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Foreword

Bioprospection of functional microbial diversity from unique and undisturbed 
areas for the search of new microorganisms having potential to produce bioactive 
secondary metabolites is an emerging area of research. Chaetomium species are 
well known to produce antagonistic potential against several plant pathogens, and 
the genus has been reported to have more than 350 species. The important mecha-
nisms for their antagonistic potential are the production of lytic enzyme and sec-
ondary metabolites. The genus is widely reported to have diverse biological 
activities like helping in biodegradation of municipal waste, and as efficient 
 antioxidant agents and industrial enzyme productions. It is also reported to be 
a  contaminant for human infections like type I allergic reactions and general  
infections. For example, Chaetomium atrobrunneum results in infections in 
 immunocompromised peoples.

Recent Developments on Genus Chaetomium covers most of the important top-
ics starting from the diversity, the identification, and the role of genus Chaetomium 
in natural product biosynthesis. Each chapter provides the future goals in the sub-
ject which will be helpful for the researchers and academicians to take the work 
forward. This volume contains 16 book chapters, and each chapter has colored 
illustrations which will be easy to follow by the readers.

I am confident and strongly believe that the readers will find the contents in this 
volume as a comprehensive coverage of various important aspects of exploration 
and exploitation of Chaetomium and their role in sustainable development.

Department of Biotechnology 
Aizawl, Mizoram University
Mizoram, India

Bhim Pratap Singh
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Preface

Chaetomium Kunze (Chaetomiaceae, Sordariales) was established by Gustav 
Kunze with Chaetomium globosum Kunze as its generic type. The species within 
this genus are cosmopolitan and usually found in soil and air, and grow on plant 
debris. This ascomycetous genus is characterized by ostiolate ascomata usually cov-
ered with hairs or setae and clavate, fusiform or cylindrical, fasciculate, evanescent 
asci, and brown to gray-brown, single-celled ascospores with one or two germ pores.

Chaetomium has been connected to several anamorphic genera, such as 
Acremonium, Botryotrichum, Chrysosporium, Histoplasma, Humicola, Phialophora, 
Scopulariopsis, and Scytalidium. All these genera were described later than 
Chaetomium except for Acremonium, and the generic names Botryotrichum, 
Histoplasma, Phialophora, Scopulariopsis, and Scytalidium were used in much less 
frequencies than Chaetomium.

Phylogenetic studies by various investigators provided evidence that the genus 
Chaetomium was not monophyletic. Also, phylogenetic assessment and taxonomic 
revision remained to be done for these anamorphic genera, as most of them appeared 
to be polyphyletic.

A number of species produce mycotoxins, including sterigmatocystin, chaeto-
globosins, chaetochromin, and mollicellins. Medical cases involving Chaetomium 
species are quite rare, and all are categorized in ACDP Hazard Group 1.

The taxonomy of Chaetomium has been studied by several authors. Since the 
establishment of the genus, more than 400 species have been described, many 
of which were synonymized/excluded and only 273 Chaetomium species were 
accepted according to the Index Fungorum Partnership (IFP 2019). Due to the diver-
sity of species and of inhabiting environments, Chaetomium spp. might conceive 
diverse biosynthetic gene clusters, which transform into various secondary metabo-
lites (the fungi languages) to adapt to different ecological environments. Until now, 
more than 200 compounds with a wide range of bioactive effects have been isolated 
from Chaetomium spp., but compared with its richness of species, more bioactive 
secondary metabolites might be found in this member of fungi. Therefore, together 
with its ubiquitous nature, these species have great significant impact on ecosys-
tems, agriculture, food production, biotechnology, and human and animal health.
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The objective of this volume on the recent developments on genus Chaetomium 
is to keep the readers informed about the recent developments in research of the 
genus Chaetomium and the challenges for the researchers to look in the upcoming 
years. It is very important to shed the light on one of the largest genera of 
Ascomycetes and to attract the reader’s attention toward the recent developments on 
genus Chaetomium.

This book comprises 16 chapters on genus Chaetomium and is divided into two 
parts: the first deals with biology and biotechnology, which include the diversity of 
genus Chaetomium in different ecological habitats, while the second deals with 
Chaetomium’s metabolites which show the diversity of the genus, both positive and 
negative. Besides the taxonomic information, some ecological aspects, like distribu-
tion and substrate/host preferences, have also been dealt with in some chapters, 
where appropriate. The book chapters cover the wide applications of Chaetomium 
taxa recovered from different ecosystems, the methods of identification, and charac-
terization of their products.

Thus this book presents as much comprehensive information concerning genus 
Chaetomium as possible. I express my sincere gratitude to all the contributors for 
their valuable contributions and support throughout. I extend my sincere thanks to 
the research team working in Systematic Mycology Laboratory, Department of 
Botany, Faculty of Science, Suez Canal University, for their hard work.

(December, 2019) Ahmed M. Abdel-Azeem

Preface
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Chapter 1
Taxonomy and Biodiversity of the Genus 
Chaetomium in Different Habitats

Ahmed M. Abdel-Azeem

1.1  Introduction

Chaetomium was established by Gustav Kunze based on C. globosum as its type 
species (Fig. 1.1). This ascomycetous genus is characterized by superficial asco-
mata usually covered with hairs or setae (Hawksworth and Wells 1973) (Fig. 1.2); 
membranaceous peridium, consisting of several pseudoparenchymatous layers; asci 
that are clavate or fusiform (with biseriately arranged ascospores) or sometimes 
cylindrical (with uniseriately arranged ascospores), thin-walled, evanescent, and 
without apical structures; scarce paraphyses that disappear before ascocarps mature 
(von Arx et al. 1986); and ascospores that are brown or gray-brown (never opaque 
or black), one celled, with one or sometimes two germ pores, and exuding as a dark, 
black, sticky mass (Hess et al. 1967; Millner et al. 1977).

After scattered initial studies on the genus, Ames (1963) and Seth (1970) delim-
ited Chaetomium species mainly on the basis of the shapes of ascospores and asco-
matal hairs. Hawksworth and Wells (1973) emphasized the type of ascomatal setae 
ornamentation. Their study was the first in which species diagnoses were based 
entirely on the examination of type or authentic material. Sörgel (1960) and 
Dreyfuss (1975) provided partial revisions in which peridium structure and shapes 
of asci and ascospores were taken as primary criteria to delimit species. Von Arx 
et al. (1986) provided a more comprehensive revision, which largely followed the 
concepts of Sörgel and Dreyfuss and the unpublished thesis by Carter (1982) but 
tended to underestimate differences in hair morphology.

Members of the genus Chaetomium are cosmopolitan and prevalent components 
of different ecosystems in a wide range of environmental and climatic zones (von 
Arx et al. 1986) because they can colonize a wide variety of substrates. Chaetomium 
species are well known as coprophilous, seed, and soil fungi (Abdel-Azeem 2003; 

A. M. Abdel-Azeem (*) 
Botany Department, Faculty of Science, Suez Canal University, Ismailia, Egypt
e-mail: ahmed_abdelazeem@science.suez.edu.eg

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31612-9_1&domain=pdf
mailto:ahmed_abdelazeem@science.suez.edu.eg
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Fig. 1.1 A part of Kunze original description of genus Chaetomium in 1817

Fig. 1.2 SEM of Chaetomium ascomata showing peridial hairs ©Abdel-Azeem 2019

A. M. Abdel-Azeem
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Somrithipol 2004; Somrithipol et  al. 2004), colonize living plant tissues (endo-
phytic) (Abdel-Azeem and Salem 2012; Salem and Abdel-Azeem 2014; 
 Abdel- Azeem et  al. 2016a, 2018a) and archeological wood (Abdel-Azeem et  al. 
2019), and are also found in organic compost (Abdel-Azeem 2003).

Chaetomium taxa degrade cellulose and other organic materials and act as antag-
onist against plant fungal pathogens (Soytong et al. 2001). C. globosum is reported 
by several researchers to be a strong cellulose decomposer (Umikalsom et al. 1997, 
1998), which exhibited a very effective antagonistic activity against various soil 
microorganisms (Aggarwal et al. 2004; Dhingra et al. 2003; Soytong et al. 2001). 
Recently Chaetomium and its species have drawn much attention to be used to man-
age several economically important diseases. C. globosum has been identified as a 
potential antagonist of Cochliobolus sativus (Biswas et al. 2012). Ascospore sus-
pensions and culture extracts of C. globosum reduced infection of apple seedlings 
by Venturia inaequalis (Cullen and Andrews 1984). Some isolates of C. globosum 
produce antibiotics that can suppress damping-off of sugar beet caused by Pythium 
ultimum (Walther and Gindrat 1988; Di Pietro et al. 1992). C. cupreum and C. glo-
bosum reduce leaf spot disease of corn caused by Curvularia lunata, rice blast dis-
ease caused by Magnaporthe oryzae, sheath blight disease of rice caused by 
Rhizoctonia solani, and tomato wilt disease caused by Fusarium oxysporum f.sp. 
lycopersici (Soytong 1992a, b).

In view of the aforementioned information, the idea of this chapter was evolved 
with a main objective of surveying Chaetomium taxa in various habitats and report-
ing on their frequency of occurrence and substrate preference, if present, hopefully 
to draw a preliminary picture about the taxonomy and biodiversity of this genus 
worldwide.

1.2  Taxonomic History 

Since the discovery of the genus Chaetomium (Kunze and Schmidt 1817), several 
attempts have been made to study the detailed morphology for species identifica-
tion. Some important and significant keys affected significantly taxa identification 
of Chaetomium are mentioned chronologically in this chapter. Furthermore, the 
molecular advancement for the identification of Chaetomium species is also pro-
vided along with the history of development of DNA barcoding for economically 
important fungi.

1.2.1  Cultural Conditions of Chaetomium

Tschudy (1937a) studied the morphology of some species, viz., C. globosum, 
C. cochliodes, C. funicolum, and C. elatum, using cultural characters to determine 
the species identity. He observed no production of perithecia in C. globosum and 

1 Taxonomy and Biodiversity of the Genus Chaetomium in Different Habitats
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C. elatum when grown on media containing peptone. He also found that these spe-
cies had very markedly different appearances on a medium with dextrose and 
 peptone and malt-dextrose-starch medium (MDS). On MDS medium luxuriant 
growth was observed along with the formation of abundant perithecia within a short 
time. Whereas in the case of the dextrose-peptone medium, however, there was suf-
ficient mycelial growth, but no perithecia were formed. Further, he studied the 
effects of carbohydrates to assess the growth and development of Chaetomium fun-
gus using cellulose, starch, dextrine, maltose, glucose, inulin, levulose, sucrose, 
galactose, arabinose, xylose, and the pentosan containing gum and gum arabic. All 
the species produced perithecia on cellulose agar and pure agar, but on starch media 
C. indicum, C. funicolum, C. cochliodes, and C. elatum failed to produce perithecia. 
However, dextrin, a decomposition product of starch, was the only carbohydrate 
tested, on which all the species were able to produce perithecia. These marked dif-
ferences in carbohydrate metabolism and the morphogenic changes on the different 
media led to experimentation with other nutrients. Out of the 75 different media 
tested, few produced marked differences and others inhibited the growth entirely. 
Finally, he concluded that the MDS medium (dextrose, 1.0 g.; starch, 1.0 g.; malt 
syrup, 2.0 g.; agar, 2.0 g.; water, 100.0 ml) is the best for the growth and develop-
ment of many species of Chaetomium.

Further, Tschudy, in 1937b extended his experimentation to study the appear-
ance together with the abnormalities in development under various conditions of 
cultivation. He found the abnormalities of Chaetomium species on different media. 
The important observation was that the perithecia were produced submerged in the 
agar and lack terminal setae. The hypothesis was that this abnormality was due to 
lack of O2 or superabundance of CO2, but it was found faulty. Inhibition of devel-
opment of terminal setae and perithecia by peptone and by alcohol was among the 
facts discovered. The effect of pH was found to have little effect on perithecial 
development.

Plomley (1959) studied the colony characters of Chaetomium species. Parameters 
such as the growth of the hypha, size of the colony, and density of the hyphae within 
the colony were considered for his study. His observations were increase in length 
of individual hyphae at constant rate and exponential growth through branching in 
a mass of hyphae. He also studied the germination of the spore until a constant rate 
of marginal expansion is set up. He observed the lag phase of growth followed by 
acceleration phase and then an exponential phase, and finally a steady state is set up 
in the margin so that it expands at constant rate. From the overall observations, he 
concluded that the colony characters can be described on the basis of growth of 
the hyphae.

Sharma and Pandey (2010) studied the mycelial growth rate, colony character, 
and sporulation pattern of 10 fungal isolates including one species of Chaetomium, 
grown on three different culture media, viz., Potato Dextrose Agar (PDA), 
Czapek- Dox  +  Yeast Extract Agar (CYA), and Lignocellulose Agar (LCA) 
after 7 days of incubation at 25 ± 1 °C. The colony diameter, culture characteristics 

A. M. Abdel-Azeem
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(texture, surface and reverse coloration, zonation), and sporulation of selected test 
fungi were greatly influenced by the type of growth medium used. LCA exhibited 
comparatively higher mycelial growth in six test fungi, whereas all the ten isolates 
revealed heavy sporulation on this culture medium. C. funicola and Fusarium oxys-
porum showed highest growth on CYA medium.

They further suggested that these results would be useful for fungal taxonomic 
studies. Millner in 1977 tried to establish taxonomic relationship by correlating the 
radial growth responses of this fungus at varied temperature ranges. According to 
him the maximum growth rates of thermophiles were found significantly greater 
than those of the non-thermophiles. Further he used the temperature data to support 
other salient features of the genus in establishing the synonymy of C. verrucichaeta 
with C. abuense, C. virginicum with C. thermophile var. coprophile, and C. errati-
cum with C. gracile.

Prokhorov and Linnik (2011) studied the growth rates and development of 
C. globosum, C. funicola, C. elatum, and C. spirale under different temperatures 
(17–20 °C, 25 °C, 27 °C, 30 °C, and 33–35 °C) and carbon source media (glucose, 
saccharose, mannite, lactose, amylum, and cellulose). The optimal growth tempera-
ture was 25–27  °C for all the studied species, while the temperature range of 
33–35 °C inhibited the colonies’ growth.

Growth dynamics and colony shape and morphology and development of myce-
lium and ascocarps varied greatly in different Chaetomium species with regard to 
the carbon source media.

Germination studies of ascospore of Chaetomium were performed by Buston 
et al. in 1966, and they found 30–35% of the ascospore germination of C. globosum 
on a complete synthetic medium. Later in 1975, Chapman and Fergus (1975) also 
studied the germination of the ascospores of the C. globosum on different media. 
The germination percentage of ascospores on cornmeal, Czapek-Dox, lima bean, 
malt extract, oak wilt, oatmeal, and potato dextrose were 86, 2, 96, 86, 43, 4, and 99, 
respectively. The cardinal temperatures found for germination were minimum 
4–10°C, optimum 24–38°C, and the highest percent germination was found at 
38°C. Fergus and Delwiche (1975) reported poor germination (8% or less) of asco-
spores of C. rectopilium on a synthetic agar medium containing all of the major 
nutrients and also on media containing a single nutrient. Further, they observed 
better germination (89%) on malt extract agar than the potassium acetate. The car-
dinal temperatures for ascospore germination (determined on potassium acetate 
agar) were found to be as follows: minimum, 12–16°C; optimum, 46°C; and maxi-
mum, 48–50°C. A high percentage of ascospore germination was observed on malt 
extract agar at pH 4.9 to 7.0, but none were germinated at pH 3.5. They also found 
that the thermal death point for Chaetomium fungus was 60–62°C. They ascertained 
that the ascospores were not thermoduric, as they were surviving only up to 8 hours 
when exposed to 55 °C and surviving only 20 min when exposed to 60°C.
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1.2.2  Morphological Characterization of Chaetomium Species

The genus Chaetomium was established by Kunze in 1817, and Corda (1837) 
improved the original description by the discovery of asci in the centrum, but he 
could not understand the true nature of the ascus. He observed that it was in some 
way responsible for supporting the spores. Van Teighem (1875) described a coiled 
ascogonium subtended by a ramifying hyphal branch which formed the perithecial 
wall. In the following year, Van Teighem (1876) studied C. murorum, C. indicum, 
and several other new species described. Zopf contributed a well-illustrated mono-
graph describing 10 species of Chaetomium in 1881, and Chivers recognized 28 
distinct species in 1915. The form of the perithecial hairs was used as the major 
separation character by the earlier workers. Skolko and Groves (1948) suggested 
that the shape and size of the perithecium and spores, in addition to the conspicuous 
characteristics of the perithecial hairs, provide a more practical basis for species 
classification. By 1953, Skolko and Groves (1953) recognized 53 species, and Ames 
in 1961 described 85 distinct species of Chaetomium.

Whiteside (1957) studied the development of fruiting body from the perithecial 
initials of genus Chaetomium. Two patterns of ascogonial development were 
observed, which suggests that the genus may not be the single phylogenetic unit that 
is indicated by the use of one generic name. Most of the species studied were found 
to have perithecial initials similar to those of C. globosum, but C. brasiliense pos-
sesses a second distinct type that apparently has not been described previously for 
the genus. The first stage of perithecial initiation in C. globosum involves a special-
ized bent hyphal branch, the ascogonium, having the same diameter as the hypha 
from which it originates. The ascogonium may be sessile, or it may occur at the end 
of one or a few cells. The tip elongates and coils itself, the apex twining tightly 
above or in between other coils in an irregular course. While the ascogonium is 
developing, several additional specialized hyphal branches originate from adjacent 
mycelial cells and form the proximal cells of stalked ascogonia. These hyphal 
branches ramify around the coiled ascogonial structure, forming the perithecial 
walls and subsequently develop into perithecial hairs. Whiteside concluded that 
there is no relationship between pattern of ascogonial development and the origin of 
terminal perithecial hairs. Later Cooke worked on perithecial development of 
C. erraticum (Cooke 1969a) and C. funicolum (Cooke 1969b)  in 1969 and of C. tri-
laterale in 1970.

Wicklow (1979) related the presence of hair ornamentation with respect to their 
successful survival on dung or plant material in comparison with other fungi. He 
observed that larvae of the sciarid fly, Lycoriella mali, avoided ascocarps of C. bos-
trycodes on rabbit feces but actively consumed the sporocarps of other coprophilous 
fungi. The author suggested that the ornamentation on perithecia in Chaetomium 
and related genera might have evolved as a mechanical deterrent against predation 
by arthropod detritivores, thus enabling them to successfully sporulate on the sur-
face of nutrient-rich, relatively short-lived substrates (i.e., dung, plant detritus).
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Ellis (1981) used electron microscopy for the first time for the observation of 
Chaetomium to establish taxonomic relationship among the species. He examined 
terminal hair ornamentation and ascocarp morphology using scanning electron 
microscopy in five thermophilic Chaetomium species, viz., C. thermophile, C. grac-
ile, C. erraticum, C. rectopilium, and C. cellulolyticum. However, he found that the 
terminal hair ornamentation has little use in the separation of species. Later in the 
year 1988, similar kind of studies was attempted by Figueras and Guarro (1988) on 
C. malaysiense to study the ascocarp ontogeny and provided a detailed illustration 
of ascocarp development. In 2005, Ahammed et al. studied the morphological vari-
ability of C. globosum. They observed that under SEM, the shape of perithecia 
could not be ascertained, as they were densely covered with stiff hairs having depo-
sitions. Berkson (1966) studied the cytomorphology of the ascogenous hyphae in 
four species of Chaetomium and illustrated only two types of ascus development. In 
C. aureum and C. murorum, the ascus arose from an ascogenous cell, and no definite 
croziers were observed. On the other hand, in C. dolichotrichum and C. caprinum, 
croziers in the ascogenous hyphae were regularly observed, and the ascus developed 
from the penultimate cell of the crozier.

Ascospore was considered as one of the important characters for Chaetomium 
species identity. Several authors used this character for species discrimination. Seth 
(1972) provided a key based on the shape of the ascospores. The shape of the asci 
and the structure of the ascospores have been introduced as characters to delimit 
apparently more homogeneous taxa by Sörgel (1960, 1961) Aue and Muller (1967), 
and Dreyfuss (1975).

Millner et al. (1977) have paid more attention to the germ pore of the ascospores, 
which may be small or distinct, flat or protuberant, and apical, subapical, or slightly 
lateral and occasionally surrounded by a thickened and/or darkened wall for study-
ing large number of taxa. Dreyfuss (1975)  observed ascospores with two germ 
pores, one at each end, in some species. von Arx et al. (1986) reevaluated the genus 
Chaetomium based on the size, shape, symmetry, and number of germ pores of 
ascospores. Ahammed et  al. (2005) observed ascospores of C. globosum which 
were lemon-shaped, smooth surfaced with apical papillae under SEM.  Doveri 
(2013) reevaluated the genus on the basis of phenotypic criteria too.

Useful Criteria Used in Identification of Chaetomium  
(Moustafa and Abdel-Azeem 2005)
• Ability for growth at 40 °C or more.
• Peridial hairs (see Fig. 1.3).
• Ascus morphology (cylindrical or clavate).
• Ascospore shape (see Fig. 1.4).
• Ascospore arrangement (uniseriate, irregular).
• Germ pores (see Fig. 1.5).
• In addition to some secondary characters such as:

 (a) Presence or absence of anamorph.
 (b) Colony color and exudates.

1 Taxonomy and Biodiversity of the Genus Chaetomium in Different Habitats



10

1.3  Methodology of Studying Chaetomium Biodiversity

1.3.1  Phenotypic Studies

Microscopic features of Chaetomium teleomorph are important part of the species 
concept. However, many debatable taxonomic schemes in several sections of the 
genus have resulted due to the occurrence of much morphological variation. 
Reevaluation of Chaetomium based on phenotypic characters such as the size, 
shape, symmetry, and number of germ pores of ascospores has been considered by 
von Arx et al. (1986) and Doveri (2013) as shown in Figs. 1.3, 1.4, and 1.5. The 
preliminary identification of species can be performed with the aid of taxonomic 
keys and descriptions available in the literature (Ames 1969; von Arx et al. 1986; 
Gené and Guarro 1996; Decock and Hennebert 1997; Udagawa et  al. 1997; 
Rodríguez et al. 2002; Wang and Zheng 2005a, b; Asgari and Zare 2011, Doveri 
2013, 2016). Furthermore, all these phenotypic  features have to be determined by 

Fig. 1.3 Ascomatal hairs of Chaetomium. (a) straight; (b) arcuate; (c) undulate; (d) undulate with 
coiled tips; (e) sinuous to loosely coiled; (f) compactly coiled; and (g), dichotomously branched
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trained mycologists under standardized laboratory conditions to obtain an accurate 
identification (Abdel-Azeem 2003; Blanchette et  al. 2017; Abdel-Azeem et  al. 
2018b). However, without professional expertise this may often lead to incorrect 
description; therefore, the use of biochemical and molecular methods is 
recommended.

According to Index Fungorum Partnership (IFP 2019), there are 273 Chaetomium 
species accepted (see species list in Appendix of Chap. 4). The work developed by 
von Arx et al. (1986) is considered as the basis for the classical taxonomic studies 

Fig. 1.4 Ascospore shape. (a) triangular; (b) globose; (c) irregular with lateral bulge; (d) ellipti-
cal; (e) almond-shaped; (f) narrow fusiform; (g) broad fusiform; and (h) limoniform

Fig. 1.5 Germ pores. (a) single (apical); (b) single (subapical); and (c) two apical germ pores
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of the genus, which is followed in important articles and monographs on the genus 
(e.g., Doveri 2004). However, recent studies with molecular approaches have 
revealed a high number of undescribed species on this genus, especially when they 
are considered more potential substrates for the occurrence of genus (Wang et al. 
2014, 2016a, b; Zhang et al. 2016) (please check Table 4.2 – Chap. 4).

Updated World Key to Chaetomium by Abdel-Azeem After von Arx et al. 
(1986) and Doveri (2008, 2013)
(In bold type new species, new combinations, or taxa accepted in Chaetomium)

(1) Ascospores triangular in frontal view, brown at maturity ................................
...........................................................118.

(1∗) Ascospores not triangular in frontal view, brown, or gray, or bluish grey ....
.............................................................. ................................. ................................. 
...........................................................................................0.2.

(2) Ascospores cylindrical, with attenuated ends, 9–11  ×  2.5–3 μm. Colonies 
often with red or orange exudates. Peridium of a textura intricata. Ascomatal hairs 
seta-like, dichotomously branched .....................................C. fusum.

(2∗) Ascospores not cylindrical, broader ..............................................................
..............................................................0.3.

(3) Asci 2- to 6-spored. Ascospores ellipsoidal, biumbonate, bilaterally flattened, 
11–15 × 7–9 × 5–6 μm. Peridium of a textura angularis. Hairs flexuous or undulate, 
branched at the apex. Colonies with yellow exudates ................................................
............................................................................................................C. 
tetrasporum.

(3∗) Asci 8-spored .................................................................................................
.............................................................0.4.

(4) Ascospores oblate or hemispherical, 6–7.5 × 4–5 μm, lacking a distinct germ 
pore. Peridium of a textura angularis. Ascomatal hairs spirally coiled .....................
............................................................................................ C. oblatum.

(4∗) Ascospores not oblate or larger .....................................................................
..............................................................0.5.

(5) Asci clavate, obovate or fusiform. Ascospores biseriate or conglobate ...........
.............................................................0.6.

(5∗) Asci narrowly cylindrical, ascospores uniseriate ..........................................
..........................................................0.108.

(6) Ascospores spherical or subspherical, sometimes with two germ pores .........
..............................................................0.7.

(6∗) Ascospores different in shape ........................................................................
...........................................................0.13.

(7) Ascospores with one (occasionally two) germ pore and usually a regular out-
line ........................................................0.8.

(7∗) Ascospores with two (or more) germ pores and often an irregular outline ...
............................................................0.12.

(8) Ascospores 5.2–6.3  ×  5.5–7.8  μm. Terminal hairs irregularly or dichoto-
mously branched ........................................................................................................
.........C. mesopotamicum Abdullah and Zora 1993.
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(8∗) Ascospores larger ..........................................................................................
..............................................................0.9.

(9) Ascospores globose, 10–13 μm in diameter. Peridium of a textura angularis. 
Terminal hairs flexuous to undulate ...........................................................................
................................................................................ C. globosporum.

(9∗) Ascospores nearly spherical to broadly ellipsoidal or ovoidal ......................
............................................................0.10.

(10) Ascomata subglobose. Peridium of a textura epidermoidea. Terminal hairs 
flexuous to undulate, 4–6 μm diam. at the base. Ascospores 9–14 × 7–11 × 9–9.5 μm, 
with a paler longitudinal band and a subapical to lateral germ pore ..........................
.....................................................................C. tarraconense Stchigel et  al. in 
Rodríguez et al. 2002.

(10∗) Ascomata obovoidal. Peridium with a different textura. Ascospores with-
out a longitudinal band .........................0.11.

(11) Peridium of a textura angularis or intricata. Terminal hairs flexuous, undu-
late or hypha-like, 4–7.5  in diameter near the base. Ascospores 
10–12.3 × 9–11.3 × 7–9 μm, with an apical or slightly subapical germ pore ............
............................................................ C. interruptum Asgari and Zare 2011.

(11∗) Peridium of a textura intricata. Terminal hairs of two types: short, rigid, 
and straight or long, sinuous, and branched, both types 3–5 μm in diameter near the 
base. Ascospores 8–11 × 8–9.5 μm, with a subapical or sometimes lateral germ pore 
...............................................................................C. umbratile Udagawa et al. 1997

(12) Ascospores 12–16 × 10–14 × 8–12 μm, subspherical to ovoidal, often bilat-
erally flattened, with two germ pores. Ascomatal hairs flexuous, or undulate, or 
hyphoid. Peridium of a textura angularis. Colonies occasionally with pale green 
exudates. Homothallic .............................................................. C. megalocarpum.

(12∗) Ascospores 15–22 × 11–16 μm, broadly ellipsoidal with rounded ends to 
ovoidal, pyriform, or subglobose, with two or more germ pores. Hairs hyphoid. 
Peridium of a textura epidermoidea. Colonies often with yellow exudates. 
Heterothallic .................................................................................C. nozdrenkoae.

(13) (From 6) Ascospores with one germ pore (occasionally with a paler spot at 
the end opposite to the germ pore) .....0.14.

(13∗) Ascospores at least partly with two germ pores or lacking distinct germ 
pores ......................................................0.94.

(14) Germ pore apical .......................................................................................... 
.............................................................0.15.

(14∗) Germ pore subapical or lateral 
 ..........................................................................................0.75.

(15) Ascospores rhomboid with umbonate ends, bilaterally flattened, 
9–11 × 6.5–8 × 4.5–6 μm. Peridium pale, of a textura epidermoidea. Ascomatal 
hairs flexuous ................................................................................. C. umbonatum.

(15∗) Not with the above characters .....................................................................
............................................................0.16.
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(16) Ascospores limoniform or irregular, usually biapiculate, bilaterally flat-
tened, 9–14 × 7–12 μm. Peridium with an outer layer of textura intricata ...............
................................................................................................................0.17.

(16∗) Not with the above characters .....................................................................
............................................................0.24.

(17) Ascomata with a very pale, yellowish peridium. Terminal hairs sparse, deli-
cate, wavy, pale cream. Ascospores pink, red in mass, 7–10 × 7–7.5 ........................
....................................................................................... C. cruentum.

(17∗) Peridium pigmented. Terminal hairs dense. Ascospores brown at maturity 
...........................................................0.18.

(18) Ascospores rather irregular, often with a lateral bulge ..................................
............................................................0.19.

(18∗) Ascospores regular, limoniform, without a lateral bulge .............................
...........................................................0.20.

(19) Colonies with yellow-green exudates. Ascomata olivaceous in reflected 
light. Ascomatal hairs flexuous, undulate, or coiled. Ascospores with a lateral bulge, 
9–11 × 7–9 × 6–7 μm ....................................................... C. madrasense.

(19∗) Colonies without exudates. Ascomata yellow in reflected light. Hairs 
hyphoid. Ascospores irregular, 8–12 × 5–7.

μm ......................................................................................................C. citrinum.
(20) Homothallic. Terminal hairs flexuous, undulate, or coiled. Phialoconidia 

absent .....................................................0.21.
(20∗) Homothallic or heterothallic. Hairs branched or flexuous when unbranched. 

Phialoconidia present or absent ......0.22.
(21) Colonies usually with yellow-green or red exudates. Ascospores 

9–12 × 8–10 × 6–8 μm .......,,,,,,,,,...............................................................................
...................................... C. globosum (and its relatives).

(21∗) Colonies without exudates. Ascospores 12–13.5  ×  8–10  ×  6–7.5  μm 
..............C. undulatulum Asgari and Zare 2011.

(22) Heterothallic. Colonies lacking pigmented exudates. Terminal hairs 
unbranched, flexuous. Ascospores 11–15 × 8–11 × 7–8.5 μm. Phialoconidia present 
................................................................. C. subaffine (and C. angustispirale).

(22∗) Terminal hairs dichotomously branched .....................................................
............................................................0.23.

(23) Homothallic. Phialoconidia present. Colonies without exudates. Hairs usu-
ally branched at right angles. Ascospores 9–11.5 × 6.5–8.5 × 5.5–6.5 μm ...............
.......................................................... C. rectangulare Asgari and Zare 2011.

∗23∗) Homothallic or eterothallic. Phialoconidia present, or absent in homothal-
lic isolates. Colonies often with green or yellow exudates. Hairs irregularly 
branched. Ascospores 11–14 × 8–11 × 7–9 μm .................................... C. elatum.

(24) (From 16) Ascospores 6–13 × 5–10 μm, limoniform, bilaterally flattened, 
umbonate or apiculate at the ends, brown (exceptionally pale gray) at maturity. 
Ascomata often ampulliform or pyriform and with a conical or cylindrical neck; 
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peridium of a textura angularis (rarely and partly covered with a textura intricata) 
or occasionally epidermoidea ………………………………………………………
………………………………………….......0.25.

(24∗) Not with the above characters .....................................................................
............................................................0.35.

(25) Ascomata with a long neck formed of joined setae .......................................
............................................................0.26.

(25∗) Ascomata without such a neck ....................................................................
............................................................0.28.

(26) Neck less than 250 μm long. Ascospores 8–11 × 7.5–9 × 5–6 μm with an 
apical germ pore .................. C. malayense.

(26∗) Neck 300–2300 μm long .............................................................................
............................................................0.27.

(27) Ascospores limoniform, 9–12 × 8–10 × 7–8 μm, with an apical or slightly 
subapical germ pore ....... C. longicolleum.

(27∗) Ascospores limoniform to quadrangular in frontal view, 
6–6.5 × 5–6 × 3.5–4 μm, with an apical germ pore …...............................................
............................................................. C. cuyabenoense Decock and 
Hennebert 1997.

(28) Ascomata with apical setae few in number. Ascospores 8–10  ×  7–8.5 
× 5–6 μm, biapiculate ............... C. seminudum.

(28∗) Ascomata with dense apical setae or hairs ..................................................
............................................................0.29.

(29) Ascomata subglobose to ovoid, with a very large (up to 50 μm diam.) osti-
ole. Terminal hairs arcuate or recurved at the apex, yellow to pale brown, unbranched. 
Peridium of a textura angularis to epidermoidea. Ascospores 
10–13 × 7–10 × 6.5–7.5 μm, biapiculate ................................... C. macrostiolatum 
Stchigel et al. in Rodríguez et al. 2002

(29∗) Ascospores smaller. Terminal hairs darker ..................................................
...........................................................0.30.

(30) Ascomata spherical or obovate ......................................................................
...........................................................0.31.

(30∗) Ascomata ovate to ampulliform ..................................................................
............................................................0.32.

(31) Ascomata spherical. Peridium of a textura angularis. Ascomatal hairs flexu-
ous or undulate, often branched. Ascospores 7.5–9 × 6–7 × 4–5 μm, brown, with an 
apical germ pore ..................................................... C. sphaerale.

(31∗) Ascomata obovate. Peridium of a textura angularis, partly covered with an 
outer layer of textura intricata. Terminal hairs unbranched, constricted at the septa 
and articulated, loosely coiled at their tips. Ascospores 7–8.5 × 6–7.2 × 5–6 μm, 
pale gray, with an apical or slightly subapical germ pore .....................C. floriforme 
Gené and Guarro 1996.

(32) Ascomata ovate or ampulliform. Hairs spirally coiled. Ascospores 
6–7 × 4.5–6 × 3.5–4.5 μm .............. C. subspirale.
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(32∗) Ascomata ampulliform. Hairs not spirally coiled. Ascospores larger on 
average ...................................................0.33.

(33) Terminal hairs seta-like, straight, not branched. Ascospores 
6.5–9.5 × 5.5–6.5 × 3.5–4.5 μm, strongly umbonate. Asci both clavate and cylindri-
cal in the same ascoma .............. C. ampulliellum X.W. Wang in Wang and Zheng 
2005a, b.

(33∗) Terminal hairs often branched or circinate. Ascospores slightly umbonate. 
Asci always clavate ..........................0.34.

(34) Hairs seta-like or flexuous, often branched or circinate at their apex. 
Ascospores 6.5–8.5 × 6–7.5 × 5–6 μm ..............

...............................................................................................................................
...................................... C. homopilatum.

(34∗) Hairs seta-like, apically branched. Ascospores 8–9.5 × 4.5–6 μm ..............
............................................C. ampullare.

(35) (From 24) Ascospores 5.5–10 × 5–8 μm, biapiculate or angular, bilaterally 
flattened, dextrinoid when young, pale gray-olivaceous at maturity. Ascomata often 
with a darkened disc around the ostiole...........................................0.36.

(35∗) Ascospores not dextrinoid when young, usually brown at maturity. 
Ascomata lacking a darkened disc ...............0.42.

(36) Ascomata small, spherical or oblate, pale. Ascomatal hairs partly short and 
verrucose, partly long, flexuous or undulate, and smooth. Peridium of a textura 
angularis..............................................................................................0.37.

(36∗) Ascomata ovate, ampulliform or cylindrical, rarely spherical. Hairs usu-
ally spirally coiled at their apex and.

verrucose, often with some branches. Peridium of a textura angularis or cepha-
lothecoidea .........................................0.38.

(37) Ascospores 5.5–6.5 × 5–6 × 3.5–5 μm, evenly pigmented ............................
........................................ C. causiiforme.

(37∗) Ascospores 7–9 × 6–7 × 5–6 μm, darker near the ends ...............................
........................................ C. anguipilium.

(38) Ascospores quadrangular in frontal view, 6.5–7.5 × 6–7 × 4–5 μm. Peridium 
of a textura cephalothecoidea ....................................................................................
...................................................................C. quadrangulatum.

(38∗) Ascospores not quadrangular in frontal view ..............................................
............................................................0.39.

(39) Ascomata ampulliform. Upper peridial portion a textura prismatica of dark, 
elongated cells in vertical rows. Ascospores 5.5–7.5 × 5–6.5 × 4–5.5 μm ................
.................................................................................. C. robustum.

(39∗) Upper peridial portion not formed of vertically elongated, dark cells ........
............................................................0.40.

(40) Ascospores 5.5–7.5 × 5–6.5 × 4–5.5 μm .......................................................
....................................... C. bostrychodes.

(40∗) Ascospores longer .......................................................................................
............................................................0.41.

A. M. Abdel-Azeem



17

(41) Ascomata ovate or ampulliform. Textura cephalothecoidea. Ascospores 
7–9.5 × 6–7 × 5–6 μm ......... C. convolutum.

(41∗) Ascomatal spherical. Textura angularis. Ascospores 9–10.5 × 7–8 × 6–7 μm 
............................C. hexagonosporum.

(42) (From 35) Ascospores ovate, 5–8  ×  4–6 μm, brown when mature, thick- 
walled. Peridium of a textura angularis often with an outer layer of textura intricata. 
Ascomatal hairs seta-like and/or dichotomously branched …………………………
……………………………………………………………….....................0.43.

(42∗) Not with the above characters .....................................................................
............................................................0.46.

(43) Ascomatal hairs mainly seta-like, thick and stiff, with some lateral branches 
when old. Ascospores 6–8 × 4–5 μm, bilaterally not flattened ..................................
.......................................................................................... C. spinosum.

(43∗) Ascospores bilaterally flattened ...................................................................
...........................................................0.44.

(44) Ascomatal hairs seta-like, unbranched. Ascomata occasionally not ostiolate. 
Ascospores 5.5–6.5 × 3.5–4.5 × 3–3.5 μm.................................................................
................................................................................... C. variostiolatum.

(44∗) Ascomatal hairs at least partly dichotomously branched. Ascomata ostio-
late ........................................................0.45.

(45) Ascomatal hairs partly seta-like, partly branched. Ascospores 
6–7.5 × 4–5.5 × 3–4 μm ............................ C. funicola.

(45∗) Nearly all hairs branched. Ascospores 5.5–7 × 4–5 × 3.5–4.5 μm ..............
...................C. indicum (and its relatives).

(46) Peridium orange or pink. Ascomatal hairs much coiled. Ascospores ovate or 
pyriform, bilaterally flattened, brown, 12–16 × 9–11 × 7–10 μm ..............................
................................................................................... C. semen-citrulli.

(46∗) Not with the above characters .....................................................................
............................................................0.47.

(47) Ascomata nearly smooth, with a short cylindrical or conical neck. Peridium 
pale, reddish-brown. Ascospores irregular in shape, 12–13  ×  7–8 μm, greenish- 
brown, darkened around the germ pore ............................. C. hamadae.

(47∗) Not with the above characters .....................................................................
............................................................0.48.

(48) Ascospores 11–23 × (5) 6–18 μm, ellipsoidal or fusiform ............................
...........................................................0.49.

(48∗) Ascospores smaller on average ....................................................................
...........................................................0.63.

(49) Ascospores usually more than 20 μm long ....................................................
...........................................................0.50.

(49∗) Ascospores less than 20 μm long ................................................................
............................................................0.51.

(50) Ascomata brown. Peridium of a textura angularis. Ascomatal hairs brown, 
undulate, rarely branched, strongly constricted at their septa and articulate. 
Ascospores broadly fusiform, 20–22  ×  16–18 μm, with a protuberant, subapical 
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(sometimes apical) germ pore, 2–2.5 μm wide .............................. C. sinaiense Mo 
ustafa and Ezz-Eldin 1989.

(50∗) Ascomata pale ochraceous. Peridium of a textura epidermoidea or indis-
tinctly angularis. Hairs pale and short or absent. Ascospores fusiform, 
18–23  ×  9–12  μm, with an apical and smaller germ pore ........................ 
C. deceptivum.

(51) Ascospores 17–20 × 11–13 μm, often ovoidal and occasionally with umbo-
nate ends, laterally not flattened. Ascomata yellow or ochraceous. Peridium pale, 
with an outer layer of textura intricata. Ascomatal hairs hyphoid, sparse, flexuous ...
....................................................................................................................................
.......... C. vitellinum.

(51∗) Ascospores smaller ......................................................................................
...........................................................0.52.

(52) Colonies with yellow exudates. Ascomata non-ostiolate when young. 
Peridium translucent, a textura angularis of pale yellow or brown cells. Ascomata 
hairs hyphoid, often absent. Ascospores ellipsoidal, often irregular, 12–17 × 7–10 μm 
....................................................................................................................................
.........C. irregulare.

(52∗) Not with the above characters .....................................................................
............................................................0.53.

(53) Peridium of a textura angularis. Ascomatal hairs seta-like, dark brown, 
unbranched. Ascospores fusiform, often inequilateral, 14–16 × 5–6 μm, dark brown 
when mature, paler at the ends ...............................................C. dreyfussii.

(53∗) Not with the above characters .....................................................................
............................................................0.54.

(54) Ascomata up to 140 μm in diameter ..............................................................
.....................................................................0.55.

(54∗) Ascomata larger ...........................................................................................
...........................................................0.57.

(55) Terminal hairs tight spirally coiled all over the length. Ascospores fusiform, 
usually equilateral, with a truncated end around the germ pore, 11.5–13.5 × 5.7–7 μm 
................................................C. truncatulum Asgari and Zare 2011.

(55∗) Terminal hairs not with such features. Ascospores larger on average, often 
inequilateral, without a truncate end 0.56.

(56) Ascomatal hairs flexuous, undulate or spirally coiled, yellow green or oliva-
ceous in reflected light. Ascospores ellipsoidal-fusiform, 13–16 × 7–8 μm ..............
..............................................................................C. subspirilliferum.

(56∗) Ascomatal hairs hyphoid, straight or flexuous, dark olivaceous gray in 
reflected light. Ascospores fusiform, 13–15× 6.5–8 μm ............................................
...................................................................................................C. hispanicum.

(57) Anamorph Histoplasma-like. Ascomatal hairs straight to coiled. Ascospores 
ellipsoidal to narrowly ellipsoidal, 11.2–16 × 7.2–9.6 μm ........................................
......................................... C. histoplasmoides Carris & Glawe 1987.
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(57∗) Anamorph different or lacking ....................................................................
............................................................0.58.

(58) Anamorph Botryotrichum. Ascomatal hairs flexuous or apically circinate. 
Ascospores ellipsoidal with attenuated ends, 13–17 × 8–10 μm ...............................
.......................................................................................... C. piluliferum.

(58∗) Botryose aleurioconidia absent or rare ........................................................
............................................................0.59.

(59) Ascomatal hairs spirally coiled, partly at least ..............................................
............................................................0.60.

(59∗) Ascomatal hairs not spirally coiled .............................................................
............................................................0.61.

(60) Terminal hairs tight spirally coiled all over the length. Ascospores fusiform, 
usually equilateral, with a truncated end around the germ pore, 11.5–13.5 × 5.7–7 μm 
................................................C. truncatulum Asgari and Zare 2011.

(60∗) Terminal hairs rather delicate, flexuous to spirally coiled. Ascospores 
ellipsoidal-fusiform, often inequilateral, without a truncated end, 12–17 × 6–8 μm 
............................................................................................... C. succineum.

(61) Peridium pale brown, a textura intricata. Hairs hyphoid, irregularly 
branched, pale brown. Ascospores fusiform, 14–16.5 × 5–7 μm ...............................
............................................... C. nepalense (Udagawa and Sugiy 1982) Arx.

(61∗) Peridial wall darker, with a different textura. Ascospores ellipsoidal with 
attenuated ends. Hairs brown .............0.62.

(62) Textura intricata to epidermoidea. Ascomatal hairs flexuous, undulate or 
apically circinate. Ascospores 13–17 × 7–9 μm .........................................................
.......................................................................C. murorum (and its relatives).

(62∗) Textura cephalothecoidea. Hairs straight or slightly curved, apically open 
circinate. Ascospores 15–17.5 × 8.5–10.5 μm ...........................................................
.............................................................................. C. ancistrocladum.

(63) (From 48) Ascomatal hairs undulate or coiled; ascospores ellipsoidal or 
ovate, occasionally irregular or bilaterally flat-
tened...........................................................................................................................
........................................0.64.

(63∗) Not with the above characters ….................................................................
...........................................................0.67.

(64) Ascomata dark in reflected light. Peridium of a textura intricata or epider-
moidea. Ascomatal hairs undulate or spirally coiled. Ascospores ovoidal, 
5–8 × 4–5 μm, bilaterally not flattened ......................................... C. nigricolor.

(64∗) Not with the above characters.................................................................. 
...............................................................0.65.

(65) Ascospores ovoidal, bilaterally flattened, 8–11  ×  6–9 μm. Peridium of a 
textura angularis. Hairs undulate or much spirally coiled .........................................
.................................................................................................C. uniporum.

(65∗) Ascospores not bilaterally flattened ..................................................................... 
..................................................0.66.
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(66) Ascospores irregular in size and shape, 8–12 × 5–6.5 μm. Peridium often of 
a textura cephalothecoidea. Ascomatal hairs horizontally expanding, 4–6 μm in 
diameter ............................................................................................... C. repens.

(66∗) Ascospores regular, ellipsoidal or ovate, 8.5–11 × 5–6.5 μm. Peridium of a 
textura angularis. Ascomatal hairs, 2.5–4 μm broad, with long coils ..........,............
.............................................................................. C. spiralotrichum.

(67) Terminal hairs straight. Ascospores fusiform, ellipsoidal or reniform ..........
..........................................................0.68.

(67∗) Terminal hairs flexuous, arcuate or hyphoid, occasionally with a circinate 
tip; ascospores often fusiform ...........0.70.

(68) Ascospores fusiform to broadly fusiform, 9.5–12 × 5–7 μm, with an apical 
or subapical germ pore. Colonies with abundant olive-green exudates .....................
........................... C. olivicolor K. Rodr. et al. in Rodríguez et al. 2002.

(68∗) Ascospores different in shape. Colonies not described in the protologues or 
lacking exudates ..............................0.69.

(69) Lateral hairs arcuate. Ascospores ellipsoidal in frontal view, reniform or 
lunate in side view, 5–6.5 × 2.5–3 × 2.5–3 μm, with an apical germ pore. Colonies 
without exudates ............................ C. novae-caledonicum Udagawa et al. 1994.

(69∗) Lateral hairs not arcuate. Ascospores reniform to slightly curved or some-
times with one flattened side, 8–13 × 4.5–6 μm, with one apical germ pore (rarely two). 
Exudates not described…………………………………………………………… 
C. subcurvisporum Abdullah and Al-Bader 1989.

(70) Ascospores reniform or lunate in frontal view. Hairs with copper or red 
encrustations ...........................................0.71.

(70∗) Not with the above characters .....................................................................
...........................................................0.72.

(71) Colonies with a pink exudate. Terminal hairs circinate, with 1–3 convolu-
tions at the apex. Ascospores lunate, 8.5–10 × 5–7 μm .............................................
......................................... C. lunasporium Udaiyan and V.S. Hosag. 1991.

(71∗) Colonies with a red exudate. Terminal hairs circinate or coiled. Ascospores 
reniform or lunate, 7–10 × 4.5–6 μm..........................................................................
............................................................................... C. cupreum.

(72) Ascomatal hairs more than 5 μm diam., closely septate ................................
........................................................0.73.

(72∗) Hairs 2–5 μm in diameter, not closely septate............................................. 
...................................................................0.74.

(73) Ascomatal hairs 5–7 μm in diameter, arcuate, circinate, or coiled at the apex. 
Ascospores ellipsoidal, 8.5–10.5 × 5–6 μm…............................................................
................................................................................................. C. lentum.

