r

–
2
8
0
0
μL

L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
1
3
0
0
μL

L
�
1

–

B
u
rs
er
ac
ea
e

A
uc
ou
m
ea

kl
ai
ne
an
a

R
es
in
s

α-
P
h
el
la
n
d
re
n
e
(3
0
.9

%
),
α-
p
in
en
e

(2
9
.3

%
),
p-
cy
m
en
e
(9
.2

%
)

A
sp
er
gi
ll
us

fla
vu
s

–
>
5
0
0
0
μL

L
�
1

–
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A
p
ia
ce
ae

M
yr
rh
is
o
do
ra
ta

–
N
er
o
li
d
o
l
–
(E
)
(2
7
.1
3
%
),
an
et
h
o
le

–
(Z
)
(1
5
.8
9
%
),
g
er
m
ac
re
n
e

–
(D

)
(6
.4
6
%
),
ca
ry
o
p
h
y
ll
en
e
–
E

(6
.3
6
%
),
β-
b
is
ab
o
le
n
e
(5
.0
7
%
),

n
eo
p
h
y
ta
d
ie
n
e
(5
.2
8
%
)

A
sp
er
gi
ll
us

fla
vu
s

B
ro
th

d
il
u
ti
o
n

–
7
.0

%
v
/v

–
M
ic
k
ie
n
e

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

fla
vu
s

V
ap
o
r
p
h
as
e

–
5
.0

%
v
/v

–

A
sp
er
gi
ll
us

ni
ge
r

B
ro
th

d
il
u
ti
o
n

–
8
.0

%
v
/v

–

A
sp
er
gi
ll
us

ni
ge
r

V
ap
o
r
p
h
as
e

–
7
.0

%
v
/v

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

B
ro
th

d
il
u
ti
o
n

–
1
3
.0

%
v
/v

–

P
en
ic
il
li
um

ch
ry
so
ge
nu
m

V
ap
o
r
p
h
as
e

–
8
.0

%
v
/v

–

P
en
ic
il
li
um

co
m
m
un
e

B
ro
th

d
il
u
ti
o
n

–
1
5
.0

%
v
/v

–

P
en
ic
il
li
um

co
m
m
un
e

V
ap
o
r
p
h
as
e

–
1
0
.0

%
v
/v

–

P
en
ic
il
li
um

ci
tr
in
um

B
ro
th

d
il
u
ti
o
n

–
1
5
.0

%
v
/v

–

P
en
ic
il
li
um

co
m
m
un
e

V
ap
o
r
p
h
as
e

–
1
0
.0

%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

B
ro
th

d
il
u
ti
o
n

–
1
5
.0

%
v
/v

–

C
la
do
sp
or
iu
m

cl
ad
os
po
ri
oi
de
s

V
ap
o
r
p
h
as
e

–
8
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

B
ro
th

d
il
u
ti
o
n

–
4
.0

%
v
/v

–

A
lt
er
na
ri
a
al
te
rn
at
a

V
ap
o
r
p
h
as
e

–
2
.0

%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

B
ro
th

d
il
u
ti
o
n

–
8
.0

%
v
/v

–

R
hi
zo
pu
s
m
ic
ro
sp
or
us

V
ap
o
r
p
h
as
e

–
5
.0

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

B
ro
th

d
il
u
ti
o
n

–
1
4
.0

%
v
/v

–

T
ri
ch
od
er
m
a
vi
ri
de

V
ap
o
r
p
h
as
e

–
1
0
.0

%
v
/v

–

A
iz
o
ac
ea
e

M
es
em

br
ya
nt
he
m
um

ed
ul
e

L
ea
v
es

B
en
zo
ic

ac
id

(1
5
.6
8
%
),
p
h
y
to
l

(2
-h
ex
ad
ec
an
-1
-o
l,
3
,7
,1
1
,1
5
-

te
tr
am

et
h
y
l)
(1
2
.4
1
%
),

te
tr
ad
ec
am

et
h
y
lc
y
cl
o
h
ep
ta
si
lo
x
an
e

(1
3
.5
7
%
),
2
-p
en
ta
d
ec
an
o
n
e,
6
,1
0
,1
4
-

tr
im

et
h
y
l
(9
.2
8
%
)

C
an
di
da

al
bi
ca
ns

A
g
ar

d
il
u
ti
o
n

–
0
.0
2
m
g
m
L
�
1

–
O
m
o
ru
y
i

et
al
.
(2
0
1
4
)

C
an
di
da

kr
us
ei

–
0
.0
4
m
g
m
L
�
1

–

C
an
di
da

ru
go
sa

–
0
.0
8
m
g
m
L
�
1

–

C
an
di
da

gl
ab
ra
ta

–
0
.3
1
m
g
m
L
�
1

–

C
ry
pt
oc
oc
cu
s

ne
of
or
m
an
s

–
0
.0
8
m
g
m
L
�
1

–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

A
p
ia
ce
ae

E
ch
in
op
ho
ra

pl
at
yl
o
ba

S
ee
d
s

p-
C
y
m
en
e
(2
2
.1
5
%
),
α-
p
in
en
e

(1
8
.5
2
%
),
β-
p
h
el
la
n
d
re
n
e
(1
4
.4
0
%
),

α-
p
h
el
la
n
d
re
n
e
(9
.6
9
%
)

A
lt
er
na
ri
a
al
te
rn
at
e

A
g
ar

d
il
u
ti
o
n

>
8
0
0
μL

L
�
1

–
–

M
o
g
h
ad
d
am

et
al
.
(2
0
1
5
)

C
ur
vu
la
ri
a
fa
ll
ax

2
0
0
μL

L
�
1

–
–

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

2
0
0
μL

L
–
1

�
�

F
us
ar
iu
m
ox
ys
po
ru
m

4
0
0
μL

L
–
1

–
–

C
yt
os
po
ra

sa
cc
ha
ri

4
0
0
μL

L
�
1

–
–

C
ol
le
to
tr
ic
bu
m

tr
ic
be
ll
um

>
8
0
0
μL

L
�
1

–
–

A
lt
er
na
ri
a
al
te
rn
at
e

D
is
k
d
if
fu
si
o
n

>
8
0
0
μL

L
�
1

–
–

C
ur
vu
la
ri
a
fa
ll
ax

1
0
0
μL

L
�
1

–
–

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

1
0
0
μL

L
�
1

–
–

F
us
ar
iu
m
ox
ys
po
ru
m

1
0
0
μL

L
�
1

–
–

C
yt
os
po
ra

sa
cc
ha
ri

2
0
0
μL

L
�
1

–
–

C
ol
le
to
tr
ic
bu
m

tr
ic
be
ll
um

8
0
0
μL

L
�
1

–
–

A
st
er
ac
ea
e

H
el
ic
hr
ys
um

sp
le
nd
id
um

A
er
ia
l

p
ar
ts

α-
M
u
u
ro
lo
l
(3
.4
3
–
7
.0
9
%
),

g
er
m
ac
re
n
e-
D
(3
.4
1
–
1
0
.1

%
),

δ-
ca
d
in
en
e
(9
.3
2
–
1
6
.9

%
),
α-
ca
d
in
en
e

(2
.2
7
–
7
.5
8
%
),
τ-
ca
d
in
o
l

(3
.6
1
–
9
.0
1
%
),
α-
ca
d
in
o
l

(5
.8
4
–
1
6
.8

%
)

A
lt
er
na
ri
a
al
te
rn
at
a

A
g
ar

d
il
u
ti
o
n

–
5
0
0
μL

L
�
1

–
M
as
h
ig
o

et
al
.
(2
0
1
5
)

C
ol
le
to
tr
ic
hu
m

gl
oe
os
po
ri
oi
de
s

–
5
0
0
μL

L
�
1

–

F
us
ar
iu
m
ox
ys
po
ru
m

–
>
5
0
0
μL

L
�
1

–

L
as
io
di
pl
od
ia

th
eo
br
om

ae

–
>
5
0
0
μL

L
�
1

–

P
en
ic
il
li
um

di
gi
ta
tu
m

–
>
5
0
0
μL

L
�
1

–

P
en
ic
il
li
um

ex
pa
ns
um

�
>
5
0
0
μL

L
–
1

�
P
en
ic
il
li
um

it
al
ic
um

–
>
5
0
0
μL

L
�
1

–
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L
il
ia
ce
ae

A
ll
iu
m
ce
pa

–
–

F
us
ar
iu
m
ox
ys
po
ru
m

f.
sp
.
m
el
on
is

A
g
ar

d
il
u
ti
o
n

5
0
0
μL

L
�
1

–
–

E
lg
o
rb
an

et
al
.
(2
0
1
5
)

N
ig
el
la

sa
ti
va

–
–

F
us
ar
iu
m
ox
ys
po
ru
m

f.
sp
.
m
el
on
is

>
5
0
0
μL

L
�
1

–
–

E
uc
al
yp
tu
s
gl
ob
ul
us

–
–

F
us
ar
iu
m
ox
ys
po
ru
m

f.
sp
.
m
el
on
is

>
5
0
0
μL

L
�
1

–
–

A
ll
iu
m
ce
pa

–
–

F
us
ar
iu
m
so
la
ni

5
0
0
μL

L
�
1

–
–

N
ig
el
la

sa
ti
va

–
–

F
us
ar
iu
m
so
la
ni

>
5
0
0
μL

L
�
1

–
–

E
uc
al
yp
tu
s
gl
ob
ul
us

–
–

F
us
ar
iu
m
so
la
ni

2
5
0
μL

L
�
1

–
–

A
ll
iu
m
ce
pa

–
–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

>
5
0
0
μL

L
�
1

–
–

N
ig
el
la

sa
ti
va

–
–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

>
5
0
0
μL

L
�
1

–
–

E
uc
al
yp
tu
s
gl
ob
ul
us

–
–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

>
5
0
0
μL

L
�
1

–
–

A
p
ia
ce
ae

C
or
ia
nd
ru
m
sa
ti
vu
m

F
ru
it
s

L
in
al
o
o
l
(6
6
.2
9
%
),
γ-
te
rp
in
en
e
(5
.2
6
)

C
an
di
da

al
bi
ca
ns

M
ic
ro
d
il
u
ti
o
n

–
0
.3
9
μL

m
L
�
1

–
S
o
u
rm

ag
h
i

et
al
.
(2
0
1
5
)

A
st
er
ac
ea
e

A
rt
em

is
ia

an
nu
a

U
p
p
er

th
ir
d
o
f
th
e

fo
li
ag
e

C
am

p
h
o
r
(u
p
to

4
8
%
),
g
er
m
ac
re
n
e-
D

(u
p
to

1
8
.9

%
),
ar
te
m
is
ia

k
et
o
n
e
(u
p
to

6
8
%
),
1
,8

ci
n
eo
le

(u
p
to

5
1
.5

%
)

C
an
di
da

al
bi
ca
ns

A
g
ar

d
is
k

d
if
fu
si
o
n

–
2
m
g
m
L
�
1

–
B
il
ia

et
al
.
(2
0
1
4
)

Sa
cc
ha
ro
m
yc
es

ce
re
vi
si
ae

–
2
m
g
m
L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
5
m
g
m
L
�
1

–

R
u
b
ia
ce
ae

G
al
iu
m
tr
ic
or
nu
tu
m

su
b
sp
.

lo
ng
ip
ed
an
cu
la
tu
m

–
E
u
ca
ly
p
to
l
(2
0
.8

%
),
L
-c
am

p
h
o
r

(1
3
.9

%
),
L
-b
o
rn
eo
l
(1
1
.6

%
),

m
y
rt
en
o
l
(5

%
)

C
an
di
da

al
bi
ca
ns

–
–

0
.2
7
m
g
m
L
�
1

–
Ja
n
et
al
.(
2
0
1
5
)

A
sp
er
gi
ll
us

fla
vu
s

–
0
.1
8
m
g
m
L
�
1

–

M
ic
ro
sp
or
um

ca
ni
s

–
1
1
0
.8

m
g
m
L
�
1

–

F
us
ar
iu
m
so
la
ni

–
2
0
0
m
g
m
L
�
1

–

C
an
di
da

gl
ab
ra
ta

–
2
0
0
m
g
m
L
�
1

–

M
y
rt
ac
ea
e

Sy
zy
g
iu
m

ar
om

at
ic
um

F
lo
w
er

b
u
d
s

–
F
us
ar
iu
m
ox
ys
po
ru
m

f.
sp

ra
di
ci
s-
ly
co
pe
rs
ic
i

A
g
ar

d
if
fu
si
o
n

–
1
μL

m
L
�
1

–
H
am

in
i-
K
ad
ar

et
al
.
(2
0
1
4
)

F
.
re
do
le
ns

–
1
μL

m
L
�
1

–

F
.
co
m
m
un
e

–
0
.5

μL
m
L
�
1

–

R
u
ta
ce
ae

R
ut
a
ch
al
ep
en
si
s

L
ea
v
es

U
n
d
ec
an
-2
-o
n
e
(4
9
.0
8
%
),
n
o
n
an
-2
-

o
n
e
(3
3
.1
5
%
)

F
us
ar
iu
m
pr
ol
if
er
at
um

D
is
k
ag
ar

d
if
fu
si
o
n

–
1
5
μL

m
L
�
1

–
B
o
u
aj
aj

et
al
.
(2
0
1
4
)

F
.
ps
eu
do
gr
am

in
ea
ru
m

–
1
0
μL

m
L
�
1

–

F
.
cu
lm
or
um

–
5
μL

m
L
�
1

–

F
.
gr
am

in
ea
ru
m

–
2
0
μL

m
L
�
1

–

F
.
po
ly
ph
ia
li
di
cu
m

–
>
2
0
μL

m
L
�
1

–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

R
u
ta
ce
ae

Z
an
th
ox
yl
um

bu
ng
ea
nu
m

S
ee
d
s

α-
P
in
en
e
(1
9
.5
9
%
)

F
us
ar
iu
m
su
lp
hu
re
um

A
g
ar

d
il
u
ti
o
n

–
4
0
0
μL

L
�
1

–
X
in
g
D
o
n
g
an
d

H
u
aL

i
(2
0
1
4
)

L
am

ia
ce
ae

Sa
lv
ia

of
fic
in
al
is

A
er
ia
l

p
ar
ts

α
-T
h
u
jo
n
e
(2
4
.9
2
%
),
ca
m
p
h
o
r

(1
5
.3
0
%
),
1
,8
-c
in
eo
le

(1
1
.5
3
%
),
α
-

p
in
en
e
(6
.3
6
%
),
D
-l
im

o
n
en
e
(5
.9
0
%
),

tr
an
s-
ca
ry
o
p
h
y
ll
en
e
(5
.0
7
%
)

P
en
ic
il
li
um

ve
rr
uc
os
um

M
ac
ro
d
il
u
ti
o
n

b
ro
th

–
6
2
μL

m
L
�
1

1
2
5
μL

m
L
�
1

O
zc
ak
m
ak

et
al
.
(2
0
1
2
)

P
ip
er
ac
ea
e

P
ip
er

di
va
ri
ca
tu
m

A
er
ia
l

p
ar
ts

M
et
h
y
le
u
g
en
o
l
(7
5
.0

%
),
eu
g
en
o
l

(1
0
.0

%
)

F
us
ar
iu
m
so
la
ni

f.
sp
.

pi
pe
ri
s

A
g
ar

d
il
u
ti
o
n

–
>
2
.5
0
m
g
m
L
�
1

–
S
il
v
a

et
al
.
(2
0
1
4
)

L
am

ia
ce
ae

O
ri
g
an
um

vu
lg
ar
e

A
er
ia
l

p
ar
ts

C
ar
v
ac
ro
l
(6
4
.0
6
%
),
li
n
al
o
o
l

(1
7
.5
6
%
)

E
pi
co
cc
um

ni
gr
um

M
ic
ro
at
m
o
sp
h
er
e,

m
ac
ro
d
il
u
ti
o
n

–
0
.1

μL
m
L
�
1

0
.1

μL
m
L
�
1

S
tu
p
ar

et
al
.
(2
0
1
4
)

A
sp
er
gi
ll
us

ni
ge
r

–
1
.2
5
μL

m
L
�
1

1
.5

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
0
.1

μL
m
L
�
1

0
.7
5
μL

m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
0
.2
5
μL

m
L
�
1

1
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
1
.0

μL
m
L
�
1

1
.7
5
μL

m
L
�
1

T
ri
ch
od
er
m
a
vi
ri
de

–
1
.7
5
μL

m
L
�
1

2
.0

μL
m
L
�
1

T
ri
ch
od
er
m
a
vi
ri
de

M
ic
ro
d
il
u
ti
o
n

–
1
.7
5
μL

m
L
�
1

2
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
1
.2
5
μL

m
L
�
1

1
.5

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
0
.1

μL
m
L
�
1

0
.7
5
μL

m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
0
.2
5
μL

m
L
�
1

1
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
1
.0

μL
m
L
�
1

1
.7
5
μL

m
L
�
1

T
ri
ch
od
er
m
a
vi
ri
de

–
0
.5

μL
m
L
�
1

0
.5

μL
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
0
.2
5
μL

m
L
�
1

2
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
0
.2

μL
m
L
�
1

2
.0

μL
m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
0
.2

μL
m
L
�
1

1
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
0
.2

μL
m
L
�
1

1
.0

μL
m
L
�
1
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L
am

ia
ce
ae

R
os
m
ar
in
us

of
fic
in
al
is

A
er
ia
l

p
ar
ts

1
,8
-C
in
eo
le

(4
4
.2
8
%
),
ca
m
p
h
o
r

(1
2
.5
4
%
),
α-
p
in
en
e
(1
1
.6
2
%
),

β-
p
in
en
e
(8
.2
6
%
)

E
pi
co
cc
um

ni
gr
um

M
ic
ro
at
m
o
sp
h
er
e,

M
ac
ro
d
il
u
ti
o
n

–
1
0
.0

μL
m
L
�
1

1
0
.0

μL
m
L
�
1

S
tu
p
ar

et
al
.
(2
0
1
4
)

T
ri
ch
od
er
m
a
vi
ri
de

–
1
0
0
μL

m
L
�
1

1
0
0
μL

m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
3
0
.0

μL
m
L
�
1

8
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
8
0
.0

μL
m
L
�
1

8
0
.0

μL
m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
1
0
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
8
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

T
ri
ch
od
er
m
a
vi
ri
de

M
ic
ro
d
il
u
ti
o
n

–
8
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
1
0
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
3
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
1
0
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
5
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

L
am

ia
ce
ae

L
av
an
du
la

an
gu
st
if
ol
ia

A
er
ia
l

p
ar
ts

L
in
al
o
o
l
(3
7
.6
1
%
),
L
in
al
o
o
l
ac
et
at
e

(3
4
.8
6
%
)

E
pi
co
cc
um

ni
gr
um

M
ic
ro
at
m
o
sp
h
er
e,

M
ac
ro
d
il
u
ti
o
n

–
2
0
.0

μL
m
L
�
1

4
0
.0

μL
m
L
�
1

S
tu
p
ar

et
al
.
(2
0
1
4
)

T
ri
ch
od
er
m
a
vi
ri
de

–
8
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
6
0
.0

μL
m
L
�
1

6
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
6
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
5
5
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
4
0
.0

μL
m
L
�
1

4
0
.0

μL
m
L
�
1

T
ri
ch
od
er
m
a
vi
ri
de

M
ic
ro
d
il
u
ti
o
n

–
7
5
.0

μL
m
L
�
1

7
5
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

ni
ge
r

–
1
0
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
5
0
.0

μL
m
L
�
1

7
5
.0

μL
m
L
�
1

B
ip
ol
ar
is
sp
ic
if
er
a

–
1
0
0
.0

μL
m
L
�
1

1
0
0
.0

μL
m
L
�
1

P
en
ic
il
li
um

sp
.

–
2
5
.0

μL
m
L
�
1

2
5
.0

μL
m
L
�
1

P
o
ac
ea
e

C
ym

b
op
og
on

ci
tr
at
u
s

F
re
sh

w
h
o
le
p
la
n

G
er
an
ia
l
(3
9
.5
3
%
),
N
er
al

(3
3
.3
1
%
),

M
y
rc
en
e
(1
1
.4
1
%
)

A
sp
er
gi
ll
us

fla
vu
s

P
ap
er

d
is
c

d
if
fu
si
o
n

in
h
ib
it
io
n
te
st

–
1
1
8
m
g
m
L
�
1

–
S
h
aa
b
an

et
al
.
(2
0
1
3
)

A
sp
er
gi
ll
us

pa
ra
si
ti
cu
s

–
5
9
m
g
m
L
�
1

–

A
sp
er
gi
ll
us

oc
hr
ac
eu
s

–
5
9
m
g
m
L
�
1

–

A
sp
er
gi
ll
us

ni
ge
r

–
1
5
m
g
m
L
�
1

–

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
5
9
m
g
m
L
�
1

–

L
am

ia
ce
ae

Sa
lv
ia

au
ch
er
i
v
ar
.

m
es
at
la
nt
ic
a

A
er
ia
l

p
ar
ts

C
am

p
h
o
r
(4
9
.0

%
),
1
,8
-C
in
eo
le

(9
.5

%
),
V
ir
id
ifl
o
ro
l
(8
.8

%
),

C
am

p
h
en
e
(7
.8

%
)

A
lt
er
na
ri
a
sp
.

P
o
is
o
n
fo
o
d

>
2
μL

m
L
�
1

–
–

L
ag
h
ch
im

i

et
al
.
(2
0
1
4
)

P
en
ic
il
li
um

ex
pa
ns
um

>
2
μL

m
L
�
1

–
–

R
hi
zo
pu
s
st
ol
on
if
er

>
2
μL

m
L
�
1

–
–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

A
st
er
ac
ea
e

E
ri
ge
ro
n

ka
rw

in
sk
ia
nu
s

A
er
ia
l

p
ar
ts

tr
an
s-
2
-c
is
-8
-M

at
ri
ca
ri
ae
st
er

(2
5
.4

%
),

g
er
m
ac
re
n
e-
D
(1
3
.1

%
),
α-
m
u
u
ro
le
n
e

(6
.4

%
),
β-
el
em

en
e
(6
.0

%
)

F
us
ar
iu
m
ox
ys
po
ru
m

A
g
ar

d
il
u
ti
o
n

–
1
0
0
0
.0

m
g
m
L
�
1

–
K
u
m
ar

et
al
.
(2
0
1
4
)

R
hi
zo
ct
on
ia

so
la
ni

–
N
I

–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

–
N
I

–

H
el
m
in
th
os
po
ri
um

m
ay
di
s

–
1
0
0
0
.0

m
g
m
L
�
1

–

A
lt
er
na
ri
a
so
la
ni

–
3
0
0
0
.0

m
g
m
L
�
1

–

E
ri
ge
ro
n
m
uc
ro
na
tu
s

tr
an
s-
2
-c
is
-8
-M

at
ri
ca
ri
ae
st
er

(6
2
.1

%
),

ci
s-
la
ch
n
o
p
h
y
ll
u
m

es
te
r
(2
1
.2

%
)

F
us
ar
iu
m
ox
ys
po
ru
m

–
1
0
0
0
.0

m
g
m
L
�
1

–

R
hi
zo
ct
on
ia

so
la
ni

–
N
I

–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

–
N
I

–

H
el
m
in
th
os
po
ri
um

m
ay
di
s

–
1
0
0
0
.0

m
g
m
L
�
1

–

A
lt
er
na
ri
a
so
la
ni

–
3
0
0
0
.0

m
g
m
L
�
1

–

E
ri
ge
ro
n
a
nn
uu
s

ci
s-
L
ac
h
n
o
p
h
y
ll
u
m

es
te
r
(6
8
.1

%
),

g
er
m
ac
re
n
e-
D
(1
0
.4

%
)

F
us
ar
iu
m
ox
ys
po
ru
m

–
1
0
0
0
.0

m
g
m
L
�
1

–

R
hi
zo
ct
on
ia

so
la
ni

–
N
I

–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

–
N
I

–

H
el
m
in
th
os
po
ri
um

m
ay
di
s

–
1
0
0
0
.0

m
g
m
L
�
1

–

A
lt
er
na
ri
a
so
la
ni

–
3
0
0
0
.0

m
g
m
L
�
1

–

L
am

ia
ce
ae

M
en
th
a
pi
pe
ri
ta

L
ea
v
es

–
R
hi
zo
ct
on
ia

so
la
ni

A
g
ar

d
il
u
ti
o
n

–
8
5
0
μL

L
�
1

1
0
0
0
μL

L
�
1

K
h
al
ed
i

et
al
.
(2
0
1
5
)

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

–
9
5
0
μL

L
�
1

N
I

A
p
ia
ce
ae

B
un
iu
m
pe
rs
ic
um

S
ee
d
s

–
R
hi
zo
ct
on
ia

so
la
ni

–
1
2
0
0
μL

L
�
1

1
5
0
0
μL

L
�
1

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

–
9
7
5
μL

L
�
1

N
I

L
am

ia
ce
ae

T
hy
m
us

vu
lg
ar
is

L
ea
v
es

–
R
hi
zo
ct
on
ia

so
la
ni

–
1
1
0
0
μL

L
�
1

1
5
0
0
μL

L
�
1

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

–
1
1
5
0
μL

L
�
1

1
5
0
0
μL

L
�
1
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L
am

ia
ce
ae

T
hy
m
us

vu
lg
ar
is

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

P
o
is
o
n
ed

fo
o
d

–
3
5
0
p
p
m
/1
0
0
m
L

6
5
0
p
p
m
/

1
0
0
m
L

M
o
h
am

m
ad
i

et
al
.
(2
0
1
3
)

B
ot
ry
ti
s
ci
ne
re
a

–
1
5
0
p
p
m
/1
0
0
m
L

2
5
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
1
5
0
p
p
m
/1
0
0
m
L

3
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
2
5
0
p
p
m
/1
0
0
m
L

4
5
0
p
p
m
/

1
0
0
m
L

T
hy
m
u
s
m
ig
ri
cu
s

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

–
1
0
0
p
p
m
/1
0
0
m
L

3
5
0
p
p
m
/

1
0
0
m
L

B
ot
ry
ti
s
ci
ne
re
a

–
5
0
p
p
m
/1
0
0
m
L

1
0
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
5
0
p
p
m
/1
0
0
m
L

1
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
1
0
0
p
p
m
/1
0
0
m
L

2
5
0
p
p
m
/

1
0
0
m
L

T
hy
m
u
s
ko
sc
hy
an
us

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

–
1
0
0
p
p
m
/1
0
0
m
L

2
0
0
p
p
m
/

1
0
0
m
L

B
ot
ry
ti
s
ci
ne
re
a

–
5
0
p
p
m
/1
0
0
m
L

1
0
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
5
0
p
p
m
/1
0
0
m
L

1
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
1
0
0
p
p
m
/1
0
0
m
L

1
5
0
p
p
m
/

1
0
0
m
L

M
en
th
a
sp
ic
at
a

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

–
3
5
0
p
p
m
/1
0
0
m
L

1
0
0
0
p
p
m
/

1
0
0
m
L

B
ot
ry
ti
s
ci
ne
re
a

–
1
0
0
p
p
m
/1
0
0
m
L

3
5
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
1
5
0
p
p
m
/1
0
0
m
L

4
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
1
5
0
p
p
m
/1
0
0
m
L

6
5
0
p
p
m
/

1
0
0
m
L

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

M
en
th
a
pu
le
gi
u
m

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

–
1
5
0
p
p
m
/1
0
0
m
L

3
5
0
p
p
m
/

1
0
0
m
L

B
ot
ry
ti
s
ci
ne
re
a

–
5
0
p
p
m
/1
0
0
m
L

1
0
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
5
0
p
p
m
/1
0
0
m
L

1
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
1
0
0
p
p
m
/1
0
0
m
L

2
5
0
p
p
m
/

1
0
0
m
L

Sa
tu
re
ja

m
ut
ic
a

A
er
ia
l

p
ar
ts

–
R
hi
zo
pu
s
or
yz
ae

–
2
5
0
p
p
m
/1
0
0
m
L

4
5
0
p
p
m
/

1
0
0
m
L

B
ot
ry
ti
s
ci
ne
re
a

–
5
0
p
p
m
/1
0
0
m
L

1
5
0
p
p
m
/

1
0
0
m
L

P
en
ic
il
li
um

ex
pa
ns
um

–
1
0
0
p
p
m
/1
0
0
m
L

2
5
0
p
p
m
/

1
0
0
m
L

R
hi
zo
pu
s
st
ol
on
if
er

–
1
5
0
p
p
m
/1
0
0
m
L

3
5
0
p
p
m
/

1
0
0
m
L

L
am

ia
ce
ae

M
el
is
sa

of
fi
ci
na
li
s

A
er
ia
l

p
ar
ts

1
,2
-P
ro
p
an
ed
io
l
(3
1
.2
6
%
),
2
-p
ro
p
an
o
l

1
,1

o
x
y
b
is
(2
3
.3
0
%
),
d
ih
y
ro
m
y
cr
en
o
l

(1
0
.9
9
%
),
b
en
ze
n
e
1
,1
-o
x
y
b
is

(6
.2
0
%
)

P
en
ic
il
li
um

ve
rr
uc
os
um

M
ac
ro
d
il
u
ti
o
n

b
ro
th

–
1
2
5
μL

m
L
�
1

2
5
0
μL

m
L
�
1

O
zc
ak
m
ak

et
al
.
(2
0
1
2
)

C
u
p
re
ss
ac
ea
e

Ju
ni
pe
ru
s
co
m
m
un
is

A
er
ia
l

p
ar
ts

α.
-C
ed
ro
l
(1
9
.4
4
%
),
3
,4
A
,7
,7
,1
0
A
-

p
en
ta
m
et
h
y
l-
3
-
v
in
y
ld
o
d
ec
ah
y
d
ro
-1
H
-

b
en
zo

(F
)c
h
ro
m
en
e
(7
.8
6
%
)

R
hi
zo
ct
on
ia

so
la
ni

M
y
ce
li
a
ra
d
ia
l

g
ro
w
th

in
h
ib
it
io
n

>
1
m
g
m
L
�
1

–
–

A
b
b
as
sy

an
d

M
ar
ei

(2
0
1
3
)

L
am

ia
ce
ae

T
hy
m
us

vu
lg
ar
is

F
lo
w
er
in
g

to
p
s
an
d

le
av
es

T
h
y
m
o
l
(4
5
.3
5
%
)

R
hi
zo
pu
s
st
ol
on
if
er

A
g
ar

d
il
u
ti
o
n

>
1
m
g
m
L
�
1

–
–

A
b
b
as
sy

an
d

M
ar
ei

(2
0
1
3
)

R
hi
zo
ct
on
ia

so
la
ni

>
1
m
g
m
L
�
1

–
–

R
hi
zo
pu
s
st
ol
on
if
er

>
1
m
g
m
L
�
1

–
–

P
in
ac
ea
e

P
in
us

ha
le
p
en
si
s

S
p
in
es

C
ar
y
o
p
h
y
ll
en
e-
o
x
id
e
(4
8
.1
5
%
),

th
u
m
b
er
g
o
l
(8
.3
4
%
),
h
u
m
u
le
n
e-
o
x
id
e

(6
.6
7
%
),
p
h
en
et
h
y
l-
v
al
er
at
e
(5
.7
9
%
)

A
sp
er
gi
ll
us

ni
ge
r

D
is
k
d
if
fu
si
o
n

>
1
5
μL

m
L
�
1

–
–

A
b
i-
A
y
ad

et
al
.
(2
0
1
1
)

A
.
fla
vu
s

>
1
5
μL

m
L
�
1

–
–

F
us
ar
iu
m
ox
ys
po
ru
m

>
1
5
μL

m
L
�
1

–
–

R
hi
zo
pu
s
st
ol
on
if
er

>
1
5
μL

m
L
�
1

–
–
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L
am

ia
ce
ae

M
en
th
a
pi
pe
ri
ta

L
ea
v
es

M
en
th
o
n
e
(3
0
.6
3
%
),
m
en
th
o
l

(2
5
.1
6
%
),
m
en
th
o
fu
ra
n
(6
.4
7
%
),

β-
p
h
el
la
n
d
re
n
e
(5
.5
9
%
)

D
re
ch
sl
er
a
sp
ic
if
er
a

A
g
ar

d
il
u
ti
o
n

–
8
0
0
μL

L
�
1

M
o
g
h
ad
d
am

et
al
.
(2
0
1
3
)

F
us
ar
iu
m
ox
ys
po
ru
m

f.
sp
.
ci
ce
ri
s

–
1
6
0
0
μL

L
�
1

–

M
ac
ro
ph
om

in
a

ph
as
eo
li
na

–
>
1
6
0
0
μL

L
�
1

L
am

ia
ce
ae

R
os
m
ar
in
us

of
fic
in
al
is

L
ea
v
es

1
,8

C
in
eo
le

(5
2
.2

%
),
ca
m
p
h
o
r

(1
5
.2

%
),
α-
p
in
en
e
(1
2
.4

%
)

F
us
ar
iu
m

ve
rt
ic
il
li
oi
de
s

A
g
ar

d
il
u
ti
o
n

–
1
5
0
μg

m
L
�
1

1
5
0
μg

m
L
�
1

B
o
m
fi
m

et
al
.
(2
0
1
4
)

C
o
m
p
o
si
ta
e

In
ul
a
br
it
an
ni
ca

F
lo
w
er
s

–
A
lt
er
na
ri
a
al
te
rn
at
a

–
>
1
m
g
m
L
�
1

–
–

Z
h
ao

et
al
.
(2
0
1
3
)

A
.
so
la
ni

>
1
m
g
m
L
�
1

–
–

B
ot
ry
ti
s
ci
ne
re
a

>
1
m
g
m
L
�
1

–
–

C
er
co
sp
or
iu
m

pe
rs
on
at
a

>
1
m
g
m
L
�
1

–
–

C
ol
le
to
tr
ic
hu
m

de
m
at
iu
m

>
1
m
g
m
L
�
1

–
–

C
.
or
bi
cu
la
re

>
1
m
g
m
L
�
1

–
–

F
us
ar
iu
m

gr
am

in
ea
ru
m

>
1
m
g
m
L
�
1

–
–

F
.
m
on
il
if
om

e
>
1
m
g
m
L
�
1

–
–

G
ae
um

an
no
m
yc
es

gr
am

in
is
va
r.
tr
it
ic
i

1
m
g
m
L
�
1

–
–

G
ib
be
re
ll
a
ze
ae

>
1
m
g
m
L
�
1

–
–

G
lo
eo
sp
or
iu
m

fr
uc
ti
ge
nu
m

>
1
m
g
m
L
�
1

–
–

P
hy
to
ph
th
or
a
ca
ps
ic
i

>
1
m
g
m
L
�
1

–
–

P
yr
ic
ul
ar
ia

gr
is
ea

>
1
m
g
m
L
�
1

–
–

R
hi
zo
ct
on
ia

ce
re
al
is

>
1
m
g
m
L
�
1

–
–

Sc
le
ro
ti
ni
a

sc
le
ro
ti
or
um

>
1
m
g
m
L
�
1

–
–

V
er
ti
ci
ll
iu
m

da
hl
ia
e

>
1
m
g
m
L
�
1

–
–

(c
o
n
ti
n
u
ed
)
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T
a
b
le

2
.1

(c
o
n
ti
n
u
ed
)

F
am

il
y

S
p
ec
ie
s

P
la
n
t
p
ar
t

A
ct
iv
e
co
m
p
o
u
n
d

P
at
h
o
g
en
ic

fu
n
g
i

M
et
h
o
d

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n

M
IC

a
M
F
C

R
ef
er
en
ce

A
p
ia
ce
ae

A
ng
el
ic
a
ko
re
an
a

D
ri
ed

ro
o
ts

S
ab
in
en
e
(3
1
.8
5
%
)

A
sp
er
gi
ll
us

fla
vu
s

B
ro
th

d
il
u
ti
o
n

–
1
0
0
0
–
2
0
0
0
μg

m
L
�
1

–
Ju
n
g
H
y
u
n
an
d

S
eu
n
g
W
o
n

(2
0
1
4
)

A
sp
er
gi
ll
us

fu
m
ig
at
us

–
2
0
0
0
μg

m
L
�
1

–

A
sp
er
gi
ll
us

ni
ge
r

–
1
0
0
0
–
2
0
0
0
μg

m
L
�
1

–

A
sp
er
gi
ll
us

te
rr
eu
s

–
1
0
0
0
μg

m
L
�
1

–

A
sp
er
gi
ll
us

ve
rs
ic
ol
or

–
2
5
0
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n

m
en
ta
gr
op
hy
te
s

–
2
5
0
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n
ru
br
um

–
5
0
0
μg

m
L
�
1

–

T
ri
ch
op
hy
to
n

to
ns
ur
an
s

–
2
5
0
�5

0
0
μg

m
L
�
1

–

a
>
,
�:

1
0
0
%

in
h
ib
it
o
ry

co
n
ce
n
tr
at
io
n
w
as

n
o
t
re
p
o
rt
ed

in
te
st
ed

co
n
ce
n
tr
at
io
n

b
D
if
fe
re
n
t
ra
n
g
es

ar
e
re
la
te
d
to

v
ar
io
u
s
fu
n
g
al

st
ra
in
s
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the summary of preceding results is reported

which can help to design and manufacture new

natural fungicidal products.
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Abstract

Systemic fungal infections have increased over time due to the rise in the

at-risk population, which includes immunocompromised patients, those

submitted to organ transplantation or undergoing chemotherapy. Clinically

available antifungals are limited since some of them have important side

effects, being toxic to the host cells, and some can quell filamentous fungi,

but their activity against pathogenic yeasts is not killing but controlling their

multiplication. Antimicrobial peptides are multifunctional molecules

expressed by several microorganisms or synthetized by different

techniques. They can play a central role in infection and inflammation.

Some of their other effects include chemotactic and immunomodulating

activities and wound repair. Antimicrobial peptides (AMPs) can be isolated

from a large variety of microorganisms, such as plants, vertebrates, insects,

bacteria, and fungi. They are classified into categories according to their

amino acid composition, size, and conformational structures, and naturally

occurring peptides can be synthetized. Solid-phase peptide synthesis allows

the use of nonproteinogenic amino acids and permits changes in structural

and physicochemical properties. In these terms, peptide engineering is a

useful tool to adjust features such as net charge, surface hydrophobicity, and

polarity, and it may also optimize activity and overcome the limitations

inherent to natural peptides. AMPs have potential applications in antifungal

therapeutics in human health, and recent uses of synthetic AMPs against

fungal infections are discussed in this article.
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Abbreviations

ABP-dHC Antimicrobial peptide drury

Hyphantria cunea

AIDS Acquired immune deficiency

syndrome

AMPs Antimicrobial peptides

ATP Adenosine triphosphate

BMAP Bovine myeloid antimicrobial

peptides

DNA Desoxyribonucleic acid

EDMC Electrostatically driven Monte

Carlo

FDA US Food and Drug Administration

GPI Glycosylphosphatidylinositol

HIV Human immunodeficiency virus

hLF Human lactoferrin

HNP Human neutrophils peptides

HP Human defensins

MDR Multidrug-resistant

MPTP Mitochondrial permeability

forming transition pores

PI Propidium iodate

PMAP Porcine myeloid antimicrobial

peptide

SMAP Sheep myeloid antimicrobial pep-

tide

3.1 Introduction

Pathogenic fungal infections are the seventh

most common cause of infection-related deaths

in the United States, and the fourth cause of

nosocomial infection is due to the fungal patho-

gen Candida albicans (McNeil et al. 2001;

Fisher et al. 2012; Wisplinghoff et al. 2004). Sys-

temic mycoses can be classified according to

whether the causative agent is a systemic fungal

pathogen (Coccidioides immitis, Histoplasma
capsulatum, and Paracoccidioides brasiliensis)

or one of the increasing number of opportunistic

fungal pathogens, including C. albicans, Crypto-

coccus neoformans var. grubii (Maurya

et al. 2011; Rodriguez-Cerdeira et al. 2014),

and several other ones. Those infections have

become more frequent among the increasingly

large population of individuals with severe

immune deficiencies, including those with

human immunodeficiency virus (HIV) and

acquired immune deficiency syndrome (AIDS)

(Martinez and Temesgen 2006; Marukutira

et al. 2014).

The treatments of those systemic fungal

infections are primarily based on itraconazole,

fluconazole, or amphotericin B (Rodriguez-

Cerdeira et al. 2014; Kahn et al. 2014). The

triazole group enhances the specificity for fungal

cytochrome P450 target, and the extra methyl

group in fluconazole enhances the hydrophobic

interactions at the active site, but they present

limitations of toxicity or bioavailability problems

that affect their potential use as systemic agents

(Fukuoka et al. 2003; Ostrosky-Zeichner

et al. 2010).

Amphotericin B is used for the treatment of

many types of invasive fungal infections and

binds to ergosterol to form membrane pores,

which leads to leakage of intracellular constituents

(Gabrielska et al. 2006). Despite its undeniable

antifungal activity, amphotericin B has many side

effects, such as nephrotoxicity (Fanos and Cataldi

2001; Wong-Beringer et al. 1998). These side

effects occur mainly because drug targets in fungi

are homologues of some molecular sites in

humans. In addition to this limitation, the develop-

ment of antimicrobial resistance due to the use of

broad-spectrum antifungal drugs and their limited

number for clinical purposes is a concern for public

health. Considering these facts, research into new

molecules with future potential therapeutic appli-

cation is extremely important. Antimicrobial

peptides have potential use as antifungal agents,

killing the microorganism directly, or immunomo-

dulating the host immune system response

(Maurya et al. 2011; Zhai et al. 2010;

Lakshminarayanan et al. 2014; Wong et al. 2013;

Steinstraesser et al. 2011; Lim et al. 2015).

3.2 Antimicrobial Peptides

Antimicrobial peptides (AMPs) are naturally

occurring molecules that play an important role

in the first line of defense against microbial
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threats. They can be isolated from organisms as

diverse as humans, plants, insects, and even other

microorganisms like bacteria (Zasloff 2002).

They are produced due to an exposure to

infecting microorganisms and act in order to

kill or to slow the growth of invading

microorganisms and to aid allied mechanisms

of natural and adaptive immunity (Fox 2013;

Brogden 2005).

AMPs have a broad spectrum of activity

against bacteria, fungi, enveloped viruses,

parasites, and even cancerous cells. They can

act directly on microorganism membranes or

other nonspecific cell targets, which is an advan-

tage in avoiding the development of microbial

resistance by gene mutation, as it might happen

when drugs have specific proteins as targets

(Peschel and Sahl 2006). Moreover, those

peptides can be extremely variable in length,

amino acid composition, and structure (Nguyen

et al. 2011). According to their predominant sec-

ondary structure, AMPs are divided into four

categories: (a) α-helical, (b) β-sheet, (c) mixed

α-helix/β-sheet, and (d) extended. The net posi-

tive charge of cationic peptides (þ2 or þ9)

mediates their selective activity against

microorganisms’ cells that carry a negative net

charge due to arginine and lysine residues. Those

peptides also have approximately 50 % of hydro-

phobic amino acids that facilitate interactions

with the fatty acyl chains (Steckbeck

et al. 2014; Hancock and Patrzykat 2002;

Garibotto et al. 2010; Hancock and Rozek 2002).

Some of the AMP mechanisms of action

involve different membrane interactions. Mem-

brane disruption can occur through the formation

of toroidal pores, composed of loosely associated

peptides with interdigitating phospholipid head

groups among them. Those peptides are at a criti-

cal threshold concentration (Brogden 2005). Dif-

ferently, in the “barrel-stave model,” the peptides

are not associated with the lipid head groups, but

their hydrophobic regions alignwith the lipid core

region of the bilayer, and the hydrophilic peptide

regions form the interior region of the pore (Yang

et al. 2001). Another type of membrane interac-

tion is through peptide accumulation on the

bilayer surface, since they are electronically

attracted to the anionic phospholipid head groups

at numerous sites, thus covering the surface of the

membrane in a carpet-like manner. At high pep-

tide concentrations, these surface-oriented

peptides may act like detergents, leading to the

formation of micelles (Shai 1999; Ladokhin and

White 2001).

The mechanism of action for the antifungal

activity of peptides is generally more complex

and often involves entry of the peptide into the

cell. It occurs mainly because of the fungal cell

architecture, briefly described since they are

targets for antifungal drugs (Yu et al. 2014). The

cell wall has been shown to be primarily com-

posed of chitin, glucans, and glycoproteins, all of

them being covalently cross-linked together. The

glycoproteins presented in the cell wall are exten-

sively modified with both N- and O-linked

carbohydrates and, in many instances, contain a

glycosylphosphatidylinositol (GPI) anchor as

well (Bowman and Free 2006). The β-glucan net-
work consists largely of (1–3)-β-glucans with

(1–6)-β-branches. In yeast (1–6)-β-glucans are

also present. The cell wall is also composed of

glycosylated proteins that can be decorated with

mannose, galactose, glucose, and uronic acid

residues. Chitin and (1-3)-β-glucan layer are a

target for a wide range of antifungal molecules

that can affect their synthesis and lead to a growth

inhibitory effect (Fontaine et al. 2000;

Schoffelmeer et al. 1999; Theis and Stahl 2004).

Figure 3.1 is a schematic representation of some

possible peptide membrane interactions and the

basic fungi cell wall structure. Fungal plasma

membranes are composed of three main lipids

including phospholipids, sphingolipids, and

sterols, mainly ergosterol (differently from mam-

malian cells, composed of cholesterol). The dif-

ference in sterol content has been exploited in the

mechanism of antifungal drugs such as

amphotericin B and azoles (van der Weerden

et al. 2013; Kaminski 2014). The mechanisms

through which AMPs have antimicrobial activity

involve not only membrane physiology interfer-

ence or disruptions (as described by the proposed

models of barrel-stave, carpet, or toroidal pores).

They might also interact with protein targets

associated with the membrane or by intracellular
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targets, including DNA and protein synthesis,

protein folding, enzymatic activity, and cell wall

synthesis, which may confound the generation of

resistance development (Lakshminarayanan

et al. 2014; Brogden 2005; Jenssen et al. 2006;

Hale and Hancock 2007; Hancock et al. 2012;

Yount et al. 2006). As an example, histatins bind

to a receptor in the fungal cell membrane, enter

the cytoplasm, and induce the non-lytic loss of

ATP from actively respiring cells. Their action

can also disrupt the cell cycle and lead to the

generation of reactive oxygen species (Kavanagh

and Dowd 2004; De Smet and Contreras 2005)

(Table 3.1).

The isolation and characterization of a natural

peptide is a long and laborious process that can

hinder the clinical use of AMPs. A new approach

is the design of synthetic sequences, which are

the result of optimizing sequence and chemical

characteristics that are common to many types of

AMPs (pharmacophoric patron). Ideally, an anti-

fungal peptide agent should be as short as possi-

ble, and therefore the de novo peptide design

approaches help to minimize costs production

and can help to overcome the low in vivo activ-

ity, the labile nature of peptides, and potential

toxicity (Steckbeck et al. 2014; Garibotto

et al. 2010).

Fig. 3.1 Peptide interaction with the fungal membrane.

Schematic representation of the fungal cell wall, com-

posed of outer protein layer with carbohydrate residues

(dark purple). Peptides with hydrophilic head group and

hydrophobic acyl side chain regions (dark green, light
green, and orange) interacting with fungal plasma mem-

brane as barrel-stave pore (a), toroidal pore (b), or by

membrane translocation (c) and membrane disruption in a

carpet-like manner (d), as highlighted for LL-37. These

interactions depend on the peptide, its concentration, and

lipid composition of the membrane. Some peptides such

as histatins, β-defensins, lactoferricins, RK-31, KS-30,
and hLF (1-11) can reach internal targets such as the

mitochondria (e). Histatin 5 also leads to the generation

of (f) reactive oxygen species – ROS (black spindles). The
non-lytic release of ATP (pink) (g) by HNP-1, HNP-2,

HNP-3a, histatin-5, hLF(1–11), hLF(21–31), and B4010

might activate cell death pathway and (h) induce G1

phase arrest of the nucleus (i)
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Table 3.1 Antifungal peptides

Antifungal peptides

Origin Name Species Effective References

Insect Alo-3 Acrocinus longimanus Candida albicans,
C. albicans ATCC 90030,

C. glabrata, C. glabrata
ATCC 36082

van der Weerden et al. (2013)

and Barbault et al. (2003)

Termicin Pseudocanthotermes
spiniger

C. albicans, Cryptococcus
neoformans

Da Silva et al. (2003) and

Lamberty et al. (2001)

Holotricin-3 Holotrichia
diomphalia

C. albicans Lee et al. (1995)

Tenecin-3 Tenebrio molitor C. albicans Kim et al. (1998)

Cecropin A Hyalophora cecropia,
Drosophila

Aspergillus fumigatus Steiner et al. (1988) and De

Lucca et al. (1997 2000)

ABP-dHC-

cecropin

Hyphantria cunea C. albicans, Neurospora
crassa, Rhyzopus,
Fusarium, Alternaria,
Mucor

Zhang et al. (2015)

Rondonin Acanthoscurria
rondoniae

C. albicans, C. krusei,
C. glabrata,
C. parapsilosis,
C. tropicalis,
C. guilliermondii

Riciluca et al. (2012)

Amphibian Brevenin-

1BYa

Rana boylii C. albicans, Staphylococcus
aureus

Conlon et al. (2003), Yeaman

and Yount (2003), and Pal

et al. (2006)

Brevenin-

1Pa,

brevenin-

1Pb,

brevenin-1Pc

Rana pipiens C. albicans, S. aureus,
Escherichia coli

Goraya et al. (2000) and

Marenah et al. (2004)

Temporin A Rana temporaria C. albicans Mangoni et al. (2000)

Mammalian Indolicidin Cytoplasmic granules

of neutrophils

C. albicans, C. neoformans,
S. aureus, E. coli

Selsted et al. (1992), Lee

et al. (2003) and Hsu

et al. (2005)

BMAP-28 Bovine myeloid

antimicrobial peptide

C. albicans, mammalian

tumor cells

Risso et al. (2002)

SMAP-29 Sheep myeloid

antimicrobial peptide

C. albicans, Pseudomonas
aeruginosa

Lee et al. (2002a), Shin

et al. (2001) and Dawson and

Liu (2011)

PMAP-23 Porcine myeloid

antimicrobial peptide

C. albicans Park et al. (2002b) and Lee

et al. (2001, 2002b)

Protegrin-1 Porcine cathelicidin C. albicans, C. neoformans Dawson and Liu (2010)

LL-37 Human secretions C. albicans, Gram-positive

and Gram-negative bacteria

den Hertog et al. (2005), Durr

et al. (2006), and Oudhoff

et al. (2010)

HNP1,

HNP-2,

HNP3a

Human neutrophils C. albicans, C. neoformans,
Coccidioides immitis,
Rhizopus oryzae,
A. fumigatus

Ganz (2003, 2005), Raj and

Dentino (2002), and Lehrer

et al. (1988)

Histatin 5 Human salivary

peptide

C. albicans, C. neoformans,
A. fumigatus

Xu et al. (1999), Tsai and

Bobek (1997), Situ

et al. (2000), and

Helmerhorst et al. (2001)

hLF(1–11),

hLF (21–31)

Human lactoferrin C. albicans Lupetti et al. (2000) and

Viejo-Diaz et al. (2004)

(continued)
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De novopeptide design includes high-

throughput combinatorial library screening,

structure base modeling, predictive algorithms,

and introduction of non-coded modifications to

conventional peptide chemistry (Nguyen

et al. 2011; Blondelle and Lohner 2010). The

great importance of designed peptides is that

many specific properties, such as hydrophobicity,

hydrophobic length, or nature of flanking

residues, can be systematically varied. Ideally,

artificial transmembrane peptides should serve

as mimics for transmembrane segments of mem-

brane proteins (Holt and Killian 2010). It is pos-

sible to synthetize shorter peptides structurally

related to another known peptide, exploring the

influence of amino acid substitutions and

deletions on its antifungal activity. Linear

peptides are flexible, and their possible tridimen-

sional conformations are therefore very complex

to determine. It is necessary to use tools to per-

form conformational analysis for these structures

(Garibotto et al. 2010). Figure 3.2 shows

structures of some antifungal peptides deposited

in RSCB Protein Data Bank website by their

authors, including its PDB code (Barbault

et al. 2003; Da Silva et al. 2003; Saravanan

et al. 2013; Friedrich et al. 2001; Yang et al.

2009; Tack et al. 2002; Fahrner et al. 1996;

Wang 2008; Zhao et al. 2013; Day et al. 1993).

3.3 Insect Antifungal Peptides

Insect peptide Alo-3 was isolated from the cole-

opteran Acrocinus longimanus. This peptide

contains six cysteine residues, forming three

disulfide bridges and an antiparallel β-sheet
with a long flexible loop connecting the first

strand to the second strand and a series of turns.

