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Preface

Fungi are eukaryotes that present as pathogens, parasites, and symbionts in the 
ecosystem. There are more than tens of thousands of fungal species described. 
Chapter 1 of this book provides an overview of fungi reproduction, pathology, and 
the unique features that allow fungi to survive in diverse ecosystems. Chapter 2 
discusses fungal mycotoxicity and pathogenicity and the suitable environmental 
conditions necessary for fungi to thrive. In favorable conditions, fungi produce 
mycotoxins that pose a challenge to the agriculture industry, hence prevention 
and control measures are needed. Fungi are also found in marine habitats, albeit 
in low numbers. Marine fungi are the key component of the sponges’ natural diet. 
Chapter 3 examines the development and growth demand of fungi. This study 
enables a greater understanding of fungi and how to take precautions against these 
organisms. Chapter 4 describes how fungi are detected by the host’s major pat-
tern recognition receptors and the mechanisms that fungi use to escape the host’s 
immune response. The majority of fungi are non-motile; therefore, it is important 
to explore the evolution of fungi mating mechanisms. Chapter 5 discusses fungal 
hormones/pheromones such as sirenin, trisporic acid, antheridiol, oogoniol, and 
peptide hormones. Chapter 6 examines how arbuscular mycorrhizae  facilitate host 
plants to grow vigorously under stressful conditions. The final chapter deals with 
several abiotic and biotic factors that affect the growth of keratinophilic fungus and 
the substrates that could potentially function as growth promoters in this process. 
Finally, Chapter 7 explores marine sponge-associated fungi and their secondary 
metabolites as therapeutic agents depending on their bioactive properties. However, 
these fungi species are also associated with a wide spectrum of diseases, including 
HIV, cancer, and others. 

 This book provides readers with an in-depth understanding of fungi diversity and 
the role of fungi in the ecosystem.

Sadia Sultan and Gurmeet Kaur Surindar Singh
Faculty of Pharmacy (UiTM),

Bandar Puncak Alam, Kuala Lumpur, Malaysia
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Chapter 1

Abiotic and Biotic Factors: 
Effecting the Growth of 
Keratinophilic Fungi
Manish Mathur and Neha Mathur

Abstract

Fungi portray an important role in decomposition of keratin, as their activity is 
tough to measure. According to an estimation, a quantity of cellulose is synthesized 
by primary producers over photosynthesis and then reinstated to the atmosphere 
as carbon dioxide and through the activity of fungi, which decompose the complex 
and inflexible polymer. Without this activity, the world would soon be submerged 
by plant residues, and this would probably exclude most living organisms from their 
natural habitat. This chapter deals with several abiotic and biotic factors, which 
effect the growth of keratinophilic fungus and the substrates, which can serve as 
potential growth promoters for them.

Keywords: keratinophilic fungi, growth factors, fungus substrate

1. Introduction

The degradation is associated to the aptitude of the organism to develop on a 
substrate. The capacity of the growth depends upon the enzymes secreted by the 
microbe and conditions such as PH, protein content in the substrate, temperature, 
moisture, etc. The native feather keratin was degraded by species of Aphanoascus 
fulvescens and Chrysosporium articulatum, which are separated from soil. Recognition 
of strain was done by phenotypical qualities and nucleotide sequencing of pro-
tein. The ultimate deficit of substrate in comparison to the strain was recorded 
for Aphanoascus fulvescens and deficit of substrate for the Aphanoascus fulvescens 
(71.08%). Keratin is high in protein and abundant in nitrogen and sulfur [1–3]. 
Keratins have high mechanical and chemical resistance. Numerous disulfide bonds 
(S–S) are liable for the resistance. Except a few months, only keratinolytic microor-
ganisms can grow and degrade native keratin including some bacteria of the genera 
Bacillus, Vibrio, Serratia ([4], actinomycetes [5]). The genus Bacillus [6], representa-
tive geophilic dermatophytes are associated with the fungi known as Chrysosporia, 
name taken from the genus Chrysosporium [7]. The development of fungi is backed 
by a humus, neutral or a little alkaline pH reaction, fruitfulness in CaCO3 [8]. The 
Chrysosporim belongs to this group, specialized in the growth of keratin, e.g., feath-
ers, hairs [9]. Although it is considered safe in certain stages but can be converted 
into pathogenic form under certain conditions. Kushwaha [9] reported that genus 
Chrysosporium is effective in disorienting keratin; however, keratin degradation var-
ies in the species. Some microbes grow on keratinous materials including bacteria, 
biodegradation has been exhibited by Bacillus, particularly Bacillus licheniformis [10] 
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and Bacillus subtilis [11], and Chryseobacterium. Actinomycetes from Streptomyces 
genus produce keratinases [12, 13]. The most common keratinolytic fungi are 
Aspergillus, Penicillium [14], Fusarium [15].

2. Growth factors in keratinophilic fungi

To-Ka-Va hair baiting technique [16] was used in the experiments.  
Several workers projected that saprophytic phase of dermatophytic fungi in the 
soil are global [17, 18]. Dispersal of pathogenic fungi [17, 19–22] specifies soil 
turns as pool meant for primary contamination may be for some pathogenic fungi. 
Potentially it is pathogenic to wild animals and acts as the resource of secondary 
infection to man and pets [23–26]. Besides soil, birds’ nests and feathers [27–35], 
hairs [25, 36], water [37], plant debris [38], and dung [39] are the different ecologi-
cal places for growth of capable dermatophytic fungi.

Fungi produce enzymes potent of degrading keratinized forms known as kera-
tinophyles. Pathogenic strains find a suitable host in favorable environmental and 
physiological conditions and produce the symptoms known as “ringworm diseases” 
by growing on human dermis.

2.1 Climatic factors

2.1.1 Temperature

Keratinophilic fungi are mesophilic while a few have grown at 37°C such as  
C. tropicum, Chrysosporium keratinophilum, C. queenslandicum, etc. Nevertheless, 
geophilic dermatophytes grow best at 25–30°C. In 1970, Pugh and Evans mentioned 
span of 25–27°C in the keratinophilic fungi, which do not grow more than at 40°C.

The broadly recognized view about mesospheric in nature has been disquieted 
by the results of Battelli et al. [40], about the existence of Microsporuzri pypseiim, 
Trichophyton ajelloi, T. terrestre in alpine mountain. Pugh and Allsopp [41] stated a 
recurring existence of Chrysosporium pannorum and Mortierella spp. with excep-
tional incidence of Trichophyton terrestre and Chrysosporium sp. Some varieties are 
thermotolerant, and recently, it was shown that they can adapt to adverse tempera-
tures for survival [41].

2.1.2 Light

It was known that the UV light is fungicidal, which creates about a reserve of 
spore sprouting leading to a hypha. Excellence of illumination on spore germination 
has entirely been analyzed by Buchnicek [42].

First shown by Berde [43], the growth reticence of dermatophytes is via means 
of lamp. Fungicidal effect in Candida albicans differed with the strength of light 
sensitizer and light intensity as was observed by Dickey [44]. There is no effect on 
illumination of spore suspension of T. mentagrophytes without photosensitization 
[44]. The red or blue light when applied separately prevents the growth greater than 
visible light. The quantity of inhibitions by both color lights utilized individually is 
more than the reserve by their mixture.

2.1.3 Seasonal variations

Season is quite anticipated with respect to dermatophytic flora of the soil, which 
has climatic differences resulting in change of temperature. Keratinomyces ajelloi, 
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Trichophyton Terrestre, and Microsporum gypseum were found in soil samples during 
April and in August.

2.1.4 Soil pH

Effects of pH on microbial life are explored extensively. Bohme and Ziegler [45] 
observed about soil pH as verified by Pugh [32]. Ziegler [46] observed the degrada-
tion of keratin over a wide range. Findings uncovered the optimum pH for amylase 
7–2, alkyl phosphates 8–7, lipids 6–8, proteinase 5.4–6.9. Ectoenzymes are shown 
dormant at pH below 4.5, and the enzymatic catabolism of keratinophyles occurs at 
pH 6.9. Ziegler [46] further confirmed that the most luxuriant growth and highest 
frequency of keratinophilic fungi were seen in soils with pH 6.9.

2.1.5 Carbon

Decomposition of carbon can be done by keratinophilic fungi but there is not 
enough information regarding carbonate impacting the delivery in soils. Chmel et al.  
[47] described favored incidence of M. qypseum in carbonate field soil, an alliance 
of K. ajelloi with soils and a predilection of T. terrestre in alluvial soils. It was studied 
that a plenty of keratinophilic fungi in carbonate field and chernozemic soils have 
greater humus substance in comparison to gray podzolic soils. Keratinophyles can 
decompose extremely compound carbon complexes in many culture media, a simple 
carbon source can be used and not influence their qualitative spreading but the find-
ings on their quantitative dispersal may disclose fascinating truths.

2.1.6 Nitrogen

Keratinolytic fungi can decompose keratin, which is a rich source of nitrogen. 
Rate of keratinolysis has been reported by Ziegler [46] at pH 6–9 supporting the 
earlier finding.

Growth of Microsporum gypseum is fine revealed by the experiments utilizing 
optically dissimilar forms of cystine, quite large amounts in the scleroprotein [48]. 
Carbon and nitrogen application was perceived when surplus sulfur was secreted in 
the medium and became oxidized. Oxidation of sulfur in the extracellular medium 
makes use of L-cystine, which was showing a slow form. The way of consumption 
of L- and D-L-cystine was the same. The nitrogen-containing substances of keratin 
differ from one another and in opportunity would impact colonization of the last.

2.1.7 Sulfur

Kunert [49, 50] calculated that the inorganic and organic sulfur resources for 
the development of the fungus M. gypseum., sulfite, disulfide, peroxodisulfate 
dithionate, and sodium sulfate were the best hints of inorganic sulfur. Inorganic 
sources sulfide produced a primary inhibition of the fungal growth supportive to a 
previous report that mineral water comprising H2S is repressing for the growth of 
dermatophytes. Amino acids such as cystine, cysteine, glutathione, S-sulfocysteine, 
lanthioneine, taurine, and serine-sulfate are the leading organic sulfur sources of 
the fungus.

2.1.8 Moisture content

An enzymatic reaction takes place in aqueous solution in the cell cytoplasm and 
is vital to life. The systems of germination, growth, and reproduction are energetic 
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associated to the substrate moisture content. Pugh and Evans described a better 
percentage of spore growing in Arthroderma uncinatum and Ctenomyces serratus at 
90–100% RH. It was also stated that an plenty of keratinophyles in birds’ nest with 
moisture usually showed a greater occurrence of keratinophilic fungi in bird nests 
with 15–20% water content [51].

2.1.9 Humus

High humus content in soils invites M. gypseum and T. terrestre in soils as revealed 
by Chmel et al. [47]. Whereas distribution of K. ajelloi and C. keratinophilum is 
regardless of soil humus. Soils made up of fragmented lava with little organic 
matter in the Galapagos Islands revealed by Ajello and Padhye [52] reported the 
occurrence of A. quadrifidum, C. indicum, C. keratinophilum, C. tropicum, and 
Ctenomyces serratus. A higher number of keratinophilic fungi were described in soils 
with exceptional humus value. In all levels of soil profile extreme in the region with 
high humus content, there exist M. gypseum and T. georgii, while T. oanbreuseqhemii 
and its flawless state A. gertleri were primarily found in soils with low humus value.

2.1.10 Fatty acids and oils

In 1899, Clarke antifungal estates of fatty acids were known to scientific world. 
The anti-dermatophytic properties were discussed by Rigler and Greathouse in 
1940, which was later validated by Das and Banerjee [53].

Hajini et al. [54] studied unsaturated fatty acids, hair oils, and various natural 
fatty acids for their anti-dermatophytic properties. Reticence of growth of  
T. rubrum and associated dermatophytes was at 0.1% strength of mustard oil, oleic, 
linoleic. Linolenic, and aracliidionic acids while coconut oil, castor oil, till oil, 
Bryl cream, vaseline hair tonic, palmitic acid, and stearic acid did not prevent the 
growth even at 10% strength.

2.1.11 Salts

In coastal soils, various keratinophilic fungi can survive. A. curreii occur although 
the rate of availability of keratin must be small. Varieties of hares, rabbits, and birds 
exhibited A. curreyi and C tenomices serratus. Padhye et al. [55] isolated Clirysosporium 
tropicum and Microsporum gypseum from long immersed marine soils in Bombay.  
C. indicum and Cteiiomyces sermons and inaccessible to somewhat irregularly. The fungi 
remain to be revealed, for no such fungi have been found from coastal Mediterranean 
soils, which have salinity. A repressive sodium chloride impact on the growth has 
been stated of dermatophytes. Growth was reserved by NaCl in Microsporum, 
Epidermophyton, Trichophyton, etc.

2.2 Biotic factors

Biotic component influences the occurrence of keratinophilic fungi as the main 
causal factor in spread and persistence of ringworm diseases produced by dermato-
phytes up to a great extent. Biotic component influences the occurrence of fungi in 
birds and animals.

2.2.1 Birds

Pugh [56] displayed the existence of keratinophilic fungi on the experimental 
birds although validated them on birds in Australia. An association exists in the 
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keratinophilic fungi and birds of correct order, e.g., A. curreyi and Turdus [31]; 
C. serratus and representatives of Galliforme, particularly partridges and chick-
ens. Regularly conveyed from most of the bird forms [56], in Chrysosporium spp. 
Commonly found species are C. k eratinophilum, Keratinomyces ajelloi, and T. ter-
reste. There was significant habitation for the cleistrocarpic stage of C. serraius.

2.2.2 Animals

The role of wild animals as carrier of these diseases has been documented earlier 
in literature.

Occurrence of Tinea capitis was in newborns who obtained disease from stray 
kittens. Incidence of scalp abrasions in an 8-year-old boy and a 3-year-old Yorkshire 
was seen as well as subsequent isolation of Microctenopoma nanum from soil. Soil 
acts as a group for dermatophytes [57].

3. Fungal growth on feathers

Keratin makes feather obstinate to common proteases such as trypsin, pepsin, 
papain, slowing its degradation process. Each bird has up to 125 gm of feather and 
approx. 400 million chickens processed universally the daily accumulation of which 
reaches 5 million tons [58, 59]. According to Lin et al. [60], the waste disposal is 
a global issue foremost to pollution of both air and water resources. Keratinase-
treated feather is considered as a viable source of dietary protein in food and 
feed, as it has high nutritive value. Keratinases are potential market as proteases. 
Microorganisms are described to produce keratinase as Doratomyces microspo-
rus, Alternaria radicina, Trichurus spiralis, Aspergillus sp., Rhizomucor sp., Absidia sp, 
etc., and actinomycetes as Streptomycespactum, S. alvs, Streptomyces thermoviolaceus, 
Streptomyces fradiae, Thermoactinomyces candidus etc.), and as bacterial species 
(Fervidobacterium islandicum, Pseudomonas aeruginosa, Microbacterium sp., and 
Bacillus including Bacilluslicheni formis and B. pumilus) [61]. Feather is insoluble 
fibrous protein and highly resistant [62] to enzymatic digestion [63]. Though, fungi 
often colonize on various keratinous substrates, degrade them and enhance the 
minerals in soil [64].

Hydrolytic enzymes are synthesized by filamentous fungi. Various species are 
used to produce industrially important enzymes as distinct proteases, carbohy-
drates, and lipases. It is the key enzymes in fungal incursion of skin found in derma-
tophytes as Trichophyton [65]. Candida also contributes to skin infections. Enzymes 
are found in Streptomyces [66] and Bacillus spp. [60]. Novel and Nickerson [67] 
examined bacteria, actinomycetes, and fungi for keratinolytic activity and found 
Streptomyces as most active in the decomposition of sheep wool. Keratin hydrolysis 
was the most active in Verticillium tenuipes, Trichophyton equinum, and T. mentagro-
phytes in peacock feathers. T. mentagrophytes, T. verrucosum, and Keratinomyces ajelloi 
degraded hair, whereas only T. gallinae degraded chicken feathers.

4. Fungal growth on hair

Keratin, the fibrous protein, is a codified part of hair, wool, and related struc-
tures, which differ from other proteins in their high cystine content.

Five keratinophilic fungi, i.e., Chrysosporium indicum, Geotrichum candi-
dum, Gymnoascoideus petalosporus, Scopulariopsis brevicaulis, and Talaromyces 
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trachyspermus, which grow on human hair in stationary culture, have been exam-
ined. Hair was studied on criteria of cysteine, cystine, inorganic sulfate, thiosulfate, 
total protein, keratinase, and change in alkalinity. Gymnoascoideus petalosporus 
showed degradation to remaining isolates when grown on human scalp hair as the 
sole resource of nutrients in vitro.

Kunert [68, 69] described a release of cystine, cysteine, and sulfate in the culture 
filtrate of Microsporum gypseum growing on hair. Ruffin et al. [70] discovered 
the S-sulfo cysteine in culture fluid and established the role of sulfitolysis during 
keratin degradation by Keratinomyces ajelloi. Stahl et al. [71], Chesters and Mathison 
[72], and Ziegler & Bohme [73] could not detect cysteine in filtrates of the derma-
tophytes studied. Weary et al. [63] recorded the production of 21 pg./ml and 38 pg./
ml of cysteine by two strains of Trichophyton rubrum.

5. Fungal growth on leather

Samples collected from different museums of feather and leather objects 
and deposited dusts were studied for the isolation of keratinopliilic and non-
keratinophilic fungi. Throughout the study, five species of Chrysosporium, four of 
Aspergillus, one of Penicillium, and two each of Acremonium and Fusarium were 
isolated.

Deterioration of objects of cultural value, in the conservation of cultural 
heritage, is a real problem. Microbial activity on museum objects, especially skin 
or leather, starts with a surface infection that eventually invades the full thick-
ness of the skin. The most common molds belonging to the genera Aspergillus and 
Penicillium emerge as black and green surface discoloration. There are, however, 
other molds, although of rare incident compared with the above, causes degradation 
of skin objects [74–76].

From different museums of Northern India, 24 keratinophilic and non-
keratinophilic fungi represented by five genera and 15 species were isolated. 
Strains of C. keraiinophilum, three of C. tropicum, two each of C. evolceanui and 
C. indicum, and one Chrysosporium sp. were found in museums. Some non-
keratinophilic fungi, i.e., three isolates of Aspergillus flavus, three of A. niger, 
one each of A. sulphureus and A. luchuensis, two species of Penicillium, i.e., P. 
ciirinum, P. chrysogenum, and two species of both of Fusarium and Acremonium 
were found and called as non-keratinophilic [77]. These were involved in the 
degradation of feather and leather objects.

Keratinophilic and non-keratinophilic fungi arise in regions where they can find 
dissimilar types of keratinaceous substrates. The existence of the fungi was con-
nected with numbers of people inhabiting [47]. English [78] found 31 saprophytic 
fungi capable of inhabiting keratin along with non-keratinophilic fungi on keratinic 
substrate witnessed by Nigam and Kushwaha [77]. Aspergillus and Penicillium colo-
nized keratinous substrates, and pathogenic behavior was revealed by Kishimoto 
and Baker [79]. The capacity of these fungi to colonize keratinous substrates was 
confirmed by Carmichael [80]. Some saprophytes are involved in microbial deterio-
ration of leather [81, 82].

Keratinophilic fungi were commonly found on birds and animals and also 
isolated in the Antarctic [74]. Isolation of Chrysosporium spp. is supported by other 
work, and it was frequently isolated [55, 83–88]. The presence of Chrysosporium and 
related keratinophilic fungi was reported from museum objects, their surround-
ings, or their deposited dusts.

In 2006, several valued leather objects were found during archeological 
excavation of Ghalee-Kooh-i Ghaen (historic stronghold from the Seljuk 
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period, 11th–13th centuries) in the South Khorasan province of Iran. When 
examined after 5 years, there were red stains on the fragments of a shoe with 
poor strength and powdery surface like red rot decay. Since red rot is more 
common in manmade leathers from the mid-nineteenth century as clarified by 
the structural features and degradation factors responsible for red stains on 
the shoe.

As leather production is an ancient industrial activity [89], historical and 
archeological leathers represent an important part of any society’s cultural materi-
als. Ghalee-Kooh-i Ghaen is a fortified castle from the Seljuk period (11th–13th 
centuries) located 3.4 km from Ghaen city in the South Khora-san province of Iran 
[90]. It was destroyed in 1066 A.D. by an intensive earthquake in the Ghaen area 
[91]. Later, Hossein Ghaeni rebuilt the castle in the late eleventh century to use 
as headquarters in the southern part of Khorasan known as Ghohestan [92]. The 
castle was registered as no. 4803 in the list of Iranian national monuments due to its 
historical and archeological value in 2002.

Several leather bottles, shoes, a fur, and some pieces of leather were found in the 
archeological investigation. Studies of the leather bottles indicated goat skin treated 
with lime depilation, vegetable tanning, and animal fats as lubricant for leather 
making. After excavation, the leathers were stored in inappropriate conditions at 
the base of the cultural heritage organization of South Khorasan province without 
any preventive measures. During the time of storage, there was no information 
about the environmental condition of the leathers within their archeological 
context in 2011 one of the excavated shoes was examined. Red rot is more common 
in manufactured leathers from the mid-nineteenth century, but the decomposition 
pattern may be found in more ancient leathers as well [93]. Therefore, this leather 
shoe was studied to better understand the deterioration mechanism prior to any 
interceptive activities.

Previous investigations on the structural features and degradation of leather 
and parchment artifacts have revealed important information, which is of value 
to our study [94, 95]. Sulfuric acid is regarded as main deterioration factor of 
red rot [96], possibly originating from environmental pollution or the materi-
als used in the leather-making process [97]. Additionally, the production of 
acid from vegetable tannins, especially condensed and disintegration of the 
collagen-tannin complex, may result in red rot [96]. Many methods are avail-
able for identifying the decay, such as assessment of esthetic properties, pH and 
evaluation of the physical and mechanical characteristics of the object [96–98]. 
Red rot probably occurs in leathers with pH under 2.8. However, the degree of 
degradation cannot be determined just by pH measurement [98]. Moreover, 
biodeterioration is another important factor altering the artistic and useful 
properties of leather [99]. Fungi species attach to materials such as paper, textile, 
wood, paints, leather, etc., and produce characteristic signs that can be used for 
identification [100]. Leather composed of collagen, i.e., fibrous protein, provides 
a source for the evolution of proteolytic fungi. Some species of Aspergillus and 
Penicillium have been identified as the most common species related to leather 
and parchment molds [101]. There are also other rare molds responsible for 
biodeterioration of proteinous materials. Ebrahimi et al. [100] observed the 
activity of Aspergillus spp., Penicillium spp., Chrysosporium spp., Madurella 
spp., Trichophyton spp., and Zygomycota on the leather artifacts in Shahrekord 
Museum, Iran. Abdel-Maksoud [102] identified Penicillium spp., Aspergillus spp., 
and Fusarium sp. as the most profuse fungi found on a leather book binding of a 
Quranic manuscript from the nineteenth century. Nigam et al. [103] attributed 
degradation of leather and feather objects in Indian museums to keratinophilic 
and non-keratinophilic fungi.



Fungal Reproduction and Growth

10

6. Fungal growth on wool

Common method of isolating dermatophytes of so-called “keratinophilic” fungi 
is by baiting with hair [104, 105]. Little is known of the relationship of these non-
dermatophytic fungi to the decomposition and utilization of keratinous substrates, 
although previous studies [78] have indicated that role in the breakdown of kerati-
nous tissue may be significant.

Fungal succession on woolen baits was studied and was found that the initial 
colonizers on woolen baits are non-keratinophilic fungi, while the late colonizers 
are keratinophilic fungi comprising six phases during fungal succession. The  
successional tendencies obtained during degradation of wool in samples collected 
from plain and hilly areas, apart from for the prevailing colonization in the last 
phase, composed of chrysosporium tropicum for the plain, but Miorosporum gypseum 
and M. fulvum for the hilly area.

Various workers [68, 69, 75, 76, 106–109] studied degradation of keratinous 
material, but none of them reported the involvement of other soil microbes in the 
decomposition of keratin. On succession of fungi on keratinous material [104], 
little but adequate information on fungal succession on woolen baits is still lacking.

The archeological textiles have a unique position in archaeology, textiles prob-
ably contain much archeological information, even more than ceramics. During the 
Bronze Age (1700–500 BCE), the trade of wool textiles was complex, widespread, 
significant, and possibly important as the metals [110]. Foundation of economic 
and political development in the late Middle Ages (c. CE 1100–1500) [111] was 
Trans-European trade of these materials.