(73∗) Ascomatal hairs 6–9 μm in diameter, arcuate, apically incurved, or circi-
nate. Ascospores ellipsoidal, often asymmetrical, 9–11 × 7–9 μm, occasionally with 
a single germ pore, usually with two ............................................... 
C. turgidopilosum.
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(74) Ascomatal hairs flexuous, thick-walled, smooth; ascospores 
8–9.5 × 5.5–6.5 μm, with a distinct germ pore ..........................................................
.................................................................................................... C. cymbiforme.

(74∗) Not with the above characters .....................................................................
...........................................................0.75.

(75) Ascomatal hairs flexuous, apically undulate or curved, thin, verrucose. 
Peridium of a textura angularis. Ascospores. 9–11 × 5–5.7 μm, with a small germ 
pore ................................................................................................. C. barilochense.

(75∗) Not with the above characters .....................................................................
...........................................................0.76.

(76) (From 14 and 75) Peridium of a textura angularis. Ascospores with a nearly 
apical or slightly subapical germ pore........................................................................
................................................................................................0.77.

(76∗) Peridium with an outer layer of textura intricata. Ascospores with a lateral 
or distinctly subapical germ pore ...............................................................................
................................................................................................0.85.

(77) Hairs seta-like, straight, dark in reflected light. Ascospores fusiform to elon-
gated pyriform, 9–11 × 4–6 μm .................................................................................
......................................................................... C. atrobrunneum.

(77∗) Hairs not seta-like, not black in reflected light ............................................
.........................................................0.78.

(78) Colonies with an olive-green exudate. Terminal hairs straight, unbranched. 
Ascospores fusiform to broadly fusiform, 9.5–12 × 5–7 μm .....................................
................. C. olivicolor K. Rodr. et al. in Rodríguez et al. 2002.

(78∗) Colonies lacking exudates or with differently colored exudates. Terminal 
hairs different ...................................0.79.

(79) Colonies black. Ascomatal hairs undulate, rarely branched, constricted at 
septa and articulate. Ascospores broadly fusiform, 20–22 × 16–18 μm, with a pro-
tuberant, subapical (sometimes apical) germ pore, 2–2.5 μm wide………. ..............
............................................................................................. C. sinaiense Moustafa 
and Ezz-Eldin 1989.

(79∗) Hairs not articulate, different in shape. Ascospores and germ pore 
smaller...........................................................0.80.

(80) Colonies dark. Ascomatal hairs pale, orange or ochraceous, arcuate or flexu-
ous. Ascospores ellipsoidal or ovate, 7–9 × 5–7 μm ..................................................
.......................................................................................C. lucknowense.

(80∗) Colonies pale. Hairs darker, brown to black. Ascospores longer on average 
.........................................................0.81.

(81) Colonies with exudates ..................................................................................
...........................................................0.82.

(81∗) Colonies lacking pigmented exudates .........................................................
...........................................................0.83.

(82) Exudates yellow-green. Ascomatal hairs arcuate, partly undulate. Ascospores 
ellipsoidal or broadly fusiform, 11–15  ×  6–8.5 μm, occasionally with two germ 
pores ...................................................................................... C. gracile.
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(82∗) Exudates orange. Hairs arcuate or undulate, circinate. Ascospores ellipsoi-
dal, often asymmetrical, 11–13 × 6–7 μm ..................................................................
.......................................................................................... C. chiversii.

(83) Terminal hairs spirally coiled. Ascospores 10–11 × 5.5–6.5 μm, inequilater-
ally fusiform to navicular ....................... ...................................................................
...........................................................C. iranianum Asgari and Zare 2011.

(83∗) Terminal hairs arcuate or flexuous. Ascospores ellipsoidal-fusiform with 
(sub)acute ends, equilateral or slightly inequilateral at most .....................................
........................................................................................................0.84.

(84) Ascospores 10–12.5 × 6–7 μm. Hairs 4–6 μm in diameter near the base ......
........................................................ C. muelleri.

(84∗) Ascospores 7–10 × 4.5–6 μm. Hairs 2.5–4 (−5) μm near the base .............
....................................... C. carinthiacum.

(85) (From 76) Ascomatal hairs of two types: seta-like and dark or pale, thinner, 
branched. Ascospores ellipsoidal-fusiform, 8–12 × 5–7 μm.......................................
.............................................................................. C. cuniculorum.

(85∗) Hairs unbranched, undulate or coiled ..........................................................
..........................................................0.86.

(86) Ascospores up to 11 × 6.5 μm .......................................................................
.........................................................0.87.

(86∗) Ascospores larger on average ......................................................................
..........................................................0.88.

(87) Ascospores 10–11  ×  5.5–6.5  μm, inequilaterally fusiform to navicular. 
Terminal hairs spirally coiled .....................................................................................
.........................................................................C. iranianum Asgari and Zare 2011.

(87∗) Ascospores ovoidal or broadly fusiform, 8–11  ×  5–6.5 μm. Ascomatal 
hairs of two types: long, flexuous, apically circinate or coiled; short, tapering, often 
arranged in brushes .......................................................C. gelasinosporum.

(88) Ascospores 12–15  ×  7.5–9.5  μm, ellipsoidal. Terminal hairs coiled. 
Aleurioconidia often present ......C. gangligerum.

(88∗) Ascospores narrower on average. Aleurioconidia absent ............................
...........................................................0.89.

(89) Colonies with orange exudates. Ascomata black in reflected light, with 
much coiled hairs. Ascospores fusiform or narrowly ovate, 10–12.5 × 6.5–8 μm .....
........................................................................................... C. jabalpurense.

(89∗) Orange exudates absent. Ascomata not black in reflected light ..................
.........................................................0.90.

(90) Colonies lacking exudates. Hairs undulate or spirally coi
led…………………………………………………………91.

(90∗) Colonies with yellow or yellow-green exudates .........................................
...........................................................0.92.

(91) Ascospores fusiform or ovate, 12.5–14 × 6.5–7.5 μm …...............................
....................................... C. perlucidum.
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(91∗) Ascospores fusiform or elongate-ellipsoidal, 1 symmetrical or sometimes 
asymmetrical, 12.3 (6.5–16.2) × 7.6 (6.5–9.7) μm …................................................
..................................................... C. jatrophae Sharma et al. 2013.

(92) Ascospores fusiform or narrowly ovate, 10–13 × 6–7 μm. Ascomatal hairs 
flexuous, undulate or coiled ......... C. raii.

(92∗) Ascospores larger ........................................................................................
..........................................................0.93.

(93) Ascomatal hairs spirally coiled, brown. Ascospores fusiform, 
14–17 × 7–8 μm .................................... C. fusisporum.

(93∗) Hairs flexuous or undulate, pale, thin. Ascospores elongate ellipsoidal or 
fusiform, 14–19 × 6–8 μm C. jodhpurense.

(94) (From 13) Ascospores fusiform, 22–27 × 8–9 μm, without distinct germ 
pores. Ascomatal hairs straight or flexuous. Aleurioconidia present .........................
............................................................................................. C. piluliferoides.

(94∗) Ascospores at least partly with two germ pores ..........................................
.........................................................0.95.

(95) Ascospores with two subapical germ pores, ellipsoidal-fusiform, 
17–21 × 10–12 μm. Peridium of a textura intricata or epidermoidea. Hairs straight 
or arcuate ............................................................................. C. retardatum.

(95∗) Ascospores with apical germ pores .............................................................
..........................................................0.96.

(96) Ascomata and ascomatal hairs pinkish-purple, the latter hyphoid, pale 
brown, unbranched. Ascospores broadly fusiform to musiform, 15.5–21 × 9–11.5 μm, 
with a wall sometimes darkened around the pores…………………… .....................
............................................................................... C. purpurascens (Udagawa and 
Y. Sugiy. 1982) Arx.

(96∗) Ascomata and ascomatal hairs not pinkish-purple ......................................
..........................................................0.97.

(97) Ascospores fusiform or navicular, 18–23 × 8–13 μm. Hairs flexuous and 
tapering. Colonies often with red exudates ................................................................
.......................................................................................... C. megasporum.

(97∗) Ascospores smaller ......................................................................................
..........................................................0.98.

(98) Ascospores reniform or irregular in shape .....................................................
..........................................................0.99.

(98∗) Ascospores different and regular in shape ...................................................
..........................................................0.100.

(99) Ascospores reniform to slightly curved or sometimes with one flattened 
side, 8–13  ×  4.5–6 μm, with one apical germ pore (rarely two). Terminal hairs 
straight, unbranched ........... C. subcurvisporum Abdullah and Al-Bader 1989.

(99∗) Ascospores ellipsoidal or reniform, often irregular in shape, 
10–13 × 7–9 μm, with two germ pores. Hairs flexuous .............................................
.................................................................................................C. variosporum.

(100) Ascospores fusiform, 15–18 × 5–8.5 μm .....................................................
......................................................0.101.
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(100∗) Ascospores shorter .....................................................................................
........................................................0.103.

(101) Hairs spirally coiled. Ascospores symmetrical, 15–18 × 6.5–8 μm, dark-
ened around the germ pores C. mareoticum.

(101∗) Hairs not spirally coiled ............................................................................
.........................................................0.102.

(102) Terminal hairs flexuous or undulate. Ascospores often asymmetrical, 
15–18 × 7.5–8.5 μm ...................................................................................................
......................... C. biporatum Cano and Guarro 1987.

(102∗) Terminal hairs straight, flexuous, or undulate. Ascospores usually sym-
metrical, 13–19 × 5–7.5 μm .... C. fusiforme.

(103) Ascomatal hairs 6–9 μm in diameter, arcuate, apically incurved, or circi-
nate. Ascospores ellipsoidal, often asymmetrical, 9–11 × 7–9 μm, occasionally with 
a single germ pore ...................................................................C. turgidopilosum.

(103∗) Ascomatal hairs 2–5 μm in diameter .........................................................
..................................................................0.104.

(104) Colonies usually with red exudates. Terminal hairs arcuate, apically circi-
nate, or coiled .....................................0.105.

(104∗) Colonies with orange or yellow-green exudates. Hairs also of other ypes
..........................................................0.106.

(105) Hairs olivaceous green in reflected light. Ascospores inequilaterally fusi-
form or navicular, 8–12 × 4–7 μm .............................................................................
....................................................................................... C. aureum.

(105∗) Hairs red or orange-red in reflected light. Ascospores fusiform or slightly 
inequilaterally fusiform, 11.1–13.5 × 4.3–5 μm ........................................................
................ C. siamense Pornsuriya and Soytong in Ponsuriya et al. 2011.

(106) Colonies with orange exudates. Hairs arcuate, apically circinate. Ascospores 
broadly fusiform or navicular, often asymmetrical, 11–14 × 7–9 μm .......................
..................................................................................... C. flavigenum.

(106∗) Colonies with yellow-green exudates ........................................................
.........................................................0.107.

(107) Ascomata spherical. Hairs arcuate, partly undulate, with a swollen basal 
cell. Ascospores ellipsoidal or broadly fusiform, 11–15 × 6–8.5 μm, usually with a 
single germ pore, occasionally with two ................................... C. gracile.

(107∗) Ascomata ampulliform. Hairs straight, seta-like. Ascospores ellipsoidal- 
fusiform, often asymmetrical, 9–14 × 5.5–8 μm, occasionally with a single germ 
pore ..................................................................................... C. virescens.

(108) (From 5) Thermophilic. Ascomatal hairs flexuous, dichotomously or irreg-
ularly branched. Ascospores globose in frontal view, broadly ovoidal in side view, 
7–9.5 × 6–8.5 × 4–6 μm, with an apical germ pore ...................................................
......................................................................................................C. thermophilum.

(108∗) Mesophilic, occasionally thermotolerant or psychrotolerant ....................
..........................................................0.109.
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(109) Ascospores broadly ovoidal or irregular, often inequilateral, 
13–18 × 10–14 × 9–12 μm, with an apical germ pore. Ascomatal hairs undulate ..........
....................................................................................................... C. uniapiculatum.

(109∗) Ascospores smaller ....................................................................................
.........................................................0.110.

(110) Ascospores lacrymiform, bilaterally flattened, 9–11 × 7–8 × 6–7 μm, with 
a subapical or nearly apical germ pore. Terminal hairs flexuous or undulate, often 
branched ............................................................................ C. senegalense.

(110∗) Ascospores different in shape ....................................................................
.........................................................0.111.

(111) Ascospores (sub)globose to broadly ovoidal, sometimes with a subapical 
or lateral germ pore. Hairs spirally coiled ..................................................................
.............................................................................................................0.112.

(111∗) Ascospores different in shape, with an apical germ pore. Ascomatal hairs 
hyphoid, often branched .................0.117.

(112) Ascospores often globose or ovoidal, bilaterally flattened, irregular in 
shape, 10–13  ×  9–10 μm, with a subapical or lateral germ pore. Terminal hairs 
unbranched or very rarely branched, with up to 20 turns ..........................................
........................................................................... C. myricicola Horie and 
Udagawa 1990.

(112∗) Ascospores smaller, usually regular in shape, with an apical germ pore ...
.........................................................0.113.

(113) Colonies restricted, with yellow exudates. Ascospores broadly ovoidal, 
often biapiculate, bilaterally flattened, 7–11 × 6–9 × 4–6.5 μm ................................
................................................................................................ C. crispatum.

(113∗) Colonies expanding, lacking yellow exudates. Ascospores slightly 
smaller .......................................................0.114.

(114) Hairs 5–8 μm in diameter, coiled and with coiled branches. Ascospores 
broadly ovoidal, 7–8.5 × 6–7 × 5–6 μm .....................................................................
........................................................................................ C. medusarum.

(114∗) Ascomatal hairs 2.5–5 μm broad, unbranched ..........................................
..........................................................0.115.

(115) Ascomata with a dark apical area. Ascospores subglobose-ellipsoidal, 
rarely ovoidal, bilaterally flattened, 5.5–9 × 5–7.5 × 4.5–5.5 μm ..............................
....................................... C. acropullum X.W. Wang in Wang and Zheng 2005a, b.

(115∗) Ascomata without a darker apical area. Ascospores broadly ovoidal .......
..........................................................0.116.

(116) Ascospores 8–9.5 × 7–8 × 6–7 μm. Ascomatal hairs with numerous coils ...
....................................... C. mollicellum.

(116∗) Ascospores 7–8.5 × 6–7 × 5–6 μm. Hairs flexuous and undulate or with 
three to five coils ..................................C. brasiliense.

(117) Colonies sometimes with yellow-brown or orange-brown exudates. 
Peridium dark brown, a textura angularis covered with an outer layer of textura 
intricata. Hairs about 1 μm in diameter. Asci cylindrical to clavate. Ascospores 
limoniform, bilaterally flattened, biapiculate, 8.5–10  ×  6.5–7.5  ×  5–6  μm. 
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Scytalidium-like resting ascospores sometimes produced .........................................
........................ C. luteum (J.N. Rai and J.P. Tewari 1964) P.F. Cannon.

(117∗) Colonies often with orange exudates. Peridium sulfur-yellow in reflected 
light, of a textura intricata tending to epidermoidea. Hairs up to 3 μm in diameter. 
Asci cylindrical. Ascospores broadly fusiform to rhomboid, sometimes slightly 
inequilateral, 11–13 × 6–7.5 μm. Anamorph Sporothrix-like ....................................
..................................................................C. strumarium (J.N.  Rai et  al. 1964) 
P.F. Cannon.

(118) (From 1) Peridium of a textura angularis, almost glabrous or with some 
tapering hairs. Ascospores 10–12 × 7–8.5 × 5–6 μm, not dextrinoid. Conidia absent 
........................................................................................ C. microascoides.

(118∗) Peridium cephalothecoid with dark seta-like hairs. Ascospores 
9–12 × 5–7 × 4–5 μm, dextrinoid when young. Conidia present. ..............................
................................................................................................ C. trigonosporum.

1.3.2  Numerical Taxonomy: 

Genus Chaetomium has been the target of the numerical taxonomy for the first time 
by Seth in 1983. In his study, he concentrated on the studies carried out by previous 
authors, namely, Chivers (1912, 1915), Ames (1961), Udagawa (1960a, b), and Seth 
(1972), all of whom have given importance to the characters of the terminal hairs as 
the most important taxonomic characters simply because they are the most obvious 
structure in the fungus showing variations. He added to the terminal hairs the shapes 
and size of ascospores because he considered them as the second most variable 
structure, which one can easily observe under a microscope.

In his study, he examined several hundred Fungarium specimens and cultures of 
various species in detail and their characters noted as clearly as possible. In order to 
make his study, a wide selection of characters of the genus, numbering up to 66, 
were examined (Tables 1.1 and 1.2). So as to randomize the selection deliberately 
because of the larger number of characters, the nearer one can approach a random 
selection of the characters of the genome. Then these characters were coded mainly 
using the simplest forms of coding (+ and −), but certain quantitative characters 
were coded as character states from 1 to 9. The data thus obtained were recorded in 
a table, in a matrix form. He processed this information at Atlas Computer Centre, 
Birmingham (UK). An abridged version of the cluster analysis method of Legendre 
and Rogers (1972) was used to calculate the similarity indices and to produce a 
dendrogram using the weighted pair-group method outlined in Sokal and 
Sneath (1963).

Seth’s (1983) results showed that the printout received from the computer center 
was interesting in that it produced a dendrogram (Fig. 1.6) and phenon lines at 70%, 
80%, 90%, and 100%, which showed groupings, based on similarities, hitherto 
never produced by any of the work done by taxonomists using classical methods. 
For example, Seth (1972) produced the following groupings:
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 1. Terminal hairs dichotomously branched.
 2. Terminal hairs with or without side branches.
 3. Terminal hairs flexed to long undulate, at times branched.
 4. Terminal hairs arcuate.
 5. Terminal hairs sinuous to loosely coiled.
 6. Terminal hair spirally coiled.
 7. Terminal hairs in reversed loops.
 8. Perithecia elongate.

These groupings have some Chaetomium sp. which appear in more than one 
group, but by using a computer, two distinct groups A and B were produced, based 
on the following characters:

Group A  – Terminal hairs of two kinds, rarely of three kinds. Ascospores olive 
brown to dark brown sometimes filled with refractive globules. Ovoid to lemon- 
shaped, may or may not be apiculated at ends.

Table 1.1 Characters of the genus Chaetomium used by Seth (1983)

Perithecia Terminal hairs Lateral hairs 50. Monostichous.
 1. On dung. 19. Black. 33. Black. 51. Biseriate.
 2. On rotten plant 
materials.

20. Olive green. 34. Olive brown. 52. Deliquescent.

 3. On cellulose. 21. Dark below faint 
above.

35. Dark below faint 
above.

Ascospores

 4. Black. 22. Septate. 36. Septate. 53. Hyaline.
 5. Olive green. 23. Roughened. 37. Roughened. 54. Olive brown.
 6. Yellow green. 24. One kind. 38. One kind. 55. Apiculate at one 

end.
 7. Olive brown. 25. Two kinds. 39. Two kinds. 56. Apiculate at both 

ends.
 8. Pink. 26. Three kinds. 40. Three kinds. 57. Lemon-shaped.
 9. Ostiolate. 27. Branched. 41. Branched. 58. Globose.
 10. Globose. 28. Swollen at the 

base.
42. Swollen at the 
base.

59. Sub-globose.

 11. Sub-globose. 29. Spiraled. 43. Spiraled. 60. Fusiform.
 12. Vase shaped. 30. Arcuate. 44. Arcuate. 61. Angular.
 13. Superfacial. 31. Straight. 45. Straight. 62. Almond.
 14. Partially immersed. 32. Thickness. 46. Thickness. 63. Ovoid.
 15. Rhizoids. Asci 64. Length.
 16. 
Psuedoparenchymatous.

47. Unitunicate. 65. Breadth.

 17. Length. 48. Cylindrical. 66. Cirrhi.
 18. Breadth. 49. Clavate.
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Fig. 1.6 Similarity index and cladistics tree of Chaetomium after Seth (1983)
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Group B  – Terminal hairs mostly of one kind. Ascospores olive brown to dark 
brown, sometimes filled with refractive globules, ovoid to lemon-shaped, may or 
may not be apiculate or umbonate at the ends.

Group A has a further four subgroups based on the following characters:

Subgroup 1 – Ascospores light brown to olive brown, broadly ovoid to elliptical 
with sub-apiculate ends.

Subgroup 2  – Ascospores light brown to olive brown, broadly ovoid to lemon- 
shaped. When ovoid, apiculate or subapiculate at ends.

Subgroup 3 – Ascospores hyaline to greenish olive filled with refractive globules, 
ovoid.

Subgroup 4 – Terminal hairs can be of two and rarely of three kinds. Ascospores 
olive green to olive brown mostly lemon-shaped, sometimes ovate with apiculate 
ends.

Group B consists of six subgroups. It is based on the following characters:

Subgroup 1 – Ascospores ellipsoid to globose, apiculate at one or both ends, rarely 
triangular in shape.

Subgroup 2  – Ascospores ovate to sub-globose, apiculate or umbonate at ends, 
filled with refractive globules.

Subgroup 3  – Ascospores ellipsoid brown, sometimes filled with refractive 
globules.

Subgroup 4 – Ascospores dark brown, almond-shaped.
Subgroup 5 – Ascospores olive brown to dark brown ellipsoid, sometimes apiculate 

at one or both ends.
Subgroup 6  – Perithecia small, terminal hairs branched, looped, or gnarled to 

fusiform.

Ascospores are very light colored (ovate to fusiform).
These two groups seldom show any overlapping of the species, which is an 

improvement on the results obtained by classical taxonomic methods.
In 2003, Abdel-Azeem studied the ecology and taxonomy of ascospores- 

producing taxa in Egypt. In order to find out whether possible phylogenetical rela-
tionships exist among isolated or recorded taxa, cladistic analysis using a number of 
non-ordered and non-weighted characters (Table 1.3) was carried out using Winclada 
Software (version 1.00.08, Nixon, 2002). Saccharomyces (a non-filamentous asco-
mycete taxon) was selected as outgroup genus. The same species has been selected 
by few authors earlier (Lumbsch 2000).

A cladogram representing the phylogenetic relationship among the 29 genera 
used in the present study is given in Fig. 1.7. Saccharomyces (a non-filamentous 
genus) was used as an outgroup in the cladistic analysis. A completely resolved 
phylogenetic tree was obtained in which two main clades are clearly distinguished. 
The first clade (designated as A) includes seven genera belonging to two orders 
Eurotiales (Byssochlamys, Neosartorya, Eupenicillium, Talaromyces, Emericella, 
and Eurotium) and Gymnoascales (Narasimhella). Narasimhella was nested as a 
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Fig. 1.7 Cladogram of examined genera with characters, character state, and synapomorphic 
characters indicated by black circles (Abdel-Azeem 2003)

basal taxon to the six genera belonging to the order Eurotiales to develop a mono-
phyletic group. This indicates that they are closely related to each other than either 
one of the other genera belonging to order Gymnoascales.

The second clade (designated as B) includes the other 22 genera. These genera 
belong to five orders, namely, Gymnoascales, Sphaeriales, Pleosporales, Pezizales, 
and Hypocreales. Pleospora and Preussia from Pleosporales (regarded as sister 
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taxa) are closely related to each other. Their clade is well supported by five synapo-
morphic evidence. Their cladogram also shows that Pleospora and Preussia are a 
sister-clade-group to another one comprising 11 taxa belonging to the orders 
Pezizales, Hypocreales, and Sphaeriales. The four genera Ascodesmis, Saccobolus, 
Ascobolus, and Coprotus, belonging to order Pezizales, are nested together in a 
separate clade which is a sister clade to another clade comprising genera of 
Sphaeriales. From the cladogram, it seems to be that order Sphaeriales is not a 
monophyletic group.

The cladogram shows also that Lasiobolidium is a problematic genus in the phy-
logenetic hypothesis presented in this study, because it is nested out the clade dis-
tinguishing the genera belonging to the order Pezizales; therefore, more investigations 
need to be done for justifying the taxonomic assignment of this genus. Similarly, 
Neocosmospora, which belongs to Hypocreales, is nested within the clade repre-
senting order Sphaeriales, and further studies are needed to clear up the ambiguity 
of its systematic position.

In this cladogram, a total number of 10 equally parsimonious trees were obtained 
with length of 68, consistency index (CI) of 41, and retention index (RI) of 77 eaC.

1.3.3  Secondary Metabolites Profiling and Chemotaxonomy

In 1981, Sekita et  al. screened mycotoxin production by Chaetomium spp. and 
related fungi on rice culture. Their study was conducted by a combination of cyto-
toxicity tests using HeLa cells and thin-layer chromatography. Producers of sterig-
matocystin, O-methylsterigmatocystin, chaetochromin, chaetocin, chctomin, 
cochliodinols, and mollicellin G were found, and the taxonomic significance of 
these findings is discussed in their study.

In a previous paper (Udagawa et al. 1979), 57 isolates of Chaetomium and its 
allied genera were screened for their ability, on rice culture, to produce chaetoglo-
bosins, a novel class of cytochalasins (Natori 1977), and other metabolites. Five 
species, C. cochliodes Palliser, C. globosum Kunze ex Fr., C. mollipilium Ames, 
C. rectum Serg., and C. subaflne Serg., all belonging to the C. globosum-Gruppe 
sensu Dreyfuss (1975), were found to be producers of the cytochalasins. 
Unexpectedly, strains identified as C. thielavioideum Chen (Chen 1973) (vide infra) 
were found to produce sterigmatocystin (I), its 0-methyl ether (II), and a new phe-
nolic compound, as well as a known antibiotic substance, chaetocin (111). The 
details of the separation of the metabolites and the structural elucidation of the new 
phenolic compound, designated chaetochromin (IV), were recently published 
(Sekita et al. 1980). Since sterigmatocystin is a well-known hepatocarcinogen, fur-
ther surveys for mycotoxin production employing the same methods have been con-
ducted on about 60 other isolates of Chaetomium and its allied genera.
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Chaetomium and related fungi have been isolated from various agricultural com-
modities such as foods, feeds, and the raw materials of pharmaceutical preparations 
on numerous occasions, but only recently have these fungi received comprehensive 
attention with regard to the production of mycotoxins (Sekita et al. 1981). Udagawa 
et al. (1979) reviewed the literature up to the middle of 1978 concerning the produc-
tion of Chaetomium mycotoxins and presented data on the cytotoxicity and myco-
toxigenic screening of 57 cultures of Chaetomium and related fungi. In that 
screening the production of chaetoglobosins was limited to species belonging to the 
C. globosum-Gruppe sensu Dreyfuss (1975). This conclusion has been confirmed 
by the present screen, since there is no producer of chaetoglobosins among the 26 
species of Chaetomium and 4 species of related genera tested.

A type strain of A. virescens v. Arx, ATCC 32393; an additional isolate, AC-274; 
and another isolate of C. thielavioideum produced a set of mycotoxins, i.e., sterig-
matocystin (I), 0-methylsterigmatocystin (11), chaetocin (III), and chaetochromin 
(IV) (Udagawa et al. 1979). Reexamination of the morphology of A. virescens led 
to the conclusion that C. thielavioideum is identical with A. virescens in all macro-
scopic and microscopic characteristics. The genus Achaetomiella was erected by 
von Arx (1970) with A. virescens as the type species. The genus is characterized by 
very reduced terminal hairs in the perithecium, ascospores with two germ pores, and 
thermotolerance in growth. With the exception of the number of germ pores on the 
ascospores, there are only minor differences in the characteristics of the perithecia, 
asci, and ascospores between Achaetomiella and Chaetomium, and Udagawa (1980) 
has relegated Achaetomiella to synonymy with Chaetomium. Chaetomium cellulo-
lyticum Chahal & Hawksworth (Chahal and Hawksworth 1976) is also considered 
to be identical to C. thielavioideum because of the identical pattern of its metabo-
lites as well as its very close morphological similarities to the type strain (DAOM).

The taxonomy of C. udagawae Serg. ex Udagawa, another producer of sterig-
matocystin (I) found in the present screening, has already been discussed (Udagawa 
et  al. 1979). A toxic pigment, chaetochromin (IV), was originally isolated from 
C. thielavioideum cultures (Sekita et al. 1980). This pigment is of particular interest, 
since it has now been proven to be widely associated with the Chaetomium spp.: 
C. caprinum Bain. in the C. bostrychodes-Gruppe, C. gracile Udagawa in the 
C. spirale- Gruppe, and C. tetrasporum Hughes in the C. crispatum-Gruppe. The 
occurrence of chaetochromin from species in four different groups indicates that the 
toxin may be quite common and that the latter three fungi, although not closely 
related in their morphology, may have identical hazardous characteristics. Since 
oral and intraperitoneal administration of the pigment of mice results in noticeable 
toxicity such as selective inhibition of hematopoiesis (Sekita et al. 1981), precise 
examination of the toxicity of the pigment and the moldy rice is now in progress.

Chetomin (V), an antibiotic first reported from C. cochliodes Palliser, was subse-
quently discovered in a culture of C. globosum Kunze ex Fr., and C. globosum has 
been reported as a toxic agent of moldy corn for rats (Udagawa et al. 1979).

The production and toxicological data of chetomin from both of these species 
have been furnished by Brewer et al. (1972). Furthermore, in the mycotoxin survey 
of Chaetomium isolates in Canada (Brewer and Taylor 1978), the same toxin was 
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isolated from C. funicola Cooke and C. umbonatum Brewer. A fifth chetomin- 
producing species, C. subglobosum Serg., which is taxonomically related to C. glo-
bosum, appeared in the study carried by Brewer et al. (1978).

A purple pigment, cochliodinol (VI), was previously isolated from liquid shake 
cultures of C. cochliodes and C. globosum (Brewer et al. 1968), and the antibiotic 
effect was reported (Brewer et  al. 1970). Chaetomium globosum is the principal 
cochliodinol-producing fungus, but both species are in the C. globosum-Gruppe of 
Dreyfuss and are widely distributed in nature. In this screening, C. elatum Kunze ex 
Fr., another common species belonging to the C. globosum-Gruppe, also produced 
the compound. Two new isomers of cochliodinol, isocochliodinol and neocochliodi-
nol, were isolated from rice cultures of C. murorum Corda and a new species, 
C. amygdalisporum Udagawa & Muroi (NHL 2874), respectively. The compounds 
were not identical with asterriquinones from Aspergillus terreus Thom (Yamamoto 
et al. 1976, 1980), and the structural elucidation will be reported in a separate paper 
(Sekita et al. 1981). Chaetomium murorum, which is assigned to a separate group 
(viz., the C. murorum-Gruppe), is also widely distributed, but it is not particularly 
abundant. Taxonomic consideration of C. amygdalisporum is also reported else-
where (Udagawa and Muroi 1981).

Mollicellins, a series of fungal depsidones showing mutagenicity, were recently 
discovered in a culture of C. mollicellum  Ames (Stark et al. 1978). The presence of 
mollicellin G (VII) in the C. amygdalisporum  culture is of interest, considering the 
morphological resemblance between C. mollicellum  and this fungus.

Whether mycotoxins produced by Chaetomium spp. are significant in outbreaks 
of foodborne diseases of humans and animals is still uncertain, but, because of their 
ubiquity in deteriorated plant materials including foods and feeds and their ability 
to produce a number of potentially significant mycotoxins, they should be included 
in the hazardous group of mycotoxigenic fungi.

1.3.4  Molecular Characterization

The ITS region was the most widely used DNA region in molecular biology for 
fungal identification at the species level, because of its higher degree of variation 
than other genic regions of rDNA. Chen et al. (2001) used polymorphic internal 
transcribed spacer (ITS) region 1 DNA sequences to identify medically important 
yeasts. Species-specific polymorphisms in the noncoding internal transcribed spacer 
2 (ITS2) region of the rRNA operon have provided accurate identification of clini-
cally significant yeasts.

Polymorphisms in the PCR product length permitted 19 species to be distin-
guished by ITS1 alone, compared with 16 species distinguished by using only ITS2. 
However, combination of both ITS alleles permitted identification of 30 species 
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(98% of clinical isolates). The remaining 10 species with PCR products of similar 
sizes contained unique ITS alleles distinguishable by restriction enzyme analysis. 
Further phylogenetic analyses based on ITS sequences showed a similar overall 
topology to 26S rRNA gene-based trees.

Pryce et al. (2003) developed a rapid identification method for fungi by sequenc-
ing the ITS l and ITS2 regions using an automated capillary electrophoresis system. 
Sequence-based identification was compared to traditional identification in a 
blinded manner. Of the clinical isolates tested, 88/89 had DNA sequences that were 
highly homologous to those of reference strains accessioned in GenBank, and 87/89 
gave a sequence-based identification result that correlated with the traditional 
identification.

They concluded that this approach is rapid and may be a more accurate cost- 
effective alternative than most phenotypic methods for identification of many medi-
cally important fungi frequently encountered in a routine diagnostic microbiology 
laboratory.

Sharma et al. (2013) described a new endophytic species of Chaetomium from 
Jatropha podagrica from Maharashtra State, India. A combined sequence dataset of 
the ITS region, LSU rDNA, and β-tubulin genes supports recognition of this fungus 
as a new species that was largely concordant with morphological characters.

Rajesh et al. (2013) studied 12 isolates of Trichoderma obtained from soil rhizo-
sphere of plantation crops and agricultural fields of Indian Agricultural Research 
Institute, New Delhi, India, and identified them based on integrated approach of 
morphological and molecular (ITS) characters. Similarly Prabhakaran et al. (2015) 
differentiated the four Trichoderma species, viz., T. asperellum, T. harzianum, 
T. psuedokoningii, and T. longibrachiatum with the help of both morphological and 
ITS sequence-based characterization.

ITS was a conserved rDNA sequence that has been widely used both alone and 
in combination with other universal sequences, such as β-tubulin and actin to iden-
tify, characterize, and perform phylogenetic analysis of fungal isolates (Balazy 
et al. 2008).

Aggarwal et al. (2013) studied the molecular characterization of 18 Chaetomium 
isolates collected from India based on the internal transcribed spacer (ITS) region 
of the rRNA gene sequences. Phylogenetic analysis of full length ITS region 
showed that C. globosum isolates (Cg1, Cg2, Cg6, Cg11, and Cg15), Chaetomium 
spp. isolates (C16, C17), and a C. perlucidum isolate formed a group with American 
isolates (SW287, SW271, and CL024) of Chaetomium spp., thereby supporting 
the close relationships among these isolates. ITS has been successfully used for 
species discrimination of six genera in Zygomycetes (Schwarz et  al. 2006), 
Trichoderma, and Hypocrea in Ascomycota (Druzhinina et  al. 2005) and 
Cortinarius section Calochroi (Frøslev et al. 2007) and Melampsora (Feau et al. 
2009) in Basidiomycota.
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1.3.5  DNA Barcoding

The term DNA barcoding was coined by Paul Hebert et al. (2003) in 2003 at the 
University of Guelph in Ontario, Canada, to create fast, simple, unified species 
identification system based on DNA sequence data. Barcoding uses a very short 
genetic sequence from a standard part of the genome the way a supermarket scanner 
distinguishes products using the black stripes of the Universal Product Code. As it 
is able to distinguish species and identify specimens (including incomplete, dam-
aged, or immature specimens) using a very short gene sequence, it attracted many 
taxonomists, geneticists, and evolutionary biologists.

Leading to this an international consortium (CBOL, Consortium for the Barcode 
of Life) was formed in 2004 to come up with binding suggestions as what markers 
and protocols would be accepted for DNA barcoding and to act as mediator between 
the DNA barcoding community and other parties, i.e., GenBank, potential users, or 
technology developers. Universal markers for plants, birds, and animals were 
identified.

DNA barcoding shows enormous promise for the rapid identification of organ-
isms at the species level. There has been much recent debate about the need for 
longer barcode sequences when these sequences were used to construct molecular 
phylogenies. Min and Hickey (2007) analyzed a set of fungal mitochondrial 
sequences of various lengths and monitored the effect of reducing sequence length 
on the utility of the data for both species identification and phylogenetic reconstruc-
tion. Their results demonstrated that reducing sequence length has a profound effect 
on the accuracy of phylogenetic trees but yields accurate species identifications. 
They concluded that the standard short barcode sequences (∼600 bp) were not suit-
able for inferring accurate phylogenetic relationships, but they were sufficient for 
species identification among the fungi.

Molecular characters such as DNA sequence data were essentially advantageous 
as they offer a greater number of discrete characters, which can be analyzed statisti-
cally to infer phylogenetic relationships. The DNA sequence data have been widely 
used for (1) anamorph-teleomorph connections; (2) phylogenetic relationships of 
form-genera, of anamorph-rich clades, and of anamorphic generic complexes; and 
(3) species delineation of monophyletic groups of anamorphic taxa. More impor-
tantly, newly generated DNA sequence data aid to test taxonomic hypotheses at 
different strata of classification.

Shenoy et al. (2007) recognized the difficulty in morphology-based identifica-
tion of a fungal species and in many instances may be incorrect and considered the 
molecular identification and phylogenetic data using multiple genes to identify fun-
gal isolates at the species level.

In the early 1990s, most of the molecular phylogeny-related investigations 
focused on the establishment of taxonomic relationship at the level of class, order, 
or family of filamentous Ascomycetes fungi. In 1995, Spatafora (1995) studied phy-
logenetic analyses of nucleotide data from partial sequences (1150 bp) of the small 
subunit ribosomal DNA (SSU rDNA) of 30 taxa representing several orders of 
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Hymenoascomycetes and Loculoascomycetes. These analyses detected four major 
groups of filamentous ascomycetes: group 1, pyrenomycetes (Hypocreales, 
Microascales, Diaporthales, Sordariales) and loculoascomycetes (Pleosporales); 
group 2, operculate discomycetes (Pezizales); group 3, inoperculate discomycetes 
(Geoglossaceae); and group 4, plectomycetes (Eurotiales, Onygenales) and loculo-
ascomycetes (Chaetothyriales). Well-supported clades, which correspond to group-
ings based on ascomal morphology, were obtained. However, the monophyly of the 
classes Hymenoascomycetes and Loculoascomycetes was rejected. Later in 1999, 
Liu et al. (1999) studied phylogenetic relationships among Ascomycetes using rpb2 
sequences. In an effort to establish a suitable alternative to the widely used 18S 
rRNA system for molecular systematics of fungi, they examined the nuclear gene 
rpb2, encoding the second largest subunit of RNA polymerase II. rpb2 was a large- 
size single-copy gene with a modest rate of evolutionary change, provided good 
phylogenetic resolution of Ascomycota. The rpb2 phylogeny resulted in much 
higher bootstrap support for all the deeper branches within the orders and for several 
branches between orders of the Ascomycota. In the same year, Lee and Richard 
investigated phylogenetic relationships of Chaetomium and related genera based on 
ribosomal DNA sequences. The sequence data of rpb2 region confirmed the generic 
entity of Achaetomium and placed Ascotricha within the Xylariaceae. The analyses 
also defined the monophyletic lineage of the Microascaceae and the evolutionary 
linkages between the families Sordariaceae and Chaetomiaceae. The placement of 
Coniochaeta in the Coniochaetaceae and Chaetomium and Achaetomium in the 
Chaetomiaceae, under the order Sordariales, was supported by this study.

Miller and Huhndorf (2005) have indicated that multi-gene phylogenies of 
ascomal wall morphology was a better predictor than ascospore morphology in the 
Sordariales. Phylogenetic relationships of multiple representatives from each of 
several genera representing the range in ascomal wall and ascospore morphologies 
in the Sordariales were estimated using partial nuclear DNA sequences from the 
28S ribosomal large subunit (LSU), β-tubulin, and ribosomal polymerase II subunit 
2 (rpb2) genes and found that ascospore morphology was extremely homoplastic 
and not useful for delimiting genera. On the other hand, taxa with similar ascomal 
wall morphologies clustered in five well-supported clades suggesting that ascomal 
wall morphology was a better indicator of generic relationships in certain clades in 
the Sordariales.

Greif et  al. (2009) investigated the phylogenetic affiliations of Chaetomidium 
and distribution of the cephalothecoid peridium within this genus by using sequence 
data of LSU, β-tubulin, and rpb2. The results of phylogenetic analyses showed that 
Chaetomidium is polyphyletic and should be restricted to its type, C. fimeti and 
C. subfimeti. The cephalothecoid species of Chaetomidium were distributed in three 
unrelated clades, suggesting that the morphological similarity among these particu-
lar species resulted from convergence instead of ancestry.

Asgari and Zare (2011) studied the phylogeny of genus Chaetomium in Iran. 
Combined sequence dataset of the ITS region, partial LSU rDNA, and β-tubulin 
gene sufficiently resolved five species groups of Chaetomium that were largely 
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concordant with combined features of peridium structure, ascospore shape, and 
germ pore position.

Among the new species, C. undulatulum was a close relative of C. globosum; 
C. rectangulare was closer to C. elatum; C. interruptum and C. grande were closer 
to C. megalocarpum, altogether clustering with the C. globosum group. C. irania-
num and C. truncatulum were members of the C. carinthiacum group, characterized 
by spirally coiled ascomatal hairs and fusiform ascospores.

Wang et al. (2014) studied multigene phylogenetic analyses with ribosomal ITS, 
partial ribosomal large subunits (28S rDNA), β-tubulin, the translation elongation 
factor 1α (TEF1-α), and the largest subunit of RNA polymerase ІІ (rpb1) and recog-
nized eight well-supported lineages within the monophyletic C. indicum group.

ITS appeared to be problematic in the identification of the blue stain fungi (Roe 
et al. 2010). For Aspergillus species diagnosis, β-tubulin gene was suggested as the 
potential DNA barcode locus against COI, ITS, and the intergenic spacer of the 
ribosomal genes (IGS) (Geiser et al. 2007). Nuclear 28S rDNA and β-tubulin genes 
provided a perfect capability of species separation in Fusarium (O’Donnell and 
Cigelnik 1997).

Translation elongation factor 1α gene (EF-1α) was a reliable barcode for 
Fusarium (Geiser et al. 2004).

Fungi of Nectriaceae were economically important and of high species diversity. 
For the purpose of accurate and rapid species identification, ITS, 28S rDNA, 
β-tubulin gene, and EF-1α gene were selected as the candidate DNA barcode mark-
ers to investigate their feasibility in identification of 28 well-circumscribed species 
belonging to 9 genera of the nectriaceous fungi. A total of 216 sequences of the 
candidate genes were analyzed.

Intra- and inter-specific variations and success rate of PCR amplification and 
sequencing were considered as important criteria to estimate the candidate genes. 
The partial β-tubulin gene met the requirements for an ideal DNA barcode and func-
tions well for correct species delimitation. No overlapping between the intra- and 
inter-specific pairwise distances was found. Twenty-eight clusters were recognized 
in accordance with the 28 morphological species tested. In addition, it had a high 
PCR and sequencing success rate. Therefore, β-tubulin gene was proposed as the 
possible barcode for the nectriaceous fungi (Zhao et al. 2010).

To determine a suitable DNA barcode for the genus Neonectria, the internal 
transcribed spacer rDNA, β-tubulin, EF-1α, and rpb2 genes were selected as candi-
date markers. A total of 205 sequences from 19 species of the genus were analyzed. 
Intra and inter-specific divergences and the ease of nucleotide sequence acquisition 
were treated as criteria to evaluate the feasibility of a DNA barcode. Results 
indicated that any single gene among the candidate markers failed to serve as a suc-
cessful barcode, while the combination of the partial EF-1α and rpb2 genes recog-
nized all species tested. The combined partial EF-1α and rpb2 genes were proposed 
as a DNA barcode for the genus. During this study, two new cryptic species N. ditis-
simopsis and N. microconidia were discovered, based on the combined data of 
morphology and DNA barcode information (Zhao et al. 2011).
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To select an appropriate or ideal DNA barcode marker, comparison of intra- and 
inter-specific variations were treated as an important criterion. Barcode gap is cal-
culated as difference between inter-specific distance and intra-specific distance. 
Region showing high barcode gap is considered as the best region for DNA barcod-
ing (Suwannasai et al. 2013). Among the regions of the ribosomal cistron, the ITS 
region has the highest probability of successful identification (PCI) for the broadest 
range of fungi, with the most clearly defined barcode gap between inter- and intra- 
specific variation. The nuclear ribosomal large subunit, a popular phylogenetic 
marker in certain groups, had superior species resolution in some taxonomic groups, 
such as the early diverging lineages and the ascomycete yeasts, but was otherwise 
slightly inferior to the ITS. The nuclear ribosomal small subunit has poor species- 
level resolution in fungi. ITS would be formally proposed for adoption as the 
primary fungal barcode marker to the Consortium for the Barcode of Life, with 
the possibility that supplementary barcodes may be developed for particular 
narrowly circumscribed taxonomic groups (Schoch et al. 2012).

DNA barcoding analyses were performed by datasets from several phylogenetic 
lineages of the Glomeromycota. 1500 bp fragment spanning small subunit (SSU), 
ITS region, and large subunit (LSU) of nuclear ribosomal DNA were tested for spe-
cies resolving power. Sub-fragments covering the complete ITS region, 800 bp of 
the LSU rDNA, and three 400 bp fragments spanning the ITS2, LSU-D1, or LSU- 
D2 domains were also analyzed. Barcode gap analyses did not resolve all species, 
but neighbor-joining analyses, using Kimura two-parameter (K2P) distances, 
resolved all species based on the 1500 bp fragment. The shorter fragments failed to 
separate closely related species.

The complete 1500  bp fragment was recommended as a basis for arbuscular 
mycorrhizal fungi DNA barcoding. This would also allow future identification of 
arbuscular mycorrhizal fungus (AMF) at species level based on 400 or 1000  bp 
amplicons in deep sequencing approaches (Stockinger et al. 2010).

Three new species of Leohumicola (anamorphic Leotiomycetes) were described 
using morphological characters and phylogenetic analyses of DNA barcodes.

Leohumicola levissima and L. atra were isolated from soils collected after forest 
fires in Crater Lake National Park, USA. Leohumicola incrustata was isolated from 
burned fibers from the Cape of Good Hope Nature Reserve, South Africa. The three 
species exhibited distinct morphology based on conidial characters. Two DNA bar-
code regions, the ITS nuclear rDNA region and the cytochrome oxidase subunit I 
(Cox1) mitochondrial gene, were sequenced. Single-gene parsimony, dual-gene 
parsimony, and dual-gene Bayesian inference phylogenetic analyses support 
L. levissima, L. atra, and L. incrustata as distinct phylogenetic species. Both ITS 
and Cox1 barcodes were effective for the molecular identification of Leohumicola 
species (Nguyen and Seifert 2008).

Despite the strength and impact of rDNA ITS as the sanctioned universal fungal 
DNA barcode, its resolution of higher taxonomic level relationships is inferior to 
many protein-coding genes such as rpb1, rpb2, or β-tubulin (Nilsson et al. 2006; 
Seifert 2009; Begerow et al. 2010; Schoch et al. 2014). Although many alterna-
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tives to ITS were considered by the mycological community, its sanctioning as the 
primary barcode marker rested on its practicality and reliability, not on the highly 
desired “resolution power” (Schoch et al. 2012, 2014). Many mycologists would 
prefer one or several universal, but phylogenetically informative, loci as barcodes, 
with higher species resolution power than is feasible with ITS.

Cai et al. (2009) studied for the species identification of Colletotrichum using 
ITS and other prominent regions to ascertain DNA barcode and observed that within 
Colletotrichum gloeosporioides sensu lato, GPDH, CAL, and ACT are good candi-
dates for barcodes.

A set of six genes (ITS, ACT, CHS, GPDH, histone 3, β-tubulin) were used by 
Damm et al. (2009) to study Colletotrichum species with curved conidia from her-
baceous hosts, which included six different clades. The differentiation of the species 
was best with both GPDH and histone 3 genes, which are superior to ITS, ACT, 
CHS, and β-tubulin.

Stielow et al. (2015) showed several gene sections accessible to universal prim-
ers/markers yielding a single PCR product. Barcode gap and multi-dimensional 
scaling analyses revealed that some of the tested candidate markers have universal 
properties providing adequate intra- and inter-specific variation that make them 
attractive secondary barcodes for species identification. Among these gene sections, 
a novel high-fidelity primer pair for TEF1α, already widely used as a phylogenetic 
marker in mycology, has potential as a supplementary DNA barcode with superior 
resolution to ITS.

In India, 44 isolates of Chaetomium representing each species were selected to 
establish phylogenetic relationship among Chaetomium species and to select the 
potential region for DNA barcode, using six gene regions, viz., actin, β-tubulin, 
calmodulin, ITS, rpb2, and tef-1 by Sekhar (2015). He selected ITS region as pri-
mary barcode as it resulted in best identification and grouping of Chaetomium spe-
cies. But due to less barcode gap and probability of correct identification (PCI), it 
should always be supported by a secondary barcode to avoid mislead identification. 
Therefore, β-tubulin was proposed as secondary barcode which showed high bar-
code gap and PCI.