Alo-3 belongs to the knottin-type family of

proteins with a cysteine-stabilized, “knotted”

topology, defined by two parallel disulfide

bonds, threaded by a third one. It has no nega-

tively charged residues and displays a cationic

Table 3.1 (continued)

Antifungal peptides

Origin Name Species Effective References

Synthetic B4010 Originated from a

secondary peptide

derived from human

β-defensin3

C. albicans Eckert (2011) and Nguyen

et al. (2010)

Penetratin 1 Cell-penetrate peptide C. albicans, C. neoformans Milletti (2012) and Masman

et al. (2009)

Fig. 3.2 Structures of antifungal peptides. Schematic

representation of antifungal peptide based on nuclear

magnetic resonance. Each PDB code is in parenthesis.

Alo-3 (a), termicin (b), temporin-1 (c), indolicidin (d),

BMAP-27(e), SMAP-29 (f), protegrin-1 (g), LL-37 (h),
HNP1 (i), and (hLF) (j). All images were done using The

Pymol molecular graphic system, v1.7.4
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pole on its surface that may contribute to its

antifungal activity (van der Weerden

et al. 2013). Barbault and coworkers (2003)

tested two other homologous peptides, Alo-1

and Alo-2, with sequence identity above 80 %,

but Alo-3 was the most effective against Candida
glabrata and C. albicans, both tested not only

against clinical isolates of those pathogens but

also against ATCC strains (ATCC90030 and

ATCC 36082, respectively). Another peptide

derived from insects is termicin, isolated from

the fungus-growing termite Pseudocanthotermes
spiniger (heterometabole insect, Isoptera).

Termicin is a cysteine-rich antifungal peptide

with a α-helical segment and two antiparallel

β-sheets forming a “cysteine αβ motif,” also

found in antibacterial and antifungal defensins

and from plants. Termicin showed activity

against C. albicans and C. neoformans, but was

inactive against C. glabrata (Da Silva et al. 2003;

Lamberty et al. 2001).

Likewise, C. albicans growth was inhibited by

holotricin-3 and tenecin-3 peptides, isolated from

the hemolymph of the coleopteran insect

Holotrichia diomphalia and from the larvae of

Tenebrio molitor, respectively (Kim et al. 1998;

Lee et al. 1995). Tenecin-3 had a better

candidacidal effect, and its uptake and internali-

zation by the cell are essential for its antimicro-

bial activity. This indicates an inner target

involvement in the process of killing, since mem-

brane permeabilization and calcein release were

not observed. Uptake of tenecin-3 was inhibited

at low temperature (0 �C) and by the presence of

the oxidative phosphorylation inhibitor, sodium

azide (Kim et al. 2001). Chae and coworkers

(2012) isolated a new 14 kDa peptide, named

tenecin-4, which was effective against

Escherichia coli but not against Bacillus subtilis
or C. albicans.

An interesting group of insect peptides is the

cecropins, which were originally isolated from

the cecropin moth (Hyalophora cecropia) and

have been found in insects like Drosophila (van

der Weerden et al. 2013). Cecropins are basic

35–39 amino acid residue peptides that can fold

into two amphipathic α-helices, separated by a

more flexible hinge. Their mode of action against

bacteria is based on the formation of either

voltage-dependent ion channels or general dis-

ruption of the membrane by a “carpet-like”

mechanism (Steiner et al. 1988). Cecropin A, a

37 amino acid residue peptide, is complexed with

lipopolysaccharide and in germinating cells of

Aspergillus fumigatus induces death, whereas

binding and cell death were not observed with

non-germinating hyphae (De Lucca et al. 1997).

De Lucca and coworkers (2000) have proposed

the mode of action of this peptide as involving

disruption of the plasma membrane. The ABP-

dHC-cecropin A (antimicrobial peptide drury

Hyphantria cunea), a highly cationic peptide

isolated from the fat bodies of drury moths

(H. cunea), has shown a strong antifungal activ-

ity against both C. albicans and Neurospora

crassa as well as Rhyzopus, Fusarium,
Alternaria, and Mucor species (Zhang

et al. 2015).

Riciluca and coworkers (2012) have recently

isolated a peptide named rondonin from the spi-

der Acanthoscurria rondoniae. This peptide

shows a molecular mass of 1236.77 Da and activ-

ity against C. albicans, C. krusei, C. glabrata,

C. parapsilosis, C. tropicalis, and

C. guilliermondii. Otherwise, no deleterious

activities against human erythrocytes or Gram-

positive and Gram-negative strains were

observed.

3.4 Amphibian Antifungal
Peptides

Amphibians inhabit environments that provide a

great challenge for their immunity, providing

valuable information about prospective func-

tional molecules. In this context, peptides have

been isolated and described. Some of them, like

brevinins and temporins, were effective against

human fungal pathogens (Xu and Lai 2015).

Brevinins consist of two families named

brevinin-1 (24 residues) and brevinin-2 (33–34

residues), and they were first described in 1992

by Morikawa and coworkers (Morikawa

et al. 1992), who isolated these peptides from

the skin of the Japanese frog Rana brevipoda
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porsa, demonstrating microbicidal activity

against a wide range of Gram-positive, Gram-

negative bacteria and pathogenic fungi strains.

Up to now about 350 types of brevinins have

been discovered, sharing common features like

linearity, amphipathicity, and cationicity, and

some of them have a C-terminal disulfide-bridge

cyclic heptapeptide, called a rana box (Novkovic

et al. 2012; Savelyeva et al. 2014). Brevinin-1

exists as a random coil in aqueous solution, but

adopts an amphipathic α-helical structure in a

hydrophobic membrane-mimetic environment

such as 50 % trifluoroethanol. The brevinin-1

peptides generally comprise an N-terminal

hydrophobic region, a proline containing a

hinge region in the central portion, and a

C-terminal disulfide-bonded loop (Kwon

et al. 1998). The α-helical structure leads to per-

turbation of the phospholipid bilayer of target

membranes in the “barrel-stave” and “carpet-

like” models (Savelyeva et al. 2014)

Conlon and coworkers (2003) isolated the pep-

tide brevinin-1BYa (FLPILASLAAKFGPKLFCL

VTKKC) from the norepinephrine-stimulated skin

secretions from the foothill yellow-legged frog

Rana boylii. This peptide was potent against

C. albicans and Staphylococcus aureus, but its
therapeutic potential is limited due to its strong

hemolytic activity. The research group has also

substituted amino acid in the original molecule,

which leads to brevenin-1BYb and brevenin-

1BYc peptides with fourfold and tenfold reduction

against C. albicans, respectively. The change in

the cationic residues can be the explanation of the

observed result, since this global net charge reduc-

tion affects the initial binding to the negatively

charged phospholipids in the microorganisms’

cell membranes (Yeaman and Yount 2003).

Another study evaluated the antimicrobial activity

of brevinin-1BYa and investigated the growth

inhibitory activity of a synthetic replicate of this

peptide: [Ser18, Ser24] brevinin-1BYa (FLPILASL

AAKFGPKLFSLVTKKS). The group observed

an eightfold reduced hemolytic activity compared

to the native peptide and suggested that this reduc-

tion arises fromdestabilization of the α-helix in the
C-terminal region of the peptide associated with

replacement of the cysteine bridge. Antimicrobial

activities against C. albicans and Gram-negative

bacteria were reduced. In contrast, substituting the

two cysteines for serines abolished the antifungal

activity (Park et al. 2002a; Pal et al. 2006). Peptides

isolated from Rana pipiens, such as brevinin-1Pa,

brevinin-1Pb, and brevinin-1Pc, were also effec-

tive againstC. albicans, S. aureus, andEscherichia

coli (Goraya et al. 2000). In addition, brevinins are

able to stimulate insulin release, which causes

hypoglycemia in frogs attacking predators. This

property can also be explored for the treatment of

patients with type 2 diabetes (Marenah et al. 2004;

Abdel-Wahab et al. 2010).

Another class of amphibian peptides is the

temporins. They were initially identified in

1996 in skin secretion of the European red frog

Rana temporaria (Simmaco et al. 1996), but they

can be isolated from several other frog species as

well as from wasp venom (Rollins-Smith

et al. 2003). They are a group of linear short

peptides (10–14 amino acid residues) with a net

cationic charge and an amidated C-terminus. In

an apolar environment, temporins showed a

marked propensity to adopt an amphipathic

α-helical structure. Temporins are not as basic

as other cationic peptides, although in the most

potent, temporin A, the one basic residue is

essential for activity. Temporins A and B have

been reported to be active against C. albicans and

Gram-positive and Gram-negative bacteria.

These peptides permeate both artificial and

biological membranes, but they do not lyse

human erythrocytes, which suggests there are

additional factors involved in the mechanism of

action on different cell types (van der Weerden

et al. 2013; Mangoni et al. 2000; Wade

et al. 2000; Hujakka et al. 2001; Carotenuto

et al. 2008).

3.5 Mammalian Antifungal
Cathelicidins

Cathelicidins are peptides of approximately

100 amino acid residues, and their sequences

are related to cathelin, a cystatin-like protein.

They are commonly found in humans and other

species such as sheep, pigs, horses, cattle,
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chickens, rabbits, and some species of fishes,

being usually stored in the secretory granules of

neutrophils and macrophages. They can also be

released extracellularly upon leukocyte activa-

tion (Zanetti 2005; Kosciuczuk et al. 2012). The

term cathelicidins was first proposed in 1995 to

acknowledge the evolutionary relationship of the

novel protein family to cathelin, and it is used to

denote holoproteins that contain a cathelin-like

sequence and a cationic antimicrobial domain

(Zanetti et al. 1995). The first is a conserved

N-terminal sequence (“cathelin” domain, the

cathepsin L inhibitor), and the second is a

C-terminal antimicrobial domain of varied

sequence and length (both interspecies and intra-

species), which express their activity after they

have been cleaved from the holoprotein

(Gennaro and Zanetti 2000). In mammals,

cathelicidins were first identified in bone marrow

myeloid cell, and therefore they are also named

“myeloid antimicrobial peptides” (MAP)

(Zanetti 2005).

Among the cathelicidin peptides, some pres-

ent antifungal activity and this is stronger against

yeast than against filamentous fungi (Benincasa

et al. 2006). Indolicidin is a tryptophan-rich

bovine cathelicidin peptide of 13 amino acid

residues (ILPWKWPWWPWRR-NH2), purified

from the cytoplasmic granules of neutrophils and

found in bone marrow cells as a 144-long amino

acid precursor (Selsted et al. 1992; Del Sal

et al. 1992). This peptide showed activity against

fungi C. albicans and C. neoformans, as well

toward bacteria S. aureus and E. coli (Benincasa

et al. 2006). The fungicidal activity involves

membrane disruption, DNA binding and topo-

isomerase 1 inhibition. In the first situation, the

peptide interacts with the lipid bilayers in a salt-

and energy-dependent manner. The DNA inter-

action occurs by DNA synthesis inhibitors bind-

ing DNA or proteins involved in the process.

Indolicidins may also interact in other biosynthe-

sis pathways or in cell cycle signal transduction

(Lee et al. 2003; Hsu et al. 2005).

Other bovine cathelicidins with fungicidal

activity are bovine myeloid antimicrobial

peptides (BMAP) of 27 and 38 amino acid

residues, BMAP-27 and BMAP-28, respectively.

BMAP-28 is toxic for mammalian tumor cells,

inducing their apoptosis, and it was also

demonstrated that it induces mitochondrial per-

meability, forming transition pores (MPTP),

resulting in the release of cytochrome c. The

cytotoxic activity has been related to the struc-

tural features of the peptide, which consists of a

cationic N-terminal sequence predicted to

assume an amphipathic α-helical conformation

(residues 1–18) and a C-terminal hydrophobic

tail (residues 19–27). This hydrophobic tail is

responsible for the peptide activity, since its ana-

logue, BMAP28 (1–18), which comprises the

18 N-terminal residues, showed a reduction in

MPTP effect. BMAP28 cytotoxicity requires an

active metabolism of the target cells (Risso

et al. 2002).

SMAP-29 is cathelicidin-like peptide derived

from myeloid sheep with α-helical structure in a

hydrophobic environment, and its C-terminal

hydrophobic domain has a strong membrane per-

meability (Chen et al. 2011; Skerlavaj

et al. 1999). This peptide concentrates on the

plasma membrane of treated cells and causes

propidium iodide (PI) uptake, provided by the

cells that are metabolically active. Lee and

coworkers (2002a) suggest that membrane dis-

ruption by SMAP-29 occurs via pore formation,

due to a direct interaction with the lipid bilayers

and irregularly disrupted fungal membranes in an

energy- and salt-dependent manner. SMAP-29,

however, is strongly hemolytic against human

erythrocytes. A variant of SMAP-29, [K22,25,27]-

SMAP-29, is effective against bacterial and fun-

gal cells in physiological salt concentrations and

was not injurious to eukaryotic cells, such as

human erythrocytes (Shin et al. 2001; Dawson

and Liu 2011).

Isolated from porcine myeloid, peptide

PMAP-23 was identified by cDNA cloning and

is 23 residues long, cationic (þ7), and amphi-

pathic. In a hydrophobic environment, it forms

two α-helices joined by a flexible region when

membrane-bound (Roversi et al. 2014; Park

et al. 2002b). This peptide is capable of binding

to plasma membrane of C. albicans protoplasts,

indicating that an interaction with the cell wall is

not a requirement for the inhibitory activity of
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this peptide, which also did not show hemolytic

activity (Park et al. 2002b; Lee et al. 2001). Lee

and coworkers (2002b) designed several analogs

of PMAP-23, with amino acid substitutions in

order to increase the net hydrophobicity by Trp

(W)-substitution at positions 10, 13, or 14 on the

hydrophilic face of the peptide. In C. albicans the

P6 analog peptide exerted its fungicidal effect on

the blastoconidia by disrupting the mycelial

forms, causing significant morphological

changes. Meanwhile, P6 also displayed about

fourfold greater antitumor activity than the par-

ent PMAP-23.

Porcine cathelicidins, such as protegrin-1

(PG-1), showed activity against clinical isolates

of fungi, including those resistant to conven-

tional medicines used in human therapy

(Benincasa et al. 2006). These peptides and

their variants have a rather rigid antiparallel

β-sheet (β-hairpin) structure that is stabilized by

two intramolecular disulfide bonds. The linear

peptide forms have been reported to be consider-

ably less active than the native form, being sen-

sitive to physiological salt concentrations

(Dawson and Liu 2010). PG-1, BMAP-27,

BMAP-28, SMAP-29, and indolicidin showed

deleterious activity against a number of nosoco-

mial yeast strains, mainly Candida spp. and

C. neoformans (Benincasa et al. 2006).

The most famous prototype of cathelicidin

group is human cathelicidin LL-37, which attains

a helical structure when bounded to cell wall and

plasma membrane of treated cells and has the

protein hCAP-18 as its precursor. LL-37 is

secreted in human sweat and further processed

into RK-31 and KS-30, more active peptides that

retain their activity even in high salt conditions.

Moreover, they are able to enter the cytoplasm of

C. albicans cells, suggesting that their increased

activity may result from interaction with intra-

cellular targets. In contrast, LL-37 could not be

detected in the cytoplasm (den Hertog

et al. 2005, 2006; Lopez-Garcia et al. 2005).

LL-37 showed a pH-dependent activity against

C. albicans, disrupting its membrane and

allowing leakage of proteins of up to 40 kDa

into the medium (den Hertog et al. 2005). This

peptide discriminates against phospholipid

monolayers containing negatively charged lipids,

as SMPA-29 does. However, experiments com-

paring these two peptides demonstrated that the

LL-37 peptide had a more potent effect than the

SMAP-29, suggesting that its interaction with

monolayers involves other factors, such as

hydrophobicity, size, and charge distribution,

although SMAP-29 has a higher net positive

charge (þ10), and it would be expected to be

more attracted to the negatively charged lipid

monolayers (Neville et al. 2010). When com-

pared to histatin-5, LL-37 induced higher mor-

phological defects, but the efflux of nucleotides

is similar in comparable candidacidal

concentrations, suggesting that the loss of

nucleotides plays an important role in the killing

process (den Hertog et al. 2005). LL-37 has been

found to have additional activities, such as

regulating the inflammatory response and

chemo-attracting cells of the adaptive immune

system to wound or infection sites, helping to

neutralize the microorganism and promoting

re-epithelization and wound closure (Durr

et al. 2006; Oudhoff et al. 2010).

3.6 Mammalian Antifungal
Defensins

Mammalian defensins are a large group of

peptides with an important role in the host’s

immune system. They can be divided into the

α- and β-defensins based on their structural

characteristics and cysteine spacing pattern (van

der Weerden et al. 2013). Both defensins were

first identified as antimicrobial compounds

involved in innate immunity. In humans, α- and
β-defensins are expressed mainly in different

sites: the α-defensins are mostly expressed in

neutrophils (known as human neutrophil peptides

(HNP), or human defensins (HP) when expressed

in natural killer cells) and the β-defensins are

secreted by the epithelial cells of the skin and

mucosae and known as HβD (Suarez-Carmona

et al. 2014). Apart from the antimicrobial

activities, the defensins appeared as modulators

of the adaptive immune system and angiogene-

sis, key mediators of wound healing and
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determinant players in male fertility (Ganz 2003;

Oppenheim et al. 2003). The α-defensins com-

prise 29–35 amino acid peptides that share six

conserved cysteine residues with three disulfide

bonds. Their structure is formed by an amphi-

pathic and antiparallel β-sheet. They also have a

β-hairpin loop containing cationic charged

molecules. The β-defensins are longer than their

α-counterparts (34–42 residues in length) and are
triple-stranded with an antiparallel β-sheet as

well as a short α-helix (De Smet and Contreras

2005; Selsted and Ouellette 2005). The human

defensins present activity against a wide range of

microorganisms, including fungal pathogens.

HNP 1–3 are identical apart from one

N-terminal amino acid, which makes HNP

3 completely inactive against C. albicans, while

HNP 1–2 is candidacidal. HNP 4 is also toxic to

C. albicans cells, and the mechanism of action of

those peptides on fungal cells has been proposed

to be by membrane permeabilization (Ganz and

Lehrer 1995; Ganz 2005). NP 1 seems to work in

the same way, but differently from HNP, and it

was shown to be dependent on the metabolic

activity of the target cells. HNP-1 causes

C. albicans to release ATP, just as histatin

5 does, but in contrast, it did not seem to lyse

cells. NP-1, NP2, and NP3a were highly effective

against C. albicans, and NP-1 was effective

against C. neoformans, Coccidioides immitis,
and hyphae and germinating conidia of Rhizopus

oryzae and Aspergillus fumigatus (van der

Weerden et al. 2013; Raj and Dentino 2002;

Lehrer et al. 1988).

Moreover, β-defensins, HβD 2 and HβD 3, are

potent inhibitors of C. albicans. Exposure to this

microorganism and to Trichophyton rubrum and

A. fumigatus stimulates HβD 2 expression.

A. fumigatus also induces the expression of

HβD 9. The mechanisms of action of these

peptides are not well known, but some

requirements seem to be necessary for their

activities, such as metabolically active cells and

a low concentration, since they have a strong

positive net charge, which in high concentrations

of cations may decrease efficacy (Dhople

et al. 2006; Joly et al. 2004; Liu et al. 2002;

Alekseeva et al. 2009). Another antifungal

peptide is Novexatin, a cyclic and highly cationic

peptide (1,093 daltons), arginine rich, based on

the human α and β defensins. It is currently in

phase 1/2 of clinical trials for use against fungal

infections of the toenails; NovaBiotics

(Aberdeen, UK) is the company responsible for

its development (Fox 2013).

3.7 Mammalian Antifungal
Histatins

The histatin family consists of 12 members of

histidine-rich peptides from which histatins 1 and

3 (the full-length proteins and gene products) and

histatin 5 (a cleavage product of histatin 3) are

the main ones and constitute 70–80 % of the total

amount (Xu et al. 1999). The other nine members

are proteolytic cleavage products of these

peptides (Fitzgerald et al. 2003). Although they

are named due to a high number of histidine

residues, other amino acids including lysines

(Lys5 and Lys13) rather than histidines have key

importance for fungicidal activity (Kumar

et al. 2011; Rothstein et al. 2001). Studies dem-

onstrate that histatins have a number of

biological activities in vitro, such as the mainte-

nance of tooth surface integrity, histamine

release induction, and potentiation of rabbit

chondrocyte growth (Hay 1975; Oppenheim

et al. 1986; Sugiyama et al. 1985; Murakami

et al. 1994). The histatins are encoded by two

closely related genes (HIS1 and HIS2), with

histatin 1 and histatin 3 as primary products of

HISI and HIS2, respectively (Sabatini and Azen

1989).

Histatin 5 was obtained from histatin 3 (Raj

et al. 1998) and has the strongest antimicrobial

activity against pathogenic fungi C. albicans,

C. neoformans, and A. fumigatus (Kavanagh

and Dowd 2004). This histatin is 24-amino acid

residues long with seven histidines, four

arginines, and three lysines, and its fungicidal

activity resides in a region of 11–24 residues at

the C-terminal, referred to as the functional

domain or dh-5 (Driscoll et al. 1995). In a non-

aqueous environment, the peptide adopts a

α-helical conformation, and, like histatin 3, in
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an aqueous environment it adopts a random coil

structure (van der Weerden et al. 2013;

Helmerhorst et al. 1999a; Tsai and Bobek

1997). The ability to form a α-helix was thought

to be important for the mode of action of histatin

5, but Situ and coworkers (2000) demonstrated

that one variant of histatin 5 (3P) with reduced

ability to form α-helix had an antifungal ability

comparable to that of histatin 5. Its antifungal

mechanisms against C. albicans involve binding

to a specific receptor, translocation across the

membrane, and interaction with internal targets

such as mitochondria and non-lytic release of

cellular ATP (Fitzgerald et al. 2003; Helmerhorst

et al. 1999b; Koshlukova et al. 1999, 2000).

Histatins do not display lytic activities to lipid

membranes, measured by release and

dequenching of the fluorescent dye calcein

(Edgerton et al. 1998).

Histatin interaction with the cell wall and its

uptake by the cell are two independent events,

since the fungal cell wall binding itself does not

result in uptake of histidines. Li and coworkers

(2006) demonstrated that the heat shock protein

Ssa2p is the binding site for histatin 5 measured by

yeast two-hybrid analyses, whereas Ssa1p appears

to have a lesser role in histatin 5 toxicity. This heat

shock protein 70 (Ssap 1/2) is located in the fungal

cell envelope. These interactions, however, can be

prevented in the presence of Caþ, which presum-

ably disrupts the interaction between histatin

5 and Ssa2p (Li et al. 2006). Internalization of

histatin 5 occurs by translocation, and its uptake is

dependent on two polyamine transporters, Dur3

and Dur31 (which usually function in spermidine

uptake), since C. albicans showed a reduced intra-
cellular transport of histatin 5 upon growth in a

medium rich in spermidine, implicating poly-

amine transporters in uptake of this peptide (van

der Weerden et al. 2013; Kumar et al. 2011).

The mitochondrion’s primeval functionality is

as an energy-generating organelle, although the

molecular machinery in charge of its role shows

a broad divergence among different phyla

(Tielens et al. 2002). It has been proposed that a

negatively charged phospholipid in the mito-

chondrion membrane, called cardiolipin, attracts

histatin 5 toward the mitochondrion. This

interaction causes ATP release into the cyto-

plasm, and it was shown by the evidence of

unchanged levels of ATP when cells were treated

with respiration uncouplers, such as azide or

cyanide, and then exposed to histatin 5, indicating

that respiration is essential for histatin activity to

occur (Helmerhorst et al. 1999a; Koshlukova

et al. 1999). Gyurko and coworkers (2000) also

demonstrated that fungal cells incapable of res-

piration (respiratory-deficient or petite mutants)

are resistant to the action of histatins. The ATP

efflux occurs via ATP-binding cassette (ABC)

proteins, and extracellular ATP activates a

purigenic-like receptor that triggers cell death

(Koshlukova et al. 2000). Another ATP release

consequence is the effect on the regulation of cell

volume homeostasis, which can halt cells at the

G1 phase, disrupting the cell cycle and leading to

cell death that is not in a programmed pathway

(Wunder et al. 2004). Histatin 5 is responsible for

the generation of reactive oxygen species (ROS),

which is measured using an oxygen radical sen-

sitive probe (dihydroethidium), and it is one of

the components responsible for the disruption of

cell organelle structure or function (Baev

et al. 2001). Another important factor of

histatin-5 is that it retards the transition of

C. albicans from the blastopore to the hyphal

stage of growth, a process that may assist in

arresting tissue penetration by the fungus

(Helmerhorst et al. 1997).

3.8 Mammalian Lactoferrin-
Derived Antifungal Peptides

Lactoferrin (Lf) is a multifunctional protein

(80 kDa), a member of the transferrin family of

non-heme iron-binding glycoproteins that is

expressed and secreted by granular epithelial

cells and secreted into mucosal fluids that bathe

the body surface; it is found in the secondary

granules of neutrophils during the myelocyte

stage of maturation (Ward et al. 2005; Levay

and Viljoen 1995). It was first isolated from

bovine milk and later identified in mice, pigs,

and humans (van der Weerden et al. 2013). On

the mucosal surface, this peptide works as a
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component of the first line of host defense, being

released from neutrophils during infection,

inflammation, tumor development, and iron

overload (Levay and Viljoen 1995; Legrand

et al. 2008). It also acts in the regulation of iron

homeostasis, cellular growth, and differentiation

and protection against cancer development and

metastasis (Ward et al. 2005; Shimamura

et al. 2004).

Proteolytic cleavages of lactoferrin revealed

some peptides (lactoferricins) with better anti-

fungal activity than that of the whole protein,

such as the first and second cationic domains

derived from human lactoferrin (hLF) hLF

(1–11) and hLF (21–31), respectively (Lupetti

et al. 2000). A study using those synthetic

peptides revealed a dose-dependent release of

ATP by C. albicans upon exposure to hLF

(1–11). The same study demonstrated that a met-

abolic active cell is necessary for the hLF (1–11)

mode of action, since cells incubated with

sodium azide had a reduced candidacidal activity

and a lower PI uptake. The use of the fluorescent

dye rhodamine 123 showed an accumulation

inside the mitochondria and later was released

into the cytoplasm when cells were treated with

hLF (1–11), which indicates that the peptide

triggers the energized mitochondrion (Lupetti

et al. 2000). This ATP efflux was also observed

in a short synthetic peptide following the

N-terminal amino sequence of bovine lactoferrin

(peptide 2 or Pep2). Pep 2 activated pertussis

toxin-insensitive and cholera toxin-sensitive

G-protein and activated signals downstream

through phosphatidylinositol 3-kinase to protein

kinase C. This indicates that Pep 2 induced ATP

efflux mediated by G-protein activation (Tanida

et al. 2006; Helmerhorst et al. 2002). Another

study showed that cell wall interaction and there-

fore membrane binding with hLF are not the

major mode of action, thus demonstrating a

slight efflux of Kþ from C. albicans cells, but

this did not allow Naþ release or membrane

disruption (Viejo-Diaz et al. 2004). Some other

peptides, derived both from bovines (LfcinB),

which comprise the region spanning 17–40

residues, and from humans (LfcinH), dissipated

the proton gradient across the plasma membrane.

However, they did not seem to act by nonspecific

permeabilization of the membrane as they did not

cause calcein release from artificial liposomes

(Nguyen et al. 2005; Viejo-Diaz et al. 2003).

3.9 Synthetic Antifungal Peptides

Natural peptides can have their activity enhanced

by peptide engineering, which can help to

develop novel peptides with desirable biological

properties (Ryu et al. 2014). The synthetic pep-

tide B4010 originated from a 10-residue peptide

(RGRKVVRRKK), which in turn is a synthetic

analogue of human β-defensin-3 (HβD-3). Its

properties have been previously reported by

Lakshminarayanan and coworkers (2014) as

showing potent activity against Pseudomonas

aeruginosa, but poor activity against fungi (Bai

et al. 2009).

That research group also extended the previ-

ous analysis to a higher order of covalently

linked peptides. B4010 is a tetravalent synthetic

peptide, which carries four copies of the

sequence RGRKVVRR through a branched

lysine core. This strategy of developing multiva-

lent peptides by assembling multiple copies of

monomeric peptides around a core molecule is an

alternative to circumventing the drawbacks of

antimicrobial peptides, such as the loss of anti-

microbial properties in a physiological concen-

tration of salts and polyanionic polymers

(Knappe et al. 2010; Eckert 2011).

B4010 presented deleterious activity against

C. albicans strains (Lakshminarayanan

et al. 2014). The researchers also tested another

peptide by linking two copies of the sequence

through a branched lysine, B2088, and observed

a substantial decrease in MIC (minimal inhibi-

tory concentration) values when compared to the

monomer or linear retrodimer peptide

(RGRKVVRRKKRRVVVKRGR). The MIC

values of B4010 (0.37 μM) for two clinical

isolates of C. albicans were also lower when

compared to the MIC values for amphotericin B

(1.4 μM) and natamycin (15 μM). This last one is

the only US FDA-approved antifungal for oph-

thalmic applications (Lakshminarayanan
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et al. 2014; Arora et al. 2011), which is also

nonhemolytic and nontoxic to mice when

administrated by intravenous (100 mg.kg�1) or

intraperitoneal (200 mg.kg�1) routes and had no

affinity for cell wall polysaccharides. It was pro-

posed that its mode of action includes a rapid

dissipation of membrane potential and release of

vital ions and ATP when challenged by

C. albicans, and some studies suggest that the

first arginine is important for mediating peptide-

bilayer interactions (Lakshminarayanan

et al. 2014; Nguyen et al. 2010).

Cell-penetrating peptides (CPPs) are part of a

group of synthetic peptides with up to 30 peptides

and are able to enter cells in an energy-

independent manner, translocating across the

membrane (Milletti 2012). Penetratin 1 is a

16 amino acid long CPP from the third helix of

the Antennapedia homeodomain of Drosophila.

It can be classified as a cationic amphipathic

peptide, and its proposed mechanism of action

is by “inverted micelle” pathway. This peptide

was synthetized and had its fungicidal activity

evaluated by Masman and coworkers (2009).

This research group tested not only penetratin

1 against C. albicans and C. neoformans but

also tested other peptide sequences, among

them a trapeptide (RQKK-NH2), identified as

8 in their study. Both peptides, 1 and 8, displayed

the most potent inhibitory effect against those

pathogenic fungi (Garibotto et al. 2010; Masman

et al. 2009).

3.10 Prospects for Clinical Use
of Antimicrobial Peptides

The development of new drugs is a remarkable

challenge. The last new class of antibiotics, the

lipopeptide daptomycin, was introduced in 2003,

more than 40 years after the introduction of

fluoroquinolones, the last antibiotics used to

treat multidrug-resistant (MDR) organisms such

as Klebsiella and Acinetobacter species. Peptides

are a class of molecules with potential for thera-

peutic use against fungal infections (Steckbeck

et al. 2014), but their use as novel drugs has to

overcome some therapeutic difficulties, such as

their poor chemical and physical stability and

short circulating plasma half-life. Additionally,

those molecules are antagonized by physiologi-

cal concentrations of salt and polyanionic

polymers (mucins, DNA, and glycosami-

noglycans) and by the action of proteolytic

enzymes, thus limiting their therapeutic potential

(Lakshminarayanan et al. 2014; Knappe

et al. 2010; Otvos and Wade 2014). Another

difficulty is the expensive manufacturing of

peptides when compared to small-molecule

drugs. Companies are scrambling for financial

support both from federal programs and from

corporate partners through the later and most

expensive stages of clinical evaluations (Fox

2013).

AMPs have only been tested in clinical trials

relatively recently, and to date, with the excep-

tion of gramicidin for topical administrations,

none has received US Food and Drug Adminis-

tration (FDA) approval. Kaspar and Reichert

(Kaspar and Reichert 2013) highlight that in

2012 the first marketing approvals were made

for six peptides (lucinactant, peginesatide,

pasireotide, carfilzomib, linaclotide, and

teduglutide) in the United States and European

Union, which only disapproved peginesatide

due to safety issues. Another example of a pep-

tide that was undergoing clinical trials is

pexiganan, a synthetic analog of the AMP

magainin. Pexiganan had impressive results in

early phase I and II clinical trials to treat dia-

betic ulcers, but its performance was not supe-

rior when compared to traditional antibiotics

used in treating feet ulcers (Moore 2003). At

present, approximately 140 peptide therapeutics

are being evaluated in clinical trials (Fosgerau

and Hoffmann 2015).

In spite of all the challenges, antimicrobial

peptides have the potential for development as

novel antifungal agents, because they have rapid

action and a broad spectrum, being active against

species that are multiple resistant to currently

used antimycotics. Moreover, peptides are selec-

tive and efficacious signaling molecules with

specific targets, properties that are important

features for drug safety, and they show dimin-

ished side effects for the patient (Matsuzaki
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2009; Wang et al. 2010; Takahashi et al. 2010).

Natural or designed peptides can avoid cell tox-

icity and hemolytic activity and other undesir-

able features (Fjell et al. 2012). Some chemical

strategies that have been used are sugar

molecules incorporated in the peptide

N-terminus, which may improve tissue penetra-

tion, and the conjugation to passive and active

transport enhancers in order to increase oral bio-

availability (Charlton et al. 2008; Gupta

et al. 2013; Sachdeva et al. 2013). In addition,

peptides play important roles in innate immune

response and wound healing, additional features

for their antimicrobial activity (Pena et al. 2013;

Steinstraesser et al. 2012).

In summary, peptides are promising

molecules with potential as future therapeutics

for fungal diseases. Research is imperative to

understand their mode of action and specific

targets against fungi and to improve their phar-

macological properties to meet clinical therapeu-

tics and drug manufacturing needs.
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Abstract

Global food security is become central focus, specifically because of

threatening plant diseases caused by fungal phyto-pathogens and massive

economic losses thereof. In the context of bio-control of fungal

phyto-pathogens, lipopeptides produced by Bacillus sp. have been studied

well. The three families of Bacillus lipopeptides are surfactin, iturins and

fengycins, confirmed for their antagonistic activities against various fungal

phyto-pathogens. In recent past lipopeptides produced by Pseudomonas

sp. has also proven effective bio-control agents, specifically against fungal

phyto-pathogens. On other hand echinocandins are novel class of anti-

fungal lipopeptides produced by various Aspergillus sp., used successfully

in treatment of serious fungal infections and currently in clinical trials. Here

we summarized all available information and data of lipopeptides in focus

of their use as bio-control agent for plant protection as well as in treatment

of fungal diseases in human caused by different pathogenic fungi.

4.1 Introduction

Host defense peptides or antimicrobial peptides

(AMPs) play an essential protective role in the

innate immune system of all organisms. These

antimicrobial peptides are multifunctional

compounds with multiple utilities (Franco

2011). The increasing resistance of bacteria and

fungi to multiple antibiotics is a major public

health concern worldwide that leads to enormous

efforts for developing new antibiotics with new

modes of action. Two promising families of

drugs that meet these criteria are antimicrobial

peptides (AMPs) and lipopeptides (Boman 1998;

Zasloff 2002). Lipopeptides differ from AMPs as

the earlier are produced only in bacteria and

fungi but later is produced by all forms of life.

Lipopeptides are small molecules produced dur-

ing cultivation on various carbon sources. They

are formed as short linear peptides linked with a

lipid tail or other lipophilic molecules to form

cyclic structures (Arnusch et al. 2012;

Raaijmakers et al. 2010; Mandal et al. 2013).
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Polymyxin A was the first antimicrobial

lipopeptide described in detail. It was isolated in

the year 1949 from the bacterium Bacillus
polymyxa (Mandal et al. 2013) which is

reclassified as Paenibacillus polymyxa. However,

the effective lipopeptide production as a

bio-surfactant was first reported from Bacillus

subtilis IAM1213 (Jones 1949). Since then, vari-

ous types of antimicrobial lipopeptides have been

isolated from other Bacillus strains and their bio-

synthesis and antimicrobial activity studied in

detail (Arima et al. 1968; Peypoux et al. 1984;

Grangemard et al. 1999; Rivardo et al. 2009;

Tareq et al. 2014). Other genera like Pseudomo-

nas, Streptomyces, and Aspergillus representing

Gram-negative bacteria, actinobacteria, and fungi

are also reported for lipopeptide production

(Cochrane and Vederas 2014; Morikawa

et al. 2000; Higginbotham and Murphy 2010;

Rao et al. 2013; Nielsen and Sørensen 2003).

Recently, lipopeptides have received great atten-

tion for their cytotoxic, antitumor, immunosup-

pressant, and surfactant properties apart from

antimicrobial property (Sørensen et al. 2001;

Cameotra and Makkar 2004; Donadio et al. 2007;

Song et al. 2011). Some of them like daptomycin

(Song et al. 2014), caspofungin (Robbel and

Marahiel 2010), micafungin (Ngai et al. 2011),

and anidulafungin (Emiroglu 2011) have even

reached the market with antibiotic status.

Lipopeptides showed remarkable membrane-

active and surface-interface properties resulting

in a number of excellent biological activities,

which are of great relevance in health care and

biotechnology-based processes. These properties

make lipopeptides as potent candidate drugs for

the resolution of a number of global issues in

medicine industry and environmental protection

(George and Reboli 2012).

4.1.1 Origin and Structural Diversity
of Lipopeptides

4.1.1.1 Lipopeptides Produced by Gram-
Positive Bacteria (Bacillus sp.)

Broadly there are three types of lipopeptides,

namely, surfactin, iturin, and fengycin, that are

produced by various Bacillus species.

4.1.1.1.1 Iturin

Iturins usually have a molecular mass of

�1.1 kDa. They consist of two major parts: a

peptide part composed of short amino acid

sequence and carbon hydrophobic tail. This

composition clearly indicates an amphiphilic

character of these compounds and suggests

cell membrane-based mechanism of action

(Banat et al. 2010). The iturins are cyclic

peptides containing seven amino acids

(heptapeptide) linked to a fatty acid (β-amino)

chain that varies between C14 and C17 carbon

molecules. Bacillomycin D and bacillomycin L

are important members of the iturin family and

peptide-lipid antibiotics. Structural determina-

tion indicated that bacillomycins D and L con-

sist of a heptapeptide chain linked to a

liposoluble β-amino acid. Further aspartyl,

glutamyl, asparaginyl, and glutarninyl amino

acids were found as peptidic moieties (Arima

et al. 1968; Stachelhaus et al. 1995; Moyne

et al. 2001). Bacillomycin Lc, a new antifungal

antibiotic of the iturin class, was isolated from

a strain of Bacillus subtilis. The structure

determined by chemical and spectrometric

analyses showed differences from bacillomycin

L. It also exhibited sequence changes from

aspartate-1 to asparagine-1 and from

glutamine-5 to glutamate-5 (Tenoux

et al. 1991). Bacillomycin F, another variant,

also displayed differences with other members

of the iturin family. In fact, it is a mixture of

homologous peptide-lipids, essentially

containing C51H80N12014 and C52N82N12014.

The lipid moiety consists of minor isoCI5,

anteisoC15 β-amino acids, and major isoC16,

isoC17 and anteisoC17 p-amino acids (Eshita

et al. 1995). Mycosubtilin, a peptide-lipid anti-

biotic, was isolated from Bacillus subtilis. It

was identified as a cyclopeptide composed of

seven α-amino acids in an LDDLLDL

sequence closed by a β-amino acid linkage

similar to that found in other antibiotics of

the iturin group (Peypoux et al. 1985). The

unique biological and physicochemical

properties make these molecules interesting

for biocontrol, food, and pharmaceutical

applications (Fig. 4.1).
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4.1.1.1.2 Surfactin

Surfactin (�1.36 kDa) is an amphipathic cyclic

heptapeptide composed of Glu-Leu-Leu-Val-

Asp-Leu-Leu (ELLVDLL) with the chiral

sequence LLDLLDL interlinked with β-hydroxy
fatty acid with the chain length of 12–16 carbon

atoms to form a cyclic lactone ring structure

(Jacques 2011). The order of amino acids and

the size of lipid moiety differ in a variety of

surfactins (Tsan et al. 2007). In surfactin

molecules while the hydrophobic amino acids

are located at positions 2, 3, 4, 6, and 7, the Glu

and Asp residues are located at positions 1 and

5, respectively. Usually, surfactin isoforms coex-

ist in the cell as a mixture of several peptidic

variants with different aliphatic chain lengths

and differ in their biological properties accord-

ingly (Roongsawang et al. 2002). However, the

culture conditions decide the pattern of amino

acids and β-hydroxy fatty acids in the surfactin

molecules (Raaijmakers et al. 2010). The β-turn
may be formed by an intramolecular hydrogen

bond; thus, the β-sheet may depend on an inter-

molecular hydrogen bond (Fzb et al. 2004). The

lipopeptide lichenysin produced by

B. licheniformis structurally resembles surfactin

Fig. 4.1 Structure of different lipopeptides produced by

Bacillus sp. (a) Surfactin (Peypoux et al. 1986). (b)
Bacillomycin D (Liu et al. 2008). (c) Mycosubtilin

(Peypoux et al. 1985). (d) Fengycin/plipastatin A

(Peypoux et al. 1981)

4 Lipopeptides: Status and Strategies to Control Fungal Infection 99



of B. subtilis, but the glutamic acid at position

1 in surfactins is replaced by glutaminyl residue

in lichenysins. This local variation caused signif-

icant changes in various properties of the mole-

cule compared to surfactin. Lichenysin exhibits

superior surfactant power, low critical micellar

concentration, and higher hemolytic activity.

Lichenysin is also a better chelating agent

because of increased association constants with

Ca2þ and Mg2þ by a factor of 4 and 16, respec-

tively (Peypoux et al. 1984; Romero

et al. 2007a). Pumilacidins A, B, C, D, E, F,

and G are cyclic acyl heptapeptide composed of

a β-hydroxy fatty acid, 2 L-leucine, 2 D-leucine,

L-glutamic acid, L-aspartic acid, and

L-isoleucine (or L-valine) (Grangemard

et al. 2001). They were first isolated from the

culture broth of a strain of B. pumilus.
A surfactant named BL-86 is produced by

B. licheniformis strain 86. It is a mixture of

lipopeptides with the major component size rang-

ing between 979 and 1,091 Da with variation in

increments of 14 Da. The variation in molecular

weight represents changes in the number of

methylene groups of the lipid and/or peptide

portion of the surfactant. It showed an ester car-

bonyl structure, which could be a part of a lac-

tone ring connecting the β-position of the lipid to
one of the carbonyl groups in the peptide (Naruse

et al. 1990).

4.1.1.1.3 Fengycin

Fengycin represents the third family of

lipopeptides after surfactin and iturin and is also

called plipastatin (Akpa et al. 2001). These are

bioactive lipopeptides produced by several

strains of B. subtilis F-29-3. Fengycins effec-

tively inhibit the growth of filamentous fungi

but are ineffective against yeast and bacteria.

The inhibition is antagonized by sterols,

phospholipids, and oleic acid; however, addition

of two other unsaturated fatty acids is found to

increase the antifungal effect. Fengycins are

broadly classified into two groups that differed

by one amino acid. Fengycin A is composed of

1 D-Ala, 1 L-Ile, 1 L-Pro, 1 D-allo-Thr, 3 L-Glu,

1 D-Tyr, 1 L-Tyr, and 1 D-Orn, whereas fengycin

B D-Val was replaced by D-Ala (Horowitz and

Griffin 1991; Akpa et al. 2001). These bioactive

molecules are lipodecapeptides containing a lac-

tone ring with β-hydroxy fatty acid chain (either

saturated or unsaturated). As mentioned the

structure of fengycin contains a peptide chain of

ten amino acids, cyclic decapeptides formed by

lactonization (Il et al. 2010). The fatty acid

moieties vary from C14 to C17 carbon atoms.

The presence of different fatty acids yields dif-

ferent homologous compounds and isomers.

Members of fengycin family also exhibit hetero-

geneity at the sixth position in peptide moiety.

Based on variations in single amino acid (at the

sixth position), fengycins are classified into two

classes, namely, fengycin A and fengycin

B. While fengycin A contains Ala at sixth posi-

tion, it is replaced by valine in the case of

fengycin B (Vanittanakom and Loeffler 1986;

Bonmatin et al. 2003).

4.1.1.2 Lipopeptides Produced by Gram-
Negative Bacteria (Pseudomonas
sp.)

4.1.1.2.1 Viscosinamide

Viscosinamide produced by Pseudomonas

fluorescens DR54 showed antagonistic

properties against plant pathogenic fungi like

Pythium ultimum and Rhizoctonia solani. How-

ever, bio-surfactant properties of viscosinamide

differed from the known bio-surfactant viscosin

that contained glutamine rather than glutamate at

the second amino acid position. Isolation and

determination of structure of this new compound

with antibiotic and antifungal properties reveals

promising perspectives for the application of

P. fluorescens DR54 as a biological control

agent. Tests performed in plants also showed

that purified viscosinamide reduced the aerial

mycelium development of both P. ultimum and

R. solani (Lee et al. 2010; De Faria et al. 2011;

Nielsen et al. 1999).

Since P. ultimum is a root pathogen, its

growth inhibition using the viscosinamide has

been studied on sugar beet seeds. Seeds infected

with P. ultimum and P. fluorescens DR54 have

improved plant emergence after 7 days compared

to a control without the biocontrol strain. The
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impact of P. fluorescens DR54 on the growth and

activity of P. ultimum was also studied by direct

microscopy after staining with the vital fluores-

cent dye like Calcofluor White and fluorescein

diacetate. P. fluorescens DR54 caused reduction

in P. ultimum mycelial density, oospore forma-

tion, and intracellular activity. Further,

P. ultimum oospore formation was completely

absent in the presence of P. fluorescens DR54.

In vitro studies confirmed that purified

viscosinamide induced encystment of Pythium
zoospores (De Faria et al. 2011; Nielsen

et al. 1999; Thrane et al. 1999) (Fig. 4.2).

4.1.1.2.2 Tolaasin

Tolaasin (tolaasin I, tolaasin II, and tolaasins A,

B, C, D, and E are the available analogs) and few

other metabolites are produced by P. tolaasii. All

these analogs showed differences in their amino

acid composition. All observed lipodepsi-

peptides of bacterial origin are maintained by

the β-hydroxy octanoyl phi chain at the

N-terminus, except tolaasin A, in which the

acyl moiety is a gamma-carboxy butanoyl phi

moiety (Mazzola et al. 2009; Andolfi

et al. 2008). P. tolaasii is a causal organism of

brown blotch disease to Agaricus bisporus and

causes yellowing of Pleurotus ostreatus

(Molinaro et al. 2003; Nutkins et al. 1991;

Moquet et al. 1996; Cho et al. 2007).

Tolaasin is a lipodepsipeptide, found to be

produced by a pathogen of mushroom species.

During development of lysis bioassay for

tolaasin, it was also found to cause hemolysis.

Hemolysis by tolaasin involves a dose-dependent

manner that is maximal between pH 6.0 and 7.0

and increased with increase in temperature.

Tolaasin can also be produced in a growth-

dependent manner, and its production always

initiates during exponential growth of

P. tolaasii and continued till the stationary

phase. Ultrastructural studies performed to iden-

tify the mechanism of action showed disruption

of the A. bisporus plasma membrane and vacuole

Fig. 4.2 Structure of lipopeptides produced by Pseudomonas sp. (a) Viscosin (R ¼ H) or viscosinamide and

massetolide (R ¼ CH3) (Thrane et al. 2000). (b) Tolaasin (Hansen et al. 2000)
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membranes by tolaasin. Multilamellar liposomes

inoculated with tolaasin demonstrated loss of

lytic activity and prevented tolaasin-induced

hemolysis, suggesting tolaasin induces partitions

and forms pores in erythrocyte membranes that

cause lysis by a colloid osmotic mechanism.

Tolaasin is phytotoxic when infiltrated into

leaves of Nicotiana tabacum and was shown to

be active against a range of basidiomycetes and

Gram-positive bacteria (Soler-Rivas and Arpin

1999; Bassarello et al. 2004; Coraiola

et al. 2006).

4.1.1.2.3 Tensin

Tensin is an antifungal cyclic lipopeptide pro-

duced by P. fluorescens strain 96.578. The

molecular formula is C67H116N12O20,

representing an exact molecular weight of

1408.84 Da. The NMR data obtained for tensin

predicted it as a cyclic lipopeptide composed of a

3-hydroxydecanoyl residue in combination with

11 amino acid residues that include 5 leucine

(Leu), 1 isoleucine (Ile), 1 aspartic acid (Asp),

1 glutamine (Gln), 1 glutamic acid (Glu), 1 threo-

nine (Thr), and 1 serine (Ser) amino acids

(Rainey et al. 1991). P. fluorescens is already

used as a biocontrol agent against fungi such as

R. solani. Various studies suggested that tensin is
effective against radial growth of R. solani (Cho

et al. 2010).

4.1.1.2.4 Syringotoxin and Syringopeptin

Syringotoxin is produced by P. syringae
pv. syringae which is a known pathogen of vari-

ous species of citrus trees. Peptide moiety of

bioactive molecule contains amino acids in

order of Ser-Dab-Gly-Hse-Orn-aThr-Dhb-

(3-OH)Asp-(4-Cl)Thr with the terminal carboxy

group closing a macrocyclic ring on the OH

group of the N-terminal Ser (Nielsen

et al. 2000). Syringopeptin, another major phyto-

toxic antibiotic produced by P. syringae

pv. syringae, is also a lipodepsipeptide. The

amino acid sequence is Ser-Ser-Dab-Dab-Arg-

Phe-Dhb-4(Cl)Thr-3(OH)Asp with the beta-

carboxy group of the C-terminal residue closing

a macrocyclic ring on the OH group of the

N-terminal Ser (Couillerot et al. 2009; Ballio

et al. 1990) (Fig. 4.3).

4.1.1.2.5 Pseudophomins

The pseudophomins are also cyclic lipodepsi-

peptides grouped into pseudophomins A and

B. They are isolated from P. fluorescens strain

BRG100, a bacterium with potential application

as a biocontrol agent for plant pathogens and

agricultural weeds. Pseudophomin B showed

higher antifungal activity against the

phytopathogens such as Phoma lingam/

Leptosphaeria maculans and Sclerotinia
sclerotiorum. In contrast, pseudophomin A

showed stronger inhibition toward green foxtail

(Setaria viridis) and induced root germination

than pseudophomin B (Segre et al. 1989; Galonić

et al. 2007).

4.1.1.2.6 Pseudomycins

Pseudomycins are peptide antimycotics that are

isolated from P. syringae, another plant-

associated bacterium. Pseudomycins contain

three analogs classified as A–C that contain

amino acids hydroxyl aspartic acid, aspartic

acid, serine, arginine, lysine, and diaminobutyric

acid. The molecular mass of pseudomycins A–C

is 1,224, 1,208, and 1,252 Da, respectively, as

determined by plasma desorption mass spec-

trometry. Pseudomycin D, on the other hand,

has a molecular mass of 2,401 Da and is more

complex than pseudomycins A–C (Wilson Quail

et al. 2002; Pedras et al. 2003). Pseudomycin A is

the predominant peptide of the pseudomycin

family that possesses selective phytotoxicity

and is effective against human pathogen Candida
albicans (Harrison et al. 1991).

4.1.1.2.7 Massetolide A

Massetolide A is isolated from P. fluorescens
SS101, identified as a biocontrol agent.

P. fluorescens SS101 was effective in preventing

infection of tomato (Lycopersicon esculentum)
leaves by P. infestans and significantly reduced

the expansion of existing late blight lesions.

Purified massetolide A displayed significant con-

trol of P. infestans both locally and systemically

via induced resistance. This study suggests that
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the cyclic lipopeptide massetolide A is a metab-

olite with versatile functions in the ecology of

P. fluorescens SS101 and in interactions with

tomato plants and the late blight pathogen

P. infestans (Ballio et al. 1994; Sun et al. 2001).

Thus, the number of Pseudomonas strains has

shown promising results in biological control of

late blight caused by P. infestans.

4.1.1.3 Fungal Lipopeptides

4.1.1.3.1 Echinocandins

The echinocandins produced by fungi comprise a

new class of antifungal lipopeptide agents.

Echinocandins isolated for the first time from

Aspergillus rugulosus and A. nidulans exhibited
antifungal and anti-yeast activities (Tran

et al. 2007; De Bruijn et al. 2008). Compounds

under this group are amphiphilic, cyclic

hexapeptides with an N-linked acyl lipid side

chain. The molecular weight of these compounds

is around 1,200 Da (T�oth et al. 2012). So far,

three echinocandin compounds have been deter-

mined for structural elucidation. While the

echinocandin B (ECB) structure was determined

by chemical degradation studies in combination

with X-ray crystallographic analysis, structures

of echinocandins C and D were elucidated by

their conversion into a common intermediate iso-

form derived from the echinocandin B (Benz

et al. 1974; Denning 2003). They are all acylated

by a linoleic acid molecule at the N-terminus.