7. Conclusions

The keratinophilic fungi can cause superficial mycosis both in humans and ani-
mals. They include a variety of taxonomic groups of filamentous fungi, one of them 
being the dermatophytes fungi. The keratinophilic fungi can produce a specific 
enzyme named keratinase that is responsible for keratin degradation. Keratinases 
can be serine proteases or metalloproteases [86]. The keratinophilic fungi could 
use keratin from keratinized materials (superficial layers of the skin, hair shaft 
and nails in humans and claws, horns, wool in animals) as the unique source of 
carbon and nitrogen. Keratin is found predominantly in feathers, hair, nails, horns, 
hooves, furs, claws, bird beaks, skin and consists of two types of keratin: α (alpha) 
and β (beta)-keratin; α keratin (soft) is usually found in hair, wool, horns, nails, 
claws, and hooves, whereas β keratin (harder) is found in bird feathers, beaks, and 
claws. Understanding of abiotic and biotic factors and role of different substrates 
for the growth of these fungi can help researchers to study their growth pattern and 
conduct their studies for better management of these fungi.
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Abstract

Fungal growth and the production of mycotoxins are influenced by several 
factors. Environmental conditions such as temperature, water activity, and humidity 
affect mycotoxin production and fungal growth. Other factors such as pH, fungal 
strain, and substrate also play roles. Common mycotoxins include aflatoxins, fumoni-
sins, trichothecenes, sterigmatocystin (STC), citrinin, ergot alkaloids, ochratoxins, 
zearalenones (ZEAs), patulin, deoxynivalenol (DON), Alternaria toxins, tremor-
genic mycotoxins, fusarins, cyclochlorotine, sporidesmin, 3-nitropropionic acid, 
etc. These toxins cause many health conditions in animals and humans, including 
death. A comprehensive approach starting from the field before planting, continuing 
throughout the entire food chain is required to control mycotoxin contamination. 
Good practices, such as proper field practices before and after planting, good harvest 
practices and postharvest handling, and proper drying and storage measures, help 
reduce mycotoxin contamination. Several physical, biological, and chemical tech-
niques have been applied to help reduce/eliminate mycotoxin contamination. Food 
processing also play slight role in mycotoxins removal.

Keywords: Fungal growth, Mycotoxin production, Mycotoxin toxicities, Mycotoxin 
control and detoxification measures, Factors affecting mycotoxins production

1. Introduction

Fungi are members of the group of eukaryotic organisms that mainly include 
molds and yeasts. Where conditions are favorable, fungi produce mycotoxins, 
which are naturally occurring toxic secondary metabolites produced by some 
fungi, mostly molds, which grow on several crops and foods such as nuts, apples, 
grains, coffee, fruits, spices, etc., before and after harvest. These filamentous fungi 
are among the microorganisms that metabolize many organic substances such as 
sugars, lipids, proteins, etc. Fungi are naturally abundant and ubiquitous and have 
the capability to attack crops in field, after harvest, and during storage, and can 
survive under several environmental conditions including humidity, temperature, 
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pH, water activity (aw), etc. [1, 2]. Fungi commonly invade the commodities 
consumed by animals and humans, and due to their growth on the commodities, 
they produce low molecular weight secondary metabolites called mycotoxins [3]. 
Mycotoxins have been recognized as emerging toxins of concern worldwide [4]. 
Although more than 100,000 fungal species are known, only few, such as species of 
Aspergillus, Fusarium, Penicillium, etc., are known to produce most of the mycotox-
ins that significantly affect agriculture, humans, and animals [5].

At present, at least 300 mycotoxins are known, with the widely varied fungal 
origin, function, structure, toxic potency, and biological effects, although only a 
few have established significant effects on agriculture, animals, and humans [6, 7]. 
Many of them have not been sufficiently studied. All mycotoxins identified have 
between four carbon and complex carbons, which is mainly a result of the different 
biosynthetic pathways involved in their production [3]. As the production of myco-
toxin has not been reported to have any significant biological effect on the growth 
of fungi, they might play a role in defense mechanisms against several intruders 
such as insects, animals, nematodes, microorganisms, and even humans [8, 9]. 
Production of mycotoxins may play role in the maintenance of cell oxidative status 
at a level essential for the safety of fungi [10]. Several mycotoxins have numerous 
toxic effects on animals and humans; they pose a real health concern to the public, 
as they are widely spread in foods worldwide [11].

Mycotoxigenic and pathogenic fungi are common in almost all regions world-
wide. They invade, colonize, and grow on many crops, producing mycotoxins 
under various conditions such as environmental conditions [1]. Several factors 
have effects on the growth of fungi and production of mycotoxin, and in general, 
contamination with mycotoxins occurs at various points in the food chain [1]. 
Fungi presence, however, does not automatically signifies subsequent mycotoxin 
production, as the conditions required for mycotoxins production are definitive and 
independent from the conditions that promote the growth of fungi [12, 13]. This 
chapter throws insight into fungal growth and consequent production of myco-
toxins, including their types and toxicities. The chapter also provides methods and 
strategies for mycotoxins control and detoxification.

2. Fungal growth conditions and mycotoxin formation

Several factors influence fungal invasion, colonization, growth, and consequent 
production of mycotoxins [14]. The most significant conditions favorable for growth 
of fungi and production of mycotoxin include temperature and aw. The optimum 
temperature for production of mycotoxin by several molds range from 20 to 30°C. 
Generally, in the tropics and subtropics which are characterized by warm climate, 
aflatoxins B1, B2, G1, G2, M1, and M2 (AFB1, AFB2, AFG1, AFG2, AFM1, and 
AFM2 respectively) are of main concern, whereas fusariotoxins, e.g. trichothecenes 
occur mostly in regions with moderate climate [15, 16]. Additionally, stress factors, 
including mechanical damage, insect ingression, weed competition, high crop den-
sities, poor fertilization, and drought, can weaken the natural defense mechanism 
of plants and, as a result, promote fungal colonization, mycotoxin production, and 
formation of toxins. The optimum conditions for production vary along with tem-
perature, substrate, humidity, and type of mycotoxin [17–19]. Interactions between 
temperatures and aw with respect to F. Verticillioides growth and mycotoxins produc-
tion have been studied [17]. The study reported that at 0.995 aw, the optimal F. verti-
cillioides growth rate ranged from 20 to 25°C, however, when the aw reduced to 0.98, 
the optimal temperature for growth shifted to 30–35°C. The conclusion was opposite 
for the production of mycotoxins. For example, the optimum aw and temperature for 
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the production of fumonisin B1 (FB1) were 0.98–0.995 and 20°C respectively [17]. 
This shows that the optimum conditions required for mycotoxins production differ 
from those required for their growth. Figure 1 shows the minimum, optimum, and 
maximum required by some fungi for the production of mycotoxins.

The growth of Fungi is categorized into primary and secondary growths. In 
primary growth, organic compounds are required for the biomass synthesis and 
production of energy needed to drive chemical reactions to produce the primary 
metabolites that are essential for growth; secondary growth takes place after 
the phase of maintained growth and may, sometimes, lead to sporulation and 
secondary metabolites production [1]. The secondary metabolites, including 
mycotoxins, have no significant impacts on the fungal growth, but appear to 
be produced as a result of the excess accumulation of the precursors of primary 
metabolites, as a means to reduce their concentrations in the fungi [12]. As the 
fungi that produce mycotoxin and their targeted hosts are diverse in nature, it is 
difficult to define a single set of conditions which ultimately leads to mycotoxin 
production. However, in general, the main factors which affect the production 
of mycotoxins, include temperature, relative humidity, aw, substrate, fungal 
strain, and pH.

2.1 Temperature, relative humidity, and water activity

Environmental factors play significant roles in determining the occurrence of 
fungi; the fungal activities and colonization are predominantly determined by 
conditions such as temperature and humidity [21]. These factors influence the 
mycotoxigenic fungal prevalence, development, frequency, distribution, and 
survival, and their subsequent accumulation of toxin. Also, humidity and tempera-
ture affect plant growth, health, strength, and influence the mycotoxigenic fungal 
competitiveness. Due to differences in growth requirements and the environmental 
factors, fungal development and production of mycotoxin differ from one geo-
graphical region to another [22–24]. Before harvest, on the field, fungi Fusarium 
species mostly dominate since they are hygrophilic and require at least 90% relative 

Figure 1. 
Minimum, optimum, and maximum range of temperatures (°C) for the production of mycotoxins (adapted 
from [20]).
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humidity (RH) to germinate/grow. Whereas after harvest, the hygrophilic fungi are 
not seen, as xerophylic and mesophilic fungi, such as Penicillium spp. and Aspergillus 
spp., germinate and grow, leading to mycotoxins production at 80% or less RH and 
80 to 90% RH, respectively [23]. In storage, if the surrounding environment’s RH 
is more than the food’s equilibrium RH, the food gains moisture and its aw increases 
[25]. Increased aw during storage increases the food vulnerability to fungal invasion, 
germination, growth, and production of mycotoxin. The major optimal factors for 
fungal growth and mycotoxin production are shown in Table 1.

For temperature requirement, most fungi are mesophilic and grow in range of 
temperature between 5 and 35°C, with optimal growth occurring around 25–30°C 
[1]. In addition, there are species of fungi called psychrophiles (tolerant to low 
temperatures) and thermophiles (can bare high temperatures). When there is shift 
in optimal temperature range (see Table 1), it may lead to a halt in growth [28]. 
The conditions that encourage the growth of fungi may not necessarily result in the 
production of mycotoxins. However, temperatures of 25–30°C, aw above 0.78, and 
RH of 88–95% favor fungal growth and production of mycotoxin [23, 25]. The most 
common mycotoxins, their toxicities, and fungi that produce them are shown in 
Table 2. Most of these mycotoxins are carcinogenic, genotoxic, mutagenic, immu-
notoxic, teratogenic, etc.

2.2 Fungal strains

There is variation in the toxicity of Fungal species and their mycotoxins produc-
tion may usually depends on species, strains, and/or genera. The production of 
mycotoxin is influenced by strain stability, variation, and specificity [29]. Strains 
of the same species can have different optimum conditions required for growth and 
production of mycotoxins; also, strains of the same species can produce one or more 
different mycotoxins. For instance, while Aspergillus flavus can thrive within 15 to 
44°C and produce aflatoxin B1 (AFB1), Aspergillus carbonarius thrives at 8 to 40°C 
and produce ochratoxin A (OTA) [23].

2.3 pH

The surrounding medium and its pH influence the development of fungi and 
production of mycotoxins. pH of the surrounding medium affects fungal growth 
either by direct or indirect actions on cell surfaces or on nutrient availability 

Fungi Water 
activity

Temperature 
for growth

Optimal 
water 

activity

Optimal 
temperature

Optimal 
water 

activity for 
mycotoxin 
production

Optimal 
temperature 

for mycotoxin 
production

Aspergillus 
carbonarius

0.90–0.93 8–40°C 0.94–0.99 32–35°C 0.98 30–35°C

Aspergillus 
flavus,

0.91–0.99 15–44°C 0.95 35°C 0.99 33°C

Aspergillus 
ochraceous

0.80–0.98 10–40°C 0.96–0.98 24–31°C 0.98 25–30°C

Aspergillus 
parasiticus

0.91–0.99 15–44°C 0.95 35°C 0.99 33°C

Table 1. 
Optimal conditions for fungal growth and mycotoxin production [26, 27].
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respectively. Fungi can modulate the pH of the surrounding medium through 
secreting alkali or acids; species of Aspergillus and Penicillium can acidify the sur-
rounding through citric and gluconic acids secretion [30]. The ability to control the 
pH provides fungi a better possibility of surviving in their host. In addition, the pH 
can have influence on the interactions of temperature and aw, as it affects metabolic 
processes, including morphogenesis and sporulation [31].

The pH can also affect the gene expression for biosynthesis, e.g. at pH 8, the 
genes responsible for production of ochratoxin A by Penicillium verrucosum are 
expressed [32]. Although the pH effect on the production of some mycotoxins has 
not been fully established for every type of mycotoxins, however acidic conditions 
are known to promote germination and production of mycotoxin. Production 
of aflatoxins requires pH 4.0 and the pH has inverse relationship with the level 
of synthesis [12]. In the same way, OTA levels are higher when Aspergillus ochra-
ceus are at low pH [32]. Fumonisin B1 (FB1) is unstable in alkaline medium and 
requires pH 4.0–5.0 for synthesis; production of trichothecenes is initiated in 
acidic conditions [12].

2.4 Substrate

Mycotoxigenic fungi grow on several substrates, however, the major reason 
for their predominate on some foods has not been sufficiently established. The 
nutrients needed for the fungal growth, mostly nitrogen and carbon, are commonly 
found in foods, especially those rich in carbohydrates, molds are found in many 
foods [33]. Substrates that encourage the growth of fungi may not necessarily be 
support mycotoxin production, as conditions that promote the production of myco-
toxins are usually different from those needed for fungal growth (see Table 1 and 
Figure 1). Generally, mycotoxins production is greatly influenced by the interac-
tions between many factors in substrate, such as temperature, aw, pH, and composi-
tion (e.g. simple sugars). The substrate’s osmotic pressure affects the growth of 
fungi and the production of mycotoxin, and several studies reported that it can aid 
in evaluating fungal physiological responses, as well as can affect the secondary 
metabolites biosynthesis such as mycotoxins biosynthesis [34]. On the other hand, 
upon osmotic stress fungal species adjust their physiological responses to enhance 
their survival and adaptation [34].

Sugars have carbon and filamentous fungi have the natural ability to hydro-
lyse several sources of carbon to support growth and produce energy [35]. 
Consequently, in sugars presence, such as the presence of simple sugars, which 
readily breakdown, there is higher frequency of fungal growth. When complex 
sugars dominate, fungal growth is slower as the complex sugars need further 
digestion to yield simpler units of carbon that are readily absorbable. Simple sugars 
may contribute to the mycotoxins production. [36] reported that increase in the 
concentration of soluble sugars to 3 and 6 percent, especially maltose, glucose, and 
sucrose, promoted production of AFB1 in cell cultures. [37] also reported that more 
production of AFB1 by Aspergillus flavus resulted from an increase in the medium 
sugar levels.

2.5 Effects of climate change on mycotoxins production

Climate change has resulted in changes in most environmental conditions, 
including rise in global temperature which is expected to increase by 1.5–4.5°C by 
2100 [38]. A rise in droughts, precipitation, flooding, and extreme weather condi-
tions are expected [39]. Climate change and global warming affect food security 
greatly, including reduction in crop quality, reduction in yields, and increased food 
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safety challenges making some crops unsafe for human and animal consumption. 
Global change affects mycotoxin production, mainly by affecting the environmen-
tal conditions that influence their production [40].

Climate change affects different regions in various ways, with some regions 
having advantage whereas the opposite is the case for other regions [41]. The 
Mediterranean basin and Southern Europe most likely experience significant 
changes resulting in increase in mycotoxin prevalence, while the effects of climate 
change are anticipated to be positive in northern Europe [42]. As fungal growth, 
their germination, and production of mycotoxins are largely influenced by envi-
ronmental conditions, especially the optimal conditions, temperature changes and 
change in humidity induced by climate change may several effects on production 
of mycotoxins. The mycotoxins usually produced at low temperature may not be 
produced at higher levels, whereas others predominant in tropical and sub-tropical 
regions, including aflatoxins, may be produced in temperate regions as a result of 
the expected rise in temperatures in these regions; for example, in Italy, in 2003 
and 2004, hot and dry conditions resulted in the Aspergillus flavus colonization and 
aflatoxins production [43]. Different mycotoxins can be affected differently, usually 
based on the optimum conditions required for their production. Climate change 
also affects mycotoxins production indirectly via the increase of pest and insect 
populations, global spread, and attacks, early maturing and ripening of crops, 
decreased plant resilience, and change in host pathology upon the presence of CO2 
in the atmosphere [42, 44].

3. Mycotoxins prevention and control

The production of mycotoxins has shown unavoidability and, as a result, many 
foods are being contaminated regularly. Mycotoxins greatly and widely vary and 
are produced by many fungi at various stages, on many crops, and consequently, a 
specific strategy for controlling all the mycotoxins has proven difficult with little 
or no success in decontaminating the affected foods or reducing all the mycotoxins 
to safe levels; most specific control strategies may only be effective in reducing the 
levels of specific types of mycotoxins. However, certain control measures can be 
employed to prevent or minimize their entrance, production, and occurrence in 
foods. Currently, no method has proven sufficient to totally control all mycotoxins. 
A successful strategy may adopt a combination of food safety system involving 
suitable quality measures at every production stage to reduce the frequency of 
mycotoxins occurrence in the final food products, which would include taking 
appropriate measures before, during, and after harvest. Table 3 shows the overview 
of the action mechanisms of mycotoxins.

3.1 Mycotoxins control using appropriate field practices

Most fungi are phytopathogens that infect the crops in field, and their pre-
harvest management is very important. In general, fungi that mostly predominate 
in field include Alternaria spp., Cladosporium spp., and Fusarium spp. However, 
Penicillium spp. and Aspergillus spp. also occur in field at low levels and the contami-
nation levels in general are usually higher anywhere climate conditions are favorable 
to the production of mycotoxin [45]. Whereas it is unlikely to totally prevent the 
production of mycotoxins in the field before harvest, it is of extreme importance 
to adhere to strategies which aim to reduce contamination to the barest possible 
minimum in preharvest. To choose and implement suitable strategies, a sufficient 
knowledge about the mycotoxigenic fungi, crops mostly affected, harvesting 
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practices, and proper field management play important role [46]. Many factors 
such as delayed harvesting, poor soil fertility, heat, insect infestation, and drought 
contribute to the production of mycotoxins in the field [46, 47]. Appropriate prac-
tices in the field include the management and preparation of field before planting, 
and proper management of crop and field after planting.

Action Mechanism

DNA effects There are two major types of interactions between nucleic acids and mycotoxins; 
reversible and noncovalent or irreversible and covalent. The covalent and irreversible 
interaction between DNA and AFB1 results in the formation of N7-guanine adduct.

Effects on 
hormones

ZEA has structural similarity to 17β-estradiol; the effects of ZEA on receptors of 
estrogen explain its fertility problems on humans and animals. Ergovaline, an ergot 
alkaloid, reduces levels of prolactin in animals by acting as an agonist of dopamine.

Epigenetic 
properties

Few mycotoxins change the levels of DNA methylation

Important 
metabolic 
enzymes 
inhibition

OTA, citroviridin, and AFB1 affect the metabolism of carbohydrates, while rubratoxin 
B and trichothecenes interfere with metabolism of lipid. Fumonisin B1 inhibits 
argininosuccinate synthetase. Fumonisins chemical structure has high similarity to 
those of sphinganine and sphingosine, the sphingolipids backbones. Consequently, 
fumonisins inhibit ceramide synthase competitively.

Ionophore Beauvericin and enniatins that are produced by the species of Fusarium have 
ionophoric activities specific to potassium and cause influx of potassium into the 
matrix of mitochondria, followed by swelling of the mitochondria.

Mitochondrial 
interactions

By binding covalently to the enzyme active site, 33-NPA permanently inactivates 
succinate dehydrogenase. Acrebol, from Acremonium exuviarum, inhibits 
mitochondrial complex III, consequently causing ATP depletion by inhibiting the 
chain of respiration. Fumonisin B1 was found to obstruct the mitochondrial complex I 
in human neuroblastoma cells and rat primary astrocytes, resulting in reduced cellular 
and mitochondrial respiration and an increase in reactive oxygen species (ROS) 
generation, with calcium signaling deregulation.

Necrosis and 
apoptosis

AFB1 cytotoxic effects in lymphocytes of humans involve necrosis, caspase activation, 
and apoptosis.

Protein 
interaction

The plasma albumin binds to aflatoxins. After oxidation of AFB1 by cytochrome 
P450s, two epoxides are formed and they react with the lysine ε-amino group, forming 
AFB1–albumin adducts. Aflatoxins are immunosuppressive, and in several studies, 
they suppress immune response mediated by the cell and impairs phagocytosis and 
chemotaxis. Most immunotoxic properties of fumonisin B1 may be as a result of its 
capability of altering the levels of mRNA and/or expression of IL-1β, IFN-γ, and 
TNF-α in several scientific experiments. Penitrem obstructs uptake of glutamate 
and GABA (γ-aminobutyric acid) into cerebellar synaptosomes, modulating the 
function of GABA receptor. One of the ways patulin exerts its toxicities is by causing 
a dose- and time-dependent phosphorylation increase of c-Jun N-terminal kinase, 
protein kinases 1 and 2 regulated by extracellular signal, and p38 kinase, contributing 
to downstream effects including cell death and DNA damage. A mycotoxin known as 
Secalonic acid D, which causes “cleft palate”, phosphorylates the binding protein of 
cAMP response element.

Ribosomal 
binding

Ochratoxin A competes with phenylalanine-tRNA ligase and inhibits synthesis of 
protein; both aspartame and phenylalanine reduce toxicity of OTA by competing 
with it. Trichothecenes toxicities are due to their capability to bind the eukaryotic 
ribosomes’ 60S subunit and inhibit the reaction of peptidyl transferase.

RNA polymerase 
effects

AFB1 has inhibitory effects on chromatin-bound RNA polymerase which is DNA-
dependent and, consequently interferes with synthesis of RNA. Luteoskyrin and 
patulin also inhibit RNA polymerase.

Table 3. 
Mycotoxins action mechanisms [2].
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3.1.1 Preparation and management of the field before planting

Preparation of the field prior to planting is critical in controlling fungal invasion 
and the consequent production of mycotoxins. Deep plowing, tilling, production 
cycle, use of disease-resistant cultivars, crop rotation, use of high-quality seeds, 
etc. play important role. Deep plowing and tilling can be essentially used for the 
removal of remaining plant materials. Previous residues of crops which persist on 
the soil end up deteriorating and harboring soil-borne fungi, which increase their 
possibility of invading new crops. Plowing puts debris under the ground, making 
them not accessible to inhabitation by fungi. Tilling may also increase water avail-
ability to crops by minimizing the compressed layers of soil [48]. Additionally, 
rotation of crops prevents the build-up of fungi; it was reported that the production 
of mycotoxins is higher in lands where same crops are consecutively grown for 
years, as molds that may colonize a plant can occur from year to year if same crop 
was continuously planted [46–48]. Seeds for planting are also very important. Seeds 
with good quality contribute to the health of plants’ growth to withstand fungal 
invasion.

3.1.2 Management of crop and field after planting

Facilitating the healthy plants growth after planting through implementing 
proper practices in the field and decreasing the stress on crops reduces fungal 
growth and production of mycotoxins [47, 49]. Fertilizers application improves the 
health of plants and maintains their disease and fungal resistance. Availability of 
nutrients is important for plant life and lack of proper nutrition of plant results in 
a break in the plant stem, exposing it to more invasion by fungi and other micro-
organisms [50]. Proper irrigation also has the capacity to prevent accumulation of 
mycotoxins via method and timing of irrigation. Proper timing can prevent drought 
stress, while the method of irrigation that control splashing can help prevent the 
spreading of fungi. The control of insect and weed is also important in preventing 
crop diseases and invasion by fungi [2, 51]. Fungicide application at proper doses 
can also help in controlling the fungal invasion and consequent production of 
mycotoxins.

3.1.2.1 Early fungal detection as a control means

Fungi presence does not necessarily indicate mycotoxin production; however, 
their presence implies an increased mycotoxin production risk if the conditions are 
suitable for the production of mycotoxin. Consequently, early detection of fungi 
which allows corrective measures can be very critical in controlling mycotoxin 
production [52]. When fungi are detected at early stages, the methods of decontam-
ination (see [2]) in the field can be used to prevent fungal germination and growth, 
which in turn prevent subsequent production of mycotoxins.

3.1.2.2 Biological control after planting

After planting of crops, biological control measure largely includes the applying 
harmless species of fungi that compete with mycotoxigenic fungi, inhibiting their 
pathogenic activities. While this measure seems practically challenging, it presents 
safer control methods that are ecofriendly. This measure implies introducing a 
strain of harmless bio-agents, e.g. yeasts or bacteria, which compete with myco-
toxigenic fungi for resources, thereby reducing their growth and ability to produce 
mycotoxin. For instance, Aspergillus spp. strains that do not produce aflatoxins are 
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applied as biological agents to compete with the strains that produce aflatoxins and 
prevent their dominance and subsequent aflatoxins production [53, 54]. A study 
reported that after applying non-aflatoxigenic strain of Aspergillus parasiticus on 
the soil in the field, significant reduction in the levels of aflatoxin was attained [55]. 
Same was the case after non-toxic strains of Aspergillus flavus were applied to cotton 
row. However, this biological control method has limitations that may discourage 
its wide application. First of all, the biological agent used may have impact on other 
natural occurring microorganisms. Secondly, non-toxigenic strains of fungi, even 
though they can help in reducing the production of mycotoxins, may produce other 
metabolic compounds that might be toxic to humans and animals. Thirdly, the 
non-toxigenic strains may result in underestimating the levels of mycotoxins, as 
they may have effects on the fungal metabolic pathways and cause the production 
of modified derivatives of mycotoxins [54]. Additionally, the ability to produce 
mycotoxins may be transferred from one fungi to another (a descendant) via non-
toxigenic strains crossing with toxigenic strains, resulting in likely reproduction of 
successive fungi that produce mycotoxins [54].