1.3.6  Evolution of the Approach: Polyphasic Taxonomy 
of Chaetomium 

The polyphasic taxonomy takes into account all available phenotypic and genotypic 
data and integrates them in a consensus type of classification. Phylogenetic species 
recognition is increasingly being used with the internal transcribed spacers of the 
nrDNA (ITS) now accepted as the official DNA barcode for fungi (Schoch et al. 
2012). Phylogenetic analyses by Untereiner et  al. (2001) and Greif et  al. (2009) 
provided evidence that the genus Chaetomium was not monophyletic.
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The study carried out by de Hoog et al. (2013) demonstrated that the distinctions 
among Achaetomium, Chaetomidium, Chaetomium, and Thielavia were ambiguous. 
Taxonomic revision of Chaetomium is therefore needed.

Chaetomium has been connected to several anamorphic genera, such as 
Acremonium, Botryotrichum, Chrysosporium, Histoplasma, Humicola, Phialophora, 
Scopulariopsis, and Scytalidium. All these genera were described later than 
Chaetomium except for Acremonium, and the generic names Botryotrichum, 
Histoplasma, Phialophora, Scopulariopsis, and Scytalidium were used in much less 
frequencies than Chaetomium. Phylogenetic assessment and taxonomic revision 
remained to be done for these anamorphic genera, as most of them appeared to be 
polyphyletic.

Zhang et al. (2017) investigated 46 Chaetomium strains isolated from soil and 
compost from China. In total, 14 species were recognized, of which 7 were described 
as new species (i.e., C. angulare, C. cirrhata, C. heterothallicum, C. laterale, C. lon-
giciliata, C. microthecia, C. uniseriatum). Growth temperature profiles of these 
fungi revealed that 11 species are mesophilic; C. angulare and C. jodhpurense are 
thermotolerant; C. thermophilum var. dissitum is thermophilic, with temperature 
maxima above 50  °C.  Among the 46 strains, 39 were shown to be homothallic. 
Mating experiments were conducted for the remaining seven strains that are mor-
phologically and phylogenetically closely related. The results of the mating experi-
ment, together with the four-locus (ITS, LSU, RPB2, TUB) phylogeny and a 
pairwise homoplasy index (PHI) test, supported the division of these seven addi-
tional strains into two heterothallic species that are herein described as C. hetero-
thallicum and C. uniseriatum. A three-locus (ITS, LSU, TUB) phylogenetic tree 
based on all currently accepted species that have available type-derived sequences 
revealed that Chaetomium species clearly grouped in six phylogenetic groups which 
showed a certain correspondence with their morphology and temperature profiles.

In their study, Zhang et al. (2017) incorporated sequences derived from 54 extype 
cultures and 73 authentic strains to provide a backbone tree for the genus 
Chaetomium. The result of the backbone tree showed that most species can be 
delimited clearly using combined ITS, LSU, and TUB dataset, which is in agree-
ment with previous phylogenetic analysis (de Hoog et al. 2013; Wang et al. 2014). 
The backbone tree needs to be further expanded as there are still many species that 
lack type-derived sequences. Some important species (e.g., Chaetomium globosum 
and C. jodhpurense) need to be epitypified to facilitate future studies.

The backbone tree also recognized several major species groups in Chaetomium 
that have been traditionally recognized on the basis of morphology (Ames 1963; 
Seth 1970; Dreyfuss 1975). These included species groups such as C. globosum, 
C. carinthiacum, C. crispatum, C. indicum, C. murorum, C. thermophilum, and sev-
eral distinct species.

Phylogenetically recognized C. globosum species group is essentially similar to 
the sense as defined by Dreyfuss (1975) and Asgari and Zare (2011). Four species 
of our isolates clustered in this species group, in which two were new species. 
The C. carinthiacum species group is a Bayesian well-supported monophyletic 
group, and the newly described species in this study, C. longiciliata, clustered in 
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this clade, and its morphological characters also supported the inclusion of this spe-
cies in this group.

The C. murorum species group includes two species, C. ancistrocladum and 
C. murorum. Both species are psychrotolerant, growing well at 15–25 °C, but are 
strongly reduced at 30  °C.  The newly described species, Chaetomium laterale, 
grouped as a sister clade to the C. murorum group. Chaetomium laterale is similar 
to the species within C. murorum group in the ascospore shape and ascomatal hairs 
but is distinguished by peridium of textura angularis or irregularis and ascospores 
with a subapical or lateral germ pore near the attenuated end. It has a higher MinGT 
(15 °C in C. laterale versus below 5 °C in species within C. murorum group).

The Chaetomium thermophilum species group includes three thermophilic spe-
cies. Although C. thermophilum var. coprophilum and C. thermophilum var. ther-
mophilum were very closely related to each other, they have different MaxGT 
(50 °C versus 55 °C). Chaetomium senegalense, although suggested as thermophilic 
by Salar and Aneja (2007), is actually thermotolerant. Phylogenetic analysis also 
showed that C. senegalense was distinct from C. thermophilum species group. 
C. angulare is another thermotolerant species described in this study, which is mor-
phologically and phylogenetically close to this species group.

Chaetomium seminis-citrulli clustered in C. crispatum species group. However, 
C. seminis-citrulli produces asci with ascospores uniseriate, different from other 
species producing asci with ascospores biseriate. Two new species, C. heterothalli-
cum and C. uniseriatum, were described in this group. Phylogenetic analysis based 
on four-locus alignment clearly separated C. seminis-citrulli from C. heterothalli-
cum and C. uniseriatum. C. heterothallicum and C. uniseriatum resemble to each 
other on the shape of ascomata, asci, ascomatal hairs, peridium, and ascospores and 
their heterothallic life cycle. They also have similar chlamydospores and growth 
temperature curve. The phylogenetic data clearly divided these isolates in two 
clades. PHI test also revealed that there was no significant recombination event 
between the two groups of strains. One clade, described as C. uniseriatum, con-
tained the isolates CGMCC 3.17559, CGMCC 3.17560, and CGMCC 3.17561, 
which can mate with each other and produce ascomata and ascospores. The other 
clade, described as C. heterothallicum, consisted of strains CGMCC 3.17543, 
CGMCC 3.17544, CGMCC 3.17545, and CGMCC 3.17546. Isolates of this later 
group can also mate with each other with the only exception of strain CGMCC 
3.17546. The isolates within the two clades could not mate with each other. In light 
of the phylogenetic and biological characters, Zhang et al. (2017) suggested that 
these two clades should be delimited to two species. Although CGMCC 3.17546 
could not mate with other strains, they suggested including the isolate into species 
C. heterothallicum based on the phylogenetic analyses.

Chaetomium biapiculatum Lodha was regarded as a synonym of C. homopilatum 
Omvik by von Arx et al. (1986). However, their type strains were phylogenetically 
distant from each other; thus both should represent distinct species. Asgari and Zare 
(2011) thought MinGT and MaxGT were both important in distinguishing species 
within genus Chaetomium.
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Li et al. (2012) and Wang et al. (2014) noted that MaxGT was more useful in 
delimiting species. They also summarized MaxGT of most species in the phyloge-
netic tree. The result showed that MaxGT of Chaetomium species is somewhat 
related to their phylogenetic relationships. Chaetomium globosum  species group, 
C. indicum species group, and C. carinthiacum species group were located in the 
upper part of the phylogenetic tree comprised species with MaxGT mainly at 35–40 °C 
which they already have been traditionally called mesophilic. However, extremo-
philes such as thermophilic, thermotolerant, and psychrotolerant species all clus-
tered in the lower part of the backbone tree. In conclusion, Zhang et al. (2017) study 
also suggested that morphology and growth temperature profile corresponded well 
with the phylogenetic relationships. For more detail, please check the original pub-
lication of Zhang et al. (2017).

1.4  Chaetomium Diversity in Different Habitats

1.4.1  Desert

By definition a “desert” is a region that receives extremely low rains – less than 
250 mm per year – far less than the amount required to support the growth of most 
plants. Approximately one-third of Earth’s land surface is a desert with an area more 
than 52,000 square kilometers (Fig. 1.8) (Abdel-Azeem et al. 2016b).

Deserts are extreme environments where intense solar radiation, limited nutri-
ents, low organic matter content, and restricted water availability present formidable 
challenges for fungi inhabiting these areas. Desert soils generally are characterized 
by low propagule densities but high species diversity (Christensen 1981; Mouchacca 

Fig. 1.8 World’s desert biome
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1995; Abdel-Azeem et al. 2016a). Studies on mycobiota of soils may be dated back 
to Adametz (1886) when Adametz started his pioneer study by isolation and naming 
4 species of yeasts and 11 species of filamentous fungi including Aspergillus 
(Watanabe 2002; Abdel-Azeem et al. 2016a).

The number of mycological studies on desert soil is rather limited in comparison 
with other ecological habitats. Several authors assume the diversity of microbes 
including fungi is low compared to soil in moderate or tropical regions, and they 
suggest these extreme ecosystems as suitable in situ models to study the relationship 
between phylogenetic biodiversity and function (Adams et al., 2006).

Desert mycobiota of Egypt have been the target of many studies, viz., Montasir 
et al. (1956a, b), Mahmoud et al. (1964), Besada and Yusef (1968), Moubasher and 
Moustafa (1970), Moubasher and El-Dohlob (1970), Salama et  al. (1971), 
Mouchacca (1971, 1973a, b, 1977, 1982), Nagiub and Mouchacca (1970–1971), 
Mouchacca and Nicot (1973), Mouchacca and Joly (1974, 1976), Samson and 
Mouchacca (1974, 1975), Moubasher et  al. (1985, 1988, 1990), Nassar (1998), 
Abdel-Hafez et al. (1989a, b, 1990), Abdel-Sater (1990, 2000), Abdel-Hafez and 
El-Maghraby (1993), Abdel-Azeem and Ibrahim (2004), and Abdel-Azeem (1991, 
2003, 2009).

Moubasher and Moustafa (1970) surveyed the Egyptian soil fungi with special 
reference to Aspergillus, Penicillium, and Penicillium-related genera in 32 soil sam-
ples collected from the different localities in Egypt. They met two species of 
Chaetomium, and the highest population and occurrence were recorded for 
Aspergillus. They only recorded two species of Chaetomium; they were C. murorum 
and C. olivaceum, respectively.

Abdel-Azeem in 2003 studied the ascospore-producing taxa in Egypt as the first 
real solid study in that country, and he recorded two species of Chaetomium, namely, 
C. globosum and C. brasiliense recovered from desert soil, respectively. The former 
was recorded in 22 of desert soils out of 50 and the later in 2 soils out of 50.

In their extensive survey of Sinai terricolous fungi, Abdel-Azeem and Ibrahim 
(2004) recorded two species of Chaetomium. They recorded C. globosum and 
C. brasiliense. They mentioned that C. globosum recorded 4.95% of total count 
of taxa.

By scanning of available sources of information concerning genus Chaetomium 
in Egypt, it was possible to determine 53 species and 1 variety isolated/reported 
from different substrates.

Only five taxa are introduced to the genus Chaetomium as novel taxa based on 
type materials collected from Egyptian soil, namely, Chaetomium gelasinosporum 
Aue and Muller (1967), C. mareoticum Besada and Yusef (1969), C. sinaiense 
Moustafa and Ezz El-Din (1989), C. strumarium (J.N. Rai, J.P. Tewari and Mukerji) 
P.F. Cannon (1986), and C. uniporum Aue and Muller (1967).

Few investigations have been made on soil mycobiota in Libya. Naim (1967a, b) 
studied rhizosphere and soil fungi of Artemisia herba-alba and fungi under Citrus 
trees in Tripoli, Libya. Youssef (1974) studied the fungal biota of Libyan soil. He 
examined 16 different localities in Libya for their fungal microbiota. Youssef recovered 
different species of Chaetomium from Libyan soils: Chaetomium bostrychodes, 
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C. irregulare, C. mollicellum, Chaetomium sp. (new species), C. spirale, C. fusispo-
rum, and C. jodhpurense with low frequency of occurrence.

By available data from the checklist of Libyan fungi (El-Buni and Rattan (1981), 
only 10 species of Chaetomium were recorded.

El-Said and Saleem (2008) studied soil fungi at western region of Libya. In 2010, 
Mansour studied the distribution and occurrence of various groups of fungi in dif-
ferent kinds of soils in eastern region of Libya. A total of 63 species and 5 varieties 
belonging to 30 fungal genera were collected from 75 soil samples. Desert soil were 
represented by 22 genera and 35 species and 2 varieties and genus Chaetomium 
only represented by 1 species, namely, C. globosum El-Said and Saleem (2008).

Mansour (2010) recovered 59 species belonging to 23 genera obtained from 100 
soil samples collected from the eastern region in Libya. Chaetomium were distrib-
uted among nine soil samples and represented by C. globosum and unknown species.

The northern part of Israel is the most mycologically investigated territory of the 
country, from which 307 soil microfungal species have been isolated (Volz et al. 
2001). In their book, they recorded 20 species of Chaetomium. Grishkan et  al. 
(2003) isolated 11 species of the cellulolytic genus Chaetomium easily by means of 
the dilution plate method. In their study, a soil microfungal community was exam-
ined over a 1-year period (1999–2000) at the western shore of the Dead Sea. A total 
of 78 species from 40 genera were isolated. The most prominent features of myco-
biota of the territory studied were (i) the prevailing number of melanin-containing 
micromycetes (46 species, 65.5% of the total isolate number); (ii) a large share of 
teleomorphic Ascomycota (26 species, 18.5% of isolates); (iii) combination of true 
soil and plant surface-inhabiting species; (iv) spatial and temporal variation of the 
mycobiota composition; and (v) very low fungal density (nearly 500-fold lower 
than in the Judean Desert soil). These features are formed under the extremely 
stressful xeric and oligotrophic conditions in which the Dead Sea coastal micromy-
cete community exists. Nine species (Alternaria alternata, A. raphani, Aspergillus 
niger, Aureobasidium pullulans, Chaetomium globosum, C. murorum, Cladospor-
ium cladosporioides, Penicillium aurantiogriseum, and Stachybotrys chartarum) 
were considered a characteristic micromycete complex for the Dead Sea coastal 
habitat based on the spatial and temporal occurrence of these species. Many of the 
micromycetes isolated, including almost all the species listed above, are known to 
be distributed worldwide occurring in different soil types. This confirms the conclu-
sion of many mycologists working in areas with saline and arid soils that there is no 
halo- and thermophilous mycobiota characteristic for those soils.

Grishkan and Nevo (2010) studied the microfungal composition of the Negev 
desert. Results showed that soil was found to be inhabited by comparatively rich 
microfungal diversity – more than 360 identified species belonging to three phyla: 
Zygomycota (17 species), Ascomycota (87 teleomorphic or sexual species and 255 
anamorphic or asexual species), and Basidiomycota (3 species). The species repre-
sent 121 genera; the most prominent are Penicillium (38 species including anamor-
phic states of Eupenicillium), Aspergillus (34 species including anamorphic states 
of Emericella, Eurotium, and Neosartorya), Chaetomium (25), Phoma (16), and 
Drechslera (12).
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Composition of thermotolerant mycobiota in the soil of Israeli deserts and north-
ern territories was examined in spatiotemporal dynamics by Grishkan (2018). A 
total of 165 species from 82 genera were isolated at 37 °C using the soil dilution 
plate method. Aspergilli (Aspergillus fumigatus and A. niger) and teleomorphic 
ascomycetes (Canariomyces notabilis, Chaetomium nigricolor, and C. strumarium) 
comprised the basic part of the thermotolerant communities.

In Tunisia 16 fungal strains were isolated from arid Tunisian soils by Mtibaà 
et al. (2017). The most interesting strain was identified based on the analysis of the 
amplified nucleotide sequences of the nuclear ribosomal ITS1–5.8-ITS4 region 
(∗600 bp) as Chaetomium. Extracellular laccase was purified 15-fold from the crude 
culture to homogeneity with an overall yield of 50% using ultrafiltration and anion- 
exchange chromatography. The purified enzyme was found to be a monomeric pro-
tein with a molecular mass of 68  kDa, estimated by SDS-PAGE, and with an 
isoelectric point of 5.5. The optimal temperature and pH value for laccase activity 
toward 2,6-DMP were 60  °C and 3.0, respectively. It was stable at temperatures 
below 50 °C and at alkaline conditions.

In Saudi Arabia, Ali (1977) and Abdel-Hafez (1981, 1982a, b) investigated soil 
fungi of desert and identified 24 genera and 47 species, and 34 genera and 80 spe-
cies, respectively.

In Saudi Arabia, Abdel-Hafez (1982a) isolated and identified 34 genera and 80 
species in addition to 1 variety of A. nidulans from 40 soil samples collected from 
different places in desert of Saudi Arabia. More than 42 species are new records 
from Saudi Arabian soils. Aspergillus and Penicillium contributed the greatest num-
ber of species (15 species +1 variety and 13 species, respectively). Chaetomium was 
represented by only one species (C. globosum) in this study.

A total number of 75 species and 5 varieties belonging to 27 genera of cellulose-
decomposing fungi were recovered during this investigation carried out by Abdel- 
Hafez (1982b). Aspergillus (12 species +4 varieties), Alternaria (4 species), 
Stachybotrys (3 species +1 variety), and Penicillium (12 species) were of high fre-
quency of occurrence, of which A. fumigatus, A. niger, A. terreus, A. alternata, 
A. tenuissima, S. atra, P. citrinum, and P. corylophilum were the most common. Six 
genera were of moderate frequency, and these were Botryotrichum (two species), 
Macrophomina (one species), Drechslera (five species), Ulocladium (four species), 
Chaetomium (seven species), and Curvularia (four species) of which B. atrogri-
seum, D. spicifera, D. sativus, U. botrytis, C. spirale, and C. lunata were the most 
prevalent. Five and twelve genera were recovered on cellulose-Czapek’s agar 
plates in low and rare frequency of occurrence, respectively. The number of recov-
ered taxa of Chaetomium was seven namely: C. spirale, C. globosum, C. bostrych-
odes, C. cochliodes, C. olivaceum, C. jodphurence, and C. subglobosum.

Bahkali and Khiyami (1996) isolated 30 fungal species belonging to 15 genera 
from 30 soil samples on cellulose Czapek’s agar. The highest number of fungal spe-
cies was isolated from Dammam (20 species) followed by Nomas (18 species), 
Makkah and Riyadh (17 species each), Tabouk (16) species, and Jizan (11 species). 
The most frequent genera isolated were Aspergillus, Penicillium, Alternaria, 
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Ulocladium, and Curvularia. Throughout this study, six fungal species belonging to 
four genera, Ulocladium septosporum, Emericella nidulans, Trichoderma harzia-
num, T. koningii, T. pseudokoningii, and Cochliobolus lunatus, were found to be 
new records in Saudi Arabian soils. Genus Chaetomium were represented only by 
one unknown species in this study.

Saadabi (2006) studied the fungal biota (flora) of Saudi Arabian soils. Sixteen 
different localities in Southern area of Saudi Arabia were examined. A modified 
soil-dilution plate method was used for isolating the fungi. A toal of 64 species in 
22 genera were reported. Of these, 5 species were Phycomycetes, 10 were 
Ascomycetes, and 49 were Deuteromycetes. Of the reported species, 55 are new 
records to the mycobiota  of Saudi Arabia, and one of these is a new species. 
Aspergillus and Penicillium were the fungal genera having the highest number of 
isolated species. Ten species from each genus were recorded. Seven species were 
recovered from both Fusarium and Chaetomium, four species from Cladosporium 
and Trichoderma, and two species from Alternaria, Pleospora, Rhizopus, 
Stachybotrys, Coniothyrium, and Phoma.

The fungal community of six sand samples from Saudi Arabia and Jordan deserts 
was characterized by culture-independent analysis via next-generation sequencing 
of the 18S rRNA genes and by culture-dependent methods followed by sequencing 
of internal transcribed spacer (ITS) region (Murgia et al. 2018). The identified fun-
gal phyla were Ascomycota, basal fungi, and Basidiomycota, and the most abundant 
detected classes were Dothideomycetes, Pezizomycetes, and Sordariomycetes. A 
total of 11 colonies of filamentous fungi were isolated and cultured from six sam-
ples, and the ITS sequencing pointed toward five different species of the class 
Sordariomycetes, belonging to genera Fusarium (F. redolens, F. solani, F. equiseti), 
Chaetomium (C. madrasense), and Albifimbria (A. terrestris). The results of this 
study show an unexpectedly large fungal biodiversity in the Middle East desert sand 
and their possible role and implications on human health. There are 327 colonies of 
fungi, and Aspergillus was one of the most common genera isolated in this study.

In Sudan, Nour (1956) made a preliminary survey of fungi from various soil 
types. He isolated 18 genera and 35 species; the most common species were 
Rhizopus stolonifer, A. niger, A. nidulans, Curvularia lunata, Cladosporium 
sphaerospermum, A. terreus, Alternaria tenuis, and Cladosporium cladosporioides. 
In Sudan, 120 sites, from six localities from the Sudan Gezira, were examined for 
soil mycobiota by Amin and Abdalla (1980). The lower fungi were mostly repre-
sented by mucoraceous genera, such as Rhizopus, Mucor, and Cunninghamella. 
Oomycetes were rare. Ascomycetes, other than the perfect states of Aspergillus, 
were not common. Only Chaetomium globosum was isolated from the six localities. 
Monascus, Thermoascus, Neocosmospora, and Pyronema were recorded for the 
first time from Sudanese soils. The majority of the isolates were Hyphomycetes. The 
bulk of the fungal population were species of Aspergillus, of which A. niger was the 
most common, followed by A. terreus, A. flavus, A. nidulans, and A. fumigatus. 
Other Aspergilli were sporadic. A. niveus and A. sejunctus were not previously 
reported from Sudanese soil.
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The soil mycobiota of the desert of Kuwait was investigated by Halwagy et al. 
(1982), who identified a total of 52 genera and 130 species; Fusarium, Aspergillus, 
Penicillium, Stachybotrys, Myrothecium, Ulocladium, Phoma, and Alternaria were 
the most frequent genera. Six species of Chaetomium were recovered during this 
study; they were Chaetomium elatum, C. virginicum, C. olivaceum, C. rectopilium, 
C. globosum, and C. spirale.

Suleiman et al. (2019) examined the general soil fungi and AM fungal communi-
ties associated with a Lonely Tree species (Vachellia pachyceras) existing in the 
Sabah Al-Ahmad Natural Reserve located at the Kuwait desert. Their results reveal 
that the fungal phylotypes were classified in four major fungal phyla, namely, 
Ascomycota, Basidiomycota, Chytridiomycota, and Zygomycota. The largest assem-
blage of fungal analyses showed communities dominated by members of the phy-
lum Ascomycota. The assays also revealed a wealth of incertae sedis fungi, mostly 
affiliated to uncultured fungi from diverse environmental conditions. They recorded 
only one species of Chaetomium, and their work thus provides a baseline of the 
fungal and mycorrhizal community associated with rhizosphere and non- rhizosphere 
soils and roots of only surviving V. pachyceras tree from the Kuwaiti desert and 
seedlings under nursery growing environments.

Maharachchikumbura et  al. (2016) updated the checklist of accepted taxa in 
Oman. They recorded only the following taxa: Chaetomium atrobrunneum, C. bos-
trychodes, C. globosum, C. murorum, and C. spirale.

In 2017, Al-Sadi et al. (2017) studied high fungal diversity and dominance by 
ascomycota in dam reservoir soils of arid climates in Oman, and they recovered two 
species of Chaetomium (C. homopilatum and Chaetomium sp.).

In Qatar no previous study has been carried out on soil fungi before Moubasher 
and Al-Subai (1987). Their study was designed to study intensively soil fungi and 
their distribution in various localities and habitats. For this purpose, 42 soil samples 
were collected and assayed for their fungal content and for some of their physical 
and chemical properties. In their study there were isolated three species of 
Chaetomium.

Chaetomium thermophilum was recorded by Mandeel (2002) during his study of 
microfungal community associated with rhizosphere soil of Zygophyllum qatarense 
in arid habitats of Bahrain.

1.4.2  Salterns and Mangrove

When evaporation of seawater accompanied with halite (NaCl) concentrations of 
greater than 10% (m/w), thalassohaline hypersaline environments originated (Oren 
2002) and provide some of the most extreme habitats in the world. They are com-
mon all around the globe and include, for example, marine ponds and salt marshes 
that are subjected to evaporation, salt or soda lakes, and sea-salt and man-made 
salterns (Trüper and Galinski 1986).
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Life-limiting parameters in salterns are many, e.g., variable water activities (aw), 
high concentrations of NaCl, low oxygen concentrations, as well as high light 
intensity (Brock 1979). Halotolerant and halophilic fungi were first reported as 
active inhabitants of solar salterns by Gunde-Cimerman et al. (2000). Later on, they 
were isolated by several investigators (Butinar et al. 2005a, b, c; Cantrell et al. 2006) 
from salterns around the world, e.g., La Trinidad in the Ebro River Delta and Santa 
Pola on the Mediterranean coast of Spain, Camargue in France, and the salterns on 
the Atlantic coast in Portugal and in Namibia, the Dominican Republic, and 
Puerto Rico.

Moustafa and Al-Musallam studied the fungi of salt marshes of Kuwait in 
Moustafa and Al-Musallam 1975. Eighty-two species and 44 genera were isolated 
from 40 composite soil samples representing salt marshes, salt depressions, and 
coastal sands. In general, the fungal population of saline soils was rather poor with 
a narrow spectrum of genera and species. The most frequent fungi were Aspergillus, 
Penicillium, Alternaria, Coniothyrium, Stachybotrys, Fusarium, Cephalosporium, 
Ulocladium, Myrothecium, and Drechslera. Genus Chaetomium was represented by 
three species (C. globosum, C. spirals, and C. olivaceum).

After a decade of research into the fungal diversity in salterns, together with new 
taxa, a number of fungal genera with high diversities of halotolerant and halophilic 
species have been described. Different species of genus Chaetomium are among the 
filamentous fungi that appear with moderate frequencies in salterns (Abdel-Azeem 
2003). The group of filamentous fungi that have been isolated from different salt-
erns around the world is mainly represented by the order Eurotiales by the teleo-
morphic genera Eurotium and Emericella and the anamorphic Aspergillus, 
Penicillium, and Chaetomium (Cantrell et al. 2006).

Abdel-Azeem (2003) recorded a list of Chaetomium taxa isolated from salt 
marches and salty soil in Egypt. He recorded seven species, namely, C. circinatum 
Chivers, C. hamadae (Udagawa) Arx, C. hexagonosporum A. Carter & Malloch, 
C. homopilatum Omvik, C. piluliferum J.  Daniels, C. rectopilium Fergus & 
Amelung, and C. subspirilliferum Sergejeva.

Moustafa and Abdel-Azeem (2011) prepared an updated checklist of Ascomycota 
reported from soil and other terricolous substrates in Egypt. They mentioned that 
when species richness and substrate preference, as important ecological parameters, 
are considered, it has been noticed that Egyptian Ascomycota shows some interest-
ing features noteworthy to be mentioned. At the substrate level, clay soils came first 
by hosting a range of 108 taxa followed by desert soils (60 taxa). At the taxonomic 
level, Sordariales, compared to other orders, accommodated the greatest number of 
taxa, i.e., 92 taxa followed by Eurotiales (61 taxa). Chaetomiaceae and 
Trichocomaceae are by far the richest families by housing 61 taxa. At the generic 
level, Chaetomium occupied the first place among all reported genera by including 
51 species followed by Arthroderma (15 spp.). Provisional keys to the identification 
of reported taxa are given.

To conclude, in hypersaline environments, the pan-global stable taxa of genus 
Chaetomium are represented by C. globosum, C. spirale, C. olivaceum, C. circina-
tum, C. hamadae, C. hexagonosporum, C. homopilatum, C. piluliferum, C. recto-
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pilium, and C. subspirilliferum, which are also not abundant, although more locally 
distributed (Abdel-Azeem 2003).

Mangroves are an assortment of tropical and subtropical trees and shrubs which 
have adapted to the inhospitable zone between sea and land: the typical mangrove 
habitat is a muddy river estuary (Kathiresan and Bingham 2001; Hogarth 2007). 
Mangles are considered a dynamic ecotone, and approximately 25% of the world’s 
coastline is dominated by mangroves distributed in 112 countries encompassing an 
area of 18,000,000 ha (Spalding et al. 1997). Biodiversity of biota associated with 
mangle ecosystem is well known for animals and plants, but poorly known for fungi 
(Khalil et al. 2013).

Sridhar (2009) studied fungi in Pichavaram mangroves of the southeast coast of 
India. Damp incubation of wood, root, and leaf litter of Avicennia marina and 
Rhizophora mucronata yielded 15 fungi. The fungal richness was highest (nine 
spp.) on woody litter of both plant species and root litter of R. mucronata. Aniptodera 
chesapeakensis, Halorosellinia oceanica, Halosarpheia marina, Periconia prolif-
ica, and Phoma sp. were dominant (5–6.3%). Woody litter of A. marina was highly 
colonized by H. marina (28%) while R. mucronata by Phoma sp. (24%). The aver-
age fungi per sample ranged between 0.3 and 0.8 with a highest on woody litter 
(0.7–0.8). In Pichavaram mangroves, so far about 10 niches (water, sediment, 
and live/dead plant parts) and 14 mangrove plant species have been surveyed for 
mycobiota. About 102 fungi consisting of mitosporic fungi (57 spp.), ascomycetes 
(37 spp.), phycomycetes (7 spp.), and basidiomycete (1 sp.) have been reported. 
Woody litter yielded a highest of 36 saprophytic fungi followed by 33 fungi as foliar 
epiphytes. Cirrenalia pygmaea was the most dominant fungus, followed by H. oce-
anica, P. prolifica, Zalerion maritima, and Z. varia. He recorded two species of 
Chaetomium (C. globosum and C. olivaceum).

1.4.3  Occurrence in Indoor Air

In 2013, a study of airborne fungus spores by viable and non-viable methods in 
Havana, Cuba, has been carried out by Almaguer et al. (2013). Their study on the 
Havana aeromycobiota diversity was extended from November 2010 to October 
2011 using two complementary volumetric methods. A total of 35 fungal genera 
were characterized; 26 of them were recognized only by non-viable methods, six 
with viable methodology, and the other three with both sampling methods. 
Furthermore, 47 species were identified by cultivation and the spores collected with 
the non-viable methodology. These could not be included in a specific genus and, 
thus, were categorised into five fungal types. In general, the main, spread world-
wide, mitosporic fungi also predominated the Havana atmosphere. The predomi-
nant species were Cladosporium cladosporioides, Aspergillus flavus, and Penicillium 
citrinum. Moreover, several Zygomycetes (Syncephalastrum racemosum, Rhizopus 
stolonifer, and Rhizopus oryzae), Ascomycetes (Chaetomium globosum), and 
Basidiomycetes such as Coprinus or Ganoderma were isolated.
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In their extensive study, Wang et al. (2016a) recovered 145 isolates belonging to 
Chaetomiaceae which were cultured from air, swab, and dust samples from 19 
countries. Countries included are Algeria, Australia, Canada, China, Cuba, Denmark, 
Germany, India, Indonesia, Mexico, the Netherlands, New Guinea, Solomon 
Islands, South Africa, Spain, Switzerland, Thailand, Uruguay, and the USA. Based 
on the phylogenetic analyses of DNA-directed RNA polymerase II second largest 
subunit (rpb2), β-tubulin (tub2), ITS, and 28S large subunit (LSU) nrDNA 
sequences, together with morphological comparisons with related genera and spe-
cies, 30 indoor taxa are recognized, of which 22 represent known species, seven are 
described as new, and one remains to be identified to species level. In their (Wang 
et  al. 2016a) collection, 69% of the indoor isolates with six species cluster with 
members of the C. globosum species complex, representing Chaetomium sensu 
stricto. The other indoor species fall into nine lineages that are separated from each 
other with several known chaetomiaceous genera occurring among them. No generic 
names are available for five of those lineages, and the following new genera are 
introduced here: Amesia with three indoor species, Arcopilus with one indoor spe-
cies, Collariella with four indoor species, Dichotomopilus with seven indoor spe-
cies, and Ovatospora with two indoor species. The generic concept of Botryotrichum 
is expanded to include Emilmuelleria and the Chaetomium-like species B. muro-
mum (= C. murorum) in which two indoor species are included. The generic concept 
of Subramaniula is expanded to include several Chaetomium-like taxa as well as 
one indoor species. Humicola is recognized as a distinct genus including two indoor 
taxa. According to this study, C. globosum is the most abundant Chaetomiaceae 
indoor species (74/145), followed by C. cochliodes (17/145), C. elatum (6/145), and 
B. piluliferum (5/145). The morphological diversity of indoor Chaetomiaceae and 
the morphological characteristics of the new genera were described and illustrated 
in their study. This taxonomic study redefines the generic concept of Chaetomium 
and provides new insight into the phylogenetic relationships among different genera 
within Chaetomiaceae.

Fourteen toxigenic indoor Chaetomium-like isolates from buildings in Finland 
were investigated by Castagnoli et  al. (2017). Six C. globosum-like strains from 
indoor dusts were toxic with boar sperm assay and cytotoxic to porcine kidney cells 
(PK-15), emitted green fluorescence, and produced chaetoglobosin inhibiting cel-
lular glucose transport. OT7 and OT7b strains from indoor dust were cytotoxic with 
PK-15 cells and were non-fluorescent, and produced the extremely cytotoxic pro-
tein synthesis inhibitor, chaetomin. The six C. globosum-like strains were resistant 
to borax and very sensitive to the wetting agent genapol used in cleaning chemicals. 
This may indicate that indoor Chaetomium-like fungi occupy their own ecological 
niche in buildings.

Abdel-Rahim et al. (2018) evaluated the correlation between fungi causing paint 
deterioration and air contamination in Assiut University hospital to give a complete 
picture for the fungal quantity and spectrum. Seventeen fungal species were isolated 
from 15 samples of deteriorated water-based paint collected from the hospitals. 
Chaetomium globosum was the most common paint-deteriorating fungal species, 
followed by Alternaria alternata, Aspergillus parasiticus, Penicillium oxalicum, 
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and Setosphaeria rostrata. Direct examination confirmed the ability of these 
fungi to colonize the paint samples producing mycelia, conidia, and fruiting bodies. 
In vitro, these fungi exhibited high potential to utilize the thin layer of polyacrylic 
paint and significant enzymatic activities of cellulase, lipase, and urease that may 
play a main role in paint degradation and as virulence factor of human diseases. 
Moreover, 27 fungal species were isolated as air-contaminating mycobiota. 
Aspergillus spp., Cladosporium cladosporioides, P. oxalicum, A. alternata, and 
C. globosum caused a considerable amount of indoor air contamination. The results 
indicated that there is a clear correlation between fungi causing paint deterioration 
and air contamination, whereas certain fungi were responsible for wall paint dete-
rioration and frequently indoor air contamination. The current study suggests that 
improvement of antimicrobial additives of paints may be a promising approach to 
reduce paint biodeterioration and subsequently air contamination of indoor 
environments.

Key to the Most Common Chaetomiaceae Species (or Species Complex) from 
the Indoor Environment (Wang et al. 2016a)
1. Asexual morph present ........... ...............................................................................
..................... 2.

1. Asexual morph absent …...................................................................................
........................... 3.

2. Ascomata absent or rare; conidiophores usually produced together with brown 
serile setae; conidia subglobose, usually hyaline, smooth to slightly roughened, 
11–17.5 μm in diameter .................. ..........................................................................
...................................... Botryotrichum piluliferum.

2. Ascomata numerous, terminal ascomatal hairs repeatedly dichotomously 
branched, usually less than 5 μm in diameter near the base; ascospores limoniform, 
bilaterally flattened, 11.5–14 × 8.5–10 × 7–8 μm, with an apical germ pore asexual 
morphs acremonium-like ............. Chaetomium elatum.

3. Terminal ascomatal hairs repeatedly dichotomously branched or seta-like, 
often composed of two types of hairs different in length; ascospores ovate to elon-
gate ovate, bilaterally flattened, usually less than 7.5 μm long (Dichotomopilus indi-
cus or D. funicola species complex (including D. funicola, D. pseudofunicola, 
D. subfunicola, and D. variostiolatus)) ......................................................................
.............................................................................. 4.

3. Terminal ascomatal hairs not repeatedly dichotomously branched, ascospores 
limoniform, bilaterally flattened, with an apical germ pore…………………............
................................... 5.

4. Shorter terminal hairs, if present, usually forming a net structure to enfold 
ascospores ........................................................................................................ 
D. funicola species complex.

4. Shorter terminal hairs, if present, inconspicuous due to the masses of asco-
spores, not easy to observe ............. ...........................................................................
......... Dichotomopilus indicus.
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5. Ascomata subglobose to obovate with a dark collar-like apex around the ostio-
lar pore; terminal hairs spirally coiled, ascospores limoniform, bilaterally flattened, 
6–7 × 5.5–6.5 × 4.5–5.5 μm, with an apical germ pore .............................................
......................... Collariella bostrychodes.

5. Ascomata without a dark collar-like apex around the ostiolar pore; ascospores 
8.5–11 × 7–9 × 5.5–7 μm ......... .................................................................................
........................................ 5.

6. Terminal hairs flexuous, undulate to slightly coiled………...................... 
Chaetomium cochliodes.

6. Terminal hairs spirally coiled, usually with coils regularly tapering in diameter 
.............. ................................................................................... Chaetomium 
globosum.

1.4.4  Occurrence in Water

Besides actinomycetes and cyanobacteria, C. globosum was identified as a producer 
of the volatile metabolites geosmin and 2-phenylethanol (Kikuchi et  al. 1981), 
which contribute to earthy–musty odor and taste of public water supplies. It is prob-
able that production of these odor metabolites by fungi takes place predominantly 
in soil (rather than in water) with respect to the ecology of potential producers 
(Kikuchi et  al. 1981; Frisvad et al. 2004) and is then washed into water sources 
(Zaitlin and Watson 2006; Hageskal et al. 2009). However, Chaetomium (Nasser 
2004; Gonçalves et al. 2006; Hageskal et al. 2006; Gashgari et al. 2013) and ana-
morphic Humicola (Göttlich et al. 2002; Nasser 2004) and Botryotrichum (Nasser 
2004) were repeatedly isolated from drinking water samples, and further investiga-
tions are needed to clarify the origin of odor metabolites and the significance of the 
fungal contribution to production in water systems. Similarly, the potential myco-
toxin production by Chaetomium spp. in water and their concentration has not been 
evaluated. C. globosum was isolated in some studies from relatively high number of 
drinking water samples (Nasser 2004), and such contamination may tend to increase 
in stored water. Some Chaetomium species have the potential to cause life- 
threatening infections in immunocompromised individuals, but these species have 
not been reported from drinking water, and other sources in the indoor environment 
are more likely the source of infection.

1.4.5  Occurrence in Foods

Chaetomium spp. are frequently isolated from food products, but most frequently as 
simple contamination, whereas only in a limited number of cases do they act as 
spoilage fungi. The isolates are often not identified to species level, or the identifica-
tion is questionable. However, this information is valuable with regard to species- 
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specific secondary metabolite spectra. Chaetomium is the only ascomycetous genus 
producing brown to black ascomata, which is commonly encountered in food prod-
ucts (Pitt and Hocking 2009) making them straightforward to identify.

Only a few Chaetomium species are commonly found in foods. C. globosum is 
the most frequently encountered species; additionally, C. brasiliense and C. funic-
ola are common species in tropical commodities (Saito et al. 1976; Pitt and Hocking 
2009). Relatively high infection levels by these species were encountered in soy-
beans, mung beans, black beans, rice, maize, barley, nuts overall, copra, and sor-
ghum (Pitt et  al. 1993, 1994, 1998; Freire et  al. 1999; Pitt and Hocking 2009; 
Sumalan et al. 2011).

C. globosum has been isolated from a variety of commodities, particularly wheat, 
barley, maize (also as C. cochliodes), oat grains (as C. ochraceum and C. cochliodes), 
rice (also as C. olivaceum), sorghum, millet, beans (also as C. cochliodes), soybeans 
(also as C. olivaceum and C. cochliodes), mung beans, copra, peanuts, kemiri nuts, 
cashew nuts, walnuts, hazelnuts, pea seeds (also as C. cochliodes), tomato (as 
C. cochliodes), margarine, green tea, black tea, sugarcane (as C. fibripilium), and 
spices such as black pepper, white pepper, chili and hot pepper seeds (as C 
cochliodes), ginger, cinnamon, cumin, fennel, and Bishop’s weed (Abdel-Azeem 
2003; Hubka 2015). High level of infection by C. globosum was observed particu-
larly in rice, copra, soybean, mung beans, maize, barley, cashew nuts, candle nuts, 
and nuts overall (Hubka 2015). This species has also been implicated in causing 
disease in pears in Egypt (Ismail and Abdalla 2005).

C. funicola has been recorded at relatively high frequencies from soybean sam-
ples, beans overall, and cashew nuts (Hubka 2015). The species was further isolated 
from rice, maize, peanuts, cashew nuts, copra, beans, mung beans, soybeans, pea 
seeds (also as C. dolichotrichum), sorghum, radish, eggplant, and spices (as C. doli-
chotrichum). C. indicum is phylogenetically close to C. funicola, but distinct. This 
species also resembles C. funicola in morphology and is distinguished solely by the 
absence of stiff, unbranched ascomatal hairs. C. indicum has been isolated from 
beans, soybeans, pea seeds, rice, and spices, and it is possible that it is commonly 
misidentified with C. funicola. Another species clearly distinct from C. funicola 
based on ITS and LSU rDNA data, but morphologically similar, is C. reflexum that 
has been reported from pepper and pea seeds. C. brasiliense was isolated from a 
similar spectrum of tropical commodities as C. funicola including soybeans, mung 
beans, black beans, rice, maize, cashew nuts, peanuts, sorghum, and black pepper 
(Hubka 2015).

Other species are isolated rarely from food products, viz., C. aureum, C. atrob-
runneum, and C. murorum were reported from rice; C. nigricolor, C. raii, and 
C. subaffine from cereals; C. bostrychodes, C. elatum, C. murorum, and C. suc-
cineum from pea seeds; C. aureum and C. bostrychodes from oat grains; and 
C. aureum from snap beans and butter (Hubka 2015). C. convolutum (as C. biapic-
ulatum) was reported from spices; C. carinthiacum from thyme; Achaetomium 
globosum from cumin; C. bostrychodes, C. robustum, and C. aureum from pepper; 
Chaetomium cf. fusiforme and C. aureum from tea (Hubka 2015). Webb and Mundt 
(1978) isolated C. fimeti (usually classified in the genus Chaetomidium) at rela-
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tively high frequencies from vegetables; C. crispatum was isolated from rotting 
potatoes, C. elatum from rotting onion, and C. murorum from Latundan banana 
(Hubka 2015).

Chaetomium spp. were reported from various seeds, some of which may be used 
as food or for oil extraction. C. funicola (as C. dolichotrichum), C. globosum (also 
as C. cochliodes), C. indicum, C. madrasense, and C. murorum were isolated from 
linseed (Linum usitatissimum); C. bostrychodes and C. globosum from okra 
(Hibiscus esculentus); C. aureum, C. globosum, C. funicola, and C. murorum from 
cucumber seeds (Cucumis sativus); C. elatum, C. globosum, and C. murorum from 
pumpkin seeds (Cucurbita maxima); C. carinthiacum from poppy seeds (Papaver 
somniferum); C. funicola from sesame (Sesamum indicum); and C. globosum from 
safflower (Carthamus tinctorius) and vegetable marrow (Cucurbita pepo, also as 
C. cochliodes) (Hubka 2015). Unidentified Chaetomium spp. were found on meat 
products, dried milk, rice, maize, wheat, sorghum, soybeans, beans, mung beans, 
copra, tapioca, black pepper, peanuts, cashew nuts, sorghum, sesame seeds, Bishop’s 
weed, cumin, lotus seeds (Pitt et al. 1994), pumpkin seeds (Weidenbörner 2001), 
and herbal drugs (Chourasia 1995; Hubka 2015).

Key to Chaetomium Species Relevant to Foods After Hubka (2015)

(1a) Ascomatal hairs – dichotomously branched 2
(1∗) Ascomatal hairs – unbranched (arcuate, coiled,  
straight, or flexed)

5

(2) Ascospores >10 μm in long axis C. elatum
(2∗) Ascospores <10 μm in long axis 3
(3) Terminal hairs – arcuate with reflexed branches C. reflexum
(3∗) Branches of terminal hairs – essentially straight 4
(4) Ascomatal hairs – partly branched, partly straight,  
and unbranched

C. funicola

(4∗) All or nearly all ascomatal hairs – dichotomously  
branched at maturity

C. indicum

(5) Asci – cylindrical; ascospores uniseriate C. brasiliense
(5∗) Asci – clavate 6
(6) Ascospores >13 μm in long axis C. murorum
(6∗) Ascospores <13 μm in long axis 7
(7) Ascospores – unevenly fusiform to navicular C. aureum
(7∗) Ascospores – symmetrical 8
(8) Ascospores – ellipsoidal, fusiform, width  
(shorter dimension) <6 μm

C. carinthiacum

(8∗) Ascospores – lemon-shaped, width > 6 μm 9
(9) Terminal hairs – undulate C. globosum
(9∗) Terminal hairs – spirally coiled C. bostrychodes
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1.4.6  Polar

Around 2.3% of the world’s fungal biota exists in the Arctic, and fungi in this region 
have been isolated from various substrates and habitats (Ivarson 1965; Reeve et al. 
2002; Säwström et al. 2002; Callaghan et al. 2004; Ozerskaya et al. 2009; Pathan 
et al. 2009). More than 1000 species and over 400 genera of non-lichenized fungi 
are reported from Antarctic regions (including the sub-Antarctic) (Bridge and 
Spooner 2012; Arenz et  al. 2014) including genus Chaetomium. Selbmann et  al. 
(2015) published distributional records of Antarctic fungi based on strains preserved 
in the Culture Collection of Fungifrom Extreme Environments (CCFEE) 
Mycological Section associated with the Italian National Antarctic Museum (MNA) 
with only one record of Chaetomium spp.

Fungal diversity in the Arctic and Antarctic permafrost has been studied inten-
sively over the last decade, and it has been shown to have considerable taxonomic 
diversity, with significant numbers of new taxa (Ruisi et al. 2007). In some perma-
frost regions, yeasts represented an important, or even the major (up to 100%), part 
of all of the fungi isolated and 20–25% of the total aerobic heterotrophs (Vorobyova 
et al. 1997; Steven et al. 2006).

In the cold deserts in Antarctica, like in the McMurdo Dry Valleys and the 
Ross Desert in southern Victoria Land, which is considered one of the harshest 
environments known on Earth (Nienow and Friedmann 1993), primarily xerophilic, 
basidiomycetous yeasts have been isolated (Vishniac and Onofri 2003; Onofri et al. 
2004; Takano 2004). These were found at the highest frequencies in the youngest 
layers, which were less than 10,000 years old, although they have also been detected 
in three-million-year-old Pliocene samples (Dmitriev et  al. 1997a, b; Rivkina 
et al. 2000).

In both the active layer and the perennially frozen Arctic sediments, a large vari-
ety of filamentous fungi have been detected, belonging to Ascomycota, 
Basidiomycota, Zygomycota, Chytridiomycota, and Glomeromycota (Wallenstein 
et  al. 2007). The most frequently occurring genera of the filamentous fungi are 
Aspergillus, Cladosporium, Geomyces, and Penicillium. This last showed the high-
est number of species. Additionally, the following ascomycetous genera have been 
isolated: Acremonium, Alternaria, Acrodontium, Arthrinium, Aureobasidium, 
Bispora, Beauveria, Botrytis, Camposporium, Chaetomium, Chaetophoma, 
Chalara, Chrysosporium, Diatrype, Engyodontium, Epicoccum, Eurotium, 
Exophiala, Fusarium, Geotrichum, Gliocladium, Gymnascella, Helminthosporium, 
Hormoconis, Lecythophora, Malbranchea, Myceliophthora, Monodictys, Nectria, 
Paecilomyces, Papulaspora, Phialophora, Phoma, Racodium, Rhinocladiella, 
Scolecobasidium, Scopulariopsis, Stachybotrys, Sepedonium, Sphaeronaemella, 
Sporothrix, Sporotrichum, Stephanosporium, Thelebolus, Thysanophora, 
Trichoderma, Trichophyton, Tritirachium, Ulocladium, Verticillium, Wardomyces, 
Xylohypha, and mycelia sterilia (Vishniac 1993; Azmi and Seppelt 1998; Ivanushkina 
et al. 2005; Kurek et al. 2007; Ozerskaya et al. 2008, 2009; Stakhov et al. 2008).
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1.4.7  On Herbivore Dung

Although Chaetomium is not a strictly coprophilous fungus genus, the diversity of 
representatives of the genus Chaetomium on dung is continuously represented in 
studies of dung fungi diversity worldwide. One of the most representative and recent 
research on the occurrence of this genus on dung, and that was precursor of others, 
was developed by Doveri (2004, 2011).