The synthesis of echinocandins C and D was

carried out using the stereocontrolled synthesis

of all constituents such as (2S,3S,4S)-3-hydroxy-

4-methylproline, (2S,3R)-3-hydroxyhomo-

tyrosine, and γ,δ-dihydroxyornithine (Benz

et al. 1974; Messik and Oberth€ur 2013). The

Fig. 4.3 Structure of lipopeptides produced by Pseudomonas sp. (a) Syringomycin (Mátyus et al. 2008). (b)
Amphisin (Nielsen and Sørensen 2003)
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common feature to these lipopeptides is a cyclic

peptide and an N-terminal fatty acid group; how-

ever, the fatty acid group is usually either

branched or unbranched with a chain length of

14–18 carbon atoms. Both the cyclic structure

(Shamala et al. 1976; Kurokawa and Ohfune

1993) and an acyl side chain are essentially

required for the biological activity of the com-

pound. This emphasizes the importance of the

acyl group for the mechanism of antimicrobial

action (Journet et al. 1999; Rodriguez et al. 1999;

Debono et al. 1989).

Deacylation of ECB has been accomplished

using an Actinoplanes utahensis culture to design

new derivatives with enhanced efficiency

(Debono et al. 1989). The biological activity

was restored with the reintroduction of the

N-acyl group that might play certain structural

requirements. Indeed, small groups such as ace-

tyl, benzoyl, or cyclohexanoyl were effective in

restoring activity, and also increase in the chain

length from C12 up to C17–C18 was propor-

tional to the increase in activity (Debono

et al. 1995).

The echinocandin drugs available in the mar-

ket consist of three agents, caspofungin

(Cancidas; Merck and Co., Whitehouse Station,

New Jersey, USA), micafungin (Mycamine;

Astellas Pharmaceuticals, Grand Island,

New York, USA), and anidulafungin (Eraxis;

Pfizer Pharmaceuticals, New York, USA).

Echinocandins exhibit antimicrobial activity by

blocking the synthesis of 1-3-β-D-glucan, a criti-
cal component of the fungal cell wall, through

noncompetitive inhibition of the enzyme

1-3-β-D-glucan synthase. Osmotic disruption

after loss of cell wall integrity is mainly respon-

sible for fungicidal activity (Boeck et al. 1989;

Hobbs et al. 1988). The echinocandin antifungal

spectrum is restricted with few exceptions to

Candida spp. and Aspergillus spp. Echinocandin

antifungal agents have been studied in various

clinical settings ranging from invasive, oral, and

esophageal candidiasis and for treatment of inva-

sive aspergillosis. At present echinocandin drugs

are available only as intravenous injections in the

market (Fig. 4.4).

(a) Caspofungin

Caspofungin (caspofungin acetate) is a semi-

synthetic water-soluble lipopeptide produced as

a fermentation product of the fungus Glarea
lozoyensis. This also belongs to the echinocandin

family and is a derivative of pneumocandin Bo.

Studies demonstrated that caspofungin has anti-

fungal activity against yeasts of the genus Can-

dida (including isolates resistant to azoles and

amphotericin B). This also includes species of

the genus Candida that are resistant (Candida

krusei) or less susceptible to azoles (Candida
dubliniensis, Candida glabrata) or resistant to

amphotericin B (Diekema et al. 2005; Douglas

2006; Barchiesi et al. 1999). Several species of

Aspergillus and certain dimorphic fungi, such as

Histoplasma, Blastomyces, and Coccidioides,

were also inhibited by caspofungin (Vazquez

et al. 1997; Bachmann et al. 2002; Kurtz

et al. 1994). In vitro and in vivo experiments

confirmed the additive or synergic activity of

caspofungin with amphotericin B and triazoles

against different fungi. It also possesses activity

against Pneumocystis carinii (Marco et al. 1998).

The β(1,3)-D-Glucan is found to be an essen-

tial component of the cell walls of numerous

fungal species as the solid three-dimensional

matrix formed by chains of β(1,3)-D-glucan
gives shape and mechanical strength to the cell

wall. Caspofungin blocks the synthesis of β(1,3)-
D-glucan by noncompetitive inhibition of the

enzyme β(1,3)-D-glucan synthase and showed

potential antifungal effects (Pfaller et al. 1998;

Zhang et al. 2006; Georgopapadakou 1997).

Clinical trials proved caspofungin to be well

tolerated and effective for invasive aspergillosis

patients, oropharyngeal candidiasis, esophageal

candidiasis, and invasive candidiasis. It showed

an efficacy that is equivalent to amphotericin B

(Robbel and Marahiel 2010; Douglas 2001;

Georgopapadakou 2001; Groetzner et al. 2008;

Groll and Walsh 2001; Herbrecht et al. 2010;

Mora-Duarte et al. 2002). Experimental studies

carried out in several models showed correlation

with the in vitro susceptibility data of

caspofungin.
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Several studies have also demonstrated that

caspofungin is effective against disseminated

candidiasis in immune-competent or

immunosuppressed mice (Kartsonis

et al. 2005a; Keating and Figgitt 2003; Abruzzo

et al. 1997). Experimental data confirmed its

efficacy in immunosuppressed mice infected

with in vitro fluconazole-resistant or dose-

dependent susceptible isolates of C. krusei,

C. glabrata, and C. albicans (Graybill

et al. 1997a, b). Caspofungin administered

(0.05–5 mg/kg/day) by the intravenous or intra-

peritoneal route into the infected animals signifi-

cantly prolonged the survival and reduced the

renal fungal load.

Several experimental studies of invasive

aspergillosis in immunocompromised rodents

have demonstrated the efficacy of caspofungin

(Abruzzo et al. 2000; Sionov et al. 2006; Chabrol

et al. 2010; Kartsonis et al. 2005b). However,

caspofungin did not protect mice against lethal

infection with C. neoformans even at high doses

of 40 mg/kg/day. These experimental data con-

firm the resistance of C. neoformans observed

in vitro (Kartsonis et al. 2005a).

Caspofungin was compared with the reference

treatment trimethoprim plus sulfamethoxazole in

mice pretreated with steroids and infected with

P. carinii (Maertens et al. 2004) by administering

through subcutaneous or oral route. Results

suggested 90 % reduction in number of pulmo-

nary cysts in subcutaneous administration.

Though similar results were observed for the

reference treatment, the effect was more rapid

with caspofungin (4 days) when compared to

reference treatment (14 days). However, the

oral route of administration was always found

to be less effective for caspofungin. Moreover,

Fig. 4.4 Structure of some fungal lipopeptides (a) Echinocandin B. (b) Micafungin. (c) Caspofungin. (d)
Anidulafungin
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a prophylactic effect was observed in the same

models upon daily subcutaneous administration

of caspofungin (Madureira et al. 2007; Powles

et al. 1998).

(b) Micafungin

Micafungin is used worldwide in chemother-

apy of life-threatening fungal infections. It is the

second approved antifungal agent in the

echinocandin series. FR901379, which is known

as a seed compound of micafungin, was first

discovered at Fujisawa Pharmaceutical Co.,

Ltd, Japan, in the year 1989 (Fortún

et al. 2009). Micafungin is a water-soluble anti-

fungal agent with molecular weight of

1292.26 Da that was derived from Coleophoma

empetri (Spreghini et al. 2012; Hashimoto 2009;

Mikamo et al. 2000). The water solubility of

micafungin is attributed to a sulfate moiety in

the molecule. Micafungin is a potent inhibitor

of 1,3-β-D-glucan synthase, an enzyme involved

in cell wall biosynthesis in several pathogenic

fungal species. Micafungin acts in a

concentration-dependent manner as a noncom-

petitive inhibitor in the formation of the enzyme

1,3-β-D-glucan synthase. This enzyme is neces-

sary for synthesis of 1,3-β-D-glucan, a glucose

polymer crucial to the structure and integrity of

the cell wall of several fungal pathogens (T�oth
et al. 2012; Barrett 2002; Vicente et al. 2003;

Onishi et al. 2000; Tawara et al. 2000). Fungal

cells that are unable to synthesize this polysac-

charide cannot maintain their shape and lack

adequate rigidity to resist osmotic pressure,

which results in fungal cell lysis. This mecha-

nism is found to be unique to the echinocandin

class of antifungal agents. It contains the poten-

tial in additive or synergistic activity with other

antifungals like polyenes and azoles. Apart from

cell wall structure, glucan is also involved in cell

growth and division (Nishiyama et al. 2002).

Micafungin demonstrates a prolonged

concentration-dependent post-antifungal effect.

Fungal cell walls are usually made up of chitin

as a major component along with mannoproteins.

The selective antifungal effect of echinocandin

activity is because of varied quantities of fungal

cell wall components among different fungal

species (Wiederhold et al. 2008; Groll

et al. 2001). Of significance, the cell walls of

zygomycetes and cryptococci lack 1,3-β-D-glu-
can, which explains the poor activity of

echinocandins, including micafungin, against

selective fungal pathogens (Vicente et al. 2003;

Andes et al. 2008).

Micafungin is the second antimicrobial agent

in the echinocandins class that is approved for

use in clinical practice. Though it is a potent

antifungal, it showed slow fungicidal activity

against clinical isolates like Candida albicans,

C. dubliniensis, C. tropicalis, C. glabrata, and

C. krusei. The activity was somewhat higher

(MIC90s) for C. parapsilosis, C. lusitaniae, and

C. guilliermondii (Vicente et al. 2003; Mariné

et al. 2007; Nakai et al. 2002; Laverdiere

et al. 2002). Micafungin did not show activity

against basidiomycetous yeasts, Cryptococcus

neoformans or Trichosporon species in vitro,

but it displayed inhibitory activity against Asper-

gillus species at lower concentrations than

amphotericin B and itraconazole (Vicente

et al. 2003; Andes et al. 2008; Laverdiere

et al. 2002; Ostrosky-Zeichner et al. 2003).

Although clinical data are still lacking, the

role of micafungin appears to be similar to that

of caspofungin. The initial approval has been

granted for treatment of esophageal candidiasis

and prophylaxis in subjects with neutropenia.

Pharmacokinetic and pharmacodynamic studies

revealed no adverse effects, and safety is

reported similar to those of other agents in the

echinocandin class.

4.1.1.4 Clinical Efficacy
Micafungin is found to be clinically effective in

treatment of Candida and Aspergillus infections

as most trials that were conducted in Japan,

South Africa, the United States, Latin America,

and Germany produced positive results. The US

FDA has approved micafungin as a therapeutic

agent for the treatment of esophageal candidiasis.

However, the FDA did not approve micafungin

to use for children as safety and efficacy studies

in this population have not been established.
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Candida Infections The safety and efficacy of

micafungin in the treatment of esophageal candi-

diasis in AIDS patients was evaluated (Uchida

et al. 2000; Fujie et al. 2001), and doses of

micafungin were determined as 12.5, 50, 75,

and 100 mg/day through intravenous injection.

Clinical improvement was noted for patients who

received 75 or 100 mg/day showing favorable

clinical and endoscopic outcomes with rapid

response within a duration of 3–5 days (Fujie

et al. 2001; Pettengell et al. 2004). In a multina-

tional, double-blind, non-inferiority study, a sin-

gle high dose of micafungin (150 mg/day) with

fluconazole (200 mg/day) (Fujie et al. 2001) also

showed similar results. In another open-label,

non-comparative study of micafungin for the

treatment of candidemia patients, the overall suc-

cess was noted in 83.2 % of patients (De Wet

et al. 2004). Similarly, results of several smaller

trials also supported the efficacy of micafungin in

the management of candidemia (Kohno

et al. 2013; Denning et al. 2006). An interesting

report noted that a successful outcome with topi-

cal application of micafungin is in the treatment

of refractory yeast-related corneal ulcers

(Hachem et al. 2008).

Mold Infections Although data is available on

using micafungin for the treatment of refractory

aspergillosis, it is from open trials and not exam-

ined in a randomized, controlled manner. In a

phase 2 multinational study, efficacy of

micafungin as primary or salvage therapy for

invasive aspergillosis was assessed (Kohno

et al. 2004). Another study involving stem cell

transplant (SCT) recipients evaluated the safety

and efficacy of micafungin in combination with

other antifungal drugs for the treatment of refrac-

tory aspergillosis (De Wet et al. 2004;

Matsumoto et al. 2005). Overall, significant

Aspergillus-infected patients had a satisfactory

response. In addition, several case reports have

described success with micafungin in severely

compromised hosts with refractory aspergillosis

(Moretti et al. 2014; Kontoyiannis et al. 2009;

Ota et al. 2004). Considering the poor prognosis

in patients with refractory aspergillosis, the

aforementioned data from these unpublished

trials and case reports are encouraging. Most

available data were in the setting of refractory

aspergillosis with micafungin used as salvage

therapy in combination with other drugs. Data

for its use as monotherapy, particularly for the

initial treatment of invasive aspergillosis, are

lacking.

A phase 3, large, randomized, double-blind,

multi-institutional comparative study was

conducted in the United States and Canada that

evaluated the efficacy of micafungin as prophy-

laxis during the pre-engraftment period of neu-

tropenia (Yokote et al. 2004; Chandrasekar

et al. 2004). However, whether micafungin

should be preferred to fluconazole as prophylaxis

during the pre-engraftment period in SCT

recipients and whether the improved long-term

survival seen with fluconazole will also be seen

with micafungin are important questions that

need to be addressed (Van Burik et al. 2004;

Hiramatsu et al. 2009).

Urinary Sepsis Candida glabrata is frequently

resistant to fluconazole, and in advanced renal

failure, the safe use of this and other

recommended drugs is limited. Patients suffering

from renal and severe urinary sepsis by

C. glabrata are successfully treated with

micafungin. In fact, amphotericin B, fluconazole,

and flucytosine are recommended for effective

treatment of symptomatic candiduria (Marr

et al. 2000; De Pauw and Donnelly 2007). How-

ever, in renal failure these agents are

contradicted, and due to significant toxicity risk,

their utilities are substantially limited. Flucona-

zole is extensively excreted by the kidneys

reaching high urinary concentrations.

Non-C. albicans species, notably C. glabrata, is

nowadays frequently resistant to fluconazole

therapy. Echinocandins are potent antifungal

agents used to treat these strains as they exert

activity by inhibiting β-D-glucan synthase

(Franco 2011; Zasloff 2002), a major component

of the fungal cell wall (Ullmann et al. 2012).

Micafungin, like the entire class of echinocandin

drugs, has a broad spectrum of activity on
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Candida species, and it is now considered a first-

line therapy in candidiasis. In general,

micafungin is well tolerated and has a low poten-

tial of drug interaction, its clearance is indepen-

dent from glomerular filtration, and there are no

contradictions for dose adjustment even in severe

renal failures. All echinocandins are highly pro-

tein bound (99 %) and share the major pharma-

cokinetic disadvantage of poor glomerular

filtration and tubular secretion resulting in very

low urinary concentrations (Jones 1949; Arima

et al. 1968). For that reason, even if they have a

very favorable profile in terms of efficacy and

safety, their use seems precluded in fungal uri-

nary tract infections. However, despite

micafungin being minimally excreted in urine,

its wide distribution in many organs and tissues,

including the kidneys, liver, and spleen, has been

shown in animal models (Nishiyama et al. 2002;

Mermel et al. 2009; Sucher et al. 2009). The

observed tissue concentrations were severalfold

in excess of the MIC against clinical isolates of

Candida spp. and Aspergillus spp. Few reports in

the literature are available on the safe and effec-

tive use of echinocandins (i.e., caspofungin and

micafungin) in candiduria (Petraitis et al. 2002;

Niwa et al. 2004; Lagrotteria et al. 2007;

Kauffman 2005). Of these, six were of

candiduria successfully treated with caspofungin

(collected by Merck Research Laboratories ret-

rospectively from a phase 2–3 clinical study). To

our knowledge, only three cases of candiduria

treated with micafungin are reported in the liter-

ature. There are some features in treatment where

firstly the patient was treated with a dose of

200 mg daily of micafungin (a dose higher than

the standard recommended dose) without

adverse effects. The choice of using a dosage

greater than usual was empirical and was

motivated by the possibility of achieving higher

renal tissue concentration with such dosage. In

conclusion the present case shows that

micafungin can achieve clinically relevant fungal

sterilization even in urine and there is room to

consider micafungin in the armamentarium

against C. glabrata urinary infections, notably

in the context of renal failure where other anti-

fungal effective drugs are unsafe or contradicted.

(c) Anidulafungin

Anidulafungin is a semisynthetic product of

echinocandin B which is a fermentation product

of the mold A. nidulans. It was developed by Eli

Lily, underwent preclinical and clinical studies at

Vicuron Pharmaceuticals, and was sold to Pfizer

and marketed under the name Eraxis™.

Anidulafungin (Eraxis; Pfizer) is the newest

echinocandin antifungal approved by the US

Food and Drug Administration recently and cur-

rently used for the treatment of esophageal candi-

diasis, candidemia, and deep-tissue candidiasis.

Anidulafungin is a novel echinocandin and

has several advantages over existing antifungals.

The unique features of anidulafungin are its slow

degradation in humans where it undergoes bio-

transformation rather than being metabolized. It

has potent in vitro activity against Aspergillus
and Candida species, including the strains that

resist fluconazole or amphotericin B. Results of

various clinical trials indicate anidulafungin as

effective in treatment of esophageal candidiasis,

including azole-refractory disease. The results of

a recent study comparing fluconazole versus

anidulafungin demonstrated the superiority of

anidulafungin in the treatment of candidemia

and invasive candidiasis (IC). Studies evaluating

the concomitant use of anidulafungin,

amphotericin B, voriconazole, or cyclosporine

did not show significant drug-drug interactions

or any adverse effects. To date, anidulafungin

appears to have an excellent safety profile.

Based on the early clinical experience, it appears

that anidulafungin will be a valuable asset in the

management of serious and difficult-to-treat fun-

gal infections.

Anidulafungin has potent in vitro fungicidal

activity against a broad range of Candida spe-

cies, including C. albicans, C. glabrata,
C. tropicalis, C. parapsilosis, C. famata,

C. rugosa, and C. stellatoidea (Table 4.1)

(Cochrane and Vederas 2014; Morikawa

et al. 2000; Higginbotham and Murphy 2010).

Anidulafungin is also effective against species of

Candida that are intrinsically resistant to azoles

(C. krusei), amphotericin B (C. lusitaniae), or

other echinocandins (C. parapsilosis) (Rao
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et al. 2013; Nielsen and Sørensen 2003).

Anidulafungin has also demonstrated excellent

in vitro activity against several species of Asper-

gillus (Table 4.2) (Nielsen and Sørensen 2003;

Sørensen et al. 2001; Cameotra and Makkar

2004). Anidulafungin also demonstrates additive

effects in vitro in combination with amphotericin

B against species of the genera Aspergillus and

Fusarium by synergistic activity when combined

with itraconazole or voriconazole against Asper-
gillus species (Donadio et al. 2007; Song

et al. 2011).

Mechanism of Action Anidulafungin is a semi-

synthetic lipopeptide synthesized from fermenta-

tion products of A. nidulans. The compound is a

noncompetitive inhibitor of 1,3-β-D-glucan

synthase, which results in the selective inhibition

of the synthesis of glucan, a major structural com-

ponent of the cell wall of many pathogenic fungi

that is absent in mammalian cells. A difference in

glucan content determines the excellent activity of

anidulafungin in fungi and the paucity of adverse

effects in humans (Rivardo et al. 2009).

4.1.2 Lipopeptides Against Fungal
Phytopathogens

Some bacterial species live in association with

plant roots and other parts. The natural antago-

nistic property showed by these microorganisms

(notably belonging to the Bacillus and closely

related Paenibacillus genera and Pseudomonas

Table 4.1 Selected antifungal lipopeptide antibiotics currently in preclinical and clinical development

Compound name

(commercial name)

Therapeutic

area

Method of

manufacture

Lead compound and

producing organism Company Phase

Caspofungin (Cancidas) Antifungal Semisynthetic Echinocandins and Glarea
lozoyensis

Merck and Co. Market

Micafungin (Mycamine) Antifungal Semisynthetic Echinocandins and

Coleophoma empetri
Astellas

Pharmaceuticals

Market

Anidulafungin (Eraxis) Antifungal Semisynthetic Echinocandins and

Aspergillus nidulans
Pfizer

Pharmaceuticals

Market

Adopted from Giovanna Pirri et al. (2009)

Table 4.2 Lipopeptides as biocontrol of fungal phytopathogens

Plant disease Phytopathogen

Lipopeptide-

producing

microorganism

Lipopeptide

inhibiting the

phytopathogen Ref.

Damping-off bean Pythium ultimum Bacillus
subtilis M4

Iturin/fengycin Ongena

et al. (2005)

Gray mold disease of apple Botrytis cinerea Bacillus subtilis
M4

Fengycin Ongena

et al. (2005)

Powdery mildew of cucurbits Podosphaera fusca Bacillus subtilis Iturin/fengycin Romero

et al. (2007b)

Fusarium head blight (FHB)

in wheat and barley and ear

rot in corn

Gibberella zeae
(anamorph of Fusarium
graminearum)

Bacillus subtilis
JA; JA026

Fengycin Liu

et al. (2005)

Sugar beet seed infection Rhizoctonia solani Pseudomonas
fluorescens strain
96.578

Tensin Nielsen

et al. (2000)

Sclerotinia stem rot disease Sclerotinia sclerotiorum Bacillus
amyloliquefaciens

Surfactin/fengycin Alvarez

et al. (2012a)

Rice blast Magnaporthe grisea Chromobacterium
sp. C61

Chromobactomycin Kim

et al. (2014)
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sp.) has emerged as promising alternatives to

reduce the use of chemical pesticides and other

toxic substances in agriculture (Sobel et al. 2000;

McSpadden Gardener 2004; Cawoy et al. 2011;

Jacobsen et al. 2004). The disease protection

properties of these microorganisms rely on

three main traits.

The first and foremost among these is a high

ecological fitness to efficiently colonize in the

roots, which is a prerequisite to proficiently com-

pete for space and nutrients in the microenviron-

ment of the rhizosphere. Second is their capacity

to secrete highly active antimicrobial substances

with strong antagonistic activity toward various

plant pathogens. The third is their ability to trig-

ger plant immune response in tissues which

imparts resistance state that makes the host less

susceptible to subsequent infection (Pérez-

Garcı́a et al. 2011; Lugtenberg and Kamilova

2009; Chen et al. 2000). The efficient antimicro-

bial substance production which leads to direct

antagonism of phytopathogens is a key biocon-

trol mechanism (Berendsen et al. 2012; Chen

et al. 2009). Antimicrobial production efficiency

and a high rhizosphere fitness possibly explain

the strong biocontrol potential of Bacillus both

in vitro and under field conditions for their suc-

cessful marketing commercially (R€uckert

et al. 2011; Pal and Mc Spadden Gardener

2006; Janisiewicz and Korsten 2002; Larkin

and Tavantzis 2013; Spadaro and Gullino 2005;

Király et al. 2008). Among the Bacillus antimi-

crobial products, cyclic lipopeptides (LPs) such

as surfactin, iturin, and fengycin families are of

high interest not only due to their high produc-

tion rate in bioreactors by B. subtilis or

B. amyloliquefaciens but also because of the

secretion of these compounds in relevant

amounts under natural conditions in the rhizo-

sphere environment (Yang et al. 2013; Kinsella

et al. 2009; Nihorimbere et al. 2009, 2012; Dietel

et al. 2013; Yaryura et al. 2008) (Fig. 4.5).

One of the B. subtilis strain designated as JA

was found to antagonize the growth of

Gibberella zeae. The electrospray ionization

mass spectrometry (ESI/MS) analysis of the

product revealed the antifungal lipopeptide pro-

duction by this strain. A mutant of this strain

exhibited favorable properties including the

high yield of antifungal lipopeptide production

with relatively faster growth over the parent

strain, which suggested that this strain would be

a promising biocontrol candidate in agriculture

(Makovitzki et al. 2007).

The potential of B. subtilis strain M4 at

protecting plants against fungal diseases was

demonstrated in different pathosystems, and

fengycin-like lipopeptide production was reported

by this strain. The protective effect against

damping-off of bean seedlings which is caused

by Pythium ultimum (gray mold of apple and in

other postharvest diseases) was demonstrated. The

protection ability was also established by the

strong biocontrol activity of lipopeptide-enriched

extracts applied onto infected tissues of plants.

Apart from this, root pre-inoculation with strain

M4 enabled the host plant to respond more effi-

ciently to subsequent pathogen infection on leaves

and other parts of the plant. The mechanisms by

which Bacillus spp. suppress disease in infected

plants are yet to be discovered. These antifungal

properties of stain M4 emphasize the interest of

B. subtilis as a pathogen antagonist and plant

defense-inducing agent. The production of cyclic

fengycin-type lipopeptides may be closely related

to the expression of these two biocontrol qualities

(Liu et al. 2005).

Apart from members of Bacillus genus, a

Chromobacterium sp. strain C61 that displayed

antifungal activities was also used successfully as

a biocontrol agent for various plant diseases under

field conditions. The analysis of C61 culture

filtrates exposed an antifungal cyclic lipopeptide,

chromobactomycin, that contained a unique

nonameric peptide ring. The chromobactomycin

inhibited the growth of several phytopathogenic

fungi in vitro as well as plant applications. It

significantly reduced disease severity caused by

several pathogens and inhibited the mycelial

growth of R. solani, Pyricularia grisea,
B. cinerea, Alternaria longipes, and

C. gloeosporioides (Ongena et al. 2005) (Fig. 4.6).

Isolation and characterization of bacterial

antagonist for use as biological control of phyto-

pathogenic fungi like rice blast fungus has been

studied. The antimicrobial substance was further
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purified and characterized the antifungal mole-

cule produced by the antagonist. The strain was

isolated from soil and identified as

B. licheniformis BC98 that showed high antago-

nist antifungal activity against the rice blast fun-

gus Magnaporthe grisea. This bacterial strain

also inhibited the growth of other

phytopathogens such as Curvularia lunata and

Rhizoctonia bataticola. Biochemical and mass

studies of biologically active fractions revealed

it as a lipopeptide with molecular mass of

1,035 Da. However, it was identified as surfactin

after NMR analysis. Microscopic analysis of the

effect of the antagonist on M. grisea revealed

bulbous hyphae showing patchy and vacuolated

cytoplasm under the electron microscope. The

antagonist inhibited germination of M. grisea,

and therefore it is considered as a potential can-

didate for control of rice blast disease (Romero

et al. 2007b).

Podosphaera fusca is the main causal agent of

cucurbit powdery mildew, and four Bacillus

subtilis strains, UMAF6614, UMAF6619,

UMAF6639, and UMAF8561, were found to

inhibit the growth of P. fusca. Therefore, they

were studied for their ability to suppress the

Fig. 4.5 Panel 1: Fungicidal activities of the lipopeptides

(C14-KLLK and C16-KLLK) upon artificial infection of

gray mold (Botrytis cinerea) on cucumber leaves for

4 days after infection and 3 days after treatment. Panel

2: Cucumber fruits infected with B. cinerea conidia

3 days after the last treatment with double-distilled

water (A) or 30 mg/l C14-KLLK (B). Panel 3: Corn leaves
infected with Cochliobolus heterostrophus, untreated (A)
or treated with 30 mg/l C14-KLLK (Debois et al. 2014)
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disease on melon. Experiments were performed

using detached leafs and seedling assays. They

were also further subjected to elucidate the mode

of action involved in their biocontrol perfor-

mance. Three lipopeptide antibiotics, i.e.,

surfactin, fengycin, and iturin A or bacillomycin,

were identified in butanolic extracts of B. subtilis

culture filtrate. The purified lipopeptide fractions

(bacillomycin, fengycin, and iturin A) have

shown strong inhibitory effects on P. fusca

conidia germination and provided interesting

evidence of their presumed involvement in the

antagonistic activity. This also suggested that the

iturin and fengycin families of lipopeptides have

a major role in the antagonism of B. subtilis

toward P. fusca (Alvarez et al. 2012a) (Fig. 4.7).

The antifungal compounds identified as iturin,

surfactin, and fengycin isoforms produced by

two previously isolated Bacillus sp. strains,

ARP23 and MEP218, were found to be effective

against Sclerotinia sclerotiorum. These strains

were further assessed for their ability to control

sclerotinia stem rot in soybean. The field trials

showed effective results. While the surfactin C15

and fengycin A (C16–C17) and B (C16) isoforms

were produced by strain ARP23, the major

lipopeptide produced by strain MEP218 was

iturin A C15. Mycelial growth, morphology,

and sclerotial germination were altered in the

presence of lipopeptides. Foliar application of

Bacillus amyloliquefaciens strains on soybean

plants prior to S. sclerotiorum infection also

revealed significant protection against sclerotinia

stem rot. Strains ARP23 and MEP218 were

renamed or identified as strains belonging to the

species B. amyloliquefaciens and were concluded

to produce antifungal compounds belonging to

the cyclic lipopeptide family. As sclerotinia stem

rot was considered as one of the most severe

soybean diseases worldwide, these results pro-

posed the potential of B. amyloliquefaciens
strains ARP23 and MEP218 to control plant

diseases caused by S. sclerotiorum as biocontrol

agent (Kim et al. 2014) (Fig. 4.8).

Fig. 4.6 Chemical

structure of

chromobactomycin. Dhb
dihydroxybutyric acid,

Gln glutamine, Gly
glycine, His histidine, HMS
β-hydroxymyristate, Thr
threonine,Tyr tyrosine
(Ongena et al. 2005)
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4.2 Conclusion

Lipopeptides are amphiphilic molecules with

diverse physiochemical properties. Because of

their broad-spectrum antimicrobial activities,

they are used as various biocontrol agents. More-

over, presence-specific amino acid residues

import certain functions to the lipopeptides that

are important for biological activity. Though the

molecular pattern is not conserved in all

lipopeptides, structural homologues are interest-

ingly more active in comparison to others. In

fact, this is the reason why some Bacillus strains

are more efficient than others against pathogenic

strains. Therefore, the identification and under-

standing of putative receptors and their molecu-

lar mechanism is essential. However, efficiency

Fig. 4.7 Powdery mildew symptoms on melon leaves

following treatments with butanolic extracts of cell-free

filtrates of the antagonistic strain Bacillus subtilis
UMAF6639. Treatments are 1 untreated control, 2 nutri-
ent broth control, 3 washed cells from stationary phase,

4 cell-free filtrate nondiluted, and 5 and 6 cell-free

filtrates 1:4- and 1:16-fold diluted, respectively. Panels

are compositions of photographs of leaves inoculated

with conidia of Podosphaera fusca and treated as

described, taken 7 (a) and 16 (b) days after treatments

(Fzb et al. 2004)

Fig. 4.8 Systemic protection against Botrytis cinerea
B05 infection by synthetic ultrashort lipopeptides in

cucumber and Arabidopsis seedlings. (a) The first leaf

of cucumber plants (white arrows) was infiltrated with

100 μl of water (MOCK) or 100 μl of a 12.5 M solution of

P1 24 h before inoculation of the second and third leaves

with B. cinerea mycelium. Symptoms were assessed

3–4 days after infection. (b) Arabidopsis rosette leaves

3–4 days after infection with B. cinerea spores. Four

leaves from each plant rosette were treated with 100 μl
of water (MOCK) or 100 μl of 12.5 M peptides. Pathogen

inoculation was done on non-treated leaves. Three to four

days later, infected leaves were detached and analyzed

(Tendulkar et al. 2007)
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of biological control properties of lipopeptides

can be improved by using different combinations

of production mechanism or by improving the

production strains or in combination. Large-

scale production of these lipopeptides is essential

for biotechnological studies including therapeu-

tic applications.
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Abstract

Fungal pathogens are increasing their vicinity and able to cause serious

systemic and local infection in human beings. Although there are a few

antifungal drugs available in the market, most of them are not completely

safe and effective. On the other hand, plants have played an important role

in the history of healthcare system. Several commonly available plant

species belonging to algae, bryophytes, pteridophytes, and angiosperms

are used in the treatment of fungal diseases by indigenous people and

managed well the outburst of fungal diseases. Plant-based antimicrobials

represent a vast untapped source of medicine, and they have enormous

therapeutic potential as they can serve the purpose without any side effects

that are often associated with synthetic antimicrobials. The present chap-

ter deals with the historical background and the present status of medicinal

plants used in the treatment of fungal diseases.

5.1 Introduction

5.1.1 Fungal Infections

Fungi are a large group with about 250,000 spe-

cies available worldwide. Of which, more than

300 species have been reported as human

pathogens (Guarro et al. 1997). The incidence of

fungal infection has increased dramatically over

the past few decades due to increase in the

members of population susceptible to such

infections.

The common systemic infections are

aspergillosis, caused by species of Aspergillus,
blastomycosis (Blastomyces dermatitidis); cocci-

dioidomycosis, also called valley fever

(Coccidioides immitis); cryptococcosis (Crypto-
coccus neoformans); histoplasmosis (Histoplasma

capsulatum), candidiasis (Candida species); and

Pneumocystis pneumonia (Pneumocystis jirovecii
formerly known as Pneumocystis carinii). Super-

ficial fungal infections include tinea capitis

(Microsporum canis, Trichophyton tonsurans),
tinea barbae (T. rubrum, T. mentagrophytes),

tinea corporis (M. canis, T. mentagrophytes),
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tinea cruris (T. rubrum, T. mentagrophytes,
Epidermophyton floccosum), tinea pedis

(T. rubrum, T. mentagrophytes, E. floccosum),
and tinea unguium (T. rubrum,

T. mentagrophytes,E. floccosum). Approximately,

90 % of human fungal infections are caused by the

species of Aspergillus, Candida, Cladosporium,

Epidermophyton,Microsporum, andTrichophyton

spp. Among these, aspergillosis and candidiasis

have drawn more attention of scientists,

policymakers, and medical epidemiologists.

Candida species are normal inhabitants of the

skin, the gastrointestinal tract, the female genital

tract, and urine. In contrast, molds produce conidia

(spores) that are easily carried by wind and water,

inhaled the floating spores through air, and cause

sinus and lung infections. Sometimes the infection

spreads to the brain and bones. Infections usually

occur as a result of a decrease in natural human

defenses or exposure to heavy fungal spores.Many

infections are confined between the toes and a few

spread over the skin. The internal infections

become severe, if not taken care of in the initial

stage and may cause permanent damage or even

death. Therefore, the fungal infections are gaining

prime importance in the healthcare system (Beck-

Sague and Jarvis 1993). The increase in microbial

infection in human beings and emergence of resis-

tance in pathogen are the serious problems. The

use of antimicrobial drugs for prophylactic or

therapeutic purposes or for agricultural purposes

has provided selective pressure favoring the sur-

vival and spread of resistant organisms. To over-

come this, scientists are engaged in the

development of new strategies to inhibit the fungal

growth. Although a number of antifungal drugs are

available in the market, many are proved to have

serious side effects and hence, there is a great need

of continuous search for newer, safer and cheaper

antifungal agents from natural sources.

5.1.2 History of Plant Based Drug

There are about 250,000–500,000 species of plants

on Earth (Borris 1996), and relatively a small

group (1–10 %) of these is used as food by both

humans and other animal species. Plants, in partic-

ular, have formed the basis of sophisticated

traditional medicine systems with the earliest

records dating from around 2600 BCE in

Mesopotamia. About 1,000 plant-derived

substances including oils of Cedrus species

(cedar) and Cupressus sempervirens (cypress),

Glycyrrhiza glabra (licorice), Commiphora spe-

cies (myrrh), and Papaver somniferum (poppy

juice) are documented and found useful even

today. The best known record of Egyptian medi-

cine is the “Ebers Papyrus” (1500 BCE),

documented over 700 drugs of plant origin

(Borchardt 2002). The Chinese materia medica

reveals hundreds of important drugs starting from

the first record dating from about 1100 BC to

659 AD (Huang 1999). Similarly, the Indian

Ayurvedic system dates from before 1000

BC. Charaka and Sushruta Samhita reveal about

341 and 516 drugs, respectively (Dev 1999).

Hippocrates in the late fifth century BCmentioned

about 300–400 medicinal plants (Schuster 1966).

Dioscorides, a Greek physician (100 CE),

recorded the methods of collection, storage, and

use of medicinal herbs during his travels with

Roman armies. Galen (130–200 CE.), a practi-

tioner and teacher of pharmacy and medicine in

Rome, is well known for his complex herbal drug

prescriptions. The Arabs, however, preserved

much of the Greco-Roman expertise of the fifth

to twelfth centuries and expanded it to include the

use of their own resources along with Chinese and

Indian herbs unknown to them.

Herbal drug systems are developed regionally

in different parts of the world (Behl and

Srivastava 2002), largely used in India and

China (Xu 2004). In Europe and USA, the use

of herbs declined due to the availability of

purified and synthetic chemical drugs. In recent

years, there has been a resurgence of the use of

herbal drug as the side effects of chemical drugs

became apparent and a call for green revolution

and return to organic products.

5.1.3 Ethnomedicine

Ethnomedicine is practiced by various ethnic

groups, especially by indigenous peoples. The

word ethnomedicine is sometimes used as a syn-

onym for traditional medicine. Ethnomedicine is
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rather old and dates back to the time when the

early man became conscious of his environment.

Ethnomedicine helped in the survival of

ancestors and has given knowledge about medic-

inal plants and its uses. Cultural man struggled

for his existence as a hunter-gatherer and, with

his trial-and-error experience, must have learned

to distinguish useful and harmful plants, particu-

larly the plants with healing properties

(Weideman 2005). The earliest record of human

civilizations reveals that the elders and wise men

of those times used herbal medicines to treat

various diseases. Information regarding these

medicinal herbs is available in the old literature,

folklore, mythological stories, epic poems, med-

ical treatises, and old manuscripts, on palm

leaves and copper plates and other records pre-

served even today (Weideman 2005).

5.1.4 Potential of Herbal Remedies
as a Source of New Drugs

Plants have played an important role in the

healthcare system across the world. Their role in

the development of new drugs could be by serving

either as a natural blueprint for the development of

new drugs or as a phytomedicine to be used for the

treatment of disease. It is estimated that plant

materials have provided the models for 50 % of

the modern drugs. Many commercially available

modern drugs were initially used in crude form in

traditional or folk healing practice (Dagne 1996).

Since the beginning of the nineteenth century, a

large number of biologically active secondary

metabolites of plant origin have been found to

have commercial application as drugs. Recently,

there has been an upsurge of interest in the use of

plants with folkloric reputations as sources of

potentially useful compounds (Mourice

et al. 1999). Analysis of the number and sources

of anticancer and anti-infective agents, reported

from 1984 to 1995, indicates that over 60 % of

the approved drugs and pre-NDA (New Drug

Application) candidates are of natural origin. A

recent review reported that at least 119 compounds

of plant origin are used currently, and 77 % of

these are being derived from traditional medicinal

plants (Douglas 1987). Several new small

molecules of natural product-derived drugs have

been introduced into therapy in various countries

in recent years, including acarbose, artemether,

capsaicin, docetaxel, dronabinol, galantamine,

irinotecan, paclitaxel, tacrolimus, and topotecan.

This trend is likely to continue in the future, at least

for the treatment of disease states such as cancer

and infectious diseases. In a recent statistical sur-

vey, it was pointed out that the origin of 30,000

bioactive natural products could be divided

between animals (13 %), bacteria (33 %), fungi

(26 %), and higher plants (27 %) (Ernst 1999).

Despite the rapid development in the field of chem-

istry of medicinal research, many plant-derived

drugs such as, atropine, resperine, morphine,

cocaine, ergotamine, and digitalis still cannot be

synthetically produced (Ernavitha 2008). Thus, the

isolation of drugs from plants still holds good.

Plant-based antimicrobials represent a vast

untapped source of medicine, and they have

enormous therapeutic potential as they can

serve the purpose without any side effects that

are often associated with synthetic

antimicrobials. First scientific studies on the anti-

microbial properties of plant drugs were recorded

in the late nineteenth century (Zaika 1975). Since

then, several plants have been identified with

potential antifungal properties and used in the

treatment of fungal diseases.

5.1.5 Algae as an Antifungal Agents

Algae are a large and diverse group of plants which

ranges from unicellular to multicellular forms.

Blue-green algae, green algae, red algae, brown

algae, and marine algae are known for their food

and medicinal properties. Algae have also been

used in the preparation of biodiesel, bioethanol,

biobutanol, and hydrogen gases (Raja et al. 2013)

and could be used as antioxidants, antibiotics, and

virostatic agents. Themost powerful water-soluble

antioxidants such as polyphenols, phycobili-

proteins, and vitamins are found in algae (Plaza

et al. 2008). These antioxidants are able to prevent

the occurrence of cancer cell formation

(Richardson 1993). Marine algae have been used

as food andmedicine for centuries. They produce a

wide spectrum of biological activities such as
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antimicrobial (Bouhlal et al. 2011), antiviral (Kim

and Karadeniz 2011), antifungal (De Felı́cio

et al. 2010), anti-allergic (Na et al. 2005), antico-

agulant (Dayong et al. 2008), anticancer (Kim and

Karadeniz 2011), antifouling, and antioxidant

activities (Devi et al. 2011). The marine species

such as Rhodomela confervoides, Ulva lactuca,

Cystoseira tamariscifolia, and Padina pavonica

from Bejaia coast are reported to have antifungal

activity against Aspergillus niger (939 N), Can-

dida albicans (ATCC 1024), and Mucor

ramaniannus (NRRL1829). The extracts of

P. pavonica, R. confervoides, and U. lactuca

were very efficient against M. ramaniannus and

C. albicans (Saidani et al. 2012). In another study
(Tuney et al. 2006), the ethanolic extract of

P. pavonica was active against C. albicans. In

Acanthaphora spicifera, the methanolic extract

showed higher antibacterial and antifungal activity

against E. coli, B. subtilis, Bacillus palmitus,

P. aeruginosa, and C. albicans, M. gypseum, and
A. niger (Pandian et al. 2011). The purified carot-

enoid and chlorophyll pigments from

Chlorococcum humicola (green alga) were effec-

tive against the harmful pathogens such as E. coli,

P. aeruginosa, Salmonella typhimurium, Klebsi-

ella pneumoniae, V. cholera, S. aureus,
B. subtilis, C. albicans, A. niger, and A. flavus

with a maximum of 80 % inhibition in benzene

and ethyl acetate extracts (Bhagavathy et al. 2011).

A report from Brazil reveals the chloroform and

hexane fractions of H. musciformis inhibitory

against T. rubrum, T. tonsurans,
T. mentagrophytes, M. canis, M. gypseum,

C. albicans, C. krusei, C. guilliermondii, and

C. parapsilosis. The apolar extracts obtained

from algae showed the best activity against patho-

genic fungi (Guedes et al. 2012). Asparagopsis

taxiformis (red alga) from Italy was found antifun-

gal against A. fumigatus, A. terreus, and A. flavus

with minimum inhibitory concentrations between

<0.15 and >5 mg ml�1 against Aspergillus spp.
Agar diffusion assays confirmed antifungal activ-

ity of A. taxiformis extracts against Aspergillus

species (Genovese et al. 2013). Another red alga

Gracilaria arcuata from Chabahar coasts showed

very strong antibacterial and antifungal properties

(Javad et al. 2014). G. changii is predominant in

the mangrove areas and widely used in the

traditional medicine in Malaysia. People in

Malaysia use agar extracted fromGracilaria inter-

nally for coughs (Burkill 1935). Besides,

Gracilaria sp. is boiled in vinegar and used to

treat swollen knees and unhealthy sores (Burkill

1935). The methanol extract ofG. changii exhibits
inhibitory effect against candidiasis (Sasidharan

et al. 2007). In Turkey, among the marine species

such as Cladophora glomerata, Enteromorpha
linza, U. rigida, Cystoseira barbata, Padina

pavonica, Corallina officinalis, and Ceramium

ciliatum studied from the coast of Vona,

Enteromorpha linza and P. pavonica showed

highest antifungal activity against A. niger, while

C. glomerata showed highest antibacterial activity
against S. aureus (Erturk and Tas 2011).

5.1.6 Bryophytes as Antifungal Agents

The bryophytes are a diverse group of land plants

usually colonize in moist conditions. Alternation

of generation with dominant free-living haploid

gametophytic generation is an important feature

of this group (Wyatt 1982). Bryophytes represent

the simplest land plant group that are phylogen-

etically very old (Frahm 1994) and represent the

level of evolution associated with transmigration

to the land (Miller 1982). The secondary

metabolites have provided numerous leads for the

development of drugs, but the discovery of new

drugs with novel structures has declined in the past

few years. Bryophytes almost remain untouched in

the drug discovery process. They are known to

have numerous potential compounds, but much

work remains to link medical effects with specific

bryophyte species or compounds (Pant and Tewari

1990). Studies of their secondary metabolites are

recent but reveal some original compounds, which

have not seen even in higher plants. Mosses were

traditionally used as antimicrobial agents in India

(Frahm 2001) and as natural diapers (Ando and

Mastuo 1984).

Bryophyte species actually produce broad-

range antibiotics. Their usage in surgical dressings,

diapers, and other humanmedicinal applications is

well known not only inAsia (Frahm 2004) but also

in Brazil (Pinheiro da Silva et al. 1989), England

(Wren 1956), and Germany (Frahm 2004).
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Chinese, Indians, and Native Americans have

included bryophytes in their herbal medicine.

NativeAmericans have used them for drugs, fibers,

and clothing (University of Michigan, Dearborn

2003). Based on the concept of the doctrine of

signatures, a variety of bryophytes, especially

liverworts were used as herbal medicine (Riccia

spp.), in the Himalayas to treat ringworm. Another

study on Riccia fluitans from Florida indicated no

ability to inhibit growth of P. aeruginosa,

S. aureus, and C. albicans (Pates and Madsen

1955) including ringworm pathogen. The Gosiute

native peoples in the USA use Bryum,Mnium, and

Philonotis paste to reduce the pain of burns,

bruises, and wounds (Flowers 1957). Similarly,

the mixture of liverworts like Conocephalum

conicum and Marchantia polymorpha thalli with

vegetable oils is used in China for the treatment of

bites, boils, burns, cuts, eczema, and wounds

(Wu 1977; Ding 1982; Ando 1983). Indians in

the Himalayan region use M. polymorpha or

M. palmata to treat boils and abscesses as the

young archegoniophore resembles a boil when it

emerges from the thallus (Pant and Tewari 1989).

The alcohol extract of P. lyellii was reported to be

more active against A. niger, A. fumigatus,

F. oxysporum, and C. albicans. A. fumigates was
found to bemore susceptible at 80 ng/disk concen-

tration, and complete mycelial growth inhibition

was seen at 1 mg/ml concentration which is better

than ketoconazole (Subhisha and Subramoniam

2005). Philonotis marchica, Grimmia pulvinata,

Plagiomnium rugicum, Haplocladium sp., Bryum
pallens,Drepanocladus aduncus,Pellia epiphylla,

and Dumortiera hirsuta were also found to have a

broad spectrum of antifungal activity with maxi-

mum in ethanol extract (Shizadiann et al. 2009).

The antifungal compounds were also isolated

from the liverwort Plagiochila fasciculata of

New Zealand (Lorimer and Perry 1993, 1994).

Scientists have found innumerable kinds of

biological activity in compounds from

bryophytes. Even in a single species, one might

find multiple kinds of activity. For example, the

liverworts Plagiochasma japonica and March-
antia tosana exhibit antitumor activity, antifungal

and antimicrobial activity, inhibition of superox-

ide release, inhibition of thrombin activity, and

muscle relaxation (Lahlou et al. 2000). One

indication of the presence of unique and potential

pharmaceutically important chemicals in

bryophytes is the presence of unique odors espe-

cially in liverworts Leptolejeunea and Moerckia

(Schuster 1966). Lophozia bicrenata has a pleas-

ant odor, species of Solenostoma smell like

carrots, Geocalyx graveolens has a turpentine-

like odor, and Conocephalum conicum smells

like mushrooms. The tropical Plagiochila
rutilans smells like peppermint, due to the pres-

ence of several monoterpenoids (Heinrichs

et al. 2001).

Although mosses are known to harbor fungi

and will quickly become infected if kept moist in

a plastic bag, some fungi are inhibited by many

species of bryophytes, including many that cause

skin infections. Jennings (1926) reported moss

immunity to molds as early as 1926, but the

possibility of using them as a source of antifungal

activity seems to have been largely overlooked.

Among these, Hypnum cupressiforme has

remarkable antibacterial and antifungal effects.

The absence of fungal diseases in liverworts led

Pryce (1972) to suggest that lunularic acid, an

aging hormone found in liverworts but not in

mosses, might be responsible for liverwort anti-

fungal activity. The degree of antibiotic activity

in a given species may depend on the age of the

gametophyte (Banerjee and Sen 1979), and this is

well supported by the age-dependent antifungal

activity in liverwort Herbertus aduncus against

Botrytis cinerea, Pythium debaryanum, and Rhi-

zoctonia solani. They subsequently isolated three
aging substances, namely, alpha-herbertenol,

beta-herbertenol, and alpha-formylherbertenol

from it (Matsuo et al. 1982a, b, 1983). The

paste of Ceratodon purpureus and Bryum

argenteum to cure fungal infections of horses

(Frahm 2004) was used by industrious horse

owners and cured the fungal infections in horses

within 24 h. The cinnamolide, the active

compounds from Porella and Makinoa, showed
antidermatophytic activity, and Dumortiera

hirsuta, Sphagnum portoricense, and

Orthotrichum rupestre showed antifungal activ-

ity against C. albicans (Subramoniam and

Subhisha 2005a; Mc Cleary and Walkington

1966). A group of phenolic compounds isolated

from liverwort have shown potent activity as an
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antifungal, antioxidant, and anticancer agent

(Dai and Sun 2008), while plagiochin E from

Marchantia polymorpha could reverse fungal

resistance to fluconazole and induce apoptosis

in C. albicans. Riccardin D from Dumortiera

hirsuta inhibits hyphal formation and interferes

with biofilm formation. Among the bisbibenzyls

extracted from liverworts, isoriccardin C and

BS-34 found better antifungal compounds in a

dose-dependent manner (Sun 2009).

5.1.7 Pteridophytes as Antifungal
Agents

The pteridophytes are an important group of plants

that constitutes ferns and their allies. There are

over 250 different genera and 12,000 species of

ferns reported all over the world (Chang

et al. 2011). Of these, between 2,200 and 2,600

species occur in China accounting about 22 % of

the world total. Out of 1,250 species in India,

173 species are used as food, flavor, dye,medicine,

bio-fertilizers, oil, fiber, and biogas producer

(Manickam and Irudayaraj 1992). The secondary

metabolites like alkaloids, glycosides, flavonoids,

terpenoids, sterols, phenols, sesquiterpenes, etc.,

are important components in fern and are used in

various industries (Kulandairaj and Britto 2000).

Kirtikar et al. (1935) have described 27 species,

Nayar (1959) 29 species, Chopra et al. (1956)

44 species, and Nadkarni (1954) 11 species of

pteridophytes having medicinal importance. A

detailed review on the medicinal uses of

105 ferns is published by May (1978). On the

basis of phytochemical, pharmacological, and eth-

nobotanical studies,Singh(1999) reported160use-

ful pteridophytes in India. Selaginella bryopteris

(Linn.) Bak. is considered as a highly useful plant

for unconsciousness condition,Equisetum arvense
Linn. is used in nasal polyps and kidney infections

and its ashes are useful in acidity,E. debileRoxb. is

diuretic and given in gonorrhea, Lycopodium
clavatum Linn. in the form of decoction is used in

rheumatism and diseases of the lung and kidney,

the leaf paste ofOphioglossum reticulatumLinn. is

used in headache, Botrychium virginianum Sw. is

used in dysentery, Helminthostachys zeylanica

(Linn.) Hook. is used to revert impotency and

also used as a brain tonic, and Lygodium flexuosum

(Linn.) Sw. is an expectorant and also used in the

treatment of ulcers, cut wounds, and sprains. The

fronds of gleicheniaceous fern Dicranopteris

linearis (Burm.) are used in the treatment of

asthma and sterility in women, and Osmunda

regalis Linn., the “royal fern,” is used as a styptic

and tonic, while the rhizome of Angiopteris evecta
(Forst.)Hoffm. is used for scabies (Vasudev 1999).

As per ancient literature, the pteridophytes have

been known for about 2,000 years (Kirtikar and

Basu 1975) and are used as medicine in Ayurvedic

andUnani systems ofmedicine (Uddin et al. 1998).

The antimicrobial potential of some ferns has been

studied by Kumar and Kaushik (1999) and Parihar

and Bohra (2002a, 2003). The paste of Adiantum

incisum Forsk. and A. venustum is useful in the

healing of wounds (Samant et al. 1998; Kholia

and Punetha 2005).

The edible Malaysian fern species like

Stenochlaena palustris, Diplazium esculentum,

Nephrolepis biserrata, and Acrostichum aureum

were screened against A. niger, Rhizopus
stolonifer, and C. albicans, and a broad spectrum

of antifungal activity was found in Diplazium

esculentum leaves. The study shows that the

fern extracts are favorable antifungal agents

with potential applications in public heath

against fungal diseases (Zakaria and Sanduran

2010). Hemionitis arifolia (Burm. f.) Moore.,

Pteridium aquilinum (Linn.) Kuhn., and

Christella parasitica (Linn.) H. Lev. were

evaluated against the fungal pathogens Puccinia

arachidis and Phaeoisariopsis personata causing

rust and early leaf spot diseases in groundnut,

respectively, which are the pathogens sensitive

to all three fern extracts. The chloroform extract

of H. arifolia was found to have maximum anti-

fungal activity against both fungi (Kitherian

Sahayaraj et al. 2009). The aqueous and

ethanolic frond extracts of Cheilanthes anceps
were proved to be effective against A. flavus

and A. niger (Mishra and Verma 2009). The

Bheel tribe in Mt. Abu area use leaf juice of

Adiantum incisum for the treatment of skin dis-

ease; however, in Goram Ghat area, the leaf

powder mixed with butter is used for controlling
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internal burning in the body (Parihar and Parihar

2006). The phenolic compounds are abundantly

present in lycopodiophyta (Pedersen and

Ollgaard 1982), pteridophyta, angiosperm, and

gymnosperm (Carnachan and Harris 2000).