3.1.2.3 Chemical control after planting

Use of fungicides as chemical control is one of the current most effective ways to 
proper control of crop invasion by fungi and consequent production of mycotoxins 
[53, 56]. Use of chemicals such as captan, mancozeb, cinnamaldehyde, citronella oil, 
tea tree oil, monocerin, sulfur, etc. has been recommended.

3.2 Appropriate measures during harvest

Another critical stage for controlling mycotoxin production is during harvest, 
where moisture plays the most crucial role for the protection of crops. Harvest 
should start after dry weather condition. Harvesting crops in wet weather may 
make them more vulnerable to the growth of fungi and subsequent mycotoxin 
production; also, keeping crops on the field for a long period of time can increase 
the risk of invasion by fungi, birds, rodents, pests, and insects, all of which can con-
tribute to mycotoxin production through one way or the other [1]. It is important to 
prevent mechanical damage during harvest.

3.3 Postharvest control and prevention

3.3.1 Appropriate storage

Measures should be taken to limit fungal invasion and the production of 
mycotoxins before food products reach storage facility. If commodities are highly 
contaminated before reaching storage facility, it is difficult and more complicating 
to prevent further fungal or mycotoxins accumulation [47]. During storage, proper 
techniques should be applied to avoid fungal invasion and germination. Several 
fungi inhabit stored grains, especially fungal species that are infrequent in the field 
such as Penicillium spp. and Aspergillus spp., whereas fungi in the field that require 
high water activity pose less significance during storage [57]. Several factors and 
storage conditions affect fungal growth and germination capacity during storage, 
especially temperature and aw. The fungi active in storage can grow at 70–90% rela-
tive humidity, and they usually thrive at temperatures of 10 to 40°C with 25–35°C 
range of optimum temperature [58]. Use of chemical preservatives, hygienic condi-
tions, and storage time can also affect fungal growth and mycotoxin production. 
Temperature and water activity should be monitored and properly controlled during 
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storage. The relative humidity should be kept below 70% throughout storage. The 
foods should be kept at low temperatures to reduce fungal activity during storage. 
The temperature of the stored food can be used as a good storage quality indicator.

3.3.2 Chemical detoxification and decontamination

Chemical methods make use of chemical treatments with oxidizing agents, 
reducing agents, alkalis, and acids which are synthetic or organic. The chemicals are 
employed in the detoxification of mycotoxins after adding the foods. Chemicals can 
be introduced through packing, fumigation, mixing, or immersion [59]. Chemical 
commonly used include formaldehyde, ozone, chlorinating agents, sodium bisul-
phite, hydrogen peroxide, hydrochloric acid, ammonium hydroxide, organic acids, 
and natural substances (e.g., spices, herbs, and their extracts) [59–61]. Treatment 
with chemical is effective in removing some mycotoxins, although they are mostly 
weak chemicals and most mycotoxins can be resistant to the chemicals. Ozone 
treatment is promising as it has the ability to degrade mycotoxins via reacting with 
bonds in the structure of mycotoxins, such as the double bonds in aflatoxin B1. 
By-products may form in the process [62, 63].

3.3.3 Physical detoxification and decontamination

Physical measures to control mycotoxins mostly comprise separating contami-
nated and damaged crops from wholesome crops using methods such as sorting, 
steeping, dehulling, washing, density segregation, sieve cleaning, etc., to reduce 
the mycotoxins levels [60, 64]. In physical process of decontamination, mycotoxins 
that are soluble in water can be removed partially from the grain outer surface using 
water or solutions of water [62]. Physical methods also include mycotoxins destruc-
tion and removal using irradiation and heat treatment [59]. Thermal processes 
including extrusion heating, radiofrequency, microwave, infrared, steam, boiling, 
etc. have been applied as innovative methods of mycotoxin decontamination [63]. 
Heat treatments that make use of a combination of the temperature conditions and 
time might give the most significant approach to control mycotoxins, however, most 
mycotoxins have heat stability and require very high temperatures and prolonged 
durations of processing for destruction, which may not be achieved in conventional 
food processing [64, 65] or destructive to the food constituents such as nutrients 
[63]. Non-thermal treatments like irradiation might be effective by partial lowering 
of mycotoxin levels, as the mycotoxins absorb energy of radiation and can be widely 
applied at industrial scale [62]. However, Irradiation is not widely applied due largely 
to public distrust of irradiated foods, since radiation has the ability to penetrate 
cells, causing DNA damage that results in mutations. In spite of that, the European 
Commission has approved 10 kGy dose as the maximum dose allowable for food 
application after it was demonstrated that this level poses no danger to humans [62].

Cold plasma is a recent novel non-thermal physical method used for the 
removal of fungi and mycotoxins. Cold plasma is ionized gas with partially ionized 
molecules and atoms with net charge approximately zero [66]. Cold plasma treat-
ment caused the destruction of fungal DNA and cell wall, leading to the leakage of 
intracellular components [66–69]. Cold plasma partially or completely destroyed 
mycotoxins quickly [66, 70]. The efficiency of mycotoxins destruction mechanism 
is associated with their molecular structures, the nature of plasma, and subsequent 
interactions; destruction may be associated with the production of free radicals in 
the course of the treatment regimen, or the UV photons and ozone presence, or 
reactive electrons and ions [66]. Treatment with cold plasma is distinctive from 
conventional methods, as the mycotoxins can be rapidly decontaminated at ambient 
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pressure and temperature conditions without affecting the quality of the food [66]. 
However, some studies indicated that treatment with cold plasma may have effects 
on lipids, and it may be difficult to apply at large-scale industries, especially for the 
treatment of foods with irregular shape and bulky foods [71].

Photocatalytic detoxification is another emerging non-thermal technique used 
for mycotoxins removal from foods. The process involves chemical reaction initi-
ated by photons absorption by solid photocatalyst, resulting in redox reactions 
on the photocatalytic material surface, leading to free radicals’ formation which 
interact with the contaminants (mycotoxins) and helps degrade or convert them to 
lesser toxic substances via oxidation [72]. Several studies have reported photocata-
lytic detoxification effects on mycotoxins [72–75].

3.3.4 Biological detoxification and decontamination

Biological decontamination strategy makes use of microorganisms (algae, 
molds, yeasts, and bacteria). The microorganisms may bind, modify, or degrade the 
mycotoxins to lesser toxic compounds in some feed and foods through decarboxyl-
ation, hydrolysis, deamination, glucosylation, and/or acetylation [60]. Ochratoxin 
A can be converted to phenylalanine by some bacteria, plants, mold, and yeasts 
[76]. Some enzymes and microorganisms can be added to feed for mycotoxins deg-
radation/detoxification in the ruminants’ GI tracts. Yeasts and Lactic acid bacteria 
are mostly used for decontaminating mycotoxins as they can reduce their levels by 
binding to their cell surface or by converting them to lesser toxic substances [62]. 
Additionally, enzymatic catalysis can be used as they have promising applications in 
decontaminating mycotoxins [77].

4. Conclusion

Fungi commonly invade the commodities consumed by animals and humans, 
and due to their growth on the commodities, they produce low molecular weight 
secondary metabolites called mycotoxins. Environmental conditions such as 
temperature, water activity, and humidity affect mycotoxin production and fungal 
growth. Other factors such as pH, fungal strain, and substrate also play roles. The 
conditions that encourage the growth of fungi may not necessarily result in the 
production of mycotoxins. Common mycotoxins include aflatoxins, zearalenones 
(ZEAs), patulin, deoxynivalenol (DON), fumonisins, trichothecenes, sterigmato-
cystin (STC), citrinin, ergot alkaloids, ochratoxins, Alternaria toxins, tremorgenic 
mycotoxins, fusarins, cyclochlorotine, sporidesmin, 3-nitropropionic acid, etc. 
These toxins cause many health conditions in animals and humans, including death. 
A comprehensive approach starting from the field before planting, continuing 
throughout the entire food chain is required to control mycotoxin contamination. 
Good practices, such as proper field practices before and after planting, good har-
vest practices and postharvest handling, and proper drying and storage measures, 
help reduce mycotoxin contamination. Several physical, biological, and chemical 
decontamination methods can be used to reduce/eliminate mycotoxin levels. More 
studies are required to develop methods and techniques that can effectively reduce 
all mycotoxins in foods and feeds.
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Chapter 3

Fungal Growth and Pathology
Ozlem Gulmez and Ozlem Baris

Abstract

Fungi, an important group with a wide variety of species, shows spectacular 
development with their unique cell structures. Fungi survive in many different 
ecosystems with their reproductive abilities and metabolic features. Thanks to wide 
temperature and pH tolerances, fungi develop on organic and inorganic materials in 
all ecosystems they are in and maintain the existence of ecosystems by taking part in 
many cycles. However, examples of pathogens are also available. They are a group of 
organisms that are environmentally important, such as saprophytes and mutualists, 
but are pathogens for animals, especially plants. Fungi basically have two different cell 
structures: yeast, and molds. But some fungi have both of these structures. Depending 
on the temperature of the environment they are in, they can be found in yeast or mold 
structures, and fungi with this feature are called dimorphic fungi. Whether it is yeast, 
mold, or dimorphic fungi, they use their enzymes with high activity to benefit from 
the nutrients in the environment. Fungi can be easily grown in natural and synthetic 
media. Yeast can reproduce rapidly with their single-celled structure, while molds and 
mushrooms are very successful with their hyphae structures.

Keywords: fungal growth, pathology, reproduction

1. Introduction

Fungi are eukaryotic organisms thought to have about 4 million species [1]. 
Although the cell structures of fungi are similar to other eukaryotic cells, they differ 
from other cells by the presence of ergosterol in their cell membrane and chitin in 
their cell walls. Cell cytoplasm contains higher concentrations of salt and sugar than 
other eukaryotes. This regulates cell homeostasis and regulates the exchange of sub-
stances. Except for yeasts, most fungi have microscopic structures called hyphae, 
and these come together to form visible structures called mycelium. The hyphae 
have apical growth. In the apical growing parts of the hyphae, there are secretory 
vesicles called “Spitzenkörper” and Wooronin body organs that act as peroxisomes. 
Because of these properties of hyphae, fungi can live where other eukaryotic cells 
do not and can use various substrates [2, 3]. Fungi take part in many degrada-
tions, transformation, and cycle events in nature. Although they are heterotrophic 
creatures, they can survive as saprophytic, mutualistic, and parasitic. The fact, that 
they are found in all parts of the world and live in different environments is due to 
the superior reproductive abilities of fungi [4–6].

1.1 Fungal reproduction

Fungi can reproduce sexually and asexually. Asexual reproduction of fungi 
is carried out by vegetative reproduction through hyphae or by the spores they 
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produce. Sexual reproduction is; they form a diploid nucleus with the union of 
haploid spores, and the cycle continues with the germination of this nucleus. 
In fungi, asexual reproduction takes place more than sexual reproduction. This 
event increases the adaptive power of fungi and prevents the accumulation of 
any harmful mutations that may occur and their transmission from generation to 
generation. In addition, their chances of survival and competitive advantage are 
ensured [4, 5, 7].

Sexual reproduction in fungi takes place in three stages. In the first stage; 
haploid cells fuse, this is called plasmogamy. In the second stage; the fusion of two 
haploid nuclei, this event is karyogamy. The third stage is; the resulting diploid cells 
undergo meiosis to form haploid cells, and the cycle continues in this way [8]. These 
stages are summarized in Figure 1.

The association or non-union of haploid cells is determined by DNA. The sex 
of haploid cells is determined by a specific gene region in fungi. This region is 
known as the mating-type locus and is abbreviated MAT. MATs genetically deter-
mine the mating identity of fungi and stimulate the secretion of pheromones. 
Secreted pheromones provide communication between fungi and realize sexual 
intercourse [4, 9–11].

1.2 Growth and development needs of fungi

Fungi, like every living thing, need energy and food sources to complete their 
development and life cycles after sexual and asexual reproduction. These food 
sources are carbon, nitrogen, vitamins, and minerals. They also need suitable 
environmental conditions (such as pH, temperature, humidity, oxygen) to grow 
and develop [12–14].

Fungi can consume vegetable and animal carbon sources thanks to their hydro-
lytic enzymes. They can use monosaccharides and polysaccharides such as glucose, 
fructose, chitin, cellulose, hemicellulose, and lignin [15, 16]. Like all living things, 

Figure 1. 
Fungal reproduction.
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fungi need a nitrogen source for their growth and development, and fungi can 
metabolize many different nitrogen sources. Especially ammonium and glutamine 
are the first nitrogen sources they use. In addition, they can easily use other nitro-
gen sources [17].

Vitamins are cofactors of enzymes and growth factors of many organisms. 
Fungi need vitamins for their growth and development. Some of these vitamins are; 
thiamine, biotin, riboflavin, nicotinic acid, vitamin K and pantothenic acid [18].

Like many microorganisms, fungi can survive in varying environmental condi-
tions and under various stress factors. They can survive and reproduce in extreme 
environments, such as the poles, in extremely cold regions, and in extremely 
hot regions such as deserts. Fungi are generally; grow better in warm, acidic, 
and aerobic environments, but they can survive in cold, alkaline, and anaerobic 
environments. Although the growth temperatures of the fungi are quite wide, the 
best growth is seen at 25°C. Fungi that live under the temperature at which they 
develop optimally are called psychrotolerant, and fungi that live at temperatures of 
40°C and above are called thermotolerant fungi. Fungi that live in or are exposed 
to temperatures above 40°C can survive by protecting themselves from heat stress 
by producing heat shock proteins. Fungi can be found in yeast or mold structures 
depending on the temperature of the environment they are in, and fungi with this 
feature are called dimorphic fungi. One of the most important fungi showing this 
feature is Histoplasma sp. If the place where it is located in an environment of 25°C, 
it develops as a mold with a hyphae structure that can reproduce vegetatively, and 
as yeast if the environment is 37°C. This feature allows them to survive in differ-
ent ecosystems and even to continue their generation [19]. The pH value, which is 
important for the realization of many biochemical reactions in all living things, is 
one of the important environmental conditions for fungi. Some fungi can survive 
and even reproduce at pH 1 and 13, which are extreme for many organisms. Most 
fungi survive and reproduce between pH 3 and 10. The optimum pH range is 
between 5 and 7 [20–22]. In addition, if the environment in which fungi are found 
in alkaline, they can achieve maximum growth by converting the pH of the envi-
ronment to the optimum growth pH with the organic acids they secrete. Abiotic 
stress factors such as water, UV, and heavy metals affect the development of fungi 
as well as all organisms. In particular, UV-B radiation, which is more biologically 
harmful, negatively affects the growth and development of fungi [23].

Fungi are among the largest and most diverse groups of eukaryotic organisms. 
Because of their complex gene structure, the enzymes they produce, and their 
ability to use many different carbon sources, they, directly and indirectly, affect 
human life. They have been used for centuries as a food source and in the produc-
tion process of many biotechnological products. Today, fungi are used in various 
fields such as antibiotics, enzyme technology, drug production, pigment production 
[24–26]. Although fungi are necessary for the survival of life on earth, they cause 
serious problems in most organisms. Fungi cause disease in humans, animals, and 
plants and cause the death of these organisms [27, 28]. Fungi infect many organisms 
with the secondary metabolites and mycotoxins they produce, even cause their 
extinction [29].

1.3 Pathogenic fungi

A fungal kingdom is a group that contains the most and most harmful plant 
pathogens. By infecting all tissues and organs of plants, they damage many herba-
ceous and woody plants with high economic value and nutritional properties. In 
cultivated plants such as corn, wheat, sugar beet, potato, banana; causes great harm 
to farmers by causing diseases such as root rot, wilt, stem softness, gall and rust. 
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They also develop in stored grains and cause product loss. Also; high woody plants 
are infected by white rot and brown rot fungi, resulting in tissue deterioration and 
plant death. Plant pathogen fungi can reproduce both sexually and asexually in host 
plants [30–33]. Table 1 shows the plants that some fungi cause disease.

Fungi cause infections not only in plants but also in humans and animals. Bees, 
insects, frogs, fish, and corals are some organisms affected by fungal infections. 
Fungi enter the body from the outer shells, trachea, and skin of these creatures and 
cause the death of these creatures. Fungal diseases have killed more than 1.6 million 
people annually. It is thought that pandemics caused by fungi may occur with global 

Pathogen fungus Organisms Damage

Fusarium sp. Horse Encephalomalacia

Aspergillus sp. Human Liver cancer

Cladophialophora bantiana Human Brain tissue loss

Candida auris Human Infection in the blood

Cryptococcus sp. Human Infection in the lung

Batrachochytrium dendrobatidis Amphibian

Laboulbenia formicarum Ant

Aspergillus fumigatus Bird Lung infection

Fusarium, Ochroconis, Exophiala, Scytalidium, Plectosporium, 
and Acremonium.

Fish
shellfish

Microsporum canis and Sporothrix brasiliensis Cat

Table 2. 
Diseases are caused by some pathogenic fungi in humans and animals.

Pathogen fungus Plant Damage

Heterobasidion parviporum Picea Root rot

Heterobasidion annosum Abies Root rot

Ustilago maydis Maize Gall

Sporisorium reilianum Maize, Sugar beet Ear rot

Puccinia graminis f. sp. tritici Wheat, barley Black rust

Melampsora lini Flaxseed Red rust

Fusarium oxysporium Tomato, pepper, watermelon Root rot

Alternaria sp. Chickpeas, carrots, olives, apples Pallidness

Apergillus niger Ginger Aflatoxin

Leptosphaeria maculans Crucifers Blackleg

Podosphaera plantaginis Banana Mildew

Rhizoctonia solani Soybean Root rot

Dothistroma septosporum Pinus Red band needle blight

Lecanosticta acicola Pinus Brown spot needle blight,

Phytophthora infestans Tomato, potato, pepper eggplant Mildew

Verticilum sp. Plants Vascular pallor

Table 1. 
Some plant pathogenic fungi and infecting plants.
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warming and climate change [34]. Because the stress tolerance and adaptation 
abilities of the fungi are very high, they have destroyed their existence on earth 
by infecting many different organism groups (Table 2). In humans, they cause 
skin infection, lung infection, and intestinal infection. They also cause diseases in 
animals and humans by reproducing sexually and asexually [35, 36].

2. Conclusions

Apart from its use as food; the fungi which we use in the production of drugs, 
antibiotics, anticarcinogenic substances, pigments, alcohol, and biofuels, are indis-
pensable elements for the continuation of our lives. As we stated in this publication, 
their high reproductive capacity and ability to survive in extreme conditions pro-
vide fungi with a competitive advantage and advantage over other organisms. These 
abilities give it the capability to live in the plant, animal, and human tissue-organs. 
If the development and growth demand of fungi, whether pathogenic or not, are 
known, we can make the most of these organisms and prevent the development of 
fungi that cause disease. This study will enable us to get to know fungi a little more 
closely and will enable us to take precautions against these organisms.
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Abstract

For a fungal pathogen to successfully infect, colonize and spread inside a 
susceptible host, it must have overcome the host immune responses. The early 
recognition of the fungal pathogen-associated molecular patterns (PAMPS) by 
the host’s pattern recognition receptors (PRRs) results in the establishment of 
anti-fungal immunity. Although, our immune system has evolved several pro-
cesses to combat these pathogens both at the innate and adaptive immune levels. 
These organisms have developed various escape strategies to evade the recogni-
tion by the host's innate immune components and thus interfering with host 
immune mechanisms. In this chapter, we will summarize the major PRRs involved 
in sensing fungal PAMPS and most importantly the fungal tactics to escape the 
host's innate immune surveillance and protective mechanisms.

Keywords: PAMPs, PRRs, innate immunity, escape mechanisms, pathogenic fungi

1. Introduction

Pathogenic fungi are an important cause of morbidity and mortality in humans 
particularly in immune-compromised individuals [1, 2]. The most common risk 
factors for the increased incidence of fungal infections in immunocompromised 
individuals are cancer therapy, use of corticosteroids and neutropenia [3–5]. 
Sporadic occurrence of fungal infections has also been described in immunocom-
petent individuals that have undergone any traumatic inoculation such as the use 
of catheters or surgeries [6, 7]. Fungal pathogens show a considerable variation in 
their biology and disease pathogenesis and may include opportunistic fungi, i.e., 
Aspergillus fumigatus (A. fumigatus), and Fusarium spp. as well as some commensals 
such as Candida albicans (C. albicans).

The human innate immune system is the first line of defense and plays a pivotal 
role in the body’s defense on confrontation to the invading pathogens. One of 
the fundamental responses towards the infectious agents including fungi is the 
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inflammatory response that is launched immediately by the host body following 
an immunological insult. This inflammatory response drives the antigens specific 
adaptive immune response such as activation of antigen-specific lymphocytes 
against the invading pathogens. The innate immune system recognizes a particular 
set of conserved surface molecules exhibited by the pathogens called pathogens-
associated molecular patterns (PAMPs). Host cell pattern recognition receptors 
(PRRs) detect microbial PAMPs and trigger the intracellular signaling pathways 
that lead to the production of cytokines, reactive oxygen species (ROS), reactive 
nitrogen species (RNS), and lipid mediators [8, 9]. Toll-like receptors (TLRs) and 
C-type lectin receptors (CLRs) are the most common PRRs characterized for the 
detection of fungal PAMPs. Microbial detection by these PRRs results in a cascade 
of signaling events that eventually result in the production of inflammatory media-
tors, phagocytosis and induction of adaptive immune response [10]. However, 
fungal pathogens have adapted simple yet innovative strategies to evade and/or 
counteract the host innate immune responses thus resulting in the establishment 
of a successful infection inside the host. In the current chapter, we have made a 
comprehensive understanding of the major innate immune receptors involved 
in the detection of the fungal pathogens as well as the strategies employed by the 
pathogenic fungi to evade and therefore enhance their viability inside the host 
during infection.

2. Innate immune recognition of fungal PAMPs by host PRRs

2.1 Role of TLRs in recognition of pathogenic fungi

TLRs are a family of receptors that share structural homology with the Toll 
receptor (first described in the Drosophila). To date, 13 types of human and 10 types 
of murine TLRs have been discovered [11–13]. Generally, TLRs are comprised of 
extracellular and intracellular domains. The extracellular domain is rich in leucine 
repeats whereas the intracellular domain shares homology with the Toll/IL-1 recep-
tor (TIR) domain. The TIR domain recruits the adapter proteins such as MyD88, 
TRIF, TRAM, and TIRAP followed by the initiation of intracellular signaling 
pathways which eventually result in the activation of different transcription factors, 
i.e., NF-κB, AP-1, IRFs (IRF3/7), and MAP kinases. These transcription factors lead 
to the expression of cytokines and co-stimulatory molecules [11].

Both TLR2 and TLR4 are involved in the innate immune recognition of fungal 
PAMPs (Table 1) (Figure 1) [10]. TLR4 has been described to recognize the fungal-
derived mannans. Recognition of Saccharomyces cerevisiae (S. cerevisiae) and C. 
albicans derived mannans by human monocytes have been attributed to a mechanism 
dependent on TLR4 and CD14 with Lipopolysaccharide Binding Protein (LBP) ampli-
fying this mechanism [14]. Further investigation in this regard reveals that recogni-
tion of mannans is brought by the cooperation of TLR4 with Mannose Receptor (MR) 
with TLR4 recognizing the O-linked mannans and MR recognizing the N-linked man-
nans [15]. TRL4 is required for the innate immune recognition of rhamnomannans 
isolated from P. boydii. Rhamnomannans trigger cytokine production from macro-
phages via TLR4 activation [16]. Similarly, TLR4 also detects glucuronoxylomannans 
(GXM) from Cryptococcus neoformans (C. neoformans) suggesting the vital role of 
TLR4 in innate immune recognition of mannose-containing polysaccharides [17].