This author presented important contributions to the study of the genus occurring 
as fimicolous, with detailed diagnosis, substrate preferences, and descriptions of 
new species, some occurring exclusively on dung (Doveri 2008, 2013, 2016). For 
Chaetomium species recorded on dung, Doveri (2004) presented a representative 
selection of species reported from dung at least once until 2004. In 2008, the author 
presented an updated key to coprophilous species recorded from Italy (Doveri 
2008), followed by another updated key to Chaetomium on dung, with new descrip-
tions and records (Doveri 2013). These publications are, undoubtedly, important 
guides to taxonomy and biogeography of Chaetomium species that occur on dung. 
However, a most deep search in dung substrates, allied to phylogenetic approaches, 
can obviously improve our knowledge about this genus, including possibility of 
new species on this substrate. Abdel-Azeem and Salem (2015) studied the coprophi-
lous fungi in arid Sinai of Egypt, and they recorded seven species of Chaetomium 
on camel, donkey, and goat dung. Doveri (2018) provided an updated key to sexual 
morph genera of Chaetomiaceae, where a new species of the related genus 
Chaetomidium (C. vicugnae Doveri) from sample of vicuña dung (Vicugna vicugna 
Molina 1782) is described. For more detail, please refer to Chap. 4.

1.4.8  Living Plants, Lichens, and Animals

Endophytes colonize symptomlessly the living, internal tissues of their host, even 
though the endophyte may, after an incubation or latency period, cause disease 
(Petrini 1991). In the literature, the term “fungal endophytes” is normally used to 
describe fungal organisms, which, in contrast to mycorrhizal fungi, reside entirely 
within the host tissues and emerge during host senescence (Rodriguez and 
Redman 2008).

Endophytic fungi have been classified into two groups based on differences in 
taxonomy, evolution, plant hosts, and ecological functions into clavicipitaceous, 
which are able to infect only some species of grasses, and non-clavicipitaceous, 
which are found in the asymptomatic tissues of bryophytes, ferns, gymnosperms, 
and angiosperms (Rodriguez et al. 2009).

There are 1.3 million species of endophytic fungi alone, the majority of which 
are likely found in tropical ecosystems (Verma et al. 2014). There has been great 
interest in endophytic fungi as potential producers of novel biologically active prod-
ucts (Schulz et  al. 2002; Wildman 2003; Strobel and Daisy 2003; Tomita 2003; 
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Urairuj et al. 2003; Spiering et al. 2006; Manoharachary et al. 2013; Abdel-Azeem 
et al. 2016a, 2018).

Unique species of endophytic fungi with a wide range of potential practical 
applications in plant protection as repellents, insecticides, antimicrobials, anthel-
mintics, and vermicides have been found (Strobel et al. 2008; Vega et al. 2008). In 
the last 5 years, endopytic fungi as a source of new drugs have been attracted many 
researchers world-wide as producers of anticancer, antimicrobial, antirheumatoid, 
liver protection, and antioxidant compounds and also in a biotransformation process 
(Pimentel et  al. 2011; Salem and Abdel-Azeem 2014; Abdel-Azeem et  al. 
2016a, 2018).

Species of Chaetomium as a member of non-clavicipitaceous endophytes 
attracted the attention of researchers as effective producers of bioactive metabolites. 
Such studies may result in the description of new Chaetomium species, e.g., Sharma 
et  al. (2013) described C. jatrophae as a new species recovered from Jatropha 
podagrica in India. Also Blanchette et al. (2017) and Abdel-Azeem et al. (2018) 
recovered new Egyptian and African records of Chaetomium, namely, C. iranianum 
and C. grande, respectively.

In 2008, Abdel-Lateff produced chaetominedione as a new tyrosine kinase inhib-
itor isolated from the algicolous marine fungus Chaetomium sp. This fungus was 
recovered from seaweed Valonia utricularis, collected from the waters around the 
Azores (Atlantic Ocean).

Abdel-Azeem and Salem (2012) studied the laccase-producing fungi in Egypt 
and by screening sources under investigation, namely, soil, wood, seaweeds, sponge, 
ascidia, drifted decaying wood, plants and miscellaneous materials it was possible 
to encounter as many as 60 species belonging to 33 genera. Zygomycota represented 
by 6 species (10.16% of the total species number), teleomorphic Ascomycota by 9 
species (15.25%), anamorphic Ascomycota by 44 species (74.57%), and 
Basidiomycota by 1 species (1.69%). Soil showed the highest Simpson’s species 
diversity index of 0.83, while contaminated wax samples and Adiantum capillus- 
veneris showed the lowest value (0). All isolated taxa were tested for laccase pro-
duction using a qualitative plate assay method by using guaiacol as color indicator. 
Sixteen isolates showed positive reaction indicating a lignin-degrading potentiality, 
and out of them, eight measured the highest zone diameter with high oxidation 
scale. The most promising taxa were endophytic, namely, Chaetomium globosum, 
Phoma exigua, Thanatephorus cucumeris, and Sordaria fimicola. pH 7, incubation 
temperature 30 °C, 1% maltose, and 0.3% peptone supported the highest biomass 
and laccase production for Chaetomium.

Mustafa et al. (2013) exploited some Egyptian endophytic taxa for extracellular 
biosynthesis of silver nanoparticles. They isolated endophytic fungi from medicinal 
plants in arid Sinai. Their results showed that Zygomycota represented by 2 species 
(9.5% of the total species number), teleomorphic Ascomycota by 3 species (14.2%), 
and anamorphic Ascomycota by 16 species (76.19%). The prevailing genera were 
Aspergillus (3 species including anamorph stages of one Eurotium species; 14.28% 
of the total isolates) and Alternaria (2 species, 9.5%). The remaining taxa were 
represented only by one species each. The most abundant species were Alternaria 
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alternata (41.6%), Nigrospora oryzae (38.3%), and Chaetomium globosum (11.1%). 
A total 13 species belonging to 11 genera were screened for the production of 
AgNPs. They recorded that Aspergillus niger synthesized AgNPs in a moderate rate 
in comparison with other taxa.

In their extensive study on anticancer-producing endophytic taxa in Egypt, Salem 
and Abdel-Azeem (2014) were able to isolate Chaetomium atrobrunneum, C. bos-
trychodes, C. brasiliense, C. arinthiacum, C. globosum, C. gracile, C. hamadae 
(Udagawa) Arx, C. iranianum, C. mareoticum, C. murorum, C. nigricolor, C. per-
lucidum, C. piluliferum, C. senegalense, C. strumarium, and C. subspirilliferum 
from eight medicinal plants in Saint Katherine Protectorate, South Sinai, Egypt.

Jin et al. (2014) published their research articles titled “Pezizomycotina domi-
nates the fungal communities of South China Sea Sponges Theonella swinhoei and 
Xestospongia testudinaria” and they recorded C. globosum in their study.

Endolichenic fungi in lichens of Champawat district, Uttarakhand, northern 
India, have been the target of intensive study carried out by Suryanarayanan and 
Thirunavukkarasu in 2017. Eleven lichen species belonging to five families (two 
fruticose and nine foliose) growing on the bark of Quercus leucotrichophora trees 
from four forests of Champawat district, Uttarakhand state, northern India, were 
studied for their endolichenic fungal assemblage. In this study, they isolated species 
of Acremonium, Chaetomium, and Xylaria as endolichenic fungi, genera which are 
also common endophytes of plants.

1.4.9  Human

Infections caused by fungi are a significant contributor to morbidity and mortality 
in humans. These infections range from comparatively innocuous superficial skin 
diseases caused by dermatophytes to invasive life-threatening infections. 
Chaetomium species belong to a large genus of saprobic ascomycetes found on 
dung, straw, paper, bird feathers, seeds, and plant debris and in soil. Although 
Chaetomium species are rarely implicated in human disease, their spectrum of 
mycoses includes keratitis, onychomycosis, and sinusitis in immunocompetent indi-
viduals and empyema, pneumonia, and fatal disseminated cerebral disease in immu-
nocompromised hosts and intravenous drug users. Since many of the diseases 
caused by Chaetomium are opportunistic in nature, the pathogenesis of fungal infec-
tions is complex, and our understanding of how these taxa cause disease has lagged 
behind bacterial and viral pathogens. Despite being saprophytic ascomycetes with 
only occasional involvement in human disease processes, Chaetomium species are 
capable of inducing a broad spectrum of mycoses including onychomycosis, sinus-
itis, empyema, pneumonia, and fatal disseminated cerebral disease, especially in 
immunocompromised patients and intravenous drug users (Hoppin et  al. 1983; 
Anandi et al. 1989; Yeghen et al. 1996; Aru et al. 1997; Thomas et al. 1999).

Chaetomium atrobrunneum is a notably invasive, neurotropic species, and its 
ability to grow at elevated temperatures may contribute to its neurotropism (Stiller 
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et  al. 1992; Guarro et  al. 1995; Friedman 1998; Guppy et  al.1998; Rock 1998; 
Lesire et al. 1999). Thomas et al. (1999) described a case of fatal brain abscess due 
to C. atrobrunneum in a bone marrow transplant patient. The rapid progression of 
cerebral infection indicates that the brain tissue provides a favorable environment 
for growth and proliferation of the fungus.

Chaetomium strumarium is another invasive, neurotropic species. Abbott et al. 
(1995) reported three C. strumarium-related cases of fatal cerebral mycosis in males 
with prior histories of intravenous drug use from the USA and Australia. C. stru-
marium was detected by histopathology and isolated from the brain tissue. First 
case of phaeohyphomycosis caused by C. murorum in China by Lin and Li (1995). 

Chaetomium perlucidum is recently confirmed as a neurotropic species. Barron 
et al. (2003) documented the first two cases of invasive human mycoses caused by 
this phaeoid ascomycete. The first case concerned a 45-year-old female patient with 
acute myelogenous leukemia, who had an unrelated, 4/5 HLA-matched umbilical 
cord blood transplant. The patient became disoriented and febrile, and computed 
tomography of the chest revealed a 3 × 2 cm mass in the right lower lobe. After suf-
fering a massive right-sided intraparenchymal hemorrhage, the patient died. Autopsy 
revealed disseminated invasive fungal infection in the lungs, brain, and myocar-
dium; and cultures from the surgically obtained lung tissue yielded C. perlucidum. 
The second case involved a 78-year-old female with a history of asthma and chronic 
bronchiectasis. The patient underwent a lobectomy due to worsening symptoms, 
and cultures from the lung tissue grew C. perlucidum. The patient showed no further 
manifestations of disease after the lobectomy. For more detail, please refer to 
Chap. 5.

1.4.10  Decaying Wood

Wood decay by fungi is typically classified into three types: soft rot, brown rot, and 
white rot. Brown rot fungi are the most prevalent with regard to attack on conifer-
ous, structural wood products. The wood decayed by brown rot fungi is typically 
brown and crumbly, and it is degraded via both non-enzymatic and enzymatic sys-
tems. A series of cellulolytic enzymes are employed in the degradation process by 
brown rot fungi, but no lignin-degrading enzymes are typically involved. White rot 
fungi are typically associated with hardwood decay, and their wood decay patterns 
can take on different forms. White rot fungi possess both cellulolytic and lignin- 
degrading enzymes, and these fungi therefore have the potential to degrade the 
entirety of the wood structure under the correct environmental conditions. Soft rot 
fungi typically attack higher moisture and lower lignin content wood and can create 
unique cavities in the wood cell wall. Less is known about the soft rot degradative 
enzyme systems, but their degradative mechanisms are reviewed along with the 
degradative enzymatic and non-enzymatic systems known to exist in the brown rot 
and white rot fungi.
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In 1973, Kowalik and Sadurska (1973) studied the microbiota of papyrus from 
samples of Cairo museums. Different fungi imperfecti, Ascomycetes, and 
Actinomycetes were isolated from samples of papyrus of Cairo museums. They 
recovered many fungi such as Alternaria geophila, Botryodiplodia theobromae, 
Emericellopsis minima, Fusarium lactis, Helminthosporium sativum, 
Spondylocladium australe, some species of the genus Chaetomium, and some acti-
nobacteria related to genus Streptomyces which seemed to be specific for papyrus 
and/or for Egyptian climatic conditions. The genus Chaetomium and Emericellopsis 
may play a great role in decomposition of basic polymers of papyrus. Considering 
the nitrogen source of microbiota, it can be observed that papyrus-destroying micro-
organisms preferred ammonium to nitrate ions. It was found that papyrus-decompos-
ing microorganisms may grow equally well at 24–26 °C as at 30 °C and some fungi 
are growing even at 42  °C. The members of the genus Penicillium, which prefer 
rather low temperatures and are frequent inhabitants of paper, were isolated from 
papyrus only once. By using the method of paper sheets damped with a 10 percent 
ethyl alcohol solution of thymol, pentachlorophenol, dichlorophene, and p-chloro-
m-cresol as microbiocides, it could be concluded that only the last fungicide may 
assure the protection of papyrus. They recovered 12 species of Chaetomium: 
C. angustum, C. atrobrunneum, C. bostrychodes, C. cochliodes, C. elatum, C. fusi-
forme, C. globosum, C. indicum, C. ochraceum, C. olivaceum, C. trilaterale, and C. 
turgidopilosum.

Among the fungi commonly found in environmental studies performed in 
Archives and Museums, some of them display cellulolytic properties such as spe-
cies from the genera Trichoderma, Penicillium, Botrytis, Trichothecium, Phoma, 
Chaetomium, Aspergillus, Cladosporium, Stemphylium, Alternaria, Hormodendrum, 
and Aureobasidium. Among the proteolytic genera, one can find Aureobasidium, 
Chaetomium, Cladosporium, Botrytis, Trichoderma, Verticillium, Mucor, 
Epicoccum, and Gymnoascus (Pinheiro 2014). Aureobasidium, Botrytis, 
Chaetomium, Cladosporium, Epicoccum, and Mucor genera were identified in the 
present study, in both air and surface samples (Paiva  de Carvalho et  al.  2018). 
Regarding the wooden sculptures, Chaetomium globosum Kunze and P. copticola 
were the most frequent fungal species in the study carried out by Paiva de Carvalho 
et al. (2018) on fungal contamination of paintings and wooden sculptures inside the 
storage room of a museum. Moreover, Aspergillus sclerotiorum G.A. Huber and 
Penicillium oxalicum Currie & Thom were exclusively found on wooden sculptures 
samples and not in any of the air samples.

In 2019, Abdel-Azeem et  al. studied assessment of biodegradation in ancient 
archaeological wood from the Middle Cemetery at Abydos, Egypt. Abydos is a 
large, complex archaeological site located approximately 500 km south of Cairo in 
Upper Egypt. The site has served as a cemetery for thousands of years and is where 
most of the Early Dynastic royal tombs are located. North Abydos includes the 
Middle Cemetery and the North Cemetery, which are separated from each other by 
a wadi. The Middle Cemetery was the burial ground for important Sixth Dynasty 
(2407–2260 BC) officials and over time for thousands of elite and non-elite indi-
viduals as well. Excavations at the core area of the Old Kingdom mortuary land-
scape have revealed many culturally important wooden objects, but these are 
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often found with extensive deterioration that can compromise their preservation. 
The objectives of this study were to characterize the biodegradation that has taken 
place in excavated wooden objects, elucidate the type of wood degradation present, 
obtain information on soil properties at the site, and identify fungi currently associ-
ated with the wood and soils. Light and scanning electron microscopy studies were 
used to observe the micromorphological characteristics of the wood, and culturing 
on different media was done to isolate fungi. Identification of the fungi was done by 
examining morphological characteristics and extracting rDNA from pure cultures 
and sequencing the ITS region. Wooden objects, made from Cedrus, Juniperus, and 
Acacia as well as several unidentified hardwoods, were found with extensive degra-
dation and were exceedingly fragile. Termite damage was evident, and frass from 
the subterranean termites along with sand particles was present in most woods. 
Evidence of soft rot attack was found in sections of wood that remained. Fungi 
isolated from wood and soils were identified as species of Aspergillus, Chaetomium, 
Cladosporium, Fusarium, Penicillium, Stemphylium, Talaromyces, and Trichoderma. 
Results provide important information on the current condition of the wood and 
give insights to the identity of the fungi in wood and soils at the site. These results 
provide needed information to help develop conservation plans to preserve these 
degraded and fragile wooden objects. For more detail, please refer to Chap. 15.

1.5  Conclusion

The studies discussed above reflect that the genus Chaetomium can be characterized 
with high adaptability to various ecological environments. However, it is important 
to mention that the results of any study aimed at the examination of Chaetomium 
biodiversity should always be evaluated in the context of the developmental stage of 
Chaetomium taxonomy and the species identification methods available at the time 
of the publication of the respective paper. Due to the constant development of the 
taxonomy of the genus and the description of new species, more recent examina-
tions of a specific habitat may reveal higher biodiversity of the genus and refine the 
results of previous studies. By introducing new techniques and methods in biodiver-
sity studies during the past two decades, the amount of information available about 
the distribution of Chaetomium taxa is constantly growing; therefore, it can be 
expected that the biogeography of the genus will be understood more deeply in the 
near future.
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Chapter 2
Developmental Morphology 
of Chaetomium and Chaetomiopsis

Ahmed M. Abdel-Azeem

2.1  Introduction

The morphology of the ascomata of Ascomycetes has been used as an important 
tool for the classification of these fungi at generic and suprageneric levels. 
Mycologists usually recognize five or six ascoma types based on their shape, the 
presence of an ostiole, and the peridial structure. According to Webster and Weber 
(2007), the following ascomata are encountered: cleistothecia, perithecia, apothe-
cia, gymnothecia, and pseudothecia (Fig. 2.1).

In higher forms of Ascomycetes, sexual reproduction results in the formation of 
several types of ascocarps showing basic differences from one class to another. 
These differences are used as key characters in the classification of the subdivision 
Ascomycotina down into classes.

Luttrell (1951) erected a taxonomic system for Ascomycetes based on the  
structure of the asci and the ascoma centrum, which included all the structures 
within the peridial wall. He divided the class Ascomycetes in four subclasses: 
Plectoascomycetidae, Hymenoascomycetidae, Loculoascomycetidae, and 
Laboulbenioascomycetidae (arthropod biotrophs with ascomata lacking hyphae).

Perithecia are the typical product of sexual reproduction in the class 
Pyrenomycetes. The ascoma development is usually initiated with the formation of 
an ascogonial coil as a side branch of vegetative hyphae. The ascogonial coil (devel-
oping later into centrum) is subsequently enveloped by sterile hyphae (developing 
later into a multiseriate wall usually referred to as peridium), resulting in the forma-
tion of a protoperithecium. Luttrell (1951) introduced the term bitunicate for asci 
showing two distinct walls and also recognized eight types of centrum, viz., 
Dothidea type, Pleospora type, Elsinoe type, Diaporthe type, Ophiostoma type, 
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Xylaria type, Nectria type, and Phyllactinia type, and discussed the systematic of 
Pyrenomycetes based on centrum types.

Genera of the family Chaetomiaceae belong to Xylaria-type centrum (Luttrell 
1951; Parguey-Leduc and Janex-Favre 1981). In this type, ascogonia develop either 
freely on the mycelium or from the somatic hyphae within stroma. Branches from the 
ascogonial stalk cells or from subtending hyphae grow out and form an ascocarp wall. 
Paraphyses grow upward from the base and inward from the sides of the ascocarp 
wall, and the pressure they exert is thought to function in expanding the ascocarp and 
creating a central cavity. Growth of paraphyses in the upper part of the ascoma toward 
the apex creates an ostiole. The club-shaped or cylindrical asci arising from the asco-
gonium, now within the ascocarp at its base, grow among paraphyses and form their 
spores. Paraphyses may persist until the spores are expelled from the ascoma, or may 
gelatinize at an early stage, leaving the mature ascoma without paraphyses.

In the light of this, the presence or absence of paraphyses is not regarded as  
an important taxonomic character for taxa above the genus level (Guarro and 
Figueras 1989).

Fig. 2.1 Different types of ascocarp, diagrammatic and not to scale. (a) Gymnothecium made 
up of branched hyphae which do not completely enclose the asci. (b) Cleistothecium completely 
enclosing the asci which are formed throughout the ascocarp. There is no opening. (c) 
Apothecium, an open cup lined by a layer of asci and associated structures forming the hyme-
nium. (d) Perithecium with a layer of asci at the base. It opens by a pore or ostiole. Its wall or 
peridium is made up of flattened cells. (e) Pseudothecium. The asci are formed within locules in 
a pseudoparenchymatous ascostroma. There is no peridium. (After Abdel-Azeem 2003)
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Although the internal features of perithecium development have been the object 
of numerous studies (Huang 1976; Mai 1976, 1977; Jensen 1981, 1982; Huang and 
Luttrell 1982; Sanni 1982, 1983; Read and Beckett 1985), the external features and 
its morphogenesis have received little attention (Seale 1973; Harris et  al. 1975; 
Hock et al. 1978; Read 1983).

The developmental steps of external and internal structures until the formation of 
the mature ostiolate ascomata have also been followed in some species of 
Chaetomium using different types of microscopy including light, TEM, and SEM 
(Ellis 1981a; Figueras and Guarro 1988a, b). Other ultrastructural studies on 
Chaetomium have dealt with peridia surfaces, peridial hairs, septal pores, and asco-
spores (Hawksworth and Wells 1973; Millner et al. 1977; Ellis 1981b, 1982; Rosing 
1982; Guarro and Calvo 1982; Guarro and Figueras 1985, 1989).

External and internal structures of sexual fruit bodies are of major importance in 
the classification of Ascomycetes into orders and families (Ainsworth 1973). 
Morphological criteria relate to ascocarp form (globose, ovoid, barrel, ostiolate, or 
non-ostiolate), texture (peridium loose or pseudoparenchymatic), glabrous (smooth), 
or tomentose (covered with characteristic appendages). Internal features, on the 
other hand, stress on centrum type, ascus form, ostiolar region, paraphyses, periphy-
ses, and mode of ascospore discharge.

Chaetomiopsis dinae is a new Pyrenomycete genus described by Moustafa and 
Abdul-Wahid (1990) as a new member of the family Chaetomiaceae. In this chapter, 
I will discuss the results of ascocarp development and ascospore morphology of 
Chaetomiopsis dinae in order to reveal its relationship with the other members of 
the family for the first time.

2.2  Preparation of Samples for Light and Electron 
Microscopy

To throw some light on the above-mentioned criteria, Chaetomiopsis dinae have 
been grown on oatmeal agar at 30  °C as recommended by Abdel-Azeem et  al. 
(2018). Pieces of agar bearing ascomata at different stages of development (2, 4, 6, 
8, and 10 days old) were removed, fixed, and subjected to examination by light, 
transmission electron microscopy, and scanning electron microscopy (Abdel- 
Azeem et al. 2018).

Specimens, fixed in 3 absolute ethanol:1 glacial acetic acid (v/v) for 3 days, were 
dehydrated in Johansen’s (1940) t-butanol series and embedded in paraffin and 
thereafter sectioned at 5 μm thick. Sections were brought down to water, stained 
with Mayer’s hematoxylin using eosin Y as a counterstain (Sheehan and Hrapchak 
1980), and finally mounted in Canada balsam.

The technique described by Figueras and Guarro (1988b) for preparation of fun-
gal samples for SEM and TEM studies has been followed. According to this tech-
nique, pieces of agar (2 × 2 mm) bearing ascomata at different stages of development 
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(as mentioned before) were removed and immersed in 2% glutaraldehyde solution 
in 0.1 M phosphate buffer over night at 5 °C and then rinsed with the same buffer 
solution and post fixed with 1% phosphate buffered OsO4 for 4–12 h at 5 °C in the 
dark. Fixed materials were again washed in the same buffer and dehydrated by 
15-min changes in a graded series of ethanol. After dehydration, the material was 
embedded in Epon “812” resin. The ultrathin sections were transferred to grids, 
stained with uranyl acetate and Reynolds Pb citrate, and examined by Hitachi SL 72 
P Microscope. Sections of 1 μm thick were stained with 1% aqueous toluidine blue 
for light microscopy.

Specimens were kept in 100% ethanol for 2  h and then successively trans-
ferred to mixtures of amyl acetate-ethanol in which concentration of the first sub-
stance (amyl acetate) was gradually increased through six steps until 100%. 
Specimens were then critical point dried with CO2 using Polaron E 3000. After 
drying, specimens were mounted onto aluminum stubs and then coated with 
approximately 100–200  Å of gold-palladium in a Polaron sputter coater. 
Micrographs of textura, appendages, and ascospores were taken with a JEOL 
JSM 840 at 15 kV.

2.3  Volume Determination

To study the expansion rate of ascomata, a total number of 100 specimens, at differ-
ent developmental stages, were examined according to Abdel-Azeem (1998). The 
volumes of each of the following elements have been considered for comparison: 
ascoma, centrum, and peridium (Fig. 2.2).

Ascoma Volume
Since the ascomata of Chaetomiopsis dinae are essentially globose, the ascoma 
volume is equivalent to a volume of a sphere which is normally determined by the 
formula:

 V r= 4 3 3/ .π  

where r = radius of the whole ascoma (in μm).

Centrum Volume
Exactly as ascoma volume except for the value of (r) which is equivalent to the 
radius of the centrum only.

Peridium Volume
Peridium volume was determined as follows:

 Peridium volume volume of ascoma volume of centrum= − .  
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2.4  Structure of the Ascogonium and Formation 
of the Ascoma

Ascogonia in this taxon are formed by specific type of initials that emerge as lat-
eral branches from the vegetative hyphae (Fig. 2.3). These initials develop into 
irregular tight coils, forming sessile ascogonia (Fig. 2.4). Proliferation of initials 
takes place leading to the appearance of loosely packed young ascomata with hair-
like appendages radiating in all directions (Fig. 2.5). With increasing size, some 
ascomata tend to be more ovoid and appendages became longer and denser par-
ticularly in the upper third of the ascoma (Fig. 2.6).

The underlying inner layers of hyphae below appendages flatten and cohere 
transforming into pseudoparenchymatous cells. At this stage, the ascoma is inter-
nally undifferentiated, just consisting of pseudoparenchymatous cells character-
ized by very reduced intercellular spaces (Fig.  2.7). Cells of the ascoma at  

Fig. 2.2 Diagrammatic representation of vertical section through C. dinae mature ascoma. (© 
Abdel-Azeem et al. 2018)
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this stage tend to be smaller, more pigmented in the outside and larger, and less 
pigmented to the inside. The outermost layers of cells around the ascoma are dis-
tinctly lobed (Fig. 2.8).

By time, the central part of the ascoma starts showing differentiation. It becomes 
occupied by ascogenous hyphae, and at this phase an initial cavity becomes already 
visible (Fig. 2.9).

Fig. 2.3 Initials emerging as lateral branches (early phase) of Chaetomiopsis dinae

Fig. 2.4 Ascogonial coil irregularly curled about itself (SEM)
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Fig. 2.5 Loosely packed young ascoma with radiating appendages of prominent roughness (SEM)

Fig. 2.6 Mature ovoid 
ascoma showing tuft of 
undulate appendages at its 
apex (SEM)
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In some cases, a fine mycelium grows and interweaves between the peridial hairs 
of the developing ascoma (Fig. 2.10). At a later stage, the ascoma becomes more 
ovate and the peridial hairs of the apical part seem to proliferate more than the rest, 
reaching a great length (see Fig. 2.6).

Fig. 2.7 Cross section in very young ascoma showing large-sized cells at the center and small- 
sized outside (light microscopy)

Fig. 2.8 SEM showing 
distinctly lobed peridial 
cells with emerging 
tuberculate appendages
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2.5  Structure of the Peridium

Like Chaetomium and other related Pyrenomycetes that have been investigated 
before, the peridium of Chaetomiopsis originates from specialized hyphal branches 
emerging from the ascogonium itself or from the adjacent hyphae. Growth and 
expansion of these enveloping hyphae (peridium) usually contribute to the forma-
tion of the ascoma in which the external cell layers normally become thicker and 
more pigmented. The inner layers of the peridium are consisted of thin-walled, 

Fig. 2.9 Cross section in ascoma showing early differentiation into a fertile part constituting 
ascogenous hyphae and an outer sterile part developing into a peridium (light microscopy)

Fig. 2.10 Fine mycelia (referred to by arrows) traveling between peridial hyphae (SEM)
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pseudoparenchymatous cells, surrounding the ascogenous hyphae and derived 
structures, forming all together the so-called centrum.

2.5.1  Peridium in Surface View

Generally, in young ascomata, the external layer is a primitive network of interwo-
ven short hyphae or lobed cells with reduced intercellular spaces, while in the 
underlying layers, cells become larger and intercellular spaces become more evi-
dent (Fig. 2.11). In mature ascomata, the remains of the primitive outer layer still 
retain a hyphoid nature but with bigger intercellular spaces, through which the 
underlying layers can be observed (see Fig. 2.12). It is difficult to ascertain whether 
the hyphoid layer is the remains of the primitive outer layer that was separated by 
the expansion of ascoma, or if they are the result of the growth of the hyphal tips that 
surround the developing ascoma.

Close-up examinations of peridial cells by SEM (Fig. 2.12) and squash prepara-
tion by light microscopy (Fig. 2.13) clearly show a peridium of textura-intricata type.

2.5.2  Peridium in Section

Cross sections in developing ascomata show typically pseudoparenchymatic perid-
ium constituting 7–9 layers of cells arranged more or less periclinally in parallel 
rows. Cells of inner rows are more elongated, while those of outer rows tend to be 

Fig. 2.11 Cross section showing outer peridium of small-sized, more pigmented cells and inner 
large-sized cells with developing intercellular spaces (referred by arrows)
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more isodiametric (Fig. 2.14). Cells of the external layers are irregular, more or less 
rounded, non-apiculate, and loosely packed. The intercellular spaces are relatively 
big and strongly pigmented (Fig. 2.15). The innermost cell layers of the peridium 
(Fig. 2.16) are obviously flattened, with reduced intercellular spaces and thin walls. 
The whole peridium shows an average thickness of 10–35 μm. The thickness of the 
peridium, however, is not usually uniform all round. It is usually broader at the base 
as well as the ostiolar region (Fig. 2.17).

Fig. 2.12 SEM close-up showing lobed cells and intercellular spaces (textura-intricata)

Fig. 2.13 Peridial cells in a squash preparation (light microscopy)
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Fig. 2.14 Cross section of an ascoma showing thick peridium consisting of periclinally arranged 
cells

Fig. 2.15 Outermost 
layers of a peridium 
showing round cells and 
heavily pigmented 
intercellular spaces (TEM)
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Fig. 2.16 Innermost layers of a peridium showing flattened cells of reduced intercellular spaces 
ad thin walls (TEM)

Fig. 2.17 Vertical section 
showing a peridium, thick 
at the base as well as at the 
ostiolar region (light 
microscopy)
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2.6  Peridial Hairs (Morphology and Ultrastructure)

Peridial hairs of Chaetomiopsis dinae originate from the surface and/or subsurface 
layers of the peridium (Fig. 2.18). They are dark-pigmented, long, dichotomously 
branched, mostly undulate to wavy to sinuous, and very frequently loosely coiled. 
Their surface texture ranges from verrucose to coarsely roughened to tuberculate. 
They are septate, brown, and thick at the base (4–5 μm wide), tapering toward 
the tip.

Wall ornamentations (tubercles) appear hemispherical when intact, turning into 
cup to funnel-shaped structures upon dehiscence (Figs. 2.19 and 2.20). These orna-
mentations are formed by the blebbing to the outside of a thin cuticle that cover the 
wall (Figs. 2.21 and 2.22). The cell wall comprises an inner, thin, less electron- dense 
zone and an outer, thick, electron-dense, heavily pigmented zone (see Fig. 2.19).

2.7  Development of Ostiolar Apparatus

The first sign of differentiation of the ostiolar apparatus starts by a prominent 
increase in the thickness of the peridium at the apical part of the ascoma due to 
meristematic activity. Continuous activity in the meristematic zone and simulta-
neous proliferation of resulting cells to the outside lead to the appearance of a 
relatively broad ostiolar region (Fig. 2.23). The opening of an ostiolar canal is 
soon initiated. At maturity, the ostiolar region becomes papillate to short-necked 
and  usually surrounded by a crown of peridial hyphae (Fig. 2.24).

Fig. 2.18 Cross section showing peridium of regular thickness and dark-pigmented peridial hairs 
emerging from the surface and subsurface cells (light microscopy)
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Fig. 2.19 TEM cross 
section showing in a 
peridial hair showing a cup 
to funnel-shaped structures 
(white arrow refers to the 
inner less electron-dense 
layer, while black arrow 
refers to the outer thick 
electron-dense layer)

Fig. 2.20 L.S in peridial 
hair showing intact and 
ruptured tubercles (TEM)
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Fig. 2.21 Peridial hair 
showing intact, 
hemispherical 
ornamentations of various 
sizes (SEM)

Fig. 2.22 Peridial hair 
showing dehisced 
ornamentations (SEM)
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Fig. 2.23 Vertical section 
in an ascoma showing 
meristematic activity in the 
ostiolar region (light 
microscopy)

Fig. 2.24 Top view showing a crown of peridial hyphae surrounding the ostiolar region; the osto-
lar canal is referred to by an arrow (SEM)
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2.8  Ascospores

Ascospores are dark olive colored when young, becoming dark brown at maturity, 
globose to subglobose or ellipsoidal to irregular, bilaterally flattened, with rounded 
ends (Fig. 2.25), 18–24 × 14–16 μm. They are characterized by prominently pitted 
walls (Fig. 2.26) and one to two (sometimes more than two) subapical to lateral 
germ pores, 1.5–2.0 μm wide (Figs. 2.27 and 2.28).

2.9  Expansion of the Ascoma

Expansion of the ascoma up to 60 μm (Fig. 2.29) is due to an increase in the number 
of cells of both wall and centrum along with some increase in their volume. 
Enlargement of wall cells become more evident after the ascoma reaches 60 μm in 
diameter and probably continues until maturity of the ascoma.

Both wall and centrum are composed of pseudoparenchymatic cells. However, 
cells of the wall are relatively narrow, thick-walled, flattened periclinally, and more 
pigmented especially in the outermost layers, while cells of the centrum tend to be 
wider, thin-walled, and less pigmented.

Fig. 2.25 Ascospore 
(SEM) showing rounded 
ends
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Fig. 2.26 Ascospores of 
variable shapes showing 
pitted walls (light 
microscopy)

Fig. 2.27 Ascospore with two germ pores indicated by two germ tubes (SEM)

Fig. 2.28 Ascospore with single germ pores indicated by one germ tube (SEM)
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Data of Table 2.1 show clearly that the ascoma volume increases from sevenfolds 
to about tenfolds when the radius doubles. This is evident in the majority of cases, 
e.g., in ascomata numbers 8 and 4:

Volume of ascoma No. 8 = 327708.87 = 7.47-fold
Volume of ascoma No. 4 43823.95

Similarly, in ascomata 15 and 8:

Volume of ascoma No. 15 = 3126360.47 = 9.5-fold
Volume of ascoma No. 8 327708.87

Table 2.1 also indicates that the peridium volume constitutes a substantial part of 
the total volume of the ascoma. In young ascomata (i.e., 2 days old), it has an aver-
age ratio of 94.48%; in intermediate ascomata (i.e., 4 days old), it attains an average 
of 86.24%; while in mature ascomata (i.e., 6 days), it accounts for 71.65% of the 
ascoma volume. The peridium volume increases six- to eightfolds as the radius 
doubles (wall volume of ascoma No. 8 is 6.8 times greater than that of ascoma No. 
4; in ascoma No. 15 is 7.2 times greater than that of ascoma No. 8).

The peridium continues to increase in thickness until it reaches a maximum of 
about 35.5 μm diameter forming a maximum number of eight layers of cells (see 
Fig. 2.14).
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2.10  Discussion

It is well known that the development of ascomata in the genus Chaetomium is vari-
able. Two main patterns have been introduced by Whiteside (1957): one of them is 
designated as Chaetomium globosum type and the other as Chaetomium brasiliense 
type. Some intermediate patterns, however, have also been illustrated by Seth (1969).

The initials described here for Chaetomiopsis dinae agree to some extent with 
the developmental pattern characteristic of Chaetomium globosum type. In 
Chaetomiopsis, a sessile or slightly stalked ascogonium coils about itself in an 
irregular fashion. This type of perithecial initiation has also been reported in many 
other Chaetomium species such as C. trigonosporum (Corlett 1966), C. erraticum 
(Cooke 1969a), and C. repens (Figueras and Guarro 1988b). No resemblance exists 
between the initials of Chaetomiopsis and those of C. brasiliense type (described by 
Whiteside 1957) where a stalked and spirally coiled ascogonium are the most char-
acteristic features. Nevertheless, the formation of mycelial hairs associated with the 
development of ascomata of C. brasiliense type (Whiteside 1957) have also been 
noticed in our taxon. Therefore, Chaetomiopsis from the developmental point of 
view represents an intermediate state between C. globosum type and C. brasiliense 
type. This observation has also been reported by several authors such as Seth (1969), 
Cooke (1972), and Figueras and Guarro (1988a, b) whom all admitted that mycelial 
hair production is likely a species character rather than a concrete pattern of asco-
gonial development.

Ascoma expansion in the genus Chaetomium have been interpreted, by some 
authors, as a multiplication and enlargement of hyphal cells that surround the asco-
gonium (Whiteside 1961; Corlett 1966; Cooke 1969a, b, 1970, 1972). This growth 
region is first localized all over the surface as well as in the central part of the 
ascoma but soon becoming restricted to the apical surface as well as the central part 
(Froeyen 1980).

In Ascomycetes, asci are usually formed as a result of plasmogamy. Asci in some 
members either remain singly or aggregate in clusters especially when produced by 
ascogenous hyphae. In the majority of Ascomycetes, however, asci are borne in 
ascocarps where they are protected by uni- or multiseriate peridia.

According to Talbot (1971), the ascocarp tissues may be differentiated around 
the sex organs after plasmogamy or the ascocarp tissues develop first, forming a 
stroma within which the sex organs appear later. All the tissues and structures 
enclosed by the peridium are collectively known as the centrum of the ascocarp; 
thus, the centrum includes sex organs, ascogenous hyphae, asci, and sterile tissues.

Regarding development of the central cavity within the ascoma of the genus 
Chaetomium, there are two trends, namely, either before the differentiation of asci 
as reported by Corlett (1966) for C. trigonosporum and Figueras and Guarro (1988b) 
for C. repens or after the differentiation of asci as reported for C. globosum 
(Whiteside 1961), C. elatum (Moreau and Moreau 1954), and C. erraticum (Cooke 
1969a). Development of the central cavity in the new taxon (Chaetomiopsis dinae) 
belongs to the former trend, i.e., before the differentiation of asci.
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The surface view of peridium (very frequently referred to as textura) has been 
accepted as a useful key character to discriminate between ascomata.

Textura in the family Chaetomiaceae as well as many other Pyrenomycetes have 
been extensively studied by Korf (1973), von Arx et al. (1986), Cannon (1986), and 
Guarro and Figueras (1989). They noticed that though textura is a variable charac-
ter, it generally tends to be a species rather than a genus character. In the genus 
Chaetomium, for instance, textura ranges in the majority of species between intri-
cata and epidermoidea, while other textures like angularis, prismatica, and globu-
losa might be present but in rare cases. In some genera like Subramaniula, 
Achaetomium, Achaetomiella, and Thielavia, more than one type of textura has 
been observed (von Arx 1975; Cannon 1986).

The ostiolar region of Chaetomiopsis dinae is very related to some Chaetomium 
species. According to the developmental patterns introduced by Guarro and Figueras 
(1989), our taxon belongs to the Chaetomium globosum type where the meriste-
matic activity in the ostiolar region results in the development of an erumpent struc-
ture intermediate between papilla and short-neck. The development of ostiolar canal 
in Chaetomium and related Ascomycetes has been interpreted as usually due to a 
schizogenous process in the apical region resulting from internal pressure expressed 
by developing asci (Corlett 1966).

The morphology and ultrastructure of peridial hairs, as a taxonomic character in 
the family Chaetomiaceae, has been considered by Hawksworth and Wells (1973) 
and Ellis (1981b).

On the morphological basis of hairs, most authors divided species of the genus 
Chaetomium into six to ten groups (Skolko and Groves 1953; Ames 1963; Seth 
1968a, b; Millner 1975), while on ultrastructural basis ten categories of ornamenta-
tions were noticed (Hawksworth and Wells 1973).

The formation of hair ornamentation (= excrescences) occurs in the same way as 
described by Guarro and Figueras (1983, 1985). These ornamentations develop as 
an outside blebbing of the outer layer, dragging with it the deposited dark pigment 
of the wall. Figueras and Guarro (1988b) designated this outer layer as a cuticle.

In the light of peridial hair morphology and ornamentation, Chaetomiopsis dinae 
is very related to Chaetomium repens (Figueras and Guarro 1988b) except for 
dichotomous branching.

Ascospores are relatively large (18–24 μm long), with prominently pitted walls, 
irregular in shape, with rounded surfaces (usually referred to as non-apiculate), 
bilaterally flattened, showing two distinct, subapical to lateral germ pores. Like all 
Chaetomium species, ascospore discharge in C. dinae is passive, i.e., oozing out in 
the form of sticky mass or cirrhus.

It should be noted finally that ascospore ornamentation represents the main  
element that supports the erection of the new taxon Chaetomiopsis as a genus.  
On casual examination, the new taxon may be confused with some Chaetomium 
species especially those showing related non-apiculate ascospore type. However, 
wall pitting might be considered as a limiting character (Moustafa and Abdul-
Wahid 1990). Chaetomium species showing morphologically related ascospores 
(i.e., non- apiculate) are C. madrasense, C. megalocarpum, C. nozdrenkoae, and 
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C. varisporum. On one hand, C. madrasense produces relatively small  
ascospores (9–11 × 7–9 μm) with single germ pore, while the other three species 
produce also smaller ascospores never exceeding 16 μm in length, with double 
germ pores (von Arx et al. 1986).
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Chapter 3
Molecular Approaches for Analyzing 
Environmental Chaetomium Diversity 
and Exploitation of Chaetomium 
thermophilum for Biochemical Analyses

Amr A. Elkelish and Ahmed M. Abdel-Azeem

3.1  Introduction

Fungi show the greatest eukaryotic diversity on the planet with their conservatively 
estimated 1.5 million species, and they are one of the primary decomposers in the 
ecosystem (Capote et al. 2012). Fungi behave as both friends and foes. Many spe-
cies of fungi are beneficial to human, vegetal, animal, and environmental health 
because of its economic, medical, and commercial uses. However, many of them are 
harmful because of its ability to act as pathogen and cause diseases.

Basic methods used to detect the organism mostly rely on microscopic, cultural, 
and morphological approaches that require extensive time, labor, and classical tax-
onomy knowledge (Nilsson et  al. 2011). These approaches, although the corner-
stone of fungal diagnostics, can lead to the unreliable results due to problems in 
identification. Additionally, experts and specialist skilled in fungal identification are 
required for effective results (Chalupová et al. 2014).

Due to the conventional method limitations, molecular techniques came in use 
for the investigation of identification and classification problems. A high variety of 
molecular methods are increasingly becoming valuable tools in all aspects of fungal 
diagnostics. These techniques include immunological methods, nucleic acid-based 
probe technology, and polymerase chain reaction (PCR) technology. The aforemen-
tioned methods (microscopic, cultural, and morphological approaches) based on 
phenotypic characters, while the latter methods (immunological methods, nucleic 
acid-based probe technology, and polymerase chain reaction (PCR) are based on 
genotypic characters, which give fast, highly specific, effective, and potentially 
more accurate results. In contrast to the basic methods, isolation of organism does 
not require culturing (Badali and Nabili 2012; Spring and Thines 2010).

A. A. Elkelish (*) · A. M. Abdel-Azeem 
Botany Department, Faculty of Science, Suez Canal University, Ismailia, Egypt
e-mail: amr.elkelish@science.suez.edu.eg; ahmed_abdelazeem@science.suez.edu.eg

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31612-9_3&domain=pdf
mailto:amr.elkelish@science.suez.edu.eg
mailto:ahmed_abdelazeem@science.suez.edu.eg


106

When the morphological characters are not visible, enzyme-linked immunosor-
bent assay, an immunological method, was applied for the quantification and detec-
tion of fungi. These immunological methods rely on antigen–antibody reaction 
coupled with a fluorescent dye or enzyme and have become available for simple and 
rapid results (Mostafa et al. 2012; Peruski and Peruski 2003). Although the produc-
tion of antibodies is generally successful for viruses, it is less well for complex 
organisms such as fungi. Additionally, it is difficult and expensive to produce highly 
specific antibodies. These methods working reliably only at the genus level is 
another limitation. Specificity and accuracy is most important in diagnostics appli-
cations and this may restrict the use of immunological methods (Borman et  al. 
2008). Nucleic acid-based methods allow the determination of closely related spe-
cies and detect the minute quantity pathogen when no visible sign is present. In 
molecular methods, DNA/RNA probe technology includes southern hybridization, 
in situ hybridization, fluorescence in situ hybridization (FISH), microarray, and 
macroarray. Isothermal amplification technology includes loop-mediated isother-
mal amplification (LAMP), rolling circle amplification (RCA), and nucleic acid 
sequence-based amplification (NASBA). PCR technology includes multiplex PCR, 
nested PCR, real-time (q)PCR, and reverse transcriptase (RT)-PCR; DNA barcod-
ing has been recently used. Each technique has its own advantages and limitations 
as shown in Table 3.1 and Fig. 3.1.

3.2  Molecular Methods for the Detection of Fungi

3.2.1  PCR-Based Methods

3.2.1.1  Conventional PCR

The invention of PCR brought a great revolution in the plant pathology field. This 
technique allows synthesizing of the specific part of DNA in million copies through 
alternate cycles of denaturation, annealing, and elongation by using specific prim-
ers. Initially, PCR was highly specific for the detection of diseases caused by bacte-
ria and viruses. Now, it is widely used for the plant pathogen detection as well. PCR 
depends on the efficacy of DNA extraction and the concentration of deoxynucleo-
side triphosphate. Sometimes, the performance is affected by inhibitors present in 
sample assay (Fang and Ramasamy 2015). To overcome this issue in plants, the 
cetyltrimethylammonium bromide method is widely used with the addition of par-
ticular chemical and enzymatic treatments. Several other methods are present to 
reduce the effect of PCR inhibitors. In phenol–chloroform extraction method, 
instead of ethanol precipitation, silica matrix purification can be used to recover the 
DNA (Mancini et al. 2016). Moreover, for the detection of pathogens, PCR technol-
ogy requires the designing of a primer to initiate the DNA replication process, 
which could limit the practical applicability of the technique for field sampling of 
disease.
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3.2.1.2  Nested PCR

Nested PCR is used to achieve a high degree of specificity and sensitivity. For exam-
ple, nested PCR sensitivity is 1000 times greater than single PCR for fungal identi-
fication (Yeo and Wong 2002). In this method, two consecutive rounds occur in 
which a single pair of primer is used to amplify a large region of DNA, then this 

Table 3.1 Molecular diagnostics techniques for the identification of fungi

Methods Advantages Disadvantages

Conventional 
PCR

Gives rapid and precise results, 
when using the primer of 
specific species.

Requires much labor and cost.

Nested PCR Use of two sets of primer 
increases the yield and 
specificity of amplification of 
the target DNA.

Risk of contamination because of two cycles 
of amplification.

Multiplex 
PCR

Time and money saver by using 
the several pairs of primers in 
the same reaction.

Interference of primers and probes, reduce 
sensitivity.

Reverse 
transcriptase 
(RT)-PCR

Gives quantitative data about 
pathogens, more sensitive than 
conventional PCR.

Formation of each assay is time consuming 
and requires the expensive equipment and the 
reagents.