Ferns in particular serve as an important source

of some phenolic compounds such as

kaempferol, which is known to be extracted

from Phegopteris connectilis (Adam 1999), and

kaempferol-3-O-rutinoside, extracted from

Selliguea feei (Baek et al. 1994). Salvinia

molesta, a freshwater fern, is a good source of

phenolics such as hypogallic acid, caffeic acid,

paeoniflorin, and pikuroside (Choudhary

et al. 2008).

Ethnomedicinally, Adiantum Linn. is an

important plant popularly known as “Hansraj”

in Ayurvedic System of Medicine and is used in

the treatment of cold; tumors of the spleen, liver,

and other viscera; skin diseases; bronchitis; and

inflammatory diseases. Meenakshi Singh

et al. (Jan 2008) have studies the antimicrobial

property of four important species, i.e., Adiantum

capillus-veneris, Adiantum peruvianum,
Adiantum venustum, and Adiantum caudatum,

against five gram-positive and six gram-negative

bacteria (including multiresistant S. aureus) and
eight fungal strains. The maximum activity was

exhibited by the methanolic extract of

A. venustum followed by A. capillus-veneris,
A. peruvianum, and A. caudatum. Pityrogramma

is a genus with about 17 species occurring mainly

in tropical America (Smith et al. 2006). The

ethanolic extract of Pityrogramma calomelanos

(L.) Link showed good activity against S. aureus

when associated with aminoglycosides and

against species of Candida with benzoilme-

tronidazol. The results indicated that

P. calomelanos should be studied as a possible

source of natural products to combat bacteria and

fungi either directly or by modulating the

mechanisms of resistance of these

microorganisms and enhancing the antimicrobial

activity of these drugs (Souza et al. 2012).

Stenochlaena palustris leaf extract tested for its

fungicidal activity was found effective against

food-borne pathogen A. niger. Morphological

changes in A. niger treated with the fern leaf

extract were observed through scanning electron

microscope which reveal cell wall disruption

with flattened appearance on hyphae (Sumathi

and Parvathi 2010). Ethanol and methanol

extracts of Drynaria quercifolia (L.) J. Smith

rhizomes were also found to be inhibitory against

C. albicans and Cryptococcus neoformans. Sapo-

nin, coumarin, and terpenoids were detected in

ethanol extract and showed greater antibacterial

and antifungal activity than methanol extract

(Pargavi and Shivakumar 2014).

5.1.8 Higher Plants as Antifungal
Agents

Herbal therapy for skin disorders has been used

for thousands of years. Even our biologically

close relatives, the great apes, use herbal self-

medication (Huffman 2001). Specific herbs and

their uses developed regionally, based on locally

available plants and through trade in ethnobotan-

ical remedies. The great importance of flowering

plants in developing new therapeutic tools is

evident. Medicinal plants and their derivatives

are important for pharmacological research and

drug development.

The natural products can be used directly as

therapeutic agents, or as a source of raw

materials for synthesis of new pharmacologically

active models (Brazil 2006). In Chinese medi-

cine, Psoralea corylifolia and Eucalyptus

globulus have been used in the treatment of

dermatomycosis caused by T. mentagrophytes
and T. rubrum (Lau et al. 2010). The antifungal

activity of Eugenia umbelliflora Berg. (Machado

et al. 2009) against E. floccosum,
T. mentagrophytes, T. rubrum, M. canis, and

M. gypseum and Wrightia tinctoria against

T. rubrum, E. floccosum, A. niger, and

Scopulariopsis brevicaulis was reported

(Ponnusamy et al. 2010). The major compound,

identified as indirubin, is inhibitory against

dermatophytes such as E. floccosum, T. rubrum,

T. tonsurans, T. mentagrophytes, and T. simii. It
was also active against A. niger, C. albicans, and

Cryptococcus sp. (Newman and Cragg 2007).

Lima et al. (2011) reported antifungal activity
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of the essential oils (EOs) of Gymnophyton
polycephalum, Satureja parvifolia, and Lippia

integrifolia against M. gypseum,
T. mentagrophytes, and T. rubrum. The original-

ity of many structures of natural products attracts

attention to their use as a starting point for semi-

synthesis and total synthesis (Butler 2005). The

development of chemotherapeutic agents of syn-

thetic origin and the discovery of powerful new

antimicrobials isolated from natural sources

account for invaluable contributions in the fight

against fungal resistance (Silveira et al. 2006).

The extracts obtained from plants such as

Euphorbia prostrata, Salvia texana, Colubrina

greggii, and Clematis drummondii have shown

promising results for stimulating the search for

new potential antifungal plant sources (Alanı́s-

Garza et al. 2007).

Antifungal activity of Indigofera suffruticosa

was effective against T. rubrum and M. canis

(Sonia Periera et al. 2006). The oils of Ocimum
gratissimum and Trachyspermum ammi

exhibited strong antidermatophytic properties

(Tiwari et al. 2003). Ranganathan (1996)

reported the MIC of neem seed extract was

lower than that of the neem leaf when tested

against different species of Trichophyton and

Epidermophyton floccosum. The MIC (31 μg/
ml) of neem seed extract was also determined

by Natarajan et al. (2003) against dermatophytes.

The concentration at 15 μg/ml (below MIC) was

observed to be sufficient for distorting the growth

pattern of the organisms. In another study, the

ethanolic extract at 100 μg/ml concentration was

more active against dermatophytes

(Pankajalakshmi 1994). The flower extract of

Tagetes erecta showed maximum antimycotic

activity against F. oxysporum and

T. mentagrophytes followed by whole plant of

T. patula and leaf extract of T. erecta (Rai and

Acharya 1999). The Capparis spinosa and

Juglans regia inhibited the growth of M. canis,
T. violaceum, and T. mentagrophytes

(Ali-Shtayeh and Abu Ghdeib 1999). Nelumbo

nucifera rhizome extract was inhibitory against

yeast (Mukherjee et al. 1995), and Cinnamomum

tamala and while Citrus maxima oil exhibited

complete inhibition of mycelial growth of

T. mentagrophytes and M. audouinii (Dubey

et al. 1998). Wrightia tinctoria leaves also pos-

sessed potent antimicrobial properties against

dermatophytes. The methanol and ethanol

extracts were found effective against bacteria

and hexane extract against dermatophytes

suggesting that the active principles may be use-

ful in the topical treatment of superficial skin

infections (Kannan et al. 2006).

Turmeric oil isolated from Curcuma longa
L. by Apisariyakul et al. (1995) was inhibitory

against 15 isolates of dermatophytes at

1:40–1:320 dilutions. A wide range of inhibition

zone from 6.1 to 26.0 mm against 29 clinical

strains of dermatophytes was reported by

Mansuang et al. (2002) using crude ethanol

extract of Curcuma longa. The antifungal activ-

ity of essential oils of higher plants against ring-

worm caused by T. mentagrophytes and

M. audouinii was reported by Yadav and Dubey

(1994). Cinnamomum tamala, Citrus maxima,

Cymbopogon citratus, Eucalyptus citriodora,
Eupatorium cannabinum, Nepeta hindostana,

and Ocimum canum oils were absolutely toxic

against both the test fungi. The essential oil from

the fruits of Luvunga scandens was found very

good against dermal infections (Garg and Jain

1999). In recent years, these reports have

involved mainly the members of Lamiaceae and

Asteraceae families. The antifungal effects of

essential oils from several species of the

Lamiaceae family, viz., Satureja montana L.,

Lavandula angustifolia Mill (D’Auria

et al. 2005), Lavandula hybrida Reverchon,

Origanum vulgare L., Rosmarinus officinalis L.,

and six chemotypes of Thymus vulgaris L., were

studied against C. albicans. The greatest effi-

ciency was obtained with the essential oil from

T. vulgaris. An extensive study has been carried

out on the antifungal activity of the essential oils

from Lavandula and Rosmarinus. The essential

oil from Hyptis ovalifolia leaves was found very

effective against dermatophytes at a concentra-

tion of <500 μg/ml (eSouza et al. 2002).

In the Liliaceae family, reports on the antifun-

gal activity concern mainly the Allium genus. By

using an agar dilution assay, the antifungal activ-

ity of aqueous extracts prepared from Allium

cepa L. and Allium sativum L. was evaluated

against Malassezia furfur, C. albicans, as well
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as several strains of various dermatophyte spe-

cies by Shams et al. (2006). The results indicate

that onion and garlic might be promising sources

of drugs for the treatment of fungal diseases

caused by Candida, Malassezia, and the

dermatophytes. Similar studies on the antifungal

activity of onion and garlic were reported by

Ghahfarokhia et al. (2004) against T. rubrum

and T. mentagrophytes. According to Karunyal

Samuel et al. (2001), 200 mg/ml concentration of

Allium sativum aqueous bulb extract is effective

against T. rubrum. Pyun. Shin (2006) studied the

activity of essential oils from Allium fistulosum

L., A. sativum, and A. cepa (Liliaceae) against

three species of Trichophyton and found

A. sativum oil as the strongest growth inhibitor

against T. rubrum. There have been a large num-

ber of antifungal screening programs being car-

ried out in plant drugs used in traditional

medicine of Eastern Europe and Africa. Tadeg

et al. (2005) screened the traditionally used Ethi-

opian medicinal plants, namely, Acokanthera

schimperi, Calpurnia aurea, Kalanchoe

petitiana, Lippia adoensis, Malva parviflora,
Olinia rochetiana, Phytolacca dodecandra, and

Verbuscum sinaiticum, against fungal pathogens

and reported L. adoensis and O. rochetiana to be

the effective antifungal plant drugs. Similarly, in

the traditional practices in Southern Brazil, the

aerial parts of Pterocaulon alopecuroides and

Pterocaulon polystachyum are used to treat

mycoses. In vitro studies indicated the crude

methanol extract of P. polystachyum as the

most active one for mycoses (Stein et al. 2005).

In other studies, Lamidi et al. (2005) evaluated

77 crude extracts from leaves and stem barks of

15 Gabonese plants used in traditional medicine

as antifungal agents and revealed ethanol extract

of Polyalthia suaveolens as a good antifungal

agent effective at 1 mg/ml concentration. From

Balochistan, Pakistan, Zaidi and Crow (2005)

reported very good antifungal activity in

Zygophyllum fabago L. and Vincetoxicum

stocksii against C. albicans.

Nigella sativa L. (Aljabre et al. 2005), Mela-
leuca alternifolia oil (Hammer et al. 2002),

flowers of Yucca gloriosa L. (Favel et al. 2005),

Boerhavia diffusa L. (Agrawal and Rangari

2003), Hypericum growing in Southern Brazil

(Fenner et al. 2005), Gentianella nitida Griseb.

(Rojas et al. 2004), Croton urucurana Baill. bark

(Gurgel et al. 2005), Inula viscosa (Maoz and

Neeman 1998), Piper guineense (Ngono Ngane

et al. 2003), Chimaphila umbellate (Isabel

et al. 2008), Hypoestes serpens (Rasoamiaran-

janahary et al. 2003) and Mitracarpus villosus

leaves (Irobi and Daramola 1993) were reported

to have antifungal property. Similarly, the essen-

tial oils from Cymbopogon citratus (Lachoria

et al. 2000); Allium fistulosum L., A. sativum L.,

and A. cepa L. (Pyun and Shin 2006);

Catharanthus roseus (Singh and Singh,1997

and Rai and Upadhyay 1998); Citrus sinensis

(Patra et al. 2003); Syzygium aromaticum
L. (Merr. and Perry) (Taguchi et al. 2005); Euca-

lyptus globulus Labill., Eucalyptus maculata

Hook., and Eucalyptus viminalis Labill.

(Takahashi et al. 2004); Eucalyptus rostrata

(Singh et al. 1988); Satureja montana L.,

Lavandula angustifolia, L. hybrida Reverchon,

Origanum vulgare L., Rosmarinus officinalis L.,

and Thymus vulgaris L. (Tarfa et al. 2004);

Chrysactinia mexicana Gray. (Cardenas

et al. 2005); Azadirachta indica (Pant

et al. 1986; Vaijayanthimala et al. 2004); Cassia

alata (Ibrahim and Osman 1995); C. fistula
(Lillykutty and Santhakumari 1969); mint

(Kishore et al. 1993); Artemisia herba-alba and

A. judaica (Charchari et al. 1996); Acalypha
indica (Gopalakrishnan et al. 2000); Acalypha

wilkesiana (Alade and Irobi 1993); Calendula

officinalis (Kasiram et al. 2000); Salvia
mirzayanii Rech. F. and Esfand. (Portillo

et al. 2005); Solanum dulcamara (Kumar and

Bhadauria 2009); Ocimum spp. (Janseen

et al. 1989); O. sanctum (Gangrade et al. 1989);

Ocimum gratissimum L. (Silva et al. 2005);

Lawsonia inermis (Bhakuni et al. 1971;

Bhatnagar et al. 1961; Misra and Dixt 1979);

Psoralea corylifolia (Sharma and Singh 1979;

Grover and Rao 1979; Gupta et al. 1962);

Curcuma longa rhizome (Vaijayanthimala

et al. 2004); Pongamia pinnata seed oil (Kesari

et al. 2010); and lemon and lantana (Jain

et al. 2004) were reported to have antifungal

activity. The effective antifungal compounds

isolated from different medicinal plants against

pathogenic fungi are given in Tables 5.1 and 5.2.
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Table 5.2 Antifungal compounds from essential oils of medicinal plants

Sl.

no. Botanical name Compound Effective against Reference(s)

1 Haplophyllum
tuberculatum
(Forsskal)

A. Juss

α- and β-Phellandrene,
limonene, β-ocimene,

β-caryophyllene and
myrcene

Curvularia lunata and

Fusarium oxysporum
Al-Burtamani et al. (2005)

2 Thymbra
capitata (L.)

Cav.

γ-Terpinene and
p-cymene

Candida, Aspergillus, and
dermatophyte

Salgueiro et al. (2004)

3 Lavandula
stoechas L.

Fenchone, limonene, and

myrtenol

Rhizoctonia solani Angioni et al. (2006)

4 Rosmarinus
officinalis L.

α-Pinene, borneol,
camphene, camphor,

verbenone, and bornyl

acetate

Candida albicans Dalleau et al. (2007)

5 Lavandula
angustifolia

Linalool and linalyl

acetate

Candida albicans D’Auria et al. (2005)

6 Mentha piperita
L.

Menthol Aspergillus flavus and
A. parasiticus

Farag et al. (1989)

7 Thymus vulgaris Thymol Aspergillus flavus and
A. parasiticus

Farag et al. (1989)

8 Salvia mirzayanii
Rech. F. and

Esfand.

Linalool, linalyl acetate,

α-terpinyl acetate,
1,8-cineole, α-cadinol,
and δ-cadinene

Fusarium solani and
Candida albicans

Portillo et al. (2005)

9 Calocedrus
formosana
Florin.

α-Cadinol and murolol Lenzites betulina,
Pycnoporus coccineus,
Trametes versicolor, and
Laetiporus sulphureus

Cavaleiro et al. (2006)

10 Trachyspermum
ammi (L.)
Sprague

Thymol, p-cymene,

γ-terpinene, β-pinene,
and terpinen-4-ol

Aspergillus niger,
Fusarium moniliforme, and
Curvularia lunata

Nigam and Rao (1977)

11 Cuminum
cyminum L.

β-Pinene, γ-terpinene,
and cuminaldehyde

Aspergillus Patra et al. (2002); Kawther

(2007); Hammer et al. (2002)

12 Foeniculum
vulgare Mill.

Trans-anethole Alternaria alternata,
Fusarium oxysporum,
Aspergillus flavus, and
A. parasiticus

Aggarwal et al. (2000); Shabnam

et al. (2012).

13 Bupleurum
gibraltaricum
Lamarck.

Sabinene, α-pinene, and
2,3,4-

trimethylbenzaldehyde

Plasmopara halstedii Komiya et al. (2006)

14 Zingiber
officinale Roscoe

Zingiberene Aspergillus flavus,
A. parasiticus, and
F. oxysporum

Pandey et al. (2010); Farag

et al. (1989)

15 Curcuma longa
L.

Terpinolene,

α-phellendren, and
terpinene-4-ol

Dermatophyte Apisariyakul et al. (1995); Saha

R and Bhupendar (2011)

16 Nigella sativa L. Thymoquinone Candida albicans,
Aspergillus flavus

Mashhadian and Rakhshandeh

(2005); Khan et al. (2003);

Aggrawal et al. (1979);

Amrouche et al. (2011); Singh

et al. (2005); Al-Jabre

et al. (2005); Zhang et al. (2006)

17 Syzygium
aromaticum (L.)

Merrill and Perry

Eugenol Candida, Aspergillus, and
dermatophyte

Eugenia et al. (2009)

(continued)
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5.1.9 Future Prospectus of Plant-
Derived Antifungal Drug

Fungal pathogens, namely, the species of

Trichophyton, Microsporum, Epidermophyton,
Aspergillus, Candida, etc., have become preva-

lent in causing diseases in human beings and

animals. The increase in fungal infections in

human beings and emergence of resistance in

pathogens are serious problems in the

healthcare system. The unscientific way of

using antifungal drugs for prophylactic or ther-

apeutic purposes or for agricultural purposes

has provided selective pressure on the survival

and spread of resistant organisms. To overcome

this emerging global problem, the policy

makers, pharmaceutical industries and funding

agencies have to create a platform for the

scientists to develop new strategies and new

antifungal drugs for the management of fungal

diseases. As plants have proved to have very

strong properties of inhibiting fungal growth

without any residual side effect on the human

body, the traditionally used medicinal plants

could be the best source for the development

of new antifungal drugs.
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The most predominant opportunistic fungal pathogens Candida sp, Asper-

gillus and Cryptococcus sp are emerging as a global problem of great

concern as it is associated with increased morbidity and mortality.

Although there are different classes of approved antifungal agents like

polyenes, pyrimidines, azoles, and echinocandins, the morbidity and

mortality rate due to systemic infection remains high, due to its toxicity,

narrow spectrum of activity and tolerability. The continuous usages of

these drugs are associated with resistance development and thus this is

another area of emerging global problem. In addition, biofilm formation

by fungal pathogens are proven to be an important virulence factor and are

resistant to host defense mechanism and antifungal agents. Combination

therapy has shown to be a promising choice to overcome the emergence of

drug resistance, minimizing the toxic effects by reducing the drug dosage,

and to increase the spectrum of killing. In this chapter, we have reviewed

the last 5 years’ developments made in combinational antifungal therapy
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6.1 Introduction

The improvement in medical advances inciden-

tally has led to an increase in the incidence of

opportunistic fungal infections. The most pre-

dominant opportunistic fungal pathogens are

Candida sp., Aspergillus sp., and Cryptococcus

sp. (Paramythiotou et al. 2014). During the last

decade, there has been an emergence of other

pathogens like Zygomycetes, Fusarium, etc.,

(Pagano et al. 2011). These pathogens take the

chance to cause disease when the immune system

of an individual is altered due to a plethora of

reasons like organ transplantation, cancer

therapies, diabetes mellitus, immature birth, die-

tary factors, and nutrient deficiency (Riddell and

Shuman 2012). The other contributing factor for

the increase of fungal infections includes surgical

problems with prolonged antibiotic treatment

(Miceli et al. 2011).

Although there are different classes of

approved antifungal agents like polyenes,

pyrimidines, azoles, and echinocandins, the mor-

bidity and mortality rate due to systemic infec-

tion remains high, due to its toxicity, narrow

spectrum of activity, and tolerability (Bal

2010). The continuous treatment with similar

kind of drugs evolves different drug resistance

mechanisms in fungi, and the emergence of drug-

resistant strains is a growing global problem

(Allen 2010). The common drug resistance

mechanisms established in fungi are

(I) transport alteration (ATP-binding cassette

transporters or major facilitator superfamily

transporter), (II) target alteration (by mutation

or structural change in target protein), (III) gene

upregulation (overexpression of target protein)

and utilization of compensatory and catabolic

pathway, (IV) biofilm formation, (V) efflux of

antifungal drug, and (VI) decreased uptake of

antifungal drug (Kontoyiannis and Lewis 2002;

Sanglard et al. 2009).

Combination therapy has shown to be a

promising choice to overcome the emergence

of drug resistance, minimizing the toxic effects

by reducing the drug dosage, and to increase the

spectrum of killing. The drug combinations are

always selected based on the two different

modes of actions of the antifungals. These are

inhibitors of cell wall synthesis and inhibitors of

protein/DNA synthesis or inhibitors of the cell

membrane. The drug interactions in the combi-

national therapy are classified as synergistic,

antagonistic, and additive (Chen et al. 2014).

Some proposed mechanisms for synergistic

drug interactions are inhibition of biochemical

pathway at different stages, for example, ergos-

terol biosynthesis and weakening of the fungal

cell membrane by combinational drug therapy

using terbinafine and azoles (Barchiesi

et al. 1998; Johnson et al. 2004); increased

penetration of combined drugs by impairing

the cell wall or cell membrane activity, for

example, combination of fluconazole or

amphotericin B with quinolones and rifampin

allows these antibacterial agents to penetrate

fungal cell to target DNA synthesis (Medoff

1983); transport interaction of antifungal drug

with the help of another antifungal drug, for

example, the cell membrane degradation by

amphotericin B via oxidative decay allows

flucytosine into the cell (Beggs and Sarosi

1982); and instantaneous inhibition of multiple

fungal cell targets (Bartizal et al. 1997). Antag-

onism among antifungal agents might occur in

one of several ways. Administration of antifun-

gal drug at the same site and time will decrease

the efficacy of drug, for example, amphotericin

B and azole: amphotericin B binds with ergos-

terol in the cell membrane and usually blocks

the synthesis of ergosterol (Cosgrove

et al. 1978). Adsorption of one antifungal

agent to the cell surface inhibits binding of

another antifungal agent to target site of activ-

ity, for example, itraconazole and ketoconazole

are lipophilic azole that bind with the cell sur-

face and inhibit binding of amphotericin B

(Johnson et al. 2004). Modification of a drug

target upon previous exposure to an antifungal

agent reduces the susceptibility, for example,

exposure of pathogen to an azole compound

results in alteration of membrane ergosterol

with methylated sterol derivative, which will

reduce the activity of amphotericin B (Currie
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et al. 1995). The selection of drugs in combina-

tion should accomplish these criteria for better

treatment option.

Considering these facts, the therapy should

also incorporate the appropriate dosage for erad-

ication of fungal biofilms. Biofilm formation is

an important contributing factor for virulence

and an emerging global problem of great con-

cern. The biofilms are resistant to host defense

mechanism and antifungal agents (Martinez and

Fries 2010). The three main drug resistance

mechanisms proposed in biofilms are

(I) incomplete or slow penetration of

antimicrobials due to exopolysaccharide

polymers; (II) resistant phenotype, known as per-

sister cells characterized by a slower growth rate

and greater resistance to antimicrobials; and (III)

an altered environment that may affect the anti-

biotic action such that fungal biofilm persists

even when appropriate antifungal treatment is

given (Chatzimoschou et al. 2011). For instance,

fluconazole and amphotericin combination ther-

apy was unsuccessful in the treatment of Crypto-

coccus neoformans-infected hip joints due to

poor penetration of drugs through the biofilm

(Johannsson and Callaghan 2009). Catheter-

related fungal infections are serious infectious

complications that worsen the patient outcomes.

The guidelines of the European Society of Clini-

cal Microbiology and Infectious Diseases

(ESCMID) have suggested removing the cathe-

ter, but a recent report, by analyzing 842 patients

from two randomized clinical trials, reveals that

the removal of the catheter does not improve the

patient outcome (Nucci et al. 2010). Hence,

development of new strategies for fungal infec-

tion management is required. One such approach

is identifying an antiquorum sensing molecule

which comprises targets of biofilm, virulence

factors, and hyphal formation. The most studied

quorum sensing molecule in fungi is farnesol,

which has a control over growth, morphogenesis,

and biofilm formation. The fungus quorum sens-

ing research is still in infancy, and further

research could lead to the development of new

antifungal agents (Albuquerque and Casadevall

2012). Immunotherapy is based on the premise

that most opportunistic fungal infections are a

result of compromised immune system. And

thus, any means of modulating the immune sys-

tem using immune or immunogenic components

could prove to be useful in achieving immune

activation in the patient that will enable pathogen

clearance. Such strategy minimizes the toxic

effects of conventional antifungal drugs (and in

some cases even synergizes with the drug or

potentiates the activity of the drug), thereby

opening up a new way of combating multidrug-

resistant fungal pathogens.

In this chapter, we have reviewed the last

5 years’ developments made in combinational

antifungal therapy with special emphasis on

biofilm-related infections and have presented a

reappraisal of the current practices associated

with immunotherapy and future challenges.

6.2 Cryptococcus Meningitis

Cryptococcus meningitis (CM) is an opportunis-

tic neurological infection in immunocompro-

mised individuals. It has emerged as the leading

cause of morbidity and mortality in HIV-positive

and HIV-negative patients (Muzoora et al. 2012).

Recently, the Center for Disease Control

estimated approximately one million new cases

of cryptococcal meningitis each year, resulting in

the death of 625,000 people worldwide. The

standard therapy for CM consists of three phases:

induction, consolidation, and maintenance

(Vaidhya et al. 2015). The current standard initial

therapy consists of amphotericin B and

flucytosine (5-FC), but the availability of 5-FC

is an issue in the countries of Asia and Africa,

where CM is common (Perfect et al. 2010).

Hence the probability of effective antifungal

combination therapies is being investigated by

the researchers.

The primary objectives of the therapies are to

reduce the high infectious dose in the lungs and

brain tissues which in turn increase the intracra-

nial pressure and tend to have a worse prognosis.

The induction therapy with amphotericin B

deoxycholate (0.7–1.0 mg/-kg) combined with

flucytosine (100 mg/kg/day for 2 weeks),

followed by further consolidation therapy with
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fluconazole, is considered a standard manage-

ment regime in the developed world (Denning

and Hope 2010). An alternate but promising

treatment strategy includes administering

amphotericin B and fluconazole (both at

800 mg/14 days), followed by administration of

fluconazole alone (800 mg/56 days). However,

validation of this strategy is required through

randomized phase III clinical trial. Fluconazole

resistance is not common if it is used as a part of

amphotericin B induction therapy. But continu-

ous use of fluconazole has been shown to result

in other resistant yeast infections, for example,

fluconazole resistant (Govender et al. 2013).

Toward the end of these antibiotic therapies,

protein abnormalities may persist for years,

which would cause adverse effects including

nephrotoxicity (Fine and Atta 2007). Hence the

combination therapy of fluconazole and

flucytosine was recommended and has greater

antifungal activity compared with fluconazole

monotherapy, even though fluconazole has high

penetration in CSF (Yao et al. 2014). However,

the effect of this combination in comparison with

amphotericin B is unknown (Denning and Hope

2010). Although the lipid-based formulations of

amphotericin B have excellent efficiency by

reducing its nephrotoxicity, the major drawback

is its cost. To execute significant measures to

overcome drug resistance, few studies have

attempted to search for an alternative antifungal

drug (Nikapitiya 2012). In search of new antifun-

gal agents, in vivo efficacy of miltefosine,

alkylphosphocholine, was evaluated for its

usage as monotherapy and in combination with

fluconazole and amphotericin. The monotherapy

does not significantly improve survival of mice.

Combination with miltefosine revealed neither

synergy nor antagonism in both models,

suggesting caution with the utility of miltefosine

for anticryptococcal therapy (Wiederhold

et al. 2013).

Apart from cost, the lipid formulation of

amphotericin B is unable to pass through the

blood-brain barrier. In CNS fungal infections,

the permeability of lipid amphotericin B is

enhanced by the inflammatory process. However,

the inflammation is associated with the risk of

intracranial pressure. Hence drugs directly

administered into the CNS could be a suitable

therapy for CN infections, especially in those

cases where conventional therapy fails or a

relapse of the infection occurs. Gazzoni

et al. (2012) compared the in vivo efficacy of

intrathecal administration of L-AmB alone and

in combination with voriconazole in a murine

model of cryptococcal meningitis. The animals

were treated with liposomal amphotericin B

administered intrathecally at 0.006 mg/kg

weekly or intravenously at 10 mg/kg daily or

with voriconazole administered orally at 30 mg/

kg per dose twice daily or with combinations of

both drugs, i.e., L-AmB i.t.c. þ voriconazole or

L-AmB i.v. þ voriconazole at the same doses as

used in the monotherapies. All treatments signif-

icantly increased the survival and reduced fungal

burden in comparison with the control group,

with voriconazole being less effective in compar-

ison with all other treatments. The combination

of L-AmB i.t.c. þ voriconazole showed a syner-

gistic effect in the reduction of fungal load that

was significantly superior to any tested therapy

(Gazzoni et al. 2012).

The increase of fungal burden in the CSF is a

major issue to be focused to increase the survival.

Studies were conducted to determine the thera-

peutic value of amphotericin B and voriconazole

(alone and in combination) that would support

reduction of fungal burden. Preclinical studies

were conducted using BALB/c-SCID mice

infected with fluconazole-resistant strains of

Cryptococcus neoformans var. grubii. The sur-

vival curves and yeast quantifications indicate

that amphotericin B was effective in increasing

the survival of the animal without reducing the

fungal burden in the lung and brain tissue (Silva

et al. 2011). The rate of clearance of

C. neoformans from cerebrospinal fluid is

facilitated by amphotericin B and flucytosine as

first-line therapy. But flucytosine is not available

in many resource-limited countries (Bisson

et al. 2013). Thus, combinations with different

modes of action and different doses were tried

with AmB þ fluconazole (800 mg/day), AmB þ
fluconazole (600 mg twice per day), and AmB þ
voriconazole (300 mg twice per day) that
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provides a means to compare the antifungal

activity of alternate regimens in small phase II

studies. The combination therapy comprising

rifampin and amphotericin B for treating fungal

diseases is of past interest to eradicate the toxic

effect of conventional AMB. In vivo studies were

not conducted due to the lack of laboratory test-

ing standards, of Cryptococcus sp. (Loyse

et al. 2012).

Gamaletsou et al. (2012) experimented sal-

vage therapy for two patients with HIV-related,

refractory Cryptococcus meningitis as there are

no potential comparative studies for salvage ther-

apy. The salvage regimen provides a successful

treatment, consisting of the combination of

liposomal amphotericin B (3 mg/kg), intravenous

voriconazole, and subcutaneous recombinant

interferon γ-1b (200 μg thrice weekly). And to

overcome interactions with co-administered rito-

navir, voriconazole was given at an increased

dose (5 mg/kg, twice daily). Oral fluconazole

was given as maintenance therapy. The salvage

therapy eliminates the fungal burden in the CSF

after 10 weeks of therapy, also no adverse side

effects, and no recurrence of infections has been

observed even after 4 years of follow-up. Further

validation is needed to use this strategy as initial

therapy for HIV-related CM.

Recently, Yao et al. (2014) conducted a meta-

analysis for prospective cohort studies to com-

pare the survival benefits between fluconazole

and 5-flucytosine given in combination with

AmB as the initial therapy for CM. The survival

rate was similar in case of AmB in combination

with high-dose fluconazole, and therefore this

combination is alternative for 5-flucytosine for

the management of HIV-associated CM therapy,

which is not available in resource-limited

countries (Yao et al. 2014). Clinical data disclose

that high-dose fluconazole shows no adverse

liver function abnormalities (Vaidhya

et al. 2015). However, high-dose fluconazole

might lead to the emergence of drug-resistant

strains. For patients without CNS involvement

with limited pulmonary cryptococcosis and

non-pulmonary cryptococcal infections in immu-

nocompetent patients, initial therapy with flucon-

azole (400 mg per day) could be considered. The

standard therapy of amphotericin B and

flucytosine is not recommended for disseminated

cryptococcosis (Probst et al. 2010).

Cryptococcus neoformans biofilms are

becoming common due to the increased use of

brain valves and other medical devices such as

ventriculoatrial shunt catheters, peritoneal dialy-

sis fistula, cardiac valves, and prosthetic joints.

The knowledge on the mechanism of biofilm

formation by Cryptococcus is still in infancy;

hence, there are very limited reports on the eval-

uation of antifungals on C. neoformans biofilms.

An in vitro study reveals that amphotericin B and

caspofungin are effective against the mature

biofilms of C. neoformans; however, the efficacy
profile is not similar for melanized Cryptococcus

biofilms. Recently, antibiofilm activity of

antifolate drugs (sulfamethoxazole-trimethoprim

and sulfadiazine-pyrimethamine) alone and in

combinations with amphotericin B was studied

(Liao et al. 2015). However clinical study and

combination therapy for cryptococcal shunt

infections are lacking.

6.3 Candidiasis

Candida albicans is the most prevalent infectious

species among the 20 different species of Can-

dida (Centre for Disease Control 2014). It is the

normal commensal of the alimentary tract,

vagina, and oral cavity. The emergence of Can-

dida sp. as the important nosocomial pathogen is

owing to the increased use of medical devices

such as central venous catheters and various

implanted devices (Kim et al. 2011). Although

C. albicans is the most prevalent, non-albican

species, C. glabrata, C. tropicalis,

C. parapsilosis, C. guilliermondii, C. krusei,

C. lusitaniae, and C. kefyr are also increasing

recently, which is evident in a recent 5-year

prospective study and population-based surveys

of candidemia (Alexander et al. 2013). For

candidemia management, the most frequently

administered antifungal agent is fluconazole and

echinocandins. The effectiveness of the antifun-

gal agent varies with the species of Candida
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isolated from different clinical samples (Pfaller

et al. 2012; Sardi et al. 2013).

Andes et al. (2012) conducted an individual

patient-level quantitative review of randomized

trials consisting of 1,915 patients for treatment of

invasive candidiasis. They identified that the use

of an echinocandin was associated with reduced

mortality when compared to the use of a drug

from either the triazole or polyene classes. And

their study also supports the greater toxic effects

associated with amphotericin B than triazole or

echinocandin therapy. These findings lend sup-

port to recent treatment guidelines that recom-

mend echinocandin as a first-line choice for

invasive candidiasis particularly for patients

who are critically ill and those with previous

exposure to triazole (Andes et al. 2012).

The treatment for Candida infections varies

with patient’s underlying conditions. For

instance, the delayed treatment of candidemia

in septic shock is shown to be an important factor

of patient outcome. Septic shock due to invasive

candidiasis is a near-fatal condition. Retrospec-

tive cohort studies of septic shock patients with

Candida infections reveal the risk of death is

exceptionally high among patients with septic

shock associated with Candida infection. The

antifungal therapy regime is needed to improve

the clinical outcomes (Kollef et al. 2012). Inva-

sive candidiasis is also a leading cause of mortal-

ity and morbidity in immune-compromised

neonates. A comparative outcome of antifungal

treatment of candidiasis in infants was provided

by a large multicenter cohort study. Infants

treated with L-AmB had a higher mortality

when compared to infants treated with either

amphotericin B deoxycholate or fluconazole.

This finding may be related to inadequate pene-

tration of L-AmB into the kidneys. There are no

recommendations for combination therapy to

treat life-threatening infection and deep tissue

infection as the comparative outcome data are

limited (Tragiannidis et al. 2015). In case of

candidiasis in hematologic malignancies,

echinocandins are recommended as initial ther-

apy, in non-neutropenic patients with candidial

infections, initial therapy with the echinocandin

followed by fluconazole, is recommended. There

are no reports on combination therapy for inva-

sive candidiasis in leukemic patients (Walsh and

Gamaletsou 2013). The summary of recent treat-

ment recommendations for different types of

candidiasis is given in Table 6.1.

The important factor for drug resistance in

Candida sp. is their ability to grow and adhere

as biofilms on various surfaces including the

medical devices. Candida biofilms are the lead-

ing cause for intravascular catheter-related

infections. The presence of biofilms on intravas-

cular devices makes the treatment of CR-BSI

difficult and resists the action of clinically impor-

tant drugs including amphotericin B and azole

(Chatzimoschou et al. 2011). Also a recent

randomized clinical trial reveals the higher tox-

icity effects of amphotericin B with fluconazole

(Sanati et al. 1997). Thus, many researchers have

turned their focus to evaluate the antifungal ther-

apy comprising different combinations including

antimicrobial peptides, natural products, and

non-antifungal agents. And many studies are

being carried out to demonstrate the antimicro-

bial lock therapy to treat catheter-related blood

infections. Antimicrobial lock therapy involves

the instillation of a small volume of the highly

concentrated antibiotic solution, which is

allowed to stay in the lumen of the catheter for

12–72 h, to eradicate biofilm formed on the inner

surface of the device. Ku et al. (2010) determined

the efficacy of antibiofilm and persistence of the

activity for the lock solutions of caspofungin,

micafungin, and posaconazole in in vitro model

of Candida biofilm on silicone catheter.

Micafungin and caspofungin had significant

inhibitory activity against mature C. albicans
and C. glabrata biofilms, but caspofungin

displayed less persistence in C. glabrata

biofilms. Even though posaconazole was less

effective against C. albicans biofilms, its activity

was maintained. They had suggested that

echinocandin lock therapy may be useful to con-

trol candidiasis in catheterized patients (Cateau

et al. 2011). Until recently, the guidelines of the

Infectious Diseases Society of America (IDSA)

had suggested the use of antibiotic lock therapy

only under special circumstances as a salvage

treatment. For the management of catheter-
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related bloodstream infections, tigecycline, an

antibacterial agent, was evaluated alone and in

combination with fluconazole, amphotericin B,

or caspofungin against Candida biofilms. It has

been found that high-dose tigecycline is highly

active against in vitro Candida biofilms; how-

ever, the combination with antifungals is not

significant. Further investigation is required to

utilize the antimicrobial lock therapy containing

tigecycline for the management of CR-BSI

(Ku et al. 2010). The antibiofilm activity of

amphotericin B was found to be significantly

enhanced when used in combination with poly-

amine biosynthesis inhibitors, 1,4-diamino-2-

butanone (DAB) and difluoromethylornithine

(DFMO). Further studies have shown that DAB

and DFMO also enhanced the antibiofilm

activities of several other antifungal agents by

enhancing the formation of reactive oxygen spe-

cies in biofilm cells.

In vitro, the combination of caspofungin or

anidulafungin with antimicrobial peptides is

very effective in killing Candida sp.; however,

the efficacy was not improved in a murine model

of systemic candidiasis, wherein the combination

of caspofungin and antimicrobial peptide,

ranalexin, was used. The enhanced efficacy was

observed in the same animal model when the

combination therapy of amphotericin B and

lactoferrin was used. There is no literature sup-

port for the synergism between antimicrobial

peptides and echinocandins. Rossignol

et al. (2011) investigated the tryptophan-rich,

ApoEdpL-W peptide, derived from human

Table 6.1 Summary of recent treatment recommendations for different types of candidiasis

Type Organism Symptoms

Estimated

statistics Treatment References

Oral

candidiasis

Candida sp.,

Candida
albicans
(69.23 %)

Soreness and

redness in

infected area,

difficulty in

swallowing,

dryness at the

corners of mouth

5–7 %, babies

less than

1 month;

9–31 %, AIDS

patients;

~20 %, cancer

patients

Clotrimazole with

fluconazole or

itraconazole

Pieralisi

et al. (2014), Jensen

and Peterson

(2014), Center for

Disease Control and

Prevention

Vulvovaginal

candidiasis

Candida
albicans
(87.5 %),

C. glabrata
(6.8 %), other

Candida
species less

than 3 %

Woman (itching,

burning, and

vaginal

discharge)

75 % adult

woman

Oral medication

(clotrimazole with

fluconazole),

suppositories, and

creams

Mendling (2015),

Center for Disease

Control and

Prevention

Invasive

candidiasis

Candida
albicans
(70 %),

C. glabrata
(11 %)

Fever, chills, and

failure of

antibiotics

8–10 cases per

100,000

person,

10–20 % in

new born child

(less than

1 month)

Neonates

(amphotericin B),

child and adults

(fluconazole,

micafungin,

caspofungin,

anidulafungin, and

echinocandin)

Cornely

et al. (2011),

Kobayashi

et al. (2015), Laua

et al. (2015), Center

for Disease Control

and Prevention

Genital

candidiasis

Candida
albicans
(87.5 %),

C. glabrata
(6.8 %), other

Candida
species less

than 3 %

Man (itchy rash),

woman (itching,

burning, and

vaginal

discharge)

75 % adult

woman, men

(rare occasion)

Oral medication,

suppositories, and

creams

Mendling (2015),

Center for Disease

Control and

Prevention
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ApoE apolipoprotein shown to have less antifun-

gal activity against mature biofilms and partially

inhibited biofilms on medical devices.

Synergism of natural products with antibiotics

is the currently developing area of phytopharma-

ceuticals. Many natural products including

essential oils, peptides, and polyphenols are

active against different shapes of Candida

biofilms. Recently the effectiveness of the anti-

fungal activity of the essential oils of Ocimum

sanctum was evaluated for the fluconazole-

resistant Candida sp. Besides its selective cyto-

toxicity, the synergism with the fluconazole and

ketoconazole showed a better antifungal activity

in in vitro fluconazole-resistant Candida strains

(Amber et al. 2010). Similar synergistic

interactions were observed in farnesol with

micafungin, fluconazole, and amphotericin B

against in vitro C. albicans biofilms (Katragkou

et al. 2015). The in vitro effect of essential oil

components of eugenol and methyleugenol alone

and in combination was checked against

fluconazole-sensitive and fluconazole-resistant

strains of clinical Candida sp. The synergistic

interactions of eugenol and methyleugenol with

fluconazole are very effective killing

fluconazole-resistant strains (Ahmad

et al. 2010a). Mandal et al. (2011) demonstrated

the activity of Tn-AFP1 from Trapa natans

against biofilm inhibition of C. tropicalis
in vitro. Similarly, Delattina et al. (2014)

identified OSIP108, a nontoxic decapeptide

from the model plant Arabidopsis thaliana, that
inhibits C. albicans biofilm. These recent reports

support the synergism of natural products with

antifungal agents in controlling the Candida
biofilms. However, the major drawback of natu-

ral products’ utility is the unestablished toxicity

profiles. One such well-established compound,

fulvic acid, was proven to be nontoxic in an

epithelial cell line and rat model alone (Nett

2014). The information from several studies

indicating synergistic interactions of

non-antifungal drugs in combination with flucon-

azole are summarized in Table 6.2

Due to the high cost and side effects of com-

bination therapy, the focus of research recently

turned to examine the combinations with

non-antifungal agents, including tetracyclines

(Loreto et al. 2011), quinolones (Wang

et al. 2012), calcineurin inhibitors (Chen

et al. 2011), heat shock protein 90 inhibitors,

calcium homeostasis regulators, and traditional

medicines (Muñoz et al. 2012).

One such combination is azole with

calcineurin inhibitor. The calcineurin signaling

pathway is a key mediator of stress responses in

C. albicans as a potential drug target for systemic

candidiasis and candidal keratitis. Calcineurin

inhibitors when given as a monotherapy were

not suitable for other candidial infections of oro-

pharyngeal, pulmonary, and vaginal tract. The

virulence pathway inhibitor in combination with

azole would increase the efficiency of the anti-

fungal drug. The establishment of virulence path-

way varies with the species. Hence, identifying

suitable drug targets and finding its synergism

with the antibiotics would be potential therapeu-

tic options (Reedy et al. 2010). However, drugs

targeting the inhibition of virulence expression

would be suitable targets to enhance the current

antifungal therapy and to reduce the evolution of

drug-resistant strains. The synergism shown by

calcineurin inhibitors with the antifungal agents

amphotericin B and caspofungin is potentially

good as the combination lock therapy in the rat

catheter infection model; however, its utility is

limited as the drugs have immunosuppressive

effects that prevents the systemic administration.

Diclofenac, aspirin in combination with

caspofungin and amphotericin B, was evaluated

to treat infections of Candida albicans and

C. parapsilosis. Bink et al. (2012) screened 1,600

compounds of a drug-repositioning library that

enhance antibiofilm activity against C. albicans.

They have found out that hexachlorophene,

pyrvinium pamoate, and artesunate can act syner-

gistically with miconazole in eradicating

C. albicans biofilms. They suggested miconazole

and artesunate as the potential combination ther-

apy to treat oral and vulvovaginal candidiasis. In

vivo toxicity studies are required to execute the

potentiality of the miconazole and artesunate

(De Cremera et al. 2015). Finasteride, a
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Table 6.2 Synergism of fluconazole with non-antifungal agents

Combined

drug Clinical Candida spp. Methods and results Antifungal mechanisms/targets

Antimicrobial agents

Minocycline Azole-susceptible

C. albicans strains

FICI, E method,

indifference

Minocycline significantly enhances the amount

of FLC penetrating C. albicans biofilms as well

as interrupting the cellular calcium balanceAzole-resistant

C. albicans strains
FICI, E method,

synergy

Doxycycline C. albicans (SC5314),
FLC-resistant strain

FICI, synergy Interference with iron homeostasis

C. albicans biofilm FICI, synergy Inhibition of biofilm formation

C. albicans biofilm FICI, E method,

synergy

Inhibition of biofilm formation is associated

with calcium

Ciprofloxacin,

trovafloxacin

C. albicans,
C. tropicalis,
C. glabrata

FICI, in vivo,

prolonged the survival

of mice

Possibly inhibits fungal topoisomerase

Calcineurin inhibitors

FK506

(tacrolimus)

Azole-susceptible

C. albicans isolates
FICI, E method, time-

kill curves, synergy, or

indifference

CsA and FK506 bind to cyclophilin A and

FKBP12, respectively, to form protein–drug

complexes that inhibit the calcineurin-mediated

stress response, cause damage to the cell

membrane, and increase fungal cell membrane

permeability, thus increasing the concentration

of azoles in fungal cells to achieve a fungicidal

effect

Azole-resistant

C. albicans isolates
FICI, E method, time-

kill curves, synergy

C. albicans wild type FICI, synergy

C. albicans mutants FICI, synergy

C. albicans wild-type
biofilm

FICI, SEM, synergy

C. albicans biofilms

(mutants: cnb1/cnb1,

crz1/crz1)

FICI, indifference, or

antagonism

Cyclosporine

A(CsA)

C. albicans (standard
strain, ATCC90028)

planktonic cells

FICI, synergy

C. albicans (standard
strain, ATCC90028)

biofilm cells

FICI, synergy

C. albicans wild type FICI, synergy, or

indifference

C. albicans mutants FICI, synergy, or

indifference

C. albicans biofilm
(wild-type SC5314)

FICI, synergy

C. albicans (mutants:

cnb1/cnb1,crz1/crz1)

FICI, synergy

C. albicans biofilms

(mutants: cnb1/cnb1,

crz1/crz1)

FICI, indifference, or

antagonism

Heat shock protein 90 (Hsp90) inhibitors

Geldanamycin C. albicans FICI, synergy Inhibit the stress responses induced by Hsp90

and reverse fungal azole resistance

(continued)
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5-α-reductase inhibitor, commonly used for the

treatment of benign prostatic hyperplasia was

tested alone and in combination with amphotericin

B and fluconazole against C. albicans urinary

biofilms. It exhibits synergistic activity in combi-

nation with fluconazole. However, further investi-

gation is required to explore the clinical utility of

finasteride in the prevention of candidiasis

(Chavez-Dozal et al. 2014). Synergistic

interactions were observed during in vitro

combination studies of allicin and flucytosine

against C. albicans, C. glabrata, and C. tropicalis

(Alexander et al. 2013). L-AmB in combination

with heat shock protein, HSP 90 inhibitor

(Mycograb), also provides promising therapy;

however, the antibody-based inhibitor is not avail-

able for clinical trials (Pachl et al. 2006). The

synergistic interactions of fluconazole with

non-antifungal agents are summarized in

Table 6.2.

Table 6.2 (continued)

Combined

drug Clinical Candida spp. Methods and results Antifungal mechanisms/targets

Calcium homeostasis regulators

Amiodarone

(AMD)

FLC-susceptible

C. albicans strains
FICI, indifference AMD elicits an immediate, dose-dependent

hyperpolarization of the membrane, causing

Ca2þ influx and release from internal stores,

inducing a disruption of calcium homeostasis
FLC-resistant

C. albicans strains
FICI, synergy

FLC-resistant

C. albicans
FICI, E method,

synergy

FLC-susceptible

C. albicans strains
FICI, E method,

indifference, or

antagonism

C. albicans SC5314 FICI, synergy

Traditional Chinese medicine

Pseudolaric

acid B

C. albicans FICI, synergy �
C. krusei, C. tropicalis,
C. dubliniensis

FICI, indifference �

C. glabrata,
C. guilliermondii

�

FLC-resistant

C. albicans
FICI, E method, time-

kill curves, synergy

�

FLC-sensitive

C. albicans
FICI, E method, time-

kill curve, synergy, or

indifference

�

Berberine

chloride

FLC-resistant

C. albicans
FICI, time-kill curves,

synergy

�

Baicalein FLC-resistant clinical

C. albicans
FICI, time-kill curves,

synergy

Inhibition of efflux pumps thus may increase

the susceptibility of cells to antifungals. Exerts

a synergistic effect with FLC by affecting some

other factors on resistance, which requires

further research

Eugenol,

methyleugenol

FLC-sensitive Candida
isolates

FICI, synergy, or

indifference

Target the sterol biosynthetic pathway, altering

fluidity and permeability

FLC-resistant Candida
isolates

FICI, synergy, or

indifference

FLC-sensitive Candida
isolates

FICI, synergy, or

indifference

FLC-resistant Candida
isolates

FICI, synergy, or

indifference

Source: Liu et al. (2014)

158 S.S. Rathore et al.



The present review recommends the necessity

for standard guidelines for the management of

fungal biofilm infection.

6.4 Aspergillosis

Aspergillus exposure to human is quite common

due to their ubiquitous nature. In immune-

compromised host, it causes aspergillosis. Inva-

sive aspergillosis (IA) has become increasingly

common in recent days resulting in a mortality

ranging from 40 % to 80 % (Ascher et al. 2012;

Aguado et al. 2015). The predominant causative

agent is A. fumigatus which also finds concur-

rence in a recent literature study reported from

1985 to 2013. The study comprised of 116 liver

transplant recipients with invasive aspergillosis.

The most common infecting species are Asper-
gillus fumigatus (73 %), A. flavus (14 %), and

A. terreus (8 %). Voriconazole improves the sur-

vival among the commonly used AMB and

itraconazole (Barchiesi et al. 2015; Ogawa

et al. 2015). However, an increase in drug resis-

tance restricts the usage of azole for treatment

and necessitates the combinational therapy

approach.

A randomized, double-blind, placebo-con-

trolled, multicenter trial comprising 454 patients

with hematologic malignancies and

hematopoietic stem cell transplantation

suspected with invasive aspergillosis were

treated with voriconazole and anidulafungin. The

study showed the improvement of survival when

compared with monotherapy (Marr et al. 2015).

In another retrospective study that was conducted

between 1993 and 2008, the combination of

L-AmB and echinochandins for the management

of IA in hematological malignancies was

analyzed, and the results suggested that the com-

bination therapy offered no improvement in

terms of response and mortality (Mihu

et al. 2010).

Though sinus aspergillosis was believed to be

a rare disease for many years, recently there has

been an increase in the number of cases. Chronic

invasive aspergillosis of the sinus occurs in

mildly immunodeficient patients. Two of the

most important treatment regimens for invasive

aspergillosis of the sinus are surgical debridement

and antifungal therapy. The pharmacodynamic

interactions of amphotericin B and voriconazole

were assessed using conventional in vitro tests

that mimic human serum concentrations. The

combination was more effective than

monotherapy regimens (Siopi et al. 2015).

Various formulations of L-AmB differ in

terms of toxicity and efficacy which concurs

with a recent finding by Olson et al. (2015)

while comparing, AmBisome and Lambin, in

Aspergillus fumigatus mice model. Lambin was

more toxic than the other, emphasizing the ade-

quacy requirement to compare liposomal

formulations. The in vitro combination studies

of nystatin-intralipid with caspofungin

demonstrated effective synergistic interaction

against A. terreus when compared with

voriconazole and 5-fluorocytosine (Semis

et al. 2015; Shadomy et al. 1975). In a murine

aspergillosis model, the combinations of

L-AmB, micafungin, and deferasirox improved

the fungal clearance and patient survival. The

in vitro efficacy of PTX3, a glycoprotein pro-

duced by monocytes in combination with

voriconazole, improved patient survival and

clearance of fungal burden (Giudice

et al. 2012). Erythropoietin in combination with

AMB improved the outcome of in vivo

disseminated aspergillosis.