Alike TLR4, TLR2 is also involved in the recognition of the fungal molecules. 
TLR2 triggers the activation of NF-κB and subsequent release of cytokines from 
the macrophages in response to phospholipomannan (a cell wall lipoglycan isolated 
from C. albicans). On the other hand, both TLR4 and TLR6 respond partially to 
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phospholipomannan [18]. Moreover, TLR2 is responsible for the detection of 
glucogen (i.e., α-1,6-branched α-1,4-glucans) [19]. TLR2/TLR1 and TLR2/TLR6 
heterodimers are described to be important receptors in the detection of GXM 
isolated from the capsules of C. gatii and C. neoformans [20].

PRRs Fungal pathogen Fungal PAMPs

1. TLRs

TLR4 O-linked mannans C. albicans

Mannans Sacchromyces spp.

Rhamnomannans P. boydii

Phospholipomannans C. albicans

Glucuronuxylomannans C. neoformans

Unknown/α-, β-glucan, galactomannan A. fumigatus

Unknown P. brasilensis

TLR2/TLR6 Phospholipomannans C. albicans

Glucuronuxylomannans C. neoformans

TLR2/TLR1 Glucuronuxylomannans C. neoformans

TLR2 Α 1,4 glucans P. boydii

Unknown A. fumigatus (conidia and 
hyphae form

2. CLRs

MR N-linked mannans C. albicans

Mannans P. Carinii

Mannoproteins C. neoformans
A. fumigatus

gp43 P. brasilensis

Dectin-2 α-mannans C. albicans
A. fumigatus

Dectin-1 Β (1, 3)- glucans C. albicans
A. fumigatus
Sacchromyces spp.

DG-SIGN Galactomannans A. fumigatus

Mannans C. albicans

Unknown/surface carbohydrates in extracellular vesicles P. brasilensis

Mincle Polysaccharides containing α-mannosyl residues Malassezia spp.
C. albican

CD14 Mannans Sacchromyces spp.

Unknown A. fumigatus

Α (1,4) glucans P. boydii

3. NNLRs

NLRP3 Unknown/ β (1,3)-glucans C. albicans
A. fumigatus
C. neoformans
P. brasilensis

Table 1. 
List of major PRRs involved in recognition of various fungal-derived PAMPs.
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It has been observed that cytokine production from macrophages and dendritic 
cells is mediated by TLR2 and CD14 in response to P. boydii- derived α-glucans [21]. 
Polysaccharides extracted from medicinal fungi (Ganoderma lucidum and Cordyceps 
sinensis) possess immune-modulatory and anticancer activities. These polysac-
charides also trigger cytokine production and B cells activation through TLR2 and 
TLR4. Although, direct binding of fungal polysaccharides with the TLR2 and TLRs 
has been described [22]. The exact underlying mechanisms by which TLR2 and 
TLR4 interact and recognize fungal polysaccharides and other glycoconjugates con-
taining mannose are still poorly defined. Fungal polysaccharides such as α-glucans 
and mannans are structurally different from the TLR2- and TLR4-prototypical 
agonists. There could be a possibility that complex fungal polysaccharides or cell 
wall components may present some uncharacterized glycolipids anchored to their 
structures that could serve as true TLR2- and/or TLR4- agonists. However, to 
find these answers, sensitive analytical techniques such as mass spectromery and 
nuclear magnetic resonance are required in combination with other complementary 
approaches, i.e., selective inhibition of investigating molecules, use of chemically 
defined ligands, availability of genetic models deficient in synthesizing the specific 
fungal molecules. Both TLR4 and TLR2 interact directly with bacterial lipid a and 
lipopeptides, respectively. Moreover, crystallographic studies of lipid A-TLR4 
complex and lipopeptide-TLR1/TLR2 or lipopeptide-TLR6/TLR2 complex have 
demonstrated a physical interaction between these ligands and their respective 
receptors [23–25]. It was observed that fatty acid chains present in the bacterial 
ligands interact and bind with the hydrophobic pockets in the extracellular domains 
of the receptors complex. This suggests that TLR4 and TLR2 interact with hydro-
philic ligands such as fungal polysaccharides in a way that is distinct from that 
of classical bacterial ligands. Thus, knowing the structural basis for interactions 
between fungal polysaccharides and TLR2 or TLR4 will be very helpful in under-
standing how distinct structures, i.e., LPS (lipopolysaccharide), lipopeptides and 

Figure 1. 
Major receptors involved in the innate immune recognition of fungal polysaccharides and glycoconjugates 
(Barreto-Bergter and Figueiredo, 2014).
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mammalian endogenous molecules (hyaluronic acid, carboxy alkyl pyrroles, heme) 
are recognized by these receptors [26].

2.2 Role of CLRs in recognition of pathogenic fungi

CLRs are a group of proteins receptors involved in the detection of fungal 
glycoconjugates and are characterized by the presence of two motifs; the EPN 
motif and QPD motifs both of which drive the specificity of CTLRs towards 
carbohydrate moieties. The EPN motif helps in the recognition of mannose, 
N-acetylglucosamine, glucose and L-fucose whereas the QPD motif is involved in 
the recognition of N-acetylgalactosamine and galactose [27–31]. The major CTLRs 
implicated in the recognition of fungal molecules are Dectin-1, Dectin-2, Mannose 
receptors (MR), Mincle, DC-SIGN, CD-12, and CD-11b/CD18 (Table 1) (Figure 1).

2.2.1 Mannose receptor (MR)

The mannose receptor is a type I transmembrane receptor that contains an 
N-terminal cysteine-rich domain and a type II fibronectin domain. The extra-
cellular component of MR comprises of eight CTLDs (C-type lectin domains) 
whereas the intracellular component possesses a motif required for endocytic 
signaling [32]. MR is capable of recognizing fungal PAMPs that contain either 
mannose, glucose, N-acetylglucosamine [32–34], or sulfated galactose and sulfated 
N-acetylglucosamine (Table 1) (Figure 1). Recognition of sulfated glycoconjugates 
is mediated by the cysteine-rich domain of MR and is independent of CTLDs [35, 36]. 
On the other hand, recognition of mannose-based fungal PAMPs is dependent on 
the activity of CTLDs (mostly 4–8) [34]. Several fungal pathogens can be detected 
by MR including C. albicans and Pneumocystis carinii [15, 37, 38]. MR is considered a 
phagocytic receptor due to its involvement in the phagocytosis of pathogenic fungi 
(Table 1) [37, 38]. However, the expression of MR on non-phagocytic cells ques-
tions its designation as a professional phagocytic receptor [39]. The role of MR in 
the recognition and phagocytosis of pathogenic fungi containing mannose ligands 
is well established [37, 38]. There is a possibility that role of MR as a phagocytic 
receptor might be cell type-specific.

Besides its role in endocytosis, MR also contributes to the production of cytokines 
in response to glycoconjugates comprising mannans [15, 40, 41]. On recognizing the 
C. albicans derived mannans, MR induces the release of TNF-α from macrophages 
[15]. MR is also considered to be involved in sensing of mannosylated glycoconju-
gates such as those derived from mycobacteria and Pichia pastoris indicating that 
in addition to C. albicans derived mannans, MR can also recognize mannosylated 
glycoconjugates presented from other pathogenic fungi [42, 43]. The mechanism of 
cytokine induction by MR in response to fungal glycoconjugates is still undefined. 
MR also contains a short cytoplasmic tail that lacks motifs involved in intracellular 
signaling and eventually cytokine production. There could be a possibility that MR 
confers cytokine production in association with other CLRs or TLRs.

2.2.2 Dectin-2

A transmembrane protein that was first characterized in a cell line derived 
from Langerhans cells. Dectin-2 is comprised of a short cytoplasmic domain 
and an extracellular domain with CLTD present in the COOH-terminal region. 
Activation of Dectin-2 by the fungal ligands leads to the production of eicosanoids 
and cytokines [44–46]. Usually, macrophages, some dendritic cells and IL-6/IL-23-
stimulated neutrophils express Dectin-2 receptors [45, 47, 48]. The EPN motif 
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present in the extracellular domain of Dectin-2 recognizes fungal glycoconjugates 
containing mannose and fucose (Table 1) (Figure 1) [47]. The binding of Dectin-2 
to zymosan requires Ca2+, however, higher concentrations of mannose, fucose, glu-
cose, galactose and N-acetylglucosamine can inhibit this binding. Dectin-2 shows 
a higher binding affinity towards synthetic carbohydrates that are extensively 
mannosylated. However, the binding affinity decreases with the decrease in man-
nosylated residues [49]. Dectin-2 receptor recognizes C. albicans by binding to its 
α-mannans [46, 50]. In case of Malassezia spp., this recognition is mediated through 
the binding of Dectin-2 with a glycoprotein containing O-linked α-1,2-mannobiose 
[51]. Besides this, in cooperation with MCL, Dectin-2 also has been described to 
promote recognition of C. albicans hyphae through binding to α-mannans followed 
by the formation of heterodimer complex. This cooperation between Dectin-2 and 
MCL results in higher sensitivity in recognizing the C. albicans and eventually leads 
to amplified leukocyte responses towards the fungal pathogens [50].

2.2.3 Dectin-1

Dectin-1 is a type II transmembrane receptor that recognizes and binds to the 
molecules containing β (1,3)-glucans. It is expressed by many cell types including 
macrophages, dendritic cells, eosinophils and neutrophils [52–54]. Dectin-1 medi-
ated signaling results in the production of cytokines [55], maturation of dendritic 
cells [56] and production of ROS [57]. This suggests that Dectin-1 is an important 
PRR in recognizing β (1,3)-glucans followed by leukocytes activation and induction 
of adaptive immunity. However, in contrast to many other CTLRs, Dectin-1 binding 
to β-glucans is not dependent on Ca2+ [58, 59]. Dectin-1 possesses higher specific-
ity towards β (1,3)-glucans having β (1,6)-branches. On the other hand, Dectin-1 
is unable to bind with mannans, pullulans, β1,6-glucans or β (1,3)/(β1,4)-glucans 
[58]. In contrast to TLRs which recognize soluble ligands, activation of Dectin-1 
is dependent upon its clustering by the β-glucans molecules followed by exclusion 
of tyrosine phosphatases (CD45 and CD48) and phosphorylation of hemi-ITAM 
motif present in the cytoplasmic tail of Dectin-1 [60, 61]. The hemi-ITAM recruits 
Syk kinases and initiates the upstream signaling pathway leading to the activa-
tion of NF-κB and NFAT [60, 62]. Usually, alveolar macrophages (AMs), resident 
peritoneal macrophages and dendritic cells present Dectin-1 dependent responses 
towards β-glucans while bone marrow-derived macrophages do not. However, 
Dectin-1 dependent responses can be promoted in non-responding cells such as 
bone marrow-derived macrophages in the presence of IFN-γ and GM-CSF thus 
suggesting that responses mediated by Dectin-1 are flexible [63, 64].

2.2.4 Mincle

Also known as CLEC4E is a type II transmembrane protein that was first identi-
fied as a macrophage-expressed gene dependent on the activity of the NF-IL6 tran-
scription factor [65]. It is composed of a short cytoplasmic tail with an extracellular 
domain containing a CLTD. Mincle triggers cell signaling by recruiting the FcRγ 
chain which leads to the activation of NFAT and NF-κB and eventually induces tran-
scription of cytokines [66]. Like other CTLRs, Mincle also plays an important role 
in the recognition of fungal molecules (Table 1) (Figure 1) [67, 68]. Soluble Mincle 
has been described to interact with C. albicans [68]. Moreover, in response to C. 
albicans infection, Mincle is required for TNF-α production from the macrophages 
[67]. Mincle also detects Malassezia spp. (human commensal fungi) and activates 
NFAT mediated cytokine transcription in cell lines. However, an impaired cytokine 
production and leukocyte recruitment was observed in Clec4e-/- macrophages in 
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response to Malassezia spp. [69]. Currently, two glycolipids ligands have been iden-
tified from C. albicans that bind with Mincle. One is a polar glycolipid (comprising 
one dimannosyl-10-hydroxy-octadecanoic acid and two mannosyl-10-hydroxy-
octadecanoic acids). The second ligand is a glyceroglycolipid containing the disac-
charide gentiobiose joined to a glycerol backbone acylated with C14 and C18 fatty 
acids [51]. Although, Mincle ligands for other species of fungi have not been identi-
fied yet. However, it seems that Mincle must be specific in binding and recognizing 
glycolipid molecules among other pathogenic fungi [67, 68].

2.2.5 DC-sign

A type II transmembrane receptor with extracellular domain containing one 
CRD in its COOH- terminal and an and extracellular stalk. The stalk is comprised of 
seven residues that aid in DC-SIGN oligomerization [70, 71]. The CRD of DC-SIGN 
contains an EPF motif. DC-SIGN binds to glycoconjugates containing mannans and 
fucosylated carbohydrates in the presence of Ca2+ [72]. Both macrophages and den-
dritic cells express DC-SIGN. It is an endocytic receptor that can recognize and inter-
nalize several fungal pathogens followed by their release in the endosomal vesicles 
[73, 74]. In response to mannose-containing ligands, DC-SIGN has been described to 
enhance the cytokine production induced by the TLRs whereas fucosylated ligands 
amplify the IL-10 while inhibiting the production of proinflammatory cytokines. 
Mannosylated lipoarabinomannans (ManLAM) mediated activation of DC-SIGN 
results in inhibition of dendritic cells maturation by the LPS [75]. Thus, some 
pathogens infecting the dendritic cells can escape the immune activity by activating 
and inhibiting the DC-SIGN mediated maturation of dendritic cells. Thus, activation 
of DC-SIGN seems to exhibit complex effects such as internalizing the pathogens, 
triggering cytokine production and restricting the maturation of dendritic cells [76].

DC-SIGN has been involved in the recognition of many fungal pathogens includ-
ing C. albicans (Table 1) (Figure 1). DC-SIGN is involved in the internalization and 
delivery of C. albicans to the phagolysosome of dendritic cells [77]. The binding and 
internalization of C. albicans is associated with the presence of N-linked mannans as a 
decreased binding was observed in C. albicans strains deficient in N-linked mannan-
sylation [38]. However, dendritic cells do not exhibit any decreased binding affinity 
to the C. albicans strains lacking N-linked mannansylation. It appears that the binding 
of C. albicans through DC-SIGN in dendritic cells requires N-linked mannans whereas 
other glycoconjugates such as phosphomannans, O-linked mannans, or terminal β 
(1,2) mannosides are dispensable. There is no doubt regarding the role of DC-SIGN 
in recognition of C. alibican but it’s the MR that in cooperation with DC-SIGN, 
contributes majorly to C. albicans internalization by the dendritic cells [38]. DC-SIGN 
is also an important PRR for recognition of A. fumigatus conidia by macrophages and 
dendritic cells. Unlike the C. albicans, MR is not required for the recognition of A. 
fumigatus by the human dendritic cells, however, this recognition by DC-SIGN has 
been described to be inhibited by the purified mannans and galacto-mannans [78]. 
Soluble DC-SIGN detects the glycoconjugates such as mannans, monosacchrides 
comprising mannans and Lewis antigen structures in a Ca2+ dependent manner [72, 
74, 79]. Although, DC-SIGN is involved in the recognition of fungal pathogens, the 
underlying phenomena of modulation of macrophage and dendritic cell-mediated 
immune responses by DC-SIGN in response to fungi are still undefined.

2.3 CD11b/CD18 (MAC-1, CR3)

CD11b/CD18 also recognized as CD18 is a heterodimer receptor comprising 
of type I protein chains; αM chain (CD11b) and the common chain CD18 both of 
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which are attached non-covalently. CD11b/CD18 is expressed by many of the leuko-
cytes such as neutrophils, eosinophils, monocytes, macrophages and NK cells [80]. 
CD11b/CD18 helps in the adhesion of leukocytes to the activated endothelium and 
phagocytic receptors for antigens opsonized with iC3b [81]. In addition, CD11b/
CD18 is also involved in the detection of β (1,3)-glucans. The αM chain of CD11b/
CD18 possesses two distinct domains; the I-domain and a lectin domain. The 
I-domain binds ICAM-1, iC3b and fibrinogen whereas the lectin domain recognizes 
the fungal glycoconjugates such as β (1,3)-glucans, glucose, mannose and N-acetyl-
D-glucosamine [82]. CD11b/CD18 triggers ROS production from neutrophils and 
macrophages in response to S. cerevisiae and zymosans [83]. Although, CD11b/
CD18 is actively involved in the recognition of β (1,3)-glucans, however, some 
controversy exists in some experimental settings regarding its role in the identifica-
tion of β (1,3)-glucans along with Dectin-1 mediated responses. The differences in 
experimental settings could be attributed to the observed disparities in results and 
can be attributed to many factors such as the use of distinct ligands (i.e., soluble vs. 
particulate β-glucan structures) [63, 84, 85], heterogeneity of β-glucan structures 
(both zymosan and fungi are heterogeneous and also contains carbohydrates and 
lipids in addition to mannans) [83], presence of the serum [85] and variability in 
the cell populations (neutrophils vs. macrophages) [84] used in the experiments. 
In conclusion, we can say that both CD11b/CD18 and Dectin-1 are involved in the 
recognition of β-glucan structures and their activation must lead to the induction 
of immune responses towards the fungal pathogens. Besides recognizing β-glucans, 
CD11b/CD18 also acts as an internalization receptor for mycobacterial PIM2 (a 
mycobacterial glycoconjugate-coated beads) [86] suggesting that CD11b/CD18 also 
work as a receptor for other fungal molecules other than β-glucan.

2.4 CD14

A glycosylphosphatidylinositol-anchored protein receptor was initially consid-
ered as an LPS binder. The Cd14 receptor is comprised of an extracellular domain 
containing cysteine-rich residues that form a horseshoe-like conformation [87–89]. 
Although, the CD14 receptor does not contain intracellular regions, however 
in cooperation with TLR2/MD receptors, it confers a high degree of sensitivity 
towards LPS [89]. CD14 has also been recognized as a co-receptor involved in TLR2- 
[90], TLR3- [91], TLR7- and TLR9-mediated detection of ligands [92]. Similar 
to the LPS, detection of mannans derived from C. albicans and S. cerevisiae also 
depends on CD14, LBP and TLR4 [14]. CD14 can also detect other fungal glycocon-
jugates, i.e., β (1,3)-glucans [21] and carbohydrate and therefore, act as an impor-
tant receptor for innate immune recognition of P. boydii [93] and A. fumiatus [93]. 
However, the structural basis for the recognition of carbohydrate ligands by CD14 
is still undefined. Also, the direct binding of CD14 with mannans and α-glucans 
has not been elucidated. There is a possibility that CD14 must be binding to these 
ligands via hydrophilic cleft. As CD14 also acts as a receptor for TLR ligands, we can 
speculate that CD14 must be promoting intracellular signaling first by binding to 
these carbohydrate ligands followed by their loading onto TLR2 or TLR4.

3. Fungal strategies of host innate immune evasion

3.1 Shielding of stimulatory PAMPs

Protecting the pathogen’s inflammatory PAMPs from recognition by the host’s 
PRRs is one of the most significant escape mechanisms employed by the microbes 
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[94, 95]. PRRs, which are found in various cellular components of primitive 
immune cells, are capable to identify recurrent pathogenic structures called PAMPs 
[96]. The host usually responds via phagocytic processes to establish the immedi-
ate antifungal mechanisms in response to fungal PAMPs. It is also accompanied by 
antimicrobial and pro-inflammatory responses launched through the activation of 
various intracellular signaling pathways that lead to the cytokine’s and chemokine’s 
gene transcription [97]. The prime objective of this response is to limit the disease 
while capturing as well as presenting the antigen to activate the adaptive immunity 
[98, 99]. NOD-like receptors (NLRs), TLRs, CTLRs and RIG-I-like, are the four 
groups of PRRs that vary in regards to ligand identification, signal transduction, 
as well as subcellular localization. Dendritic cells (DCs) and other myeloid cells 
exhibit the majority of PRRs, which are known for activating innate immune 
responses. PRR signaling, on the other hand, may regulate the progression of innate 
immune responses by the secretion of cytokines that helps in the polarization of 
CD4+ cells [100]. CLRs are the main class of receptors that identify fungus, accord-
ing to multiple investigations, whereas NRLs and TRLs play leading functions. 
Microbes may hide such that they are often overlooked by the immune system [101]. 
Polysaccharides as well as many other components of the cell wall are often layered 
and serve physiological and architectural roles in the cell wall. The structure of 
the cell wall layers of fungus is critical in serological identification [102]. Cell wall 
elements (i.e., chitin, mannan, and glucans) are also included among the fungal 
PAMPs. Most fungi contain chitin and also α (1,3)-glucan-based internal skeletal 
layer of the cell wall, which is linked to certain cell wall glycoproteins and polysac-
charides [102]. Many fungal species may alter glucans and chitin to decrease host 
recognition, thus avoiding immune activation. Antagonism or synergism of recep-
tor activation may result in a variety of diverse pathways of inflammatory processes. 
In vivo, a variety of fungal ligands have been exhibited in varying proportions, 
resulting in the activation of various PRRs [103]. Dectin-1 has a specific key for 
detecting hyphal infections via the identification of β-glucans, a fundamental 
component of the hyphal cell wall [94, 95]. C. albicans (a polymorphic fungus) may 
exhibit a transition between yeast and filamentous types, depending on environ-
mental conditions. The bud scars on the Candida wall, which are exposed during 
budding, reveal the usually hidden β-glucan, and are predisposed to Dectin-1 
identification. Usually, β-glucans of C. albicans are hidden from identification via 
Dectin-1 and outer wall elements during hyphal development [104, 105]. Dectin-1 
also enhances the fungicidal activities of human neutrophils, which seem to be key 
effector cells throughout the fight against hyphal morphology [106]. The failure of 
Dectin-1 to identify the fungi as a result of β-glucan protection in hyphal develop-
ment shields these bigger morphologies by avoiding internalization. In addition, 
hyphal types elicit protective T-helper cell type 2 (Th2) immunological responses 
in DCs rather than a Th1 immune response [107, 108]. Consequently, immune cells 
respond differentially to hyphae and yeast.

Similar to Dectin-1, Dectin-2 and Dectin-3 are also integral membrane proteins 
that belong to the CLRs family. Dectin-1 detects glucans, while Dectin-2/3 identifies 
mannans [109]. These may produce heterodimer complexes that provide greater 
sensitivity to host tissues as well as a high potential for binding to mannans [50]. 
While investigating the functions of Dectin-2 in C. albicans related-diseases, it was 
observed that the mice lacking Dectin-2 were more vulnerable to infection. In addi-
tion, phagocytosis and cytokine production was also decreased in these mice [110].

The α (1,3)-glucans present in the outermost layer of the cell wall helps in the 
pathogenicity of Histoplasma capsulatum (H. capsulatum) by hiding its immune-
stimulatory β-glucans. This is analogous to how external mannans protect 
β-glucan from Dectin-1 recognition in Candida. Further evidence was observed 
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in H. Capsulatum variants without α (1,3)-glucans which resulted in an increased 
TNF-α production. On the other hand, a reduction in Dectin-1 (necessary for 
β-glucans) expression, suppresses TNF-α levels. On switching into its infectious 
yeast stage, Paracoccidioides brasiliensis (P. brasiliensis) changes its β(1, 3)-glucans 
to α(1, 3)-glucans [111]. This is due to the reason that α (1, 3)-glucans are less 
likely to be identified by the host PRRs and therefore essential in fungal evasion 
of the immune system. C. neoformans masks the surface of PAMPs by producing 
GXM, which inhibits the production of IL-1β and pro-inflammatory TNF-α [112]. 
Both the pigment DHN-melanin and the RodA protein create a hydrophobic coat-
ing on A. fumigatus conidia and cover the glucans in order to avoid TLR activa-
tion. Although, quiescent conidia do not cause macrophages to secrete cytokines 
during germination, and the surface of RodA is destroyed. Furthermore, proteins 
that are recognized by PRRs are exposed to dendritic cells and macrophages, 
promoting the expression of the co-stimulatory molecule and cytokine produc-
tion [113]. Dectin-1 redundant function may be explained by the lack of numer-
ous glucans on the surface of resting Aspergillus conidia. Dectin-1 suppression 
on alveolar macrophages has little effect on the phagocytosis of Aspergillus that 
may be influenced by conidia germination [114, 115]. The spherule external wall 
glycoprotein (SOWgp) of Coccidioides posadasii (a respiratory fungal pathogen) 
is involved in its escape from innate immune recognition. The fungal cells secrete 
a metalloproteinase (Mep1) during endospore development, which metabolizes 
SOWgp [116]. Because SOWgp is downregulated during endospore production, 
fungal cells are therefore capable of avoiding phagocytosis and death during the 
susceptible spore-forming stage [117]. The capacity of the fungi to live in various 
morphotypes and to transiently shift from one form to another during infection is 
one strategy of shielding the host’s immune system [118, 119]. These polymorphic 
phases are linked to phenotypic switching and result in evasion from cellular 
PRRs. This ability has most likely developed to help fungi survive in a variety of 
environments.