Real-time 
PCR (qPCR)

Automated and no need of post 
amplification analysis.

Cost and complexity due to simultaneous 
thermal cycling and fluorescence detection.

In situ 
hybridization

Maximum use of the short 
supply tissue.

Difficulty in identifying targets that have low 
DNA and RNA copies.

FISH Can be used for nondividing 
cells.

Probe-preparing method is very difficult 
because it is necessary to tailor the probes to 
identify the particular sequences of DNA.

Microarray Easy to use because it does not 
require the large-scale DNA 
sequencing.

Large amount of mRNA is required.

LAMP Rapid, sensitive, and highly 
specific.

Primer design is complex; recognizes only 
one specific pathogen; risk of sample 
contamination.

NASBA Expensive equipment is not 
needed. Better than RT-PCR.

Specificity of the reactions is dependent on 
thermolabile enzymes. Reaction temperature 
cannot be exceeded than 42 °C without 
compromising it.

RNA 
interference 
(RNAi)

Ability to simultaneously 
interrogate thousands of genes.

Variability and incompleteness of 
knockdowns and the potential nonspecificity 
of reagents.

Northern 
blotting

Detection of RNA size. Applied only on a small sample of the genes.

SAGE Prior knowledge of the subject’s 
genome is not required.

Specificity of tag sequence.

RNA-Seq Increased specificity and 
sensitivity.

Needs expensive equipment. Bioinformatics 
knowledge required for data analysis.
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amplified sequence of DNA acts as a target for the second round by using two inter-
nal primers. In this type of PCR, a considerable risk of contamination is measured 
because two cycles of amplification are to be performed in separate tubes. So, likely 
chances of false-positive results due to contamination and intense labor are the 
major drawbacks of this technique (Rahman et al. 2013). To overcome these limita-
tions, laboratories must follow some strict precautions as to use the separate equip-
ment and place for each PCR cycle (Trtkova and Raclavsky 2006).

3.2.1.3  Multiplex PCR

Multiplex PCR can be proved as time and money saver by using the several pairs of 
primers in the same reaction that allows the simultaneous detection of different 
targeted sequences of DNA. The method has so much importance in fungal ecology 
when taxa are mixed. Different fragments that are specific to target species were 
simultaneously amplified and detected on the basis of their molecular sizes on the 
agarose gels. DNA-synthesizing accuracy is strongly affected by amplicon size. To 

Fig. 3.1 An overview of molecular technique (Aslam et al. 2017)
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avoid this pitfall, primers must be designed carefully along with their relative con-
centration and annealing temperature (Dasmahapatra and Mallet 2006).

3.2.1.4  Reverse Transcriptase PCR

Since the discovery of standard PCR, a large number of changes have been devel-
oped in its procedure. Some of these changes have expanded the utility and diagnos-
tics capability of PCR in many biological and medical fields (Tang et al. 1997). An 
important limitation of other PCR types is their inability to differentiate between 
dead and living fungi. This limitation is overcome by the discovery of 
RT-PCR. Actually, mRNA in dead cells degrades, so the detection of mRNA by 
RT-PCR can be done to check the cell viability (Capote et al. 2012). In this process, 
firstly, the RNA is reversely transcribed into cDNA by random primers and RT 
enzyme and then amplified by any PCR-based method. Therefore, RT-PCR is 
mostly used to detect and diagnose the RNA-containing viruses (such as retrovi-
ruses) infections. Diagnosis of RNA-containing viruses can be helpful in develop-
ing or checking the effectiveness of antimicrobial vaccines or therapy. RT-PCR has 
been used in the detection and quantification of a biocontrol agent, Chaetomium 
globosum (Aggarwal et al. 2014).

3.2.1.5  Real-Time PCR (Q PCR)

Conventional PCR methods give us only amplification of targeted DNA that is not 
enough for rapid taxa identification. In the past few years, a new technique, RT-PCR, 
has been introduced. This technique is an improved form of conventional PCR in 
which the DNA can be quantified along with the amplification (Mackay 2004). 
Monitoring of the reactions during amplification steps has been made possible by 
the use of fluorescent dyes such as SYBR Green I or sequence-specific fluorescent- 
labeled probes as the TaqMan probe (Badali and Nabili 2012). When the fluorescent 
dye intercalates to DNA, fluorescent signal is generated. This signal increases as the 
amount of targeted DNA increases after each cycle of amplification (McCartney 
et al. 2003). It is less costly to use the fluorescent dye as a monitoring agent but its 
nonspecific nature is its limitation. Actually, the binding of intercalating dye to all 
present DNA can produce the false results in the form of primer dimer. Then fluoro-
genic probes came into use due to their high specificity (Atkins and Clark 2004; Bu 
et al. 2005). These probes are connected with two types of fluorescent dyes: one is 
the reporter dye that attaches to the 5′ end and another is the quencher dye on 3′ end. 
Close proximity of reporter and quenching dyes prevents the emission of fluores-
cence. Due to the exonuclease activity of Taq polymerase, the reporter dye becomes 
separate from the quenching dye and starts to fluorescence (Dasmahapatra and 
Mallet 2006). qPCR has been used for the identification and quantification of envi-
ronmental fungi, e.g., Chaetomium taxa (Liu et al. 2012).
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3.2.1.6  Serial Analysis of Gene Expression

Serial analysis of gene expression (SAGE) is a comprehensive and sequence-based 
method for the quantitative gene expression profiling which allows the identifica-
tion of multiple transcripts simultaneously. The method based on sequencing and 
quantification of the 15 bp or the longer oligonucleotides and similarity of sequences 
against the available genome sequences to find the corresponding expressed genes 
(Velculescu et  al. 1995). This method uses two samples, which are ligated and 
labeled with separate primers and then amplified. Then, primers are removed, pro-
viding sticky ends that form the concatemers. They are cloned into vector and 
sequenced trailed by the wide computational analysis. SAGE has some drawbacks. 
First, it needs mRNA in a large quantity. Second, sometimes 15 bp tag is not enough 
to specifically identify the gene of origins with the more complex genomes. SAGE 
is used to identify environmental samples such as C. thermophilum (Cheng 
et al. 2013).

3.2.1.7  DNA Barcoding

DNA barcoding is a molecular diagnostic technique in which a small segment of 
DNA is used to identify the species of all domains of eukaryotic life. Barcode 
regions are universally found in target lineages. It exhibits adequate DNA sequence 
variation to distinguish different species. In DNA barcoding, standardized sequences 
of 500–800 base pairs are used to identify species with the markers valid for the 
wide range of taxonomic group (Krishnamurthy and Francis 2012). For fungi, this 
PCR-based method is helpful not only in the recognition of the cultured species but 
also in the identification of species for uncultured taxa from natural environment. 
Identification of species by using the barcode depends on the number of representa-
tive present in the database. By DNA barcoding, fungi can be identified in life-cycle 
stages not suitable for morphological identification. The efficacy of barcoding relies 
on the assumption that genetic variations within a species are much smaller than the 
variations between species. Fungi that are not suited for morphological identifica-
tion and discovery can be identified and discovered at molecular level by DNA 
barcoding. In this technique, effective marker is very helpful to identify the poorly 
understood fungal species diversity in the natural environment (Roe et al. 2010). 
Full working of DNA barcoding technique is shown in Fig. 3.2 (Aslam et al. 2017).

There are several scientific advantages of DNA barcoding, which include (i) 
facilitating the identification of species at any phase of life, (ii) enabling the discov-
ery of species based on the phylogenetic analysis of nucleic acid sequences, (iii) 
providing insight for diversification of life, and (iv) promoting the development of 
DNA sequencing tools, useful in the field of biodiversity (Savolainen et al. 2005). 
Reliable barcodes provide a standardized and realistic species identification tool for 
the evaluation of biodiversity and environmental studies. Selection of barcode 
region is compromised among the prospects to design ideal and universal DNA 
markers for the PCR amplification. Mitochondrial cytochrome c oxidase (COX I) 
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Fig. 3.2 Maximum likelihood phylogeny inferred by amino acid sequence alignments. The amino 
acid sequences of Mcm7, Rpb1, and Rpb2 were used for concatenated analysis. Bootstrap values 
are indicated at each node and are given in bold font for values above 70. Thermophilic taxa are 
highlighted in red font. The tree is rooted with Arabidopsis thaliana and Drosophila melanogaster. 
(After Morgenstern et al. 2012)
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region used for animal barcoding was excluded as an ideal marker for fungi because 
it cannot amplify fungal DNA due to the presence of large introns. Molecular sys-
tematics of fungi are based greatly on the analysis of nuclear ribosomal RNA 
(rRNA) cistron, consists of small (18S) and large (28S) subunits (Hebert and 
Gregory 2005). Internal transcribed spacer (ITS) region can be amplified from many 
fungal taxa by using a limited set of primers (Schoch et al. 2012). Moreover, it has 
found that differences among species are often higher than those within species. So, 
ITS is used as a universal barcode region (Schoch et al. 2012; Li et al. 2011). This 
level of polymorphism makes the ITS region a strong and valid candidate for the 
fungal DNA barcoding. Taxa for which primary barcodes are often ineffective for 
identifying pathogenic fungal species, secondary barcodes are continuously being 
established. Simplifying ITS region to either the ITS1 spacer or ITS2 spacer only 
has also gained significant attention in the field of barcoding-based research. ITS2 
is also not a coding region, but it has a conserved secondary structure core that helps 
to launch the data-handling systems. ITS2 spacer is found to be a very informative 
secondary barcode for plants (Xu 2016). Use of ITS2 for metabarcoding could 
potentially expand the comparative studies among fungi and plants. The largest sub-
unit of ribosomal polymerase II was nominated as a representative protein-coding 
gene due to the good PCR success result with this gene and its function as a phylo-
genetic marker in the AFTOL project (Tanabe et al. 2004). Hence, ITS, SSU, LSU 
EF-1α, and RPB are barcoding markers that have been used for fungal DNA barcod-
ing, as shown in Table 3.2.

3.3  DNA/RNA Probe-Based Methods 
(Sequencing- Independent Methods)

Nucleic acid hybridization techniques, using fluorescence tagged probes, provide 
high-throughput screening methods that can increase rates of sample processing and 
avoid some of the problems associated with the PCR-based approaches. In particu-
lar, high-density macro- and microarrays allow the rapid screening of mixed 
sequences to detect large numbers of specific genes, or their transcripts (Hardman 
2004). These techniques were originally developed from genome sequencing proj-
ects to study gene expression (Luo et al. 2005), but they can be adopted for use in 
ecology.

Array-based technology has been used to identify fungal ribosomal RNA genes 
from soil-extracted and seawater-extracted DNA (Valinsky et  al. 2002; Kiesling 
et al. 2002). Environmental DNA or RNA can be screened against several thousand 
probes fixed to a solid support (Fig. 3.3). The target probes can comprise ribosomal 
RNA sequences or functional genes such as those coding for metabolic enzymes, 
pathogenicity factors, and resistance determinants. The power of these techniques is 
that all of these genes can be processed in one single step. Using these systems, 
environmental nucleic acids can be rapidly screened and quantified for a range of 
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functions. This technology is considered as the backbone to most of the current 
knowledge. In these methods, the probe is used for the analysis of nucleic acid with-
out its amplification. Probes are the single-stranded shorter sequences of DNA that 
are labeled with the chemiluminescent reporter molecule or with radiolabeled 

Table 3.2 Primers used for the barcoding of fungi

Name Primer sequence (5′ → 3′) Reference

ITS

ITS1-F
ITS4A CTTGGTCATTTAGAGGAAGTA Gardes and Bruns (1993)
ITS4B CGCCGTTACTGGGGCAATCC Gardes and Bruns (1993)
ITS1 CAGGAGACTTGTACACGGTCCAG Gardes and Bruns (1993)
ITS2 TCCGTAGGTGAACCTGCGG White et al. (1990)
ITS3 GCTGCGTTCTTCATCGATGC White et al. (1990)
ITS4 GCATCGATGAAGAACGCAGC White et al. (1990)
ITS5 TCCTCCGCTTATTGATATGC White et al. (1990)
ITS9mun GGAAGTAAAAGTCGTAACAAGG White et al. (1990)

TGTACACACCGCCCGTCG Egger (1995)
SSU

18S1F GACTCAACACGGGGAAACTC Vilela et al. (2005)
18S1R AAACCTTGTTACGACTTTTA Vilela et al. (2005)
NSA3 AAACTCTGTCGTGCTGGGGATA Martin and Rygiewicz (2005)
NSI1 GATTGAATGGCTTAGTGAGG Martin and Rygiewicz (2005)
NS1 GTAGTCATATGCTTGTCTC White et al. (1990)
NS4 CTTCCGTCAATTCCTTTAAG White et al. (1990)
NS3 GCAAGTCTGGTGCCAGCAGCC White et al. (1990)
NS8 TCCGCAGGTTCACCTACGGA White et al. (1990)
LSU

LROR
LR5 ACCCGCTGAACTTAAGC Zhao et al. (2007)
LR16 TCCTGAGGGAAACTTCG Zhao et al. (2007)

TTCCACCCAAACACTCG Vilgalys et al. (1994)
RPB

RPB1-F
RPB1-R GARTGYCCDGGDCAYTTYGG Matheny et al. (2007)
RPB2-6F CCNGCDATNTCRTTRTCCATRTA Matheny et al. (2007)
RPB2-6R TGGGGKWTGGTYTGYYCCTGC Liu et al. (1999)

GCAGGRCARACCAWMCCCCA Liu et al. (1999)
EF-1α
EF1-1577F
EF1-1567R CARGAYGTBTACAAGATYGGTGG Rehner (2001)
EF-3 ACHGTRCCRATACCACCRATCTT Rehner (2001)
EF-22 GTAAGGAGGASAAGACTCACC O’Donnell et al. (2001)

AGGAACCCTTACCGAGCTC O’Donnell et al. (2001)
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Fig. 3.3 Maximum likelihood phylogeny for the Sordariales based on concatenated small- subunit, 
ITS/5.8S, and large-subunit nucleotide sequence alignments. Bootstrap values of 50 and higher are 
given next to each node; values above 70 are indicated in bold font. Thermophilic taxa are high-
lighted in red font. The black hexagons indicate thermophilic strains included in the temperature- 
dependent growth trial. Families are indicated to the right of vertical bars (monophyletic) or curly 
brackets (phyletic status unresolved). The tree is rooted with Diaporthe eres and Cryphonectria 
parasitica belonging to the Diaporthales. (After Morgenstern et al. 2012)
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 isotopes, such as 32P, 33P, and 35S. These are used to identify the homologous 
sequence on the targeted DNA. In traditional methods, DNA probes are mostly used 
as an alternative to PCR for the identification of fungi. But in recent methods, these 
are mostly used in conjunction with PCR (McCartney et al. 2003).

3.3.1  Northern Blotting

Northern blot, which is also known as the RNA blot, is used to transfer the RNA 
onto a carrier for the identification of fungi. The northern blot is the same as the 
Southern blot except that the RNA material is used instead of the DNA. To over-
come the difficulties of quantification of fungal activity in the soil, Mendoza- 
Mendoza et al. (2015) optimized the extraction of high-quality fungal RNA from 
the soil and then quantified the expression pattern of selected pattern of selected 
Trichoderma stage-specific markers in a time-course study within a soil microcosm. 
Firstly, the RNA should be purified so as to examine the expression of the gene of 
interest. The RNA material is then loaded on agarose gel. After that, the gel is passed 
to an electric current that migrates RNA towards the bottom of a gel. Smaller RNAs 
move faster compared to the larger ones (Kim et al. 2010). After that, separated 
RNA fragments are blotted on a special filter paper; therefore, each RNA molecule 
maintains its position relative to all other molecules (Berg Jeremy 2007). The filter 
is then exposed to radioactive probes so as to hybridize it to complementary 
sequences. After that, the filter is put for autoradiography so as to develop the film. 
Finally, a band should be detected on the autoradiograph if the probe has hybridized 
to a fragment of RNA on the filter. The northern blot is beneficial to study the gene 
expression. First, the position of bands on the blot gives the RNA size. If the size of 
the RNA is known, it will provide an approximation for the coding capacity of tran-
scripts and also the size of the protein to which it encodes. Firstly, the risk of mRNA 
degradation during the electrophoresis is a main disadvantage of blotting technique. 
Secondly, detection with multiple probes is problematic. The sensitivity of northern 
blotting technique is relatively low compared to the RT-PCR.

3.3.2  In Situ Hybridization

In situ hybridization is also called the hybridization histochemistry. It provides 
invaluable information for identifying and enumerating the fungi. In this technique, 
single-stranded RNA probe is used, which is also called riboprobes. These probes 
are labeled with 35S.  In situ hybridization has great similarity to northern blots. 
Both of these depend on the hybridization of labeled probes of DNA/RNA to the 
homologous sequences of mRNA. These two techniques differ in the use of starting 
material. In case of northern blot, sample digest is used as starting material, while 
in in situ hybridization histological section is used. Regardless of using the direct 
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hybridization, the identifications using signal hybridization are most efficiently 
obtained after fungi growth or its biological amplification (Jensen 2014).

The main advantage of this technology is the maximum use of the short supply 
tissue such as clinical biopsies and cultured cells. Hundreds of different hybridiza-
tions can be carried out on the same tissue. Libraries of tissues can be prepared and 
stored in the freezer for future usage. There are many ways of doing in situ hybrid-
ization such as probing with synthetic oligonucleotides, cDNAs, and cRNAs. But 
probing with riboprobes gives the most sensitive and efficient results. Probes can be 
labeled either using radioactive or nonradioactive nucleotides. From these radioac-
tive probes, 35S riboprobes are the most sensitive method for the identification of 
mRNA (Hayden et al. 2002).

In situ hybridization has some pitfalls. Firstly, radiolabeled probes are very 
costly and hazardous materials. It must be handled, transported, and disposed very 
carefully. Secondly, a disadvantage of using in situ hybridization technique is the 
difficulty in identifying targets that have low DNA and RNA copies (Qian and 
Lloyd 2003). In situ hybridization has been used for the identification of the patho-
genic fungi (Hayden et al. 2001). ISH is a tool which is used to visualize the infec-
tion of plant tissue by the rust fungi. This method has been used to generalize the 
ISH protocol for the localization of rust fungi in the paraffin-embedded sections of 
plant tissues (Ellison et al. 2016).

3.3.3  Fluorescence In Situ Hybridization

Due to the drawback of radiolabeled probe-based hybridization, fluorescence in situ 
hybridization (FISH) came into development, which is used for the rapid character-
ization of fungi. FISH provides greater speed, resolution, and safety and paved way 
for the development of multiple targets detection simultaneously and quantitative 
analysis at phylogenetic level (Tsui et al. 2011). In addition to this, it is an important 
key to analyze spatial organization of fungal communities. This cytogenetic tech-
nique is used to detect specific DNA sequences on chromosomes. In FISH, a fluo-
rescent probe is used that binds only those part of the chromosome with which it 
shows a greater degree of homology or complementation. Fluorescent probes are 
prepared by enzymatic incorporation of fluorophore-modified base throughout the 
probe length (Baschien et al. 2001). Traditional techniques for the identification of 
microorganism require that cells must be actively dividing. However, FISH can be 
used for the nondividing cells, which makes it a highly versatile technique. 
Nondividing cells can be recognized by their low level of fluorescence intensity. 
Different types of probes such as locus-specific probe, centromeric repeat probe, 
and whole chromosome probe can be used, each of which has its different applica-
tions. FISH technique has some pitfalls. In FISH, probe-preparing process is very 
complicated because it is necessary to tailor the probes to detect the specific 
sequences of DNA (Volpi and Bridger 2008).
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3.4  Post-Amplification Technique

3.4.1  Microarray

The concept of microarray technology emerged from the two technical advances: 
firstly, the efforts on the DNA sequencing and secondly the focus on expressed 
component of genome. Microarray DNA chip technology allows the analysis of 
thousands of mRNAs simultaneously and is used to observe the changes in gene 
expression. This technique is different from the aforementioned techniques in the 
perspective that it provides the expression measurements on defined sets of genes 
(Eshaque and Dixon 2006). In this technology, thousands of DNA probes are 
arrayed within a small surface area onto a support matrix that includes glass chip or 
nylon filters. Location of the probe on the chip is called spot (Robinson et al. 2000). 
These probes are immobilized on the support matrix and targeted DNAs applied as 
a solution to the chip for the hybridization. Quantification of the bounded cDNA is 
measured by using the radiolabeled probes or fluorescent tags. Signal is produced 
by the hybridization of the probe to the targeted mRNA that can be detected and 
integrated by the dedicated software. The dedicated software generates the gene 
expression profile for each biological sample (Russo et  al. 2003). By using this 
technique, comprehensive understanding of the cell of fungus can be achieved in a 
single array. Microarray technique is very easy to use because it does not require the 
large-scale DNA sequencing. Although this technique can monitor the global 
changes in the gene expression, significant issues are also considered. Firstly, a 
large amount of mRNA is required in this technique. Secondly, this study is limited 
by cost and access (Singh and Kumar 2013). Due to the numerous error-prone steps 
in the microarray experiment, replications are required to reduce the chances of 
error in such experiments. This technology is called destructive testing because 
physical disruption of cells is required to gain access to its gene expression patterns; 
false microarray data can be produced from the degradation of mRNA. Microarray 
technology has been used for the identification of the Aspergillus candidus species 
(Singh and Kumar 2013).

3.4.2  Macroarray

Macroarray is also called the DNA array hybridization, or reverse dot plot. This 
method uses the sensitivity of the DNA amplification and does not require the radio-
isotopes (Singh and Kumar 2013). Macroarray is rapidly becoming a standard 
molecular tool for diagnostic and epidemiological studies in an increasing number 
of laboratories all over the world. It works on the basis of simultaneous amplifica-
tion of the related species through PCR. Along with this, it analyzes a number of 
amplified sequences simultaneously in one hybridization reaction. It is a more sen-
sitive technique than PCR alone. In this assay, PCR amplification is combined with 
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hybridization which increases sensitivity up to 1000-fold or higher than PCR only 
(Taoufik et al. 2004). This technique has a fast turnaround time of 1–2 days com-
pared to radioactive culture methods that require 2–8 weeks for their completion. In 
this technique, the internal probes are designed to differentiate the species. These 
probes are fixed to the nylon membrane support. Oligose are permanently bound to 
the membrane by UV cross-linking. Then the PCR-amplified products are hybrid-
ized with the spotted series of species-specific probes present on the strips (Tsui 
et al. 2011; Leinberger et al. 2005). Macroarray in combination with PCR has been 
used to detect and identify the Mycobacterium to the species level (Leinberger et al. 
2005). This assay has also been used for the identification of Alternaria alternata, 
Aspergillus fumigatus, Fusarium solani, Candida albicans, and Cladosporium her-
barum (Sato et al. 2010).

3.5  Isothermal Amplification-Based Methods

3.5.1  Rolling Circle Amplification

For the identification of pathogens, single nucleotide polymorphism (SNP) detec-
tion is becoming popular. Detection of SNPs among different genotypes by the 
conventional real-time PCR has many challenges and drawbacks. So, to overcome 
these drawbacks, species-specific PLPs (circularizing oligonucleotide probes) are 
used. Circularizing oligonucleotide probes are the single-stranded DNA molecules 
having target recognition sequences of 20 nucleotides present at the both 5′ and 3′ 
ends, which are connected by the 40-nucleotide long linker sequence (Tsui et al. 
2011). Designing of PLPs is first reported by Nilsson et al. in 1994. When hybrid-
ized to targeted region, both ends come near to each other and become circularized 
by the use of ligase, leaving no gaps. The circularized probe spans the entire target 
region in a manner similar to that of the padlocks, driven by the helical nature of the 
double-stranded DNA (Wang and Yang 2010). So, we can say that PLPs are useful 
only for detecting DNA molecules with known sequences. PLPs can be used in 
PCR, but such probes so far failed to yield reliable in situ single-copy gene detec-
tion. Therefore, Padlock probe is preferably suitable to template a reaction of 
RCA. RCA is based on rolling replication of short single-stranded DNA circular 
molecules. The RCA process is isothermal and also called rolling circle replication 
(RCR). This process requires DNA polymerase, a primer to initiate the replication, 
DNTPs and DNA binding, and unwinding proteins. Most of the groups are using the 
RCA reaction for signals amplification, where the small circular probes serve as the 
template. In RCA reaction, the primer has dual functions, both as RCA signal 
amplifier and discriminator by being complementary to the DNA-targeted sequence 
(Kuhn et al. 2002). In RCA, a second primer complementary to the RCA product 
can be used, so hyper-branched RCA (HRCA) reaction will be generated. HRCA is 
also used as an alternative method to PCR for DNA amplification. Recently, major 
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molecular types of Cryptococcus neoformans and C. gattii are identified by hyper- 
branched rolling circle amplification (HRCA) (Trilles et al. 2014). RCA technology 
is a robust and simple method that can make available a universal platform for the 
localization of a wide variety of molecules such as nucleic acid sequence (Gusev 
et al. 2001).

3.5.2  Loop-Mediated Isothermal Amplification

LAMP is a robust and novel nucleic acid amplification method that is considered an 
alternative to the PCR. It amplifies the targeted nucleic acid under the isothermal 
conditions with high specificity. LAMP does not require a thermal cycler to produce 
the temperature changes; it instead requires single temperature for DNA amplifica-
tion (Tsui et al. 2011). So, it is based on auto-cycling strand displacement amplifica-
tion of DNA. In this technology, Bst DNA polymerase and a set of four primers that 
consist of two inner and two outer primers are used, which recognize total six 
unique sequences on the targeted DNA. Two inner primers are referred to as for-
ward inner primer (FIP) and backward inner primer (BIP), while outer primers are 
F3 and B3 (Fakruddin 2011). Each BIP and FIP consists of two distinct sequences 
according to sense and antisense strand of targeted DNA. One of the inner primers 
is used to begin the LAMP reaction, while the other is for self-priming. LAMP reac-
tion is processed in a heat block or water bath at 65 °C for 1 h. Then amplification 
product is detected by using the dye SYBR Green 1 as well as by electrophoresis. 
The final product has many inverted repeats of targeted sequence which exhibit 
cauliflower-like structure with multiple loops. LAMP is 10 times more sensitive and 
accurate than the conventional PCR (Ren et al. 2009). LAMP technology does not 
require expensive equipment to get a high level of accuracy, and it has less number 
of preparation steps than the conventional and qPCR.  Due to high-amplification 
efficiency, up to 1039 copies of a target part can be attained in less than 1 h of incu-
bation. Another advantage over the PCR in many cases is that the inhibition reac-
tions occurred less in LAMP than that in PCR. In LAMP, no time is lost for thermal 
changes as it happened in PCR. For PCR, an expensive thermal cycler is required, 
while LAMP reaction required just a single tube (Fakruddin 2011). But several fac-
tors are present there which affect the accuracy of LAMP reaction such as the usage 
of specific DNA polymerase, which is critical for LAMP efficiency. Annealing of 
the four primers to targeted DNA is also important for the accuracy of LAMP. LAMP 
is useful for the detection and diagnosis but not for cloning purposes. However, a 
main drawback of LAMP technology is the use of indirect evaluation methods such 
as Mn2+ dye, gel electrophoresis, SYBR Green I dye, hydroxynaphthol blue dye, 
composite probe method, and turbidimetric method, which cannot be differentiated 
between desired products and nonspecifically amplified product, thus leading to 
false positives. The usage of molecular beacons (MBs) solves this problem by pro-
ducing the fluorescence signals when it binds to target DNA. Hence, it acts as a 
direct detector of amplification product. Optimal conditions for the MBs (such as 
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beacon length of 25–45 bp, reaction temperature of 60–65 °C, and beacon concen-
tration of 0.6–1 pmol/μL) are found as an assessment tool in LAMP. A novel method 
based on MB-LAMP has been validated, which provides the direct detection of 
LAMP product. MBs are fluorescent nucleic acid probes which have a hairpin struc-
ture. The hairpin structure avoids the fluorescence because the quencher is physi-
cally closed to fluorophore. Moreover, binding to LAMP product sequences changes 
the MB spatial configuration, which separates the fluorophore and quencher at both 
ends of a single strand of nucleic acids and desorbing fluorescence (Liu et al. 2017). 
LAMP has been successfully used to detect the presence of thermodependent 
dimorphic fungus, Paracoccidioides brasiliensis (Endo et  al. 2004). Penicillium 
marneffei has also been successfully diagnosed by using LAMP technique (Sun 
et al. 2010). Recently, Ophiostoma clavatum, a primary blue stain fungus, is identi-
fied by using LAMP (Villari et al. 2013).

3.5.3  Nucleic Acid Sequence-Based Amplification

NASBA is a very sensitive, isothermal, and transcription-based amplification sys-
tem that is specially designed for RNA detection. Some NASBA systems can also 
amplify the DNA.  It is also well known as self-sustained sequence replication 
(3SR). This tool is not only useful in basic research but also in the application- 
oriented fields, such as clinical medicine development and infectious diseases diag-
nosis (Sergentet-Thevenot et al. 2008).

Numerous amplification methods have already been established, such as PCR 
(Saiki et al. 1992), LAMP (Lee et al. 2009), and RCA (Lizardi et al. 1998). None of 
these methods can amplify the RNA directly with high sensitivity. NASBA provides 
many advantages over the other techniques of mRNA amplification. It can amplify 
more than 109 copies of the nucleic acid sequence in just one and a half hours by 
the action of three enzymes. NASBA is an isothermal reaction that is performed at 
41 °C, which excludes the need for a thermal cycler, and it can facilitate the produc-
tion of point-of-test devices (Fakruddin et al. 2012). An important benefit of NASBA 
is the production of single-stranded RNA amplicons, which can be used directly in 
another round of amplification or can be queried for detection without denaturation 
or strand separation (Chang et  al. 2012). Several studies have reported that the 
amplification power of NASBA is comparable to, or even better than, that of the 
RT-PCR (Chang et  al. 2012). RNA being the genomic material of many RNA 
viruses, an RNA-based amplification technique in contrast to the PCR keeps away 
from an additional reverse transcription step, thus minimizing the contamination 
risk and lowering hands-on time. It assists in better RT-PCR reaction as it provides 
the faster amplification kinetics that is especially suitable for the detection of retro-
viruses. It can measure the replication of DNA viruses by detecting late mRNA 
expression. Gene expression studies can be carried out without the intron-flanking 
primers or DNases. There are also some disadvantages of NASBA. First of all, RNA 
integrity is the foremost cause of concern for the NASBA and also for other RNA 
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amplification techniques. Although the amplification reaction itself is isothermal at 
41 °C, only a single melting step before the amplification reaction is required, which 
allows 416 annealing of primers to the target (Compton 1991). Moreover, due to the 
dependence of specificity of the reactions on thermolabile enzymes, reaction tem-
perature cannot beat 42 °C without compromising it. Finally, the length of the tar-
geted amplified RNA sequence should be between 120 and 250 nucleotides 
(Fakruddin et al. 2012).

3.6  RNA Interference

RNA interference (RNAi) is used as a latest technology to identify and control the 
fungi. It is an efficient technique that can be used in a highly tissue-specific way to 
fight mycotoxigenic fungi, which cause the infection in crop plants (Panwar et al. 
2012). Positive transgenic RNAi execution depends on many factors, which include 
(i) designing the vectors in such a way so as to produce the double-stranded RNAs 
(dsRNAs) that will make the small-interfering RNA (siRNA) species for the ideal 
gene silencing, (ii) accessibility of plentiful target siRNAs at infection place, (iii) 
efficient uptake of siRNAs by fungus, (iv) siRNA half-life, and (v) amplification of 
the silencing effects. RNAi eliminates the negative consequences of current disease 
control and fights the alarming rise of the fungicide-resistant plant pathogens (Ishii 
and Holloman 2015). RNAi absolutely knocks down the genes by using the event of 
intrinsic cellular defense. Detection of the dsRNA or hairpin RNA (hpRNA) by the 
fungal cells leads to the targeted transcripts by using the sequence homology impor-
tant for the degradation or silencing (Nakayashiki et  al. 2005). To identify the 
unique fungal targets, cell-specific and dual RNA sequencing data should be pro-
vided. Then hpRNA or dsRNA can be modified for a definite transcript which can 
directly limit the fungal pathogenesis. RNAi technology poses a benefit to the cell’s 
natural machinery, which is assisted by the short-interfering RNA molecules, to 
successfully knock down the expression of a gene of interest. A major disadvantage 
of RNAi is the possibility of an off-target effect, which leads to gene silencing, 
which tolerates the partial complementarity to the sense or antisense strand of tar-
geted gene. RNAi has been used in Zea mays for the identification of Aspergillus 
flavus fungus (Masanga et  al. 2015) and industrially relevant fungi such as 
Trichoderma reesei, Penicillium chrysogenum, and Antrodia cinnamomea 
(Dahlmann and Kuck 2015; Kang et al. 2013; Lin et al. 2015).

3.7  RNA-Seq-Based Next-Generation Sequencing

RNA-Seq is a newly developed deep-sequencing technology. Generally, a large 
population of RNA is changed to cDNA library with adaptors that linked to one or 
both ends. After that, each fragment with or without amplification is sequenced in a 
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high-throughput way to get small sequences from one end as in single-end sequenc-
ing or both ends as in pair-end sequencing. Reads are usually 30–400 bp, depending 
on the DNA sequencing technique used. Library of the small sequences is prepared 
to see how closely the RNA sequencing results reveal the original RNA transcripts 
are mostly determined in the library preparation step. To create an RNA-Seq library, 
the fragmentation of either the RNA or the cDNA is required to allow the processing 
through next-generation sequencing. Developed mRNA should be primed for RT 
reaction by the use of either random primers or oligo primers. The benefit of using 
oligo(dT) is that the majority of cDNA produced should be poly-adenylated mRNA; 
hence, more of the sequences obtained should be informative (Mortazavi et al. 2008).

Three most generally used next-generation sequencing platforms for the RNA- 
Seq are SOLiD and Ion Torrent (Life Technologies) and HiSeq (Illumina) (Dawei 
and Peng 2014). Following sequencing, the resultant reads are either aligned to 
reference genome or assembled de novo without genomic sequence to produce a 
genome-scale transcription map that consists of both the transcriptional structure 
and level of expression for each gene. While most of RNA-Seq analysis data depend 
on the alignment of the reference genome sequences, new softwares such as 
Rnnotator and Trinity assemble the RNA-Seq data into the transcriptomes without 
referring a reference sequence by assembling the short adjacent reads from the 
RNA-sequencing data. These approaches allow the discovery of new transcripts and 
fair detection of the transcripts from numerous sources, permitting more effective 
application of the RNA-Seq for the detection of transcripts and classification of 
transcriptomes in the non-model organism (Grabherr et  al. 2011). Through this 
technology, characterizations of marine fungal communities were identified by 
Kristiansen (2014).

3.8  Taxonomy and Molecular Phylogeny of Thermophilic 
Chaetomium

The taxonomic rearrangement of the fungi started long before molecular techniques 
were at hand. However, within the last four decades, molecular techniques have 
altered the understanding of the evolution and phylogeny of life, and more than 
1000 fungal research papers reporting phylogenies have been published. The major-
ity of these studies used 18S rDNA sequencing. Although sequences based on 
protein- coding genes are rarely used in fungal phylogenetics, they can resolve deep- 
level phylogenetic relationships (Liu et al. 1999). In fungi and for most other organ-
isms, phylogenetic reconstruction based on a single gene is blurred, as individual 
genes contain a limited number of nucleotide sites and hence limited resolution. 
Thus, to have a robust phylogenetic analysis, multigene concatenation is performed 
using data from all available genes defining various characteristics of the organism. 
Until now, more than a hundred fungal genomes have been sequenced and are avail-
able in public databases.
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3.8.1  Molecular Phylogeny of Thermophilic Fungi

Thermophilic fungi are distributed widely throughout the fungal kingdom and are 
not consigned to any phylum or order. The definition of thermophilic fungi has been 
debated and defined variously by several workers (Cooney and Emerson 1964; 
Crisan 1964; Maheshwari et  al. 2000). Thermophilic fungi are important from a 
biotechnological perspective, as they produce a number of thermostable enzymes 
that are useful in industrial processes, such as bleaching in the paper and pulp indus-
try, the bioremediation of polluted sites and wastewater effluents, and the produc-
tion of second- and third-generation biofuels (Wesenberg et al. 2003; Gianfreda and 
Rao 2004; Sigoillot et al. 2005; Turner 2007). Phylogenetic analysis of these fungi 
may resolve the pending issues of their misidentification and taxonomic classifica-
tion (Mouchacca 2000).

With the advent of polymerase chain reaction (PCR) technology, the molecular 
revolution of fungal taxonomy, which commenced in the early 1990s, has grown 
into a mature discipline where multilocus data sets, extensive taxon sampling, and 
rigorous analytical approaches are standard (Hibbett et al. 2007). While 16S rRNA 
gene-based phylogeny is the most commonly accepted taxonomic scheme in pro-
karyotes, its relevance to eukaryotic phylogeny is at a crossroads. Currently, there is 
a heated debate as to what is the best approach for reconstruction genome phylog-
enies, particularly in fungi. The 16S–23S internal transcribed spacer (ITS) regions 
of the rRNA operon might be under minimal selective pressure during evolution and 
therefore have more variation in the sequences than the coding regions of 16S and 
23S rRNAs.

The size of the ITS varies considerably for different species and even among dif-
ferent operons within a single cell having multiple rRNA operons (Rajendhran and 
Gunasekaran 2011). To assess fungal phylogeny, single-gene phylogenies, espe-
cially those based on 18S rDNA, have established many of the accepted relation-
ships between fungal organisms (Fitzpatrick et al. 2006). The use of the 18S rDNA 
approach is advantageous in view of the vertical transmission of this gene, its wide 
distribution, and the fact that it has slowly evolving sites. However, the phylogenetic 
relationships of a diverse range of fungi, including thermophilic species, must be 
performed using multigene concatenation, as this approach attempts to maximize 
the informativeness and explanatory power of the characteristic data used in the 
analysis (Kluge 1989). Therefore, in recent studies (Pan et al. 2010; Berka et al. 
2011; Morgenstern et al. 2012; Zhou et al. 2014) on the molecular phylogeny of 
thermophilic fungi, the multigene concatenation approach has largely been fol-
lowed to elucidate the phylogenetic relationships among the fungal orders harbor-
ing thermophilic fungi.

Considering the diversity of thermophilic fungi in various habitats, relatively few 
studies focusing on phylogenetic analysis have been undertaken. Pan et al. (2010) 
attempted to identify thermophilic fungi from geothermal sites near neutral and 
alkalescent thermal springs in Tengchong Rehai National Park using ITS sequenc-
ing combined with morphological analysis for the identification of thermophilic 
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fungi to the species level. The authors isolated 102 strains belonging to Rhizomucor 
miehei, Chaetomium sp., Talaromyces thermophilus, Talaromyces byssochlamydoi-
des, Thermoascus aurantiacus var. levisporus, Thermomyces lanuginosus, 
Scytalidium thermophilum, Malbranchea flava, Myceliophthora sp. 1, 
Myceliophthora sp. 2, Myceliophthora sp. 3, and Coprinopsis sp. Similarly, Berka 
et  al. (2011) analyzed the genomes of two thermophilic ascomycete species, 
Myceliophthora thermophila and Thielavia terrestris. They reported that the two 
genomes are similar in organization.

The whole genome sequencing of these fungi offers new industrial applications 
of the enzymes from these organisms and their potential development as fungal 
production hosts. The authors further emphasized that with a finished genome as a 
scaffold and modern sequencing technologies, resequencing these strains and iden-
tifying mutations becomes relatively simple but very helpful for identifying benefi-
cial and deleterious genetic changes.

A detailed study on the molecular phylogeny of thermophilic fungi by 
Morgenstern et al. (2012) investigated sequences from 86 fungal genomes to con-
struct a robust molecular phylogeny of thermophilic fungi. Considering the criterion 
that a thermophilic fungus is one that optimally grows at 45 °C, their phylogenetic 
study suggested that the known thermophilic fungi belong to the orders Sordariales, 
Eurotiales, Mucorales, and Onygenales. They examined the phylogenetic relation-
ships of a diverse range of fungi, including thermophilic and thermotolerant species, 
using concatenated amino acid sequences of marker genes mcm7, rpb1, and rpb2 
obtained from genome sequencing projects. These markers were used to reconstruct 
a phylogeny of the fungi (Fig. 3.2).

The authors further observed that maximum likelihood analysis of the combined 
amino acid sequence alignment resulted in a tree with high bootstrap support (BSS) 
values even in deep internal nodes. Only two nodes received less than 50% BSS, 
and five nodes received support between 50% and 70%. Of the remaining 78 nodes 
receiving support above 70%, 61 nodes received 100% BSS (Fig. 3.2).

According to Morgenstern et al. (2012), thermophilic species in the Sordariales 
are found only in Chaetomiaceae. To assess this connotation, they included 
sequences from species belonging to the classes Sordariaceae, Lasiosphaeriaceae, 
and Chaetomiaceae of Sordariales (Fig. 3.3).

They reported that the concatenated data set for the Sordariales contains 60 oper-
ational taxonomic units (OTUs), of which 21 are represented by all three genes, 27 
by two genes (mostly ITS and large subunit), and 12 by only one sequence. The tree 
reconstruction depicts the Chaetomiaceae, with the exclusion of Thielavia subther-
mophila as monophyletic and the Lasiosphaeriaceae as paraphyletic (Fig.  3.3). 
Furthermore, their study depicted that thermophilic fungi included in the order 
Eurotiales are not monophyletic; rather, they appear in three species pairs and as 
single sequences throughout the tree (Fig. 3.4).

Thermophilic fungi, as defined by their temperature preference to grow better at 
or above 45 °C than at 25 °C, have evolved independently in at least two lineages 
within the phylum Ascomycota, once each within the orders Sordariales and 
Eurotiales (Berka et  al. 2011). Within the Sordariales, thermophily is limited to 
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Fig. 3.4 Maximum likelihood phylogeny for the Eurotiales based on concatenated small-subunit, 
ITS/5.8S, and large-subunit nucleotide sequence alignments. Bootstrap values of 50 and above are 
given next to each node; values above 70 are indicated in bold font. Thermophilic taxa are high-
lighted in red font. The black hexagons indicate thermophilic strains included in the temperature- 
dependent growth trial. Species belonging to the Elaphomycetaceae are indicated to the right of 
vertical bars. The tree is rooted with species belonging to the Onygenales. (After Morgenstern 
et al. 2012)
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 subgroups of the family Chaetomiaceae. Among fungi more broadly, thermophily 
also exists in the Zygomycota (Zhou et al. 2014); however, it appears to be rare or 
altogether absent in the phyla Basidiomycota and Chytridiomycota. The evolution-
ary trajectory of thermophily is obscured by chaotic taxonomy. Moreover, efforts on 
biosystematics have lagged behind research on thermophilic fungi useful in bio-
technological industries, resulting in a body of literature for these organisms that 
lacks accurate taxonomic treatments (Mouchacca 2000).

The recent trend in solving fungal systematic problems is to use the online fungal 
taxonomies that are proliferating the Internet. The following are some of the impor-
tant online general classifications of fungi:

 1. GenBank (www.ncbi.nlm.nih.gov/Taxonomy), a resource for a diverse commu-
nity of researchers, including ecologists and molecular biologists

 2. Tree of Life (www.tolweb.org/tree), which is widely used by teachers and stu-
dents for basic studies and research

 3. Myconet (www.fieldmuseum.org/myconet), a site on which the ascomycetous 
fungi are regularly updated

 4. Index Fungorum (www.indexfungorum.org)
 5. MycoBank (www.mycobank.org)

The integration of these and many more databases, particularly for taxonomic 
names, is likely to gain greater prominence for future fungal taxonomies. Further, if 
the classifications employed by these and other major taxonomic resources could be 
unified, this would promote communication and the awareness of fungal phylogeny 
and also provide a framework for future revisions at all taxonomic levels. Therefore, 
classification of fungi based on monophyletic groups that can be recommended for 
general use is greatly warranted. With the taxonomic advances in fungal nomencla-
ture as supported by several phylogenetic and genome-wide studies, thermophilic 
fungi are described as being composed of 20 genera and 44 species (Oliveira 
et al. 2015).

3.8.2  Thermophilic Fungal Genomes

Until now, a few hundred fungal genomes have been sequenced, including impor-
tant human pathogens, plant pathogens, and model organisms (Zhou et al. 2014). 
The increase in fungal genome sequencing offers an opportunity to reconstruct evo-
lutionary events using whole genomes. The genomes of several industrially useful 
fungi, such as Aspergillus niger (Pel et al. 2007) and Trichoderma reesei (Martinez 
et al. 2008) have also been sequenced. As thermophilic fungi represent a potential 
reservoir of thermostable enzymes, sequencing of their genomes is advantageous 
from a biotechnological perspective; besides, their genomes are amenable to 
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manipulation using classic and molecular genetics (Berka et al. 2011). Genomes of 
some thermophilic fungi have been sequenced in the recent past. Characteristic fea-
tures of genomes of some thermophilic fungi are presented in Table 3.3. The follow-
ing section highlights the genomes of some important thermophilic fungi.

The genome of C. thermophilum, originally isolated by La Touche in 1948, has 
been sequenced by Amlacher et  al. (2011). This fungus holds great promise for 
structural biology, has the exceptional ability to grow up to 60 °C, and has been a 
subject of study for its nuclear pore complex (NPC). The fungus is known to pro-
duce a variety of thermostable enzymes, such as cellulose, amylase, xylanase, and 
lipase, and thus is a good candidate for biotechnological explorations. Using Roche 
454 FLX and XLR platforms, Amlacher et al. (2011) sequenced a nuclear genome 
of 28.3 Mb contained in eight chromosomes. They identified a total of 7227 protein- 
coding genes. Later, Bock et  al. (2014) further described the genome-wide pro-
teome and transcriptome analysis of C. thermophilum. The refinement of the gene 
structure by their transcriptomics and proteomics approach in particular ensures 
individual gene expression studies and subsequent experimental characterizations.

Their study implied that the individual proteins are the basis for the adaptation of 
a thermophilic lifestyle in thermophilic fungi. Although genome sequencing of ther-
mophiles has been initiated only recently, several of the thermophilic fungal 
genomes have not been sequenced to date.

Genomic features of a few other thermotolerant and thermophilic fungi are pre-
sented in Table  3.3 with relevant references. Additionally, a variety of thermo-
philes may serve as model organisms that may help us to understand the possible 

Table 3.3 General features of fungal genomes of some thermophilic and thermotolerant fungi

Organism

Optimum 
growth 
temperature 
(°C)

Genome 
size (Mb)

No. of 
coding 
genes

G + C 
content 
(%)

No. of 
chromosomes References

Aspergillus 
fumigatus

40 29.4 9926 49.9 8 Nierman 
et al. (2005)

Aspergillus niger 30 33.9 14,165 50.40 – Pel et al. 
(2007)

Aspergillus 
nidulans

30 30.1 10,701 50.3 – http://www.
aspgd.org/

Myceliophthora 
thermophila

40–50 38.7 9110 51.4 7 Berka et al. 
(2011)

Rhizomucor 
miehei

35–45 27.6 10,345 43.83 – Zhou et al. 
(2014)

Thermomyces 
lanuginosus

45–55 23.3 5105 52.14 – McHunu 
et al. (2013)

Thielavia 
terrestris

45–50 36.9 9813 54.7 6 Berka et al. 
(2011)

Chaetomium 
thermophilum

45–55 28.3 7227 – 8 Amlacher 
et al. (2011)
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mechanism of genomic diversification or environmental adaptation, which could be 
a driving force for the microbial evolution and associated thermophily.

3.8.3  Preferred Gene Sequences of Chaetomium

Nuclear ribosomal internal transcribed spacer (ITS), partial ribosomal large sub-
units (LSU rDNA), the second largest subunit of RNA polymerase II (RPB2), and 
b-tubulin (TUB) regions were recommended recently for amplification of 
Chaetomium DNA using primer sets ITS4/ITS5 (White et al. 1990), LR0R/LR5 
(Vilgalys and Hester 1990), 5F-Eur/7CR-Eur (Houbraken et al. 2012), and Bt2a/
Bt2b (Glass and Donaldson 1995), respectively, as recommended by recent stud-
ies carried by various investigators (Wang et al. 2015; Zhang et al. 2017).