The synergistic interactions vary with the spe-

cies and resistance mechanism. In a similar kind

of study, the synergistic interactions of

posaconazole and caspofungin varied with 20 dif-

ferent wild and resistant types of A. fumigatus,
with ten different resistant mechanisms. The

interactions are insignificant when compared

with wild isolates (Mavridou et al. 2015). Simi-

larly, while investigating the efficacy of the com-

bination of voriconazole and anidulafungin in an

in vitro model of invasive pulmonary mice

infected with triazole-resistant Aspergillus, the

addition of anidulafungin does not significantly

improve the voriconazole activity, whereas

another study suggests the combination of

triazole and echinocandin as the treatment strat-

egy for triazole-resistant isolates (Lepak
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et al. 2013). The efficacy varied with the type of

strain and the drug resistance pattern evolved. A

study by Jeans et al. (2012) has proven the effi-

cacy of voriconazole and caspofungin in an

in vivo model of pulmonary aspergillosis

infected with different species of Aspergillus.
The synergism between A. flavus and A. niger

was found to be significant while not in the case

of A. fumigatus (Zhang et al. 2014). In a neutro-

penic A. fumigatus murine model, the synergistic

interactions of voriconazole and anidulafungin

were observed in voriconazole-susceptible

strain, but additive in resistant type, which

creates concern for the management of infections

by voriconazole-resistant strains.

The inappropriate use of antibiotics is another

major factor for the emergence of drug-resistant

strains. A recent cross-sectional cohort study

states that systemic antifungal therapy was

administered irrespective of the presence of inva-

sive fungus infection (Ascher et al. 2012; Olson

et al. 2015). Based on this, a recent survey study

conducted revealed the weakness in the knowl-

edge on current guidelines of invasive candidia-

sis and invasive aspergillosis among the

European physicians (Valerio et al. 2015).

A. fumigatus biofilms are difficult to manage

with conventional antifungal agents; hence, even

after antimycotic therapy, these infections are not

eradicated and are emerging as life-threatening

infections (Mowat et al. 2007). Melanin pro-

duced by A. fumigatus during infection is

required for lung tissue invasion, conferring less

susceptibility to drugs (Bowyer et al. 2011).

Biofilms of A. fumigatus are resistant to

itraconazole and, some extent, to caspofungin

due to its extracellular polymeric substances

(EPS) (Singh et al. 2011). An in vitro finding

reveals A. fumigatus are not responding to

amphotericin B, when they have a prior exposure

to voriconazole, suggesting the improper usage

of azole will be a hindrance for treatment with

amphotericin B. Synergistic interactions were

observed in combination with caspofungin and

amphotericin B or voriconazole against Aspergil-
lus biofilms (Liu et al. 2012). Another in vitro

study with combinations of amphotericin B or

Lamb with alginate lyase, the degrading enzyme

of EPS (Bugli et al. 2013; Rajendran et al. 2015),

suggesting the EPS as a suitable target for

antibiofilm activity. There are very limited clini-

cal studies that are focused on the management

of biofilm-associated A. fumigatus infections.

In a recent literature review, data addresses the

significance of combination antifungal therapy in

the treatment of invasive aspergillosis. The infor-

mation suggests that evidence is not convincing

enough to support the use of combination antifun-

gal therapy (Garbati et al. 2012). Another system-

atic review comprising animal and clinical

studies addressed the efficacy of combination

therapy of triazole and echinocandin in treatment

of invasive aspergillosis, suggesting a develop-

ment toward improved overall survival (Day

et al. 2013; Marr et al. 2015).

In summary, combination therapies appear to

be conflicting in some studies, and the limited

clinical data are not convincing to support com-

bination antifungal therapy over monotherapy. In

addition, well-sketched clinical trials focusing on

management of biofilm-related fungal infections

are immediately needed to overcome the emer-

gence of drug resistance in these pathogens.

6.5 Immunotherapy Against
Fungal Infections

Opportunistic fungal infections become a major

challenge to health care since a majority of them

have affected immune-compromised individuals

such as HIV, hypersensitive, autoimmune, or

transplant patients. Most of these infections in

the case of normal persons are easily combated

by the immune system, which is not the case with

patients whose immune system is suppressed.

Added to this are the problems associated with

hospital multiple drug-resistant pathogens.

Opportunistic fungal infections such as candidi-

asis, aspergillosis, and cryptococcosis are three

of the leading causes of significant mortality in

both hospital-derived infections and in those of

immune-compromised patients (Truan

et al. 1994). Studies also clearly suggest that

due to modified lifestyles and exposure, these

fungal infections are set to increase and dominate
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the concerns of medical industry in the future

(Kauffman 2001). This creates the need for either

combinatorial therapies or rapid discovery of

novel antibiotics. However, most such strategies

are replete with adverse side effects and may not

be favorable, though the benefits far outweigh the

risks. One way forward to combat such opportu-

nistic fungal infections, with nil or minimal side

effects, is immunotherapy (Ahmad et al. 2010b).

Majority of the immunotherapy strategies rely

on immunomodulation of the patient’s immune

system to prime it against the fungal pathogen.

This indirect method has many advantages,

including lack of side effects and resistance

development (Ahmad et al. 2010b; Owais

et al. 2010), and more importantly such treatment

to some extent can be catered to suit an individ-

ual patient’s needs. However, it’s important to

recognize that host-fungi interaction (Ahmad

et al. 2010b), immune responses of the host to

fungi, and, importantly, immune escape

mechanisms of fungi are quite complicated and

the underlying mechanisms of fungal infections

are beginning to be unraveled. With better under-

standing of these components, there is a better

hope of developing much more effective immune

modulators. In the next few sections, we will

primarily focus on the use of immunotherapy as

the latest and futuristic treatment for three of the

major opportunistic pathogenic fungi: Candida,
Aspergillus, and Cryptococcus.

6.5.1 Antimicrobial Proteins

These form one of the first lines of innate immune

defense against a variety of pathogens and are

widely distributed in animal kingdom. These are

usually cationic and amphipathic peptides (Owais

et al. 2010) and expressed in cells of the innate

immunity such as macrophages, mast cells, and

neutrophils, as well as in nonimmune cells such

as keratinocytes and epithelial cells. The antimi-

crobial proteins can either directly defend the

pathogens (Braff et al. 2005) or stimulate cells

such as neutrophils (Sorensen et al. 1997) to

degranulate resulting in inflammatory responses

(Hancock and Diamond 2000). These

antimicrobial peptides comprise cathelicidins

(Sorensen et al. 1997), β-defensins, substance P,
RANTES (Braff et al. 2005), LL-37 (Larrick

et al. 1995; Nagaoka et al. 2001), etc. Apart

from immune cell activation, these peptides can

also activate epithelial cells upon microbial inva-

sion leading to proinflammatory cytokine signal-

ing (Van Watering et al. 1997) and toll-like

receptor (TLR) activation (Akira et al. 2006).

This could end up activating and recruiting

immune cells to the site of infection and thus

boosting the host immune defense. Thus,

components of the innate immunity can be

tweaked that could prove to be effective not

only in controlling the spread of infection but

also end up activating the adaptive immune

components. However, the effectiveness of the

use of these antimicrobial peptides as a therapy

against opportunistic fungal pathogens needs

more attention.

6.5.2 Cytokines

Both pro- and anti-inflammatory cytokines are

regulators of innate and adaptive immune

responses (Iwasaki and Medzhitov 2015), includ-

ing cell recruitment, immune cell activation, and

immune cell differentiation. Nowhere is this

more pronounced than in the interplay of

cytokines during development of T helper

subsets (Romani 2000). Studies have shown the

importance of cytokines in not only modulating

immune responses against fungal pathogens

(Mencacci et al. 1998) but have also

demonstrated mechanisms involved in hijacking

of the host cytokine network for immune escape

by the fungal pathogens (Netea et al. 2006).

Cytokines such as proinflammatory TNF-α and

IFN-γ are unregulated (Rodriguez-Adrian

et al. 1998) upon infection by Candida and

Aspergillus, resulting in the activation of phago-

cytic cells. Cytokines can modulate immune cells

very effectively if properly applied and are one

of the potential immunotherapeutic strategies

against opportunistic fungal infections. TNF is a

proinflammatory cytokine and has been found to

be very effective against A. fumigatus (Steinbach
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and Stevens 2003). TNF has pleiotrophic effect

on phagocytic cells, including cell activation and

phagolysosomal killing of fungal pathogens

(Cisalpino et al. 1996). The study by Steinbach

and Stevens (2003) has shown the importance of

TNF-α in suppressing immunodeficiency

induced by dexamethasone, and the mechanism

consists of upregulation of TLR and IFN-γ and

preventing leukocyte apoptosis (van der Meer

et al. 2005). Although both Th1 and Th2 are

essential for anticryptococcal immunity, Th1

are very effective (Hoag et al. 1997). Thus,

higher levels of Th1 cytokines such as TNF-α
and IFN-γ are associated with increased fungal

clearance (Milam et al. 2007; Wormley

et al. 2007). More importantly, TNF-α is neces-

sary for IFN-γ production (Bekker et al. 2001)

which results in macrophage activation. So, it is

clear that TNF therapy could potentially stimu-

late IFN activity leading to better antifungal

responses. Apart from this, pathogen-associated

molecular patterns (PAMPs) are potent antigens

recognized by innate pattern recognition

receptors (PRRs) such as TLRs. Both TNF-α
and IFN-γ synergize to increase the cell surface

expression of TLRs (Bosisio et al. 2002)

resulting in better recognition and clearance of

Candida, Aspergillus (Tsiodras et al. 2008), and

Cryptococcus (Pappas et al. 2004). Thus, TNF-α
immunotherapy could be a potential therapeutic

strategy against fungal pathogens.

IFN-γ synergizes with TNF-α in a variety of

immune functions including Th1 differentiation

(Milam et al. 2007), TLR expression (Tsiodras

et al. 2008), and phagocyte activation (Bekker

et al. 2001). In rodents, the use of IFN-γ has

shown good results against systemic cryptococ-

cosis (Lutz et al. 2000), and the same cytokine

was also successfully tested in one human patient

(Netea et al. 2004). Studies have shown the effec-

tiveness of IFN-γ against a variety of fungal

pathogens including Candida, Aspergillus, and
Cryptococcus (Rodriguez-Adrian et al. 1998;

Shahid et al. 2010). IFN-γ has been shown to

stimulate phagocytic activity and intracellular

killing of A. fumigatus (Steinbach and Stevens

2003; Shahid et al. 2010), through stimulating

generation of free radical production (Steinbach

and Stevens 2003). In murine models, immuno-

therapy using TNF-α and IFN-γ was shown to

produce significant reduction in mortality due to

Aspergillus infection (Shahid et al. 2010). How-

ever, one issue with IFN-γ usage is that it reduces
anticryptococcal activity of human macrophage

and thus its use in humans is debatable (Reardon

et al. 1996). Nevertheless, in 2010, the Infectious

Diseases Society of America has approved

recombinant IFN-γ against persistent cryptococ-

cosis (Antachopoulos and Walsh 2012). Gallin

et al. (1995) have shown that the use of IFN-γ
under clinical settings is very effective in the

case of patients suffering from chronic granulo-

matous disease (CGD) and who are especially

prone to Aspergillus (Antachopoulos and

Roilides 2005). Unlike anticryptococcal action,

macrophage anti-Candida activity is enhanced

by IFN-γ treatment (Redmond et al. 1993; Baltch

et al. 2005). But other studies in rodents have

shown lack of an effect of IFN-γ (Brummer and

Stevens 1987; Marcil et al. 2002) in case of

pulmonary macrophages, but peritoneal or

peripheral blood PMNs (from both human and

murine) showed good anti-Candida activity after

IFN-γ treatment (Djeu et al. 1986; Kullberg

et al. 1993). In spite of the lack of strong evi-

dence for IFN-γ immunotherapy, Dignani

et al. (2005) showed in the case of three patients

with candidiasis that IFN-γ therapy was actually

beneficial. Similarly, IFN-γ immunotherapy of

an HIV-infected patient proved to be beneficial

(Riddell et al. 2001; Bodasing et al. 2002). None-

theless, large-scale clinical trials are the need of

the hour to better understand the efficacy of this

cytokine for immunotherapy.

IL-12, like TNF-α and IFN-γ, is a Th1 cyto-

kine (Milam et al. 2007; Wormley et al. 2007),

and Th1 activation and responses are vital for

strong antifungal responses against Candida,

Aspergillus, and Cryptococcus. IL-12 has been

shown to inhibit Th2 responses, thereby increas-

ing anti-candidiasis response of the host

(Morrison et al. 1986; Deepe 1997). Other stud-

ies have shown the potential of IL-12 in enhanc-

ing the antifungal efficacy of fluconazole

against Candida (Afonso et al. 1994), murine

cryptococcosis (Muchmore et al. 1968), and
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aspergillosis (Allendoerfer et al. 1996). From

these studies, it is recognized that one way by

which IL-12 could exert its antifungal effect

is through enhancement in IFN-γ levels

(Antachopoulos and Roilides 2005; Kawakami

et al. 1996; Jacobson et al. 2000), synergization

with IL-18 in the induction of anticryptococcal

activity (Qureshi et al. 1999), and suppression of

IL-4 activity (Qureshi et al. 1999). However,

IL-12 usage has been shown to exacerbate muco-

sal disease in mouse (Morein et al. 1984) and

produce adverse reactions on the immune system

(Murphy et al. 1993). Thus, more studies are

warranted to check the efficacy of this cytokine

as an immunotherapy agent.

Colony-stimulating factors (CSFs) are essen-

tial for phagocyte development (especially in the

case of neutropenia) and function and have been

approved for humans (Rodriguez-Adrian

et al. 1998). Being able to facilitate antifungal

activity of phagocytes, CSFs are one of the

promising immunotherapy agents. Approved

and accepted since 1991 for patient use (Welte

et al. 1996), granulocyte colony-stimulating fac-

tor (G-CSF) is effective in prolonging phagocyte

and respiratory burst activity against Aspergillus

infection (Polak-Wyss 1991; Liles et al. 1997)

and Candida hyphae (Gaviria et al. 1999;

Kullberg et al. 2004). However, when compared

to other CSFs, G-CSF also produces anti-

inflammatory cytokines and could be useful

against endotoxins in immune-compromised

patients (Gomez et al. 1995). G-CSF also favors

a Th2 response and so can be beneficial against

Candida (Condon et al. 1996) and Aspergillus

(Cisalpino et al. 1996). However, anticryp-

tococcal immunity requires a robust Th1 activa-

tion, and thus G-CSF may not prove to be

successful here. However, neutrophils from G-

CSF-treated HIV patients have been shown to be

effective against Cryptococcus and Candida

(Han and Cutler 1995), and this was shown to

be due to enhanced superoxide anion generation.

Granulocyte-macrophage colony-stimulating

factor (GM-CSF) is very important for the devel-

opment and activation of neutrophils

(Rodriguez-Adrian et al. 1998) and macrophage

(Steinbach and Stevens 2003). In murine models,

Brummer and Stevens (1987) demonstrated the

usefulness of GM-CSF in rescuing

dexamethasone-induced suppression of macro-

phage and synergistically working with TNF-α
(in potentiating anti-Aspergillus function of mac-

rophage (Bodey 1994)). Rowe et al. (1995) have

shown that GM-CSF was effective against asper-

gillosis in clinical trials, but issues remain (Kong

and Levine 1967; Bodey et al. 1993; Groll

et al. 1996). However, when compared to other

CSFs, studies have shown that GM-CSF is more

effective (Kirkland and Fierer 1985; Kirkland

et al. 1991) and thus is more promising. In com-

bination with antifungal therapy, GM-CSF

administration was shown to improve clinical

outcome of Candida infection (Vazquez

et al. 2000), but controlled trials are the need of

the hour as far as GM-CSF is concerned.

Macrophage colony-stimulating factor

(M-CSF), important for mononuclear phagocyte

functions (Shahid et al. 2010), has been

demonstrated to be very effective against Can-

dida infections (Mencacci et al. 1996). A study

employing rabbits (Gonzalez et al. 2001) has

shown that M-CSF is very effective against pul-

monary aspergillosis and resulted in higher num-

bers of activated alveolar macrophages. But its

usefulness, when compared to G-CSF or

GM-CSF, is less clear (Steinbach and Stevens

2003). Currently, human recombinant G-CSF

and GM-CSF are available for clinical use but

not so in the case of M-CSF (Hubel et al. 2002).

Thus, extensive studies are needed to confirm the

effectiveness of these three CSFs as potent

immunotherapy agents.

6.5.3 Antibodies

Antibody represents one of the best effector arms

of the humoral immune response and is impor-

tant for establishing a robust secondary immune

response. Being highly specific in their action,

antibodies are receiving a lot of interest as

adjuncts for antifungal therapy. Antibody-

mediated immunity (AMI) thus is a potential

immunotherapeutic strategy and can be activated

by direct mechanism or by indirect mechanism
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(Casadevall and Pirofski 2012). In the case of

direct action, antibodies can interfere with the

fungal pathogen and inhibit Cryptococcus viru-

lence production (Martinez et al. 2004) and resis-

tance development (Martinez and Casadevall

2005), Candida replication (Brena et al. 2007),

gene expression in Cryptococcus (McClelland

et al. 2010), and metabolism in Candida (Brena

et al. 2011). By their indirect action, antibodies

have been shown to enhance antifungal

responses against Cryptococcus by inducing

phagocytic activity (Schlagetter and Kozel

1990), complement activation (Shapiro

et al. 2002), NK cell-mediated killing (Nabavi

and Murphy 1986), and proinflammatory

responses (Feldmesser et al. 2002). Thus, for

both Candida and Cryptococcus, a variety of

monoclonal antibodies have been developed

(Ullmer et al. 1993; Beno et al. 1995) but only

very few against Aspergillus (Torosantucci

et al. 2009). In most of these studies, it is clear

that administration of mAbs produces a variety

of antifungal effects including opsonization

(Rachini et al. 2007), inhibition of cell growth

(Rodrigues et al. 2000), reduction of capsule/cell

wall thickness (Rachini et al. 2007), regulating

cytokine production and interplay (Beenhouwer

et al. 2001), and in general triggering inflamma-

tion (Rivera et al. 2005). But, patient response to

mAb administration remains inconsistent since

their function is affected by dose and immune

parameters of the patient (Casadevall and

Pirofski 2006). In addition, the actual antigen

load can also influence antibody activity

(Casadevall and Pirofski 2003). Under these

circumstances, studies have started to show the

importance of idiotypic antibodies, especially

against Candida (Van De Veerdonk

et al. 2010), primarily because these produce

highly specific immunotherapy and affect the

so-called “natural antibody” network.

6.5.4 Transfusion of Leukocytes

Opportunistic infection by fungal pathogens such

as Candida, Aspergillus, and Cryptococcus is

high in the case of immune-compromised

patients, including those with neutropenia. The

use of blood transfusion, especially using

leukocytes, represents an effective strategy for

immunotherapy. In spite of early failures, leuko-

cyte transfusion is gaining importance now due

to advances in our understanding of leukocyte

development and function. Thus, for example,

use of CSFs along with leukocyte transfusion

increases the effectiveness of immunotherapy

(Casadevall 1995; Deepe 1997). Indeed, clinical

trials have shown that the use of G-CSF-

pretreated leukocytes for transfusion is very

effective against Candida (Condon et al. 1996)

and Aspergillus (Cisalpino et al. 1996)

infections. In fact phase 1/2 trial using G-CSF

primer leukocytes has been reported to be effec-

tive (Cox et al. 1988). Bozza et al. (2004) have

reported that transfer of antigen-primed dendritic

cells results in enhanced adaptive immune

response against Candida. In vitro priming of

leukocytes, by appropriate cytokine or fungal

antigen, and subsequent transfer of the patient

represent a simple strategy for antifungal immu-

notherapy (Bacci et al. 2002). It is recognized

that neutrophils are effective against

disseminated candidiasis, whereas cell-mediated

immunity is triggered against mucosal candidia-

sis (Deepe 1997). In the case of Aspergillus

infection of mononuclear cells (Deepe 1994)

and cryptococcosis, macrophages (Rohatgi and

Pirofski 2015) appear to be important. Tramsen

et al. (2007) have shown the effectiveness of

anti-Candida T cells after transfusion, especially

against the hyphal forms and synergize with

neutrophils to restrict Candida infection

(Tramsen et al. 2007). In the case of cryptococ-

cosis, Th1 responses are vital (Hoag et al. 1997)

and higher levels of Th1 cytokines such as TNF

and IFN are associated with increased fungal

clearance (Milam et al. 2007; Wormley

et al. 2007). In addition to this, a recent work

by Muller et al. (2007) has demonstrated the

importance of IL-17 and the associated Th-17

response in immune modulation of

C. neoformans-infected mice. Moreover, such

adoptive transfer of leukocyte also has the

added advantage of increasing the activity of

specific components of either innate or adaptive
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immune system, resulting in a robust response.

Thus, it is clear that transfusion of a specific type

of leukocyte after priming, based on the nature of

fungal infection, could be an important immuno-

therapy strategy in the case of immune-

compromised patients.

6.5.5 Vaccines

Antigens from fungus have been successfully

isolated and have been used as vaccine

candidates. An excellent review by Casadevall

and Pirofski (2012) shows that some of these

antigens include β-glucan (Torosantucci

et al. 2009) and cell wall glycoprotein

(Chaturvedi et al. 2005) from A. fumigatus, Hsp
90 (Matthews et al. 1991), aspartyl proteinase

(Sandini et al. 2011), phosphoglycerate kinase

(Calcedo et al. 2011) from C. albicans and mela-

nin (Rosas et al. 2001), glucosylceramide

(Rodrigues et al. 2000), β-glucan (Torosantucci

et al. 2009), and glucuronoxylomannan

(Beenhouwer et al. 2007) from C. neoformans.

These studies have shown that most of these

antigens elicit excellent antibody-mediated

immunity in the host and thus are quite success-

ful (for more information, please refer to specific

reviews on antifungal vaccines). However, a suc-

cessful vaccination requires intact cellular

components and thus might be an issue in the

case of immune-compromised individuals. How-

ever, vaccination strategy has worked well in

murine models of both systemic and mucosal

candidiasis (Torosantucci et al. 2005), using

diphtheria toxoid CRM197 and laminarin conju-

gate. Similarly, vaccine conjugates containing

mannan too have been successful against

disseminated candidiasis and vaginal infection

by Candida in mice (Han et al. 1999). The use

of inert antigens from the fungal pathogens

appears to be preferred since it is safer when

compared to attenuated or live fungus. But,

such a strategy may not be very effective in

terms of the antigenicity or purity of the

antigen preparation. Under these circumstances

recombinant technology provides an excellent

opportunity to precisely select and express the

desired epitope to be used as an effective vac-

cine. Nevertheless, the use of adjuvants, such as

cytokines, has opened up huge possibilities in

antifungal vaccine development (Deepe 1997),

which allows us to modulate the cellular

response postvaccination. Another way forward

is DNA vaccines, as has been shown for virulent

bacterial infections such as Mycobacterium
(Tascon et al. 1996). But antifungal DNA

vaccines are yet to be reported for major fungal

pathogens. In addition, extensive studies are

needed to analyze antifungal vaccines in humans

to better understand the mechanisms involved

and the therapeutic effectiveness reached. This

will enable us to develop an effective antifungal

vaccination for use in the general population.
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Nanocarriers of Antifungal Agents 7
Sevgi G€ungör and M. Sedef Erdal

Abstract

Fungal infections are still one of the major healthcare problems world-

wide. Particularly, the treatment of invasive fungal infections has become

more difficult in high-risk patient groups such as AIDS patients, organ

transplant recipients, and cancer patients undergoing immunosuppressive

chemotherapy. Superficial fungal infections have a less tendency to

develop to systemic infection, but they could be serious due to the ineffi-

ciency of the treatment. In addition, the controlling of drug release is also

important to minimize systemic absorption and to decrease the toxicity of

these agents. Therefore, delivery of antifungal agents used for the treat-

ment of superficial and systemic infections has a great impact in terms of

both therapeutic aspect and safety. The novel nano-sized drug carriers

play a key role to overcome the limitations of conventional dosage forms

to improve the efficacy and to ensure safety of the treatment. In the present

chapter, the limitations of conventional drug carriers of fungal agents are

concisely emphasized, and the impact of nano-sized carriers in delivering

antifungal agents has been addressed, paying particular attention toward

the studies performed in recent literature.

7.1 Introduction

Nanotechnology has gain great interest in many

areas of scientific research during last decades

due to its potential benefits. The pharmaceutical

field has also taken the advantage of nanotech-

nology, and the advances in that area have led to

the optimization of different types of nano-sized

materials for various biomedical applications. In

this context, nano-drug delivery systems are

increasingly being explored to deliver drugs, cos-

metic compounds, or vaccines or for therapeutic

purposes. Nano-drug carriers have superiorities

of improving aqueous solubility of hydrophobic

drugs, controlling/prolonging the drug release,

decreasing/minimizing side effects of the drugs

such as irritation, keeping the drugs away from

environmental factors, and targeting of drugs
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into specific tissues. Therefore, a great range of

nanomaterials including colloidal carriers,

vesicles, nanocrystalline, and polymeric

nanoparticles has been widely investigated,

while some of them are already commercially

available; there are also some remarkable data

which promise a commercialization in the future.

Fungal infections are widely observed and

remain as one of the major healthcare problems

worldwide. They can be classified as superficial

fungal infections which affect the skin, nails,

hair, or mucous membranes and systemic

infections affecting the whole body. The preva-

lence and the incidence of either systemic or

superficial fungal infections have been increased

in the last three decades. Particularly, the treat-

ment of invasive fungal infections has become

more difficult in high-risk patient groups such

as AIDS patients, organ transplant recipients,

and cancer patients undergoing immunosuppres-

sive chemotherapy. Superficial fungal infections

have a less tendency to develop to systemic

infection, but they could be serious due to the

inefficiency of the treatment (Zhang et al. 2007;

Kumar et al. 2014).

Overall, it has a great impact to assess the

function of the pathogenetic fungi that cause

disease in order to choose the most appropriate

therapy and antifungal agent in the treatment of

fungal infections. Besides, the delivery system of

these agents may play a major role for penetra-

tion of drugs into target sites of the disease in

terms of improving therapeutic aspect and

diminishing or preventing the possible adverse

effects (Zhang et al. 2007; Kaur and Kakkar

2010).

The antifungal drugs are administered by top-

ical, oral, or parenteral routes. Topical therapy is

the most common approach to the management

of mucosal and cutaneous fungal infections

because of its advantages including targeting of

drugs to the site of disease and reducing of sys-

temic side-effect risk of drugs. The conventional

dosage formulations including cream, powder,

gels, etc. are widely used in the topical treatment

of superficial fungal infections. Some adverse

reactions may occur at the site of application,

but are less than those of systemic agents.

However, in some cases topical therapy could

lead to side effects like redness, burning, or

swelling, which decrease patient compliance.

Furthermore, the topical treatment of deep-

seated fungal infections like invasive candidiasis

could be inefficient due to the low penetration

capacity of the drug into the target site and inad-

equate deposition in the skin, resulting in low

topical bioavailability. As well as the barrier

characteristics of the skin, the physicochemical

properties of the drugs including lipophilic char-

acter and low aqueous solubility affect the pene-

tration of compounds across the membranes.

Noticeably, almost all of antifungal agents cur-

rently available in themarket are highly lipophilic,

and they have poor aqueous solubility, which lead

to low release rate of drugs into the skin (Zhang

et al. 2007; Kaur and Kakkar 2010; G€ungör
et al. 2013). Likewise, in case of fungal infection

of nail and eye, conventional formulations may

show problem of less bioavailability.

Oral treatment of fungal infections is pre-

ferred when the disease shows extensive harmful

characteristics. But, the main drawbacks of the

oral therapy are the serious adverse effects like

hepatotoxicity and drug interactions (Kumar

et al. 2014). The parenteral administration of

antifungal agents in the treatment of systemic

infections may also lead to severe toxicity

reactions. For example, amphotericin B, a broad

antimycotic agent, is widely used in the very

serious systemic infections. However, this drug

has limitations due to its severe nephrotoxicity,

which may lead to kidney failure. Therefore,

liposome formulation of amphotericin B for par-

enteral administration has been first marketed

under the name AmBisome in 1990. Then,

other products containing lipidic carriers of

amphotericin B have come into market in the

commercial names of Abelcet® (lipid complex)

and Amphotec® (colloidal lipid dispersion). The

toxicity of the antifungal agent has been reduced

with these liposome-based and submicronic

colloidal systems of amphotericin B (Torrado

et al. 2008; Kaur and Kakkar 2010). In this con-

text, the formulation of antifungal agents into a

suitable delivery system is crucial for either topi-

cal or systemic treatment of fungal infections.
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The solubility and permeability of drugs, which

are affecting parameters for the enhancement of

therapeutic efficacy, should be taken into

account. The controlling of drug release also

has a great impact to minimize systemic absorp-

tion and to decrease the toxicity of these agents.

Therefore, the development of novel drug deliv-

ery systems is a great challenge to overcome

the limitations of conventional dosage forms

in terms of improving the efficacy and safety of

the treatment. For this aim, different nano-sized

drug carriers including liposomes, niosomes,

ethosomes, microemulsions, nanoparticles,

microspheres, and micelles are intensively

investigated. Further, they also provide better

penetration of drugs into the deep skin to treat

invasive fungal infections. Thus, nano-sized

carriers could be considered as a promising tool

to improve the efficacy and safety of the treat-

ment of fungal infections. Some comprehensive

reviews on novel drug delivery approaches for

the treatment of fungal infections have already

been published (Kaur and Kakkar 2010; Carneiro

et al. 2012; G€ungör et al. 2013; Madhu

et al. 2012). In the present chapter, the limitations

of conventional drug carriers of fungal agents are

concisely emphasized and the impact of nano-

sized carriers in delivering antifungal agents has

been addressed paying particular attention

toward the studies performed in recent literature.

7.2 Fungal Infections and Current
Treatment Options

Fungal infections of the hair, skin, and nails

form the most numerous and widespread group

of all mycoses. Superficial mycoses are most

often caused by dermatophytes and yeasts.

Dermatophytes require keratin for growth and

therefore cause diseases in body sites where kera-

tin is present. These sites include the skin surface,

hair, and nail. Treatment of dermatophytosis is

often dependent on the clinical setting. Single

cutaneous lesions can be adequately treated with

a topical antifungal drug, but the treatment of

some fungal infections on scalp and nail is often

ineffective, and systemic therapy is usually

needed to cure these disorders (Ghannoum

et al. 2013; Zhang et al. 2007). Yeasts are part

of human normal microflora, and invasive

infections are observed due to disruption of

the barrier or impairment of immune functions.

Invasive superficial cutaneous infections include

mostly the yeast infections with Candida as

the absolutely dominating pathogen (Arendrup

2013; Zhang et al. 2007). Candida albicans

(C. albicans) can invade virtually every part of

the body including deep organs and tissues as well

as superficial sites like skin, nails, and mucous

membranes (Randhawa et al. 2015). Most

infections due to yeasts respond well to topical

treatment, whereas extensive lesions often require

oral treatment (Kelly 2012).

Fungal infections of the oral and vaginal

mucosa and eyes are also predominantly assoc-

iated with C. albicans (Melkoumov et al. 2015).

A number of effective antifungal agents

administered either topically or systemically are

available for the management of oral candidiasis.

However, antifungal drug resistance and poor

patient compliance can impair therapy and lead

to chronic relapse of the infections (Munoz

et al. 2010). Fungal diseases of vulva and vagina

are also superficial infections predominantly

caused by C. albicans (vulvovaginal candidiasis)

(Kasper et al. 2015; Stock 2010). Most cases are

accessible to the treatment with local and sys-

temic antifungal agents, and different conven-

tional vaginal formulations (creams, gels,

suppositories, powder, ointment, etc.) are avail-

able. But these conventional formulations have

limited efficacy due to self-cleansing action of

vagina, resulting in diminishing residence time

of drug on vaginal epithelium (Johal et al. 2014;

Stock 2010). Fungal eye infections are less com-

mon as compared to infections caused by bacte-

ria or viruses. Various regions of the eye that are

attacked by the fungi are cornea and the interior

segment of the eye (Kumar et al. 2014).

The main classes of systemic and topical

antifungal treatment modalities include the

allylamines, the azoles, the polyenes, and the

echinocandins (Munoz et al. 2010; Zhang
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et al. 2007). A list of antifungal compounds

which are approved or under investigation and

administrated via oral, intravenous or topical

route is given in Table 7.1. The conducted stud-

ies using nanocarrier approaches for effective

delivery and targeting of these agents are also

included.

7.2.1 Allylamine Antifungal Agents

Allylamine antifungals act through inhibiting of

an essential enzyme (squalene epoxidase) in the

ergosterol biosynthesis pathway of cell mem-

brane formation of fungus. The increased cellular

permeability and growth inhibition occurred due

to alterations in fungal cellular membranes

(G€ungör et al. 2013; Kelly 2012).

Terbinafine has a broad-spectrum activity

against yeast, fungi, molds, and dermatophytes

and is indicated for both oral and topical treat-

ment of mycoses. Topical formulations of

terbinafine, such as dermal spray, cream, and

film-forming solution, are also effective against

tinea versicolor, an infection caused by

Malassezia sp. Terbinafine is considered the

second-line systemic therapy for tinea capitis

in children, whereas griseofulvin is considered

the first-line systemic therapy (Kelly 2012).

Naftifine has been shown to be an effective

Table 7.1 Conventional commercial available dosage forms and nano-based delivery carriers of antifungal drugs

investigated in literature

Antifungal

compound

Conventional dosage

form

Nano-based delivery

technology Reference

Azoles

Imidazoles

Clotrimazole Cream Micelle solution Souto et al. (2004)

Solution Solid lipid nanoparticle Bachhav et al. (2011)

Lotion Nanostructured lipid

carrier

Hashem et al. (2011)

Ethosome Maheshwari et al. (2012)

Transfersome Basha et al. (2013)

Microemulsion Vanić and Škalko-Basnet (2013)

Ketoconazole Cream Liposome Patel et al. (2011)

Gel Ethosome Che et al. (2015)

Foam Transfersome Guo et al. (2015)

Shampoo Microemulsion

Tablet

Sertaconazole Solution Microemulsion Sahoo et al. (2014a)

Cream Microemulsion-based

hydrogel

Sahoo et al. (2014b)

Bifonazole Solution Microemulsion-based

hydrogel

Sabale and Vora (2012)

Cream

Powder

Miconazole Cream Liposome Elmoslemany et al. (2012)

Ointment Transfersome Cerdeira et al. (2013)

Lotion Nanosuspension Pandit et al. (2014)

Solution

Powder

Econazole Cream Solid lipid nanoparticle Sanna et al. (2007)

Nanostructured lipid

carrier

Sharma and Pathak (2011)

Nanosponge Verma and Pathak (2012)

Ethosome Keshri and Pathak (2013)

(continued)
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Table 7.1 (continued)

Antifungal

compound

Conventional dosage

form

Nano-based delivery

technology Reference

Triazoles

Fluconazole Tablet Microemulsion Hoeller et al. (2008)

Oral suspension Microemulsion-based

hydrogel

Bachhav and Patravale (2009)

Liposome Bhalaria et al. (2009)

Liposome gel Patel et al. (2009)

Niosome El-Nesr et al. (2010)

Ethosome Gupta et al. (2010)

Salerno et al. (2010)

Gupta et al. (2011)

Schwarz et al. (2011)

Coneac et al. (2015)

Oliveira Brito et al. (2015)

Itraconazole Capsule Microemulsion Alomrani et al. (2014)

Oral suspension Microemulsion-based

hydrogel

Barot et al. (2012a, b)

Transfersome Chudasama et al. (2011)

Nanosuspension da Fonseca Antunes et al. (2013)

Kumar and Shishu (2015)

Voriconazole Oral solution Nanostructured lipid

carrier

El-Hadidy et al. (2012)

Tablet Transethosome Song et al. (2012)

Intravenous solution Microemulsion Song et al. (2014)

Posaconazole Oral suspension Nanosizing Merisko-Liversidge and Liversidge (2011)

Allylamines

Terbinafine Tablet Solid lipid nanoparticle Barot et al. (2012a, b)

Solution Microemulsion Chen et al. (2012)

Cream Liposome Zhang et al. (2012)

Spray Ethosome Kumar et al. (2014)

Gel Transfersome Tanr{verdi and Özer (2013)

Koutsoulas et al. (2014)

Sudhakar et al. (2014)

Çelebi et al. (2015)

Naftifine Solution Niosome gel Barakat et al. (2009)

Cream

Gel

Polyenes

Amphotericin B Intravenous solution Liposome gel Kang et al. (2010)

Intravenous liposomes Nanosizing Randhawa et al. (2015)

Nystatin Cream Nanoemulsion El-Ridy et al. (2011)

Powder Niosome Fernandez-Campos et al. (2012)

Ointment Nanosizing Melkoumov et al. (2015)

Tablet

Echinocandins

Caspofungin Intravenous lyophilized

powder

– –

Micafungin

Anidulafungin

(continued)

7 Nanocarriers of Antifungal Agents 179



topical allylamine antifungal for the treatment

of superficial dermatophytoses (Ghannoum

et al. 2013). Cream, gel, and dermal spray

formulations of naftifine are available in the

market.

7.2.2 Azole Antifungal Agents

Azole antifungals act through selectively

inhibiting the synthesis of fungal cell ergosterol,

and they alter the permeability of cell membrane

by binding with the phospholipids in the fungal

cell membrane. The azole antifungal drugs

used in the treatment composed of either two

or three nitrogens in the azole ring and are

thereby classified as imidazoles (e.g., ketocona-

zole and miconazole, clotrimazole) or triazoles

(e.g., itraconazole and fluconazole), respectively

(Thompson et al. 2009). Triazoles have a broad

range of applications in the treatment of both

superficial and systemic fungal infections, and

they became standard therapy for invasive candi-

diasis in the late 1980s (G€ungör et al. 2013;

Lewis 2010; Sheehan et al. 1999).

The reader is referred to the table to see the

conventional dosage formulations of azole anti-

fungals that are currently in therapy. There are a

number of licensed azole antifungal drugs; how-

ever, fluconazole, itraconazole, posaconazole,

and voriconazole are the most frequently used

ones in a clinical setting for treatment of systemic

fungal infections (Br€uggemann et al. 2009).

7.2.3 Polyene Antifungal Agents

The polyene antifungal agents exert their anti-

fungal activity by binding irreversibly to cell

membrane ergosterol of fungus. Therefore, the

polyenes are fungicidal and have the broadest

spectrum of antifungal activity of any of the

clinically available agents. These antifungal

agents are of amphipathic nature and chemically

instable (Fl€uckiger et al. 2006; G€ungör

et al. 2013; Lewis 2010).

Amphotericin B is the first polyene macrolide

antifungal that has been successfully developed

into a systemic antifungal agent for the treatment

of invasive fungal infections (Adler-Moore and

Proffitt 2004). Even though its clinical use is

limited by its toxic side effects, amphotericin B

remains an important treatment option due to the

drug’s broad spectrum and minimal cross-

resistance with other antifungals. The therapy

options already in use include intravenous infu-

sion, lipid complex, colloidal dispersion, and

liposomal dispersion of the drug. Parenteral

liposomal amphotericin B (Ambiosome) is on

the market since 1990, and it has been shown

that this preparation demonstrates less nephro-

toxicity when compared to amphotericin B lipid

complex (Abelcet®) (Kumar et al. 2014).

Amphotericin B has very limited aqueous solu-

bility, thus the development of its novel for-

mulations and administration strategies, which

take advantage of the drug’s unique pharmacoki-

netic and pharmacodynamic profile, will open

Table 7.1 (continued)

Antifungal

compound

Conventional dosage

form

Nano-based delivery

technology Reference

Other compounds

Ciclopirox Cream Niosome Shaikh et al. (2010)

Gel Liposome gel Karimunnisa and Atmaram (2013)

Suspension

Shampoo

Solution

Griseofulvin Tablet Solid lipid nanoparticle Aggarwal and Goindi (2012)

Microemulsion Aggarwal and Goindi (2013) and Aggarwal

et al. (2013)Transfersome
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new opportunities for safer and more effective

uses of this polyene antifungal (Lewis 2010).

Nystatin is a polyene antifungal drug that has

been used in the treatment of cutaneous, vaginal,

and oral mucosal fungal infections since the 1950s

(El-Ridy et al. 2011). Nystatin has exhibited broad

antifungal activity in treating mucocutaneous fun-

gal infections, and its conventional formulations

include oral suspension, vaginal ovules, and oint-

ment. The most common adverse effect reported

with topical nystatin is allergic contact dermatitis.

7.2.4 Echinocandin Antifungal Agents

Echinocandins destabilize fungal cell walls due to

inhibiting of the 1,3-β-glucan synthase complex.

They are active against a broad range of Candida

and Aspergillus species (Sable et al. 2008). The

Infectious Diseases Society of America has

published in 2009 a guideline recommending the

use of three echinocandin compounds, namely,

caspofungin, micafungin, and anidulafungin as

initial therapy for the treatment of candidemia in

adults, whereas in Europe only caspofungin and

micafungin are indicated for candidemia in pedi-

atric and adult patients (Munoz et al. 2010).

7.2.5 Others (Ciclopirox
and Griseofulvin)

Ciclopirox is a synthetic hydroxypyridone deriv-

ative having antifungal, antibacterial, and anti-

inflammatory activities. Ciclopirox inhibits

essential enzymes interfering with fungal mito-

chondrial electron transport processes and energy

production. It is active against many fungi includ-

ing dermatophytes and yeast (G€ungör et al. 2013).

The conventional formulations of ciclopirox are

dermal and vaginal creams and dermal solutions

and sprays.

Griseofulvin is the first agent with antifungal

activity and was isolated in 1939 (Sheehan

et al. 1999). It is an orally administered antifun-

gal drug and is active against all common

dermatophytes and shows fungistatic effect in

humans. Griseofulvin is accepted as a safe medi-

cation and its adverse effects are common, but

mild, including nausea, headache, and urticaria

(Kelly 2012).

7.3 Nanocarriers of Antifungal
Agents

Numerous types of nano-drug carriers have been

developed for the treatment of fungal infections.

Overview of novel drug delivery approaches of

antifungal agents is briefly shown in Fig. 7.1. The

research studies focused on nano-sized carriers

as a challenge for the effective treatment of fun-

gal infections have been summarized below.

Vesicular carriers such as liposomes,

niosomes, and transfersomes have also been

intensively explored for delivering fungal agents

in either topical or systemic treatment. Vesicular

systems have the advantages of controlling

NANOBASED DELIVERY TECHNOLOGIES FOR ANTIFUNGAL DRUGS

Vesicular Particulate Soft Colloidal

Liposomes

Ethosomes

Transfersomes

Solid Lipid Nanoparticles

Nanostructured Lipid Carriers

Microemulsions

Nanoemulsions
Micelles

Lipid

(solid)

Lipid
(liquid)

Fig. 7.1 Novel drug delivery technologies of antifungal agents

7 Nanocarriers of Antifungal Agents 181



release rate of the active compound and

providing localization of topical delivered drugs

in dermal layers. Besides, vesicular systems help

to carry drug molecules into systemic circula-

tion to decrease toxicity of drugs (Cevc 1996;

Akhtar 2014). At the end of the 1980s, the first

liposome dermatological product of econazole

nitrate (Pevaryl® Lipogel) had been approved

by regulatory authorities, and it was introduced

in various countries (Korting et al. 1997).

Niosomes are liposomes prepared with nonionic

surfactants. They have a potential to overcome

the barrier characteristic of skin with the effect of

high amount of surfactant in their content

(Mahale et al. 2012; Marianecci et al. 2014).

Transfersomes are defined as elastic vesicles

that can be highly deformed. Classical liposomes

have a diameter varying from 200 to 400 nm,

which is too large to pass through the skin.

On the other hand, transfersomes reach deeper

dermal tissues and even the systemic circula-

tion with their elastic and highly deformable

characteristics (Benson 2009). Ethosomes con-

tain phospholipids like classical liposomes; how-

ever, they contain high concentrations of alcohol

in their structure. These carriers improve drug

permeation due to the high alcohol content

which acts as penetration enhancer as well as

disruption of the structure of skin by the

phospholipids in their content (Ainbinder

et al. 2010; Mbah et al. 2014).

Microemulsions are one of the colloidal

carriers studied intensively during the last

decades by many scientists to enhance delivery

of topical antifungal agents into targeted skin

sites. They are thermodynamically stable,

optically isotropic, colloidal nanocarriers with a

dynamic microstructure that form spontaneously

by combining oil, water, surfactant, and a

cosurfactant. Microemulsions basically offer

increased drug-solubilizing capacity and

enhanced drug release and skin penetration.

They can modify the diffusional barrier of the

skin, which is resulted in enhancement of drug

penetration into deeper skin layers compared to

conventional formulations. The internal phase of

microemulsions can act as a drug reservoir

resulting in controlled and sustained drug release

(Santos et al. 2008; Neubert 2011; G€ungör
et al. 2015a, b).

Solid lipid nanoparticle and nanostructured

lipid carrier formulations have also been

investigated intensively for the topical treatment

of fungal skin infections due to their ability

to enhance skin penetration of loaded drugs.

While solid lipid nanoparticles are water-in-oil

emulsions composed of solids as oil phase and

are prepared from solid lipids or from blends of

these lipids, nanostructured lipid carriers are new

generation lipid particles, and they contain

mixtures of different solid lipids blended with

liquid oils. The principal advantage of these

carriers is their low risk of toxicity (Iqbal

et al. 2012; Scalia et al. 2015).

Micelles are colloidal carriers; they are com-

posed of amphiphilic block polymers and

characterized by core-shell morphology in nano-

scale size. They have been investigated to facili-

tate the penetration of antifungal drugs for

topical delivery via skin. Cutaneous delivery of

drugs into micellar carriers, particularly for the

treatment of skin diseases, would benefit in terms

of improving aqueous solubility of hydrophobic

drugs, targeting of drugs into skin layers (G€ungör

et al. 2015a, b).

The nano-sized carriers reported in current

literature to improve delivery of antifungal

drugs are summarized in Table 7.1.

7.3.1 Nanocarriers of Allylamine
Antifungal Agents

Hydrogels and microemulsion-based gel

formulations of terbinafine have been studied

to evaluate the efficacy of these formulations

for the treatment of fungal infections. In vitro

examination of antifungal activity revealed

that the Natrosol®-based hydrogel was a good

candidate for the topical delivery of terbinafine

(Çelebi et al. 2015). In another study, Barot

et al. developed a microemulsion-based gel of

terbinafine for the treatment of onychomycosis.

They have indicated that the developed

microemulsion-based gel formulation enhanced

penetration and retention of terbinafine into the
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human cadaver skin as compared to its commer-

cial cream. This gel formulation of terbinafine

showed better activity against C. albicans and

Trichophyton rubrum than the commercial

cream (Barot et al. 2012a, b).

To resolve problems of long treatment

durations and frequent administration in con-

ventional therapy, solid lipid nanoparticles of

terbinafine were developed. The skin of nude

mice was used as a barrier membrane, and

penetration levels of terbinafine of the

formulations designed and its commercial prod-

uct in the stratum corneum, viable epidermis,

and dermis were measured. It was concluded

that the application of terbinafine solid lipid

particles for 12 h might have an efficacy com-

parable to that of the commercial topical prod-

uct (Chen et al. 2012).

The skin permeation of ethosomes, binary

ethosomes, and transfersomes of terbinafine was

compared under nonocclusive conditions. The

results indicated that the binary ethosomes most

effectively permitted drug penetration through

skin, whereas transfersomes made it easier for

the drug to accumulate in the skin. Ethosomes

had greater improvement in skin permeation of

terbinafine than that of its skin deposition (Zhang

et al. 2012).

Nails are skin appendages susceptible to fun-

gal attack, and it is difficult to treat fungal infec-

tion of nail by conventional formulations because

of the very low permeability of the nail plate

(Kumar et al. 2014). Tanr{verdi and Özer

prepared terbinafine hydrochloride-loaded lipo-

some and ethosome formulations and performed

nail characterization studies to examine the

effect of formulations on nail surface. They

concluded that vesicular carriers could be served

as efficient formulations for ungual application

of terbinafine hydrochloride (Tanr{verdi and

Özer 2013).

In addition to these studies, liposomal gel

formulations of terbinafine and an alcohol-free

niosome gel containing naftifine hydrochloride

were developed and characterized by various

researchers (Barakat et al. 2009; Koutsoulas

et al. 2014; Sudhakar et al. 2014).

7.3.2 Nanocarriers of Azole Antifungal
Agents

Azole antifungal drugs show numerous drug-

drug interactions (Br€uggemann et al. 2009). The

most significant common drug interactions are

drug elevations of cyclosporine, tacrolimus and

sirolimus due to most calcium channel blockers

and benzodiazepines, many statins and steroids,

and warfarin and rifabutin (Zonios and Bennett

2008). Furthermore, the increase in antifungal

drug resistance, particularly to azoles, created a

strong need for the identification of novel anti-

fungal therapies and drug targets. Several novel

vehicles, e.g., microemulsions, vesicular carriers,

and lipid particles, have been proposed for the

topical application of azole antifungal agents.

7.3.2.1 Imidazoles

Clotrimazole Clotrimazole was first synthesized

in the late 1960s and was introduced to markets

in 1973. This drug is accepted worldwide for

the treatment of common fungal diseases such

as vaginal yeast infections and athlete’s foot.

Microemulsions, ethosomes, and ultradeformable

liposomes were formulated and evaluated by vari-

ous researchers as clotrimazole nanocarriers for

dermal, transdermal, vaginal, and ocular delivery

(Basha et al. 2013; Maheshwari et al. 2012; Vanić

and Škalko-Basnet 2013). The efficacy and tolera-

bility of clotrimazole microemulsion in the treat-

ment of various topical fungal infections were

evaluated clinically (Hashem et al. 2011).

Ultradeformable carriers showed prolonged ocular

delivery of clotrimazole, and their antifungal

activity against C. albicans was higher than

niosomal formulation as well as the drug suspen-

sion (Basha et al. 2013). Clotrimazole-loaded solid

lipid nanoparticles and nanostructured lipid

carriers were prepared by the hot high-pressure

homogenization technique to assess the physical

stability of these particles, as well as the loading

capacity and in vitro release pattern. The results

obtained demonstrated the use of the lipid

nanoparticles as modified release formulations

for clotrimazole (Souto et al. 2004). Aqueous
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micelle solutions of several azole antifungals (clo-

trimazole, econazole nitrate, and fluconazole)

were prepared using amphiphilic methoxy-poly

(ethylene glycol)-hexyl substituted polylactide

block copolymers. The significant increase in

skin deposition demonstrated the ability of

micelle-type carrier systems to improve cutaneous

antifungal drug bioavailability (Bachhav

et al. 2011).

Ketoconazole Ketoconazole is a broad-

spectrum, systemic antifungal agent. Lipid vesic-

ular systems including conventional liposomes,

ethosomes, deformable liposomes, and ethanol-

containing deformable liposomes were prepared

as nanocarriers for ketoconazole, respectively.

Characterization of the vesicles was based on

particle size, zeta potential, entrapment effi-

ciency, and transmission electron microscopy.

The results demonstrated that ethanol-containing

deformable liposomes improved both in vitro

and in vivo skin deposition of ketoconazole

(Guo et al. 2015). Microemulsion formulations

of ketoconazole enhanced percutaneous absorp-

tion of the drug, and it has been shown that a

microemulsion and cyclodextrin combination

enhanced the antifungal activity of the drug

in vitro against Candida parapsilosis test (Che

et al. 2015; Patel et al. 2011).

Sertaconazole Sertaconazole is a broad-

spectrum third-generation imidazole derivative

that is effective and safe to cure superficial

mycoses, such as tineas, candidiasis, and pityria-

sis versicolor. Microemulsion-based hydrogels

for cutaneous delivery of sertaconazole were

studied with an objective to increase the solubil-

ity and skin permeability of the drug. The

results indicated that the microemulsion-based

hydrogel studied provided higher antifungal

activity against C. albicans when compared

with commercial cream of sertaconazole (Sahoo

et al. 2014a, b).

Bifonazole Bifonazole is a substituted imidaz-

ole antifungal agent possessing a broad spectrum

of activity in vitro against dermatophytes, molds,

and yeasts. It is an effective and well-tolerated

treatment for superficial fungal infections of the

skin. It has been reported that microemulsion-

based hydrogel of bifonazole provided sustained

drug release cutaneous application (Sabale and

Vora 2012).

Miconazole Propylene glycol phospholipid

vesicles and ultraflexible liposomes have been

advocated as deformable lipid carriers for

enhanced skin delivery of broad-spectrum imid-

azole antifungal agent miconazole. The results

provided evidence of controlled drug delivery,

higher rate of drug transfer across the skin,

enhanced skin deposition of miconazole, and

better antifungal activity as compared to tradi-

tional liposomes and plain drug solution

(Elmoslemany et al. 2012; Pandit et al. 2014).