The C. neoformans capsule obscures the α (1,3)-glucans and mannan of the basal 
cell wall. Macrophages can easily recognize and phagocytose the acapsular mutant 
strains of C. neoformans and both glucans and mannose receptors are involved 
in this identification [120]. However, the capsule acts as a shield and masks the 
recognition of fungal PAMPs from the phagocytic receptor. Generally, TLRs detect 
the capsule and initiate an inflammatory response that is essential for limiting 
fungal infections. Further evidence in this regard has been provided by TLR2-
deficient mice that have shown increased susceptibility to C. neoformans infections 
[121]. Contrary to yeast-form, blastoconidia of C. albicans, as well as hyphal form, 
are capable of evading the innate immune recognition by the Dectin-1 [104]. 
These blastoconidia activate the TLR2 and TLR4 in the ancillary monocytes and 
peritoneal macrophages. Such hyphal forms are not detected by the TLR4 and cause 
tissue-invasive infection [122]. Phenotypic change during germination could be a 
crucial survival strategy for several fungal pathogens. TLR4-mediated responses are 
diminished after the germination of A. fumigatus while its conidia elicit TLR2- as 
well as TLR4-mediated responses, in the tissue invasion. Mostly conidia germinate 
specifically into hyphae when TLR4 production is reduced, resulting in less intense 
proinflammatory cytokine production [123]. Proinflammatory responses medi-
ated by TLR4 are essential in the prevention of invasive infections (aspergillosis) 
[124]. The stealth mode is not always successful and a fungal pathogen will usually 
be detected by the host in a certain way. Therefore, microorganisms frequently 
discover new strategies to exploit the host recognition networks and manipulate 
them for establishing a successful infection. These organisms may have chemicals 



59

Fungal Immunology: Mechanisms of Host Innate Immune Recognition and Evasion by Pathogenic…
DOI: http://dx.doi.org/10.5772/intechopen.101415

on their surfaces or release compounds that trigger regulatory systems specifically. 
Throughout this way, the pathogen may either directly suppress or develop kinds of 
immune responses that aren’t typically efficient against the pathogen [101].

3.2 Modulation of inflammatory signals

In respect of anti-inflammatory cytokine impact, TLR2 stimulation differenti-
ates from TLR4 activation, with proinflammatory cytokine production being 
lower following TLR2 stimulation than the TLR4 stimulation [125]. TLR4 agonists 
selectively produced Th1-inducing cytokine signals in DCs, whereas TLR2 activa-
tion generate a more strong anti-inflammatory Th2 reaction [126]. Because each 
effector’s arm elicits a different immune reaction, the equilibrium between Th1/ 
Th2 reactions is thought to be important in deciding the severity of infection  
[127, 128]. The Th1 pathway generates pro-inflammatory cytokines such as IFN-
γ, which stimulate cell-mediated immune mechanisms such as cytotoxicity and 
phagocyte activation. Th1 pathway is essential in the fight against intracellular and 
fungal infections. The Th2 pathway is characterized by cytokines such as IL-4, 
IL-5, as well as IL-10 and promotes a humoral response while suppressing the 
Th1-dependent effector functions [129]. Th2 cytokines may decrease monocyte 
anti-hyphal activity as well as lead to oxidative burst amid antifungal reactions 
[128]. TLR2-deficient macrophages have improved anti-candidal abilities [130], 
and TLR2 macrophages in mice are significantly more tolerant to widespread C. 
albicans related diseases [124, 130, 131]. As a result, the hyphal forms of C. albicans 
(tissue-invasive) and A. fumigatus are likely to shift the equilibrium towards that 
Th2 pathway by avoiding TLR4 stimulation in favor of TLR2 activation. C. neofor-
mans has also been found to possess immunosuppressive properties. The primary 
virulence component of C. neoformans is indeed the GXM, which is a strong activa-
tor of the IL-10 (anti-inflammatory cytokine) and a pro-Th2 cytokine mediator 
in human monocytes [132, 133]. The melanin pigment produced frequently by 
pathogenic filamentous fungi has been associated with fungal pathogenicity and its 
immunomodulatory impact in C. neoformans has been investigated. Melanized C. 
neoformans variants result in increased pulmonary IL-4 levels thus driving the host 
cells to switch towards Th2 response [134]. Blastomyces dermatitidis (B. dermatitidis) 
that causes systemic and pulmonary mycosis, may result in comparative immuno-
suppression by reducing the synthesis of the TNF-α (a pro-inflammatory cytokine) 
[135]. The binding of Blastomyces surface adhesins to the complement receptor III 
on macrophages results in suppression of TNF-α synthesis which otherwise could 
be harmful to B. dermatitidis’ existence [136].

3.3 Shedding of decoy components

Several innate immune evasion strategies have been identified for 
Pneumocystis jiroveci (P. jiroveci), an opportunistic fungi that usually infects AIDS 
patients. Glycoprotein A (gpA) complex is the main protein antigen present on 
the membrane of Pneumocystis. It is highly glycosylated with glucose, mannose, 
as well as galactose-containing carbohydrate moieties [137]. Mannose recep-
tors present on the alveolar monocytes recognize these structures. However, 
Pneumocystis escapes this recognition by MR on alveolar macrophages and 
impedes its phagocytic activity by premature release of its gpA glycoprotein 
as a decoy [138]. Furthermore, Pneumocystis has also been described to deplete 
MR from the membrane of AMs, preventing non-opsonic absorption by MR 
(surface-expressed) [139].
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3.4 Persistence in the intracellular environments

Several fungal pathogens have developed the potential to avoid the phagocytic 
activity of macrophages. For example, C. neoformans can phenotypically shift to a 
mucilaginous colony type generating a significantly bigger capsulated polysaccha-
ride GXM with modified biochemical and biophysical characteristics thus limiting 
AM phagocytic effectiveness [140]. When certain variants fail to escape host 
identification, phagocytosis by macrophages does not necessarily result in death 
and the ending of the life cycle as some fungi may survive the harsh environment 
inside the phagolysosome. Some C. albicans spp. can withstand intracellular death 
and produce hyphal structures and thus escape the macrophages [141]. C. albicans 
have an extremely specialized anti-nitric oxide (NO) defense mechanism including 
the NO-scavenging flavohemoglobin genetic traits that convert NO to less toxic 
substances when comes into contact with reactive nitrogen molecules like NO and 
oxygen free radicals generated by monocytes/macrophages [142]. Comprehensive 
morphologic investigations have shown that Candida could produce germ tubes, 
proliferate, and ultimately escape the host cell despite phagocytosis by macro-
phages [143]. Phagocytosis provokes C. albicans within macrophages to switch into 
self-preservation mode, which includes a delayed growth rate, carbon utilization, 
as well as an oxidative stress reaction to thrive in the hostile environment inside 
macrophages [144, 145] suggesting that the phagocytic activity solely might not be 
sufficient to clear the infection from the host. During persistent infection, the fungi 
have been shown to survive and reproduce inside the phagocytic cells [146, 147]. To 
escape intracellular death, C. neoformans cause aberrant lysosomal transport and 
significant cytoplasmic vacuolation in the host cell, leading to host cell disintegra-
tion [148]. Similarly, H. capsulatum, is also capable of surviving inside macrophages 
for longer durations following primary infection and become activated as the 
immune responses are diminished [149, 150]. Histoplasma is supposed to prevent 
phagolysosome formation and proactively regulate the phagosomal pH following 
phagocytosis to maximize its survival inside phagosomes [151, 152]. Furthermore, 
Histoplasma can prevent the production of toxic superoxide radicals that are harm-
ful to its survival inside macrophages [153].

3.5 Complement evasion

The complement system is a dynamic mechanism that plays a significant part in 
innate immunity and antibody-mediated protection against pathogenic microbes 
[154]. Several foreign antigens including fungal PAMPs, cellular debris, as well as 
antigen–antibody complexes can activate a series of complement pathways [98, 155]. 
Excessive tissue damage and inflammation by the complement system are avoided 
by the regulatory molecules of the complement system [156]. The complement 
system is split into three pathways; classical, alternative and lectin pathway. The 
activation of all these pathways varies in regards to associated components but all 
pathways submerge by producing the same group of effector molecules, i.e., opso-
nization and formation of membrane attack complex (MAC) [96]. All complement 
mechanisms contribute to the production of C3 convertase as well as the C3b frac-
tion, which in turn promotes the synthesis of C5 convertase. C5 convertase cleaves 
the C5 factor into C5a and C5b. The distal complement components are formed as 
a result of a succession of accumulation and polymerization processes, as well as 
the mobilization of terminal complement elements such as C6, C7, C8, and C9. The 
terminal complement components form MAC causing cell lysis by inserting C9 
into the lipid membrane layer [157–159]. Pathogenic organisms, on the other hand, 
have adopted different approaches to evade complement attacks, such as binding 
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to regulatory complement proteins by secreting proteases or evading opsonization. 
For example, Aspergillus spp. and C. albicans release proteins on their membranes 
that bind to complement proteins to prevent being eliminated by the complement 
system. These proteins, when linked to the hyphal surface, block the complement 
cascade, allowing the fungi to avoid the complement attack [156]. Aspergillus and 
Candida are recognized to activate complement by depositing C3 on the fungal 
membrane, which facilitates opsonization and the synthesis of the chemoattractant 
(C5a), which recruits leukocytes to the infected area [160–162]. Pigmentation on 
the conidial surface of A. fumigatus has been demonstrated to influence patho-
genicity by reducing C3 protein accumulation and neutrophil activity [163]. 
Transcription factors such as Factor H-like protein 1 (FHL1), Factor H, as well as C4 
binding protein (C4BP) for the signaling pathway, keep the complement system in 
balance against abnormal activation. A. fumigatus and C. albicans both have been 
described to bind FHL-1, C4BP, and Factor H, on their membrane to evade the 
complement cascade [164–166]. Furthermore, the dense yeast cell wall is impervi-
ous to immediate lysis by the MAC [161]. Complement is far more than a “defen-
sive” mechanism against infections. It has a role in inflammatory responses, cellular 
response regulation, and cell–cell interactions, all of which are important for cell 
differentiation and initial growth [167]. Currently, two complement-targeted drugs 
for non-fungal illnesses have been approved in the health center: eculizumab (an 
anti-C5 antibody) and different formulations of C1 esterase inhibitor (C1-INH). 
Several other drugs that target distinct elements of the complement cascade are all 
in different phases of trials [167–170].

4. Conclusion

Our understanding regarding the innate immune recognition of pathogenic 
fungi by the corresponding fungal PAMPs is still poor. Moreover, the fungal ligands 
involved in the activation of host PRRs remain largely unknown for several patho-
genic fungi. Characterization of fungal PAMPs and their recognition by the host 
PRRs can provide a comprehensive understanding of pathogenesis and immunity 
to the pathogenic fungi. In addition, characterization of these fungal ligands and 
their activation of respective PRRs is essential not only to discover new therapeu-
tic approaches against fungal infections particularly in immune-compromised 
patients but also to develop novel adjuvants for enhancing the prophylactic immune 
responses against pathogenic fungi.
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Fungi
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Abstract

The communication via signaling of chemicals is perhaps one of the earliest 
forms of communications. The most commonly known interspecific chemical 
substance such as pheromones is often known to engage in the attraction of mates 
in insects. Hence, the sensing of environmental and interindividual communication 
via pheromone systems is fundamental to most organisms that help in guiding the 
interactional behavior, development, and overall physiological activities. Likewise, 
the role of pheromones is revealed in fungal species in terms of their role in several 
cellular activities. The role of pheromones in fungi has been largely unexplored. 
However, there are few fungal hormones/pheromones such as sirenin, trisporic 
acid, antheridiol, oogoniol, and peptide hormone in yeast that were documented. 
Further studies are still underway for their significance in the biology of fungi as a 
whole and implications they might have on the overall ecosystem. In this chapter, 
we discuss various progresses made in understanding pheromone related to mating 
in kingdom fungi and the role of pheromone receptors.

Keywords: fungal hormones, pheromones, MAP kinase, signaling

1. Introduction

One of the largest and diverse kingdoms in eukaryotes is kingdom fungi, which 
may consist of 2.2–3.8 million species (approx.), and most importantly of which 
many are undergoing characterization, and it is well known to be present in several 
phyla that show important traits morphologically [1]. The fungal kingdom exhibits 
ubiquitous nature in our environment that plays a key role in the existence of life on 
earth as many species are directly or indirectly linked to in terms of several fields 
such as agricultural or industrial, and therefore, the implication is negatives as well 
positive for overall well-being of human and plant health [1]. The kingdom fungi 
are considered to be an ancient group of approximately 3.5 billion years old, which 
are comprised of large and diversely grouped organisms continuously updated with 
the discovery of new species yearly but the estimated number is around 1.5 and 
7.1 million species [2–4], of which certain groups of fungi have been associated as 
pathogens for their ability to grow on humans, animals, or plants but there exists 
a helpful beneficial or mutual role also [5–9]. So far, the species that belong to this 
kingdom may include rusts, molds, lichens, smuts mushrooms, and yeasts.
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By the large, the fungi have been relevant to their ability for undergoing the 
phenomena of secondary metabolism where secondary metabolites (SMs) as bioac-
tive compounds are synthesized which demonstrates properties such as mutagenic, 
cytotoxic, immune-suppressants, antibiotics, and carcinogenic. In addition, 
various other SMs also have been shown to contribute to the interaction between 
host-plant and in resistances such as induced systemic and systemic acquired [10]. 
Both beneficial and harmful SMs have been reported from fungal species such as 
well-known antibiotic penicillin from Penicillium, sterigmatocystin, aflatoxin, and 
gliotoxin from A. nidulans, A. flavus, and A. fumigates [11, 12].

As far as sexual development in fungi is concerned, it is considered to be initi-
ated by the fusion of haploid cells that are morphologically not distinguishable at 
all. de Bary (1981) was the first one who reported the occurrence of sex hormones 
in fungi such as Achlya. Later on, gradually various works on it revealed diffusible 
substance that plays a specific role during sexual reproduction in fungi.

Nonetheless, they can fuse due to differences in mating types. In most cases, 
under mating types, it undertakes overall particular activities of the cell that are 
essential for conversion from haploid to the diploid stage and meiosis. The genetic 
information determines the mating type and is supposedly present at the mating-
type locus. So far, various systems have been evolved to make certain continuation 
of different sexes of either two or multiple mating types. In various fungi, diffusible 
peptide mating factors are mediated by particular cell recognition and fusion. These 
peptides act in a very similar way with the secreted chemical substances of insects 
and mammals especially in very low doses that elicit certain responses related to 
mating. Hence, it can be termed pheromones in a very similar way as in insects and 
mammals. The very first evidence of peptide pheromones came into existence from 
the observations when it was found that a certain diffusible substance was acting 
from a distance with an effect on cell-type specificity [13]. Hence, the occurrence 
and study of these pheromones have paved the way to study the varied fields of 
protein modification and their trafficking, signal transduction, ligand-receptor 
interactions, and cell cycle regulation. For this, the yeast Saccharomyces cerevisiae 
proved to be the best model organism due to its genetic, pheromone production 
response and molecular mechanisms involved in it. Furthermore, several studies 
have been undertaken in several species of fungi by use of several methods that may 
include the study of genetics, plant secondary metabolites, etc. for the occurrence 
of sexual reproduction and its related signaling cascades [10, 14].

Because the majority of fungi are non-motile, therefore, the property of 
responding to external cues such as signals helps in polarized growth especially in 
filamentous fungi for facilitating them in search for a continuous supply of essen-
tial nutrients and mating partners that prove to be crucial for their survival and 
abundance, while the mechanism in which external signals mediate in the process 
of polarization has marked commonalities with the polarization event during the 
processes such as mitotic division, budding, or fission. Thus, if any new substance 
is introduced into the outer membrane, then it may result in the growth in the 
polarized manner in the case of fungi using the secretory pathway and associated 
re-modeling of the cell wall. This type of growth had been reported to occur via 
internal as well as external signals such as cell cycle progression and environmental 
changes or probable occurrence of peptide mating pheromone, respectively. Most 
importantly, when opposite mating partners are exposed to the effects of phero-
mone, it has been found that several expressions in genes are observed along with 
the arrest of the cell cycle [15].

It has been extensively documented that polarized growth exists in several 
fungal species [16, 17]. Therefore, the biology-related mechanism present in 
pheromone-mating types of interactions in fungi kingdom may present helpful 
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insights into the evolution of mating mechanisms, which will ultimately serve in 
understanding the not-so-studied models for sexual eukaryotes. In this chapter, we 
will not concentrate our views on chemotropism or cell fusion, which already have 
been extensively reviewed recently.

2. Sex hormone types

As far as endogenous hormone systems are concerned in fungi, it has very 
significant homologies for animals [18]. According to Machlis in 1972 [19], the sex 
hormones are may be classified into three following types viz., erotactins, erotropins, 
and erogens where erotactin functions as a sexual hormone for attracting motile 
gametes, erotropin plays role in the induction of chemotropic growth of sexual 
structures, and lastly erogen role is to control the induction and differentiation of 
sexual structures. Nonetheless, the sex hormone may carry out more than one func-
tion for instance in Achlya, where it was found that it not only helps in controlling the 
overall development of sexual structures but also helps in determining the direction 
of the sexual organs.

3. Some common fungal sex hormones

Even though a large number of sex hormones have been investigated, but only a 
few of them have been characterized chemically or widely investigated, which are 
viz., sirenin, trisporic acid, antheridiol, and oogoniol.

3.1 Sirenin

Among many fungal sex hormones, sirenin became the first known fungal 
sex hormone that was a sperm-attracting hormone and later on, it was classified 
according to its chemical composition. It has the basic property of female gamete 
that helps in attracting male gametes in genus Allomyces. It was first demonstrated 
in 1958 by Leonard Machlis [20], and organic chemists helped in its purification 
for its structural determination by 1968 as empirical formula C15 H 24O2 with a 
molecular weight of 236. Consequently, further research has been carried out 
single-handedly on sirenin almost entirely by Jeffrey Pommerville. In his works, 
it was shown that male gametes helped in releasing a hormone that complements 
to sirenin, parisin which is attributed to attracting female gametes [21]. It resulted 
in the demonstration that there are parallels in the system of Allomyces hormone 
for several others that are present due to specific male as well as female hormones. 
But, unfortunately thereafter hardly any significant work has been carried out on 
Allomyces.

3.2 Trisporic acid

After the report of the first female sex hormone in form of sirenin in 1958, the 
last decade of the twentieth century saw a discovery of metabolite as trisporic acid. 
Trisporic acid is reported to be a sex hormone that has been isolated from Blakeslea 
trispora and Mucor mucedo, and it was shown to play an active role in sexual repro-
duction of various members of the order Mucorales. Also, it was found that trisporic 
acid caused significant carotene upregulation in the species of B. trispora. Afterward, 
in the sexual reproduction of Mucor mucedo, it was found that the hormone that was 
responsible for the process of gametangial conjugation that results in the production 



Fungal Reproduction and Growth

76

of zygospore was trisporic acid. Trisporic acid is an unsaturated and oxygenated 
form of trimethyl cyclo-hexane and there are three kinds of trisporic acid such as 
A, B, or C among them C is known to play chief role as a sex-hormone, afterward, 
trisporic acid B comes in terms of activity, followed by trisporic acid A with least 
activity. In the case of heterothallic mycelia, trisporic acid B and C have been found 
to stimulate the zygosphore developments and this particular hormone is produced 
only when the mycelia of (+) and (−) strains grow in a normal continuous diffusable 
medium. The trisporic acid hormone synthesized in (−) strain encourages the devel-
opment of pro-gametangium in (−) strains or the other way round. The empirical 
formula of trisporic acid is C18 H26 O4 with a molecular weight of 306. The revelation 
where sexual involvements are concerned which is under the control hormones in 
Mucorales group extends comprehensively over many years and workers from  
various countries are actively got involved.

3.3 Antheridiol and Oogoniol

During the early nineteenth century, John Raper discovered the hormone known 
as antheridiol which was initially termed as hormone A when he was studying the 
mode of mating in the oomycete water mold Achlya. It is demonstrated that the 
hormone antheridiol is responsible for several types of reactions such as antheridial 
hyphae initiation on the male plant, stimulation of antheridial hyphae chemo-
tropic way, male hyphae stimulation for the oogoniol production, and their role in 
antheridia delimitation. The hormone was retrieved from the female was obtained 
by Raper and the chemist Haagen-Smit in a highly concentrated state was earlier 
shown to induce the development of antheridia in the male by the early twentieth by 
Raper. The hormone oogoniol is synthesized by male hyphae of Achlya ambisexualis 
but only when antheridiol is present. However, it was reported that oogoniol may be 
synthesized as well by some hermaphrodite strains exclusive of antheridiol stimulus 
[22]. McMorris [23] and his coworkers found that two crystalline compounds that 
possessed hormone B activity have been isolated from culture filtrates of Achlya 
heterosexualis which received the name of oogoniol-1 and oogoniol-2. Hence, the 
hormone that stimulates the development of oogonium on female hyphae came into 
existence as oogoniol that is a crystalline steroid with 500 as molecular weight.

3.4 Yeast a-factor and alpha-factor

In S. cerevisiae, mating-type factors are peptide hormones called a and alpha 
pheromones and they have specific receptors on the cell surface. These pheromones 
binding to specific receptors on opposite mating-type cause G1 arrest in the cell 
cycle which is the same stage that is required for nuclear fusion. Investigating the 
effects on the cell cycle by the responses generated by signal transduction to the 
nucleus via extracellular pheromones seems to be a better prospect. In S. cerevisiae, 
the receptor family that it belongs to is the large family of receptors known as 
G-protein-coupled serpentine seven-trans-membrane (GPCR) receptor and it has 
been involved in studying these receptors as a useful model system for the investiga-
tion of complex signal transduction cascade. And the enzymes that are required for 
this signal transduction have very significant implication for the eukaryotic protein 
such as RAS oncoproteins because it is proofing useful in various forms of cancer. 
Hence, studying yeast mating has therapeutic value as it may provide novel tumor-
suppressing agents. Nevertheless, the marked evidences of fungal pheromones 
seem to be widespread and it not only have a significant role in cell-to-cell recogni-
tion but also in post-fusion events viz., induction of meiosis and maintenance of the 
filamentous state in some species of fungi [24].
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4. Basidiomycetes pheromone signaling

If we have a look at the system of mating in basidiomycetes, it consists of haploid 
monokaryotic that induces dikaryotic stages. The monokaryotic mycelium consists of 
nuclei with one genetic type; therefore, the terminology homokaryon is derived. From 
the haploid spores, the mycelium grows, which may contain one nucleus. And when 
genetically different types of homokaryons mate, then dikaryon is formed. Generally, 
the tetrapolar system regulates the mating in the mushroom-forming species, which 
consists of genetic complexes namely A and B, which may not be linked with each 
other. The condition of tetrapolar reveals that there may be possibilities that are four 
in number as far as mating interactions are concerned involving haploid strains. And 
full compatible interaction may take place between mates when both genetic com-
plexes have different specificities as compared to different allelic specificities and two 
semi-compatible interactions have been observed to take place when development is 
regulated by A- or B due to differences present in either complex. As far as basidio-
mycetes are concerned, both kinds of mating behavior are observed. The induction 
of sexual development during mating has to be responsive to binding of ligand on 
pheromone receptor followed by an ensuing signal transduction pathway, which will 
ultimately leads to dikaryotization. Hence, one of the chief functions in a system 
where pheromone and receptors are involved is to bring about the gene expressions of 
encoded proteins that are involved in attracting and subsequently directing mates to 
grow toward each other.

Hence, the interaction between pheromone and receptor is believed to be 
significantly appropriate for proceedings of fusion and most particularly when 
there is the presence of shared exchanges and migration of nuclei among the mating 
partners [25]. In addition, the evidences suggest that there is hardly any significant 
correlation between the strength of responses in species or its genetic distance from 
pheromone source sequence but due to influencing conditions or differences in 
development a species may be either weak or strong responder [26].