3.9  Developing Genetic Tools to Exploit C. thermophilum

The use of thermostable proteins from prokaryotic thermophiles (bacteria, archaea) 
has been extensively exploited in the past for various biotechnological applications 
and in structural biology (Elleuche et al. 2015). In the eukaryotic kingdom, ther-
mophily has been adopted in some fungi of which C. thermophilum, a thermophilic 
ascomycete species, can grow up to 60 °C with an optimum growth temperature 
around 50–55 °C. The thermostable nature of individual C. thermophilum proteins 
has previously been demonstrated and directly compared to their mesophilic homo-
logues (van Noort et al. 2013). Moreover, with the recent release of a publicly avail-
able genome database with manually refined annotation (van Noort et  al. 2013), 
C. thermophilum has served as a prosperous resource for thermostable eukaryotic 
proteins. Several proof-of-principle studies exploiting the C. thermophilum pro-
teome for biotechnological applications (Li et al. 2010) or high-resolution 3D char-
acterization of single proteins or reconstituted protein complexes (Stuwe et  al. 
2015) have meanwhile been reported. However, these investigations required 
expression of C. thermophilum genes in heterologous mesophilic expression sys-
tems, as C. thermophilum has not yet been amenable for genetic manipulation. In an 
effort to fully exploit the potential of this thermophilic eukaryote as a source for 
biochemical and structural analyses of difficult proteins and derived complexes, we 
developed a transformation system for C. thermophilum, allowing the stable inte-
gration of constructs into the genome, which renders this thermophile accessible for 
affinity purification of native thermostable proteins and protein complexes assem-
bled under physiological conditions.
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3.9.1  Methods (Fig. 3.5)

 1. For cultivation of C. thermophilum, wild type of C. thermophilum (La Touche) 
var. thermophilum will be obtained from any international culture collection. 
Mycelium will be propagated on modified CCM medium either broth or solid 
as recommended by Kellner et al. (2016).

 2. Plates will be incubated at 52–55 °C. Submerged cultures will be inoculated 
with mycelium scraped off a freshly grown agar plate and typically will be 
grown in 250 mL baffled Erlenmeyer flasks at 50 °C and 100 rpm in a rotary 
shaker for approximately 24 h.

 3. For large-scale growth of mycelium, submerged cultures will be shredded in a 
blender (4 × 20 s) and used as inoculums for 2 L CCM broth in 5 L baffled 
Erlenmeyer flasks incubated at 50 °C and 90 rpm for 18 h.

 4. For harvesting mycelium that will be subsequently used for isolation of protein 
extracts or affinity purification, the cultures will be strained through a metal 
sieve (180 μm pore size) and washed once with sterile water, and residual liquid 
will be removed with a vacuum filter. Cells will be frozen in liquid nitrogen and 
subsequently ground to a fine powder in a cryogenic cell mill (RETSCH 
MM400) in two cycles of 5 min each.

 5. For the generation of ascospore-producing fruiting bodies, rice extract agar 
(supernatant of 75 g whole grain rice, boiled for 2 h and supplemented with 
15 g of agar per liter) will be inoculated with shredded mycelium and incubated 
at 37 °C for approximately 7 days. Spores will be harvested through scraping 
the agar surface, filtrated through four layers of sterile gauze, washed in 1 M 
sorbitol, and stored at −20 °C. Spores retained their ability to germinate on 
CCM agar for at least 1 year.

 6. For germination of ascospores on terbinafine, the minimal inhibitory concen-
tration will be determined and 0.1 μg/mL terbinafine will be supplemented to 
solid CCM medium.

 7. For cloning of C. thermophilum nucleoporins for native affinity purifica-
tion and recombinant expression in S. cerevisiae or E. coli, molecular clon-
ing techniques will be based on protocols described by Sambrook et al. (1989). 
E. coli DH5α will be used for plasmid propagation via standard procedures.

 8. Genomic DNA from C. thermophilum will be isolated essentially as reported 
by Al-Samarrai and Schmid (2000) and total RNA was isolated using the SV 
total RNA isolation kit (Promega).

 9. cDNA will be synthesized using SuperScript III Reverse Transcriptase 
(Invitrogen) and an Oligo d(T) primer according to the company’s instructions. 
cDNA will be purified with the QIAquick PCR Purification Kit (QIAGEN).

 10. Construction of the terbinafine resistance marker will be achieved by cloning 
the open reading frame (ORF) of ctERG1 (CTHT_0032780). To obtain the 
actin promoter (PACTIN) and the trpC promoter (PTRPC), a 1.5 kb fragment 
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Fig. 3.5 Schematic representation of the workflow for transformation of C. thermophilum proto-
plasts and selection of positive transformants (After Kellner et al. 2016). Protoplasts are generated 
from C. thermophilum mycelium growing in submerged cultures by digestion of fungal cell walls. 
Upon filtration, protoplasts are plated on osmotically stabilizing medium to assess viability. For 
transformation, protoplasts are mixed with the PACTIN-ERG1 plasmid for selection on terbinafine 
(see text for details). Arrowheads point to restriction sites for linearization. Upon recovery, mycelia 
are plated on solid media supplemented with terbinafine for selection of positive strains. Replating 
of individual transformed mycelia on selective medium confirms stable terbinafine resistance, 
whereas the wild type does not grow on terbinafine. Left panel: PCR analysis with oligonucle-
otides specific for the PACTINERG1 construct (depicted as red and blue arrows, respectively) 
performed on genomic DNA (gDNA) isolated from five independent ERG1 transformants (lanes 
1–5) to verify genomic integration of the construct. The expected products of 761 nt (upper panel) 
and 536 nt (lower panel), respectively, could be amplified, whereas no product was amplified from 
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and a 1.2 kb fragment, respectively, upstream of the respective ORF (actin – 
CTHT_0062070; trpC  – CTHT_0070860) will be amplified from genomic 
DNA.

 11. C. thermophilum genes encoding nucleoporins will be previously annotated.
 12. For the generation and integration of affinity-tagged fusion constructs into the 

C. thermophilum genome, nucleoporin-encoding ORFs will be PCR amplified 
from genomic DNA.  For amplification of promoter regions, approximately 
1.0–1.5  kb fragments upstream adjacent to the respective ORF will be 
amplified.

 13. For termination of transcription, a 3′ transcription terminator DNA fragment 
(300 bp downstream of the glyceraldehyde-3-phosphate dehydrogenase ORF 
(GPD; CTHT_0004880) will be fused to the ORF of interest.

 14. To clone C. thermophilum nucleoporins for recombinant expression, the respec-
tive gene will be PCR amplified from either cDNA or genomic DNA, when no 
intron was present, and inserted into appropriate expression plasmids.

 15. For transformation of C. thermophilum and expression tests, protoplasts 
will be generated using a submerged culture of the C. thermophilum wild-type 
strain, shredded in a kitchen blender (4 × 20 s), as inoculum for 300 mL CCM 
medium, which was incubated at 50 °C and 90 rpm for approximately 20 h. The 
mycelium will be strained through a metal sieve, washed twice with PP buffer, 
subsequently subjected to 100 mL Erlenmeyer flasks containing 40 mL diges-
tion solution, and incubated at 30 °C and 110 rpm for 3 h. The resulting proto-
plasts were filtered through a funnel (pore size 1) and collected via centrifugation 
(2400 rpm, 8 min, 4 °C), followed by two washing steps in PP buffer and one 
washing step in STC buffer.

 16. The amount of protoplasts will be determined in a hemocytometer and from a 
standard 300 mL culture. For the determination of the recovery rate, different 
amounts of protoplasts will be plated on CCM medium supplemented with 
0.8 M sorbitol, incubated at 50 °C for 1 day, and the resulting colonies will be 
counted.

 17. For transformation of protoplasts with plasmid DNA, 200 μL of the protoplast 
solution will be mixed with 2.5 μL heparin (10 mg/mL), 2 μL spermidine trihy-
drochloride (50 mM), 1 μL aurintricarboxylic acid (0.4 M) as nuclease inhibi-
tor, 40  μL STC/PEG solution (40% PEG6000 (w/vol) in STC buffer), and 
5–10 μg of linearized plasmid DNA and incubated on ice for 20 min. Then, 
750 μL of STC/PEG solution will be added prior to incubation at room tem-
perature for 10 min to allow the transformation to proceed.

Fig. 3.5 (continued) wild-type gDNA (wt). The PACTIN-ERG1 plasmid (P) was included as posi-
tive control (lane 7). Ascospores (bottom left) were generated from an ERG1-positive transformant 
to verify that the resistance trait remains stable. Upon plating of these ascospores on terbinafine, 
the ERG1-positive strain was able to germinate, whereas ascospores generated from the wild-type 
strain did not grow. Bottom right: PCR analysis performed on gDNA isolated from four inde-
pendent ascospore- derived clones (lanes 1–4) verifies stable genomic integration of the 
ERG1-marker
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 18. The protoplasts will be again collected via centrifugation and recovered in 
3 mL CCM medium supplemented with 0.8 M sorbitol at 50 °C and 600 rpm 
for approximately 20 h. After recovery, the cells will be plated on CCM agar 
plates supplemented with 0.8 M sorbitol as well as terbinafine hydrochloride at 
a final concentration of 0.5 μg/mL for selection and incubated at 50–55 °C for 
2–3 days.

 19. Expression of affinity-tagged fusion proteins will be tested via immunoblots of 
whole cell protein lysates obtained from 100 to 150 mg of mycelium, ground in 
1 mL NB-HEPES buffer and 500 μL of zirconia beads in a Mini Bead Beater 
(5000 rpm at 4 °C, 2 × 20 s, 4 runs). The lysates will be cleared via centrifuga-
tion (14.000 rpm at 4 °C for 20 min) and supernatants will be analyzed by SDS- 
PAGE and Western blotting, performed using PAP and/or FLAG® antibodies 
according to the manufacturer’s instructions.

 20. For affinity purification of native protein complexes from C. thermophilum 
(Fig. 3.6), ground frozen mycelium will be thawed on ice in NB-HEPES buffer 
containing 0.1% (vol/vol) IGEPAL® CA-630 or 1% (vol/vol) Triton™ X-100, 
including SIGMAFAST complete protease inhibitor cocktail (Sigma Aldrich) at 
a ratio of approximately 1 mL buffer per gram of cells. The lysate was cleared 
(20.000 rpm at 4 °C for 30 min) and the FLAG-TEV-Protein A (FpA) tagged 
proteins were affinity-purified from the supernatant using 300  μL IgG- 
Sepharose suspension (IgG-Sepharose 6 Fast Flow; GE Healthcare). Upon 
washing, proteins were eluted by TEV protease in a 2.5 mL Mobicol column 
(MoBiTec) at 16  °C for 2  h and subsequently incubated with 50 μL ANTI- 
FLAG® M2 affinity gel (Sigma Aldrich) at 4 °C for 1 h. Bound proteins were 
eluted by use of 100  μg/mL FLAG peptide (Sigma Aldrich) at 4  °C for 
30–60 min. Eluates were separated by SDS-PAGE and analyzed via colloidal 
Coomassie staining and mass spectrometry. For the detection of glycosylation 
of ctNsp1, an O-linked N-acetylglucosamine antibody (abcam cat. no. ab2739, 
1:1000 in PBS + 0.05% Tween-20/5% milk) was applied.

 21. Sucrose gradient ultra-centrifugation will be performed with the FLAG eluates, 
which were loaded onto a continuous sucrose gradient (10–30% (w/vol) in NB- 
HEPES buffer), centrifuged at 26.000  rpm for 16 h in a SW60 Ti swinging 
bucket rotor (Beckman Coulter) and fractionated.

Fig. 3.6 (continued) lyzed by SDS-PAGE and Coomassie staining. Whole cell lysate (WCL), the 
complex on IgG and FLAG beads, respectively, the TEV, and final FLAG eluates are shown. 
Proteins were identified by mass spectrometry. (e) Western analysis to identify O-linked glycosyl-
ation. Wild-type and ctNup82-FpA expressing mycelium was subjected to affinity purification. 
WCL as well as TEV and FLAG eluates, respectively, were probed with an antibody specific for 
O-linked N-acetylglucosamines (O-GlcNAc). This antibody detects a band with a molecular 
weight corresponding to ctNsp1, both in the whole cell lysate and the purified trimeric complex, 
indicating O-GlcNAc modification of this nucleoporin. A molecular weight standard with molecu-
lar weights (kDa) is depicted on the left
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Fig. 3.6 Design and expression of constructs for affinity purification of native C. thermophilum 
proteins (After Kellner et al. 2016). (a) Schematic depiction of the plasmid used for transformation 
and integration of a C-terminally ProtA-FLAG tagged ctNup82 protein. (b) Western analysis of 
four strains positive for the PACTIN-ERG1_PNUP82-NUP82-FpA construct. Expression of the 
fusion protein was revealed with anti-Protein A and ANTI-FLAG antibodies on whole cell protein 
lysates, respectively, whereas no signal was detectable in the wild type. Equal loading was con-
firmed by Ponceau S staining. A molecular weight standard with molecular weights (kDa) is 
depicted on the left. (c) Indirect immunofluorescence to detect C. thermophilum nuclear pore com-
plexes. An antibody directed against Protein A in combination with an Alexa Fluor 488-conjugated 
secondary antibody decorates nuclear rims in the strain expressing ctNup82-FpA, indicating that 
the fusion protein is functional and localizes to the NPC. DAPI staining was performed to visualize 
nuclei. DIC, GFP, and DAPI channels as well as merged fluorescent images are shown. Scale 
bars – 10 μm. (d) Tandem affinity purification of the native ctNup82 complex. Samples are ana 
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 22. Mass spectrometric identification of proteins was carried out as described in 
Hakhverdyan et al. (2015).

 23. For immunostaining of C. thermophilum nucleoporins and fluorescence 
microscopy, technique will be adapted from the protocol published by Zekert 
and Fischer (2009) according to Kellner et al. (2016).

 24. For expression of recombinant C. thermophilum nucleoporins in yeast and 
E. coli, individual nucleoporins from C. thermophilum, plasmids harboring the 
nucleoporin-encoding gene of interest under control of the ADH1 or GAL1/
GAL1-10 promoter, respectively, will be transformed into S. cerevisiae strain 
DS1-2b43.

 25. To perform simultaneous co-expression of multiple genes, the coding sequences 
will be inserted into appropriate yeast expression vectors, as described by 
Thierbach et al. (2013).

 26. For purification of recombinant C. thermophilum nucleoporins, reconstitu-
tion of subcomplexes, and in  vitro binding assays, cell lysis will be per-
formed by cryogenic grinding in a cell mill. Lysed cells will be resuspended in 
NB-HEPES buffer containing SIGMAFAST complete protease inhibitor cock-
tail and 0.1% (vol/vol) IGEPAL® CA-630, and the lysate will be cleared by 
centrifugation. For purification, lysates will be incubated at 4 °C for 60 min 
with corresponding affinity beads: ProtA-TEV-tagged proteins will be purified 
by using IgG-Sepharose 6 Fast Flow, GST-TEV-tagged proteins by using 
Protino Glutathione Agarose 4B, His6-tagged proteins with His-Select Nickel 
Affinity Gel (Ni-Gel, Sigma Aldrich), and FLAG-tagged proteins with ANTI- 
FLAG® M2 Affinity Gel (Sigma Aldrich). After binding, affinity beads will be 
washed extensively by using NB-HEPES-W buffer (NB-HEPES containing 
0.01% (vol/vol) IGEPAL® CA-630).

 27. Elution of IgG and GSH affinity bound proteins will be achieved by cleavage 
with the TEV protease for 60 min at 16 °C in NB-HEPES-W buffer containing 
1  mM dithiothreitol. Ni-Gel bound protein was eluted using NB-HEPES-W 
buffer containing 300 mM imidazole. For elution of FLAG bound protein, the 
affinity gel was incubated with NB-HEPES-W containing 100 μg/mL FLAG® 
peptide (Sigma Aldrich) for 30 min at 4 °C.

 28. The reconstitution of the heterotrimeric ctNup82 complex from C. thermophi-
lum, consisting of ctNup82, ctNup159C, and ctNsp1C, was performed as 
described. Briefly, the three constructs were co-expressed in S. cerevisiae and a 
split-tag purification of the complex was performed. In the first step, the 
ctNup82 complex was immobilized to Ni-Gel via ctNsp1C:His6, eluted with 
imidazole, and further purified in a second step via FLAG tagged ctNup159C. The 
purified ctNup82 complex was used as bait in the following binding experi-
ments. As prey, individual ctNup84 complex nucleoporins were purified and 
eluted as outlined earlier. Alternatively, the heterotrimeric ctNup84 complex, 
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consisting of ctNup120, ctNup85, and ctNup145C, was co-expressed in S. cere-
visiae, purified via ProtA-TEV tagged ctNup85, and eluted with TEV protease 
as illustrated. For binding experiments or reconstitution of higher-order com-
plexes, the bait protein complex was incubated with tenfold excess of prey pro-
tein for 60 min at 16 °C. After extensive washing, the bait proteins were eluted 
as described earlier and analyzed by SDS-PAGE and Coomassie staining.

 29. For gradient ultra-centrifugation, the purified and reconstituted heterotrimeric 
ctNup82 complex and the heteroheptameric ctNup82–Nup84 super-complex, 
respectively, were loaded onto continuous glycerol gradient (10–30% w/vol in 
NB-HEPES buffer) and centrifuged at 33.000  rpm for 16  h in an SW60 Ti 
swinging bucket rotor (Beckman Coulter). About 200 μL fractions were col-
lected and analyzed by SDS-PAGE and Coomassie staining.

The genetic method developed by the previous method introduced by Kellner 
et al. (2016) is based on polyethylene glycol (PEG)-induced protoplast transfor-
mation that was successfully applied in the past for members of the Pezizomycotina 
clade (e.g., Sordaria macrospora) to which C. thermophilum also belongs. For the 
generation of protoplasts from the thermophile, a mixture of different fungal cell 
wall-degrading enzymes was applied to young mycelium of a wild-type C. ther-
mophilum var. thermophilum (La Touche 1950; DSM-1495) growing as submerged 
cultures. The resulting protoplasts were collected by filtration and centrifugation, 
washed, and subsequently subjected to the transformation procedure (Fig. 3.5).

In conclusion, the genetic tools in C. thermophilum developed by Kellner et al. 
(2016), which allow applications regarding affinity purification of thermostable 
macromolecular complexes assembled under physiological conditions directly 
from the thermophile (Fig. 3.7). This method holds great potential to obtain com-
plicated protein complexes as well as RNPs from a thermophile, including native 
protein and RNA modifications. Moreover, the inherent thermostability of such 
assemblies will facilitate the identification of transient protein–protein interac-
tions, which may escape during isolation of complexes from mesophiles. Thus, our 
method could pave the way for C. thermophilum to further develop into a model 
organism for biochemical and prospective structural analyses of eukaryotic macro-
molecular complexes and also applications in biotechnology are expected 
to emerge.
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Fig. 3.7 Biochemistry of native C. thermophilum nuclear pore subcomplexes and reconstitution 
of a Nup82–Nup84 super-complex (After Kellner et al. 2016). (a) Affinity capture of ctNup53- 
FpA was performed on cleared lysates under various extraction conditions. Elution of the com-
plexes was followed by SDS-PAGE and Coomassie staining. Proteins identified by mass 
spectrometric analysis from the complexes isolated in condition #9 are indicated. Extraction condi-
tions (#1–14) are presented in Supplementary Table 1. A molecular weight marker (M) is indicated 
on the left. (b) Sucrose gradient centrifugation of the ctNup82 complex upon affinity capture of 
ctNup82-FpA.  Fractions were collected and analyzed by SDS-PAGE and Coomassie staining. 
Individual proteins were identified by mass spectrometric analysis. (c) In vitro binding assay with 
an immobilized Nup82–Nup159C1–Nsp1C complex (ctNup82 complex) and full-length ctNup120, 
ctNup85, and ctNup145C (ctNup84 complex) (input, lanes 1–3). Samples are eluted via FLAG 
peptide and analyzed by SDS-PAGE and Coomassie staining (lanes 5–11). MW, molecular weight; 
kDa, kilodalton; α-FLAG, ANTI-FLAG M2 Affinity Gel. (d) Glycerol-gradient centrifugation of 
in  vitro reconstituted complexes. Fractions were collected and analyzed by SDS-PAGE and 
Coomassie staining. (Top) ctNup82 complex, (middle) ctNup84 complex including ctNup84, (bot-
tom) ctNup82–ctNup84 complex including ctNup84. (e) Schematic model for the connection of 
the Nup53-containing inner pore ring complex (IRC) with the Nup82 outer ring and the Nsp1 
channel complex (left) and how the Nup82 complex might be linked to the Y-shaped octameric 
Nup84 complex within the NPC protomer
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Chapter 4
Recent Advances on Occurrence of Genus 
Chaetomium on Dung

Francisco J. Simões Calaça, Solange Xavier-Santos, 
and Ahmed M. Abdel-Azeem

4.1  Life Cycle of Dung Fungi and the Classification 
as an Obligate Dung Species

Coprophilous fungi, also known as dung fungi, are a broad fungal group understood 
in two denomination (sense), in accordance with its life history and, mainly, its 
substrate preference (Doveri 2004). The true dung fungi (stricto sensu) are all fun-
gal species, as Saccobolus spp., Pilobolus spp., Hypocopra spp., that must pass 
through the animal’s gut as a decisive step to the emergence (i.e. germination) of 
fungal spores on dung, after defecation, being, therefore, known as coprophilous 
fungi, as defined in Doveri (2004). On the other hand, there are species of dung 
fungi (lato sensu) whose dung is one of many other suitable substrates where their 
can complete its life cycle, for example barks, leaves, undefined standing litter or 
soil. These species are preferably named as fimicolous fungi (Lundqvist 1972; 
Abdel-Azeem and Salem 2015; Calaça et al. 2017).

Some fimicolous species can spread its spores in the matrix and reach substrates 
other than live vegetation, mainly when dung is not available as an “island” for 
 colonization, as in the case of nonobligate gut passage fungi. Feces represent an 
immediate source of resource for the survival of a great diversity of dung-lovers or 
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dung-dependent organisms (Bell 1983; Jones 2017; Frank et al. 2017). Other sub-
strates can include barks, standing litter, or soil and are suitable for growth of 
 species nonspecific to dung, like those belonging to the genus Chaetomium, where 
they can complete their life cycle (Fig. 4.1).

Many environmental factors directly and indirectly influence the expression of 
named copromicodiversity, as recently compiled by Calaça et al. (2017). Animal 
community heterogeneity is one of the first drivers in modulating dung physico-
chemical characteristics and which species will develop for each dung type (i.e., 
ruminant or monogastric type). Indeed, increased grazing by cattle is positively 
associated with dung fungi abundance (Eldridge and Delgado-Baquerizo 2018); 
once more dung are produced, more spores can be spread and emerge, developing 
new reproductive structures, restarting the cycle continuously. However, some 
fimicolous species are not influenced by biotic and abiotic factors in the same way 
as observed for true coprophilous fungi. Species of Chaetomium, for example, are 
able to grow on various materials, and its spores can be found free in the air, being 
important inhalant allergens in indoor environments (Wang et al. 2016a), soils, and 
live or decaying plant debris (Pornsuriya et  al. 2008; Asgari and Zare 2011; 
Blanchette et al. 2017).

Fig. 4.1 A typical dung fungi life cycle. The entire arrows show the pathway for coprophilous 
(obligatory gut passengers) fungi and the dotted arrows show the pathway for fimicolous fungi. (1) 
A great diversity of fungal spores of both dung fungi species than other groups of fungi are dis-
persed on a matrix of many types of substrates especially living plants. (2) These spores are avail-
able for ingestion by animals during feeding. (3) For coprophilous fungi, as far as we know, 
passage through the gut is an important step to spore emergence on dung, because different phases 
of digestion are responsible for breaking of spore dormancy. (4) Dung fungi spores emerge and 
grow on dung and complete their life cycle, but some non-coprophilous species can pass through 
the gut without any injury (Chaetomium spp.) and develop on dung. These fungal species will 
spread its spores on the matrix (a) and develop. (5, b) Finally, the spores will be dispersed and 
ingested again. The life cycle is constantly restarted (6, 7 and c, d). (Figure drawn by the authors, 
with vectors available on “Integration and Application Network, University of Maryland Center for 
Environmental Science”. http://ian.umces.edu/symbols/)
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However, research such as those developed by mycologist Francesco Doveri 
(2004, 2008, 2011, 2013, 2016, 2018) and others (Piasai and Manoch 2009; Mungai 
et al. 2012; Altayyar et al. 2017) have shown that the genus displays a good capacity 
to survive on dung, considering an environment with high competition (fungi 
 compete for space and food with other fungi, myxomycetes, bacteria, nematodes, 
insects), which is associated with cellulose degradation capacity and production of 
secondary metabolites that make the species of this genus potential competitors, 
frequent in most damp chamber cultures of dung fungi studies (Saito et al. 1988; 
Soytong et al. 2001; Doveri 2011).

4.2  Occurrence of Genus Chaetomium on Dung

Chaetomiaceae G.  Winter is a family of saprobic or parasitic fungi, growing on 
plant debris, dung, soil, and other substrates (Maharachchikumbura et al. 2016) and 
included in class Sordariomycetes and order Sordariales. Notably, it comprises 19 
genera (Achaetomium J.N.  Rai et  al., Bommerella Marchal, Boothiella Lodhi & 
Mirza, Botryotrichum Sacc. & Marchal, Chaetomidium (Zopf) Sacc., Corynascella 
Arx & Hodges, Chaetomiopsis Mustafa & Abdul-Wahid, Chaetomium Kunze, 
Crassicarpon Y.  Marín et  al., Emilmuelleria Arx, Farrowia D.  Hawksw., 
Guanomyces M.C.  Gonzáles et  al., Humicola Traaen, Madurella Brumpt, 
Myceliophthora Costantin, Staphylotrichum J.A. Mey. & Nicot, Subramaniula Arx, 
Taifanglania Z.Q. Liang et al., Thielavia Zopf), where most species grow on either 
dung or decaying plant debris (Wijayawardene et al. 2017).

Chaetomium Kunze (species type C. globosum Kunze) presents saprobic spe-
cies, occurring in a wide variety of substrates and biogeographic distribution (von 
Arx et  al. 1986). As mentioned by Doveri (2004), species of this genus are not 
highly specialized to be considered truly coprophilous, lignicolous, or terricolous. It 
is characterized as one of the main genera of saprophytic Ascomycota, currently 
with more than 150 species described worldwide (Maharachchikumbura et al. 2016; 
Wijayawardene et al. 2017). Chaetomium produce membranaceous perithecia char-
acteristically covered by terminal, lateral, or ascomatal hairs with different morpho-
logical structures (e.g., rigid, straight, hooked, spiral, coiled). In general, the genus 
is characterized by ascomata (perithecioid, rarely cleistothecioid) superficial, setu-
lose or hairy, with ornate dark (rarely smooth hair) hairs covering the perithecium. 
Asci are usually clavate or cylindrical, 8-spored, very ephemeral. Spores are limo-
niform, ovoidal, or fusiform (sometimes triangular, spherical, or irregular) brownish 
to greyish in color (Moustafa and Abdel-Azeem 2005). As mentioned by Doveri 
(2004), spores are released as a dark, sticky mass.

According to the Index Fungorum Partnership (IFP 2018), there are 273 
Chaetomium species accepted (see species list in Appendix). The work developed 
by von Arx et al. (1986) is considered as the basis for the classical taxonomic stud-
ies of the genus, which is followed in important articles and monographs on the 
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genus (e.g., Doveri 2004). However, recent studies with molecular approaches have 
revealed a high number of undescribed species on this genus, especially when they 
are considered more potential substrates for the occurrence of a genus (Wang et al. 
2014, 2016a, b; Zhang et  al. 2016) (Table  4.2). Although Chaetomium is not a 
strictly coprophilous fungus genus, the diversity of representatives of the genus 
Chaetomium on dung is continuously represented in studies of dung fungi diversity 
worldwide. One of the most representative and recent research on the occurrence of 
this genus on dung, which was a precursor to others, was developed by Doveri 
(2004, 2011).

This author presented important contributions to the study of the genus occurring 
as fimicolous, with detailed diagnosis, substrate preferences, and descriptions of 
new species, some occurring exclusively on dung (Doveri 2008, 2013, 2016). For 
Chaetomium species recorded on dung, Doveri (2004) presented a representative 
selection of species reported from dung at least once until 2004. In 2008, the author 
presented an updated key to coprophilous species recorded from Italy (Doveri 
2008), followed by another updated key to Chaetomium on dung, with new descrip-
tions and records (Doveri 2013). These publications are, undoubtedly, important 
guides to taxonomy and biogeography of Chaetomium species that occur on dung. 
However, a most deep search in dung substrates, allied to phylogenetic approaches, 
can obviously improve our knowledge about this genus, including the possibility of 
new species on this substrate. Doveri (2018) provided an updated key to sexual 
morph genera of Chaetomiaceae, where a new species of the related genus 
Chaetomidium (C. vicugnae Doveri) is described from a sample of vicuña dung 
(Vicugna vicugna Molina 1782).

Despite the importance of the genus Chaetomium in several biotechnological, 
taxonomic, and ecological aspects, little is known about its occurrence on dung. 
Unfortunately, there are still few studies that focused on the biology of the group on 
dung (Table 4.1). Table 4.2 shows the most recent papers describing occurrences of 
Chaetomium species on dung (for more details, check the cited references).

Table 4.1 Journal articles dealing with the genus Chaetomium and their biology, including 
occurrences on dung

Keywords and Boolean indexers Number of journal articles Period

“Chaetomium” 701a and 657b 1945–2018
“Chaetomium” and “taxonomy” 22a and 38b 1945–2018
“Chaetomium” and “new species” 16a and 9a 1945–2018
“Chaetomium” and “coprophilous” or 
“dung”

3a and 1b 1945–2018

aWeb of Science (Clarivate Analytics) database and bScopus (Elsevier)
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Table 4.2 Some recent reviews and papers mentioning Chaetomium spp. occurring on dung, 
published in the last 10 years. Substrates are shown in brackets in common names

Focus Species and substrata Reference

An update on the genus 
Chaetomium with descriptions of 
some coprophilous species, new to 
Italy

Chaetomium carinthiacum (bird)
C. gangligerum (cattle, deer, goat, roe deer, 
and sheep)
C. homopilatum (roe deer)
C. spinosum (cow)
C. subaffine (cow)
C. variostiolatuma (cow)
C. bostrychodesa (badger, beech marten, cattle, 
chamois, fallow deer, fox, goat, hare, 
hedgehog, hen, hooded crow, horse, lizard, 
snail, pigeon, porcupine, rabbit, rat, roe deer, 
sheep, sparrow, squirrel, toad, tortoise, 
unidentified bird, weasel, wild ferret, wild pig)
C. crispatum (roe deer)
C. cuniculoruma (wild rabbit)
C. elatum (horse)
C. funicolaa (roe deer and horse)
C. fusisporuma (sheep)
C. globosum (cattle, dormouse, hare, 
hedgehog, horse, sheep, and sparrow)
C. medusaruma (sparrow)
C. mollicelluma (beech marten, domestic and 
wild pig, hedgehog, lizard, and rat)
C. oblatum (donkey)
C. robustuma (dormouse, lizard, rabbit, and roe 
deer)
C. seminis-citrulli (porcupine, sparrow, and 
weasel)
C. trigonosporum (wild ferret)

Doveri 
(2008)1

1Check out 
substrate 
additions 
for species 
mentioned 
in this 
paper on 
Doveri 
(2011, 
2013)

Additions to “Fungi Fimicoli 
Italici”: An update on the 
occurrence of coprophilous 
basidiomycetes and ascomycetes 
in Italy with new records and 
descriptions

C. ancistrocladum (dormouse)
C. carinthiacum (bird)
C. gangligerum (cattle, deer, goat, roe deer, 
and sheep)
C. murorum (bat, cattle, roe deer, dormouse, 
hare, rabbit, hedgehog, sheep, mouflon, and 
snail)

Doveri 
(2011)

Coprophilous ascomycetes of 
northern Thailand

C. bostrychodesa (goat) Mungai 
et al. 
(2011)

Coprophilous ascomycetes in 
Kenya:
Chaetomium species from wildlife 
dung

C. convolutum (dikdik, giraffe, and hartebeest)
C. globosum (hartebeest and impala)
C. muelleri (dikdik)
C. seminis-citrulli (dikdik)

Mungai 
et al. 
(2012)

An additional update on the genus 
Chaetomium with descriptions of 
two coprophilous species, new to 
Italy

C. brasiliensea (fallow deer)
C. succineum (sheep)

Doveri 
(2013)

(continued)
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Table 4.2 (continued)

Focus Species and substrata Reference

Phylogenetic assessment of 
Chaetomium indicum and allied 
species, with the introduction of 
three new species and 
epitypification of C. funicola and 
C. indicum

C. funicolaa (sheep)
C. indicuma (dung of unidentified herbivore)

Wang et al. 
(2014)

A checklist of coprophilous fungi 
and other fungi recorded on dung 
from Brazil

C. bostrychodesa (camel, deer, and paca)
C. cochliodes (domestic pig and goat)
C. globosum (tapir)
C. funicolaa (paca)

Calaça 
et al. 
(2014)

Fungi fimicola Aegyptiaci: 
I. Recent investigations and 
conservation in arid South Sinai

C. atrobrunneuma (camel and donkey)
C. bostrychodesa (camel, donkey, and goat)
C. globosum (camel, donkey, and goat)
C. gracilea (goat)
C. nigricolora (camel, donkey, and goat)
C. piluliferum (camel, donkey, and goat)
C. subspirilliferum (goat)

Abdel- 
Azeem and 
Salem 
(2015)

Records of coprophilous fungi – a 
data set

C. bostrychodesa (domestic pig, rabbit, hare, 
opossum, goat, squirrel, sheep, and reindeer)
C. crispatum (rabbit, deer, squirrel, and 
opossum)
C. cuniculoruma (hare)
C. elatum (hare, goose, pine marten)
C. fusisporuma (sheep)
C. globosum (hare, rabbit, and sheep)
C. indicuma (goat)
C. mollicelluma (hare and rabbit)
C. murorum (donkey, goat, and sheep)
C. quadrangulatuma (rat)

Richardson 
(2015)

Description of Chaetomium 
aureum, Corynascus sepedonium, 
and Coniochaeta hansenii newly 
recorded from Italy and a key to 
coprophilous Chaetomiaceae and 
Coniochaetaceae

C. aureuma (goat) Doveri 
(2016)

Diversity and taxonomy of 
Chaetomium and chaetomium-like 
fungi from indoor environments

C. aureuma (hyrax)
C. bostrychodesa (antelope)
C. cupreuma (moose)
C. fusiformea (dung of rodent)
C. quadrangulatuma (rabbit)
C. mollicelluma (spotted skunk)
C. senegalensea (gazelle)
C. cristatuma (rabbit)
C. fusisporuma (marmot)
C. irregulare (nilgai, rabbit, dung of herbivore 
and unidentified dung type)

Wang et al. 
(2016a)

(continued)
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4.3  Perspectives for Studies of Chaetomium Species on Dung

We briefly described advances and status of Chaetomium taxa on dung in recent 
years, based on both morphological and molecular characters. The tipping point to 
increase our understanding on Chaetomium species ecology and biology is to con-
sider potential substrates where it can be found, once that genus is not highly spe-
cialized to a specific substrate. Dung, as it has been presented, is a very important 
source of nutrients. Therefore, mycologists should direct their sampling efforts to 
this type of substrate. Few researchers were responsible for the advances in knowl-
edge of this genus in dung. However, the potential for discoveries and applications 
that dung-inhabiting fungi present (Bills et al. 2013; Sarrocco 2016) is good reason 
for exploring these other possibilities. In addition, new molecular techniques to 
evaluate fungal biodiversity, as done by Wang et al. (2016a, b), can save time and 
effort by directly evaluating DNA extracted from dung, which would avoid moist 
chamber use and classical taxonomy uncertainty.

An advanced knowledge on ecology of this dung-inhabiting fungi will facilitate 
ecological research and efforts to recognize benefits from secondary metabolites of 
these fungi as a better understanding of its potential as a plant or animal pathogen. 
Consequently, a better diagnosis of new Chaetomium species on dung, an extreme 
environment, will help to achieve maximum benefits from these microorganisms in 
biotechnological applications.

Table 4.2 (continued)

Focus Species and substrata Reference

Phylogenetic reassessment of the 
Chaetomium globosum species 
complex

C. ascotrichoides (sheep and goat)
C. coarctatum (unidentified dung type)
C. cochliodes (unidentified dung type)
C. megalocarpum (horse)
C. olivaceum (camel)
C. rectangulare (unidentified dung type)
C. spirochaete (unidentified dung type)

Wang et al. 
(2016b)

Potentially harmful secondary 
metabolites produced by indoor 
Chaetomium species on artificially 
and naturally contaminated 
building materials

C. longicolle (dung, type not informed) Došen 
et al. 
(2016)

aSpecies of genus Chaetomium with updated nomenclature, based on the phylogenetic analyses of 
DNA-directed RNA polymerase II second largest subunit (rpb2), β-tubulin (tub2), ITS, and 28S 
large subunit (LSU) nrDNA sequences, together with morphological comparisons, as presented by 
Wang et al. (2016a)
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 Appendix

List of current Chaetomium species, in accordance with the Index Fungorum 
Partnership (http://www.indexfungorum.org). For recent publications with occur-
rences of species on dung, see the Table 4.2.

Chaetomium abietinum Ellis & Everh. None
C. acropullum X.Wei Wang None
C. affine Corda None
C. africanum L.M. Ames None
C. afropilosum X.Wei Wang, Crous & 
L. Lombard

None

C. alboavenulum L.M. Ames None
C. alchemillae Wallr. None
C. amberpetense P.Rama Rao & Ram Reddy None
C. amesii Sergeeva None
C. ampullare Chivers None
C. ampulliellum X.Wei Wang None
C. anatolicum Karaca & Turhan None
C. ancistrocladum Udagawa & Cain None
C. anguipilium L.M. Ames None
C. anguipillioides Mazzuch. None
C. angulare Yu Zhang & L. Cai None
C. angusti-ellipsoideum G. Malhotra & Mukerji None
C. angustispirale Sergeeva None
C. angustum Chivers None
C. apiculatum Lodha None
C. arachnoides Massee & E.S. Salmon None
C. araliae Corda None
C. arcuata J.N. Rai & J.P. Tewari None
C. aterrimum Ellis & Everh. None
C. atrosporum Skolko & J.W. Groves None
C. aurangabadense Tilak & D.L. Ram Reddy None
C. carinthiacum Sörgel None
C. chiversii (J.C. Cooke) A. Carter C. trilaterale var. chiversii J.C. Cooke
C. ciliatum Bonord. None
C. cinnamomeum Subrahm. & Gopalkr. None
C. circinans Wallr. None
C. circinatum Chivers None
C. cirrhata Yu Zhang & L. Cai None
C. citrinum Udagawa & T. Muroi None
C. cochliodes Palliser None
C. comosum Bainier None
C. concinnatum Preuss None
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C. concinnum Sörgel None
C. congoense L.M. Ames None
C. contagiosum X. Wei Wang, Crous & 
L. Lombard

None

C. contortum Peck None
C. convolutum Chivers None
C. coprophilum Narendra & V.G. Rao 1976 None
C. crinitum Sörgel None
C. crispatoideum Sergeeva None
C. crispatum (Fuckel) Fuckel C. anahelicinum Udagawa & Cain

C. simile Massee & E.S. Salmon
C. tortile Bainier

C. cruentatum Sörgel None
C. cruentum L.M. Ames None
C. cucumericola X.Wei Wang, Crous & 
L. Lombard

None

C. cumingii (Lév.) Sacc. None
C. cuneatum Sörgel None
C. cuyabenoense Decock & Hennebert None
C. cymatotrichum Cooke None
C. deceptivum Malloch & Benny None
C. delhianum Mukerji & N. Singh None
C. delicatulum Roum. None
C. depressum Wallr. None
C. deustum Bat. & Pontual None
C. difforme W. Gams None
C. discolor Starbäck None
C. distortum L.M. Ames None
C. diversum Lodha None
C. douglasii Schwein. None
C. dreyfussii Arx None
C. elatum Kunze C. atrum Link

C. atrum var. atrum Link
C. atrum var. distinctum Roum.
C. comatum (Tode) Fr.
C. comatum var. comatum (Tode) Fr.
C. comatum var. helicotrichum Sacc.
C. lageniforme Corda
C. pannosum Wallr.
C. tenuissimum Sergeeva

C. elasticae Koord. None
C. ellipsoideum K. Gopal & Lodha None
C. elongatum Czerepan. None
C. epiphyllum J. Kunze None
C. fibripilium L.M. Ames None
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C. fimisedum P. Karst. None
C. fiscicola Petr. None
C. flavum Omvik None
C. flexuosum Palliser None
C. floriforme Gené & Guarro None
C. formosum Bainier None
C. gangligerum L.M. Ames None
C. gelatinosum Ehrenb. None
C. giganigrosporum Millner & S. Ahmad None
C. glabrescens Ellis & Everh. None
C. globisporum Lodha None
C. globosporum Rikhy & Mukerji None
C. globosum Kunze C. chlorinum (Sacc.) Grove

C. chlorinum var. chlorinum (Sacc.) Grove
C. chlorinum var. rufipilum Grove
C. coarctatum Sergeeva
C. fieberi Corda
C. fieberi subsp. fieberi Corda
C. fieberi subsp. saccardoanum E. Bommer 
& M. Rousseau
C. fieberi var. chlorina Sacc.
C. fieberi var. fieberi Corda
C. fieberi var. macropoda Speg.
C. fieberi var. rufipilum (Grove) Sacc.
C. globosum var. arhizoides Dreyfuss
C. globosum var. flavoviride E.K. Novák
C. globosum var. globosum Kunze
C. globosum var. griseum E.K. Novák
C. globosum var. ochraceoides Dreyfuss
C. globosum var. rectum Dreyfuss
C. kunzeanum Zopf
C. kunzeanum var. kunzeanum Zopf
C. olivaceum Cooke & Ellis
C. rectum Sergeeva

C. graminiforme X.Wei Wang, Crous & 
L. Lombard

None

C. grande Asgari & Zare None
C. griseum (Berk. & Broome) Cooke None
C. guizotiae Tilak & D.L. Ram Reddy None
C. hamadae (Udagawa) Arx None
C. hamatum Bat. & Pontual None
C. helicoideum H.J. Chowdhery & J.N. Rai None
C. helicotrichum J.P. Tewari & P.D. Agrawal None
C. heteropilum N.J. Artemczuk None
C. heterosporum Rikhy & Mukerji None
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C. heterothallicum Yu Zhang & L. Cai None
C. hexagonosporum A. Carter & Malloch None
C. hispanicum Guarro & Arx None
C. hispidum Fr. None
C. histoplasmoides Carris & Glawe None
C. homopilatum Omvik None
C. humanum P. Karst. None
C. humicola Van Warmelo None
C. hungaricum E.K. Novák None
C. hyaloperidium A. Carter None
C. hyderabadense M.A. Salam & Nusrath None
C. importatum Henn. None
C. incomptum L.M. Ames None
C. interruptum Asgari & Zare None
C. iranianum Asgari & Zare None
C. iricolor L.M. Ames None
C. irregulare Sörgel None
C. jabalpurense D.P. Tewari, P.D. Agrawal & 
Lodh

None

C. jatrophae Roh. Sharma, G. Kulk. & Shouche None
C. jodhpurense Lodha None
C. kauffmanianum Povah None
C. laeliicola Henn. None
C. lanatum Quél. None
C. lanosum Peck None
C. laterale Yu Zhang & L. Cai None
C. lawransamesii Mukerji & M. Khanna None
C. lentum Van Warmelo None
C. leproplocinum Werner & Cain None
C. libertiae Roum. & Pat. None
C. longiciliata Yu Zhang & L. Cai None
C. longicolle Krzemien. & Badura None
C. longipilum G. Malhotra & Mukerji None
C. longirostre (Farrow) L.M. Ames None
C. lucknowense J.N. Rai & J.P. Tewari None
C. ludhianense Kang None
C. lunasporium Udaiyan & Hosag. None
C. lusitanicum M.R.M. Gomes None
C. luteum (J.N. Rai & J.P. Tewari) P.F. Cannon None
C. macrosporum Sacc. & Penz. None
C. macrostiolatum Stchigel, K. Rodr. & Guarro None
C. madrasense Natarajan C. ascotrichoides Caviello
C. malaysiense (D. Hawksw.) Arx None
C. marchicum Lindau None
C. mareoticum Besada & Yusef None
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C. megalocarpum Bainier C. megalocarpum var. chlorinum Bainier
C. megalocarpum var. megalocarpum Bainier

C. megasporum Sörgel None
C. melioloides Cooke & Peck None
C. mesopotamicum Abdullah & Zora None
C. microascoides Guarro None
C. microcephalum L.M. Ames None
C. microsporum Speg. None
C. microthecia Yu Zhang & L. Cai None
C. minimum J.F.H. Beyma None
C. minutispora Aruna & Gopalkr. None
C. minutum Krzemien. & Badura None
C. mollipilium L.M. Ames None
C. montblancense Guarro, Calvo & C. Ramírez None
C. montemartinii Cavara None
C. muelleri Arx None
C. multispirale A. Carter, R.S. Khan & 
P.E. Powell

None

C. myricicola Y. Horie & Udagawa None
C. nepalense (Udagawa & Y. Sugiy.) Arx None
C. nivale F. Strauss None
C. nodulosum Kulshr., Raych. & A.Z.M. Khan None
C. novae-caledoniae Udagawa, Uchiy. & 
Kamiya

None

C. novozelandicum X.Wei Wang, Crous & 
L. Lombard

None

C. nozdrenkoae Sergeeva None
C. oblatum Dreyfuss & Arx None
C. ochraceum Tschudy None
C. olivicolor K. Rodr., Stchigel & Guarro None
C. oospora Beauverie None
C. orientale Cooke None
C. orientum D.K. Saha None
C. osmaniae P.Rama Rao & Ram Reddy None
C. pachypodioides L.M. Ames None
C. pallidum Ellis & Everh. None
C. pampaninii Cif. None
C. papillosum Cocc. None
C. parvotrichum Mazzuch. None
C. paucisetum Fuckel None
C. perlucidum Sergeeva None
C. phyllophora Hoffm. None
C. pilosum (C. Booth & Shipton) X.Wei Wang, 
Crous & L. Lombard

None

C. piluliferoides Udagawa & Y. Horie None
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C. piluliferum J. Daniels None
C. pimprinum Aruna & Gopalkr. None
C. pinnatum L.M. Ames None
C. polypori Rehm None
C. prasinum (Berk. & M.A. Curtis) S. Hughes None
C. pseudocochliodes X.Wei Wang, Xin Z. Liu & 
Crous

None

C. pseudoerraticum Lal & J.N. Kapoor None
C. pseudoglobosum X.Wei Wang, Crous & 
L. Lombard

None

C. pulchellum L.M. Ames None
C. purpurascens (Udagawa & Y. Sugiy.) Arx None
C. putrefactum R. Gupta & Mukerji None
C. raii G. Malhotra & Mukerji None
C. rajasthanense Lodha None
C. ramipilosum Schaumann None
C. raripilum Mont. None
C. rectangulare Asgari & Zare None
C. rectopilium Fergus & Amelung None
C. repandum Bat. & Pontual None
C. repens Guarro & Figueras None
C. retardatum A. Carter & R.S. Khan None
C. reticulopilium L.M. Ames None
C. rigidulum Bainier None
C. rostratum Speg. None
C. rufum K. Ramakr. C. rufum var. macrosporum P.D. Agrawal & 

J.P. Tewari
C. rufum var. rufum K. Ramakr.

C. saccardoanum (E. Bommer & M. Rousseau) 
Mussat

None

C. seminis-citrulli Sergeeva None
C. semispirale Udagawa & Cain None
C. serpentinum L.M. Ames ex A. Carter None
C. siamense Porns. & Soytong None
C. signatum Preuss None
C. silvaticum Kiril. C. silvaticum var. silvaticum Kiril.