Miconazole possesses only slight water solubil-

ity, which limits its bioavailability and antifungal

efficacy. To increase the dissolution rate of

miconazole and itraconazole, the particle size

of these compounds was scaled down into

nano-size by media milling, respectively. The

nanosuspensions obtained had a mean particle

size of 210 nm and showed enhanced in vitro

performance (Cerdeira et al. 2013).

Econazole Solid lipid nanoparticles and

nanostructured lipid carriers of econazole were

designed for the treatment of deep-seated fungal

infections. In vivo studies demonstrated that

solid lipid nanoparticles promoted a rapid pene-

tration of econazole through the stratum corneum

and improved the diffusion of the drug in the

deeper skin layers (Keshri and Pathak 2013;

Sanna et al. 2007). Polymeric nanosponges

were prepared as an alternative carrier for

targeting econazole to the skin through topical

hydrogel formulation (Sharma and Pathak 2011).

7.3.2.2 Triazoles

Fluconazole Fluconazole is a semisynthetic

triazole, which is active against numerous yeasts.

It remains one of mostly prescribed triazoles due

to its good bioavailability and substantially fewer
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drug-drug interactions than other triazole

compounds. However, systemic treatment with

fluconazole can cause adverse effects, including

hepatic enzyme elevation and drug interactions

(Melkoumov et al. 2015). Microemulsions were

investigated for topical delivery of fluconazole

and some promising results have been achieved

(Hoeller et al. 2008; Brito Oliveira et al. 2015;

Patel et al. 2009). One of the major drawbacks of

using microemulsions for topical delivery is their

liquid nature and their consequently low resi-

dence time on the application site. Therefore

microemulsion-based hydrogels have gained

interest to improve the viscosity of different

formulations. Microemulsion-based hydrogels

were evaluated as fluconazole delivery systems

for the treatment of cutaneous and vaginal myco-

ses. The small-scale clinical studies indicated

that the microemulsion-based gel developed

for the vaginal delivery of fluconazole showed

faster onset of action than commercial prepara-

tion (Bachhav and Patravale 2009; Coneac

et al. 2015; Salerno et al. 2010).

Fluconazole-entrapped liposomes and niosomes

were prepared and evaluated in terms of in vitro

skin permeation and skin retention. Cutaneous

accumulation of fluconazole was affected by

components and size of the vesicles. Physical

stability studies showed superior potentials of

lyophilized fluconazole liposomes after reconsti-

tution in comparison with those of a solution

product (El-Nesr et al. 2010; Gupta et al. 2011;

Schwarz et al. 2011). To improve the stability

and overall applicability of the formulations,

fluconazole-loaded liposomes and niosomes

have been further incorporated into polymer

gels. The studies performed in vivo showed that

liposomal gel could produce significantly higher

drug, a localization in viable skin, compared with

its plain gel. The antifungal study also confirmed

the maximum therapeutic efficacy of liposomal

gel showing its potential for topical delivery of

fluconazole with increased accumulation of drug

in the skin (Gupta et al. 2010). Bhalaria et al.

prepared fluconazole-encapsulated ethosomes

and incorporated in a dermatological base to

assess the comparative clinical efficacy in the

treatment of candidiasis patients. From the clini-

cal evaluation, the novel delivery system devel-

oped demonstrated high antifungal activity in

comparison to liposomal formulation, marketed

formulation, and hydroethanolic solution of the

drug (Bhalaria et al. 2009).

Itraconazole Itraconazole is a triazole anti-

fungal agent which may be given orally or

intravenously. A microemulsion-based gel of

itraconazole was developed for overcoming the

shortcomings and adverse effects of currently

used therapies. The in vivo evaluation indicated

the superiority of microemulsion hydrogel for-

mulation for treating superficial fungal infections

than those of its conventional approaches

(Kumar and Shishu 2015). Microemulsion-

based itraconazole gel was also evaluated for

effective treatment of onychomycosis. Ex vivo

permeation studies indicated better penetra-

tion and retention of itraconazole into nail plate

and nail bed models (Barot et al. 2012a, b).

Chudasama et al. determined in vitro

itraconazole permeation from microemulsion

gels across excised rat skin. In vitro antimycotic

inhibitory activity of the gels was evaluated with

agar cup method and C. albicans as a test organ-

ism. The results indicated that the microemulsion

gel studied showed the widest zone of inhibition

and therefore may be a promising vehicle for

topical delivery of itraconazole (Chudasama

et al. 2011). Deformable liposomes containing

hydroxypropyl-β-cyclodextrin enhanced the

amount of itraconazole in stratum corneum

and deeper skin layers compared to conven-

tional liposomes (Alomrani et al. 2014).

Nanosuspensions formulated by ultrasound treat-

ment improved the dissolution behavior of

itraconazole (da Fonseca Antunes et al. 2013).

Voriconazole Voriconazole is a second-

generation triazole available in both intravenous

and oral formulations (Sable et al. 2008). It has

revolutionized the treatment of aspergillosis in

severely immunocompromised patients, but the

use of voriconazole is compromised by compli-

cated pharmacokinetics, notable drug interactions,
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and relatively significant adverse events (Zonios

and Bennett 2008). Microemulsions as vehicles

for topical administration of voriconazole were

investigated, and drug-loaded microemulsions

were evaluated for their physicochemical

characteristics and in vitro permeation studies

using guinea pig skin. The presence of perme-

ation enhancers in the formulation favored

transdermal rather than dermal delivery of

voriconazole (El-Hadidy et al. 2012).

Transethosomes composed of phospholipid,

ethanol, water, and edge activator (surfactants)

or penetration enhancer (oleic acid) were devel-

oped and evaluated for enhanced skin delivery

of voriconazole. Transethosomes enhanced

both in vitro and in vivo skin deposition of

voriconazole in the dermis/epidermis region

compared to conventional liposomes, ethosomes,

and transfersomes (Song et al. 2012). In order

to develop topical preparations of voriconazole

for the treatment of mycotic infections of

the skin, a nanostructured lipid carrier-based

hydrogel formulation was developed and its

physical characteristics, in vitro skin permeation,

and retention profiles were examined. The

in vitro skin permeation study showed that

the nanostructured lipid carrier-based hydrogel

was superior to conventional cream and

microemulsion-based gel formulations of

voriconazole. In addition, the formulation devel-

oped led to markedly greater accumulation of

voriconazole in deeper skin layers as compared

with the reference formulations (Song

et al. 2014).

Posaconazole Posaconazole, a lipophilic

second-generation antifungal triazole, has a sig-

nificant role for the prophylaxis of invasive fun-

gal infections in severely immunocompromised

patients with extended antifungal spectrum, sig-

nificant activity against the zygomycetes, and

apparently, optimal safety profile. Posaconazole

is only available as an oral formulation

(Br€uggemann et al. 2009). Multiple daily dosing,

the need for fatty foods for absorption, and the

absence of an intravenous formulation restrict its

use to selected populations (Zonios and Bennett

2008). There has been consideration of a poten-

tial enhancement in solubility with decreasing of

the particle size of drugs into nanometer size

range. To enhance solubility and the rate of dis-

solution, posaconazole was nano-sized using wet

media milling technology. The mean particle size

of the processed crystals had a narrow distribu-

tion profile with a mean size of 185 nm (Merisko-

Liversidge and Liversidge. 2011).

7.3.3 Nanocarriers of Polyene
Antifungal Agents

The activity of nano-sized amphotericin B

against the growth of C. albicans was

investigated, and the conventional micro-sized

amphotericin B was converted into nano-size

(5–20 nm) using a ball milling machine. The

results revealed that the antifungal activity of

nano-sized drug was two to four times greater

than the micro-counterpart. Nano-sized

amphotericin B showed an enhanced surface

activity by interacting with the walls of Candida

yeasts (Randhawa et al. 2015). Kang

et al. formulated amphotericin B-loaded cationic

liposome gels for topical application and have

found this thermosensitive gel to be more stable

and less toxic than free amphotericin B for vagi-

nal delivery (Kang et al. 2010).

Nystatin nanoemulsions have been evaluated

for topical application. A faster pharmacokinetic

release from the nanoemulsion formulation has

been recorded than commercial nystatin oint-

ment, and the amount of drug retained in the

skin was sufficient to ensure an effective antifun-

gal effect (Fernandez-Campos et al. 2012). In

another study performing a comparative evalua-

tion, a nanoparticulate nystatin formulation

against a commercial nystatin preparation

showed that nanonization of nystatin provides a

novel approach to enhancing the efficacy of drug

in the treatment of oral candidiasis (Melkoumov

et al. 2015).

El-Ridy et al. have been encapsulated nystatin

in niosomes to obtain a safe and effective formu-

lation administered parenterally for neutropenic

186 S. G€ungör and M.S. Erdal



patients. Nystatin niosomes exerted less nephro-

toxicity and hepatotoxicity in vivo, showed

higher level of drug in significant organs, and

improved efficacy in elimination of the fungal

burden in experimental animals infected with

C. albicans compared with those treated with

free nystatin (El-Ridy et al. 2011).

7.3.4 Nanocarriers of Echinocandins

Caspofungin, micafungin, and anidulafungin exist

in intravenous form (lyophilized powder for infu-

sion) and are indicated in the management of

invasive fungal infections such as esophageal can-

didiasis and candidemia (Sable et al. 2008). Cur-

rently there hasn’t been any study published about

nano-sized delivery systems of echinocandin anti-

fungal agents. This fact might be due to the rela-

tively big molecular weight of echinocandins

(>1000 Da) when compared to conventional

small-molecule drug compounds.

7.3.5 Nanocarriers of Ciclopirox
and Griseofulvin

Aggarwal et al. developed a microemulsion for-

mulation of griseofulvin intended for the treatment

of dermatophytosis. The dermatopharmaco-

kinetics and antifungal activity of the formulation

were evaluated on guinea pig model. Treatment of

guinea pigs with griseofulvin microemulsion

resulted in a complete clinical and mycological

cure in 7 days. The formulation was observed to

be histopathologically safe and stable (Aggarwal

et al. 2013).

Griseofulvin was encapsulated in the deform-

able membrane vesicles for dermal delivery. The

optimized vesicles illustrated remarkably higher

drug permeation and skin retention when com-

pared with conventional liposomes. The results

indicated that the topical deformable vesicles of

griseofulvin could be considered as an alternative

to reduce the obstacle of conventional oral

formulations (Aggarwal and Goindi 2012). The

same researchers optimized griseofulvin-loaded

solid lipid nanoparticles by hot microemulsion

technique. The cumulative amount of drug

permeated through excised mice skin from solid

lipid nanoparticles was more than fivefolds as

compared to permeation from conventional

cream base (Aggarwal and Goindi 2013).

Niosomal vesicular carriers were investigated

for dermal delivery of ciclopirox olamine. Deposi-

tion of drug into rat skin from niosomal dispersion

and niosomal gel formulation was significantly

higher than that of solution formulation of

ciclopirox olamine and its commercial product.

Obtained niosomes possessed sufficient stability

on storage (Shaikh et al. 2010). Karimunnisa and

Atmaram investigated mucoadhesive liposomal

ciclopiroxolamine gel for vaginal use. The gel

exhibited good mucoadhesivity to sheep vaginal

tissue, and furthermore liposome-entrapped drug

displayed good antifungal activity (Karimunnisa

and Atmaram 2013).

7.4 Conclusion

Delivery of antifungal agents used for the treat-

ment of superficial and systemic infections has a

great impact in terms of both therapeutic aspect

and safety. In particular, treatment of deep-

seated fungal infections could be inefficient due

to poor penetration of drugs into targeted sites,

resulting in unsatisfactory bioavailability. In

addition, the controlling of drug release is also

important to minimize systemic absorption and

to decrease the toxicity of these agents. There-

fore, novel drug delivery systems play a key role

to overcome the limitations of conventional dos-

age forms to improve the efficacy and to ensure

safety of the treatment. So far, optimization of

different types of nanocarriers such as liposomes,

niosomes, micelles, and transfersomes have been

intensively investigated to improve efficiency

and safety of antifungal agents. Some liposomal

products of antifungal agents are already com-

mercially available. At the end of the 1980s, the

first liposome dermatological product

(Pevaryl®Lipogel) has come into market. Lipo-

some formulation of amphotericin B for paren-

teral administration has been first marketed under

the name AmBisome in 1990. Still there is a
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great effort to optimize novel carriers of antifun-

gal agents. In this context, a considerable amount

of research focused on the development of

nanocarriers of antifungal drugs, to some extent,

has been published.

References

Adler-Moore JP, Proffitt RT (2004) Novel drug delivery

systems for antifungal agents. In: Domer JE,

Kobayashi GS (eds) The mycota XII human fungal

pathogens. Springer, Heidelberg, pp 339–340

Aggarwal N, Goindi S (2012) Preparation and evaluation

of antifungal efficacy of griseofulvin loaded deform-

able membrane vesicles in optimized guinea pig

model of Microsporum canis dermatophytosis. Int J

Pharm 437(1–2):277–287

Aggarwal N, Goindi S (2013) Preparation and in vivo

evaluation of solid lipid nanoparticles of griseofulvin

for dermal use. J Biomed Nanotechnol 9(4):564–576

Aggarwal N, Goindi S, Khurana R (2013) Formulation,

characterization and evaluation of an optimized

microemulsion formulation of griseofulvin for topical

application. Colloids Surf B 105:158–166

Ainbinder D, Paolino D, Fresta M et al (2010) Drug

delivery applications with ethosomes. J Biomed

Nanotechnol 6:558–568

Akhtar N (2014) Vesicles: a recently developed novel

carrier for enhanced topical drug delivery. Curr Drug

Deliv 11:87–97

Alomrani AH, Shazly GA, Amara AA, Badran MM

(2014) Itraconazole-hydroxypropyl-β-cyclodextrin
loaded deformable liposomes: in vitro skin penetration

studies and antifungal efficacy using Candida albicans

as model. Colloids Surf B 121:74–81

Arendrup MC (2013) Candida and candidaemia. Suscep-

tibility and epidemiology. Dan Med J 60(11):B4698

Bachhav YG, Patravale VB (2009) Microemulsion based

vaginal gel of fluconazole: formulation, in vitro and

in vivo evaluation. Int J Pharm 365(1–2):175–179

Bachhav YG, Mondon K, Kalia YN et al (2011) Novel

micelle formulations to increase cutaneous bioavail-

ability of azole antifungals. J Control Release 153

(2):126–132

Barakat HS, Darwish IA, El-Khordagui LK et al (2009)

Development of naftifine hydrochloride alcohol-free

niosome gel. Drug Dev Ind Pharm 35(5):631–637

Barot BS, Parejiya PB, Patel HK et al (2012a)

Microemulsion-based gel of terbinafine for the treat-

ment of onychomycosis: optimization of formulation

using D-optimal design. AAPS PharmSciTech 13

(1):184–192

Barot BS, Parejiya PB, Patel HK et al (2012b)

Microemulsion-based antifungal gel delivery to nail

for the treatment of onychomycosis: formulation,

optimization, and efficacy studies. Drug Deliv Transl

Res 2(6):463–476

Basha M, Abd El-Alim SH, Shamma RN et al (2013)

Design and optimization of surfactant-based

nanovesicles for ocular delivery of Clotrimazole. J

Liposome Res 23(3):203–210

Benson HA (2009) Elastic liposomes for topical and trans-

dermal drug delivery. Curr Drug Deliv 6:217–226

Bhalaria MK, Naik S, Misra AN (2009) Ethosomes: a

novel delivery system for antifungal drugs in the treat-

ment of topical fungal diseases. Indian J Exp Biol 47

(5):368–375

Brito Oliveira M, Calixto G, Graminha M et al (2015)

Development, characterization, and in vitro biological

performance of fluconazole loaded microemulsions

for the topical treatment of cutaneous leishmaniasis.

Biomed Res Int. doi:10.1155/2015/396894

Br€uggemann RJM, Alffenaar JWC, Blijlevens NMA

et al (2009) Clinical relevance of the pharmacokinetic

interactions of azole antifungal drugs with other

coadministered agents. Clin Infect Dis 48:1441–1458

Carneiro G, Aguiar MG, Fernandes AP et al (2012) Drug

delivery systems for the topical treatment of cutaneous

leishmaniasis. Expert Opin Drug Deliv 9:1083–1097
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Synthetic Compounds for Antifungal
Chemotherapy 8
Rupa Pegu, Rohan Borah, and Sanjay Pratihar

Abstract

Systemic fungal infections are major problems in phytopathology and

infections caused by fungal species and to treat this various antimicrobial

agents have been applied clinically, which is known as antifungal chemo-

therapy. Amongst various natural antifungal drugs, few are currently used

in clinical practice to treat essentially systemic fungal infections because

of their low spectrum of activity, toxicity and immunosuppressive nature.

These limitation open up a market for new synthetic antifungal drugs or

structural modifications of inactive molecules, which will provide a broad

spectrum of activity with less toxicity. In this chapter, synthetic

compounds for antifungal chemotherapy including various derivatives

of azole, fluoropyrimidine, thiocarbamate, allyamines, morpholine,

carabrol ester and carboline along with their mechanism, broad spectrum

of activity, advantages and limitations have been discussed.

8.1 Introduction

We all are concerned about the coexistence of

different microorganisms such as bacteria,

viruses, and fungi with other living beings,

i.e. humans, plants, and animals in the environ-

ment. Although some of these microorganisms

are beneficial, many are pathogenic and are

responsible for many life-threatening diseases.

The therapeutics or therapy term deals with the

treatment of these diseases, which may be done

either by prevention or cure. The methods used in

the therapy fall into three main categories:

(i) physiotherapy, (ii) surgery, and (iii) pharmaco-

logical therapy (Loevenhart 1926). Pharmacology

deals with the study of drugs and its action in the

living systems to understand the properties of

drugs and their actions, including the interactions

of drug molecules with receptors and its effect.

Chemotherapy (Northey 1943) is a phase of phar-

macology and is broadly defined as the treatment

of disease through administration of chemical

agents or drugs that are highly toxic to the diseases

but have low toxicity to the host. The ‘chemother-

apy’ term was first introduced by Paul Ehrlich

based on the affinity of a particular chemical to
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certain living cells. Classification of chemother-

apy is not easy as it has a broad field of applica-

tion. However, on the basis of types of diseases or

the nature of pathogen, they can be classified

majorly in three categories: (i) anticancer,

(ii) antimalarial, and (iii) antimicrobial chemo-

therapy. The antimicrobial chemotherapy is the

clinical application of antimicrobial agents to

treat the infectious disease caused by microscopic

organisms and which may be categorised into

three specific types like antibacterial, antiviral,

and antifungal chemotherapy.

In this chapter, we will mainly focus on the

available synthetic antifungal drugs for the treat-

ment of various types of fungal infection. Vari-

ous fungal species are widely distributed in soil,

plant debris, and other organic substrates and

causes a range of illnesses (mycoses) ranging

from the chronic to the serious and can manifest

themselves in a variety of ways. These infections

can be superficial, that is, situated at or close to

the surface of the skin, which can affect the body

as a whole, instead of individual parts or organs.

Diseases such as athlete’s foot (tinea pedis), jock

itch (tinea cruris), tinea manus (infection of the

hand), thrush (oral and vaginal), and

onychomycosis (affecting the nails) are some of

the specific examples of superficial infections

caused by the dermatophytes from the

Trichophyton, Microsporum, Candida, and

Epidermophyton species. The classifications of

these diseases are difficult as infections may be

caused by one or more of these organisms col-

lectively and they can be developed in such a

way that similar symptoms can be caused by

different organisms. At the same time, detection

of the disease from its symptom caused by a

particular fungal agent is difficult because

symptoms may vary depending upon the host

immunity and physiological condition.

Systemic fungal infections are major

problems in phytopathology, and infections

caused by fungal species are most common in

immune-compromised patient cases such as

AIDS, cancer, old age, diabetes, cystic fibrosis,

and organ transplants and other invasive surgical

procedures. It is estimated that invasive fungal

infections develop in 10–25 % of patients with

acute leukaemia and those receiving bone mar-

row transplants (Sahin and Akova 2005). In the

USA, Candida spp. is the fourth most common

nosocomial pathogen with the highest crude mor-

tality rate (40 %). In addition to Aspergillus spp.,

novel and emergent fungal pathogens such as

zygomycetes, Fusarium spp., or Scedosporium

spp. have become increasingly important

pathogens. Their exposure to presently available

antifungals may be limited, and resulting mortal-

ity rate is�70 % in patients with haematological

malignancies. So, fungal infections are emerging

as a major cause of morbidity and mortality in

immune-compromised patients. Still, fungi are

one of the most neglected pathogens, as

demonstrated by the fact that the

amphotericin B, a polyene antibiotic discovered

as long ago as 1956, is still used as a ‘gold

standard’ for antifungal therapy. The appearance

of AIDS, the re-emergence of TB (including

multidrug-resistant strains), and an overall

increase in infectious disease mortality during

the 1980s and early 1990s provide additional

evidence that as long as microbes can evolve,

new diseases will emerge. The advent of new

diseases underscores the importance of disease

prevention through antifungal chemotherapy and

continual monitoring of underlying factors that

may encourage the emergence or re-emergence

of diseases (Spellberg et al. 2004). Following

these problems, effort has been given in the

hope of finding a substance that will be less

toxic to the host and more potent in its particular

type of pharmacological activity. In order to get

success to treat a particular type of infection by

using a synthetic compound, a collective effort of

chemists, pharmacologists, and physicians are

required.

8.2 Available Drugs in the Market

The growth of antifungal drugs was slow paced

despite the knowledge of their existence well

before that of bacteria. This is exemplified by

the fact that the first antibacterial agent, penicil-

lin, came into use in 1941, whereas the first

antifungal agent, nystatin, was not discovered

192 R. Pegu et al.



until 1949. The main reason believed for the slow

development of broad-spectrum agents can be

heaped on the nature of these fungal diseases;

they are eukaryotic species which are biochemi-

cally similar to human hosts on contrary to

prokaryotes like bacteria. This means that devel-

opment of a drug to combat fungal infections

leaving the human host unaffected is a very diffi-

cult job. The natural and synthetic drugs have

been developed over the years to treat mycotic

infections. Recognition of the rapid expansion of

the fungal market has spurred efforts to discover

alternative structural classes of antifungal agents.

Despite extensive research on the development

of new therapeutic strategies, there are few drugs

available in the market to cure the invasive

mycoses.

During the past two decades, a wide array of

antifungal agents have been discovered, which

have been or are currently being evaluated for

use in treating invasive mycoses and are

categorised by their site of action in fungal cells

(Dismukes et al. 2000). Indeed, only four molec-

ular classes, namely, (i) fluoropyrimidine

analogues, (ii) polyenes, (iii) azoles, and

(iv) echinocandins, are currently used in clinical

practice to treat essentially systemic fungal

infections, which are mainly targeted to three

distinct fungal metabolic pathways. Several

other classes of antifungal drugs, such as

morpholines, allylamines, etc., are used only as

topical agents due to either poor efficacy or

severe adverse effects when administered sys-

temically. These drugs acted upon fungal strains

by three general mechanisms, which are inhibi-

tion of cell wall biosynthesis, disruption of the

cell membrane, and inhibition of cell division.

Inhibition with fungal cell wall biosynthesis has

not been as successful and operative as

penicillins or cephalosporins against bacteria.

Till date, various chemicals have been discov-

ered that interfere with numerous stages in fungal

cell wall synthesis with excellent antifungal

activity in vitro. Unfortunately, development of

these agents into useful drugs has proven to be

very difficult. Antifungal agents disrupt the cell

membrane by targeting ergosterol, either by

binding to the sterol with the formation of pores

and effecting the membrane to become leaky

(as with polyene antifungals) or inhibiting ergos-

terol biosynthesis (as seen with azole antifungal

agents). Ergosterol is comparable to mammalian

cholesterol; thus, agent-binding ergosterol may

have a cytotoxic effect in the host tissue. A

summary of various classes of antifungal drugs

and their mechanism of action has been provided

in Table 8.1.

Amongst various available classes of

compounds, imidazoles such as clotrimazole,

miconazole, sulconazole, and bifonazole work

by binding to cytochrome P450, thus blocking

ergosterol synthesis in the fungal cell membrane.

The development of triazole antifungal agents

that were less likely to cause hepatotoxicity pos-

sibly due to their diminutive effects on cyto-

chrome P450-dependent enzymes. On the other

hand, amongst various triazoles, terconazole was

first developed, followed by itraconazole and

finally fluconazole. Before the development of

fluconazole, the two major antifungal agents

existing were amphotericin B and flucytosine.

The problems related with amphotericin B are

that it has to be given intravenously and had

harsh side effects, whereas flucytosine was orally

active but had a limited range of action and

resistance was easily developed. Later on,

amphotericin B (AMB) was incorporated in

three lipid formulations to reduce toxicity,

while the first-generation triazoles (fluconazole

and itraconazole) changed the epidemiology of

Candida infections and presented a new treat-

ment opportunity. A lot of these antifungals

have proven to be less toxic and in some cases

more effective than amphotericin B. However,

most of the azole antifungals are highly

lipophilic and are not effective orally because

of their metabolic degradation. In this regard,

Janssen Pharmaceutica had developed ketocona-

zole in mid-1978, which was proven to be effec-

tive orally, but it still degraded metabolically.

Later on, Pfizer replaced the imidazole unit

with 1,2,4-triazole derivative to get better activ-

ity. But they are not able to overcome the sus-

ceptibility to metabolism with those derivatives,

and they found more activity in vivo but four

times less potent in vitro. Various substituted
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bis-triazoles were synthesised and tried to get

better activity. Finally, water-soluble fluconazole

was discovered for intravenous administration

and was found to be very effective for a wide

variety of fungal infections and marketed in var-

ious countries.

8.3 Synthetic Compounds
for Antifungal Chemotherapy

It has been found that the previously discovered

natural antifungal drugs have very low spectrum

of activity and their applications are limited due

to their toxicity and immunosuppressive nature

(e.g. amphotericin B). These limitation leads to

the development of synthetic drugs. That is why

people are giving constant effort to develop

structurally new classes of antifungal agents

with novel mechanisms of action as well as struc-

tural modifications to improve their spectrum of

activity. Towards the search for a new antifungal

agent, various groups of compounds have been

tried. Amongst these various compounds, suc-

cess has been achieved with some selected

groups of compounds like imidazoles, triazoles

and thiazole, echinocandins, fluoropyrimidine,

morpholine, thiocarbamate, etc. In addition, a

good number of synthetic drugs which are

designed to bind independently to different

biological targets are reported in literature. But

due to lack of sufficient biological data, they

remain ineffective for clinical trial. Herein, we

will discuss various classes of synthetic

compounds for antifungal chemotherapy along

with their mechanism of action. In this regard,

their broad spectrum of activity, advantage, and

limitation will also be discussed.

Table 8.1 Various marked antifungal drugs and their mechanism of action

Polyenes

Mechanism of action: binds to ergosterol in the fungal membrane causing the cell membrane to become leaky

Available drug: amphotericin B, nystatin, natamycin

Azoles (mainly imidazoles, triazoles, and thiazole)

Mechanism of action: inhibits ergosterol synthesis, thereby disrupting membrane permeability and also function of

membrane-bound proteins

Available drug: ketoconazole, miconazole, clotrimazole, tioconazole, econazole, fenticonazole, sulconazole,

sertaconazole, oxiconazole, tinidazole, enilconazole (Imazalil), parconazole, eberconazole, lanoconazole, bifonazole,

lombazole, voriconazole, itraconazole, butoconazole, fluconazole, terconazole, posaconazole, abafungin

Allylamines

Mechanism of action: inhibits conversion of squalene to squalene-2,3-epoxide by squalene epoxidase. Squalene is

toxic to the cell wall causing PH imbalances and therefore membrane protein malfunction.

Available drug: amorolfin, butenafine, naftifine, terbinafine, tolnaftate

Echinocandins

Mechanism of action: inhibit the synthesis of glucan in the cell wall, via noncompetitive inhibition of the enzyme 1,3-β
glucan synthase

Available drug: pneumocandins, echinocandin B, cilofungin, caspofungin, micafungin, anidulafungin

Thiocarbamate

Mechanism of action: inhibit squalene epoxidase, an important enzyme in the biosynthetic pathway of ergosterol

Available drug: tolnaftate, tolciclate

Other available drugs:

Flucytosine (inhibits cell division via incorporation into RNA leading to faulty RNA synthesis)

Griseofulvin (inhibits microtubule polymerisation, thus inhibiting the formation of mitotic spindle)

Tavaborole (inhibition of leucyl-tRNA synthetase)

Undecylenic acid (inhibition of fatty acid biosynthesis which disrupts germ tube (hyphae) formation)

Ciclopirox (disrupts various enzyme activities including cytochromes, catalase, peroxidise, Na-K ATPase, etc.)

Amorolfine (disrupts the ergosterol biosynthetic pathway by inhibiting δ14 reductase and D8-D7 isomerase enzymes)
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8.3.1 Azoles

In the first place, azoles (mainly imidazoles,

triazoles, and thiazole) are by far the most com-

monly used systemically acting synthetic

antifungals in clinical practice. Although

imidazoles, triazoles, and thiazole function under

a similar mechanism, they behave differently with

respect to their fungal spectrum, pharmacokinet-

ics, and toxicities. These agents primarily inhibit

the ergosterol biosynthesis by inhibiting the cyto-

chrome P450-dependent enzyme 14-

α-demethylase within the fungal cell (Bossche

1997; Andriole 1999; Sheehan et al. 1999). This

inhibition occurs through the binding of the free

nitrogen atom of the azole ring to the iron atom of

the haem group in the enzyme. The subsequent

accumulation and metabolism of 14-alpha-

methylated sterol species causes the synthesis of

toxic compounds, which are unable to successfully

replace ergosterol (Carrillo-Munoz 2006). All

azoles are fungistatic at their MIC, but some are

fungicidal at higher concentrations. This class of

compounds includes imidazoles (e.g. econazole,

miconazole, bifonazole, butoconazole,

tioconazole, ketoconazole, etc.), triazoles

(e.g. terconazole, fluconazole, itraconazole,

voriconazole, posaconazole, etc.), and thiazole

(e.g. abafungin). In addition, many other azole-

based antifungal drugs have been synthesised, of

which a few are licensed for use in human therapy.

Azoles possess very broad activity, with effects on

dermatophytes, Trichophyton, Microsporum, and
Epidermophyton; dimorphic fungi, Histoplasma,

Blastomyces, and Coccidioides; filamentous

fungi (moulds), Aspergillus; and yeasts, Candida,
Cryptococcus, etc.

8.3.1.1 Imidazoles
Imidazole is an important member of the azole

family. Till date, various imidazole compounds

have been synthesised and tried for antifungal

chemotherapy. Amongst various imidazole

derivatives, some compounds fall in the first

generation.

First generation: miconazole, econazole,

isoconazole, bifonazole, eberconazole, lombazole,

sertaconazole, tioconazole, lanoconazole, clotri-

mazole (Pelletier et al. 2000), fenticonazole,

sulconazole, and tinidazole

These early imidazoles have very poor aque-

ous solubility because of the lipophilic nature

and are generally ineffective for oral or systemic

therapy. However, they have exceptional skin/

mucous membrane compatibility and hence are

beneficial for topical application. They are nor-

mally applied either as creams for dermatophyte

infections or as ‘nail varnish’ formulations for

onychomycosis. Amongst various first-

generation imidazoles, miconazole provides an

exception to the others because it is absorbed in

the gut slightly better. Thus, a gel formulation of

miconazole is available for oral and intestinal

fungal infections. However, miconazole has

strong binding affinity to lipoproteins (up to

95 % is protein bound and only 20–30 % of a

dose is detectable in the blood). So, its ‘effective’

concentration is hence much decreased. The

incidences of secondary resistance were uncom-

mon with these drugs, but are now rising from

1990s onwards. Some of the common

disadvantages associated with these drugs are

(i) potential hepatotoxic effects in long-term

therapy, (ii) possible teratogenic/embryotoxic

effects, and (iii) that they may affect testoster-

one/corticosteroid synthesis (acting against other

cytochrome P450 enzymes).

Janssen sought to improve upon miconazole

and econazole, but keeps hold of the important

advantages of the early imidazoles, namely, high

antimycotic activity and broad spectrum of

activity. Their main aim was to provide a drug

that was bioavailable, i.e. that was more soluble

in water and could be used for systemic

infections either by injection or as a tablet. In

1979, ketoconazole (Bossche 1997), a second-
generation drug containing imidazole group,

was found to be suitable to treat fungal

infections of the skin such as athlete’s foot,

jock itch, ringworm, and seborrhoea (dry, flak-

ing skin) and is available as a cream, gel, and

shampoo. Some of the drawbacks associated

with the ketoconazole are (i) limited efficacy

against Aspergillus, (ii) metabolically vulnera-

ble (<5 % excreted unchanged), (iii) 95–99 %
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of drug bound to lipoproteins in serum (activity

drops 10–1,000-fold in the presence of serum

with in vitro tests), (iv) poor penetration into

CSF, and (v) best absorbed by the gut in acid

conditions, so antacids should not be prescribed

at the same time as ketoconazole. Some of the

selected structure along with their MIC value

against the fungal strain was described in

Table 8.1.

8.3.1.2 Triazoles
The triazoles (Shalini et al. 2011) are also an

important member of azole family, which are

active against Candida albicans, non-albicans

Candida spp., Cryptococcus neoformans, and

the dimorphic fungi. Amongst non-albicans
Candida spp., they are less active against Can-

dida glabrata and inactive against Candida

krusei with the exception of voriconazole and

some investigational triazoles. Various Aspergil-

lus spp. and dematiaceous patterns are only

affected by itraconazole and voriconazole. The

first-generation triazoles are fluconazole and

itraconazole (Loevenhart 1926). Fluconazole, a

fungistatic agent, is active against Candida

albicans, Candida tropicalis, and Candida

glabrata. Fluconazole is also used for the treat-

ment of meningitis, cryptococcal meningitis, and

systemic and mucosal candidiasis in both normal

and immune-compromised patients. It is also

used to treat coccidioidal meningitis, histoplas-

mosis, and infections due to chemotherapy or

radiation therapy prior to a bone marrow trans-

plant. Fluconazole circulates in plasma as the

free form and is excreted unchanged through

the kidneys. It is also orally bioavailable because

it shows negligible hepatic metabolism. Almost

94 % fluconazole is absorbed and its oral bio-

availability is not affected by food or gastric

pH. On the other hand, itraconazole is largely

metabolised in the liver by cytochrome P450

3A4, an active metabolite produced which is

excreted in an inactive form via the liver and

kidneys. It has strain-dependent fungicidal activ-

ity against filamentous fungi with the exception

of some strains of Cryptococcus neoformans. It is

taken orally as a capsule to treat fungal infections

that start in the lungs and spread throughout the

body. It can also be used to treat fungal infections

of the nails and its oral solutions are useful to

treat oral candidiasis. The most common side

effects associated with itraconazole are constipa-

tion, heartburn, bleeding gums, headache, and

dizziness. The more severe side effects with

itraconazole can include excessive tiredness,

nausea, vomiting, loss of appetite, tingling or

numbness in the extremities, and difficulty in

breathing or swallowing. The second-generation

azole derivatives are voriconazole,

posaconazole, and ravuconazole (Northey

1943). In 2002, voriconazole was first marketed

and accepted as a first-line cure of oesophageal

candidiasis; candidaemia; invasive aspergillosis;

candidal infections of the skin; infections in the

abdomen, kidney, and bladder wall and wounds;

and infections caused by Scedosporium

apiospermum and Fusarium spp. It is available

for both oral and intravenous (i.v.) administra-

tion. Although it is orally bioavailable, it exhibits

nonlinear pharmacokinetics. Voriconazole is

metabolised in the liver, and, in case of renal

failure, its excretion is not affected.

Voriconazole interacts with drugs that are

substrates of cytochrome P450 3A4 (terfenadine,

cisapride, etc.), by increasing their serum levels.

Its intake should be avoided in those patients who

are taking cyclosporine, rifampicin, carbamaze-

pine, ritonavir, and long-acting barbiturates.

Posaconazole is a hydroxylated analogue of

itraconazole, which became available in Europe

in 2005 and was approved by the Food and Drug

Administration (FDA) in 2006. It has a wide

range of antifungal activity against various fun-

gal strains, viz. Candida spp. resistant to older

azoles, Cryptococcus neoformans, Aspergillus

spp., Rhizopus spp., Bacillus dermatitidis, Can-
dida immitis, Histoplasma capsulatum, and other

opportunistic filamentous and dimorphic fungi

(Andriole 1999). Posaconazole is available only

for oral administration, and it is 8–47 % bio-

available on an empty stomach, which increases

by 400 % with the ingestion of a fatty meal. It is

primarily metabolised by the liver, and approxi-

mately 77 % of the unaltered drug is excreted in
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the faeces and small amount in the urine. The

posaconazole shows good efficiency for the treat-

ment of zygomycosis, invasive fusariosis, cryp-

tococcal meningitis, coccidioidomycosis, and

other central nervous system fungal infections.

A few common side effects associated with

posaconazole are nausea, vomiting, headache,

abdominal pain, and diarrhoea. Ravuconazole is

another second-generation azole antifungal

agent, which is highly active against a wide

range of fungi, including Candida spp., Candida

neoformans, and other yeast species, as well as

isolates that are resistant to fluconazole (Gomez-

Lopez et al. 2004). An in vitro study evaluating

the activity of ravuconazole against 923 clinical

isolates of non-dermatophyte filamentous fungi

showed that the drug is highly active against

Aspergillus spp. and has inhibitory activity

against other species of hyaline filamentous

fungi and zygomycetes and black moulds. The

study further indicated that it is active against

56.2 % of Mucorales tested, whilst itraconazole

was active only against one-third of the isolates,

and voriconazole was inactive against almost the

whole collection of Mucorales. Ravuconazole

shows linear pharmacokinetics over the

anticipated dosage range and undergoes hepatic

metabolism, and it also has a significant potential

for drug-drug interactions through the cyto-

chrome P450 enzyme system (Table 8.2).

8.3.1.3 Other Imidazole Derivatives
In addition to the marketed imidazole antifungal

drugs, several other imidazole derivatives have

been synthesised so as to extend the spectrum of

antifungal chemotherapy. Amongst various

synthesised imidazoles, some selected

compounds were found active against different

fungal strains, which are summarised inTable 8.3.

In this regard, Rauf et al. reported a series of

two-substituted imidazole derivatives, which

were found potent against fungal strains,

A. niger, C. albicans, Penicillium spp., T. viride,

and Helminthosporium oryzae, with MIC of

75–150 μg/ml when evaluated via disc diffusion

method. All compounds are good antimycotics

against yeasts and dermatophytes and are more

active than bifonazole. The unsubstituted deriva-

tive of 1b has MIC value ranging from 0.4 to

33 μg/ml which appeared to be most active in

this series. On the other hand, Ogata

et al. reported 1-[1-[2-[(3-chlorobenzyl)oxy]phe-

nyl]vinyl]-1H-imidazole hydrochloride (1e) that

was found to be active against typical dermato-

phyte species with MIC 0.16–1.25 μg/ml and

Aspergillus spp. and Penicillium spp. with MIC

0.63–5 μg/ml. Mamolo et al. reported

1-(3,5-diaryl-4,5-dihydro-1H-pyrazol-4-yl)-1H-

imidazole derivatives (1h) which show better

in vitro antifungal activity than miconazole.

Karaburan et al. reported aryl[3-(imidazol-1-

ylmethyl)benzofuran-2yl] ketoximes (1l) with

moderate antifungal potency of MIC 5–25 μg/
ml. On the other hand, Na et al. reported a series

of 1-benzyl-3-(imidazol-1-ylmethyl)indole

derivatives (1m), and all the compounds were

tested against two human fungal pathogens,

C. albicans and A. fumigatus with good activity.

Mullen et al. also reported 3,5-diphenyl-3-

(1H-imidazol-l-ylmethyl)-2-alkylisoxazolidine

derivatives (1o) which were found to be the most

potent compounds in vitro with MIC values rang-

ing between 0.2 and 7.0 μg/ml (Rani et al. 2013).

8.3.1.4 Fluoropyrimidines
Fluoropyrimidines (Vandeputte et al. 2011) are

a class of compounds, of which only

5-fluorocytosine (5-FC) and 5-fluorouracil

(5-FU) are used in human drugs and are synthetic

structural analogues of the DNA nucleotide cyto-

sine of candidiasis. It inhibits pyrimidine metab-

olism via intrusion with RNA and protein

synthesis in the fungal cell (Spellberg

et al. 2004). In 1964, 5-FC was shown to be

active in vivo (mice) against experimental cryp-

tococcal and candidal infections. Its spectrum of

activity is narrow and 8–10 % of Candida strains
are resistant, which is a major drawback for this

compound and is limited to yeast infections.

Thus, it is used for cryptococcal meningitis and

in case of dissemination in combination with
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Table 8.2 The structure and activity against particular fungal strain of various azoles

Compound Fungal strains MIC (μg/ml)

Miconazole

Meerpoel et al. (2010)

T. mentagrophytes 0.312–80

T. rubrum 0.312–0.55

T. tonsurans 10

T. verrucosum 8

M. audouinii 9–10

M. gypseum 10–12

Epidermophyton floccosum 0.4–0.625

C. albicans 0.25–32

C. parapsilosis 0.12–0.5

C. tropicalis 0.5–16

C. krusei 2–4

C. guilliermondii 0.25–1

C. glabrata <0.05–3.125

Cryptococcus neoformans 0.625–1.95

Geotrichum candidum 40

Torulopsis glabrata 1.25

Malassezia furfur 0.88–6.25

A. fumigatus 33.1–160

A. niger 22–40

A. flavus 12

Econazole

Meerpoel et al. (2010)

T. mentagrophytes 0.60–0.80

T. rubrum 0.58

T. tonsurans 4

T. verrucosum 10

M. audouinii 10

M. gypseum 1.3

Epidermophyton floccosum 0.25–32

C. albicans 0.25–4

C. parapsilosis 0.5–16

C. tropicalis 4–8

C. krusei 0.5–4

C. guilliermondii <0.05–12.5

C. glabrata 2.25–2.62

Cryptococcus neoformans 40

Geotrichum candidum 0.31

Torulopsis glabrata 0.78–6.25

Malassezia furfur 28

A. fumigatus 18

Isoconazole

Meerpoel et al. (2010)

C. albicans 0.12–4

C. parapsilosis 0.12–0.25

C. tropicalis 0.12–2

C. krusei 1–2

C. guilliermondii 0.12–1

(continued)
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Table 8.2 (continued)

Compound Fungal strains MIC (μg/ml)

Bifonazole A. niger 4

Baziard et al. (2011)

C. albicans 128

C. krusei 128

T. rubrum 4

C. tropicalis –

C. glabrata –

Candida spp. –

Aspergillus spp., Trichophyton spp. –

Eberconazole E. floccosum 0.03–1

Guarro et al. (2003)

M. audouinii 0.03–2

M. canis 0.01–4

M. canis 0.03–0.5

M. ferrugineum 0.03–2

M. fulvum 0.03–1

M. gallinae 0.03–8

M. gypseum >16

M. racemosum 0.03–2

T. balcaneum 0.03–4

T. rubrum 0.03–4

T. tonsurans 0.125–>16

T. simii 0.03–8

Lombazole C. albicans –

Sertaconazole C. albicans 0.03–1

Meerpoel et al. (2010)

C. parapsilosis 0.06–0.5

C. tropicalis 0.125–8

C. krusei 0.06–4

C. glabrata 0.125–0.5

(continued)
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Table 8.2 (continued)

Compound Fungal strains MIC (μg/ml)

Tioconazole C. albicans 1.6–12.5

Jevons et al. (1979)

Candida spp. <0.01–6.3

Cryptococcus neoformans 0.01–0.4

Torulopsis glabrata 0.05–0.07

Aspergillus fumigatus 3.1–9.4

Aspergillus fumigatus 3.1–6.2

Aspergillus fumigatus 0.08–0.18

T. mentagrophytes 0.5

T. rubrum 0.3–0.5

Lanoconazole C. albicans 0.63–5

Koga et al. (2006)

Niwano et al. (1995)

Trichophyton rubrum 0.00024–0.016

T. mentagrophytes 0.0005–0.004

Epidermophyton floccosum 0.001

Clotrimazole C. albicans 2–32

Borelli et al. (2007)

C. glabrata 1–32

C. guilliermondii 1–>64

C. krusei 1–2

C. tropicalis 2–8

C. parapsilosis 1–>64

T. rubrum 0.06

T. mentagrophytes 0.06–1.0

A. fumigatus 1–2

A. niger 1–4

M. gypseum 0.06

Fenticonazole T. mentagrophytes 0.28–20

T. rubrum 0.33–0.625

T. verrucosum 1.25

T. tonsurans 0.25

M. canis 5–20

M. audouinii 8–9.2

M. gypseum 5–8.8

Epidermophyton floccosum 0.625–1.1

C. albicans 0.25–32

C. parapsilosis 0.25–1

C. tropicalis 0.5–16

C. krusei 4–16

C. guilliermondii 2–8

C. glabrata 0.03–2

Cryptococcus neoformans 0.312–0.55

Geotrichum candidum 40

Torulopsis glabrata 40

A. fumigatus 22.3–160

A. niger 10–37.5

A. flavus 10

(continued)
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Table 8.2 (continued)

Compound Fungal strains MIC (μg/ml)

Sulconazole C. albicans 0.12–8

Meerpoel et al. (2010)

C. parapsilosis 0.12–8

C. tropicalis 0.25–8

C. krusei 4–8

C. guilliermondii 0.5–2

Tinidazole X B. fragilis subsp. fragilis 0.4–1.6

Ketoconazole C. albicans 0.03–0.25

Meerpoel et al. (2010)

C. parapsilosis 0.03–0.06

C. tropicalis 0.03–4

C. krusei 0.03–

C. guilliermondii 0.5–4

C. glabrata 0.03–2

Terconazole M. canis

T. mentagrophytes

T. rubrum

Cryptococcus neoformans

C. albicans

C. tropicalis

Phialophora verrucosa

Sporothrix schenckii

A fumigatus

Mucor spp.

Saprolegnia spp.

Fluconazole C. parapsilosis 0.125–8

Sanclemente et al. (2009)

C. albicans 0.125–4

C. guilliermondii 0.125–64

C. tropicalis 0.125–1

T. rubrum 1–64

T. mentagrophytes 16–64

M. gypseum 64

Posaconazole C. albicans 0.007–2

Pfaller et al. (2011)

C. glabrata 0.007–8

C. parapsilosis 0.007–1

C. tropicalis 0.007–2

C. krusei 0.015–1

C. lusitaniae 0.007–1

C. guilliermondii 0.015–2

C. kefyr 0.007–25

(continued)
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Table 8.2 (continued)

Compound Fungal strains MIC (μg/ml)

Itraconazole C. parapsilosis 0.031–0.5

Sanclemente et al. (2009)

C. albicans 0.031–0.5

C. guilliermondii 0.031–16

C. tropicalis 0.031–0.125

T. rubrum 0.06–1

T. mentagrophytes 0.03–0.5

M. gypseum 0.25–1.0

Voriconazole C. albicans 0.031–0.5

Cuenca-Estrella et al. (2004)

C. glabrata

C. parapsilosis

C. tropicalis

C. Krusei

C. lusitaniae

C. guilliermondii

Ravuconazole C. albicans 0.031–16

Estrella et al. (2004)

C. glabrata

C. parapsilosis

C. tropicalis

C. krusei

C. guilliermondii

C. lusitaniae

C. haemulonii

C. dubliniensis

C. rugosa

C. inconspicua

C. zeylanoides

D. hansenii

S. cerevisiae

Y. lipolytica

Arxiozyma telluris

T. delbrueckii

Abafungin T. mentagrophytes 0.031–0.125

C. Borelli et al. (2008)

T. rubrum

T. equinum

C. albicans

C. glabrata

C. krusei

C. tropicalis

C. parapsilosis

A. fumigatus

A. niger

A. amstelodami

M. mycetomatis
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Table 8.3 Structures and activities against specific fungal strains of some imidazole derivatives

Compounds Fungal strain MIC (μg/ml)

1a A. niger 0.06–1

C. albicans

Penicillium spp.

T. viride

Helminthosporium oryzae

1b C. albicans 0.03–0.5

C. parapsilosis

C. neoformans

T. verrucosum

T. rubrum

M. gypseum

A. fumigates

(continued)
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amphotericin B. The structure along with the

MIC value against fungal strain has been

described in Table 8.4. In spite of its numerous

pharmacological advantages, the use of 5-FC in

clinical practice is shrinking because of the fre-

quent incidence of innate or acquired resistance

to this drug in fungal pathogens. The common

side effect associated with 5-FC are mainly due

to the long courses of therapy that include gas-

trointestinal (GI) disorders, nausea, and diar-

rhoea and in serious cases ulceration and

enterocolitis. On the other hand, its excretion

occurs through the kidneys, so renal function is

sometimes impaired with extended dosing.

8.3.1.5 Thiocarbamates
The thiocarbamates were found to have strong

and selective in vitro antifungal properties

against Trichophyton spp. They are mostly used

for the topical treatment of skin mycoses like

athlete’s foot, but are not very effective against

nail and scalp mycoses. However, they are very

Table 8.3 (continued)

Compounds Fungal strain MIC (μg/ml)

1c C. albicans 0.25–1.0

C. parapsilosis

C. neoformans

T. verrucosum

T. rubrum

M. gypseum

1d C. albicans 2–4

1e Dermatophyte spp. 0.16–1.25

Aspergillus spp. and Penicillium spp. 0.63–5.0

Candida spp. and other yeasts 10–80

1f C. albicans 1.6–50

A. fumigates

T. asteroids

1g C. albicans 0.125–128

1h C. albicans 0.06

1i A. niger 4

C. albicans 16

1j E. floccosum 25–100

P. notatum

A. niger

A. fumigates

C. albicans

Torulopsis glabrata

1k C. albicans 0.125–2

1l Candida 5–25

1m C. albicans 1–6

A. fumigatus

1n T. mentagrophytes 0.0093

T. rubrum 0.0015

1o C. parapsilosis 0.2–7.0

C. neoformans

C. albicans

T. verrucosum

T. rubrum

M. gypseum
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active against actively growing cells only. The

thiocarbamates inhibit the activity of squalene

epoxidase, a key enzyme in the biosynthetic

pathway of sterol production (Ryder

et al. 1986). For topical application, they are

commonly administered as a 1 % solution or

Table 8.4 The structure and activity against particular fungal strain of 5-FC

Compound Sensitive fungal strains with species MIC (μg/ml)

Flucytosine C. albicans 0.12–128.0

FLZ-R

Estrella et al. (2004) FLZ-S

Candida parapsilosis 0.12–1.0

FLZ-R

Candida tropicalis 0.12–16.0

FLZ-R

Candida glabrata 0.06–4.0

FLZ-R

Candida krusei 0.50–8.0

FLZ-R

Candida lusitaniae 0.25–1.0

FLZ-R

Candida dubliniensis 0.12

FLZ-R 0.12

FLZ-S

Candida rugosa 1.0

FLZ-R 0.25–1.0

FLZ-S

Candida inconspicua 1.0

FLZ-R 0.25

FLZ-S

Candida zeylanoides 0.25–1.0

FLZ-R

Debaryomyces hansenii 0.12–0.25

FLZ-S

Saccharomyces cerevisiae 0.25–4.0

FLZ-R 0.12–16.0

FLZ-S

Torulaspora delbrueckii 0.25

FLZ-R 0.12–0.25

FLZ-S

Pichia membranifaciens 0.50–4.0

FLZ-R

Pichia norvegensis 1.0–16.0

FLZ-R

Rhodotorula glutinis 0.25–1.0

FLZ-R
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cream in polyethylene glycol. The structures of

various thiocarbamate derivatives as well as their

in vitro MIC values are provided in Table 8.5.

8.3.1.6 Allylamine Derivatives
In this category, the general structural motif for

all active compounds is a tertiary allylamine.

In this family, naftifine is topically active

against dermatophytes and shows some activity

against yeasts (Georgopoulos et al. 1981). On

the other hand, terbinafine is active against a

wider range of fungi including Aspergillus,
Histoplasma, and Candida species. The tert-

butyl side chain of terbinafine is essential for

activity against these particular fungi, and it is

most active against dermatophytes (Petranyi

et al. 1987). Like thiocarbamates, allylamines

also inhibit the squalene epoxidase (Ryder and

Dupont 1985; Ryder 1989), a key enzyme in the

biosynthetic pathway of sterol production, and

activity appears to be due to the intolerance of

the fungal cell to increased squalene levels.

However, the fungicidal Candida albicans can

tolerate higher levels of squalene and show only

fungistatic susceptibility to allylamines, whereas

terbinafine is 100-fold more active compare to

naftifine and is used to treat for ringworm and

nail infections where oral administration is con-

sidered appropriate. Terbinafine may also be

administered topically as a 0.5–1.0 % cream.

Moreover, groupings of azoles and terbinafine

are predicted to exhibit positive result in the

treatment of mycosis (Garcia-Effron

et al. 2004; Andriole 1998). Terbinafine has

been reported to cause gastrointestinal distur-

bance and nausea when used orally, and in rare

cases serious skin reactions can be triggered

(Table 8.6).