So, during a response to pheromone and nuclear migration in the fungal species of 
S. cerevisiae, it has been observed that a mating-specific Gα, Gpa1, has been found to 
interact with kinesin-14 (Kar-3) that is a minus-end-directed microtubule-associated 
motor [27]. In addition, due to this interaction nuclear migration induced by phero-
mone is regulated toward shmoo tip. After pheromone treatment, Kar3 immuno-
precipitates the Gpa1, thereby demonstrating interactions among protein–protein 
complexes. Finally, at the shmoo tip visualization of Gpa1 and Kar3 occurs. It was 
regarded that the positive association of Kar3 with Gpa1 gets affected when utiliza-
tion of mutant Gpa1 is undertaken to the shmoo tip. The dynamics and orientation 
of microtubules also have a significant association with Gpa1. It was concluded that 
Gpa1 was considered to provide an externally regulated position determinant for the 
anchorage of Kar3 [27]. Even though, the conserved pheromone/receptor system and 
the presence of different regulations, the de novo in silico discovery of proteins similar 
to a receptor, and interactions of various intracellular signal transduction pathways 
build the perceptive of the origin as well as the functionality of the pheromone recep-
tor system in highly complex systems of agaricomycetes a challenge to undertake [28].

As far as detection of external stimuli is concerned in eukaryotic organisms, 
there are arrangements in terms of signaling transduction pathways that are 
employed for detections [29]. The signal transduction pathway occurs via mitogen-
activated protein kinases (MAPKs) that comprises of Ser/Thr protein kinases 
which helps in converting the extracellular stimuli into several downstream cellular 
responses. And it has been reported that since ancient times the MAPKs signal trans-
duction pathway is extensively utilized in many physiological processes throughout 
evolution.
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Hence, we can mention that MAPK pathway involves well-conserved signal 
transduction cascade in eukaryotes [30]. The signaling pathway plays a significant 
role in response to several factors such as growth factors, mitosis, gene expression, 
cytokine regulation, motility, metabolism, cell death, cellular stressors, differentia-
tion, and pheromones [29]. In mammals, MAPKs are 14 in number and have been 
characterized into 7 groups. Generally, MAPK pathways consist of kinases that are 
MAP3K (MAPKKK), MAP2K (MAPKK), and MAPK that upon stimulus detection 
become co-localized and subsequently allow sequential phosphorylation and activa-
tion. The MAPKKKs are Ser/Thr protein kinases that get activated due to phosphor-
ylation results into their interaction with small proteins that are GTP-binded that 
belongs to Ras/Rho family. Hence, activation of MAPKKK happens and it directs 
phosphorylation, which brings about the MAPK activity via phosphorylation of Thr 
and Tyr residues within a conserved motif known as Thr-X-Tyr located in the kinase 
domain [29]. Thus, this pathway consists of several described adaptors, docking, 
and scaffold proteins that are occupied in the overall regulation of MAPK cascade 
of signaling. In these, the scaffolds are considered to be the largest, a multi-domain 
protein. The scaffold protein is provided as a physical platform that has the capabil-
ity of binding several members of a MAPK pathway that regulates in allocating 
in the regulation of localization of kinase, complex assembly, and transcriptional 
factors for signal propagation toward nucleus for respective expression [31].

Nevertheless, in fungi, the growth and development and several other pro-
cesses require a wide range of signal transduction pathways [31–33]. Therefore, 
various MAPK-involved pathways have been reported in the biological regula-
tions concerned in fungal species. So far, all MAPK pathways in S. cerevisiae have 
been defined genetically. But the pathway related to mating was the first MAPK 
module to be defined. S. cerevisiae has been reported to have five MAPK pathways 
(Fus3, Kss1, Hog1, Mpk1, and Mpl1) wherein each regulates separate cellular 
processes [34].

Despite very few information available on the signaling mechanisms that are 
involved in fungal development, still among various known pathways, especially 
in eukaryotes sexual development occurs via the MAPK pathway, which is widely 
studied during pheromone signaling [35]. In addition, since it came into existence, 
it is known to be highly conserved in the fungi in terms of orthologous pheromone 
module MAPK pathways. In the review of Frawley and Bayram [31], where they 
specifically mentioned the role of a module that involves pheromone as a foremost 
signaling in filamentous fungal species viz., A. nidulans, A. flavus, and A. fumigates.

For instance, it has been shown in the case of filamentous growth in S. cerevisiae 
via MAPK pathway in response to pheromones where Ste7, Ste11, Ste20, and Kss1 
kinases and the Ste12 transcription factor acted as several components [36, 37]. 
However, in diploid cells, for the filamentous growth pheromones, pheromone 
receptors and subunits of the pheromone-activated heterotrimeric G protein are 
not necessarily expressed in case of diploid cells (161). The signaling, in particular, 
involves different specializations viz.,

i. Activation of the MAP kinase cascade by the beta-gamma subunits of the 
pheromone-activated heterotrimeric G protein during mating of haploid 
cells. There exist various mechanisms that involve Cdc42, Ras2, and 14–3-3 
proteins Bmh1 and Bmh2 during growth in filamentous way and this  
ultimately leads to the activation of the MAP kinase pathway [38, 39].

ii. During mating the scaffold protein Ste5 helps in securing the components 
of the MAP kinase cascade; however, during filamentous growth Ste5 is 
not vital and the role of scaffolding may be played by another protein. In 
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addition, Spa2 protein is suggested to interact with the MAP kinase cascade 
components as the scaffold during filamentous growth [40].

iii. The Fus3 and Kss1 kinases differ in the MAP kinase of S. cerevisiae where 
Fus3 specifically regulates mating and invasive growth is inhibited while 
Kss1 is comprehensively assisted in the regulation of invasive and filamen-
tous growth [41]. Furthermore, during filamentous growth Kss1 role has 
been positive and negative regulation and it helps in preventing repression of 
Ste12 by the proteins Dig1 and Dig2 [42–44].

iv. In the last specialization, Ste12 interacts with the Mcm1 protein during  
mating and transcription is activated, which eventually leads to gene expres-
sion of pheromone-responding features, while heterodimer formation 
occurs in diploid cells by Ste12 accompanied by Tec1 that leads to activation 
of transcription related genes along with filamentation-responding features 
[37]. Thus, in such a way, Ste12 protein may give way for two different pat-
terns of suitable transcriptional responses in haploid and diploid cells.

In the case of A. flavus pheromone module, there is the presence of kinases and 
SteD and the process of dimerization occurs at hyphal tip as MkkB-MpkB where it 
interacts in the cytoplasm as SteC-SteD dimer and a tetrameric complex is formed. 
From this tetrameric complex, phosphorylation of MpkB occurs and it enters the 
nucleus and respective regulation of transcriptional factors occurs. Furthermore, at 
the hyphal tip HamE localization is also observed for respective regulations. However, 
the exact mechanisms that are involved in its regulation are still subjected to further 
research.

5. Conclusions

The signal transduction cascade in the fungal kingdom which is highly  
conserved occurs not only by the element of pheromone but also by both secondary 
metabolism and pathogenicity present in various fungal pathogens. But still very 
few investigations have been carried out about the pathways that involve the protein 
complexes for signaling to happen in the fungal kingdom.

The fungal pheromones are generally secreted by the opposite mating cells to 
stimulate the production of the opposite sex organs. The fungal pheromone such as 
sirenin is produced by female gametes of Allomyces is used for attraction of male 
gametes and fusion. Trisporic acid reported from Zygomycetes fungi is responsible 
for zygotrophism and development of progametangium. Antheridiol and oogoniol 
hormones are produced by Achlyabisexualis, and vegetative hyphae of female strain-
produced antheridiol are responsible for the development of antheridial hyphae 
on male thallus. Then, the male hyphae-produced oogoniol causes the initiation of 
oogonial hyphae on female thallus. In yeast, peptide hormone a and alpha-factor 
have specific receptors present on the opposite mating types. These peptide hor-
mones bind to receptors that are specific to the cell surface of opposite mating type 
through GTP-binding protein causes the production of agglutinin of recipient cell 
and stops the G1 stage of the cell cycle. In basidiomycetes fungi different mating 
homokaryons are having either A or B genetic alleles and also have two semi-
compatible interactions been observed in it leading to dikaryotization.

Even though there are evidences of the signaling pathway taking part in the regula-
tion of various fungal progression that may be vegetative in nature, sporulation asexu-
ally, and sexual reproduction but the evidences concerning the requisite stimulation 
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to activate these pathways or transcriptional regulation in the nucleus of filamentous 
fungi especially are meager. Therefore, there are still more prospects in the field of 
complex signal transduction pathways present in fungi and the mechanisms via in 
which certain genes are regulated utilizing the pheromone module. Hence, if in near 
future our researchers are able to characterize the vital regulators in the development 
of the fungal kingdom, then it could help in the sustenance of the global population 
by reducing food production loss by preventing various fungal crop diseases.
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Glomalin Arbuscular Mycorrhizal 
Fungal Reproduction, Lifestyle 
and Dynamic Role in Global 
Sustainable Agriculture for Future 
Generation
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Abstract

Glomalin, a type of glycoprotein produced by arbuscular mycorrhizal fungi 
in the phylum Glomeromycota, contributes to the mitigation of soil degradation. 
Moreover, AM fungi and glomalin are highly correlated with other soil physico-
chemical parameters and are sensitive to changes in the environment; also, they 
have been recommended for monitoring the recovery of degraded soil or stages 
of soil degradation. AM fungi are commonly known as bio-fertilisers. Moreover, 
it is widely believed that the inoculation of AM fungi provides tolerance to host 
plants against various stressful situations like heat, salinity, drought, metals and 
extreme temperatures. AM fungi, being natural root symbionts, provide essential 
plant inorganic nutrients to host plants, thereby improving growth and yield 
under unstressed and stressed regimes. The role of AM fungi as a bio-fertiliser can 
potentially strengthen plants’ adaptability to changing environment. They also 
improve plant resilience to plant diseases and root system development, allowing 
for better nutrient absorption from the soil. As a result, they can be utilised as both 
a biofertilizer and a biocontrol agent. Present manuscript represents the potential 
of AM fungi as biostimulants can probably strengthen plants’ ability to change the 
agriculture system for green technology.

Keywords: Glomalin, AM fungi, reproduction, Symbiosis, biocontrol agent

1. Introduction

Glomalin levels are high in soils and are linked to aggregate water stability. 
Glomalin contains carbon and hence contributes a significant amount of carbon 
to the terrestrial carbon pool. Stabilisation of aggregates, on the other hand, likely 
increases the effect of glomalin in soils by protecting carbonaceous molecules from 
degradation within aggregates. Because of the symbiotic relationship that occurs 
between plants and glomalin producers, AM fungus, higher atmospheric CO2 can 
lead to increased glomalin production. The agroecosystem’s management strategies 
have an impact on glomalin concentrations in soils. Carbon storage is an important 
function of glycoprotein in soil. Glomalin is a rare molecule (protein) that has been 
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difficult to study biochemically due to its resistance and complexity. Fungi could 
be a microscopic microorganism of the cluster eukaryotes that consists of yeasts, 
moulds, and mushrooms. These organisms are terribly little requiring a magnifier 
for thorough observation. They are globally plentiful and located in a very vast sort 
of habitat.

There are some beneficial fungus species in the hemisphere that have shaped 
civilization and fungi have had a significant impact on human and plant longev-
ity. Plants began putting down roots in terrestrial habitats over 460 million 
years ago, and they were determined by a symbiotic fungus called mycor-
rhizae. AM fungi (Endomycorrhiza) are grouped into a monophyletic phylum, 
Glomeromycota, which includes all notable AM fungi and has coevolved with the 
majority of plants since then. Given mycorrhizae’s long evolutionary history, it’s 
not surprising that the mycorrhizal connection is found in more than 95% of all 
vascular plants, as AM fungi appear to lack host specificity. Plants and glycopro-
tein-producing fungi form a root endosymbiosis known as AM fungi (GPPF). It is 
the most widely distributed terrestrial plant symbiont, helping the plant absorb 
more water and mineral nutrients. Mycorrhizae share some primitive fungal 
traits, including the ability to form spores, a lack of diversity, the lack of sexual 
reproduction and the inability to thrive without a living host. The hemisphere 
is home to a wide variety of mycorrhizae. In forest plants, ectomycorrhizas rely 
on fungi surrounding the roots in a sheath (mantle) and a Hartig net of hyphae 
that extends into the roots between cells. The fungal companion could be from 
the Ascomycota, Basidiomycota, or Zygomycota families. Glomeromycota fungus 
creates vesicular-arbuscular contacts with AM fungi in a second type. AM fungi 
produce arbuscular cells, which penetrate root cells and serve as a conduit for 
metabolic exchanges between the fungus and the host plant. The arbuscules 
(small trees with a bushy appearance) have a bushy appearance. Orchids are 
dependent on a third type of mycorrhiza. Orchids are epiphytes with little seeds 
that require a lot of storage to survive germination and growth. Without a mycor-
rhizal companion, their seeds do not germinate (Basidiomycete). Once the seed’s 
nutrients are spent, fungal symbionts help the orchid grow by delivering vital 
carbohydrates and minerals. Throughout their lives, a few orchids remain mycor-
rhizal connections. AM fungus is obligate biotrophs, meaning they only eat the 
products of their live hosts’ photosynthesis. Fungi aren’t usually specialised for 
their possible hosts, yet some plant species are more conducive to the growth of 
those fungi than others [1–4]. Fungi are among the most commonly found soil 
microorganisms on the globe, and they are related to plants such as angiosperms, 
gymnosperms and pteridophytes with roots, as well as the gametophytes of a few 
mosses, lycopods and Psilotalus, which do not have true roots [2]. According to 
numerous studies, AM fungi increase root absorptive area and, as a result, plant 
nutrition [5, 6], influence plant community succession [7], their fight [8, 9] and 
phenology [8] equalise the extent of nutrition of co-existing plants by forming 
hyphal bridges that transfer nutrients among them [10], and increase soil struc-
ture by binding sand grains into aggregates by ERH [11, 12]. Plants’ tolerance to 
heavy metals [13–15], water stressors [16], pathogenic fungus, and nematodes 
was increased by AM fungi [17, 18]. The need for up to 20% of host photosynthate 
by AM fungus for establishment and maintenance is well understood [19, 20]. This 
manuscript focuses on the lifecycle and potential role of AM fungi as biofertil-
izers inside the regulation of plant growth, development, with improved nutrient 
uptake to a lower place disagreeable environment, overall crop improvement and 
changing universal sustainable agriculture for future generations and greening 
agriculture.
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2. AM fungi upbringing

Intraradical hyphae (IRH) within the roots and extraradical hyphae (ERH) 
structures outside the roots are found in AM fungi. Arbuscules, vesicles and 
intraradical hyphae are among the IRH structures. The extraradical hyphal struc-
tures are spores, and the auxiliary cells are Gigaspora, Pacispora and Scutellospora 
members. The principal locations of nutrition exchange between a host plant and 
a fungal flora are haustoriums and arbuscules [4, 12, 13, 15, 20]. They are made up 
of cells in the internal root cortex (IRC) [1, 4, 21, 22] and are signs of active, lively 
and alive mycorrhizae. Arbuscules come in a variety of shapes and sizes, and their 
form is based on the common association of arbuscular fungi [23]. Arbuscules 
with cylindrical or slightly flared, slender trunks are produced by fungi of the 
genera Acaulospora, Archaeospora, Ambispora, Diversispora, Entrophospora, 
Glomus, Intrapora, Kuklospora, Pacispora and Paraglomus. Members of the genera 
Gigaspora and Scutellospora have large trunks and branches that taper abruptly at 
the tips. Globose, spherical, or ovoid, thin-walled vesicles are lipid and glycolipid 
storage organs [24]. Intercalary swelling in the root ends of intraradical hyphae 
produces AM fungal vesicles.

Glomus vesicles are mostly elliptical, but Acaulospora, Entrophospora and 
Kuklospora vesicles have a wide range of shapes and rarely feature knobs or con-
cavities on their surface [23]. Members of the genera Gigaspora and Scutellospora 
never produce vesicles. Vesicles are rarely produced by members of the genera 
Archaeospora, Intraspora and Paraglomus. To boot, intercellular hyphae (ICH) 
in roots store materials and help transfer elements absorbed by extraradical 
hyphae from the soil to arbuscules or directly to the host plant’s root cells [1, 4, 5]. 
Intraradical hyphae can be straight or have branches that form an H or Y shape. 
They may additionally form coils, whose frequency of incidence depends upon their 
position in a root and therefore the generic affiliation of the arbuscular fungous 
species [23].

In general, coils proliferate at access locations. Glomus species’ intraradical 
hyphae are sometimes coiled within the other areas of an AM fungal root. Coils 
produced by other AM fungus genera, on the other hand, are occasionally abundant 
and evenly scattered, along with mycorrhizal roots. The degree of evenness of 
dispersion of roots among AM fungus, and hence the intensity of staining, varies as 
well. Members of the genera Ambispora, Archaeospora, Acaulospora, Diversispora, 
Entrophospora, Intraspora, Kuklospora and Paraglomus have patchy distributions 
of AM fungous structures, whereas mycorrhizae of the genera Gigaspora, Glomus, 
Pacispora and Scutellospora have a consistent distribution. The staining power of 
Ambispora, Archaeospora, Diversispora, Intraspora and Paraglomus mushrooms 
may be very faint to faint, Acaulospora, Entrophospora and Kuklospora fungi 
faint to moderate, Glomus fungi dark, Gigaspora, Pacispora and Scutellospora 
fungi extremely dark [25, 26]. The sub-phylum Glomeromycota of the phylum 
Mucoromycotina contains the bulk of AM fungus species [27]. Glomerales, 
Archaeosporales, Paraglomerales and Diversisporales are the four orders of AM 
fungi that make up this subphylum, which also includes twenty-five genera [28]. 
They are obligate biotrophs and ingest plant photosynthetic products [29] and 
lipids to perform their lifecycle [30]. AM fungi-mediated growth promotion is not 
solely by enhancing water and mineral nutrients uptake from the conterminous soil 
but to boot by means of safeguarding the plants from fungal pathogens [31, 32]. 
Therefore, AM fungi are essential endosymbionts taking part in an efficient role in 
plant productivity and therefore the functioning of the ecosystem for sustainable 
crop enhancement.
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3. AM fungi paleobiology

AM fungi are thought to be an ancient symbiosis that began over a million years 
ago, based on paleobiological and molecular evidence. The symbiosis of AM fungus 
with terrestrial plants is widespread, implying that mycorrhizas were present in the 
ancestors of all contemporary universal living plants. This favourable relationship with 
plants may have aided the development of terrestrial plants. Wherever AM fungi are 
found, fossils of the first land plants have been found in the Rhynie chert from the lower 
Devonian period [32]. Colonised fossil roots had been ascertained in Aglaophyton fore-
most and Rhynia, which might be ancient plants possessing characteristics of vascular 
plants and bryophytes with primitive protostelic rhizomes [33]. The fossil arbuscules 
seem much similar to those of existing AM fungi [33]. Mycorrhizas from the Miocene 
show a vesicular morphology closely resembling that of present Glomerales. This 
preserved morphology can even to boot replicate the prepared accessibility of nutrients 
provided by the plant hosts in each fashionable and Miocene symbiosis [32]. However, 
it might be argued that the effectiveness of sign approaches is probable to have evolved 
since the Miocene, and this cannot be detected within the fossil record.

3.1 AM fungi molecular signal

The upward interest in AM fungal symbiosis and the improvement of sophis-
ticated molecular techniques have resulted in a rapid improvement in the genetic 
signals. Wang et al. [34] studied plant genes including DMI1, DMI3, IPD3, which 
are involved in communication with associated fungi of the order Glomales. The 
phylogeny of these three genes has been proven to be congruent with the pres-
ent phylogeny of land plants, and they can be sequenced from all major clades of 
modern land plants, including liverwort, the maximum basal group. This suggests 
that mycorrhizal genes must have existed in the common ancestor of land plants 
and must have been passed down vertically to colonised land plants [34].

4. AM fungi reproduction and lifecycle

AM fungi reproduce by forming spores at the ends of the hyphae. These thick-
walled spores stayed underground for a long period of time. Spores of AM fungi can 
germinate and form hyphae with living hosts.

4.1 AM fungi pre-symbiosis

The amplification of AM fungi before root colonisation (RC), called pre-
symbiosis, involves three stages, including spore germination, hyphae growth, host 
recognition, and appressorium formation.

4.1.1 AM fungal spore germination

The reproduction of AM fungal spores is usually carried out with the help of asex-
ual spores. AM fungal spores are thick-walled, multinucleated, resting structures, 
especially at the end of continuous sporulating hyphae with mycorrhizal extraradical 
hyphae. Spore germination has nothing to do with plants because spores germinate 
in vitro (modified living roots) and in vivo experimental conditions with and without 
plants; however, with the help of host root exudates, the germination rate may be 
hyperbolic. AM fungal spores germinate under suitable soil substrate conditions, 
temperature, CO2 concentration, pH value and phosphate condition (PC).
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4.1.2 AM fungi hyphal development

Host root exudates were known as strigolactones, and hence the soil PC, control 
the development of AM fungal hyphae through the soil. Low PC levels in the soil 
promote hyphal growth (HG) and branching, as well as plant exudation of chemi-
cals that regulate hyphal branching intensity [35, 36]. AM fungal hyphae produced 
in 1 mM P media had significantly less branching; however, the length of the germ 
tube and overall hyphal development are unaffected. Every hyphal development 
and branching of AM fungus has a stage of 10 mM P pent-up. This PC occurs in nat-
ural soil environments and may hence contribute to lower AM fungus invasion [35].

4.1.3 AM fungi host recognition

It has been shown that root exudates (RE) of AM fungal host plants grown in 
phosphorus-containing and non-phosphorus-containing liquid media can affect 
mycelial growth. Gigaspora margarita and Glomus intraradices spores grow on host 
exudate. Hyphae of AM fungi, compared with plant exudates injected with P, root 
exudates lacking P grow in large numbers and form tertiary branches. Among the 
highest concentrations of arbuscular branches, the AM fungal structure is formed 
by phosphorus exchange [35]. This allows the hyphal growth (HG) to grow closer to 
the roots of potential host plants; the spores of Glomus mosseae are separated from 
the roots of the host plant through an osmotic membrane, rather than separated 
from plants and dead plants, effectively becoming hyphae. When treated with host 
plants, the fungi penetrated the membrane and appeared continuously within 
800 μm of the roots, but now they are no longer included in the preparation of non-
host plants and dead plants [37].

4.1.4 AM fungi appressorium/infection structure

The hyphae of AM fungi encounter the root foundation of the host plant, form-
ing appressorium or infectious structures in the root epidermis. From this structure, 
the hyphae can enter the parenchymal cortex of the host. AM fungi would really 
like no chemical signals from the plant to make the appressoria. AM fungi can form 
adherent cells on the cell wall of ghost cells, where the protoplasts are removed to 
prevent signal transmission between the fungus and the host plant. Hyphae do not 
invade cells in a similar manner and develop near the root cortex, which suggests 
that once attachments are formed, signal transmission between symbionts is neces-
sary for similar increased growth as soon as appressoria [36].

4.2 AM fungal cell structure, metabolism and natural life

AM fungus is obligatory organism that must complete their life cycle and pro-
duce next-generation spores on living photosynthetic autotrophic hosts. AM fungi 
are spores that grow on the top of the hyphae and are fully asexual. The spores of 
the AM fungus grow on the outside or inside of the host root. AM fungal spores can 
germinate in vitro without a host plant when they come into contact with modified 
live roots. Spores develop and form a germination tube that extends through the 
soil until it finds a host root in the absence of live roots. AM fungal spores penetrate 
roots and develop between root cells or penetrate cell walls and grow inside root 
cells. Once the spore penetrates the root cell, arbuscular branches are formed. 
Arbuscules branches are tree-like subcellular structures used to exchange nutrients 
between AM fungi and related symbiotic plants. The hyphae in the soil may also 
exceed 100 meters per cubic centimetre [38]. This network of hyphae is designed to 
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increase the absorption of important macro and micronutrients by plants, including 
N, P, K, Zn, Fe, S, Mn, Mg, Cu, and water.