C. silvaticum var. variabile Kiril.
C. sinaiense Moustafa & Ezz-El-din None
C. sinense K.T. Chen None
C. soergelii Sörgel None
C. sphaerale Chivers None
C. sphaerospermum Cooke & Ellis None
C. spiculipilium L.M. Ames None
C. spinigerum Sörgel None
C. spinosum Chivers None
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C. spinulosum Sörgel None
C. spirale Zopf None
C. spiralotrichum Lodha None
C. spirilliferum Bainier None
C. spirochaete Palliser None
C. stercoreum Speg. None
C. streptothrix Quél. None
C. strigosum Wallr. None
C. strumarium (J.N. Rai, J.P. Tewari & Mukerji) 
P.F. Cannon

None

C. subaffine Sergeeva None
C. subcircinatum A. Carter & R.S. Khan None
C. subcurvisporum Abdullah & Al-Bader None
C. subfimeti (Seth) X.Wei Wang & Crous None
C. subglobosum Sergeeva None
C. subspinale Chivers None
C. subspirale Chivers None
C. subspirilliferum Sergeeva None
C. subterraneum Swift & Povah None
C. subtorulosum Sergeeva None
C. succineum L.M. Ames None
C. sulphureum Sörgel ex Seth None
C. tarraconense Stchigel, K. Rodr. & Guarro None
C. tectifimeti X.Wei Wang & Samson None
C. telluricola X.Wei Wang, Crous & 
L. Lombard

None

C. tenue X.Wei Wang, Crous & L. Lombard None
C. terrestre R.S. Dwivedi None
C. terreum Kiril. None
C. terricola J.C. Gilman & E.V. Abbott None
C. tetrasporum S. Hughes None
C. thermophilum La Touche C. thermophilum var. coprophilum Cooney & 

R. Emers.
C. thermophilum var. dissitum Cooney & 
R. Emers.
C. thermophilum var. thermophilum La 
Touche

C. tomentosum Preuss None
C. tortuosum Garb. None
C. torulosum Bainier None
C. trigonosporum (Marchal) Chivers None
C. trilaterale Chivers C. rubrogenum Van Warmelo

C. trilaterale f. trilaterale Chivers
C. trilaterale var. diporum J.C. Cooke
C. trilaterale var. pseudocupreum Guarro

F. J. Simões Calaça et al.



157

C. trilaterale var. trilaterale Chivers
C. triticicola Lal & J.N. Kapoor None
C. truncatulum Asgari & Zare None
C. typhae Schwein. None
C. udagawae Sergeeva None
C. umbonatum D. Brewer None
C. umbratile Udagawa, Toyaz. & Yaguchi None
C. undulatulum Asgari & Zare None
C. undulatum Bainier C. formosum var. formosum Bainier

C. formosum var. neglectum Bainier
C. formosum var. ovatum Bainier

C. unguicola X.Wei Wang, Crous & L. Lombard None
C. uniapiculatum (J.N. Rai & H.J. Chowdhery) 
Arx

C. amygdalisporum Udagawa & T. Muroi

C. amygdalisporum var. amygdalisporum 
Udagawa & T. Muroi
C. amygdalisporum var. brevissimum 
Wadhwani & N. Mehrotra
C. subapiculatum K. Gopal & Lodha

C. unipapillatum Natarajan None
C. uniseriatum Yu Zhang & L. Cai None
C. variosporum Udagawa & Y. Horie None
C. varium Delacr. None
C. velutinum Ellis & Everh. None
C. venezuelense L.M. Ames None
C. verrucichaeta Natarajan None
C. virgicephalum L.M. Ames None
C. virginicum L.M. Ames None
Chaetomium viride Lév. None
C. wallefii J.A. Mey. & Lanneau None
C. warcupii A.S. Saxena & Mukerji None
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Chapter 5
Chaetomium in Indoor Environment 
and Medically Important Species 
of Chaetomium

Eman A. Attia and Ahmed M. Abdel-Azeem

5.1  Introduction

Fungal contamination in damp or water-damaged buildings has become an increas-
ing problem worldwide (Andersen et al. 2011). After water damage (e.g., leaking 
water pipes, flooding, faulty building constructions, or severe and prolonged con-
densation), many building materials become good substrates for certain fungi. 
These growing fungi can cause adverse effects not only on the buildings but also to 
their occupants (WHO 2009; Samson et al. 1994; Samson et al. 2010; Flannigan and 
Miller 2011; Andersen et al. 2011; Miller and McMullin 2014). Members of the 
genus Chaetomium are capable of colonizing various substrates and are well-known 
for their ability to degrade cellulose and produce a variety of bioactive metabolites. 
More than 400 species have been described in Chaetomium. Some of these species 
have been reported to be important inhalant allergens. They contribute to the devel-
opment of the symptoms of both rhinitis and asthma due to the production of myco-
toxins and microbial volatile organic compounds as well as the liberation of 
ascospores and hyphal fragments in the indoor environment (Gonianakis et al. 2005; 
Apetrei et al. 2009; Polizzi et al. 2009; Mason et al. 2010; Andersen et al. 2011; 
Miller and McMullin 2014). Chaetomium globosum is the most common species of 
the Chaetomiaceae in the indoor environment (Vesper et al. 2007; Ayanbimpe et al. 
2010; Straus 2011; McMullin et al. 2013; Miller and McMullin 2014), and this spe-
cies can already be present in new gypsum wallboard (Andersen et  al. 2017). 
Chaetomium globosum has been reported to produce a variety of toxic metabolites, 
such as chaetoglobosins, chaetomugilins, and chaetoviridins (Andersen et al. 2011; 
McMullin et al. 2013; Miller and McMullin 2014), while both C. elatum and C. glo-
bosum were able to produce cochliodones in pure cultures as well as on naturally 
contaminated building materials (Došen et al. 2017). Little is known about the other 
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indoor Chaetomium species and their potential hazard to humans and buildings. 
Furthermore, C. globosum and several other Chaetomium species are reported as 
causal agents of onychomycosis or superficial infections (Naidu et al. 1991; Koch 
and Haneke 1965; Hubka et al. 2011; Aspiroz et al. 2007; de Hoog et al. 2013a), and 
some of them are capable of opportunistically causing deep or systemic infections 
(Hoppin et al. 1983; Guppy et al. 1998; Barron et al. 2003; Ahmed et al. 2016).

The genus Chaetomium is commonly recognized by having ostiolate ascomata 
with a membranaceous perithecial wall covered by relatively well-developed hairs, 
producing fasciculate and evanescent asci and single-celled, smooth, and pigmented 
ascospores with germ pores (Ames 1963; von Arx et al. 1986). Chaetomium globo-
sum, the type species of the genus, was first described by Kunze (Kunze and Schmidt 
1817). The taxonomy of Chaetomium has been studied by several authors (Corda 
1840; Zopf 1881; Chivers 1915; Skolko and Groves 1948, 1953; Sörgel 1960; Ames 
1963; Mazzucchetti 1965; Seth 1970; Dreyfuss 1976; Millner 1977; Millner et al. 
1977; von Arx et al. 1984). von Arx et al. (1986) re-defined the taxonomic concept 
of C. globosum. They included species that produce globose to ovate or obovate 
ascomata with a wall consisting of textura intricata, covered by a diverse morphol-
ogy of ascomatal hairs ranging from erect, flexuous to regularly coiled. The asco-
mata contain clavate (or slightly fusiform), evanescent asci, and the ascospores are 
limoniform and bilaterally flattened shaped and have an apical germ pore. Following 
this concept, 28 species were reduced to synonymy with C. globosum. The species 
concept of C. globosum sensu von Arx was not supported by a recent study (Asgari 
and Zare 2011). On the basis of phylogenetic inference of six loci and morphologi-
cal characters, C. globosum was again revised by Wang et al. (2016), and six species 
that were treated as synonyms of C. globosum by von Arx et al. (1986) were resur-
rected. Furthermore, the non-ostiolate genus Chaetomidium was also synonymized 
with Chaetomium (Wang et al. 2016).

Melanized fungi are important causes of human infection, and about 70 genera 
representing hundreds of species have been implicated in human disease (de Hoog 
et al. 2013b; Guppy et al. 1998; Revankar and Sutton 2010; Revankar et al. 2002). 
Several main ecological groups can be distinguished. Members of Chaetothyriales 
exhibit pronounced virulence and cause deep and systemic infections in immuno-
competent humans, e.g., chromoblastomycosis or brain infection (Badali et  al. 
2009; Revankar and Sutton 2010). Members of Pleosporales are preponderantly 
found as degraders of plants debris or as mild opportunistic pathogens; human 
infections mostly comprise traumatic inoculation of contaminated materials 
(Revankar and Sutton 2010). Recently, the significance of Sordariales was under-
lined (Badali et al. 2011; de Hoog et al. 2013a), particularly the Chaetomiaceae, 
whose prevalence has been underestimated because of diagnostic problems.

Phenotypically, the identification of clinical Chaetomium-like fungi has been 
difficult as a large proportion of them fail to produce typical diagnostic structures in 
culture (Najafzadeh et al. 2014; Vinod Mootha et al. 2012). Until recently, fungi 
lacking propagation in the form of conidia were treated in the clinical laboratory as 
unidentifiable ‘mycelia sterilia’(Pounder et  al. 2007; Santos et  al. 2013; Vinod 
Mootha et  al. 2012). Isolates forming clumps or bulbils were referred to as 
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Papulaspora, whereas filamentous strains from subcutaneous infection were known 
as Madurella (de Hoog et al. 2013a). With the application of molecular phyloge-
netic multi-gene DNA sequence analyses, such isolates were found to be of high 
diversity being distributed to many genera and families of ascomycetes. In addition, 
the species proved to comprise several sibling species that were previously thought 
to represent a single taxon.

Recently, more attention has been paid to the non-sporulating Chaetomium-like 
isolates that cause human infection (Najafzadeh et al. 2014; Vinod Mootha et al. 
2012), such as keratitis or subcutaneous infection after trauma. Despite application 
of molecular phylogenetic methods, researchers were unable to identify these iso-
lates down to species level in the genus Chaetomium because of the present state of 
morphological confusion and high phylogenetic divergence in the genus.

Chaetomium contains more than 300 described species and are generally cosmo-
politan and reside in soil on cellulose-rich materials or on dung (Bell 2005; Carter 
and Khan 1982; Doveri 2008; von Arx et  al. 1986). A certain prevalence of 
Chaetomium-like species was noted in desert soil subjected to conditions of dryness 
and extremely variable temperatures (Rodríguez et  al. 2004). Members of the 
Madurella clade, phylogenetically located inside the genus Chaetomium, are typi-
cally confined to areas with arid climates. Madurella species are consistent agents 
of human subcutaneous mycoses, and the arid areas of northeastern Africa are 
endemic for human mycetoma (Ahmed et al. 2002, 2016). Most human infections 
by Chaetomium-like species concern traumatic inoculations into otherwise healthy 
humans and rarely occur as deep infections in severely immunocompromised hosts 
(Al-Aidaroos et al. 2007; Guppy et al. 1998; Hubka et al. 2011).

5.2  Clinical Features

Despite being saprophytic ascomycetes with only occasional involvement in human 
disease processes, Chaetomium are capable of inducing a broad spectrum of myco-
ses including onychomycosis, sinusitis, empyema, pneumonia, and fatal dissemi-
nated cerebral disease, especially in immunocompromised patients and intravenous 
drug users (Hoppin et al. 1983; Anandi et al. 1989; Yeghen et al. 1996; Aru et al. 
1997; Thomas et al. 1999).

Chaetomium atrobrunneum is a notably invasive, neurotropic species, and its 
ability to grow at elevated temperatures may contribute to its neurotropism (Stiller 
et  al. 1992; Guarro et  al. 1995; Friedman 1998; Guppy et  al. 1998; Rock 1998; 
Lesire et al. 1999).Thomas et al. (1999) described a case of fatal brain abscess due 
to C. atrobrunneum in a bone marrow transplant patient. The rapid progression of 
cerebral infection indicates that the brain tissue provides a favorable environment 
for growth and proliferation of the fungus. In 2019, Mhmoud et al. reported C. atro-
brunneum for the first time causing human eumycetoma (Fig. 5.1). 

Chaetomium strumarium is another invasive, neurotropic species. Abbott et al. 
(1995) reported three C. strumarium-related cases of fatal cerebral mycosis in males 
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Fig. 5.1 Microphotograph showing multiple black grains surrounded by granulation tissue with 
marked histiocytic and mixed inflammatory cellular infiltrates (HE 10×). (a) Grains of Chaetomium 
spp. showed abundant extracellular matrix, which was yellow to brown in colour, and the fungus 
hyphae are located at the periphery of the matrix with short filamentous structure. (b) The filamen-
tous pattern of M. mycetomatis grains consists of brown septate and branched hyphae at the centre 
and periphery with long filament. (c, d) Microphotograph of LPCB mount showing ascoma and 
ascospore cells resembling the typical Chaetomium spp. cells (c) and conidia of M. Mycetomatis 
(d). HE, haematoxylin–eosin; LPCB, lactophenol cotton blue (after Mhmoud et al. 2019)

with prior histories of intravenous drug use from the United States and Australia. 
C. strumarium was detected by histopathology and isolated from the brain tissue.

Chaetomium perlucidum is recently confirmed as a neurotropic species. Barron 
et al. (2003) documented the first two cases of invasive human mycoses caused by 
this phaeoid ascomycete. The first case concerned a 45-year-old female patient with 
acute myelogenous leukemia, who had an unrelated, 4/5 HLA-matched umbilical 
cord blood transplant. The patient became disoriented and febrile; computed tomog-
raphy of the chest revealed a 3 × 2 cm mass in the right lower lobe. After suffering 
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a massive right-sided intraparenchymal hemorrhage, the patient died. Autopsy 
revealed disseminated invasive fungal infection in the lungs, brain, and myocar-
dium; and cultures from the surgically obtained lung tissue yielded C. perlucidum. 
The second case involved a 78-year-old female with a history of asthma and chronic 
bronchiectasis. The patient underwent a lobectomy due to worsening symptoms, 
and cultures from the lung tissue grew C. perlucidum. The patient showed no further 
manifestations of disease after the lobectomy.

Chaetomium globosum is an occasional agent of onychomycosis (Stiller et al. 
1992; Lesire et al. 1999). In addition, Teixeira et al. (2003) reported that C. globo-
sum was responsible for a systemic infection with enlargement of the axillary and 
cervical lymph nodes in a chronic myeloid leukemia patient, who underwent an 
allogeneic sibling-matched bone marrow transplant. Culture of the aspirates from 
both lymph nodes resulted in the growth of C. globosum. The infection was success-
fully treated with amphotericin B.

5.3  Diagnosis

Considerable similarities exist between mycosis caused by Chaetomium and 
Aspergillus from radiographical and histopathological standpoints. A melanin- 
specific stain (i.e., the Masson-Fontana stain) is helpful reputedly for distinguishing 
the melanin-containing Chaetomium from most Aspergillus species. However, this 
is contradicted by reports of melanin from Aspergillus (e.g., Aspergillus fumigatus) 
(Youngchim et al. 2004), and so the information obtained may have limited value in 
differentiating the causal fungi.

In vitro culture techniques offer a slow but valuable way to isolate and propagate 
Chaetomium organisms for subsequent macroscopic and microscopic characteriza-
tion. Inoculation of sterilized plant material with ascospore suspension may enhance 
induction of mature perithecia, leading to the production of well-developed asco-
mata on the surface of the substrate.

Molecular methods such as (i) PCRand (ii) sequencing analysis of the rRNA and 
internal transcribed spacer (ITS) regions provide an approach for the rapid and 
accurate identification of Chaetomium species from other fungi.

5.4  Methods

5.4.1  Sample Preparation

Clinical specimens are examined by microscopy with a melanin-specific stain (i.e., 
the Masson-Fontana stain). However, as mentioned above, a melanin stain may not 
be particularly useful. Portions of the samples are inoculated on Sabouraud glucose 
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agar with or without antibiotics. The resulting isolates are identified on the basis of 
macroscopical and microscopical features.

Genomic DNA of fungal pellets was extracted using a cetyltrimethylammonium 
bromide (CTAB) method described previously by Möller et al. (1992). Amplification 
and sequencing were performed for the internal transcribed spacer (ITS) and D1/D2 
domains of the 28S rRNA gene, partial translation elongation factor 1-α (TEF1), 
β-tubulin (Btub), and DNA-dependent RNA polymerase II largest subunit (RPB1) 
and second largest subunit (RPB2). Primers used for amplification and sequencing 
are according to de Hoog et al. (2013b).

DNA sequences were assembled and edited using SEQMAN from the Lasergene 
package (DNASTAR, Madison, WI, U.S.A.). Sequences will be deposited in 
GenBank. To study the phylogenetic position of the unknown species, two align-
ments will be generated. Sequences will be aligned with the online version of 
MAFFT v.7 (http://mafft.cbrc.jp) and manually adjusted using BIOEDIT v.7.1.3 
software (Hall 1999). Each gene will be aligned independently and concatenated 
matrices will be prepared using DATACONVERT v. 1.0. The first alignment con-
sisted of ribosomal ITS and LSU sequences of representative species of Chaetomium, 
Chaetomidium, Thielavia, Papulaspora, Subramaniula, and Madurella. The second 
alignment consisted of the protein coding loci TEF1, Btub, RPB1 and RPB2 
sequences of a selected number of strains. Alignments and trees will be deposited in 
TreeBASE database.

Phylogenetic analyses using maximum likelihood were performed in RAxML v. 
8.0.24 (Stamatakis 2014). Bayesian analyses with default priori of MRBAYES v. 
3.1.2 were conducted using the CIPRES Science Gateway server. Two simultaneous 
Markov chain Monte Carlo samplings were performed with four chains of which 
one was cold and three were heated.

The run was conducted for 30,000,000 generations with sampling every 100 gen-
erations and the ‘burn in’ was set at 25% of resulting trees. Convergence was evalu-
ated from the two independent runs using AWTY and TRACER v. 1.5 (Nylander 
et al. 2008; Rambaut and Drummond 2007).

Phaeohyphomycosis and onychomycosis due to Chaetomium spp., including the 
first report of Chaetomium brasiliense infection, have been studied by Hubka et al. 
(2011). Chaetomium species have been rarely described as etiological agents of 
invasive and dermatomycotic infections in humans. The majority of cases have been 
reported within the last two decades. Treatment failed in most of these cases. In their 
study, they presented two cases in which Chaetomium spp. can be clearly identified 
as an etiological agent in pathological conditions. In the first report, they described 
a new etiological agent, Chaetomium brasiliense, which was implicated in a case of 
otitis externa in a patient with spinocellular carcinoma basis cranii. The patient had 
been repeatedly treated for relapsing otitis externa and had previously undergone 
surgery several times for otitis media. The fungal etiology was confirmed by 
repeated positive culture and histologic studies. The second case involved onycho-
mycosis with strikingly brown nail discoloration due to Chaetomium globosum in 
an otherwise healthy patient. The nail lesion was successfully cured by oral terbin-
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afine. The determination of both species was supported by sequencing of rDNA 
regions.

Eumycetoma is a traumatic fungal infection in tropical and subtropical areas that 
may lead to severe disability. Madurella mycetomatis is one of the prevalent etio-
logic agents in arid Northeastern Africa. The source of infection has not been clari-
fied. Subcutaneous inoculation from plant thorns has been hypothesized, but 
attempts to detect the fungus in relevant material have remained unsuccessful. de 
Hoog et al. (2013a) tried to find clues to reveal the natural habitat of Madurella spe-
cies using a phylogenetic approach, i.e., by comparison of neighboring taxa with 
known ecology. They found four species of Madurella were included in a large data 
set of species of Chaetomium, Chaetomidium, Thielavia, and Papulaspora (n = 128) 
using sequences of the universal fungal barcode gene rDNA ITS and the partial 
LSU gene sequence. Their study demonstrates that Madurella species are nested 
within the Chaetomiaceae, a family of fungi that mainly inhabit animal dung, 
enriched soil, and indoor environments. They hypothesized that cattle dung, ubiqui-
tously present in rural East Africa, plays a significant role in the ecology of 
Madurella. If cow dung is an essential factor in inoculation by Madurella, preventa-
tive measures may involve the use of appropriate footwear in addition to restructur-
ing of villages to reduce the frequency of contact with etiologic agents of mycetoma. 
On the other hand, they mentioned that Chaetomiaceae possess a hidden clinical 
potential which needs to be explored.

A consistent human pathogen is thus introduced in the family Chaetomiaceae. 
Traditionally, most species of the family were considered to be insignificant as 
agents of human disease. The majority of Chaetomium clinical strains analyzed in 
de Hoog et al. (2013a) study were probably transient colonizers or agents of mild 
superficial disorders. Twenty-seven were involved in onychomycosis or cutaneous 
and eye infections in otherwise healthy individuals. This matches with literature 
data (Hattori et al. 2000; Hubka et al. 2011). Data of de Hoog et al. (2013a) illus-
trated that Chaetomium globosum showed a definite bias toward superficial infec-
tion, with 17 out of 29 strains analyzed. The species is able to degrade keratin by 
production of extracellular keratinases (Kaul and Sumbali 1999). Fatal, dissemi-
nated, and cerebral infections by Chaetomiaceae have also been reported. In the 
literature, about 20 deep and disseminated cases were described, nearly all in immu-
nocompromised and severely debilitated patients (Guppy et al. 1998; Badali et al. 
2011). Several Chaetomium-like fungi thus show rather pronounced pathology, 
sometimes with species-specific predilections.

Grain formation in tissue by Chaetomiaceae other than Madurella is not known. 
A single case of chromoblastomycosis by Chaetomium funicola was reported by 
Piepenbring et al. (2007). The few subcutaneous cases (Lin et al. 1995) all showed 
hyphae in tissue rather than the compact grains of Madurella mycetomatis. In con-
trast to Madurella, none of the infecting Chaetomiaceae was exclusively clinical; 
all contained environmental strains as well. If agents of black-grain mycetoma have 
a relatively limited distribution in the phylogeny of Sordariales, i.e., are clustered 
within a single family, Chaetomiaceae, one may hypothesize that these fungi are 
predisposed to human infection and thus are likely to share a set of fundamental 
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virulence factors. Many members of Chaetomiaceae have their natural habitat in 
soil or on mammal dung. A possible explanation of their recurrent virulence may lie 
in physiological properties such as growth at the human body temperature of 37 °C 
and the production of secondary metabolites such as inhibitors of chemokines and 
TNF-a (Rether et al. 2004; Chan and Chu 2007). Particularly the fatal brain infec-
tions, which were repeatedly reported in Achaetomium strumarium (synonym of 
Chaetomium strumarium) (Abbott et al. 1995; Aribandi et al. 2005), in C. atrobrun-
neum (Hubka et al. 2011), and in Thielavia subthermophila (Badali et al. 2011), all 
belonging to the Chaetomiaceae, are remarkable. The hidden clinical diversity of 
Chaetomiaceae urgently needs to be explored. The role of mammal dung and dung- 
enriched soil is one of the prime ecological niches in the order Sordariales, and this 
also holds true for Chaetomium (Zhang et al. 2006). Some species in the current 
study exclusively grow in dung, such as Chaetomium homopilatum. Multiple 
Chaetomium and Thielavia species have been isolated in East Africa from different 
kinds of dung, ranging from cow and horse to more exotic types of dung such as that 
of elephant and wildebeest (Carter and Khan 1982). Conversely, the position of 
Madurella in Chaetomiaceae is informative for the natural habitat of this pathogen. 
In the highly endemic area in Sudan, M. mycetomatis has as yet not been cultured, 
whereas the isolation of other causative agents of mycetoma, Nocardia brasiliensis, 
Actinomadura madurae, and Streptomyces somaliensis, has been successful 
(Aghamirian and Ghiasian 2009).

In Sugiyama et al. (2008) described a case of erythematous epilation of a dog 
caused by C. globosum. A mixed-breed young dog, a 4-month-old male, weighing 
7.25 kg, showed depilation, scales, and dermatitis with slight itchiness on his skin. 
The main symptom was an erythematous epilation on the left subocular skin, 7.5 cm 
in diameter, accompanied by elephantiasis-like hyperplasia and scales. Similar 
lesions were observed on the skin on both sides of the ear lobes, the heels, tail, and 
left angulus oris. The scales from the crusted lesion were cultured on chloramphenicol- 
added potato dextrose agar plates at the first visit; this was followed by ambulatory 
practices. The isolates at the first visit, 1 and 3 weeks after treatment, were identified 
as C. globosum by mycological study and the D1/D2 domain of the large subunit 
rRNA gene sequence.

Fungal keratitis is a common cause of corneal ulcers in developing nations, 
accounting for 44% of corneal ulcers in South India (Reddy et al. 2017). Fungi are 
opportunistic in the eye since they rarely infect healthy, intact ocular tissues. 
Chaetomium species is an uncommon etiological agent when it comes to causing 
keratitis in humans. A global review of the literature with search words “Chaetomium” 
and “keratitis” reveals only four reported cases of Chaetomium keratomycosis 
(Vinod Mootha et al. 2012; Kaliamurthy et al. 2011; Balne et al. 2012; Ghosh et al. 
2016; Reddy et  al. 2017). Two cases were identified by ITS sequencing to 
Chaetomium-like species (non-sporulating), Chaetomium atrobrunneum, and yet 
another morphologically as Chaetomium spp. Chaetomium globosum has also been 
reported as a causative agent in <1% cases of fungal keratitis in a series from North 
India (Ghosh et al. 2016).

In Plumlee et al. (2017) investigated equine hyphalmycotic encephalitis, charac-
terize key histopathologic features, and classify causative organisms with molecular 
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diagnostic techniques. Seven cases were evaluated by histopathology. Panfungal 
PCR targeting the ribosomal RNA large subunit coding region and the noncoding 
internal transcribed spacer 2 region was performed on DNA extracted from formalin- 
fixed, paraffin-embedded sections of affected brain, and the resulting sequences 
were queried against published fungal genomes. Affected animals ranged from 8 to 
22 years of age and presented with neurologic signs. Macroscopic lesions within 
affected brains included multifocal hemorrhage, focal swelling of the thalamus with 
red and yellow discoloration, and focal cerebral malacia. Major histologic findings 
included multifocal discrete foci of necrosis, neutrophilic to granulomatous inflam-
mation, vasculitis, and intralesional fungal hyphae variably affecting the cerebrum, 
thalamus, and brainstem. DNA sequences in four cases showed >98% homology 
with species within the Chaetomiaceae family, including Acrophialophora fusis-
pora, Acrophialophora levis, and Chaetomium strumarium. Histomorphologically, 
Chaetomiaceae fungi were 7–10 mm wide, septate, parallel walled, and nonpig-
mented, with dichotomous branching in affected horses. This case series is the first 
report of equine mycotic encephalitis caused by members of the Chaetomiaceae 
family, previously reported as rare emerging pathogens in humans.

5.5  Conclusion

The role of genus Chaetomium in human and animal disease has increased signifi-
cantly in the last decade. Chaetomium infections and infections by species cluster-
ing in the Chaetomium phylogenetic tree, such as Chaetomidium and Thielavia, 
have been reported from the skin, hair, and nails. Moreover, several species of the 
Chaetomiaceae have been reported to cause serious opportunistic infections in 
immunocompromised patients. It seems that members of Chaetomiaceae indeed 
have an underestimated clinical potential, and re-evaluation of the role of the genus 
in human pathology is urgently required. The natural habitat of many species in arid 
climates and their survival at high temperatures probably enhance their survival in 
mammalian tissue. Due to identification difficulties on the basis of phenotypic cri-
teria, some older cases of Chaetomium or Subramaniula species might have been 
erroneously disregarded or reported as cases of Madurella or Papulaspora infec-
tion. Moreover, antifungal susceptibility studies are scant, and treatment protocols 
are urgently needed.
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Chapter 6
Recent Advancements on the Role 
of Biologically Active Secondary 
Metabolites from Chaetomium

Shimaa Ragab Hamed, Ahmed M. Abdel-Azeem, and Parsa Mahmood Dar

6.1  Introduction

Natural products have served as an important source of drugs since ancient times 
and about half of the useful drugs today are derived from natural sources, for 
example, plants, microorganisms, and marine organisms. The natural world still 
offers a valuable source for novel drug discovery, but rapid identification of the 
bioactive compounds of natural product mixtures remains a critical factor to ensure 
that this gift from nature can compete with state-of-the-art developed technologies 
such as chemical compound libraries and high-throughput screening of combina-
torial synthetic efforts. Fungi are of growing importance as a promising source of 
bioactive natural products (Cutler 1984; Stadler and Keller 2008). The fungal 
kingdom contains numerous organisms, including mushrooms, rusts, smuts, puff-
balls, mold or yeast that play remarkable economic and ecological roles (Gurnani 
et al. 2014). Mushrooms have been used for the production of food and alcoholic 
beverages (yeast), for medication in traditional medicine, as well as for cultural 
purposes (Dias et  al. 2012). Among the more fascinating properties of fungi is 
their ability to synthesize a wide variety of secondary metabolites typically defined 
as small molecules that are not necessary for normal growth or development (Fox 
and Howlett 2008). The study of micro fungi has led to the discovery of many 
compounds that are used now as antibiotics, antifungal, immunosuppressive, or 
cholesterol lowering agents.
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6.2  Chaetomium

The genus Cheatomium, comprising more than 350 species, has been widely stud-
ied to isolate more and more bioactive secondary metabolites with interesting 
structures (Itoh et al. 1980; Jiao et al. 2004; Zhang et al. 2010) Up to recent times, 
more than 200 compounds of diverse structural types have been obtained from the 
genus Cheatomium (Zhang et al. 2012), with diverse bioactivities such as cytotox-
icity, antimicrobial activity, and the ability to inhibit root elongation (Xu et al. 
2012). Chaetomium is a genus of fungi in the Chaetomiaceae family. It is a dema-
tiaceous (dark-walled) mold normally found in soil, air, and plant debris and also 
consider as  soil contaminant. Chaetomium colonies grow rapidly. They appear 
cottony and white in color initially. Mature colonies become grey to olive in color. 
From the rear, the color is tan to red or brown to black. Fruiting structures of this 
mold look like olive- green cockleburs—1.588 mm in diameter—that develop on 
compost; they frequently emit a musty odor. Lack of oxygen, when the tempera-
tures are greater than 61 °C, permits formation of compounds produced in anaero-
bic conditions. Most species are prolific producers of the enzyme cellulase that 
breaks down cellulose. Destruction of paper and other materials containing cel-
lulose (including foods, feeds, paper, textile, bird feathers, seeds and military 
equipment) by species of this mold is well documented. Due to their strong ability 
to destroy material, Chaetomium is perhaps the third most common indoor fungal 
contaminant of moldy damp buildings. Therefore, Chaetomium species are often 
used in testing materials for resistance to mold growth. The most widespread spe-
cies in this genus are Chaetomium atrobrunneum, C. funicola, C. globosum, and 
C. strumarium. The most widespread and common species is Chaetomium globo-
sum. This species causes many problems of biodeterioration of paper and other 
cellulose containing material. It is considered a “weed” of mushroom beds, where 
it inhibits the growth of cultivated mushrooms. Chaetomium globosum is of par-
ticular interest because it appears to produce mycotoxins, compounds which are 
detrimental to human health. These fungi have been definitively linked with aller-
gies in people who are sensitive to molds; they appear to produce mutagenic 
mycotoxins which interfere with DNA damage in humans and other animals 
(Sutton et al. 1998; Nielsen et al. 1999).

6.3  Extraction, Isolation, and Structure Elucidation

Conforming to earlier and recent reports concerning the production of natural prod-
ucts from Chaetomium sp., extraction and isolation of natural products from 
Chaetomium sp. were performed as follows: the fungal culture was extracted with 
organic solvents; the resultant extract was subjected to column chromatography on 
silica gel or RP-C18, and Sephadex LH-20; and the obtained fractions were further 
subjected to preparative HPLC to get pure compounds. The structures of the 
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 metabolites which were isolated from the Chaetomium genus were determined 
through extensive spectroscopic analysis (Jiao et al. 2004; Ding et al. 2006) includ-
ing UV, IR, MS, 1D (1H and 13C NMR and DEPT) and 2D NMR (COSY, NOESY, 
ROESY, HMQC or HSQC, and HMBC). The absolute configurations of several 
compounds have been established by X-ray analysis, CD spectra, and modified 
Mosher’s NMR (nuclear magnetic resonance), in conjunction with computational 
chemistry.

6.4  Secondary Metabolites

Fungi produce biomass in the form of mycelium and spores, both of which contain 
an array of secondary metabolites and bioactive compounds. Demain and Fang 
(2000) noted that these metabolites function (i) as competitive weapons used against 
other bacteria, fungi, amoebae, plants, insects, and large animals; (ii) as metal trans-
porting agents; (iii) as agents of symbiosis between microbes and plants, nema-
todes, insects, and higher animals or other possible ecological functions. There is 
now strong evidence supporting the fact that secondary metabolites allow organ-
isms, particularly microorganisms, to carve out an ecological niche (Keller et al. 
2005; Gloer 2007). The production of toxic secondary metabolites by an organism 
would directly affect a competitor’s ability to access the shared resource, increasing 
the organism’s own chance for survival. Fungi may colonize a resource and produce 
secondary metabolites that render the nutrient substrate unappealing to animals or 
other microorganisms. Currently there are more than 200 known bioactive metabo-
lites produced by different Chaetomium spp.; more bioactive secondary metabolites 
might be found in this member of fungi (Zhang et al. 2012). There are many distin-
guished secondary metabolites which are synthesized through many and different 
pathways as shown in Fig. 6.1.

6.4.1  Chaetochromones

Chaetochromones A (1) and B (2), two novel polyketides, were isolated from the 
crude extract of fungus Chaetomium indicum (CBS.860.68) together with three 
known analogs PI-3 (3), PI-4 (4), and SB236050 (5) as shown in Fig. 6.2. The 
structures of these compounds were determined by HRESI-MS (high resolution 
electrospray ionization mass spectroscopy) and NMR experiments. 
Chaetochromones A (1) and B (2) are members of the polyketides family; they 
may have originated from a similar biogenetic pathway as the known compounds 
PI-3 (3), PI-4 (4), and SB236050 (5). The biological activities of these secondary 
metabolites were evaluated against eight plant pathogens, including Alternaria 
alternata, Ilyonectria radicicola, Trichoderma viride, Aspergillus niger, Fusarium 
verticillioide, Irpex lacteus, Poria placenta, and Coriolus versicolor. Compound 1 
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Fig. 6.1 Scheme of secondary metabolism

Fig. 6.2 Structure of compounds 1–6
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displayed moderate inhibitory rate (>60%) against the brown rot fungus Poria 
placenta that causes significant wood decay. In addition, the cytotoxic activities 
against three cancer cell lines A549, MDA-MB-231, PANC-1 were also tested, 
without any inhibitory activities being detected (Keyang et al. 2013) (Fig. 6.2).

6.4.2  Mollipilin

Chaetomium mollipilium cultivated with nicotinamide (100 μM) showed a notable 
change in the secondary metabolites (Fig. 6.3). Five new C13-polyketides, mollipilin 
A–E (1–5), as well as known spiroketal 6 (named as mollipilin F), and (_)-aureoni-
tol (7) were isolated. The cell growth inhibitory activities of polyketides 1–7 were 
evaluated in human HCT 116 cells. Mollipilin A (1) and B (2) exhibited moderate 
inhibitory effects on the cell growth with GI50 (concentration required to inhibit 
growth by 50%) values of 1.8 and 3.7 μM, respectively. The Western blot with an 
antibody against acetylated histone H4 showed that nicotinamide treatment of 
C. mollipilium induced hyperacetylated histone H4  in a dose dependent manner 
(Teigo et al. 2012).

Fig. 6.3 Structure of new C13-polyketides from Chaetomium mollipilium
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6.4.3  Chaetosemins

He et al. (2018) isolated 15 polyketides including four new ones (Fig. 6.4), chaet-
osemins G–J (1–4), along with 11 known ones (5–15) from the culture of C. semi-
nudum (C208) and Chaetomium sp. (C521). These metabolites were evaluated 
in vitro for antifungal, antioxidant, toxicity, and α-glucosidase inhibitory activities. 
Chaetosemin J (4) and monaschromone (5) significantly inhibited the growth of 
four plant pathogenic fungi Botrytis cinerea, Alternaria solani, Magnaporthe ory-
zae, and Gibberella saubinettii with minimum inhibitory concentrations (MIC) val-
ues ranging from 6.25 to 25.0 μM. Moreover, both epicoccone B (11) and flavipin 
(14) exhibited DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging abil-
ity with IC50 (half maximal inhibitory concentration) values of 10.8 and 7.2 μM, 
respectively; they had more potent α-glucosidase inhibition than the drug acarbose 
with IC50 values of 27.3 and 33.8 μM, respectively. Monaschromone (5) may be 
used as the lead compound of pesticides (He et al. 2018).

6.4.4  Chaetominine

Chaetominine (Fig.  6.5) is tripeptide-derived alkaloidal metabolite with a new 
framework obtained from the culture of Chaetomium sp. (IFB-E015), an endophytic 
fungus colonizing inside normal A. axilliflora leaves (Rui et al. 2006). It is more 
cytotoxic to the human leukemia K562 and colon cancer SW1116 cell lines than the 
co-assayed positive reference, 5-fluorouracil, which is currently one of most fre-
quently prescribed anticancer drugs. Chaetominine seems biogenetically related to 
the tryptoquivaline-like ç-lactonic metabolites isolated previously from the cultures 
of Aspergillus (Yamazaki et al. 1978) and Penicillium species (Ariza et al. 2002).

Chaetominine was the first tryptoquivaline-related metabolite from the 
Chaetomium species (also an endophyte) with the ç-lactone moiety as in trypto-
quivalines rearranged to form a unique a-lactam ring at the center of the molecule. 
The tetracyclic system (rings a–d) of chaetominine was also possessed by other 
metabolites such as kapakahines (Yeung et al. 1996; Nakao et al. 2003).

6.4.5  Cochliodones

Cochliodones (1) (Fig. 6.6) is a purple pigment isolated from C. cochliodes, C. glo-
bosum (Brewer et al. 1968; Brewer et al. 1970) and also, isolated from the culture 
of C. elatum., C. murorum, and C. amygdalisporum (Sekita et al. 1981). Cochliodones 
have an antimicrobial activity against several genera of microfungi such as Botrytis 
allii and Fusarium moniliforme at low concentrations (1–10 μg/ml); toxicity tests 
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Fig. 6.4 Structures of compounds 1–9 from C. seminudum (C208) and 10–15 from Chaetomium 
sp. (C521)

Fig. 6.5 Structure of 
chaetominine
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on young turkeys and rats showed that the pigment does not cause acute toxicity 
(Meiler and Taylor 1971). Isocochliodinol (2), isolated from Chaetomium murorum, 
had a suppression effect against HIV-1 protease with an IC50 value as low as 
0.17 μM.  Neocochliodinol (3), isolated from C. amygdalisporum, also exhibited 
cytotoxic activity that depends upon the position of prenyl substituents at the indole 
rings (Sekita 1983).

6.4.6  Chaetoviridins

Chaetoviridin (Fig. 6.7) is a type of azaphilone. Takahashi et al. isolated new chae-
toviridins A–D from Chaetomium globosum var. flavoviride (Takahashi et  al. 
1990). Chaetoviridins E and B, with antibiotic activity, were isolated from 
Coprophilous sp. and Chaetomium sp. obtained from the scat of an emu (Kingsland 
and Barrow 2009). From both C. cochliodes VTh01 and C. cochliodes CTh05, 
three new azaphliones, chaetoviridines E+ and F and epi-chaetoviridin A+, 
together with the known chaetoviridin A, were isolated with antimycobacterial 
activity against M. tuberculosis; chaetoviridine E+ also displayed an antimalarial 
activity against P. falciparum (Phonkerd et al. 2008). Moreover, both chaetoviri-
dine E+ and F were also found to be cytotoxic against KB, BC1, and NCI-H187 
cell lines. C. globosum (F0142) has bio-control activity against rice blast 
(Magnaporthe grisea) and wheat leaf rust (Puccinia recondita) due to two major 
antifungal products, chaetoviridins A and B. Chaetoviridin A exerts a higher anti-
fungal efficacy against rice blast both in vitro and in vivo than chaetoviridin B 
(Takahashi et al. 1990).

Fig. 6.6 Structures of cochliodones, isocochliodinol, and neocochliodinol
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6.4.7  Chaetomugilins

A strain of Chaetomium globosum was initially isolated from the marine fish Mugil 
cephalus collected in Katsuura Bay in Japan in October 2000, from which chaeto-
mugilins I–O (1–7) (Fig.  6.8) were isolated (Muroga et  al. 2009). As a primary 
screen for antitumor activity, the cancer cell growth inhibitory properties of the new 
chaetomugilins (1–7) were examined using themurine P388 leukemia cell line, the 
human HL-60 leukemia cell line, the murine L1210 leukemia cell line, and the 
human KB epidermoid carcinoma cell line. All compounds except chaetomugilin 5 
exhibited significant cytotoxic activity against the cancer cell lines; chaetomugilin 
1  in particular showed more potent cytotoxic activity against human cancer cell 
lines (HL-60 and KB cells) than 5-FU, the positive control. In addition, chaetomu-
gilin 1 was examined using a disease-oriented panel of 39 human cell lines. 
Furthermore, evaluation of the pattern of differential cytotoxicity using the 
COMPARE program (Yamori et  al. 1999) suggested that the mode of action of 
chaetomugilin 1 might be different from that of any other anticancer drugs devel-
oped to date. Two new products, 11-epichaetomugilin A and 4′-epichaetomugilin A, 
were also isolated from the strain of C. globosum present in the fish Mugil cephalus. 
11-Epichaetomugilin A is the first azaphilone that has an opposite absolute configu-
ration at C-11 to that of other natural compounds to date. It exhibited weak cyto-
toxic activity against P388 cells and HL-60 cells. Two more new azaphilones, 
seco-chaetomugilins A and D were produced from the same strain. Seco- 
chaetomugilin D showed growth inhibitory activity against P388, HL-60, L1210, 
and KB cells (Yamada et al. 2009).

Fig. 6.7 Structure of chaetoviridins
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6.4.8  Chaetoglobosins

Chaetoglobosins A and B (Fig. 6.9), two azaphilone alkaloid dimers with an unprec-
edented skeleton, were isolated from the extract of C. globosum (IFB-E019), an 
endophytic isolate from Imperata cylindrica stem (Ge et al. 2008). Chaetoglobosin 
A can significantly inhibit the proliferation ability of MCF-7 and SW1116 cell lines. 
It also inhibits expressions of tumor-related genes bcl-2, c-myc, and β-catenin. 
Isolated an endophytic strain of Chaetomium globosum from the leaves of Viguiera 
robusta (Asteraceae); it was found to produce cytotoxic chaetoglobosins in a 
Czapek medium.

Fig. 6.8 Different structures of chaetomugilins
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6.4.9  Diketopiperazines

Diketopiperazines are well-known toxic products produced by a wide variety of 
fungi and also plants (Müllbacher et al. 1986; Dong et al. 2005). There are 24 com-
pounds extracted from this class in the Chaetomium genus until now (Fig.  6.9). 
Gliotoxin is an example of these compounds, isolated from Gliocladium fimbriatum 
(Weindling and Emerson 1936; Gardiner et al. 2005) and also from C. globosum 
found in Ginkgo biloba (Qin et  al. 2009). Different research have characterized 
three diketopiperazines: gliotoxin (1), methylthiogliotoxin (2), and fumitremorgin 
C (3). Only gliotoxin had good antifungal activity against plant pathogenic fungi 
including Fusarium oxysporum f. sp. vasinfectum, F. graminearum, F. sulphureum, 
Cercospora sorghi, and Alternaria alternate. Echinuline (4), isolated from C. glo-
bosum (KMITL-N0802), exhibited inhibitory activity on M. tuberculosis 
(Kanokmedhakul et al. 2002), while neoechinulin A (5) isolated from endophyte 
C. globosum of the marine red alga Polysiphonia urceolata produced (Wang et al. 
2006). The fungus Chaetomium sp., isolated from the medicinal plant Otanthus 
maritimus (Asteraceae), yielded cyclo-(alanyl-tryptophane) (6) (Marwah et  al. 
2007). Chaetocin (7) is a metabolite of the fungus C. minutum with antibacterial 
and cytostatic activities (Hauser et  al. 1970); it is isolated from a culture of 
C. thielavioideum (Udagawa et al. 1979). Tibodeau et al. (2009) proved that chae-
tocin has the ability to induce cellular oxidative stress, thereby selectively killing 
cancer cells. Chaetocin is also considered to be a selective inhibitor substrate of 
thioredoxin reductase (Tibodeau et al. 2009). All these observations have significant 
calibration with the mechanism of action and clinical development of chaetocin and 
related thiodioxopiperazines. Chetracin A (8), a dimeric diketopiperazine, is iso-
lated from Chaetomium nigricolor and C. retardatum. Chaetocins B (9) and C (10), 

Fig. 6.9 Structure of 
chaetoglobosins
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which are isolated from C. virescens var. thielabioideum, are two analogs of chae-
tocin (Saito et al. 1985, 1988). None of these compounds showed any antimicrobial 
activities toward the Gram-negative bacteria or fungus; however, they did exhibit a 
marked activity against the Gram-positive bacteria S. aureus. The cytotoxicities of 
chetomin, chaetocin, chetracin A, chaetocins B, and C to HeLa cells were highly 
noticeable (IC50  =  0.02–0.07  μg/ml), and similar structure-activity relationships 
were found for the antibacterial activity. Chetomin (11) was isolated from 
Chaetomium cochliodes with antibacterial activity (Geiger 1949). Later, it was also 
isolated from C. cochliodes and C. globosum present in soil samples collected in 
Nova Scotia as a toxic metabolite (Safe and Taylor 1972; McInnes et  al. 1976). 
Three new chetomin- related metabolites, chetoseminudins A–C (12–14) and chet-
omin were produced by immunomodulatory extraction of C. seminudum (Fujimoto 
et al. 2004). Only chetomin and chetoseminudin A displayed high immunosuppres-
sive activities against concanavalin A and lipopolysaccharide (LPS)-induced 
(B-cells) proliferations of mouse splenic lymphocytes. The activity of chetomin and 
chetoseminudin A might be due to the diketopiperazines moiety in their molecules. 
Chaetocochins A–C (15–17) are three new diketopiperazines derivatives which are 
isolated from the solid- state fermented rice culture of Chaetomium cochliodes (Li 
et al. 2006). Chaetocochins A and B, having a 14-membered ring, represent a novel 
type of diketopiperazines. Chaetocochins A and C have significant cytotoxicity 
in vitro against cancer cell lines and their activities appear to be correlated with the 
number of sulfur-methyls in their ring (Wu et al. 2008) (Fig. 6.10).

6.4.10  Chromones

Eleven novel unique chromones, termed chaetoquadrins A–E and F–K (Fig. 6.11) 
have been isolated from the EtOAc (ethyl acetate) extract of C. quadrangulatum 
(strain 71-NG-22); their monoamine oxidase inhibitory (MAO) features and struc-
tures including absolute configuration were elucidated. Successive studies on the 
extract of C. quadrangulatum guided by MAO inhibitory activity afforded six new 
constituents tentatively termed CQ6–11 in addition to 1–5. When the EtOAc extract 
was partitioned into n-hexane, EtOAc, and water layers, the EtOAc layer showed 
higher MAO inhibitory activity compared with the other two layers. Chromatographic 
fractionation of the EtOAc layer, focused on MAO inhibitory activity, gave the six 
novel constituents CQ6–11 (Fujimoto et al. 2003). Chaetoquadrin A, B, and C are 
tetracyclic spiroketals while chaetoquadrin D has a sulfonyl group. Chaetoquadrin 
G and H have appreciable monoamine oxidase inhibitory activity. Another novel 
chromone chaetoaurin and six known analogs eugenetin, eugenitol, chaetoquadrins 
A, B, G, and H were isolated from a solid culture of C. aureus (Li et al. 2010).
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Fig. 6.10 Structures of diketopiperazine compounds
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Fig. 6.11 Structures of chromones
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6.4.11  Pyranone Compounds

Two new pyranones, chaetoglocins A and B (Fig. 6.12) were isolated from the endo-
phytic fungus C. globosum (IFB-E036) with antimicrobial activity against Gram- 
positive bacteria (Ge et al. 2011). In 1972, a new chromone metabolite was isolated 
from an extract of Chaetomium minutum, and this isolated metabolite was recog-
nized as 6-hydroxymethyleugenin (Hauser and Zardin 1972). All these compounds 
have the same important structural motif, tetrahydropyran-4-one, which is charac-
terized in many bioactive natural products (Baliah et al. 1983).