8.3.1.7 Morpholine Derivatives
The morpholines were discovered in the late

1960s as a sequel from research into plant growth

regulators and were initially used as agricultural

fungicides. Tridemorph and dodemorph are the

examples of the agricultural fungicides.

Tridemorph has been used to treat yellow rust

Table 8.5 In vitro MICs of thiocarbamates against various fungal strains

Compound Fungal strains MIC (μg/ml)

Tolnaftate or napthiomate T Dermatophytes 0.1–1

ON

CH3

S

H3C

Boa et al. (course synopsis)

Napthiomate N Dermatophytes –

ON

CH3

S

Boa et al. (course synopsis)

Tolciclate C. albicans –

ON

CH3

S

H3C

C. parapsilosis

Ryder et. al. (1986) T. mentagrophytes
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in cereals, Dutch elm disease, and the banana

fungal disease sigatoka. On the other hand,

dodemorph was used to treat powdery mildews.

The early morpholines were 4-alkyl-cis-2,6-

dimethylmorpholines and were at first

incorrectly believed to act in a similar fashion

to the polyenes as the 4-alkyl group was most

often a long or large-ring lipophilic alkyl group.

These plant fungicides led the foundation for

search of morpholines with applications in the

field of human mycoses via fenpropimorph and

culminating in the discovery of amorolfine in

1981. Amorolfine and fenpropimorph are strong

inhibitors of fungal pathogens in both plants and

humans and are highly active against

dermatophytes. Depending upon the substituent,

Table 8.6 In vitro MICs of various allylamines against various fungal strains

Compound Fungal strains MIC (μg/ml)

Naftifine Trichophyton spp. 0.1–0.2

E. floccosum 0.1–0.2

Georgopoulos et al. (1981) Microsporum spp. 0.1–0.2

Aspergillus spp. 0.8–12.5

Sporothrix schenckii 0.8–1.5

Candida spp. 1.5–�100

Terbinafine T. rubrum 0.007–0.06

T. mentagrophytes 0.007–0.06

Sanclemente et al. (2009) M. gypseum 0.015–0.125

C. albicans 8–>64

Borelli et al. (2008) C. glabrata 32–>64

C. krusei >64

C. guilliermondii >64

C. tropicalis >64

C. parapsilosis >64

Butenafine Dermatophytes 0.0015–0.05

Aspergillus 0.025–0.78

Cryptococcus neoformans 0.025–0.78

Candida 0.78–1.56
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morpholines act at multiple sites in the ergosterol

biosynthetic pathway each to a different degree.

The structure of various morpholines along with

their in vitro MICs is provided in Table 8.7.

Fenpropimorph and amorolfine are about

100-fold more active than tridemorph against

the δ14 reductase, perhaps indicating this

enzyme’s significance to treat human mycoses

with this class of drugs. Topical use of

amorolfine can lead to temporary burning

sensations, erythema, and pruritus.

8.3.1.8 Carabrol Ester Derivatives
In an important contribution, Zhang

et al. synthesised and characterised 38 new ester

derivatives of carabrol (Feng et al. 2012). The

antifungal activities of all the synthesised

compounds were evaluated using a spore germi-

nation assay against the fungal pathogen

Colletotrichum lagenarium. They observed that

out of those 38 ester derivatives, 16 have higher

antifungal activity than that of carabrol and

7 compounds have higher antifungal activity

than that of carabrone. The study revealed that

the C-4 position of carabrol was a key position

for possessing its antifungal activity, which

exhibited the deviation of 50 % inhibition con-

centration (IC50) from 2.70 to 52.33 μg/ml. The

electron-withdrawing groups at the phenyl ring

of carabrol ester derivative showed higher activ-

ity compared to electron-donating groups. Two

ester derivatives, carabryl 4-cynaobenzoate (2p,

IC50, 2.70 μg/ml) and carabryl

4-isopropylbenzoate (2q, IC50, 2.82 μg/ml),

exhibited only somewhat lower antifungal activ-

ity than that of the positive control chlorothalonil

(IC50, 0.87 μg/ml) and have been recognised as

prospective leads for progress of new environ-

mentally friendly fungicides (Table 8.8).

8.3.1.9 Carboline Derivatives
β-Carboline alkaloids (Cao et al. 2007) are a

large collection of natural and synthetic indole

alkaloids and are widely distributed in nature,

Table 8.7 In vitro MICs of various morpholines against various fungal strains

Compound Fungal strains MIC (μg/ml)

Amorolfine Dermatophytes 0.06

N

OCH3

CH3

CH3

H3C
H3C

CH3

Dimorphic fungi 0.1

Marcireau et al. (1990) Dematiaceous fungi 0.07

Yeasts 0.5

Alternaria 0.3

Scopulariopsis 0.3

Fenpropimorph S. cerevisiae 0.1 for cholestenol

N

CH3

CH3

CH3

H3C

H3C
CH3

O

0.1–0.3, lanosterol

Marcireau et al. (1990) >60, ergosterol
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comprising various foodstuffs, plants, marine

creatures, insects, mammalians as well as

human tissues and body fluids. Most of these

compounds are of great interest due to their

diverse biological activities. In this regard,

Zhang et al. have designed and synthesised a

series of novel antifungal carboline derivatives

which showed broad-spectrum antifungal activ-

ity. Particularly, compound 4d showed compara-

ble in vitro antifungal activity to fluconazole and

showed almost negligible toxicity to human

embryonic lung cells. It also showed good fungi-

cidal activity against both fluconazole- sensitive

and fluconazole-resistant Candida albicans cells.

Moreover, 4d exhibited good synergistic antifun-

gal activity in combination with fluconazole

against fluconazole-resistant Candida species.

Preliminary mechanistic study revealed that 4d
might act by inhibiting the synthesis of fungal

cell wall (Wang et al. 2014) (Table 8.9).

Table 8.8 The IC50 of some selected carabrol ester derivatives against spore germination of C. lagenarium

Fungal strain Compounds IC50(μg/ml)a

C. lagenarium 2a 10.77 � 0.09

2b 4.51 � 0.06

2c 23.28 � 0.57

2d 28.84 � 0.41

2e 31.19 � 0.59

2f 8.41 � 0.53

2g 8.26 � 0.25

2h 2.70 � 0.13

2i 2.82 � 0.12
aAll values are presented as means � SD (n ¼ 3). And chlorothalonil was used as the positive control
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Table 8.9 Structure and activity against specific strains of some carboline derivatives

Compounds Fungal strain MIC80 (μg/ml)

3a C albicans 64

C. parapsilosis 32

C. neoformans 16

C. glabrata 16

A. fumigatus 32

T. rubrum 8

M. gypseum 16

3b C albicans 32

C. parapsilosis 16

C. neoformans 8

C. glabrata 16

A. fumigatus 16

T. rubrum 8

M. gypseum 8

3c C albicans 32

C. parapsilosis 32

C. neoformans 8

C. glabrata >64

A. fumigatus 32

T. rubrum 8

M. gypseum 8

(continued)
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8.3.1.10 Miscellaneous

8.3.1.10.1 5-Amino-6-arylamino-1H-

pyrazolo[3,4-d]pyrimidin-4(5H )-

one Derivatives

Wang et al. synthesised some new 5-amino-6-

arylamino-1H-pyrazolo[3,4-d]pyrimidin-4(5H)-

one derivatives (Wang et al. 2008) via tandem

aza-Wittig and annulation reactions of iminopho-

sphorane and aromatic isocyanates. From bioassay

analysis, they found that both the derivatives

(5a-5c and 6a-6d) possessed high antifungal activ-

ity against Botrytis cinerea Pers. and Sclerotinia

sclerotiorum. Especially, compounds 6a, 6b, and
6c shows 100 % inhibition against Sclerotinia at

the concentration in 50 mg/L. At the same time, it

shows almost 80–90 % inhibition activity against

Sclerotinia at 10 mg/L. Both the derivatives were

found to be active against Botrytis at 50 mg/L. For

example, inhibitory rates of compounds 5a, 5b, 5c,

6a, 6b, 6c, and 6dwere 93 %, 87 %, 99 %, 91 %,

99 %, 99 %, and 97 %, respectively.

8.3.1.10.2 β-Trifluoroalkyl Aminovinyl

Ketone Derivatives

Gellerman et al. synthesised ten β-trifluoroalkyl
aminovinyl ketone derivatives and their inhibi-

tory effect on several phytopathogenic fungi, an

oomycete and plants were tested. The fungal

strains used in their study were Sclerotinia

sclerotiorum, Alternaria alternata, Botrytis
cinerea, Rhizoctonia solani, Penicillium

digitatum, Pythium aphanidermatum, and Neu-

rospora crassa, and they were cultured on potato

Table 8.9 (continued)

Compounds Fungal strain MIC80 (μg/ml)

4a C albicans 4

C. parapsilosis 4

C. neoformans 4

C. glabrata 4

A. fumigatus 4

T. rubrum 8

M. gypseum 4

4b C albicans 4

C. parapsilosis 4

C. neoformans 4

C. glabrata 16

A. fumigatus 4

T. rubrum 8

M. gypseum 4

4c C albicans 8

C. parapsilosis 8

C. neoformans 4

C. glabrata 4

A. fumigatus 16

T. rubrum 4

M. gypseum 4

4d C albicans 1

C. parapsilosis 2

C. neoformans 4

C. glabrata 4

A. fumigatus 4

T. rubrum 2

M. gypseum 1
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dextrose agar. Almost all the synthesised

compounds exhibited some degree of toxicity

towards the filamentous fungi in different extent.

Most of the compounds were found to be

fungitoxic at the dose of 10–100 μg/ml. Amongst

all the tested compounds, (Z)-3-amino-4,4,4-

trifluoro-1-(4-chlorophenyl)but-2-en-1-one (7a)

showed the highest inhibitory effect, whilst 7b

and 7c were the less significantly toxic to the

most of tested pathogens. From the study, they

found that Neurospora crassa is the most sensi-

tive fungi, whereas Alternaria alternate and Pen-
icillium digitatum are the least susceptible fungi

to most of the tested compounds (Gellerman

et al. 2009).

8.3.1.10.3 Dithiocarbamate and Rhodanine

Derivatives

Chauhan et al. reported a series of 27 dithiocar-

bamate and the rhodanine derivatives containing

pyridine moiety to check their antifungal activ-

ity. All the synthesised compounds (8a–f and 9)

were tested in vitro (Table 8.10) against the vari-

ous fungal strains such as Candida parapsilosis,
Cryptococcus neoformans, Sporothrix schenckii,

Trichophyton mentagrophytes, Aspergillus

fumigatus, and C. albicans. Of all the compounds

8d, 8e, and 9 showed better antifungal potency

than fluconazole against Aspergillus fumigatus

and Trichophyton mentagrophytes against Asper-
gillus fumigatus. Compounds 8b and 8d showed

almost 12-fold better activity compared to flu-

conazole and clotrimazole against Sporothrix
schenckii. Further, these active compounds

were tested for in vitro anti-candidal activity

and amphotericin B-resistant strain of Candida.
Particularly compounds 8a–f and 9 were

found to be more effective (MIC ¼ 0.39–3.12

μg/ml) against Candida albicans MTCC183.

Further, these compounds except 8e and 8f

showed significantly better activity against

amphotericin B-resistant strain of Candida
albicans in comparison to fluconazole

(Chauhana et al. 2012).

8.4 Future Prospects

Invasive fungal infections are a principal prob-

lem in immunocompromised patients. They are

found difficult to treat because their clinical

manifestations are not specific unlike other infec-

tive diseases. The complete eradications of this

invasive infection are not possible as the fungi

are common in the environment. However, pre-

vention can be achieved by detection and identi-

fication of the causal agent and using proper

diagnosis techniques and therapeutic drug moni-

toring. Antifungal susceptibility testing is the one

novel approach to understand the clinical signifi-

cance of antifungal agents and has become an

important medium for the recognition of

microbiologically resistant organisms and for

optimal selection of antimicrobial therapy.

Many standardised methods for testing the

in vitro susceptibility of fungi are now available,

and concentration-effect relationships are

increasingly explored. The availability of drugs

with different molecular targets has opened new

avenues for exploring combination therapies of

two or even more drugs. The apparent aims of

combination therapies are to extend the antifun-

gal spectrum, to reduce the selection of resilient

organisms, and to develop overall antifungal

ability without conceding patient safety. How-

ever, combination therapy is not the universal

approach for all established or alleged fungal

infections but will be earmarked for selected

subgroups. Of late, the increase of antifungal

drug research has occurred because there is a

crucial necessity for new antifungal agents to

treat these fatal invasive infections. Although

we have innovative, less toxic, antifungal agents

that are present for clinical use, their clinical

effectiveness in certain invasive fungal

infections, such as aspergillosis and fusariosis,

is not ideal. Many antifungal drugs targeting

different molecules in the fungal cell have been

developed. But route for identification of novel

target and development of entirely new
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Table 8.10 Structure and active strains of some miscellaneous antifungal agents

Structure Fungal strain Reference

N

N

N

N

N

N

Ph

SR
O

NH2

NHAr

Botrytis cinerea Pers. Wang

et al. (2008)

5a, R=Me Ph= o-FC6H4

5b, R=Me Ph=m-FC6H4

5c, R= Me Ph=m-ClC6H4

Sclerotinia sclerotiorum

N

N

N

N

N

N

ArPh

SR
O Botrytis cinerea Pers. Wang

et al. (2008)

6a, R=Me Ph=m-FC6H4

6b, R=Me Ph=C6H5

6c, R= Me Ph=m-ClC6H4

6d, R=Me Ph=m-MeC6H4

Sclerotinia sclerotiorum

(CF2)nCF3

NH2

R3

R1

R2

O S. sclerotiorum Gellerman

et al. (2009)B. cinerea

7a, R1¼ p-Cl, R2¼ H, R3¼ H, n¼ 0 Penicillium digitatum

7b, R1¼ p-Cl, R2¼ H, R3¼ Et, n¼ 0

7c, R1¼ p-NHBoc, R2¼ H, R3¼ H, n¼ 0 Pythium aphanidermatum, Alternaria alternate,
Rhizoctonia solani and Neurospora crassa

N

H
N S

S

R

C. albicans Chauhan

et al. (2012)

8a-f, R ¼ ethyl, n-propyl, n-butyl, allyl,

benzyl, 4-trifluoromethylbenzyl

C. parapsilosis

S. schenckii

T. mentagrophytes

A. fumigatus

C. neoformans

C. albicans

(continued)
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therapeutics is difficult because of the eukaryotic

nature of fungal cells. Thus, concerted effort in

antifungal drug discovery is still required to

develop more promising and effective antifungal

agents for use in the clinical arena. Furthermore,

developments of new methodology for antifun-

gal susceptibility testing as well as laboratory

and well-planned concerted clinical trials are

essential in order to augment utility in clinical

guidance of antifungal therapy.
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Antifungal Therapy in Eye Infections: New
Drugs, New Trends 9
Joveeta Joseph and Savitri Sharma

9.1 Introduction

The treatment of ocular fungal infections is a

challenge for any ophthalmologist, and although

ocular fungal infections are relatively uncommon

in developed countries compared with bacterial

infections (O’Brien 1999), in tropical countries it

is being increasingly recognized as important

causes of morbidity and blindness, accounting

for nearly 50 % of all cases of microbial keratitis

(Srinivasan et al. 1997). The most common caus-

ative pathogens for these infections include

Fusarium spp. and Aspergillus spp., these vary

geographically among areas. The two most com-

mon sites for fungal infections of the eye are the

cornea (Fig. 9.1) and retina or vitreous (Fig. 9.2)

but they can also involve other periocular tissues,

including the lacrimal apparatus, conjunctiva,

sclera (Fig. 9.3), eyelids, and bony orbit.

Successful medical treatment of ophthalmic

mycotic infections depends on the spectrum of

antifungal activity of a drug, the pharmacokinetic

properties, the concentration achieved in the target

tissue, the route bywhich it has been administered,

the duration of contact with the target ocular tis-

sue, and the bioavailability of the compound in the

eye (Behrens-Baumann 1999; Manzouri

et al. 2001). Compounds with a molecular mass

exceeding 500 Da, such as amphotericin B

(924.10 Da), natamycin (665.75 Da), and ketoco-

nazole (531.44 Da), barely penetrate an intact

corneal epithelium because the force of friction

reduces diffusion (Manzouri et al. 2001). The

ocular penetration of molecules with intermediate

molecular masses, such as miconazole

(416.12 Da) and fluconazole (306.30 Da), is deter-

mined by the solubility in lipid-rich tissues and the

force of friction. Lipophilic compounds, such as

itraconazole, easily cross the lipid-rich epithelial

and endothelial cell membranes and the blood-

aqueous barrier. Comparatively, hydrophilic

compounds more easily cross the corneal stroma

and biphasic compounds penetrate all corneal

layers (Friedberg et al. 1991). However, the

exact relevance of these considerations in therapy

especially in mycotic keratitis, where the integrity

of the corneal epithelium and stroma is usually

breached by the disease process itself, remains

unanswered. Selection of the most appropriate

antifungal remains a challenge, hindered by the

diverse clinical presentation, delay in clinical and

laboratory diagnosis, lack of ocular pharmacolog-

ical profiles of common antifungals, and more

recently the emergence of resistance. This chapter

reviews the main antifungals currently used in the

therapy of ocular fungal infections.
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9.2 Antifungal Agents for Eye
Infections

9.2.1 History

Some of the earlier reports in the treatment of

mycotic keratitis involved the use of 2.3 %

povidone iodine to successfully treat keratitis by

Candida albicans and Acremonium strictum
(Muller et al. 2013). Another study reported

repeated cauterization by carbolic acid (Phenol)

and povidone Iodine for treating mycotic corneal

ulcer (Katz et al. 2004). Similarly, Fiscella

et al. (1997) in an experimental study showed that

polyhexamethylene biguanide (PHBM) 0.02 % is

effective in significantly reducing fungal growth in

a New Zealand white rabbit induced model of

F. solani keratitis. However, there are no compara-

tive studies between PHMB and other antifungal

agents. Attempts have also been made to evaluate

the efficacy of 0.2 % chlorhexidine gluconate

(Rehman et al. 1998) compared to 2.5 %

natamycin therapy in patients with suspected

mycotic keratitis, and it was found that though

none of the severe ulcers was fully healed at

21 days, three of those treated with chlorhexidine

eventually healed within 60 days. These results

could be misleading, since an effective formulation

of natamycin was not used. Attempts to use chlor-

hexidine in the treatment of mycotic keratitis in

two locations in Africa have also not had encour-

aging results (Johnson 1998). In another study, the

efficacy of a 1 % silver sulfadiazine ointment was

compared with that of 1 % miconazole in therapy

of clinical mycotic keratitis in a prospective, con-

trolled, randomized, double-blind clinical study

(Mohan et al. 1988). Overall, a higher success

rate was achieved with silver sulfadiazine (80 %)

than with miconazole (55 %), although the

response of Aspergillus keratitis was comparable

in the two groups. Lack of experimental studies

using other fungal species and controlled clinical

Fig. 9.1 Slit lamp biomicroscopic picture of cornea

showing multiple stromal infiltrates with hyphate margins

suggestive of fungal keratitis

Fig. 9.2 Slit lamp biomicroscopic picture of the eye

showing white fluffy exudates in the pupillary region and

hypopyon in the anterior chamber, suggestive of fungal

endophthalmitis

Fig. 9.3 Clinical picture of a patient diagnosed to have

fungal scleritis showing severe hyperemia of the conjunc-

tiva along with scleral necrosis
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trials of all these compounds proved them ineffec-

tive over time and are now not being recommended

in the treatment of ophthalmic mycosis.

9.2.2 Classification

The drugs that are now being used in the treat-

ment of ophthalmic mycosis can be broadly clas-

sified as first, the naturally occurring antibiotics

like polyenes and echinocandins and second, the

synthetic drugs including azoles and fluorinated

pyrimidines.

9.2.2.1 Polyenes
The polyenes are the oldest group of antifungal

agents and continue to be an important compo-

nent of the ocular antifungal armamentarium.

They work by directly bonding to ergosterol, a

sterol unique to fungal cell membranes and the

integrity of these membranes is disrupted,

resulting in the leakage of essential intracellular

constituents. The agents commonly used in this

group for the treatment of ocular mycoses are

amphotericin-B and nystatin and natamycin.

Nystatin has not been used to treat eye infections

for several decades due to its low tissue penetra-

tion, toxicity, and reports of resistance (Reddy

et al. 1982; Oliveira et al. 2001). However,

amphotericin-B and natamycin remain as the pri-

mary drugs in current use for the treatment of

ophthalmic mycoses (Bernauer et al. 1998).

9.2.2.1.1 Natamycin

Natamycin, also known as pimaricin, is a nat-

urally occurring antifungal agent produced dur-

ing fermentation by the bacterium Streptomyces

natalensis, commonly found in soil (Sweetman

2004). Natamycin was the first antifungal

specifically developed for topical ophthalmic

use and is currently the only topical ophthalmic

antifungal compound approved by the Food and

Drug Administration of the United States for the

treatment of fungal keratitis (O’Brien 1999). It is

also used as a pesticide and as a preservative in

the food industry (Jones 2004). Natamycin has a

long molecule with low water solubility.

Presented as a suspension, it needs to be shaken

before administration. It is stable in a 5 % sus-

pension and, in this form, adheres well to the

cornea for clinically useful periods. Natamycin

is a broad-spectrum agent, especially against fil-

amentous fungi, including species of Fusarium,

Aspergillus, Acremonium, Penicillium,
Lasiodiplodia, and Candida (O’Brien 1999).

Due to its high molecular weight, natamycin

has low corneal penetration and is only indicated

as a monotherapy in the treatment of superficial

infections (Tu et al. 2007; Kaur et al. 2008). In

deep infections or those involving intraocular

structures, natamycin should be associated with

other antifungal agents using a different route of

administration (Alfonso and Miller 2011; Jones

et al. 1970; Rosa et al. 1994). Epithelial debride-

ment is recommended as an adjuvant therapy for

greater adherence of the drug to the

de-epithelized surface so that higher

concentrations can be achieved in the corneal

stroma (Kaur et al. 2008). The dosing interval is

every 4 h to maintain therapeutic concentrations

in the cornea with good long-term tolerability

(Prajna et al. 2003).

Toxicity Topical natamycin 5 % suspension is

well tolerated in the cornea. Corneal toxicity

does occur, however, with prolonged use, usually

in the form of a punctate keratitis.

Subconjunctival administration is discouraged

due to serious complications, such as scleritis

and conjunctival necrosis (O’Day 1987; Dursun

et al. 2003). There are no reports of administra-

tion of natamycin through other routes

(intracameral, intravitreal, intrastromal, or sys-

temic). Though several studies have highlighted

the superiority of natamycin in the treatment of

infections by Fusarium spp. (Li et al. 2008;

Xuguang et al. 2007; Pearse et al. 2009), some
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authors have shown that about one-third of

Fusarium infections do not respond to natamycin

(Jones et al. 1972; Polack et al. 1971). In such

cases, natamycin should be replaced by or

associated with another drug. Lalitha

et al. (2007), in a comparative study on the mini-

mum inhibitory concentrations (MIC) of differ-

ent antifungal agents, reported that natamycin

has a lower relative MIC than amp-B both

against Fusarium and Aspergillus species.

Kalavathy et al. (2005) compared the efficacy

of natamycin and itraconazole and found better

results in the group treated with natamycin,

although the difference was not significant.

Additionally natamycin remains the drug of

choice with other treatment modalities for ther-

apy of mycotic scleritis (Fig. 9.3) (Sullivan

et al. 1994), conjunctivitis, and endophthalmitis

(O’Brien 1999); however, controlled clinical

trials are needed to confirm the efficacy of

natamycin for these indications.

9.2.2.1.2 Amphotericin-B

Amphotericin-B (Amp-B) belongs to the fam-

ily of polyene macrolide antibiotics and was the

first broad-spectrum antifungal agent to be dis-

covered. Isolated in the 1950s, amp-B is pro-

duced by the actinomycete Streptomyces

nodosus. It became popular after approval by

the FDA in the 1960s due to its great efficiency

in controlling disseminated fungal infections

(O’Brien 1999). In ophthalmology, it is still con-

sidered the gold standard of antifungal agents to

which other drugs are compared. Amp-B acts by

increasing cell permeability through the forma-

tion of pores or channels in the fungal cell mem-

brane upon binding to ergosterol and by

promoting oxidative action on cells, thus altering

their metabolic functions. It also binds to choles-

terol in human cells, which is the main reason for

its side effects (Gallis et al. 1990). The drug’s

name is derived from its amphoteric properties

(soluble in extreme pHs, both acidic and basic).

It has low water solubility and needs to be diluted

in deoxycholate for administration. Amp-B acts

on both yeasts and filamentous fungi. It has an

excellent spectrum, being effective against Can-

dida spp., Aspergillus spp., Penicillium

marneffei, Cryptococus spp., and the causative

agents of mucormycosis. It is also effective, to a

lesser extent, against the Fusarium spp. (O’Brien

1999). Its action is primarily fungistatic, with

fungicidal action depending on the concentration

reached in the target tissue (Khoo et al. 1994).

Systemic administration of Amp-B produces a

little penetration into ocular tissues and does

not reach therapeutic levels in the cornea, aque-

ous or vitreous humour (Green et al. 1965;

Goldblum et al. 2000; Kaur et al. 2008; O’Day

et al. 1985). Furthermore, its side effects discour-

age systemic administration (Mora-Duarte

et al. 2002; Khoo et al. 1994). Amp-B also

promotes immunopotentiation by binding to cho-

lesterol on the cell membrane of lymphocytes.

Suppressor T lymphocytes have higher

concentrations of cholesterol in their cell mem-

brane than B and T helper lymphocytes, there-

fore Amp-B leads to a reduction in suppressor

cells with a relative increase in pro-inflammatory

cells (Shirley and Little 1979a, b).

Direct in situ administration is therefore the

main form of treatment. It is one of the few drugs

described in the literature as being used through

the subconjunctival, intrastromal, intracameral,

and intravitreal routes, as well as topically. Topi-

cal administration in concentrations of 1.5–5 mg/

ml at hourly intervals at the beginning of treat-

ment, and then every 4 h after the therapeutic

response is observed is commonly the first choice

in the treatment of fungal keratitis. Periodic

debridement of the corneal epithelium is also

recommended for better penetration of the drug

into the cornea (Qu et al. 2010; O’Day

et al. 1984, 1986). The drug showed good tolera-

bility and efficiency when used both as eye drops

and ointment (Hirose et al. 1997; Wood and

Williford 1976). Intracorneal administration

provides better results than subconjunctival
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administration in patients with low adherence to

treatment, (O’Day et al. 1987, 1991) due to fewer

complications and more sustained corneal

concentrations than topical or intracameral

administration. Several cases of keratitis unre-

sponsive to topical treatment are successfully

resolved after intrastromal administration at a

concentration of 5–10 μg/0.1 ml (Qu et al. 2010,

Garcia- Valenzuela E, Song 2005), but further

controlled studies are still needed. Intracameral

injection is indicated in deep infections that pen-

etrate Descemet’s membrane and affect the ante-

rior chamber and the lens. There are, however,

reports of side effects like cataract after adminis-

tration and transient increase in chamber reaction

within 24 h due to the immunopotentiating effect

of amp-B, along with iritis and corneal oedema,

but they are reversible (Kermani and Aggarwal

2000; Yoon et al. 2007; Kaushik et al. 2001;

Kuriakose et al. 2002).

For the treatment of fungal endophthalmitis,

intravitreal injection of Amp-B is the therapy of

choice. Amphotericin B is effective against a

wide range of fungal pathogens, but its utility in

treating fungal endophthalmitis is limited by

poor ocular penetration and the potential for

intraocular toxicity. Intravitreal doses of

5–10 μg of amphotericin B have been used

increasingly since Axelrod et al. (1973) found

that these doses did not cause clinical, histopath-

ologic, or electroretinographic changes in rabbit

eyes. Although these doses are generally well

tolerated, another study (Souri and Green 1974)

showed that retinal damage can occur with doses

as low as 1 μg. The two studies agreed that

intravitreal doses greater than 25 μg were

extremely toxic and may cause profound intraoc-

ular inflammation, retinal necrosis, and cataract

formation (Serracarbassa et al. 1998). In cases of

fungal endogenous endophthalmitis, treatment

depends on the extent of ocular involvement.

Vitrectomy along with intravitreal antifungal

injections is the preferred mode of treatment,

for which usually intravenous amphotericin B is

the drug of choice (Riddell et al. 2011). Intrave-

nous amphotericin B continues to be the treat-

ment of choice for invasive fungal infections of

the orbit (Levin et al. 1996; Seiff et al.1999).

Pharmacokinetics It is not absorbed by oral

route. Administered IV infusion as colloidal sus-

pension made with deoxycholate (DOC). It is

distributed widely in the body but penetration in

the CSF is poor. Its t1⁄2 is 15 days. Excretion

occurs slowly in urine and bile. It takes more

than 2 months for complete clearance of the drug.

Adverse Effects

1. Toxicity is high, acute infusion related side

effects like aches, fever, chills, and rigors.

2. Long-term toxicity:

1. Nephrotoxicity – It is most important tox-

icity. It manifests as hypokalemia, renal

tubular acidosis, and inability to concen-

trate urine. Nephrotoxicity can be

minimized by mannitol administration,

sodium loading and alternate day adminis-

tration. However, caution may be taken

while liberalizing salt intake in patients

with CHF, renal failure, or cirrhosis with

ascitis. The lipid-based amphoterecin B

products (e.g. Abelcet, Amphotec,

Ambisome) have all shown a lower inci-

dence of nephrotoxicity. In addition, none

the lipid-based products demonstrate supe-

rior efficacy when compared with

amphotericin B against invasive candidia-

sis and cryptococcal meningitis.

2. Thrombophlebitis can be minimized by

using dilute solutions (<0.1 mg/ml) and

addition of heparin 500–1000 U per liter

of solutions.

3. Anaemia

4. CNS toxicity: On intrathecal injection it

results in headache and vomiting.

9.2.2.2 Azoles
Introduced into medical practice in the 1970s,

azoles represented an important advance in anti-

fungal therapy. Compared to amp-B, they have a

broader spectrum of action and cause fewer

adverse effects. Azoles bind to a cytochrome

P-450 fungal enzyme involved in the 14α
demethylation of either lanosterol or

25 methylenedihydro lanosterol, resulting in a

decrease in ergosterol synthesis and an
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accumulation of 14α-methylated sterols; this

leads to increased permeability of the fungal-

cell membrane, alteration of membrane enzymes,

inhibition of growth, and ultimate death of the

fungal cell (Yamaguchi et al. 1993). All azoles,

except fluconazole, appear to decrease the func-

tion of immune system cells, especially

lymphocytes; this may lessen the degree of tissue

damage occurring with the inflammatory reac-

tion thereby affecting the efficacy of the azoles

in vivo and are thus considered as fungistatics

when used in ocular fungal infections (Jones and

O’Day 1988). The imidazoles used more often in

ophthalmology include miconazole, econazole,

and ketoconazole. Among the first-generation

triazoles, the most used are itraconazole and flu-

conazole. Second-generation triazoles were

introduced into clinical practice in the past

decade and include voriconazole and

posaconazole.

9.2.2.2.1 Miconazole

Miconazole was initially developed for use as

a topical cream in the treatment of superficial

mycoses. (Sawyer et al. 1975). Systemic admin-

istration produces good results but is in disuse

due to its cardiovascular and hepatotoxic side

effects (Coley and Crain 1997; Barasch and Grif-

fin 2008). Miconazole not only acts on the syn-

thesis of ergosterol, similar to other azoles, but

also promotes the inhibition of peroxidases,

resulting in an accumulation of free radicals in

the fungal cytoplasm, which leads to cell death

(Fothergill 2006; Kobayashi et al. 2002;

Thevissen et al. 2007; Sud et al. 1981). Topical

use at a concentration of 10 mg/ml miconazole is

available as a solution for intravenous adminis-

tration; it can also be used for topical administra-

tion as a 1 % (10-mg/ml) solution and has good

penetration after epithelial scraping is done

(Foster and Stefanyszyn 1979; Mohan

et al. 1989), or for subconjunctival administra-

tion (5–10 mg) in the treatment of infections

caused by Candida, Fusarium, Curvularia, and

Aspergillus (Foster 1981; Foster and Stefanyszyn
1979; Ishibashi and Kaufman 1985). Fitzsimons

and Peters (1986) have shown that in a study of

20 patients with fungal keratitis, treatment with

topical and subconjunctival miconazole along

with ketoconazole resulted in healing in

13 cases. In vitro, it was reported to be more

effective than ketoconazole and itraconazole

against Aspergillus spp., Candida albicans, and

non-albicans (Foster and Stefanyszyn 1979;

Uchida et al. 2006). Further comparative con-

trolled studies are needed to demonstrate the

real benefits of this drug.

Toxicity Topical miconazole 1 % exhibits min-

imal toxicity that is characterized by conjunctival

injection and punctate corneal epithelial

erosions. Animal studies suggest that the rate of

healing of epithelial defects is not retarded by

topical administration of the drug (Foster

et al. 1981). Subconjunctival administration is

generally well tolerated. Systemic administration

of miconazole has been successful in a few

reported cases, but this form of therapy has

been superseded by the triazoles, which have

greatly improved pharmacokinetics.

9.2.2.2.2 Econazole

Econazole, an imidazole with a similar molec-

ular structure to miconazole, is used primarily in

the treatment of superficial mycoses, with some

studies involving systemic use (Heel et al. 1978).

Mahashabde et al. (1987) suggest the use of

econazole ointment 1 % as prophylactic
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treatment after ocular trauma with risk of fungal

infection. In a study by Prajna et al. (2004), it was

concluded that even concurrent use of 5 %

natamycin and 2 % econazole did not appear to

offer additional benefits over monotherapy with

5 % natamycin for the management of fungal

keratitis. Hence this drug is not widely used

nowadays.

9.2.2.2.3 Ketoconazole

Ketoconazole was the first systemic imidazole

to be used successfully, but its use is limited in

internal medicine and has now been replaced by

itraconazole due to the latter’s milder influence

on the metabolism of glucocorticoids and

extended antifungal spectrum (Kaur

et al. 2008). It is used at a dose of 100–400 mg

every 12 h; its oral absorption depends on gastric

pH (below 3), therefore it should be taken with-

out food or gastric acid-suppressive agents (Kaur

et al. 2008). Although its penetration into the

cerebrospinal fluid and urine is low, its penetra-

tion into ocular tissues is significant when used

systemically. There are numerous reports of ther-

apeutic success with oral ketoconazole with or

without topical natamycin or Amp-B in the treat-

ment of fungal keratitis. Some authors suggest its

routine use in all cases of fungal keratitis

(Ishibashi et al. 1983, 1986; Thomas

et al. 1987) but this is not supported by controlled

studies. There are case reports treated exclu-

sively with topical ketoconazole (10–50 mg/ml)

(Torres et al. 1985); however, in comparative

studies by Komadina et al. (1985) and Singh

et al. (1989) wherein topical and oral ketocona-

zole was compared with natamycin, ketocona-

zole was found to have better response with

oral administration, combined with topical

natamycin. In vitro studies with strains of Asper-

gillus spp., Fusarium spp., and Candida spp.,

exhibited a lower susceptibility of these

organisms to ketoconazole compared to

natamycin and voriconazole (Pearse et al. 2009;

Marangon et al. 2004). Currently, systemic keto-

conazole is indicated only for the adjuvant treat-

ment of deep fungal keratitis.

Toxicity Ketoconazole is much less toxic than

amphotericin B. It is less effective and more

toxic than newer azoles. Ketoconazole interferes

with the biosynthesis of adrenal and gonadal

steroid hormones producing significant endo-

crine effects, such as gynaecomastia, infertility,

and menstrual irregularities. This effect is less

with flucanozole, itraconazole, and voriconazole.

Gastric upset is seen with all orally used azoles.

Hepatic impairment occurs with ketoconazole.

There is asymptomatic increase in serum

transaminases (Foster et al. 1981).

9.2.2.2.4 Itraconazole

Itraconazole is more frequently used in gen-

eral practice than ketoconazole and has fewer

side effects when administered systemically.

However, when administered orally it exhibits

lower bioavailability, solubility, and penetration

into ocular tissues than other azoles (Jones 2004;

Kaur et al. 2008; Rajasekaran et al. 1987; Abad

and Foster 1996). Studies in rats showed that

Itraconazole has a lower teratogenic risk than

ketoconazole (Kaur et al. 2008). Systemic

administration at 400 mg/day was effective in

the treatment of infections by Candida spp.

(Klotz et al. 1996). However, in infections by

Fusarium spp., topical use of itraconazole

(10 mg/ml) has been reported ineffective com-

pared to natamycin 5 % (Kalavathy et al. 2005).

In vitro studies found that itraconazole had a
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higher MIC than amp-B and natamycin

(Li et al. 2008; Rajasekaran et al. 1987), and

even found some drug resistance among all

analyzed strains (Lalitha et al. 2007).

Itraconazole was effective against Aspergillus

spp., but not as effective as ketoconazole

(Marangon et al. 2004). Systemic use should be

limited only to the adjuvant treatment of eye

infections by yeasts.

9.2.2.2.5 Fluconazole

Unlike itraconazole and ketoconazole,

flucoconazole shows excellent absorption from

the gastrointestinal tract and is not influenced

by gastric acidity. Its plasma concentrations

with oral use reach almost the same levels as

with intravenous administration. Penetration

into ocular tissues is effective, reaching aqueous

concentrations similar to those in the plasma

(O’Day et al.1990). Oral use at 200–400 mg/

day was effective in the treatment of eye

infections, with or without topical natamycin

(Thakar 1994; Urbak and Degn 1994). When

used subconjunctivally in association with topi-

cal amp-B, a broader antifungal spectrum was

observed with less toxicity than isolated amp-B

(Mahdy et al. 2010a, b). Yilmaz and Maden

(2005) managed to treat 60 % of cases of fungal

keratitis with subconjunctival injections (2 mg/

1 ml) administered daily for 10 days of

flucoconazole alone. Flucoconazole eye drops

(2 mg/ml) achieved good intracorneal therapeu-

tic levels against strains of Aspergillus fumigatus
in rabbits (Yee et al. 1997; Avunduk et al. 2003).

Flucoconazole is less effective than other drugs

in the treatment of fungal endophthalmitis.

Despite its good vitreal penetration when

administered orally, its ineffectiveness against

filamentous fungi (Aspergillus and Fusarium
spp.), which exhibited marked resistance

(Hariprasad et al. 2008; Li et al. 2008; Marangon

et al. 2004), discourages its use as an adjuvant.

However, there are reports of successful treat-

ment of endogenous endophthalmitis by Candida

spp. with flucoconazole (Muller et al. 2013;

Christmas and Smiddy 1996; Wellington and

Gigliotti 2001).

9.2.2.2.6 Voriconazole

Voriconazole was developed from the flu-

conazole molecule and presents better efficacy

at lower MICs than the first triazoles, is more

effective in blocking the synthesis of ergosterol,

thereby increasing its effectiveness against fila-

mentous fungi (Kaur et al. 2008). Because of its

great efficacy in treating disseminated fungal

infections, with lower toxicity compared to

amp-B, voriconazole is currently the drug of

choice in the treatment of invasive aspergillosis

(Herbrecht et al. 2002). It is metabolized by the

liver, therefore liver enzymes should be moni-

tored during therapy. Among its side effects

are visual disorders, which are present in about

30 % of patients using the drug and are usually

reversible. Similar to flucoconazole, it presents

good gastric absorption and bioavailability

(Hariprasad et al. 2008). Administered orally

at a dose of 200 mg every 12 h, voriconazole

reaches peak plasma concentrations after 2–3 h.

The drug has been extensively studied in the

treatment of keratitis and endophthalmitis due

to its good concentrations in several ocular

tissues (Freda 2006). Alfonso et al. (2011)
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suggest voriconazole as the drug of choice for

oral use in the treatment of deep keratitis,

scleritis, and endophthalmitis and as prophy-

laxis after penetrating keratoplasty. Hariprasad

et al. (2008) also suggest oral voriconazole as

prophylaxis in cases of ocular trauma with plant

material. Administered topically at a concentra-

tion of 1 mg/ml, it was effective in the treatment

of keratitis by Candida, Aspergillus, Fusarium,
Scedosporium, and Paecilomyces, among others

(Anderson et al. 2004; Bunya et al. 2007; Lee

et al. 2009; Nulens et al. 2003). Its advantages

compared to polyenes include its greater stabil-

ity to light and temperature, remaining effective

for up to 30 days (Al-Badriyeh et al. 2010;

Dupuis et al. 2009). Studies in horses showed

drug penetration even with epithelial integrity

(Clode et al. 2006). Some reports support the

use of intracorneal voriconazole in cases of deep

keratitis unresponsive to topical and/or oral

administration. Prakash et al. (2008) report suc-

cess in three cases of keratitis unresponsive to

topical natamycin using intrastromal injection

of voriconazole 50 μg/0.1 ml. Recently, Siatiri

et al. (2011) described three cases of Fusarium

keratitis unresponsive to topical treatment that

resolved after intracorneal voriconazole.

Sharma et al. (2011) in a series with 13 patients

also suggest the use of intrastromal

voriconazole in refractory keratitis. However,

there are a few studies of treatment failure

with voriconazole. Giaconi et al. (2006)

reported two cases, a keratitis by Fusarium
oxysporum and another by Colletotrichum

dematium, which were unresponsive to topical

therapy with voriconazole. In vitro studies have

demonstrated the superiority of voriconazole to

amp-B against Aspergillus spp. (Diekema

et al. 2003; Johnson and Kauffman 2003)

Against Fusarium spp., the absolute MIC of

voriconazole, natamycin, and amp-B were sim-

ilar, with voriconazole having a lower relative

MIC than the polyenes (Lalitha et al. 2007). In

another study, the minimum inhibitory concen-

tration of voriconazole for Fusarium spp. was

found to be higher than that for Candida and

Aspergillus spp. (Marangon et al. 2004).

There is increasing literature on intravitreal

injection of voriconazole as well. An in vitro

study using human retinal pigment epithelium

cells exposed to voriconazole at concentrations

from 25 up to 10,000 μg/ml showed that in

concentrations <250 μg/ml, no toxic effects

was observed at any dosage level, and

intravitreal administration was shown to be safe

in experimental rat model as well with no

changes in electroretinography (Gao

et al. 2003). Thus, it is suggested that

voriconazole concentrations of up to 25 μg/ml

in the vitreous are safe. Injection of voriconazole

is suggested to be safer than amp-B because it

immediately achieves high levels of the drug in

the vitreous, whereas serum levels from systemic

administration gradually reach a steady state.

Clinical efficacy of systemic voriconazole in

patients with Candida endophthalmitis as well

as endophthalmitis with filamentous fungi

(Hariprasad et al. 2008; Jang et al. 2005) has

been reported in having a rapid response with

good outcome. One added advantage of

voriconazole over fluconazole is that it has activ-

ity against Aspergillus spp. and fluconazole resis-

tant Candida spp., such as Candida glabrata and

Candida krusei (Riddell et al. 2011; Motukupally

et al. 2015).

9.2.2.2.7 Posaconazole

Similar to voriconazole, posaconazole is a

second-generation triazole recently introduced

into medical practice. It results from an improve-

ment in the molecule of itraconazole and is pri-

marily indicated for the treatment of invasive

fungal infections in onco-hematological patients.

It is only available as an oral solution and should

be administered at a dose of 200 mg four times
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daily or 400 mg twice daily. A parenteral presen-

tation is currently being developed. Gastrointes-

tinal complaints are the only adverse effects

reported to date (Ullmann et al. 2006). In vitro

and in vivo studies show that posaconazole has a

broad spectrum against Candida spp., Crypto-
coccus neoformans, Aspergillus spp., and Fusar-

ium spp., among others. Posaconazole was

effective against most agents resistant to

itraconazole and fluconazole (Cuenca-Estrella

et al. 2006; Torres et al. 2005) and, together

with voriconazole, had the lowest MIC against

multiple agents (Lalitha et al. 2007). Experience

with its use in ocular infections is still limited,

but initial results are encouraging. Another report

demonstrated resolution of Fusarium

endophthalmitis in two patients in whom

voriconazole treatment had failed

(Tu et al. 2007). Sponsel et al. (2002) also

described a case of keratitis by Fusarium solani

resistant to amp-B and natamycin but success-

fully treated with oral posaconazole 200 mg four

times daily associated with topical use (100 mg/

ml prepared from an oral solution). However,

comparative controlled studies with main anti-

fungal agents are still lacking.

9.2.2.3 Pyrimidines

Pyrimidines are represented by

5-fluorocytosine (5-FC) or flucytosine, which is

the only antifungal agent with intracellular

action. After being absorbed by the fungus it is

converted into 5-fluorouracil, a powerful

antimetabolic which acts by inhibiting the syn-

thesis of DNA (Vermes et al. 2000). Topical

(1 %) solution well tolerated and can be given

orally (150 mg/kg/day) or intravenously. Active

against Candida, Cryptococcus, and related

fungi, it has varied action against some strains

of Aspergillus. It is mostly useful as adjunctive

therapy for yeast keratitis and cannot be

administered alone in treating Candida or Cryp-
tococcus keratitis due to rapid emergence of

resistance. It has limited spectrum of activity

against Fusarium species (Riddell et al. 2011).

Flucytosine is an adjunctive agent that can be

used in combination with amp-B for the treat-

ment of Candida endophthalmitis (Pappas

et al. 2009). It is synergistic with amp-B in kill-

ing Candida and achieves high levels in all intra-

ocular compartments in rabbits and humans

(Louie et al. 1999). Its use in eye infections is

restricted due to its narrow antifungal spectrum

and low penetration into ocular tissues (O’Day

et al. 1985).

Adverse Effects Bone marrow depression, loss

of hair

9.2.2.4 Echinocandins

Echinocandins are semisynthetic lipopeptides

that inhibit the synthesis of glucan in the fungal

cell wall through non-competitive inhibition of

the enzyme 1,3-β-glucan synthase, causing

osmotic imbalance and cell lysis (Morris and

Villmann 2006a, b). This class of drugs includes

caspofungin, micafungin, and anidulafungin.

Used in yeast infections, echinocandins have

rapid fungicidal action against most Candida

spp., including strains resistant to fluconazole,

but not against Cryptococcus, Rhodotorula, and

Trichosporon (Bachmann et al. 2002).

Echinocandins have fungistatic action against

some filamentous fungi such as Aspergillus, but

not against Fusarium and Rhizopus (Wagner
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et al. 2006). Topical caspofungin at a concentra-

tion 1.5–5 mg/ml was as effective as amp-B in

the treatment of corneal ulcer by Candida
albicans in an animal model (Goldblum

et al. 2005). Two other studies involving 1 mg/

ml topical micafungin found an efficacy compa-

rable or superior to fluconazole in the treatment

of keratitis by Candida albicans and Candida

parapsilosis (Matsumoto et al. 2005, 2011).

In a double-blind multicenter trial of

239 patients, caspofungin was found to be

equally effective as amphotericin B in the treat-

ment of candidemia (Mora-Duarte et al. 2002).

Gauthier et al. (2005), however, reported a case

of Candida endophthalmitis that failed treatment

with oral caspofungin (50 mg/day) because of its

poor penetration into the vitreous cavity. In other

studies in experimental animals, it has been

shown that concentrations of micafungin in the

vitreous after systemic administration in non

inflamed eyes are very low, ranging from unde-

tectable to 0.034 μg/ml (Groll et al. 2001a). Sim-

ilarly, Anidulafungin levels in the vitreous have

ranged from undetectable to 0.184 μg/ml when

very high dosages were used systemically (Groll

et al. 2001b). Given the existing literature and its

limited vitreal penetration, the role of

echinocandins remains to be determined in fun-

gal endophthalmitis.

Toxicity Systemic adverse effects includes

fever, headache, abdominal pain, nausea,

vomiting, diarrhoea, rash, itching, redness, and

pain around injection site may occur. Altered

liver enzyme level and blood abnormalities may

also occur (Foster et al. 1981).

9.2.3 Clinical Trials in Antifungal
Therapy of Eye Infections

9.2.3.1 Keratitis
The gold standard for treatment of fungal keratitis

remains elusive. A recent Cochrane Database sys-

tematic review (FlorCruz and Evans 2015) of

medical interventions for mycotic keratitis

analyzed 12 trials in this review that included

981 people; the evidence is current up to March

2015. Ten trials were conducted in India, one in

Bangladesh, and one in Egypt (Table 9.1).

Participants were randomized to the following

comparisons: topical 5 % natamycin compared

to topical 1 % voriconazole; topical 5 %

natamycin compared to topical 2 % econazole;

topical 5 % natamycin compared to topical chlor-

hexidine gluconate (0.05 %, 0.1 % and 0.2 %);

topical 1 % voriconazole compared to

intrastromal voriconazole 50 g/0.1 ml (both

treatments combined with topical 5 %

natamycin); topical 1 % voriconazole combined

with oral voriconazole compared to both oral

voriconazole and oral itraconazole (both com-

bined with topical 5%natamycin); topical 1 %

itraconazole compared to topical 1 % itraconazole

combined with oral itraconazole; topical

amphotericin B compared to topical amphotericin

B combined with subconjunctival injection of flu-

conazole; intracameral injection of amphotericin

B with conventional treatment compared to con-

ventional treatment alone; topical 0.5 % and 1 %

silver sulphadiazine compared to topical 1 %

miconazole. Overall the results were inconclusive

because for most comparisons only one small trial

was available. The exception was the comparison

of topical natamycin and topical voriconazole for

which three trials were available (Prajna

et al. 2010; Arora et al. 2011; Sharma

et al. 2013). In one of these trials (Arora

et al. 2011), clinical cure (healed ulcer) was

reported in all 15 people allocated to natamycin

and in 14/15 people allocated to voriconazole (risk

ratio (RR) 1.07; 95 % confidence interval

(CI) 0.89–1.28, low quality evidence). In one

trial (Sun et al. 2010), people randomized to

natamycin were more likely to have a

microbiological cure at 6 days (RR 1.64; 95 %

CI 1.38–1.94, 299 participants). On average, peo-

ple randomized to natamycin had better spectacle-

corrected visual acuity at 2–3 months compared to

people randomized to voriconazole but the esti-

mate was uncertain and the 95 % confidence

intervals included 0 (no difference) (mean differ-

ence �0.12 logMAR, 95 % CI �0.31–0.06,

434 participants; 3 studies, low quality evidence)

and a decreased risk of corneal perforation or

therapeutic penetrating keratoplasty, or both
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(RR 0.61; 95 % CI 0.40–0.94, 434 participants,

high quality evidence). There was inconclusive

evidence on time to clinical cure (FlorCruz and

Evans 2015). In our analysis, we have included

another randomized controlled study by Sharma

et al. (2015a, b), which randomized 118 patients

with fungal keratitis to an identical dosage sched-

ule with 5 % natamycin or 1 % voriconazole eye

drops (Table 9.1). This study concluded that

natamycin was more effective in the treatment of

fungal keratitis, especially Fusarium keratitis

leaving the choice of voriconazole as the second

best.

The trials included in this review were of

variable quality and were generally underpow-

ered. There is evidence that natamycin is more

effective than voriconazole in the treatment of

fungal ulcers. Future research should evaluate

treatment effects according to fungus species.

9.2.3.2 Endophthalmitis
Unlike keratitis, prospective, randomized control

trials are lacking to evaluate the treatment of

fungal endophthalmitis and most data are based

on retrospective, interventional case series. In a

recent paper by Mittal et al. (2015) wherein

12 eyes of 12 consecutive cases of filamentous

fungal endophthalmitis were treated with a com-

bination of intravitreal amphotericin-B and

intravitreal voriconazole (AmB-Vo Regime)

along with pars plana vitrectomy at a single cen-

ter, the visual acuity at final follow-up was

20/400 or better in 7/12 eyes (58.33 %) and

20/60 in 2/12 eyes (range 20/60 to LP). Globe

salvage was achieved in all cases. The authors

concluded that combining intravitreal

amphotericin B and voriconazole could be a

novel treatment strategy in the management of

endophthalmitis caused by filamentous fungus.

In a double-blind multicenter trial of

239 patients, caspofungin was found to be

equally effective as amphotericin B in the treat-

ment of candidemia. Patients were infused with

either amphotericin B (0.6–1 mg/kg/day) or

caspofungin as a single loading dose of 70 mg

with a daily maintenance dose of 50 mg. In this

cohort of patients, seven patients with

endophthalmitis were included and the

endophthalmitis resolved in all seven patients.

Unfortunately, the authors failed to mention

whether or not these seven patients received

caspofungin or amphotericin B (Mora-Duarte

et al. 2002). It is also not clear whether the

vitreous sample of these patients was

investigated for fungus. Review of the five

randomized controlled treatment trials that stud-

ied echinocandins for candidemia and invasive

candidiasis revealed that 21 of the 1028 patients

who received an echinocandin were noted to

have endophthalmitis (Pappas et al. 2009; Kuse

et al. 2007; Reboli et al. 2007; Betts et al. 2009).