4.3 AM fungi symbiosis

AM fungi form a highly branched structure in the parenchyma, which is used to 
exchange nutrients in the plant referred arbuscules [1, 4, 6, 39]. These are specific 
structures unique to AM fungi. Arbuscules are exchange points for replacing 
phosphorus, carbon, water and other nutrients [1, 4, 15, 18, 40, 41]. There are two 
types: Paris forms, which have hyphae propagating from one cell to the next, and 
Arum forms, which have hyphae developing in homes between plant cells [42]. 
Although some families or species have both types, the decision between Paris 
and Arum is largely influenced by the host family [42]. Host plants affect ERH 
proliferation and arbuscules formation [1]. Plant chromatin is depolymerized from 
body material, which indicates increased transcription of plant deoxyribonucleic 
acid (DNA) in arbuscules cells [42]. Major alterations are needed within the plant 
host cell to accommodate the arbuscules. The vacuoles contract and various cel-
lular organelles proliferate. The cytoskeleton structure of plant cells surrounds the 
arbuscules organisation. There are two different types of hyphae that come from the 
roots of the host plants being colonised: after colonisation occurs, transient runner 
hyphae grow from the roots of the plants to the ground soil. These are ERHs that 
absorb phosphorus and other nutrients into plants. The hyphae of AM fungi have a 
high quantitative surface area to volume quantitative ratio, which means that their 
absorption capacity is greater than that of plant roots [43]. The hyphae of AM fungi 
are also smaller than roots and can penetrate into soil pores where roots cannot 
enter [1, 44]. The fourth type of hyphae of AM fungi is different in morphology, it 
grows from roots and colonises different roots of host plants [40].

4.4 Multiplicity of AM fungi and dominant genera

There are 336 species of AM fungi. Among them, the dominant genera 
include 6 species, including Acaulospora, Glomus, Gigaspora, Scutellospora and 
Entrophospora, which have greater advantages in farmland than uncultivated ones 
(on Google.com). Glomus is the dominant genus, which can be obtained on land all 
over the world and reproduced by biostimulants.

4.5 AM fungi characteristics and utilisation

The symbiotic relationship of AM fungi is a traditional instance of a mutualistic 
relationship that can regulate plant growth and development. The fungal mycelium 
network extends under the roots of the plant, facilitating the absorption of nutrients 
uptake (NU) that are otherwise unavailable. The mycelium of AM fungi colonises 
the roots of many different plant species, forming a common mycorrhizal network 
(CMN). Common mycorrhizal network is considered to be the main component of 
the terrestrial ecosystem (TES) and has a profound impact on various plant com-
munities, especially on invasive plants [1, 15, 20, 45], and the fungal removal of 
phosphorus and nitrogen (N) are transferred to plants [6, 31, 46, 47]. In addition, 
the transfer of common nutrients from fungi to plants has a variety of side effects 
and improves plant resistance to biological and non-biological factors. They have 
the ability to improve soil properties, thereby stimulating plant improvement under 
normal conditions and under stress [47, 48]. The colonisation of AM fungi increases 
the plant’s resistance to stressful signals, which leads to its morphological and physi-
ological characteristics having a large number of changes [48, 49]. AM fungi are 
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considered to be a natural growth regulator for most terrestrial plants. AM fungi are 
used as biological vaccines (bioinoculants), and researchers are promoting their use 
as excellent biological fertilisers to achieve sustainable crop yields. Constant mass 
and significantly higher extraradical hyphae mycelium [1, 4, 15, 20, 50]. Glomalin-
related soil protein (GRSP) is believed to maintain the water content of soil exposed 
to various abiotic stresses [51], then adjust the water frequency between soil and 
plants and automatically trigger plant improvement. Glomalin contains 30–40% 
carbon and its related compounds, which can prevent soil from drying out by 
increasing its water holding capacity [52]. Growth associated functions, including 
stomatal conductance, leaf water potential (LWP), relative water content (RWC), 
PSII efficiency and CO2 assimilation, depend on AM fungal inoculation [15, 53]. 
AM fungi also help increase resistance to water stress through physiological changes 
in organs and tissues on the earth [54]. AM fungi can improve the accumulation 
of dry matter and improve the absorption of water, thereby enhancing the plant’s 
resistance to stress. The use of AM fungi for plant growth in various biological [55] 
ecosystems can make a significant contribution to the cultivation of organic cultur-
ing to stimulate growth and increase yield.

5. AM fungi for environmental implication

AM fungi are extremely beneficial to the environment and make a significant 
contribution to improving soil and plant health and maximising the intake of macro 
and micronutrients. This symbiotic relationship between fungi and plants spans 
millions of years, and these characteristics allow plants to survive. Colonise areas 
that are difficult to resist; however, their presence in the soil makes them vulnerable 
to erosion and tilling. Tilling reduces the effectiveness of soil inoculation and fungi 
by destroying the mycelial network.

6.  AM fungi utilisation as a biofertilizer and substitute the chemical 
fertiliser

AM fungus produces glomalin protein in the soil environment, which may pro-
mote soil particle aggregation. It also boosts soil oxygen and carbon content, which 
is beneficial to plant and soil health. AM fungal-mediated plant growth is acceler-
ated by a factor of 10, allowing for faster plant establishment. It improves standard 
root biomass and root yield in cereals, legumes, vegetables, spices, and fruits crops 
by up to 50 times. AM fungus inoculums are a mixture of naturally occurring mate-
rial (spores, root bit, hypha, mycelium and substrate) used to improve soil fertility, 
production and importance in agroecosystems. AM fungi, like plant growth and 
development, are extremely important to soil health (SH). Various studies and 
research on AM fungus have been conducted over the last three decades, highlight-
ing its numerous benefits to soil and plant health as well as crop productivity (CP). 
As a result, it is widely assumed that AM fungi might be considered as a chemical 
fertiliser (CF) substitute due to the fact that the utility of AM fungi can effectively 
minimise the quantitative usage of chemical fertilisers input [1, 4, 15]. Through 
their poor impact on the quality of food products, soil health, air, and water sys-
tems, the continued use of lifeless chemical fertilisers, herbicides and fungicides 
has caused a slew of problems for soil, plants and human health (HH) [47, 56]. It is 
estimated that AM fungus can reduce the use of chemical fertilisers by up to 50% 
for pleasant agricultural output; however, this estimate is dependent on plant  
species morphology and traditional traumatising regimes.
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7. AM fungi nutrients translocation and exchange effectiveness

AM fungi have a mutually beneficial symbiotic relationship with the host. These 
biologically active phytochemicals and AM fungi participate in the interaction 
between plants and soil microorganisms. They have limited saprobic ability and 
rely on host plants as their carbon nutrient for food. The photosynthetic product 
of the host plant in the form of hexose. The transfer of carbon from plants to fungi 
can also occur through arbuscules or intraradical hyphae [1, 33, 57]. The intraradi-
cal mycelium is where AM fungus perform secondary hexose production (IRM). 
Hexose is metabolised to trehalose and glycogen in the mycelium. Trehalose and 
glycogen are carbon storage forms that can be swiftly generated and degraded, 
and they can help to buffer intracellular sugar levels [4]. The intraradical hexose is 
converted to pentose for nucleic acids via the oxidative pentose phosphate pathway. 
Lipid production takes place within the intraradical mycelium as well. After that, 
lipids are stored or exported to extraradical hyphae, where they will be stored or 
metabolised. Gluconeogenesis is the degradation of lipids into hexoses that occurs 
in extraradical hyphae [57]. The extraradical hyphae store around a quarter of the 
carbon transferred from the plant to the fungi [58]. The AM fungus may absorb 
over 20% of the carbon from the host plant [57]. This reflects the host plant’s 
significant carbon investment in the mycorrhizal network (MNW) and contribu-
tion to the organic carbon pool below ground (OCP). AM fungus is escalating 
uptake and switching of P and exclusive macro and micronutrients from the host 
plant, increasing the plant’s carbon delivery to the AM fungi. Similarly, nutrient 
uptake and transfer are reduced, as is the amount of photosynthate available to the 
fungi. The ability of different AM fungus species to supply nutrients to the plant 
varies. AM fungi can be poor symbionts in some situations, delivering little P while 
using large amounts of carbon [59]. The primary benefit of AM fungus to plants 
has been related to their ability to absorb nutrients/vitamins over longer periods of 
time, particularly P. AM fungus may be far more efficient at absorbing P than plant 
roots. Diffusion transports phosphorus and other minerals to the roots, and hyphae 
shorten the distance necessary for diffusion, resulting in improved uptake. The 
rate of phosphorus deposition in AM fungus could be six times that of root hairs 
[44]. In some situations, the mycorrhizal network can totally take over the role of 
phosphorus and nutrient absorption, and all of the plant’s phosphorus can come 
from hyphal sources [59]. Although mycorrhizas have been discovered in watery 
situations, wet soils have been demonstrated to impair mycorrhizal colonisation in 
numerous species [60].

8.  Role of AM fungi in mineral nutrition and their impact on  
symbiotic host

As many reports have emphasised, overexploitation of land usually has serious 
consequences for biodiversity, which in turn will have additional impacts on eco-
system functions. AM fungi are very beneficial to increase nutrient bioavailability, 
which can reduce irrigation and increase fertilisation efficiency. In this symbiotic 
relationship, an important role is to transport nutrients from organic carbon (OC) 
in the form of lipids and sugars [61]. It is believed that mycorrhizal colonisation 
stimulates the absorption of nutrients by plants. This leads to accelerated produc-
tion of photosynthesis, thereby accelerating biomass accumulation  
[4, 12, 46, 62]. AM fungi can improve the absorption of inorganic nutrients by 
almost all plants, especially phosphorus [1, 6, 12, 46]. AM fungi are also very 
effective in helping plants absorb nutrients from nutrient-poor soils. In addition to 
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macronutrients, AM fungi have been reported to increase the plant utilisation of 
micronutrients such as zinc, iron and copper [4, 15]. AM fungi increase the absorp-
tive capacity of the host root surface. Experimental results on tomato plants inocu-
lated with AM fungi showed that the leaf area and N, K, calcium and P content 
increased, indicating that the plant is growing well [63]. AM fungi coexist with 
roots to obtain important nutrients from the host plant, thereby providing mineral 
nutrients such as N, P, K, Ca, Zn and S. Therefore, AM fungi can support plant 
vegetative root cells even when it is not important. AM fungi produce arbuscules 
fungal structures (AFS), which promote the exchange of inorganic minerals and 
C and P compounds, and ultimately transfer large amounts of energy to the host 
plant [4, 64, 65]. AM fungi have been found to help the absorption of P and N, and 
ultimately help improve plants in better areas and reduce P.

Under drought stress, the symbiosis of AM fungi undoubtedly increases the con-
centration of N, P and Fe in Pelargonium graveolens L. [66]. Gomez Bellot et al. [67] 
believed that AM fungi can increase the absorption of almost all essential nutrients, 
on the contrary, can reduce the absorption of Na and Cl, thereby stimulating 
growth [68, 69]. Many scientists have discovered that AM fungi play a significant 
role in absorbing nutrients from the soil, especially N and P can effectively promote 
the growth of host plants. Many studies have shown that AM fungi have the ability 
to absorb N and transfer it to nearby plants or hosts. The symbiosis of AM fungi 
produces huge underground extraradical mycelium from the roots and surrounding 
rhizosphere, which helps to improve nutrient absorption. In the case of increased 
environmental concentration and CO2 content [69], AM fungi are said to promote 
the growth and accumulation of micro and macronutrients and their distribution 
in seedlings that grow with an accelerated increase in manganese range [6, 63, 70]. 
Improving plant nutrition and maintaining the ratio of Ca2+ and Na+ are essen-
tial dynamic properties that help enhance AM fungal colonisation of beneficial 
ingredients in multifunctional plant performance. Improved growth and levels of 
protein, Fe and Zn had been discovered in mycorrhizal chickpea [71]. In addition, 
various reports have shown that the mycorrhiza of Lotus japonicus root has excellent 
K+ transporter activity [72]. In addition, the meta-analysis report confirmed the 
symbiosis effect of mycorrhiza and a variety of micronutrients in crops. Multiple 
inspections of the previous pair at the same stage. Over the years, it has been shown 
that AM fungi (Glomus mosseae and Rhizophagus irregularis) increase the transloca-
tion of heavy metals within the shoots [73].

9. Role of AM fungi in plant productivity and quality

AM fungi are no longer the most effective, they can increase the nutritional 
value of plants, and they can also increase the quality and quantity of plants. 
Improve the nutritional quality of plants through exposure and production of 
carotenoids and some volatile compounds [74, 75]. Prasad [63] found that AM fungi 
having a positive effect on the quality and yield of nightshade solanaceous crops 
(tomatoes, potatoes and eggplants). Zeng et al. [76] mentioned modified sugars, 
organic acids, vitamin C, flavonoids and minerals from Glomus versiforme to pro-
duce better quality citrus fruits. The symbiotic relationship of AM fungi can induce 
a more adequate accumulation of anthocyanins, chlorophylls, carotenoids, overall 
soluble phenols, tocopherols and many minerals [77–79]. AM fungi have been used 
in large scale field production of corn [80], yams [81], potatoes [82], soybeans 
[83–85] and onions [6], confirming that AM fungi have a significant increase in 
production. AM fungi can also promote the biosynthesis of valuable phytochemi-
cals in edible plants and lead them into the healthy food chain [86].
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10.  Role of AM fungi in enhance production of growth hormones  
for host

Plants with AM fungi have higher levels of growth regulators, such as cytoki-
nins and auxins than those without mycorrhiza. AM fungi colonised roots display 
adjustments in root morphology through acquiring plentiful thicker and delivering 
fewer root hairs. Host tissue is affected by mycorrhizal colonisation. It is suitable for 
cytokinin, abscisic acid and gibberellin-like substances. The influence of AM fungi 
on photosynthesis and host morphology can also be hormones.

11. Role of AM fungi in abiotic stresses

11.1 AM fungi drought tolerance activity

Plants inoculated with AM fungi are tolerant of drought, because these AM 
fungi help absorb toxic minerals and improve the overall health of plants and soil, 
toxic levels and mineral toxicity [4, 6, 15]. AM fungi help plants to absorb nutrients 
from the soil in exchange for sugar produced by the plants. In the forest ecosystems, 
ectomycorrhizas form filaments called hyphae net, which run between trees to act 
as connecting bonds. This huge underground transportation network is called the 
common mycorrhizal network. a common mycorrhizal network uses chemical com-
munication to exchange nutrients between trees when needed. A common mycor-
rhizal network also makes it easier for trees to obtain water that cannot be reached 
by their roots. In the presence of excessive soil temperature, soil toxins, and extreme 
soil pH, plants treated with AM fungi can improve drought tolerance and survival.

11.2 AM fungi salinity tolerance effectiveness

Salt stress is believed to inhibit plant growth through use, affect nutrient 
improvement and net assimilation rate, resulting in a decline in productivity. It 
also contributed to the beginning of the era of excessive reactive oxygen species 
[87, 88]. Soil contaminated by salt and the correct use of AM fungi to reduce salt 
content have harmful effects on plants [89]. Several studies have shown that AM 
fungi improve plant growth and productivity under salt stress conditions [90]. AM 
fungus improved the growth rate, leaf water potential (LWP), and water usage 
efficiency (WUE) of Antirrhinum majus plants, according to El-Nashar [91]. Under 
salinity, Ait-El-Mokhtar et al. [92] found that the AM fungal symbiosis improved 
physiological parameters, photosynthetic rate, stomatal conductance and leaf water 
relations. Under saltwater circumstances, AM fungus inoculated on Allium plants 
showed better development, including leaf area index, fresh and dried biomass [6, 
93]. Under salt stress conditions, the concentrations of total P, Ca2+, N, Mg2+ and K+ 
in cucumber plants treated with AM fungi are higher than those of uninoculated 
plants [94]. Pepper exhibits better chlorophyll content and better Mg2+ and N 
absorption, while at the same time reducing Na+ transmission under salt conditions 
[95]. Inoculation with AM fungi can effectively regulate the level of major growth 
regulators. Plants colonised by AM fungi can reduce oxidative stress by inhibiting 
lipid membrane peroxidation under salt stress conditions [90, 96].

11.3 AM fungi heavy metals tolerance activity

It is generally believed that AM fungi can promote the rooting of plants in 
heavy metal contaminated soil because they can improve the plant defence system 
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mediated by AM fungi and promote their growth and expansion. Heavy metals 
can also be obtained from food crops, fruits and vegetables and soils, inflicting 
numerous health hazards. The association between AM fungi and wheat actively 
increases nutrient uptake under aluminium stress [97]. Heavy metals can be fixed 
in the hyphae of endogenous and exogenous fungi [98], they have the ability to 
fix heavy metals in the cell wall and accumulate in vacuoles or can also chelate 
with some other substances in the cytoplasm [99], and then reduce the toxicity 
of metals in plants. The more common reason is that these fungi can improve the 
morphological and physiological processes of the rapid evolution of plant biomass, 
thereby promoting the absorption of fixed essential nutrients (copper, zinc, phos-
phorus, nitrogen, potassium). The toxicity in the host organism can be reduced 
by AM fungal mediated plants [15, 20, 100]. It is likewise believed that improved 
growth or chelation in the rhizospheric soil can cause metal dilution in plant 
tissues [101]. It has been reported that AM fungi bind to Cd and Zn in the cell wall 
and cortical cells of the mantle hyphae, limiting their absorption and leading to 
better growth, yield and nutritional status [20]. It has high cation exchange and 
metal absorption potential [102]. Similarly, AM fungi can also solve the problem 
of low Cd mobility and toxicity by increasing the pH of the soil [103], reducing Cd 
to extraradical mycelium [104], and combining Cd with the glomalin, a glycopro-
tein. AM fungi are very effective in reducing the level of Cd in each vacuole sand 
cell wall, which roughly contributes to the detoxification of Cd in rice [105].

11.4 Role of AM fungi in high and low temperature tolerance to crops

As soil temperature increases, the response of the plant community may depend 
on the interaction of AM fungi to ensure sustainable production. Biomass produc-
tion, withering and burning of leaves and reproductive organs, leaf tearing and 
ageing, additional damage leading to fruit discolouration, reduced yield and cell 
death, and related oxidative stress increases. In general, plants treated with AM 
fungi perform better under heat stress. Maya and Matsubara [106] pointed out the 
relationship between Glomus fasciculatum and plant growth and the most important 
positive growth changes under high-temperature conditions. AM fungi can increase 
the resistance of plants to low temperatures. In addition, most information claims 
that some plants inoculated with low-temperature AM fungi grow and spread better 
than plants not inoculated with AM fungi [107, 108]. AM fungi help plants prevent 
cold stress and ultimately accelerate plant development [108]. AM fungi can also 
maintain water in the host plant and increase phytochemicals, thereby strengthen-
ing the plant’s immune system and increasing protein levels to help the plant fight 
cold stress [109]. The symbiosis of AM fungi improves the relationship between 
water and plants, increasing the possibility of gas exchange and osmotic regula-
tion [110]. AM fungi increase the synthesis of chlorophyll leading to a noteworthy 
perfection in the concentrations of numerous metabolites in plants subjected to cold 
stress conditions [109, 111].

12.  Role of AM fungi in seed production, offspring fertility and 
tolerances to disease and pest

AM fungi can improve the vigour of offspring, and through AM fungi, the 
fertility and survival rate of plant seeds can be improved. AM fungi increase the 
resistance of pests to root and soil-borne pathogens through mycorrhizal induced 
resistance and the production of secondary metabolites and increase resistance to 
leaf pathogens [1].
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13. Role of AM fungi in carbon cycling and phytoremediation

The production of glycoproteins, including glomalin that may be involved in the 
formation and stability of soil aggregates, should have an additional impact on the 
unusual microorganisms associated with AM fungal mycelium [41, 111]. Changes 
in native plant groups in areas threatened by desertification are often related to the 
deterioration of soil physical and biological properties, soil structure, availability of 
nutrients and organic matter and physical properties of soil [4]. A particularly new 
method of land restoration is to inoculate the soil with AM fungi and at the same 
time reintroduce vegetation to ecological reclamation. This allows host plants to 
take root in degraded soil and improves soil quality and health [1]. In the long run, 
compared with unmodified soil and soil inoculated with single exotic species of AM 
fungi, the introduction of a mixture of natural AM fungi resulted in significantly 
improved soil quality parameters [4]. The advantages included increased plant 
growth, increased P absorption [4] and soil N content, higher soil organic matter, 
soil aggregation, which was linked to stronger legume nodulation in the presence 
of AM fungus, higher water infiltration, and soil aeration. The native AM fungus 
aids in the removal of heavy metals from contaminated soil, making it healthier and 
more conducive to agricultural development [4].

14. Role of AM fungi on global climate change

Climate change poses a major threat to AM fungi due to irreparable damage to 
various ecosystems, in addition to increasing habitat loss because of human activi-
ties, so gradual steps must be taken to mitigate the next errors that occur from these 
concerns. Global climate change is affecting the population of AM fungi and the 
interaction between AM fungi and their host plants. It is generally believed that the 
interaction between organisms can affect their response to global climate change. In 
a recent meta-analysis, it was found that AM fungi increased plant biomass under 
drought conditions. The AM fungus itself has been shown to increase its biomass in 
response to accelerated emissions of carbon dioxide into the atmosphere. Climate 
change has brought challenges to the supply of water, food, and nutrients. There 
may also be deficits in some places, and surpluses in other places. The relationship 
between forest trees and AM fungi helps them, mainly based on the percentage of 
sources needed, and may help us solve these problems.

15. Conclusion

Several studies have recognised the positive role of AM fungi in improving plant 
growth in stressful environments, hence, this manuscript consistently combines 
existing evidence about the AM fungi general reproduction, lifestyle, and its 
widespread distribution to generate knowledge for agriculturists and research-
ers. The symbiosis and courtship of AM fungi and different plants in a stressful 
environment. AM fungi contribute to many aspects of plant life, especially better 
nutrition, better growth, stress and disease resistance. The particles accumulate 
to improve the soil’s resistance to wind and water erosion. AM fungi reduce the 
leaching of nutrients in the soil, thereby promoting the retention of nutrients in 
the soil and reducing the risk of groundwater pollution. These multiple benefits of 
AM fungi translate into an important ecological benefit in natural circumstances. 
Formerly, AM fungi had been particulars mentioned as useful entities for nutrient 
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uptake from soil; however, it has recently been honestly described that plants 
inoculated with AM fungi can effectively control various environmental factors 
such as salt, drought, nutrient stress, alkali stress, cold stress and high temperature, 
thereby controlling plant yield and productivity. A wide range of plants such as 
beans, oilseeds, fruits, fibre plants, vegetables, forests, and nurseries are developed. 
Promoting the use of additively manufactured AM fungi is critical to the sustain-
ability of modern global agricultural systems. Agricultural development can signifi-
cantly reduce the use of artificial (lifeless chemical fertilisers, pesticide, insecticide) 
fertilisers and various chemicals, thereby supporting biologically healthy agricul-
ture. Inoculation with AM fungi that can increase plant growth and productivity 
can help meet the consumer needs of growing populations around the world. In 
addition, environmental protection technology can only be protected through 
widespread usage. The most important knowledge in fortune research should be to 
control AM fungal inoculum mediated growth and improve the identity of genes 
and gene products downregulated by stress signals. AM fungi regulate tolerance 
mechanisms, in addition, activating crosstalk to control the overall performance of 
the plant can help increase crop yields. AM fungi must be explored in any respect 
ranges to extra inspect their role in the landscape as a biofertilizer for sustainable 
agricultural production for fast increase population worldwide.
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Abstract

Marine sponges are distributed in the water, from the intertidal zones to  
thousands of meters deep. They are primitive multicellular invertebrates that live in 
benthic environments and are bound to solid substrates. Filter feeders, sponges have 
many microscopic pores on their surface, which allow water to enter and circulate 
via a network of canals where microbes and organic particles are filtered out and 
absorbed. Marine fungi are widespread in the oceans and colonize different ecologi-
cal niches; they are found associated with organisms of all trophic levels and can act 
as saprobes, symbionts, and parasites. Compared with other marine microorgan-
isms, marine fungus is relatively understudied. Fungi associated with sponges have 
been discovered to be a promising source of pharmacologically active compounds 
with unique anticancer, antibacterial, and antiviral properties.

Keywords: sponges, fungus, bioactives, anticancer, antimicrobial

1. Introduction

The ocean is a unique resource that provides a wide range of natural products. 
The greatest biodiversity is found in ecosystems with high species diversity and 
population density, such as rocky coasts, kelp beds, and coral reefs [1]. Marine 
sponges are benthic animals that live in a variety of marine environments. Sponge 
species diversity is significantly higher in tropical coral reef environments. The 
ocean is called the “mother of origin of life,” and an enormous proportion of all life 
on Earth exists within the oceans [2].

Marine sponges (Porifera) are the earliest living animal phylum and represent 
the very beginning of metazoan development. Sponge feeding, as a sedentary 
organism, sequesters food particles. They can pump and filter a large volume of 
seawater through a unique and highly vascularized canal system (G [3]).

Sponges are divided into three groups: the Calcarea (five orders and 24 families), 
Demospongiae (15 orders and 92 families), and Hexactinellida (five orders and 92 
families) (six orders and 20 families). About 15,000 sponge species have been 
identified so far, but their total diversity can be much larger. The 95% of them live 
in the ocean, with only around 1% existing in freshwater [4].