It is difficult to draw any conclusions about the

efficacy of systemic echinocandins for the treat-

ment of fungal endophthalmitis.

9.2.4 In Vitro Antifungal Susceptibility
Testing of Ocular Fungal Isolates

The clinical relevance of antifungal susceptibility

testing is thought to lie in guiding the clinician in

the selection of an appropriate antifungal com-

pound. Such tests are reported to help in the selec-

tion of the appropriate antifungal in different

ophthalmic mycoses. Antifungal susceptibility

studies with ocular fungal isolates, however, are

limited, likely due to the absence of established

minimum inhibitory concentration (MIC) clinical

breakpoints, which classify isolates as susceptible,

intermediate, or resistant to an antimicrobial

agent. Determination of susceptibility of a fungal

isolate to different antifungal agents may aid ratio-

nal specific antifungal therapy, but most

laboratories do not routinely perform such tests

because the methods in use are diverse. Disc dif-

fusion method similar to bacterial susceptibility

testing can be adopted for yeasts (Clinical and

Laboratory Standard Institute 2009) and some of

the non-dermatophyte filamentous fungi (Clinical

and Laboratory Standard Institute 2010). For

determination of minimum inhibitory concentra-

tion (MIC) of antifungal drugs, broth or agar dilu-

tion methods are used. Drugs commonly tested

include 5-fluorocytosine (5-FC or flucytosine),

ketoconazole, miconazole, fluconazole,

itraconazole, and amphotericin B. In a study, the
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Table 9.1 Summary of findings of randomized controlled trials for the treatment of Fungal keratitis

S. No

Author (year)

reported

Total no. of

participants

in trial Interventions Outcome measures

1. Mohan et al. (1987) 30 Topical 0.5 % and 1 % silver

sulphadiazine versus topical 1 %

miconazole

In silver sulphadiazine group,

15/20 (75 %) people had a healed

ulcer at 2–4 weeks compared to

6/10 (60 %) of the 1 %

miconazole group

2. Rahman

et al. (1997)

60 Topical chlorhexidine gluconate

0.05 % (N ¼ 8)

Compared with the response to

natamycin as the referent, the

relative efficacy was 1.17 with

chlorhexidine 0.05 %, 1.43 with

0.1 % and 2.00 with 0.2 %. The

superiority of 0.2 %

chlorhexidine over natamycin

was statistically significant

(relative efficacy 2.20,

p ¼ 0.043) in patients not having

had prior antifungal treatment

Topical chlorhexidine gluconate

0.1 % (N ¼ 17)

Topical chlorhexidine gluconate

0.2 % (N ¼ 17)

Natamycin 5 % (N ¼ 18)

3. Rahman

et al. (1998)

70 Topical chlorhexidine gluconate

0.2 % versus topical natamycin

2.5 %

None of the severe ulcers healed

at 21 days, but three allocated to

chlorhexidine eventually healed

in 60 days. Of the non-severe

ulcers, 66.7 % were healed at

21 days with chlorhexidine and

36.0 % with natamycin

4. Agarwal

et al. (2001)

54 Topical (what %) itraconazole

versus topical and oral

itraconazole

Forty-two out of 54 (78 %)

participants “responded

favorably” to treatment but the

comparison between topical and

topical and oral groups was not

clearly presented making it

difficult to draw conclusions

5. Prajna et al. (2003) 116 Topical 5 % natamycin versus

topical 2 % econazole

There was no significant

difference (log rank 0.52,

P ¼ 0.47) between the two arms

for success which was defined as a

healed or healing ulcer at 4 weeks

6. Prajna et al. (2013) 299 Topical 5 % natamycin versus

topical 1 % voriconazole

Did not report on clinical cure but

did report on microbiological cure

at six days. In participants

randomised to natamycin 132/155

(85.2 %) were culture negative

compared to 75/144 (52.1 %)

people in the voriconazole group

7. Prajna et al. (2010) 120 Topical 5 % natamycin versus

topical 1 % voriconazole

No significant differences in

visual acuity, scar size, and

perforations between

voriconazole- and natamycin-

treated patients

8. Mahdy

et al. (2010a, b)

48 Topical amphotericin B (what %)

versus topical amphotericin B and

subconjunctival injection (how

much?) of fluconazole

Higher proportion of ulcers

healed with combination

treatment (amphotericin B and

fluconazole) 20/24 (83 %)

compared to amphotericin alone

16/24 (67 %)

(continued)
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susceptibility testing of 90 filamentous fungal

isolates (Aspergillus-41, Fusarium-38, others-11)
from patients with keratitis showed lowest MIC of

triazoles and caspofungin against Aspergillus spp.

and lowest MIC of voriconazole, amphotericin B,

and posaconazole against Fusarium spp. Isolates

of Fusarium spp. were not inhibited by

itraconazole and caspofungin (Lalitha

et al. 2007). In a study that determined the MICs

of natamycin and voriconazole on isolates from

fungal keratitis, a higher MIC was significantly

associated with an increased likelihood of perfo-

ration; however, there was no significant associa-

tion between MIC and 3-week or 3-month visual

acuity or between MIC and 3-week or 3-month

infiltrate/scar size (Lalitha et al. 2012). It should

be however added that susceptibility breakpoints

for natamycin have not been described so far in

CLSI guidelines, and anMIC of 16 μg/ml or less is

considered to indicate susceptibility of a fungal

isolate based on a notable publication by Lalitha

et al. (2008), who convincingly showed that eye

drop preparations are an alternative to pharmaceu-

tical grade natamycin for testing antifungal sus-

ceptibility. Since then other studies have used the

same criteria to evaluate the MIC of natamycin

against fungi from mycotic keratitis (Pradhan

et al. 2011). Reports of application of E-test, a

convenient method for determination of MIC of

several antifungal antibiotics against yeast and

certain filamentous fungi, is also now available

in the literature (Motukupally et al. 2015, Qiu

et al. 2005).

The real value of in vitro antifungal suscepti-

bility testing in mycotic keratitis lies, perhaps,

not in predicting responses in individual cases

but in providing important baseline data on the

spectrum of activity of antifungal compounds

against ocular fungal isolates. Interestingly,

when the in vitro antifungal susceptibilities of

Table 9.1 (continued)

S. No

Author (year)

reported

Total no. of

participants

in trial Interventions Outcome measures

9. Arora et al. (2011) 30 Topical 5 % natamycin versus

topical 1 % voriconazole

No added advantage of using

topical 1 % voriconazole over

topical natamycin as primary

treatment

10. Parchand

et al. (2012)

45 Oral and topical 1 %

voriconazole versus oral (how

much?) voriconazole and topical

5 % natamycin versus oral (how

much?) itraconazole and topical

5 % natamycin

At 3 months treatment success

was observed in 10/15 (66.7 %)

participants allocated to topical

and oral voriconazole compared

to 11/15 (73.3 %) people

receiving oral voriconazole and

topical natamycin and 10/15

(66.7 %) in the itraconazole and

natamycin group

11. Sharma et al. (2013) 40 Topical 1 % voriconazole versus

intrastromal voriconazole 50 g/

0.1 mL (both treatments

combined with topical 5 %

natamycin)

Treatment was successful in

19/20 (95 %) people receiving

topical voriconazole compared to

16/20 (80 %) people receiving

intrastromal voriconazole

12. Sharma S

et al. (2015)

118 1 % topical voriconazole vs 5 %

topical natamycin

Natamycin was more effective in

the treatment of fungal keratitis,

especially Fusarium keratitis

13. Sharma N

et al. 2015

45 Intracameral injection of

amphotericin B Vs

(topical þ oral

antifungal þ drainage of

hypopyon)

Intracameral Amp-B does not

offer any benefit over topical

antifungal therapy when

performed alone or associated

with drainage of hypopyon
aoral fluconazole 150–200 mg twice a day for 3 weeks þ topical natamycin 5 % every hour þ topical amp- B 0.15 %

every hour
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nine isolates of filamentous fungi were deter-

mined by the NCCLS method in 11 different

laboratories and compared to antifungal treat-

ment outcomes in animal infection models, only

a limited association between MIC and treatment

outcome was seen, due to drawbacks in the

models used (Odds et al. 1998). In systemic

bacterial infections, in vitro susceptibility is

thought to predict the response of bacterial

infections according the “90–60 rule”, which

states that susceptible organisms respond 90 %

of the time, and resistant organisms respond

60 % of the time (Rex and Pfaller 2002;

Weinstein et al. 1983). More recently, a similar

predictive utility has been suggested for ocular

fungal infections, and susceptibility testing

demonstrated that a lower MIC was significantly

associated with a good outcome (Lalitha

et al. 2012). Many factors play a role in the

healing of a corneal ulcer, in addition to the

effectiveness of the antimicrobial. Above all,

the relationship between in vitro susceptibility

data and clinical response to topical antifungal

medication needs to be clarified; and a larger

sample size may be needed to demonstrate

whether or not there is a true association between

visual acuity and infiltrate/scar size and MIC.

9.3 Conclusion

There are many options of antifungal agents and

routes of administration, and the choice depends

on both the etiologic agent and the location and

extent of the infection. Standard therapy with

polyenes remains effective. Despite the numer-

ous reports of infections that do not respond to

first-line drugs and improve after the introduction

of other agents, particularly second-generation

triazoles, comparative studies demonstrating the

superiority of the latter are lacking. Until the real

benefit of the new generation of antifungal agents

is demonstrated, we believe those drugs should

only be used as an alternative to standard ther-

apy. A few significant advances have been made

in ophthalmic antifungal research; problems

remain to be dealt with and many challenges

await answers in this area.
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Antifungal Susceptibility Testing
of Dermatophytes 10
Indira Gadangi

Abstract

The cases of dermatophytoses have increased over the past few decades.

In the last few years, a number of newer less toxic antifungal drugs have

become available for clinical use. The increased use of antifungal, often

for prolonged periods, has led to the recognition of the phenomenon of

acquired antifungal resistance among previously susceptible strains or

species and to the increased incidence of infections with less common

species. Our study mainly focused on the in vitro susceptibility of clinical

isolates of dermatophytes. The microbroth dilution method was

performed according to CLSI standards. In the present study, antifungal

susceptibility testing was done by microdilution method of dermatophytes

against five antifungal agents namely, ketoconazole (imidazoles) flucona-

zole, itraconazole (triazoles), griseofulvin and terbinafine and their activ-

ity against significant number of strains, representing a wide spectrum of

dermatophyte species is assessed. Dermatophytic strains: A total of

119 strains of dermatophytes belonging to 10 species were tested. They

were T. rubrum (n ¼ 40), T. mentagrophytes (n ¼ 19), T. violaceum

(n ¼ 15), M. gypseum (n ¼ 12), E. flocossum (n ¼ 9), M. audouinii
(n ¼ 8), T. schoenleinii (n ¼ 5), M. canis (n ¼ 5), T. tonsurans (n ¼ 4)

and T. verrucosum (n ¼ 2). The MIC ranges of all the 119 isolates of

dermatophytes tested for antifungal susceptibility showed that terbinafine

had the lowest MIC range 0.001–0.64 μg/ml followed by ketoconazole at

a MIC range 0.01–3.84 μg/ml. The itraconazole showed a MIC range

0.082–20.45 μg/ml whereas the griseofulvin and fluconazole showed a

highest MIC range 0.32–5.12 μg/ml. The MIC 50 of terbinafine was low at

0.02 μg/ml followed by ketaconazole 0.24 μg/ml. The MIC 50 of

itraconazole and griseofulvin was 1.28 μg/ml .The highest MIC 50 with
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2.56 μg/ml was recorded for fluconazole. The MIC90 of terbinafine was

low at 0.32 μg/ml followed by ketaconazole with 1.92 μg/ml. The MIC

90 itraconazole was 2.50 μg/ml and for griseofulvin it was 2.56 μg/ml.

The highest MIC 90 of flucanozole was high at 10.24 μg/ml. In our study,

we observed that terbinafine had the lowest MIC values compared to

ketoconazole, itraconazole, griseofulvin and fluconazole.

10.1 Introduction

10.1.1 Historical Review

Historically, medical mycology, specifically relat-

ing to human disease, began with the discovery of

the fungal etiology of favus and centered around

three European physicians in the mid-nineteenth

century: Robert Remak, Johann L. Schönlein, and

David Gruby. According to Seeliger (1985),

Remak (1842) first observed peculiar microscopic

structures appearing as rods and buds in crusts

from favic lesions. The real founder of

dermatomycology was David Gruby on the basis

of his discoveries during 1841–1844, his

communications to the French Academy of

Sciences, and his publications during this period.

Independently, and unaware of the work of Remak

and Schönlein, he described the causative agent of

favus, both clinically and in microscopic details of

the crusts, and established the contagious nature of

the disease. He has described ectothrix invasion of

the beard and scalp, naming the etiologic agent of

the latter Microsporum (referring to the small

spores around the hair shaft) audouinii, and

described endothrix hair invasion by Herpes
(Trichophyton) tonsurans. In addition to these

observations on dermatophytes, he has also

described the clinical and microscopic appearance

of thrush in children.

Raymond Sabouraud (1970), one of the

best known and most influential of the early

medical mycologists, began his scientific

studies of the dermatophytes around 1890,

culminating in the publication of his classic

volume, “Les Teignes”, in 1910. Sabouraud’s

contributions included his studies on the

taxonomy, morphology, and methods of

culturing the dermatophytes and the therapy

of the dermatophytoses. He classified the

dermatophytes into four genera, Achorion,
Epidermophyton,Microsporum, and Trichophyton,

primarily on the basis of the clinical aspects of the

disease, combined with cultural and microscopic

observations. The medium that he has developed is

in use till date for culturing fungi (although the

ingredients are modified) and is named in his

honor, Sabouraud glucose (dextrose) agar.

In 1934, Chester Emmons modernized the

taxonomic scheme of Sabouraud and others

and established the current classification of the

dermatophytes on the basis of spore morphology

and accessory organs. He eliminated the genus

Achorion and recognized only the three genera

Microsporum, Trichophyton, and Epidermophyton

on the basis of mycological principles.

10.1.2 Medical Mycology

Medical mycology is the study of mycoses of

man and their etiologic agents. Mycoses are the

diseases caused by fungi. Among thousands of

species of fungi that are known, less than 100 are

pathogenic to man. In addition to these species

which are generally recognized as pathogenic to

man, it is firmly established that under unusual

circumstances of abnormal susceptibility of

patients or the traumatic implantation of the fun-

gus, other fungi are capable of causing lesions

and are known as opportunistic fungi. These

circumstances may be:

(i) A debilitating condition of the host, as

diabetes

(ii) A concurrent disease such as leukemia
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(iii) Prolonged treatment with corticosteroids

(iv) Immunosuppressive drugs or an antibiotic

treatment for long duration

Systemic and subcutaneous mycoses are

caused by fungi which are essentially free-living

dermatophytes in nature. The mycoses are not

contagious and infection in man follows inhala-

tion of spores or traumatic implantation of fungi.

Certain fungi cause diseases and death in man,

and these diseases vary from superficial skin

infections to subcutaneous or generalized sys-

temic deep mycoses. According to site of infec-

tion, the fungal diseases are classified into five

types (Chander 2002):

10.1.2.1 Superficial Mycoses
The superficial (cutaneous) mycoses are usually

confined to the outer layers of the skin, hair, and

nails and do not invade living tissues. The fungi

are called dermatophytes. Dermatophytes, or

more properly keratinophilic fungi, produce

extracellular enzymes (keratinases) which are

capable of hydrolyzing keratin.

10.1.2.2 Subcutaneous Mycoses
These are chronic, localized infections of the

skin and subcutaneous tissue following the trau-

matic implantation of the etiologic agent. The

causative fungi are all soil saprophytes of

regional epidemiology whose ability to adapt to

the tissue environment and elicit disease is

extremely variable.

10.1.2.3 Systemic Mycoses
These diseases involve the internal organs like

the lungs and brain due to dissemination through

blood. The causative fungi are usually dimor-

phic, which are endemic in some parts of

America.

10.1.2.4 Opportunistic Mycoses
These diseases are caused by the nonpathogenic

fungi or contaminants in persons whose immu-

nological defense mechanisms are weakened by

endogenous causes like cancer, leukemia, AIDS,

or other exogenous causes like

immunosuppressive therapy and aggressive use

of drugs and corticosteroids.

10.1.2.5 Miscellaneous Mycoses
These are the diseases that include ones that

could not be grouped under any of the above

diseases.

10.2 Superficial Mycoses
and Dermatophytes

The superficial mycoses are caused by

dermatophytes which are included in

Deuteromycetes depending upon the following

features of Deuteromycetes:

1. Fungi have no demonstrable sexual reproduc-

tive cycle.

2. All fungi lacking sexual process are gathered

in this group.

3. It includes many disease-producing fungi as

dermatophytes.

Dermatophytes are fungi that can cause

infections of the skin, hair, and nails due to

their ability to utilize keratin. They colonize the

keratin tissues and inflammation is caused by

host response to metabolic by-products. These

infections are known as ringworm or tinea, in

association with the infected body part. Occa-

sionally, the organisms do invade the subcutane-

ous tissues, resulting in kerion development. The

organisms are transmitted by either direct contact

with infected host (human or animal) or direct or

indirect contact with infected exfoliated skin or

hair in combs, hairbrushes, clothing, furniture,

theater seats, caps, bed linens, towels, hotel

rugs, and locker room floors.

Depending on the species, the organism may

be viable in the environment for up to 15 months.

There is an increased susceptibility to infection

when there is a preexisting injury to the skin such

as scars, burns, and wounds and during

marching, high temperature, and humidity

(Table 10.1).

The dermatophytes are included in three fun-

gal genera, namely:
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1. Epidermophyton: Produces only macroconidia,

no microconidia. The macroconidia are abun-

dant and born in clusters with smooth, thick

walls and two to seven septa. This genus

consists of two species, one of which is a

pathogen.

2. Microsporum: Both microconidia and rough-

walled macroconidia characterizeMicrosporum

species. The macroconidia are abundant and

spindle shaped or fusiform shaped with three

to ten septa. There are 19 described species,

but only nine are involved in human or animal

infections.

3. Trichophyton: Macroconidia of Trichophyton
species are smooth walled. They produce

microconidia abundantly that are globose or

pyriform and are born singly along the sides

of hyphae or in the form of grape clusters.

Macroconidia are rare and are elongated

pencil-shaped structures. There are 22 species,

most causing infections in humans or animals.

At the National Centre for Mycology, about

58 % of the dermatophyte species frequently

isolated are Trichophyton rubrum, 27 % are

T. mentagrophytes, 7 % are T. verrucosum, and
3 % are T. tonsurans. Infrequently isolated species

(less than 1 %) are Epidermophyton floccosum,

Microsporum audouinii, M. canis, M. equinum,
M. nanum, M. persicolor, Trichophyton equinum,

T. kanei, T. raubitschekii, and T. violaceum.

10.3 Dermatophytes

10.3.1 Distribution of Dermatophytes
(Etiology and Ecology)

Epidermophyton floccosum is anthropophilic and

worldwide in distribution. It infects the groin,

body, epidemic athlete’s foot, and occasionally

nails but not hair. M. audouinii is also

anthropophilic, worldwide in distribution, and

rare except in Africa and Asia. It mostly infects

the scalp and body, causing epidemic tinea

capitis in prepubescent children, rarely spread

by guinea pigs and dogs. M. canis is zoophilic

and infects cats and dogs and less commonly

monkeys, guinea pigs, horses, mice, cows, and

rabbits. It is mostly worldwide in distribution,

but less common in North America, the UK,

and Scandinavia than the rest of the world. It

infects the body in adults, scalp in children, and

rarely nails. M. equinum is zoophilic, infects

Table 10.1 Classification of dermatophytes

Anthropophilic Zoophilic Geophilic

Epidermophyton floccosum Microsporum canis (cats, dogs, etc.) Microsporum
gypseum

Microsporum audouinii Microsporum equinum (horses) Trichophyton
ajelloi

Microsporum ferrugineum Microsporum nanum (pigs) Trichophyton
terrestreTrichophyton concentricum Microsporum persicolor(rodents)

Trichophyton kanei Trichophyton equinum (horses)

Trichophyton megnini Trichophyton mentagrophytes, granular (rodents,
rabbits, hedgehogs, etc.)

Trichophyton mentagrophytes (cottony
and velvety)

Trichophyton simii (monkeys)

Trichophyton raubitschekii Trichophyton verrucosum (cattle)

Trichophyton rubrum

Trichophyton schoenleinii

Trichophyton soudanense

Trichophyton tonsurans

Trichophyton violaceum

Trichophyton yaoundei
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horses, and is worldwide in distribution but rare

in man. M. ferrugineum is anthropophilic and

found in Asia, Africa, and Eastern Europe, but

rare in the western hemisphere except Brazil.

M. gypseum is geophilic and worldwide, but

rare in North America and Europe and common

in South America. It infects the feet, hand, body,

scalp, and rarely nails and is usually acquired

from soil but occasionally animals, including

flies. M. nanum is zoophilic, present in pigs,

and distributed worldwide but infects the scalp

and body of man and shows ectothrix infection of

hair. M. persicolor is zoophilic, with respect to

bank vole and mice, but not found in soil. It is

sporadic in Europe, especially the UK; there are

reports of infection of the skin, not hair.

T. equinum is zoophilic, seen in horses world-

wide, and very rare in man. T. kanei is

anthropophilic in the body and feet, while inci-

dence in nails is very rare. T. megnini is

anthropophilic and present in Spain, Portugal,

and rarely Africa, while in the Mediterranean, it

infects mostly the body, scalp, and beard and

shows ectothrix infection. T. mentagrophytes is

both anthropophilic and zoophilic – rodents and

small and large mammals – worldwide, and

found in soil and can infect the feet, body,

nails, beard, scalp, hand, groin. The zoophilic

ones are ectothrix; anthropophilic ones do not

infect hair. T. raubitschekii is anthropophilic

and seen in southern Asia and India. Mediterra-

nean strain of which infects mostly the body and

rarely the scalp. T. rubrum is anthropophilic,

worldwide in distribution, seldom isolated from

animals, and never found in soil. It infects the

feet, nails, body, groin, and rarely scalp, is both

endothrix and ectothrix, and is the most fre-

quently isolated dermatophyte. T. soudanense is

also anthropophilic; appears in Africa and occa-

sionally North America, the UK, and Brazil; and

infects the scalp and body primarily “shower

sites.” T. terrestre is geophilic, worldwide, and

a nonpathogenic species. T. tonsurans is

anthropophilic; is worldwide; infects the scalp,

body primarily “shower sites,” and occasionally

nails; and is endothrix, and outbreaks are not

rare. T. verrucosum is zoophilic, is worldwide

seen in cattle and other domestic and wild

animals, and infects the scalp, beard, body, and

occasionally nails, and ectothrix hair infection is

seen. T. violaceum is anthropophilic reported

from areas seen in Near and Middle East, Eastern

Europe, North Africa, occasionally Latin Amer-

ica, and the Mediterranean, imported to North

America. Institutional outbreaks of

T. violaceum have been reported in Western

Europe. Infection is on the scalp, body primarily

“shower sites”, rarely feet, and nails. Incidence

of endothrix infection is seen in most cases.

10.3.2 Laboratory Identification

Specimens are collected for laboratory identifi-

cation of dermatophytes by scraping the skin

from the margin of the lesion onto folded black

paper. Hairs are plucked, not cut, from the edge

of the lesion and are cut into short segments.

Hairs that fluoresce under a Wood’s lamp are

chosen; if they do not fluoresce, choose broken

or scaly ones. Nails are scraped or minced into

small pieces. Nail scrapings are obtained from

the nail bed or from infected areas after

discarding outer layers. Each specimen is divided

between at least two types of culture media. For

direct examination, a small sample of the speci-

men is selected for direct microscopic examina-

tion and investigated for the presence of fungal

elements. The specimen is mounted in a small

amount of potassium hydroxide or calcofluor-

white. The KOH slides are gently heated and

allowed to clear for 30–60 min before examining

on a light or phase contrast microscope.

Calcofluor-white slides are examined on a fluo-

rescent microscope. When present in the direct

examination, dermatophytes appear as hyaline

(nonpigmented), septated elements. Hyphae

rounding up into arthroconidia are diagnostic of

dermatophyte involvement. If arthroconidia are

found absent, the elements could also be due to a

non-dermatophyte agent of onychomycosis or a

small segment of a contaminating organism.

When hair is involved, the arthroconidia may

be found on the periphery of the hair shaft

(ectothrix) or within the shaft (endothrix).

Malassezia furfur infections (tinea versicolor)
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are diagnosed by the presence of spherical yeast

cells with a single bud and a collar and short

curved hyphal strands.

10.3.2.1 Culture Media
The following media are generally employed for

culturing dermatophytes.

10.3.2.1.1 BCP

Bromocresol purple-milk solids-glucose agar is a

differential media useful in the characterization

of dermatophyte species. The growth pattern of

restricted or profuse is determined by compari-

son to a tube of nutrient media such as SDA.

Some species produce an alkaline reaction

(change media to purple); others do not produce

a pH change (leave the media a sky-blue color).

Hydrolysis of the milk solids results in a zone of

clearing around the colony.

10.3.2.1.2 PDA

Potato dextrose agar is used to observe pigment

formation.

10.3.2.1.3 PYE

Phytone yeast extract agar is a nutritionally

enriched media that supports luxurious growth

of most fungi. It contains antibiotics to inhibit

bacterial growth.

10.3.2.1.4 SDA

Sabouraud dextrose agar (Emmons modification) is

a nonselective medium which supports the growth

ofmost fungi. Species of the dermatophytes isolated

during this studywere identified on the basis of their

growth characteristics.

10.3.2.2 Biochemical Tests

10.3.2.2.1 Slide Culturing

The slide culture is a method of examining the

microscopic structures of a fungus. The organism

is grown on a glass coverslip placed on a block of

agar. When sufficient growth has occurred, the

coverslip is placed on a drop of mounting media

on a microscope slide and examined by phase

contrast microscopy.

10.3.2.2.2 Scotch Tape Mount

The scotch tape mount is used for examining the

microscopic structures of filamentous fungi. A

piece of clear, transparent tape held with sterile

forceps is touched on the surface of the colony.

The tape is placed on a drop of mounting media

on a slide, followed by another drop and a cover-

slip over it. The phase contrast microscope is

used to examine the sample.

10.3.2.2.3 Hair Perforation

Many dermatophytes have the ability to degrade

hair. The hair perforation test determines whether

the organism simply erodes the hair shaft or

produces an enzyme for penetration and invasion

of the shaft resulting in perforating bodies or cones.

10.3.2.2.4 Rice Grain Test

Microsporum audouinii grows poorly on rice

grains and produces a dark discoloration useful

in differentiating it from atypical M. canis

strains. The rice grains also enhance the produc-

tion of macroconidia in some species.

10.3.2.2.5 Urease

Christensen’s urea broth indicates the presence

of the enzyme urease, which splits urea into

ammonia, resulting in an alkaline environment.

The phenol red indicator turns the media from a

straw yellow to fuchsia at pH 8.4.

10.3.2.2.6 Vitamin Requirements

Certain species of dermatophytes have distinc-

tive nutritional requirements that may be benefi-

cial to differentiate from similar species. The

agar base is vitamin free and various vitamins

are added to the basal media. The growth on the

vitamin-enriched media is compared to the

vitamin-free media to determine enhancement,

if any, of aerial mycelium.

10.3.3 Epidemiology

Dermatophytes are by far the most significant

fungi because of their widespread involvement

of population at large and their prevalence all

242 I. Gadangi



over the world. They are assuming greater signif-

icance both in developed and developing

countries particularly due to the advent of

immunosuppressive drugs and disease. Hot and

humid climate in the tropical and subtropical

countries like India makes dermatophytosis a

very common superficial fungal skin infection.

The prevalence of dermatophytic infections

are governed by environmental conditions, per-

sonal hygiene (Oyeka 1990), and individual sus-

ceptibility from place to place. The isolation of

different dermatophytes also varies markedly

from one ecological niche to another niche

depending on their primary habitat (Aly 1994).

Many saprophytic soil fungi are closely related to

dermatophytes, sharing the ability to utilize the

keratin as growth substrate, so it is believed that

dermatophytes might have been evolved from

these keratinophilic soil fungi. During the evolu-

tionary process, they led to the development of

epidemiological groups of anthropophilic, zoo-

philic, and geophilic species (Emmons

et al. 1997). Some species of dermatophytes are

endemic in certain parts of the world and have

limited geographic distribution (Ajello 1968 on

Epidemiologic profile of dermatophytosis in

Stockholm, Sweden). Laboratory records com-

prising direct microscopy and culture results of

37,503 specimens from skin, hair, and nail

scrapings collected from January 2005 through

December 2009 were retrospectively analyzed in

the mycology laboratory at Karolinska Univer-

sity Hospital. Onychomycosis had, over time, the

highest overall prevalence of 14.1 %, followed

by tinea pedis (4.4 %). Trichophyton rubrum was

the predominant pathogen isolated from these

cases (83.2 %), followed by T. mentagrophytes

(7.4 %). In contrast, T. violaceum and

T. soudanense accounted for 81.6 % of the

isolates from patients with tinea capitis. Now

Trichophyton soudanense, T. gourvilii, and

T. yaoundei are geographically restricted to Cen-
tral and West Africa (Singh and Beena 2003).

Microsporum ferrugineum predominates in

Japan and surroundings. T. concentricum is con-

fined to the islands of South Pacific and in Cen-

tral and South America; however, the increasing

mobility of world population is disrupting

several of these epidemiological patterns

(Badillet 1991).

In recent times, T. tonsurans is replaced by

M. audouinii as the principal causative agent of

tinea capitis infections in the USA. This may be

due to the mass migration of population from

Mexico and other Latin American countries

where the T. tonsurans was predominant. The

most common etiological agents of

dermatophytoses in the Western countries are

T. rubrum and M. canis. Microsporum distortum

is a rare case of tinea capitis in New Zealand and

Australia. The prevalence of dermatophytoses

varies in India. In 1900, Dr. Powell reported the

first case of dermatophytoses from Assam, India.

The commonest clinical types of

dermatophytosis of man are tinea corporis

(58.84 %), followed by tinea cruris (12.3 %),

which concurs with reports from other parts of

India (Kanwar et al. 2001). The incidence of

tinea capitis was 6.92 %. Tinea capitis is less

common in India than in other countries (Kaur

1970; Vasu 1966; Malik et al. 1978). This may be

attributable to the use of hair oils (particularly

mustard oil) which are customarily used by

Indians and have been shown to have an inhibi-

tory effect on dermatophytes in vitro (Hajini

et al. 1970, Garg and Muller 1992). The reported

incidence of tinea pedis varies from 26.4 % from

Pune (Anand et al. 2001) to 0.4 % from

Ahmedabad (Shah et al. 1975), and it is

11.53 % in our study.

The predominance of tinea pedis in Western

countries could be because of the regular use of

shoes and socks, predisposing to perspiration and

maceration (Bhaskaran et al. 1977). Trichophyton
species were more commonly isolated than

Epidermophyton and Microsporum. T. rubrum is

the main dermatophyte reported from India and

other countries (Kanwar et al. 2001). Many other

species of dermatophytes like T. schoenleinii,

T. tonsurans, T. verrucosum, T. ferrugineum,
T. concentricum, and M. audouinii are also

isolated besides T. rubrum, T. mentagrophytes,

T. violaceum, and E. floccosum (Varenker et al.,

1991). T. rubrum has been found to be the main

causative agent of tinea corporis, whereas tinea

cruris is mainly caused by E. floccosum and tinea
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capitis by T. violaceum (Kanwar et al. 2001). A

higher incidence of dermatophytosis in males

than in females has been reported both in India

and abroad (Kanwar et al. 2001). Philpot

suggested that males may be more vulnerable to

infection due to higher exposures in the army,

schools, and sporting activities and due to the

type of shoes and socks they use (Philpot 1977).

This is especially true for tinea cruris. Differences

in the incidence of other clinical types were also

observed in the present study, e.g., tinea corporis,

tinea capitis, and tinea manuum are more com-

mon in males, while tinea pedis and tinea

unguium are more common in females.

10.3.4 Immunology of Dermatophytes

Human infection is the result of a complex inter-

play of factors pertaining to the invading organ-

ism, the host, and the environment. This is best

shown in human dermatophyte infections. Acute

infections are usually short lived and easy to treat

when the patient has good cell-mediated immu-

nity, short-term antidermatophyte antibodies,

and delayed hypersensitivity. In chronic

infections, the infection is long term and resistant

to therapy, and patients have poor in vitro

assessed cell-mediated immunity and immediate

hypersensitivity to fungal antigens.

Antidermatophyte antibodies usually do not dis-

appear quickly. The dermatophytes have the abil-

ity to invade keratinized tissue (skin, hair, and

nails) but are usually restricted to the nonliving

cornified layer of the epidermis because of their

inability to penetrate viable tissue of an immuno-

competent host. However, invasion does elicit as

host response ranging from mild to severe. Acid

proteinases, elastase, keratinases, and other

proteinases reportedly act as virulence factors.

The development of cell-mediated immunity

correlated with delayed hypersensitivity and an

inflammatory response is associated with clinical

cure, whereas the lack of or a defective cell-

mediated immunity predisposes the host to

chronic or recurrent dermatophyte infection.

Chronic dermatophytosis is mostly caused by

Trichophyton rubrum, and there is some

evidence that mannan produced by this fungus

suppresses or diminishes the inflammatory

response. Dermatophyte colonization is charac-

teristically limited to the dead keratinized tissue

of the stratum corneum and results in either a

mild or intense inflammatory reaction. Although

the cornified layers of the skin lack a specific

immune system to recognize this infection and

rid itself of it, nevertheless, both humoral and

cell-mediated reactions and specific and nonspe-

cific host defense mechanisms respond and even-

tually eliminate the fungus, preventing invasion

into the deeper viable tissue. This array of

defense mechanisms thought to be active against

dermatophytes consists of α2-macroglobulin

keratinase inhibitor, unsaturated transferrin, epi-

dermal desquamation, lymphocytes,

macrophages, neutrophils, and mast cells. There

are two major classes of dermatophyte antigens:

glycopeptides and keratinases. The protein por-

tion of the glycopeptides preferentially

stimulates cell-mediated immunity (CMI),

whereas the polysaccharide portion preferen-

tially stimulates humoral immunity. Keratinases,

produced by the dermatophytes to enable skin

invasion, elicit delayed-type hypersensitivity

(DTH) responses when injected intradermally

into the skin of animals. Although the host

develops a variety of antibodies to dermatophyte

infection, i.e., immunoglobulin M (IgM), IgG,

IgA, and IgE, they apparently do not help elimi-

nate the infection since the highest level of

antibodies is found in those patients with chronic

infection. IgE, which mediates immediate hyper-

sensitivity, appears to play no role in the defense

process. Rather, the development of CMI which

is correlated with DTH is usually associated with

clinical cure and ridding the stratum corneum of

the offending dermatophyte. In contrast, the lack

of CMI or defective CMI prevents an effective

response and predisposes the host to chronic or

recurrent dermatophyte infections.

10.3.5 Treatment of Dermatophytosis

Topical antifungal preparations should be effec-

tive in treating small, uncomplicated tinea
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infections located in areas other than the scalp.

These include topical clotrimazole and iconazole

(available over the counter) and terbinafine

cream. The topical antifungal drugs such as

ointments, lotions, powders, and sprays are used

for tinea infections on the body. The creams are

applied on affected parts twice or thrice daily for

at least 1 month for better results. Powder and

sprays are generally used for athlete’s foot. Top-

ical medications applied once or twice daily are

the primary treatment indicated for tinea

corporis/cruris and tinea pedis/manuum. In topi-

cal therapy, the improvement is more with

allylamines than azoles.

Treatment of dermatophyte infection involves

primarily oral and/or topical formulations of

azoles or allylamines, particularly itraconazole

and terbinafine. The use of oral antifungals may

be practical where the tinea involvement is

extensive or chronic or where application of a

topical is not feasible. For tinea unguium

(onychomycosis) and tinea capitis, oral therapies

are the primary treatments provided. Recently,

topical amorolfine and ciclopirox formulations

have been approved for use in milder

onychomycosis cases, and their role in the treat-

ment of the different clinical forms of

onychomycosis is currently being defined.

Relapse of infection remains a problem, particu-

larly with tinea pedis/unguium. Griseofulvin is

the drug of choice for the treatment of tinea

capitis till today, and azoles like imidazole and

fluconazoles are used for the treatment of

onychomycosis. But terbinafine is the effective

antifungal drug for ringworm infections, which is

less expensive, and the cure rate is more.

Appropriate follow-up duration and education

of patients on proper foot hygiene are also impor-

tant components in providing effective therapy.

Sometimes, oral antifungal medication may be

required if the condition is severe. Medications

may include griseofulvin, itraconazole,

terbinafine, and fluconazole. Tinea capitis

(scalp), regardless of severity, is usually treated

with oral antifungal medication, since topical

antifungals do not penetrate hair follicles well.

Corticosteroids may sometimes be used for the

treatment of severely inflamed or potentially

scarring lesions, such as scalp infections. Fungal

infections involving the nails (onychomycosis)

require oral treatment as well, because the der-

matophyte is found deep in the nail. Tinea

versicolor may be treated with selenium sulfide

lotion or ketoconazole shampoo. Occasionally,

the question arises as to whether a concurrent

bacterial infection is complicating a fungal infec-

tion. This situation most commonly occurs when

highly inflamed scalp lesions are draining puru-

lent (pus) material. The lesions usually resolve

with systemic (oral) antifungal and systemic cor-

ticosteroid therapy.

10.4 Antifungal Susceptibility Tests:
(NCCLS Document M27-A,
1997; CLSI Standards M38-A,
2002)

In the last two decades, the incidence of

infections caused by dermatophytes and other

fungi has increased considerably (Weitzman

and Summerbell 1995). With an increasing vari-

ety of drugs available for the treatment of

dermatophytoses, the need for a reference

method for the testing of the antifungal

susceptibilities of dermatophytes has become

apparent (Ghannoum and Rice 1997). Establish-

ment of a reference susceptibility testing method

may allow the clinician to select the appropriate

therapy for the treatment of infections caused by

dermatophytic fungi. Recently, a standard

method for antifungal susceptibility testing of

yeasts has been established by the National Com-

mittee for Clinical Laboratory Standards

(NCCLS M27-A document). This reference

method for yeast is the first step in the establish-

ment of a reliable, standardized, and clinically

useful technique for the susceptibility testing of

filamentous and dermatophytic fungi.

10.4.1 Culture Medium

Yeast nitrogen broth (YNB) supplemented with

the following composition was used.
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YNB base 6.7 g

Glucose 10.0 g

Distilled water pH 6.5 100 ml

This medium was filter sterilized and used as

basal medium. It was diluted to 1:10 sterile

(autoclaved) distilled water just before use.

10.4.2 Antifungal Agents: Antifungal
Drugs

Antifungal drugs were donated as follows: keto-

conazole by Janssen Pharmaceuticals, flucona-

zole by Hydex Chemicals Pvt. Ltd., terbinafine

named “Terbicip” produced by Cipla Ltd., and

griseofulvin (also known as Grisovin, a proprie-

tary name of Glaxo Laboratories). Itraconazole

was used in its commercial formulation (Sri

Pharmacare, IndiaMART). All drugs were

dissolved in 100 % dimethyl sulfoxide (Gibco)

following the protocol of NCCLS and were

prepared in stock solutions of 1000 μg/ml, and

fluconazole was prepared in sterile distilled water

and kept at –200 C until use. They were subse-

quently prepared as stock solution, and serial

twofold dilutions were performed. Final

concentrations ranged from 0.125 to 64 μg/mL

for fluconazole; 0.03–16 μg/mL for ketocona-

zole, itraconazole, and terbinafine; and

0.03–8 μg/mL for griseofulvin.

10.4.3 Preparation of Inoculum

Testing was performed by a broth macrodilution

method following the recommendation of the

NCCLS M27-A (1997). In brief, stock inocula

of dermatophytic stains were prepared from 7-

to 14-day cultures grown on Sabouraud dex-

trose agar (SDA) with chloramphenicol. After

the appearance of the sufficient growth, the

fungal colonies were covered with 5 ml of ster-

ile saline (0.9 %), and the suspensions were

made by gently probing the surface with the

tip of a sterile Pasteur pipette. The resulting

suspended mixture was withdrawn and

transformed to a sterile tube. Heavy particles

of the suspension, when present, were allowed

to settle for 15 min at room temperature, and the

upper homogenous suspension was used for

further testing. The suspensions were mixed

with a vortex mixer for 15 s and adjusted with

sterile normal saline to match the opacity of 0.5

McFarland standard.

10.4.4 Turbidity Standard for Inoculum
Preparation

To standardize the inoculum density for a sus-

ceptibility test, a BaSO4 turbidity standard,

equivalent to a 0.5 McFarland standard or its

optical equivalent (e.g., latex particle suspen-

sion), should be used. A BaSO4 0.5 McFarland

standard may be prepared as follows: a 0.5-ml

aliquot of 0.048 mol/L BaCl2 (1.175 % w/v

BaCl2 . 2H2O) is added to 99.5 ml of 0.18 mol/

L H2SO4 (1 % v/v) with constant stirring to

maintain a suspension.

1. The correct density of the turbidity standard

should be verified by using a spectrophotom-

eter with a 1-cm light path and matched

cuvette to determine the absorbance. The

absorbance at 625 nm should be 0.008–0.10

for the 0.5 McFarland standards.

2. The barium sulfate suspension should be

transferred in 4–6-ml aliquots into screw-cap

tubes of the same size as those used in grow-

ing or diluting the bacterial inoculum.

3. These tubes should be tightly sealed and

stored in the dark at room temperature.

4. The barium sulfate turbidity standard should

be vigorously agitated on a mechanical vortex

mixer before each use and inspected for a

uniformly turbid appearance. If large particles

appear, the standard should be replaced. Latex

particle suspensions should be mixed by

inverting gently, not on a vortex mixer.

5. The barium sulfate standards should be

replaced or their densities verified monthly.

The inoculum size was adjusted to between

1.0 � 106 and 5.0 � 106 spores/ml by
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microscopic enumeration with a cell counting

hemocytometer (Neubauer chamber). In some

instance, where fungi do not readily produce

conidia, a small portion of the mycelial growth

was harvested and gently homogenized in 2 ml of

sterile saline using Tenbroeck tissue grinder, and

resulting suspensions were adjusted to opacity of

0.5 McFarland standard by adding sterile saline.

Inoculum quantification was made by counting

microconidia in a hemocytometer and by plating

0.01 ml of suspensions in SDA. The plates were

incubated at 28 �C and were examined daily for

the presence of fungal colonies before the test to

check the viability of the fungus.

10.4.5 Method and Test Procedure

The NCCLS broth medium macrodilution

method for yeasts which was modified for mold

testing (NCCLS M27-A) was used for determi-

nation of the antifungal susceptibilities of

dermatophytes. Twelve test tubes for each drug,

i.e., fluconazole, itraconazole, ketoconazole, and

griseofulvin, were arranged in a rack as per the

requirement of different MIC ranges. An addi-

tional tube in the beginning was kept for griseo-

fulvin and was later removed after antifungal

dilutions were put up, such that the final range

of the drug would be from 0.03 to 81.25 μg/ml. A

set of 15 tubes were arranged for terbinafine MIC

testing. All the tubes were arranged in ascending

order with tube containing highest concentration

on the left side. In addition, four control tubes

were kept and labeled as C1–C4.

C1 Sterility control (3 ml of YNB)

C2 Positive control (2.7 ml of YNB + 0.3 ml of test

inoculum)

C3 Drug control (2.7 ml of YNB + 0.3 ML of drug

stock solution)

C4 Solvent control (2.7 ml of YNB + 0.3 ml of solvent

used)

The stock solutions of antifungal agents were

removed from the freezer and thawed to room

temperature. The YNB was diluted 1 in 10 with

distilled water under sterile conditions just before

use. 2.7 ml of diluted YNB was dispensed in all

the tubes. The stock solutions of antifungal drug

tubes were vortex mixed for a few seconds to

have a uniform suspension of the drug. 2.7 ml of

the antifungal agent was pipetted and mixed in

the first tube on the left, containing 2.7 ml of

YNB. Serial twofold dilutions were made by

pipetting 2.7 ml from the first tube to the second

tube to the third tube and so on until the final tube

(text figs. II–V). The final reservoir suspension

was discarded. 0.3 ml of fungal inocula was

added to the different drug dilutions and also

into a positive (C2) control tube for each test.

The final dilution of the fungal inoculums was

1:10.

10.4.6 Incubation

Tubes in the rack were incubated at 35 �C in

BOD incubator until growth appeared in the

drug-free control tube. Incubation ranged

6–20 days. Control tubes were observed daily

for the presence or absence of visible growth.

When the growth was visible, each tube was

vortexed for 10 s immediately prior to being

scored, which allowed the detection of even a

small amount of growth. The growth in each

tube was compared with the growth of control

tube (C2). Each tube was given a numerical score

as follows:

O Optically clear or the absence of growth

1 Slight turbidity compared to that of the fungus-free

control tube (C1)

2 Visible turbidity as compared to C1

3 Clear-cut turbidity with or without formation of

small hyphal fragments on the surface of the broth

4 Turbidity with the formation of a surface pellicle on

the surface of the broth

The highest dilution of the drug, which

inhibited the fungal growth, was taken as the

MIC. MIC50 was calculated by taking the drug

concentration, where 50 % of isolates are

inhibited. Similarly, MIC90 was noted with

drug concentration where 90 % of the isolates

were inhibited.
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10.4.7 Antifungal Susceptibility Test by
CLSI Standards M38-A Method
(Modified Method of NCCLS
M27-A)

This is the modified method of NCCLS M27-A

and was released as a document in 2002 as

M38-A microdilution test. In this procedure, all

the parameters are similar with macrodilution

test, but instead of using tubes, the microtiter

plate is used; hence, the size of inoculum also

differs.

The samples from patients were collected in

aseptic conditions from infected areas such as the

skin, nail, and hair (Debono and Gordee 1994;

Degreef 2008). Culturing of organisms from skin

scraping was done on selective medium as

Sabouraud dextrose agar for identification of

dermatophytic species. For antifungal suscepti-

bility testing, these species were used after

identifying them on cultural, morphological,

and biochemical characteristics (Favre

et al. 2003). Five antifungal drugs were used for

testing. The microbroth dilution method was

performed according to CLSI standards M38-A

(Fernández-Torres et al. 2002).

10.4.7.1 Culture Medium
Yeast nitrogen broth (YNB) supplemented with

following composition was used:

YNB base 6.7 g

Glucose 10.0 g

Distilled water 100 ml and adjusting the pH at

6.5

This medium was filtered, sterilized, and used

as basal medium (autoclaved). It was diluted to

1:10 with sterile distilled water just before use.

10.4.7.2 Antifungal Agents
Antifungal drugs used in this study were supplied

from various firms, as follows: ketoconazole by

Janssen Pharmaceuticals, fluconazole by Hydex

Chemicals Pvt. Ltd., terbinafine named

“Terbicip” produced by Cipla Ltd., and griseo-

fulvin (also known as Grisovin, a proprietary

name of Glaxo Laboratories). Itraconazole was

used in its commercial formulation (Sri

Pharmacare, IndiaMART). All drugs were

dissolved in 100 % dimethyl sulfoxide (Gibco)

following the protocol of CLSI and were

prepared in stock solutions of 1000 μg/ml, and

fluconazole was prepared in sterile distilled water

and kept at �200 �C until used. They were sub-

sequently prepared as stock solution and serial

twofold dilutions were performed. Final

concentrations ranged from 0.125 to 64 μg/mL

for fluconazole; 0.03–16 μg/mL for ketocona-

zole, itraconazole, and terbinafine; and

0.03–8 μg/mL for griseofulvin.

10.4.7.3 Preparation of Inoculum
Testing was performed by a broth microdilution

method following the recommendation of the

CLSI M38-A. All the strains were obtained

from the patient’s samples of tinea infections.

The species identification was based on morpho-

logical and biochemical characteristics and was

used in inoculum preparation. In brief, stock

inocula of dermatophytic stains were prepared

from 7- to 14-day cultures grown on Sabouraud

dextrose agar (SDA) with chloramphenicol.

After the appearance of the sufficient growth,

the fungal colonies were covered with 5 ml of

sterile saline (0.9 %), and the suspensions were

made by gently probing the surface with the tip

of a sterile Pasteur pipette. The resulting

suspended mixture was withdrawn and

transformed to a sterile tube. Heavy particles of

the suspension, when present, were allowed to

settle for 15 min at room temperature, and the

upper homogenous suspension was used for fur-

ther testing. The suspensions were mixed with a

vortex mixer for 15 s and adjusted with sterile

normal saline to match the opacity of 0.5

McFarland standard.

10.4.7.4 Turbidity Standard for Inoculum
Preparation

To standardize the inoculum density for a sus-

ceptibility test, a BaSO4 turbidity standard,

equivalent to a 0.5 McFarland standard or its

optical equivalent (e.g., latex particle suspen-

sion), should be used. The inoculum size was
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adjusted to between 1.0 � 106 and 5.0 � 106

spores/ml by microscopic enumeration with a

cell counting hemocytometer (Neubauer cham-

ber). In some instance, where fungi do not readily

produce conidia, a small portion of the mycelial

growth was harvested and gently homogenized in

2 ml of sterile saline using Tenbroeck tissue

grinder, and resulting suspensions were adjusted

to opacity of 0.5 McFarland standards by adding

sterile saline. Inoculum quantification was made

by counting microconidia in a hemocytometer

and by plating 0.01 ml of suspensions in SDA.

The plates were incubated at 28 �C and were

examined daily for the presence of fungal

colonies before the test to check the viability of

the fungus.

10.4.7.5 Test Procedure
The tests were performed in polystyrene microti-

ter plates with flat bottom wells. By using a

multichannel pipette, the aliquots of 100 μl of
twofold drug dilutions were inoculated into the

wells. Then, the microtiter plates were stored at

�50 �C in a deep freezer until used. The

microplate was inoculated with 100-μl fungal

inoculum to maintain the dilutions with

0.5 � 104 to 5 � 104 spores ml-1. The plates

were incubated at 28 �C for 7 days

(Georgopapadakou and Tkacz 1995) for growth

of the fungi. Growth and sterility control wells

also maintained for each assay, and all the tests

were performed in duplicate. The highest dilu-

tion of the drug, which inhibited the fungal

growth, was taken as the MIC. MIC50 was cal-

culated by taking the drug concentration, where

50 % of isolates are inhibited. Similarly, MIC90

was noted with drug concentration where 90 %

of the isolates were inhibited. The MIC values

were noted basing on the rate of growth

inhibition.

10.4.7.6 Antifungal Susceptibility
Investigations

The fungal infections are not completely cured

with antifungal drugs. The treatment is less suc-

cessful than that of bacterial infections because

the fungal cells are eukaryotic and much more

similar to human than the bacteria (Ghannoum

and Rice 1999). Many drugs that inhibit or kill

fungi are therefore quite toxic for humans also.

Moreover, the fungal cells are equipped with a

detoxifying system, which is able to modify

many antibiotics, probably by hydroxylation

(Gupta and Kohli 2003). Hence, the antibiotics

used to treat the fungal infection will remain

fungistatic for a period of time, and repeated

usage of antibiotics is advised. The effective

antifungal drugs may extract membrane sterols

(da Silva Barros et al. 2007) or prevent their

synthesis (Murray et al. 1999). Most antifungal

compounds target the formation or the function

of ergosterol, an important component of the

fungal cell membrane (Nimura et al. 2001).

In the present study, a total of 119 strains of

dermatophytes belonging to ten species were

tested. All the strains were obtained from patient

samples and were used in the tests. They were

T. rubrum (n ¼ 40), T. mentagrophytes

(n ¼ 19), T. violaceum (n ¼ 15), M. gypseum
(n ¼ 12), E. floccosum (n ¼ 9), M. audouinii

(n ¼ 8), T. schoenleinii (n ¼ 5), M. canis

(n ¼ 5), T. tonsurans (n ¼ 4), and

T. verrucosum (n ¼ 2).

10.4.7.7 Comparison of MICs of Five
Antifungal Agents

The minimum inhibitory concentrations (MIC50,

MIC90) of griseofulvin, ketoconazole, flucona-

zole, itraconazole, and terbinafine are compared,

and the comparison of MIC values is used in

determining the efficacy and the dosage of drug

for the treatment of dermatophytosis.

10.5 Conclusion

In conclusion, it may be useful to undertake

periodical screening programs to detect the anti-

fungal susceptibility of newer antifungal agents.

Our data on the antifungal susceptibility of der-

matophyte isolates may contribute to a choice of

antifungal treatment to ringworm infections.

Terbinafine is considered as most potent drug

followed by ketoconazole. But still the efficacy

of ketoconazole drug was totally dependent upon

the variation of causative dermatophytic strains
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of particular tinea infections. We consider that

our study on the antifungal susceptibility of

dermatophytes can be beneficial for investigation

of in vitro resistance of dermatophytic species

and for management of cases clinically unre-

sponsive to treatment.
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