Sponges are a great place to live not only for macro-organisms such as worms, 
shrimp, and crabs, but also for a variety of microorganisms, which live in the 
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canals, between cells, and even inside the cells. Large numbers of microorganisms, 
such as bacteria, algae, phytoplankton, and fungi, become key components of 
sponges’ natural diets during the filter feeding process. In addition, sponges also 
have diversified microbiome that accounts for up to 40% of the sponge biomass. 
Sponge-microbe symbioses are considered to promote sponges by providing 
sustenance, transporting waste products or active metabolites, chemical defense 
and contribute to mechanical structure (in general) [5].

Microorganisms found in marine animals have a huge potential as a source 
of bioactive compounds [6]. Sponge relationships are important for exploring 
biologically active substances that can be used to develop pharmaceuticals, agro-
chemicals, and biochemical reagents, as well as their lead molecules. It is hypoth-
esized that symbiotic marine microorganisms harbored by sponges are the original 
producers of these bioactive compounds [7].

Marine fungi belong to a diversity of families; however, they appear to be in low 
quantities in seawater (in relative to bacteria) and contribute for only 0.6% of the 
global fungal diversity. The definition of a marine fungus is broad and based on the 
habitat [8]. Obligate marine fungi are those that grow and sporulate exclusively in a 
marine or estuary ecosystem; facultative marine fungi are those that can grow and 
sporulate including both freshwater and terrestrial ecosystems.

The potential fungal origin of a mitochondrial intron presents in the sponge 
Tetilla sp., which was thought to have emerged from a cross-kingdom horizontal 
gene transfer, has also been viewed as indirect evidence for a symbiotic relation-
ship between fungus and a sponge [7, 9]. Indirect evidence of interactions between 
marine sponges and fungi was also provided by the detection of fungal introns in 
the genomes of some marine sponge species that were most probably acquired by 
horizontal gene transfer [9].

Marine sponges provide another habitat for fungi [5, 10], knowledge of sponge-
associated fungal diversity remains scarce [11]. Marine fungi have provided a major 
source of new biological natural products, because of their characteristic properties 
with reference to temperature, nutrients, competition, and salinity [12]. Fungi have 
been repeatedly isolated from many sponge species [13, 14]. An extensive survey also 
revealed that there are thousands of other fungi-derived bioactive metabolite families 
that are yet to be known [15]. Sponge-associated fungi have been reported to create 
structurally distinct bioactive compounds compared with terrestrial [16, 17].

Considering the fact that researchers do not know much about the fungal 
life cycle in sponges and other environmental fungi (Richards et al., 2012), it is 
fascinating to hypothesis about the role of sponge-associated fungi. Many sponge-
derived fungi have been found to produce bioactive substances, indicating that they 
may be involved in chemical host protection [18].

Thirunavukkarasu et al. [19] investigated the filamentous fungal symbionts of 
10 marine sponge species from Rameswaram, southern India. The findings indicate 
that fungal symbionts of marine sponges are extremely diverse. Acremonium, 
Alternaria, Aspergillus, Cladosporium, Fusarium, and Penicillium were frequently 
isolated. A few fungi produced acetylcholinesterase inhibitors. Fungi associ-
ated with marine sponges have been investigated more avidly for their potential 
technological applications owing to their ability to synthesize metabolites of novel 
molecular architectures and bioactivities [20–23].

Several Antarctic sponges of the phylum Ascomycota were a rich source of 
associate fungi and novel bioactive compounds, with some of them having antibac-
terial, antitumoral, and antioxidant potential, according to a study on the fungal 
community using a culture-dependent technique [24].

Many findings proved that sponge-derived fungi are the true biosynthetic ori-
gin, able to produce secondary metabolites such as jasplakinolide [25]. Number of 
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fungal strains from marine sponges have been isolated and belong to three phyla, 
namely Ascomycota, Zygomycota, and mitosporic fungi [20, 26, 27].

1.1 Cultivation of sponge-associated fungi

Sponge tissues are sensitive, and using harsh surface sterilization techniques 
to isolate their endosymbionts causes sponge disintegration resulting in symbiont 
death [19]. Most of the surface contaminants can be removed with either a milder 
sterilization using 70% ethanol for 30 seconds and then washing with seawater or a 
thorough washing of sponge tissue segments in sterile seawater [28]. Fast-growing 
fungi, such as Aspergillus or Penicillium, grow in these conditions, whereas slow-
growing species, if present, may go undetected. Weeding out fast-growing fungi or 
improving the isolation medium with Rose Bengal, with an antibiotic as in isolation 
techniques for endophytic fungi [10].

In traditional plating method, one gram of sponge sample was mixed in 9 and 
99-ml sterile water blank, respectively. This suspension was serially diluted up to 
10−4.. Diluted sample was taken from 10−3 and 10−4 dilutions and was pour plated 
with 15 ml–20 ml potato dextrose agar (PDA) and incubated at room temperature 
(28 ± 2°C) for 5 days [29, 30]. Instead, to isolate fungal symbionts, the sponge’s 
water can be squeezed onto nutritive agar medium and cultured [21]. Plate out com-
minuted sponge tissues on nutritive agar medium as another method of isolating 
intracellular fungus (J. F. [31]).

Wei et al. [32] applied cultivation-dependent approach to study the fungal 
diversity in the Hawaiian sponges Gelliodes fibrosa, Haliclona caerulea, and Mycale 
armata dependent approach. The cultivated fungal isolates belonged to at least 25 
genera of Ascomycota and one of Basidiomycota, representing eight taxonomic 
orders. Cultivated fungal isolates were divided into three groups: sponge-generalists 
(found in all sponge species), sponge-associates (found in more than one sponge 
species), and sponge-specialists (found only in one sponge species) [33]. Caballero-
George et al. [34] isolated a total of 369 marine sponges that were collected along 
Panama’s coasts in high biodiversity areas. A total of 2263 fungal isolates were 
recovered from the sponges. Calabon et al. [35] found that Aspergillus was the most 
dominant genus among 22 genera of ascomycetes isolated from mangrove-origi-
nated sponges in Aklan, Philippines, with 23 isolates, followed by Mycelia (n = 21 
isolates) and Penicillium (n = 14 isolates).

Marine fungi are especially adept at living on or inside other living organisms such 
as sponges, corals algae, and even other fungi [36]. Unique metabolic pathways have 
evolved in halotolerant marine fungal species that are responsive to salt concentra-
tions. Fungi must have osmoregulatory mechanisms that signal the synthesis of 
polyols and amino compounds while also increasing the concentration of cytoplasmic 
ions in order to develop in the marine environment. Because the biosynthesis of 
these osmoregulating solutes is energy-intensive, fungus may release least secondary 
metabolites or produce them at a slower rate while exposed to high salinity levels [37].

The Endolithic fungus genus Koralionastes is always found in close association 
with encrusting sponges, which is an interesting observation. Future research on 
the relationships between fungi and their marine hosts will help our understanding 
of the marine ecosystem, and it may lead to improved collecting methods and the 
isolation of chemically unknown species [20].

1.2 Morphological and molecular identification of fungi

Sponge-associated fungi, in particular, have been proven to be the richest source 
of various bioactive metabolites and novel metabolites. The ecological function and 
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connections of sponge fungi, on the other hand, are mostly unknown. More specific 
evidence for sponge-associated fungal functions is required. Fungal functions 
linked with sponges must be provided. The sponge-associated fungal function 
analysis can employ an activity-based analysis technique, but it will be limited in 
some cases because the culture condition during the bioassay may not be optimal 
for the production of linked bioactives.

For natural product exploration, many sponge marine-derived fungi have been 
isolated by many researchers. It was identified primarily by microscopic observation 
using wet mount and lacto phenol cotton blue stain preparations. Traditional mono-
graphs, polyphasic taxonomic approach, and molecular nucleotide sequences of marker 
DNA such as ITS, 18 s, and others are used to identify marine fungus strains [24, 38, 39]. 
Though, ITS rDNA regions are most often used to identify species and strain-level fun-
gal diversity. DNA barcode data for approximately 100,000 fungal isolates were gener-
ated using sequences of two nuclear ribosomal genetic markers, the Internal Transcribed 
Spacer and 5.8S gene (ITS) and the D1/D2 domain of the 26S Large Subunit (LSU).

1.3 Taxonomic databases resources for marine fungi

The internet has become a vital source of information for millions of individu-
als. Over the last few decades, fungal research has broadened its scope, generating 
a wealth of information that has led to the establishment of many site dedicated to 
various aspects of mycology and also exclusively marine fungi such as http://www.
marinespecies.org/.and,http://pubs.rsc.org/marinlit.

All genera of fungi, including marine fungi, are classified and details are pro-
vided in the database (http:// fungalgenera.org/). The Indian marine fungal data-
base (Figure 1) is another resource (www.fungifromindia.com/), which is linked to 
MycoBank and provides 233 strains of marine fungi identified in India. The World 
Register of Marine Species (WoRMS) (www.marinespecies.org) aims to provide a 
comprehensive and definitive listing of all marine life forms’ names [40–42]. www.
marinefungi.org is a marine web portal. This web portal provides researchers with 

Figure 1. 
Indian marine fungi database (www.fungifromindia.com).
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access to the classification, detailed descriptions, and worldwide distribution of all 
known marine and marine-derived fungi [43].

2. Bioactive natural metabolites from sponge-associated fungi

Marine sponge-associated fungi are one such group that has been reported to 
be a crucial and invaluable source of novel therapeutic agents possessing several 
bioactive properties including free radical scavenging activity, neuritogenic 
activity, anticancer activity, and kinase inhibition, etc. The exploration of fungal 
metabolites has significantly increased after marine fungi, especially sponge-
associated fungi have been reported to produce structurally unique bioactive 
compounds [44, 45].

The first metabolite reported from a sponge-derived fungus was Trichoharzin, 
which was isolated from a strain of Trichoderma harzianum associated with the 
sponge Mycale cecilia in 1993.

2.1 Anticancer compounds

The diversity of biochemical properties of sponges had been demonstrated by 
the continued discovery of novel compounds, having pharmacological properties 
[46]. The marine-derived fungus Aspergillus sp., which was obtained from the 
sponge Xestospongia testudinaria, was collected from the South China Sea that gave 
two phenolic bisabolane sesquiterpenoid dimers, disydonols A and C exhibited 
in vitro moderate cytotoxicity toward HepG- 2 and Caski human tumor cell lines 
(IC50 values of 9.31 and 12.40 μg/mL) [47]. Fungi Stachylidium spp. was isolated 
from the sponge Callyspongia cf. C. flammea. Chemical investigation of the bioactive 
fungal extract led to the isolation of the novel phthalimidine derivatives marilines 
A1 and A2. Both enantiomers, marilines A1 and A2 inhibited human leukocyte 
elastase (HLE) with an IC50 value of 0.86 μM [48]. The fungal species Aspergillus, 
which is widespread across the globe, is also the major source of bioactive molecules 
in marine sponges. The bulk of the 680 fungal strains derived from 16 sponge spe-
cies around the world are mostly from the genera Aspergillus and Penicillium [49].

Three marine sponges, Tedania anhelans, Myxilla arenaria, Callyspongia fibrosa, were 
collected from Vizhinjam and Kovalam in Kerala. Aspergillus sp. MCCF 103, Aspergillus 
sp. MCCF 111, Aspergillus sp. MCCF 114, Penicillium sp. MCCF 115, and Aspergillus sp. 
MCCF were isolated and identified. These strains have significant cytotoxic activity on 
NCI-H460 lung cancer cells lines [50]. Yellow-colored compounds 2-(2′, 3-epoxy-1′,3′-
heptadienyl)-6-hydroxy-5-(3- methyl-2-butenyl) benzaldehyde and 1,8-dihydroxy-
6-methoxy- 3-methyl-9,10-anthracenedione (physcion) are extracted from the marine 
sponge Mycale sp., associated fungus Eurotium cristatum [48].

Violaceimides A and B, two methyl succinimide-based sulfur-bearing com-
pounds, were isolated from the sponge-associated fungal strain Aspergillus violaceus 
WZXY-m64-17.

Both compounds suppressed human leukemia U937 growth with IC50 values 
of 5.3 ± 0.4 and 1.8 ± 0.6 mM, respectively, as well as human colorectal cancer cell 
HCT-8 with IC50 values of 1.5 ± 0.28 mM [51]. Mactanamide, a diketopiperazine 
alkaloid, was isolated from the marine sponge Stylissa sp. derived fungus Aspergillus 
flocculosus, which was collected in Vietnam. The isolated compound was screened 
for antiproliferation activity, and it proved a significant effect of non-cytotoxic 
suppression on osteoclast differentiation (Shin et al., 2017).

Preussin, a hydroxyl pyrrolidine derivative, was isolated from Aspergillus 
candidus KUFA 0062, a fungus associated to sea sponges. The antiproliferative 



Fungal Reproduction and Growth

114

and cytotoxic activities of this pyrrolidine derivative have been tested in breast 
cancer cells (SKBR3, MCF7, and MDA-MB-231), as well as MCF12A, a non-tumor 
cell line. Various assays have been used to examine cell morphology for ki67 and 
caspase-3, as well as 3D (multicellular aggregates) and 2D (monolayer) culturing 
tests. Preussin-exposed cells morphological study indicated apoptosis, which was 
confirmed by caspase-3 immunohistochemistry. 3D culture cells were less sensitive, 
and preussin-exposed cells morphological analysis revealed apoptosis, which was 
confirmed by caspase-3 immunohistochemistry [52].

Bioactive component methyl averantin is produced by Aspergillus versi-
color in association with the sponge Petrosia sp. This secondary metabolite 
belongs to the anthraquinone family. Methyl averantin has a high cytotoxic 
activity, with an IC50 .4–1.1 μg/ml in cancer cell lines such as A-549, HCT-15, 
SK-MEL-2, SK-OV-3, and XF- 498 [53]. The compounds heterocornols AC, FH, 
methyl(2formyl3hydroxyphenyl) propanoate, agropyrenol, and vaccinol G have 
been isolated from the fungus Pestalotiopsis hetero cornis XWS03F09 associ-
ated with the marine sponge Phakellia fusca and have cytotoxicity against four 
human cancer cell lines and antimicrobial activity [54]. The Asteltoxins E and F 
polyketides were isolated from the marine sponge-derived fungus Aspergillus sp. 
SCSIO XWS02F40. With IC50 values of 6.2 ± 0.08 and 8.9 ± 0.3 mM, respectively, 
asteltoxin E and F demonstrated potent antiviral activity against influenza virus A 
subtype H3N2 (A/H3N2). Furthermore, asteltoxin E reported to inhibit the activity 
of influenza virus A subtype H1N1 (A/) [55].

The fungus Arthrinium arundinis ZSDS1-F3 was isolated from the marine sponge 
Phakellia fusca in the Xisha Islands of China, from that cytochalasin K was extracted 
that showed cytotoxicity against K562, A549, Huh-7, H1975, MCF-7, U937, BGC823, 
HL60, HeLa, and MOLT-4 cell lines, with IC50 values of 10.5, 13.7, 10.9, 19.1, 11.1, 
47.4, and 11.8 μM respectively [56].

Elissawy et al. (2017) extracted Curvularin, Cyclo(L- Pro-L-Ile), and Cyclo(L-
Tyr-L-Pro), from the fungus Aspergillus versicolor isolated from the black sponge 
Spongia officinalis, which play inhibitory activity against HCV NS3/4A protease.

Therapeutic enzymes are used to treat diseases such as cancer, severe disorders 
such as autism, chronic lung disease, and multiple sclerosis, although cancer seems 
to be the most potential therapeutic application for enzymes. Therapeutic enzymes, 
it seems out, have a unique ability to facilitate high-affinity interactions with 
unrelated cancer-related proteins. Endophytic fungi recovered from the marine soft 
sponge Aplysina fistularis, produce L-asparaginase [57].

2.2 Antimicrobial compounds

Polyketide-derived alkaloids, terpenes, peptides, and combined biosynthetic 
chemicals are prominent classes of secondary metabolites produced by marine 
sponge-derived fungus. Miriam et al. [58] isolated several bioactive secondary 
metabolites from the fungi P. raistrikii associated Axinella cf. corrugate (sponge), 
including (4-methoxy-5-3-methoxybut-1-enyl)-6- methyl-2H- pyran-2-one, 
a new metabolite isolated from the Penicillium paxilli strain MaGK, Norlique 
 xanthone, also known as 1, 3,6- trihydroxy-8-methyl-9H-xanthen-9 [32].

Triazolic compound was extracted from Aspergillus clavatus MFD15 that is 
associated with marine sponges. This compound is found to 50% inhibit E. coli, S. 
aureus, and S. epidermidis [59].

Fugal extract of Aspergillus sydowii from the waters of Riung, East Nusa 
Tenggara, Indonesia, was associated with marine sponge Axinella sp. and showed 
antibacterial activity. These extracts have bioactivity against E. coli and S. aureus. 
The maximum zone is obtained from MG KN-15-3-1-3 extract, with inhibition 
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zones of 10.71 mm and 10.98 mm against E. coli and S. aureus [60]. Likewise, 
Austalide U, a meroterpenoid, has been produced by the sponge-derived fungus 
Aspergillus aureolatus HDN14-107. It showed antiviral efficiency against A/H1N1 
virus [55].

Marine fungi are well known for producing a wide range of secondary metabo-
lites, including numerous life-saving therapeutics [61]. MDR Escherichia coli has 
been linked to a variety of infectious diseases, as well as urinary tract infection, 
nosocomial bloodstream infection, meningitis, bacteremia, and gastrointestinal 
disease. There were 29 marine sponge-associated fungi isolated from nine sponges. 
Among 29 sponge-associated fungi screened, there were seven isolates that showed 
antibacterial activity against MDR E. coli [62]. Sponge-associated Aspergillus sp 
LS116 produced aspergill steroid A, a C23 steroid with a bicycloA/B ring (With 
an MIC value of 16 mg/mL1, this compound showed strong antibacterial activity 
against V. harveyi, indicating that aspergillsteroid A.) It could be considered one of 
the promising agents for aquatic disease control in the future Guo et al. [63].

Daldinia eschscholtzii is a fungus isolated from an Indonesian sponge called 
Xestospongia sp. located in Karimunjawa National Park in Central Java, Indonesia. 
Karimanone is a novel chromanone-type compound found and characterized from 
D. eschscholtzii, and it has three biosynthetically related metabolites. With an MIC of 
62.5 g/ml for compound 2 and 125 g/ml for compounds 1, 3, and 4, all of the com-
pounds were effective against a multidrug-resistant strain of Salmonella enterica ser. 
Typhi. [64].

Two cyclic tetrapeptides, sartory glabramides A and B and a bis-indoly lmethyl 
diketopiperazine, fell utanine A epoxide together with aszonalenin (3R)-3-(1H-
indol-3-ylmethyl)-3,4-dihydro-1H-1,4-benzodiazepine-2,5-dione takakiamide), 
(11aR)-2,3-dihydro-1H-pyrrolo benzodiazepine- 5,11(10H,11aH)-dione and felluta-
nine A were isolated from the marine-derived fungus N. glabra KUFA 0702, which 
was isolated from the marine sponge Mycale sp., collected from the coral reef at 
Samaesarn Island, Thailand. The antibacterial activity of all identified compounds 
was tested against two bacterial pathogens, Staphylococcus aureus ATCC 46645 and 
E. coli ATCC 25922, as well as three fungal isolates, Aspergillus fumigatus ATCC 
46645, Trichophyton rubrum ATCC FF5, and Candida albicans ATCC 10231 [65].

Chu et al. [66] isolated and identified the Aspergillus versicolor strain TS08 
associated with South China Sea sponge Holoxea sp. also extracted the cyclo (L-Trp-
L-Phe). The highest yield of cyclo (L-Trp-L-Phe), 13.24 mg/g (per crude extract 
of EtOAc), 2.51% of cell dry weigh, was obtained on the tenth day of the fungal 
cultivation. Scopel et al. [67] separated Arvoredol from Penicillium sp. F37, which 
was isolated from the marine sponge Axinella corrugate.

It is a chlorinated polyketide that contains 6,7-dihydro-4(5H) benzofuranone. 
Arvoredol inhibited biofilm formation by the human pathogen S. epidermidis by 
40% at a concentration of 125 μgmL−1 by 40%.

The extract of Penicillium chrysogenum, obtained from the marine sponge 
Tedania anhelans, showed antimycobacterial activity [68], another sponge-
associated Penicillium sp. produced citrinin, which has antibacterial and cytotoxic 
properties [69, 70]. Sabdaningsih et al. [71] also isolated P. citrinum WK-P9, a 
sponge-associated fungus, having been used to produce citrinin derivatives. 
Penicitrinol J. It was characterized, revealing a monomer connection previously 
unknown in citrinin derivatives. It inhibits the growth of B. subtilis JH642, B. 
megaterium DSM32, and M. smegmatis ATCC607.

On the one side, the extensive use of antibiotics has increased the prevalence 
of antibiotic resistance; on the other side, the use of immunosuppressive agents 
after transplantation has significantly increased the incidence of fungal infections. 
Phoma sp., a sponge-derived fungus, provides unique lactone compound capable 
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of inhibiting several human pathogens such as C. albicans and Aspergillus fumiga-
tus [18]. Curvularia lunata, a fungus, was isolated from the sponge Cinachyrella 
australiensis from the Karimunjawa Islands in Indonesia. C. lunata fungal extract 
demonstrated promising antibacterial activity against MDR S. pneumoniae [72].

Cytotoxic polyketides compounds were extracted from the sponge-derived 
fungus Aspergillus versicolor. Bioactivity-guided fractionation was used to isolate 
a new peptide in a subsequent investigation. Approximately 20 peptides have 
been reported from sponge-derived fungi, including efrapeptins Eα, H, RHM3, 
RHM4 (from two fungi, Acremonium sp. and Metarrhizium sp),4 homodestcardin 
(from Fusarium graminearum),5 clonostachysins A and B (from Clonostachys 
rogersoniana),6 a cyclodepsipeptide (from a Clonostachys sp),7 linear octapeptides 
(from an Acremonium sp),8 petrosifungins A and B (from Penicillium brevicom-
pactum),9 fellutamides A and B (from Penicillium fellutanum),10 and halovirus 
(from a Scytalidium sp). Fungi Penicillium chrysogenum and Stachybotrys chartarum 
derived from sponge have been found to inhibit at different stages of the HIV viral 
cycle [73].

2.3 Antifungal activity

Peniciadametizine A and B were extracted from Penicillium adamatzioides, 
the marine sponge and have antifungal activity against Alternaria brassicae 
[13].Penicillium cf. montanense, a marine fungus that produces xestolactone B, is 
an associated fungus of the marine sponge Xetospongi aexigua. This compound is 
antifungal against C. albicans [74].

Sixty-seven sponges were collected from four different areas of Indonesian 
water. For screening the active isolates, an antagonistic test was performed against 
Malassezia furfur, Trichophyton sp., and C. albicans using the cross-streak method. 
Lampung Bay, Seribu Islands, Karimunjawa Islands, and Wakatobi Island had 
sponge-isolates ratios of 106%, 90% 210%, and 115%, respectively. The sponge 
collected from the Wakatobi Islands has one of the most active isolates against  
M. furfur, Trichophyton sp., and C. albicans [71].

A number of compounds synthesized by fungal symbionts from sponges may 
have agricultural implications. Penicillium adametzioides AS-53 produces peni-
ciadametizine A, which is particularly active against the plantpathogenic fungus 
Alternaria brassicae (MIC 4.0 g/mL) [75]. Fungi isolated from sponges proved to be 
bioremediation agents, for instance by degrading the pesticide DDD (1,1-dichloro-
2,2-bis-(4-chlorophenyl)ethane), nowadays banned but still persistent in the 
environment [76].

3. Conclusion and future prospective

Marine environment represents an untapped source of fungal diversity, in com-
parison to sponge-associated prokaryotic microorganisms; there are few reports on 
the diversification of sponge-associated fungi. Marine sponge-associated fungi are 
rich in metabolites, which are less understood. Fungi associated with sponges are 
the most potent source of new natural compounds and display diverse biological 
activities. Based on recent research studies, marine fungal metabolites will find 
application toward pharmaceuticals, cosmeceuticals, nutraceuticals, etc.; from this 
review, it is also important to remember that secondary metabolite profiles differ 
from the same fungus species originating from various sponge species. As a conclu-
sion, a systematic search for fungus and fungal metabolites in sponge species from 
various geographical regions is an essential step in bioprospecting.
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