6.4.12  Orsellides

Orsellides (Fig. 6.13) are rare examples of fungal metabolites containing deoxyhex-
ose building blocks that are normally characteristic of bacterial secondary metabo-
lites. Thus, it was quite a surprise that Chaetomium sp. (strain Gö 100/9), an 
endophyte from marine algae, produces a couple of secondary metabolites which 
were identified as deoxy sugar derivatives. The antibacterial orsellides A–E (1–5), 
novel esters consisting of orsellinic acid (6) and a 6-deoxyhexose, were isolated 
from Chaetomium sp. (strain Gö 100/9) together with the known metabolites globo-
sumones A (7) and B (8) (Schlörke and Zeeck 2006).

6.4.13  Xanthones and Anthraquinones

Xanthones (Fig.  6.14) are a group of natural products, extracted from sources  
such as plants, lichens, and fungi, with different biological activities. 
O-methylsterigmatocystin (1) and sterigmatocystin (2) were the first xanthones 
isolated in 1979 from cultures of Chaetomium thielavioideum (Sekita et al. 1981). 
Five new xanthone derivatives, globosuxanthones A–D (3–6), 2-hydroxyvertixan-
thone (7), together with two known anthraquinones chrysazin (8) and 1,3,6,8- tetra
hydroxyanthraquinone (9) were isolated from an extract of the fungal strain, 

Fig. 6.12 Structures of 
chaetoglocins A and B
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Fig. 6.14 Different structures of xanthones and anthraquinones

Fig. 6.13 Structure of orsellides
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C. globosum Ames, inhabiting the rhizosphere of the Christmas cactus, Opuntia 
leptocaulis DC (Cactaceae). Globosuxanthone A had a strong cytotoxicity against 
a panel of seven human solid tumor cell lines (NCIH460, MCF-7, SF-268, PC-3, 
PC-3M, LNCaP, and DU-145), disrupted the cell cycle leading to accumulation of 
cells in either G2/M or S phase, and induced signs of apoptosis (Wijeratne et al. 
2006). Three new xanthones, chaetoxanthones A–C (10–12), were also isolated 
from a marine-derived Chaetomium sp. (Pontius et al. 2008). Compounds 10 and 
11 possess a rare dioxane/tetrahydropyran moiety and compound 12 is a chlori-
nated xanthone with a tetrahydropyran ring. Compound 11 had activity against 
P. falciparum without any cytotoxicity, while compound 12 showed a moderate 
activity against Trypanosoma cruzi. Chaetocyclinones A–C (13–15) were pro-
duced from the culture of an endosymbiotic fungus Chaetomium sp. (strain Gö 
100/2) which was isolated from marine algae. Metabolite 13 had a fungistatic 
activity against a phytopathogenic fungus Phytophthora infestans in agar plate dif-
fusion assay. There were no cytotoxic activities against the tumor cell lines HM02, 
HepG2, and MCF7 (Lösgen et al. 2007).

6.4.14  Steroids and Terpenoids

Ergosterol (1) and ergosterol peroxide (2) (Thohinung et al. 2010), ergosterol-β-
D- glucoside (3), and ergosteryl palmitate (4) (Fig.  6.15) were isolated from 
C. cochliodes VTh01 and C. globosum KMITL-N0802, respectively. Ergosterol 
peroxide has an antimalarial activity against P. falciparum and an antimycobacte-
rial activity against M. tuberculosis. A novel polyhydroxylated C29-sterol, 
25β-methyl-22-homo-5α-cholest-7,22-diene-3β, 6β, 9α-triol, designated as glo-
bosterol (5), together with three known ergosterol derivatives, 9 hydroxycerevis-
terol (6), 9(11)-dehyoergosterol peroxide (7), and ergosta-4,6,8,22-tetraen-3-one 
(8), has been isolated from the cultures of an endophytic fungus C. globosum 
(ZY-22) taken from Ginkgo biloba. 9-Hydroxycerevisterol showed cytotoxic 
activity against HeLa cells in vitro and was found to be antinociceptive by using 
the acetic acid-induced writhing method (Kawagishi et al. 1988). Ergosterol per-
oxide and 9(11)-dehydroergosterol peroxide had a suppressive effect on the pro-
liferation of mouse lymphocytes stimulated with mitogens such as Con A and 
LPS (Koyama et  al. 2002). Heptelidic acid with antibiotic activity (9) was 
extracted from a culture of C. globosum, which was isolated from soil. Heptelidic 
acid was active against anaerobic bacteria, especially against Bacteroides fragilis 
(Kim and Lee 2009 In addition, methylglyoxal may be considered an important 
cause of diabetic complications. Its primary source is dihydroxyacetone phos-
phate whose levels are in part controlled by glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The potent and specific inhibition of GAPDH of various 
origins by heptelidic acid was demonstrated in a concentration-dependent way by 
using a human red blood cell culture (Beisswenger et al. 2003). Kumagai et al. 
proved that heptelidic acid had high selective glycolytic cells through glucose-

6 Recent Advancements on the Role of Biologically Active Secondary Metabolites…



194

Fig. 6.15 Different structure of steroids and terpenoids
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dependent active ATP depletion, which occurred by progression of ATP depen-
dent glucose phosphorylation, in spite of the blockade of the pathway at 
GAPDH.  This mechanism may give effective methods of treatment of cancers 
that aggressively consume glucose (Kumagai et al. 2008). Furthermore, heptelidic 
acid induces nucleosomal DNA fragmentation in NG108-15 cells and exhibits 
antimalarial activity in  vitro against the human malaria parasite P. falciparum 
(Nakazawa et al. 1997; Tanaka et al. 1998). Atriterpenoid, 3β-methoxyolean-18- 
ene, named miliacin (10), was isolated from the marine fungus C. olivaceum 
(Smetanina et al. 2001).

6.4.15  Aureonitols

Burrows extracted a tetrahydrofuran (THF) (1a) (Fig. 6.16) as secondary metab-
olite from Chaetomium coarctatum (Burrows 1967). Mason and Vane also pub-
lished their work on the same sample and confirmed the previous results (Mason 
and Vane 1967). In 1992, Abraham extracted THF molecule from C. cochlioides 
(Abraham and Arfmann 1992) which was identical to those reported by Bohlmann 
for aureonitol (1b) from the 1H NMR data (Bohlmann and Ziesche 1979). Later, 
Seto et  al. studied the biosynthesis of tetrahydrofuran in C. coarctatum using 
labeling experiments and reported that THF was a polyketide metabolite (Seto 
et al. 1979; Saito et al. 1983). The endophytic fungus Chaetomium sp., isolated 
from the plant Otanthus maritimus, yielded a new THF derivative, aureonitolic 
acid (2), together with cochliodinol (3), isocochliodinol (4), and orsellinic acid 
(Aly et al. 2009). Cochliodinol and orsellinic acid showed pronounced inhibiting 
activity against L5178Y mouse lymphoma cells while aureonitolic acid was 
inactive. Two antibacterial furano-polyenes, (−)-musanahol (5) and 3-epi-aure-
onitol (6), were isolated from Chaetomium sp.

6.4.16  Tetramic Acids

Tetramic acid (2,4-pyrrolidine-dione) is a kind of antibiotic with antimicrobial 
activity against different resistant microbial pathogens (Royles 1995). 
Chaetochalasin A (Fig. 6.17), a novel decalin derivative with an unprecedented ring 
system, was isolated from Chaetomium brasiliense (Oh et al. 1998). It displayed 
cytotoxicity in the NCI’s 60-cell line human tumor cell panel. The derivative was 
also obtained from C. cochliodes (VTh01) and exhibited antimalarial activity 
against Plasmodium falciparum and weak antimycobacterial activity against 
Mycobacterium tuberculosis (Phonkerd et al. 2008).
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6.4.17  Depsidones

Depsidones (Fig. 6.17) have been previously isolated from lichens, fungi, and plants 
[84], but now there are two new depsidones, mollicellins I (1) and J (2), and a new 
chromone, 2-(hydroxymethyl)-6-methylmethyleugenin (3), along with six known 
compounds, mollicellin D (4), mollicellin H (5), eugenetin (6), 
O-methylsterigmatocystin (7), sterigmatocystin (8), and chaetocin (9), isolated 
from a solid culture of Chaetomium brasiliense. Mollicellins I and H have 
 anti- activity against three human tumor cell lines, breast cancer, lung, and neuroma 
(Li et al. 2008). Four new depsidones, mollicellins K-N (10–13), and their analogs, 
mollicellins B (14), C (15), E (16), F (17), H, and J, with two sterols, ergosterol and 

Fig. 6.16 Structures of aureonitols
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ergosterol peroxide, were isolated from C. brasiliense. Among these isolates, mol-
licellins K-M, mollicellins B, C, E, and J have antimalarial activity against P. falci-
parum. Only mollicellin K has moderate activity against M. tuberculosis and potent 
property against Candida albicans. Mollicellins K, N, C, E, and H have significant 
cytotoxicity against NCI-H187 cell lines. The aforementioned metabolites were 
found to have cytotoxic effect against five cholangiocarcinoma cell lines 
(Khumkomkhet et al. 2009).

Fig. 6.17 Chaetochalasin A and depsidones
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6.4.18  Resorcylic Acid Lactone

In the field of treatment of cancer, and neurodegenerative diseases, fungal polyketides 
with resorcylic acid lactone play a very interesting role (Yang et al. 2011). During 
the fractionation bioassay of a Sonoran desert plant-associated fungus C. chiversii, 
the heat shock protein (Hsp90) inhibitor radicicol (1) (Fig.  6.18) was extracted 
(Turbyville et al. 2006). It is a nanomolar inhibitor of the chaperone Hsp90, whose 
repression leads to a combinatorial blockade of cancer-causing pathways. Recently, 
clustered genes for radicicol biosynthesis were identified and functionally charac-
terized from the endophyte C. chiversii (Wang et al. 2008). Chaetoatrosin A (2),  
a novel chitin synthase II inhibitor, was extracted from C. atrobrunneum (F449). 
This metabolite has antifungal activities against various pathogenic fungi such as 
Rhizoctonia solani, Pyricularia oryzae, Botrytis cinerea, Cryptococcus neoformans 
and Trichophyton mentagrophytes (Hwang et al. 2000).

6.4.19  Oxaspirodion

Oxaspirodion is isolated from Chaetomium subspirale. It inhibited the TNF-α 
driven luciferase reporter gene expression with an IC50-value of 2.5 μg/ml (10 μM) 
in TPA-/ionomycin-stimulated Jurkat T-cells by interfering with signal transduction 

Fig. 6.18 Structures of resorcylic acid, lactone, naphthnol, and colletodiol
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pathways involved in the inducible expression of many pro-inflammatory genes. 
TNF-α is the main pro-inflammatory cytokine in inflammatory diseases like septic 
shock, rheumatoid arthritis, and Crohn’s disease. Moreover, oxaspirodion also inac-
tivated the transcription factor NF-κB, which is involved in the inducible expression 
of many proinflammatory genes (Rether et al. 2004).

6.4.20  Naphthnol and Colletodiol

Differanisole A (3) (Fig. 6.18), a new metabolite with activity against mouse leuke-
mia cells, was extracted from Chaetomium (RB-001) (Oka et al. 1985). It also had 
activity against mouse neuroblastoma C-1300 cells in vivo (Suzuki et al. 1986) and 
growth of human myeloid leukemia cells. In addition, it induced G1 arrest and gran-
ulocytic differentiation of HL-60 cells (Kubohara et al. 1993). Chaetospiron (4), a 
metabolite extracted from Chaetomium sp. (BS 6556), has a dimeric structure con-
taining two units related to maletinnin A (Bitzer 2005). Geosmin (5), an odorous 
metabolite of C. globosum Kinze ex Fr. from a soil sample, has a musty-smelling 
property (Kikuchi et al. 1981). In 1955, oosporein (6) was first isolated as a diben-
zoquinone of C. aureum chivers (Lloyd et  al. 1955) and later from a culture of 
Chaetomium sp. as a toxin to plants and poultry (Cole et al. 1974; Manning and 
Wyatt 1984). Oosporein inhibited herpes simplex virus type 1 DNA polymerase 
(Terry et al. 1992) and produced a strong antagonistic effect on late blight of tomato 
Phytophthora infestans in comparison with Alternaria solani and Fusarium oxyspo-
rum (Nagaoka et al. 2004). Colletodiol (7), a 14-membered bismacrolactone, was 
extracted from C. funicola (Powell and Whalley 1969).

6.5 Conclusion

In this chapter, many of the chemical compounds of different sorts have been 
reported from many species belonging to the genus Chaetomium. The variation of 
structures have distinct effects on biological activities including the cytotoxicity, 
antimalarial and antibacterial activity, and phytotoxicity, although there are many 
compounds which have not yet been discussed and also tested for their biological 
activities. Advanced studies on the biosynthetic pathway, pharmacokinetic property, 
structure-activity relationships, mechanism of action, and ecological roles of new 
isolated metabolites have great importance in their practical applications in medi-
cine and agriculture.
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Chapter 7
Chaetomium’s Alkaloids

Parsa Mahmood Dar, Ahmed M. Abdel-Azeem, and Shimaa Ragab Hamed

7.1  Introduction

Fungi, like higher plants and bacteria, are able to produce metabolites, including 
alkaloids. Alkaloids, along with other metabolites, are the most important fungal 
metabolites from the pharmaceutical and industrial point of view. Alkaloids have 
been reported as a group of basic organic substances of plant and microbial origin, 
containing at least one nitrogen atom in a ring structure in the molecule. The first 
microbial alkaloids to be recognized and studied were those of Claviceps purpurea, 
the agent causing ergot of rye (Mahmood et al. 2010). Fungi of the genus Chaetomium 
are a rich source of novel and bioactive, very important, secondary metabolites. The 
genus Chaetomium is commonly recognized as having ostiolate ascomata with a 
membranaceous perithecial wall covered by relatively well-developed hair, produc-
ing fasciculate and evanescent asci and single-celled, smooth, and pigmented asco-
spores with germ pores (Ames 1963; von Arx et al. 1986). In 1817, Gustav Kunze 
established the genus Chaetomium (Ames 1961) to classify the species C. globosum 
and C. elatum. No further contributions to the genus were made until 1837 when the 
publication of Corda described its characteristic asci in his work, Icones Fungorum 
Hucusque Cognitorum (Ames 1949). In 1915, Arthur Houston Chivers produced a 
complete monographic treatment of the genus, recognizing only 28 of the described 
114 species (Chivers Arthur Houston 1915).
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Chaetomium is a genus of fungi in the Chaetomiaceae family. It is a dematia-
ceous (dark-walled) mold normally found in soil, air, cellulose, and plant debris. 
According to the Dictionary of the Fungi (10th edition, 2008), there are about 95 
species in the widespread genus (Kirk et al. 2008).

Till 2016, a variety of more than 200 secondary metabolites belonging to diverse 
structural types, such as chaetoglobosins, epipolythiodioxopiperazines, azaphi-
lones, xanthones, anthraquinones, chromones, depsidones, terpenoids, and steroids, 
have been discovered. Most of these fungal metabolites exhibit antitumor, cyto-
toxic, antimalarial, enzyme inhibitory, antibiotic, and other activities (Zhang et al. 
2012). Some important and explored species of the genus Chaetomium are C. atro-
brunneum, C. cupreum, C. globosum, C. grande, C. interruptum, C. iranianum, 
C. rectangulare, C. thermophilum, C. truncatulum, and C. undulatulum.

Alkaloidal compounds of genus Chaetomium are:

 1. Chaetoglobosins
 2. Diketopiperazines
 3. Isoquinolines
 4. Bis(3-indolyl)-benzoquinone
 5. Tetramic acids
 6. Tripeptide alkaloids
 7. Benzonaphthyridinedione
 8. Azaphilones

7.2  Chaetoglobosins

Chaetoglobosins (Fig. 7.1) are a family of macrocyclic polyketide alkaloids belong-
ing to the general group of cytochalasans with a wide range of biological activities 
targeting cytoskeletal processes (Binder and Tamm 1973; Scherlach et al. 2010). 
Chaetoglobosins possess an indolyl group in place of the phenyl group present in 
cytochalasans, namely, 10-(indol-3-yl)-[12]cytochalasans. Cytochalasans are an 
important class of natural products; they have attracted considerable attention from 
synthetic organic chemists, biologists, and phytochemists for decades because of 
their complex polycyclic skeletons and varied and often potent bioactivities, includ-
ing antitumor, anti-HIV, and immunomodulatory activities (Chen et al. 2016). To 
date, 62 chaetoglobosins have been produced by fungi of the genus Chaetomium. 
Chaetomium globosum (Sekita et al. 1973), the most common species within this 
genus, is a remarkable producer of chaetoglobosins. Chaetoglobosins A (1) and B 
(2), two cytotoxic cytochalasan derivatives, were first isolated from Chaetomium 
globosum (Silverton et al. 1976). Later, the structure of chaetoglobosin A was estab-
lished by X-ray analysis. Chaetoglobosin A is the most widely studied metabolite in 
the chaetoglobosin series. Meanwhile, six further metabolites, chaetoglobosins 
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Fig. 7.1  Chaetoglobosins from Chaetomium 1–62
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Fig. 7.1 (continued)
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Fig. 7.1 (continued)
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C–G (37) and J (8), were isolated and identified from the same fungus C. globosum 
(Silverton et al. 1976; Umeda et al. 1975; Sekita et al. 1976, 1977, 1982a, b, c). 
Indirect evidence for the Diels–Alder-mediated biosynthesis of cytochalasans was 
obtained by feeding (Sekita et  al. 1983) and inhibition (Oikawa et  al. 1992a, b) 
experiments with Chaetomium subaffine, which produces chaetoglobosin A (1), 
19-O-acetylchaetoglobosin A (9), 19-acetylchaetoglobosin B (10), and 
19- acetylchaetoglobosin D (11) (Oikawa et al. 1992a; Probst and Tamm 1981a, b). 
Interestingly, treatment of C. subaffine with specific inhibitors of cytochrome P-450 
gave four new plausible chaetoglobosin A precursors, prochaetoglobosins I (12), II 
(13), III (14), and IV (15) (Oikawa et al. 1992a, b; Probst and Tamm 1981a, b). Two 
more new metabolites, chaetoglobosin Fex (16) and 20-dihydrochaetoglobosin A 
(17), were isolated from C. subaffine (ATCC 22132) (Oikawa et al. 1991), in which 
20-ketoreductase activity of 1 and prochaetoglobosins was found. Nine cytotoxic 
metabolites, including three novel compounds, chaetoglobosins Q (18), R (19), and 
T (20), have been isolated from cultures of C. globosum (CANU N60) (Oikawa 
et al. 1993) together with six known chaetoglobosins A (1), B (2), D (4), and J (8) 
and prochaetoglobosins I (12) and II (13). The structures were elucidated primarily 

Fig. 7.1 (continued)
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from NMR spectroscopic data. Chaetoglobosins A (1), B (2), D (4), J (8), Q (18), T 
(20) and prochaetoglobosins I (12) and II (13) displayed significant cytotoxicity 
against the P388 murine leukemia cell line (IC50 = 1.58–4.90 μg/ml). Chaetoglobosins 
A, B, D, and J and prochaetoglobosins I and II were also shown to be antimicrobial 
against Bacillus subtilis, Cladosporium resinae, and Trichophyton mentagrophytes. 
A new cytotoxic alkaloid, chaetoglobosin U (21), along with four known chaetoglo-
bosins C (3), E (5), and F (6) and penochalasin A (22), has been characterized from 
a solid culture of C. globosum IFB-E019, an endophytic fungus residing inside the 
stem of Imperata cylindrica (Gramineae). Chaetoglobosin U (21) was shown to 
exhibit cytotoxic activity against the human nasopharyngeal epidermoid tumor KB 
cell line (IC50 = 16.0 μM), comparable to that of 5-fluorouracil (IC50 = 14.0 μM) as 
a positive reference. The metabolites 3, 5, 6, and 22 were moderately active to the 
KB cell line (Jiao et al. 2004). Bioassay-guided fractionation of a solid culture of 
the endophyte C. globosum IFB-E041 isolated from the herb Artemisia annua stems 
afforded two new alkaloids, chaetoglobosins V (23) and W (24) and known conge-
ners chaetoglobosins A (1), C (3), E–G (5–7), and Fex (16). The structures were 
elucidated by 1D and 2D NMR techniques. Chaetoglobosin W (24) is unique in its 
possession of an oxolane ring formed via an oxygen bridge at C-3 and C-6. The 
metabolites exhibited moderate cytotoxic activities against human cancer cell lines 
(KB, K562, MCF-7, and HepG2) (IC50 = 18–30 μg/ml) (Ding et al. 2006). Cultures 
of C. globosum QEN-14, an endophyte derived from the marine green alga Ulva 
pertusa, produced a series of new metabolites cytoglobosins A–G (25–31), together 
with chaetoglobosin Fex (16) and isochaetoglobosin D (32). Cytoglobosins C (27) 
and D (28) displayed cytotoxic activity against the tumor cell line A-549 (IC50 = 2.26 
and 2.55 μM, respectively) (Zhang et al. 2010). Nine cytochalasans, including a new 
chaetoglobosin V (33), two new natural products, prochaetoglobosins III (14) and 
IIIed (34), and six known chaetoglobosins B–D (2–4), F (6), and G (7) and isochae-
toglobosin D (32), were isolated from C. elatum ChE01, a strain isolated from Thai 
soil. The nine compounds showed cytotoxicity against the human breast cancer BC1 
cell lines (IC50  =  2.54–21.29  μM) and cholangiocarcinoma cell lines 
(IC50 = 3.41–86.95 μM). Among these compounds, 2 and 34 exhibited strong cyto-
toxicity to the BC1 cell line (IC50  =  2.54 and 3.03 μM, respectively) (Cui et  al. 
2010). Chaetoglobosins A–G (1–7) and J (8) were cytotoxic against HeLa cells 
(IC50 = 3.2–20 μg/ml) (17), and most of them induced polynucleation in HeLa cells. 
Chaetoglobosin A (1) exhibited strong cytotoxicity against various human cancer 
cell lines (Thohinung et al. 2010) and showed a strong inhibitory activity (IC50 = 60 
pM) against bleb formation on K562 cells induced by phorbol 12,13-dibutyrate, but 
it did not inhibit protein kinase C activity in vitro. Its inhibitory activity might be 
involved in the modulation of actin filaments on the cell membrane. Of chaetoglo-
bosins B (2), D (4), and E (5), produced by C. globosum, an endophytic fungus 
associated with Viguiera robusta Gardn (Asteraceae), only chaetoglobosin B (2) 
was active against Jurkat (leukemia) and B16F10 (melanoma) tumoral cells (Ko 
et al. 1998), with 89.5% and 57.1% inhibition at 0.1 mg/ml, respectively. The growth 
of four Helicobacter pylori strains and three Staphylococcus strains was only inhib-
ited by 1 (Momesso et al. 2008). Chaetoglobosin A (1) was found to enhance fibri-
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nolytic activity of bovine aortic endothelial cells at 3–100 μM via its induction of 
urokinase (Namgoong et al. 1998). Apart from cytotoxicity, chaetoglobosins A (1) 
and C (3) also showed potent phytotoxicity against alfalfa seedlings (Shinohara 
et al. 2000). Compound 1 and its acetyl derivative (9) were shown to be phytotoxic 
in a bioassay of cresson seedlings (Ichihara et al. 1996). Compound 1, identified 
from an antagonistic fungus, C. cochliodes, found in greenhouse soil, exhibited 
antifungal activity toward several plant pathogens (Von Wallbrunn et  al. 2001): 
Pythium ultimum, Phytophthora capsici, Rhizoctonia solani, Botrytis cinerea, and 
Fusarium oxysporum, with ED50 values of 1.98, 4.01, 4.16, 2.67, and 35.14 ppm, 
respectively. Among seven chaetoglobosins A–F (1–6) and J (8) that were produced 
by Chaetomium sp., a strain obtained from the green alga Halimeda discoidea, only 
1 showed the bead shape deformation on mycelia of rice plant pathogenic fungus, 
Pyricularia oryzae at a dose as low as 0.5 μg/ml; compound 8 inhibited conidia 
germination at 5 μg/ml and weak hypertrophy of mycelia with growth inhibition at 
0.25 μg/ml. In addition, 1 was active to three phytopathogenic fungi, Colletotrichum 
lindemuthianum, Fusarium nivale, and Pythium aphanidermatum, at less than 
50 μg/ml (Kang et al. 1999). Both 1 and 3, isolated from the cultures of an endo-
phyte, C. globosum, residing in the herbal plant Ginkgo biloba leaves, significantly 
inhibited the growth of the brine shrimp (Artemia salina) larvae and Mucor miehei 
(Kobayashi et al. 1996). Cultivation of Chaetomium globosum, an endophytic fun-
gus, in Ginkgo biloba, produced five cytochalasan mycotoxins, chaetoglobosins A, 
G, V, Vb, and C (35–39), in three media. Some known chaetoglobosins were also 
produced. These alkaloids possess good phytoxic and cytotoxic activities (Qin et al. 
2009a, b).

Chemical investigation on the methanol extract of Chaetomium globosum 
(TW1-1), a fungus isolated from the common pillbug (Armadillidium vulgare), 
resulted in the isolation of nine new highly oxygenated cytochalasan alkaloids, 
armochaetoglobins S–Z (40-48). Their structures and absolute configurations were 
elucidated by spectroscopic analyses. Among them, compound 41 appears to be the 
first member of the chaetoglobosin family with an acetyl group and compound 42 
the first chaetoglobosin characterized by an 2′,3′-epoxy-indole moiety. The 
 discovery of these new compounds revealed the largely untapped chemical diversity 
of cytochalasans and enriched their chemical research (Scherlach et al. 2010).

Armochaeglobines A (51) and B (52), two indole-based cytochalasan alkaloids 
with new carbon skeletons, were obtained from the fungus Chaetomium globosum 
TW1-1, which was first isolated from the arthropod Armadillidium vulgare. Their 
structures were elucidated by extensive spectroscopic analyses, ECD calculation, 
and single-crystal X-ray diffraction analysis. Interestingly, compound 51 featured a 
unique tetracyclic 5/6/7/5 fused ring system and 52 possessed a rare 12-membered 
carbon scaffold (42). Two new indole alkaloids chaetocochin J (49) and chaetoglo-
binol A (50), along with chetomin, chetoseminudin A, cochliodinol, and semico-
chliodinol, were isolated from the rice culture of the fungus Chaetomium globosum. 
Their structures were elucidated by spectral analysis (Chen et al. 2015a, b). Ten new 
cytochalasan alkaloids, termed armochaetoglobins A−J (53–62), and four known 
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chaetoglobosins were isolated from a methanol extract of Chaetomium globosum 
TW1-1, a fungus isolated from the medicinal terrestrial arthropod Armadillidium 
vulgare. Their structures were elucidated by a combination of spectroscopy, single- 
crystal X-ray crystallography, and ECD calculations. Armochaetoglobins A−E 
(53–57) represented the first examples of seco-chaetoglobosins arising from an oxi-
dative cleavage of C-19 and C-20. Among these compounds, armochaetoglobin A 
(1) features an unusual pyrrole ring. The cytotoxic activities of 54–62 were evalu-
ated, and armochaetoglobin H (8) showed moderate inhibitory activities against five 
human cancer cell lines, with IC50 values ranging from 3.31 to 9.83  μM (Xu 
et al. 2015).

7.3  Diketopiperazines

Diketopiperazines (Fig.  7.2) are well-known secondary metabolites produced by 
fungi and plants. Epipolythiodioxopiperazines (ETPs) are an important group of 
bioactive compounds widely found as toxic substances of mold (Chen et al. 2015a, 
b; Waring et al. 1988; Dong et al. 2005). They feature either thiomethyl groups or 
disulfide bridges. To date, 24 compounds of this class have been discovered in the 
Chaetomium genus. In this series of compounds, gliotoxin (63) is the first and best- 
known ETP isolated from Gliocladium fimbriatum (Müllbacher et  al. 1986; 
Weindling and Emerson 1936; Weindling 1941). Recently, from the cultures of 
C. globosum found in Ginkgo biloba (Kobayashi et al. 1996), our research group 
characterized three diketopiperazines, gliotoxin (63), methylthiogliotoxin (64), and 
fumitremorgin C (65). Only compound 35 had good antifungal activity against plant 
pathogenic fungi, including Fusarium oxysporum f. sp. vasinfectum, F. gra-
minearum, F. sulphureum, Cercospora sorghi, and Alternaria alternate. The fungus 
C. globosum KMITL-N0802 contained echinuline (66), which exhibited inhibitory 
activity on M. tuberculosis (Gardiner et  al. 2005). Cultivation of an endophyte 
C. globosum from the marine red alga Polysiphonia urceolata produced neoechinu-
lin A (67) (Kanokmedhakul et al. 2002). The fungus Chaetomium sp., isolated from 
the medicinal plant Otanthus maritimus (Asteraceae), yielded cyclo-(alanyl- 
tryptophane) (68) (Wang et al. 2006). In 1944, Walksman and Bugie and Geiger 
et al. (1944) isolated a strain of Chaetomium cochliodes which, in culture, produced 
an antibacterial chetomin (69), a metabolite containing  hexahydropyrrolo[2,3-b]
indole (Geiger et al. 1944). Later, in 1972, Safe and Taylor (Geiger 1949; Safe and 
Taylor 1972) carried out the detailed characterization of this toxic metabolite of 
C. cochliodes and C. globosum from soil samples collected in Nova Scotia. 
Subsequently, analysis of the 13C and 15N NMR spectra of [15N6] chetomin (69) 
established the connectivity of the sporidesmin-like and  3-(ω-skatyl)-3,6- 
epidithiopiperazine- 2,5-dione fragments (McInnes et  al. 1976). The hypoxic 
response in humans is regulated by the hypoxia-inducible transcription factor sys-
tem; inhibition of hypoxia-inducible factor (HIF) activity has potential for the treat-
ment of cancer. Recently, chetomin (69) was found to block the interaction between 
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Fig. 7.2 Diketopiperazine alkaloids of Chaetomium
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HIF- and the transcriptional coactivator p300 by a zinc ejection mechanism (Brewer 
et al. 1976). Structure-activity studies with both natural and synthetic ETP deriva-
tives reveal that only the ETP core is required, and sufficient, to block the interac-
tion of HIF-1 and p300. HIF-1 inhibition by chetomin (69) effectively reduces 
hypoxia-dependent transcription and radiosensitizes hypoxic HT 1080 human fibro-

Fig. 7.2 (continued)
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sarcoma cells in vitro (Cook et al. 1996) The structure of dethiotetra(methylthio)
chetomin (70), a new antimicrobial metabolite isolated from C. globosum Kinze ex 
Fr. along with chetomin (69), was determined by X-ray crystallographic analysis. 
Chetomin (69) and its derivative (70) showed antimicrobial activity against 
Escherichia coli and Staphylococcus aureus (Staab et al. 2007). The absolute con-
figuration of chaetocin (71), a metabolite of the fungus C. minutum with antibacte-
rial and cytostatic activity, was in 1970 elucidated by chemical and X-ray methods 
(Kikuchi et al. 1982). From the culture of C. thielavioideum, 71 was also obtained 
by Udagawa et al. (1979). A new dimeric ETP, chetracin A (72) with two tetrasulfide 
bridges, was isolated from Chaetomium nigricolor and C. retardatum, and its triac-
etate structure was established by X-ray analysis. Two analogues of compound 71, 
chaetocins B (73) and C (74), isolated from C. virescens var. thielabioideum, were 
proved to be homologs with one disulfide and one trisulfide bridge and with two 
trisulfide bridges (Saito et al. 1985, 1988), respectively. The absolute configurations 
of both 73 and 74 were determined by CD spectra. None of these compounds 
showed any antimicrobial activities toward Gram-negative bacteria or fungus; how-
ever, they did exhibit a marked activity against Gram-positive bacteria S. aureus 
FDA 209P. Chaetocins B (73) (MIC = 0.05 μg/ml) and C (74, MIC = 0.025 μg/ml), 
having trisulfide bridges, displayed potent properties, followed by chaetocin (43, 
MIC = 0.1 μg/ml), and chetracin A (72) (MIC = 0.39 μg/ml), having disulfide or 
tetrasulfide bridges, whereas their analogues without bridges did not show such 
activity. The cytotoxicities of chetomin (69), chaetocin (71), chetracin A (72), chae-
tocins B (73), and C (74) to HeLa cells were highly noticeable (IC50 = 0.02–0.07 μg/
ml), and similar structure-activity relationships were found to the antibacterial 
activity. Three new chetomin-related metabolites chetoseminudins A–C (75–77) 
and 68 were produced by immunomodulatory extract of C. seminudum 72-S-204-1 
(79). Only chetomin (69) and chetoseminudin A (75) displayed high immunosup-
pressive activities (IC50  =  0.17 and 0.09 and 0.18 and 0.13 μg/ml, respectively) 
against concanavalin A (Con A) (T-cells) and lipopolysaccharide (LPS)-induced 
(B-cells) proliferations of mouse splenic lymphocytes. The activity of compounds 
69 and 75 might be due to their ETP moiety in their molecules. Moreover, histone 
methylation plays a key role in establishing and maintaining stable gene expression 
patterns during cellular differentiation and embryonic development (67). Chaetocin 
(71) was characterized as the first inhibitor of a lysine-specific histone methyltrans-
ferase (HMT), a key enzyme in the epigenetic control of gene expression (68). 
Furthermore, during examination of the inhibitory activity against H3K9 HMT 
G9a, which is a potential therapeutic target in human cancer, sulfur-deficient chae-
tocin (78) and its enantiomer (ent-79), recently synthesized by Iwasa et al. (2010) 
were found to be devoid of activity, while chaetocin (43) and its enantiomer (ent-80) 
showed comparable activities. These results disclose that the disulfide unit is crucial 
for the HMT inhibitory activity and that the chirality of 43 is insensitive to 
HMT. Additionally, ent-chaetocin (ent-79), the unnatural enantiomer of chaetocin 
(71), was more potent than the parent compound 71 in human leukemia HL-60 cells 
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at 0.3 μM and was found to induce apoptosis through the caspase 8/caspase 3 activa-
tion pathway (Teng et al. 2010). Mainly regulated at the transcriptional level, the 
cellular cyclin-dependent kinase inhibitor, CDKN1A/p21(WAF1) (p21), is a major 
cell cycle regulator of the response to DNA damage, senescence and tumor suppres-
sion. Importantly, treatment with the specific SUV39H1 inhibitor, chaetocin (71), 
repressed histone H3 lysine 9 trimethylation at the p21 gene promoter, stimulated 
p21 gene expression, and induced cell cycle arrest (Cherrier et al. 2009). Recently, 
Tibodeau et  al. reported that chaetocin (71) potently induces cellular oxidative 
stress, thus selectively killing cancer cells, and that 71 is a competitive and selective 
substrate and inhibitor of thioredoxin reductase (Tibodeau et al. 2009). These obser-
vations have important implications about the mechanism of action and clinical 
development of 71 and related thiodioxopiperazines. Three new ETPs chaetoco-
chins A–C (81–83) and their congeners 69 and 70 were isolated from the solid-state 
fermented rice culture of Chaetomium cochliodes (Li et al. 2006). Chaetocochins A 
(81) and B (82) having a 14-membered ring represent a novel type of 
ETP. Chaetocochins A (81) and C (83) and 42 exhibited significant cytotoxicity 
in vitro against cancer cell lines Bre-04 (MDA-MB-231), Lu-04 (NCIH460), and 
N-04 (SF-268); compound 70 displayed the strongest cytotoxicity (GI50  =  0.06, 
0.05, and 0.2 g/ml, respectively). Their activities appear to be correlated with the 
number of sulfur-methyls. It has been known that some ETPs are difficult to be 
identified even using NMR, since the numbers of S atoms in each piperazine ring 
are difficult to clarify. HPLC-ESI-QTOF-MS/MS/MS has proved to be a powerful 
tool for compound identification, especially for quite minor natural products in 
complex extracts. More recently, Zhang and coworkers employed low-energy 
collision- induced electrospray ionization tandem mass spectrometry (in positive ion 
mode) to characterize five ETPs: dethiotetra(methylthio)chemotin (70), chaetoco-
chins A–C (81–83), and chemotin (69) isolated from the same fungus (Wu et al. 
2007). A likely known compound, chetoseminudin A (77), and three ETPs, chaeto-
cochins D–F (84–86), were identified based on tandem mass spectra of known ETPs 
(Li et al. 2006).

7.4  Isoquinolines

Chaetoindicins A–C (87–89), three novel isoquinolines (Fig. 7.3) with an unprece-
dented skeleton, were isolated from the solid-state fermented culture of Chaetomium 
indicum. X-ray crystallographic analysis confirmed the structure of 88 (Li 
et al. 2006).

7 Chaetomium’s Alkaloids



218

7.5  Bis(3-indolyl)-benzoquinones

Cochliodinol (90) was first reported in 1968 as a purple pigment from various 
strains of C. cochliodes Palliser and C. globosum Kunze ex Fr. (Brewer et al. 1968, 
1970). It was subsequently discovered in the cultures of C. elatum Kunze ex Fr., 
C. murorum Corda, and C. amygdalisporum Udagawa & Muroi (Sekita et al. 1981). 
It inhibited not only the growth of some species of several genera of microfungi but 
also the germination of spores of Botrytis allii and Fusarium moniliforme at 
1–10 μg/ml. The growth of several strains of Pseudomonas aeruginosa was inhib-
ited by 90 at 30 μg/ml. Symptoms of acute toxicity were not revealed in toxicity 
tests with young turkeys and rats (Brewer et al. 1970). Meiler and Taylor disclosed 
that 90 at 15 μg/ml decreased the respiration rate of microspores of Fusarium oxys-
porum, using glucose or succinate as substrate, by about 70%, and inhibited their 
germination (Meiler and Taylor 1971). Brewer et al. reported that 90 may be bacte-
ricidal for Butyrivibrio fibrisolvens and Bacillus subtilis (MIC = 1 and 5 μg/ml, 
respectively) (Brewer et al. 1984). Isocochliodinol (91) and neocochliodinol (92) 
(Sekita et al. 1983), were isolated from Chaetomium murorum and C. amygdalispo-
rum, respectively. Isocochliodinol (91) has been reported to suppress HIV-1 prote-
ase with an IC50 value as low as 0.17 μM and the epidermal growth factor receptor 
protein tyrosine kinase at 15–60 μM and thus become lead molecules for these tar-
gets. Molecular modeling of the HIV1-protease-inhibitor complexes showed hydro-
gen bonding between the dihydroxybenzoquinone unit of isocochliodinol to both 
active-site aspartic acids (Asp25/Asp25′) of the protease and the indole moieties of 
the inhibitors filling the P2 and P2′ pockets of the protease (Fredenhagen et  al. 
1997). More recently, beside isocochliodinol (91), 90 is the main component 
obtained from the endophytic Chaetomium sp. isolated from the medicinal plant 
Salvia officinalis (Labiatae), proved to be potential in  vitro cytotoxic against 
L5178Y mouse lymphoma cell line (EC50  =  7.0  μg/ml), whereas 91 (Fig.  7.4) 
showed a weak activity (Debbab et al. 2009). Their cytotoxic activity was in relation 
to the position of prenyl substituents at the indole rings.

Fig. 7.3 Isoquinoline alkaloids of Chaetomium
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Fig. 7.4 Bis(3-indolyl)-benzoquinones

Fig. 7.5 Tripeptide 
alkaloid of Chaetomium

7.6  Tripeptide Alkaloid

Chaetominine (93) (Fig. 7.5), a tripeptide alkaloid with a new framework, was char-
acterized from the solid substrate culture of Chaetomium sp. (IFB-E015), an endo-
phytic fungus on the Adenophora axilliflora leaves (Jiao et al. 2006). Its structure 
was determined by a combination of its spectral data and X-ray diffraction analysis, 
with its absolute configuration elucidated by Marfey’s method. Chaetominine (93) 
was more cytotoxic than 5-fluorouracil against the human leukemia K562 (21 nM) 
and colon cancer SW1116 (28 nM) cell lines. A plausible biosynthetic pathway for 
(−)-93 was proposed by Tan et al. (Abdel-Lateff 2008), involving L-alanine, anthra-
nilic acid, and Dtryptophan, the last two being closely linked through the shikimate 
pathway.

7.7  Benzonaphthyridinedione

A marine fungal isolate Chaetomium sp., isolated from the alga Valomia utricularis, 
gave a novel benzonaphthyridinedione derivative, chaetominedione (94) (Fig. 7.6). 
It has a significant inhibitory activity toward p56lck tyrosine kinase with 93.6% 
enzyme inhibition at 200 μg/ml (Breinholt et al. 1996).
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7.8  Other N-Containing Compounds

A new isatin derivative prenisatin (95) along with cochliodinol (90) was isolated 
from submerged fermentations of Chaetomium globosum Kunze: Fr., isolated from 
a soil sample. Compound 95 inhibited the in vitro growth of Botrytis cinereal (Qin 
et al. 2009a, b). Three metabolites, cerebrosides C (96) and B (97) and allantoin 
(98), were isolated from the mycelia of C. globosum ZY-22, an endophyte found in 
the leaves of Ginkgo biloba. Cerebroside C (96) has elicitor activity in plants. Two 
new lactams, chaetoglocins C (99) and D (100) (Fig. 7.7), were isolated from the 
solid culture of C. globosum IFB-E036, an endophytic fungus found in the root of 
Cynodon dactylon (Poaceae) and displayed no antimicrobial activity against Gram- 
positive bacteria (Ge et al. 2011).

Fig. 7.6 Benzonaphthyridinedione alka-
loid of genus Chaetomium

Fig. 7.7 Some N-containing compounds of Chaetomium
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7.9  Azaphilones

Chaetoglobins A (101) and B (102), two azaphilone alkaloid dimers with an unprec-
edented skeleton, were isolated from the extract of C. globosum IFB-E019, an endo-
phytic isolate from Imperata cylindrica stem. Their structure elucidation was 
accomplished by a combination of Mosher’s reaction and CD and 2D NMR tech-
niques. Chaetoglobin A (101) can significantly inhibit the proliferation ability of 
MCF-7 and SW1116 cell lines (IC50 = 26.8 and 35.4 μg/ml, respectively). It also 
inhibited expressions of tumor-related genes bcl-2, c-myc and catenin. (Ge et al. 
2008). Three novel azaphilone alkaloids, namely, chaetomugilides A–C (103–105) 
(Fig. 7.8), together with three related compounds were isolated from the methanol 
extract of Chaetomium globosum TY1, an endophytic fungus isolated from Ginkgo 
biloba. Their structures were elucidated based on extensive 1D and 2D NMR as 
well as HRESI-MS spectroscopic data analysis. The isolated compounds exhibited 
highly cytotoxic activities against human cancer cell line HePG2 with the IC50 val-
ues ranging from 1.7 to 53.4 μM (Li et al. 2013).
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Chapter 8
Applications of Chaetomium Functional 
Metabolites with Special Reference 
to Antioxidants

Amira M. G. Darwish, Neveen M. Abdelmotilib, Ahmed M. Abdel-Azeem, 
Hebatallah H. Abo Nahas, and Marwa T. Mohesien

8.1  Introduction

Endophytic fungi are prominent components of plant microecosystem. Besides 
possessing a variety of potentials, these endophytic fungi have become an alterna-
tive source for antioxidant moieties. Antioxidants can be derived from natural 
sources as well as obtained synthetically. Among them, compound pestacin isolated 
from endophytes is considered as “keystone” in the research field, due to its extraor-
dinarily higher antioxidant potential than trolax, a synthetic antioxidant. This has 
motivated the researcher to extract and study some more compounds from 
endophytes.

Although synthetic antioxidants such as butylated hydroxyanisole [BHA], butyl-
ated hydroxytoluene [BHT], and propyl gallate are being used in food and cosmet-
ics industries, they do have their own drawbacks, such as probable carcinogenicity 
when administered in vivo, the concern of public safety, and economic values.

Therefore, compounds isolated from plants and other natural products are gain-
ing momentum in cosmetics and food additives industry. Since endophytic fungi are 
an equally alternative source for such kind of products, exploring endophytic fungi 
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for antioxidant compounds is becoming more important day by day. They are con-
sidered to have a strong protective mechanism against generation of free radicals 
which leads to several disorders such as aging, cancer, atherosclerosis, coronary 
heart ailment, and diabetes (Halliwell 1994), neurodegenerative disorders such as 
Alzheimer’s and Parkinson’s disease, and rheumatoid arthritis (Valko et al. 2007). 
Generation of free radicals and its deleterious effect in normal body function is the 
key element of oxidative stress. The brain is highly vulnerable to oxidative stress as 
it undergoes excessive physiological activities. The unsaturated lipids are targeted 
and oxidized.

This makes antioxidants an important component in treating brain disease. This 
chapter is focused on the antioxidant potential of Chaetomium endophytic taxa. A 
few important compounds that have been explored from endophytes have been dis-
cussed here.

8.2  Why Do Plants Synthesize Antioxidants?

Plants have been the major sources of natural products since the beginning of 
research, and it could also be stated that they are the natural craftsmen of molecules 
created in inexhaustible orders. Since plants are sedentary organisms, they undergo 
a number of changes in order to adapt to unfavorable conditions. These changes 
occur due to the formation of different important chemicals. These chemicals are 
accepted as a valuable resource of plants since they maintain their age and health. 
Endophytes and plants have a symbiotic relationship, where the endophytes acquire 
benefit in the form of nutrition and in return synthesize certain compounds that help 
the plant in metabolism and protect it from unfavorable conditions. These com-
pounds produced by the endophytes present hidden repertoires of known and 
unknown medicinal significance.

Heinig et al. (2013) gave the concept of horizontal gene transfer which suggests 
that endophytes and the host plant contribute to the co-production of bioactive 
molecules. Some endophytes have been known to possess superior biosynthetic 
capabilities, owing to their presumable gene recombination with the host while 
residing and reproducing inside the healthy plant tissues (Li et al. 2005). Taxol, 
jesterone, ambuic acid, torreyanic acid, pestaloside, pestalotiopsins, and 
2-a-hydroxydimeniol are few examples of such compounds (Strobel and Daisy 
2003). These bioactive molecules synthesized by plants can be used for the treat-
ment of several human diseases. Apart from plants, endophytes which are in sym-
biotic relationship with the plants are also considered to be a significant source of 
antioxidants (Huang et al. 2007).
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8.3  Synthetic Antioxidants Versus Natural Antioxidants

Eating foods rich in antioxidants is the best way of acquiring antioxidants in a 
stressful environment. Studies suggest that antioxidants added in food materials 
have diverse positive effects (Willis et al. 2009). Synthetic phenolic antioxidants 
such as butylated hydroxyanisole [BHA], butylated hydroxytoluene [BHT], and 
propyl gallate are used as food additives to inhibit the oxidation of food materials. 
In addition to this, people consume synthetic antioxidants in the form of vitamins, 
colorants, flavoring agents (spice and herb), and preservatives. Long-term antioxi-
dant stress may result in weak immunological response and the development of 
asthma, allergies, and obesity which have become serious concerns for public 
health. Moreover, the quest for safer supplements that are devoid of negative effects 
has motivated the researchers to search for consumer-friendly natural antioxidants 
derived from plants and other natural sources (Table 8.1).

After discussing natural antioxidants and their role in the body defense system, 
it can be suggested that nonenzymatic antioxidants are also added in the form of 
natural dietary components.

Table 8.1 Natural antioxidants

No Source and function

1. Enzymatic antioxidant (breaking down and removing free radicals): Superoxide dismutase 
(SOD) converts superoxide ion into dioxygen and hydrogen peroxide; this enzyme exists in 
three forms: cytosolic Cu, Zn-SOD, mitochondrial Mn-SOD, and extracellular SOD 
(Landis and Tower 2005). Catalase converts hydrogen peroxide to water and has the highest 
turnover rate (Mates et al. 1999). Glutathione peroxidase and glutathione reductase both 
involve themselves in secondary enzyme defense system. Glucose-6-phosphate 
dehydrogenase
regenerate NADPH, thereby creating a reducing environment (Gamble and Burke 1984)

2. Nonenzymatic antioxidants (interrupting free radical chain reactions): Minerals such as 
selenium, copper, iron, zinc, and manganese (acting as cofactor for antioxidants); vitamins 
such as vitamin A, vitamin C, and vitamin E; carotenoids such as β-carotene, lycopene, 
lutein, and zeaxanthin; and volatile oils found in nature such as eugenol, carvacrol, safrole, 
thymol, menthol, 1, 8-cineole, α-terpineol, p-cymene, cinnamaldehyde, myristicin, and 
piperine (Shan et al. 2005). Polyphenols: Phenolic acids (hydrocinnamide and 
hydrobenzoic acid). Flavonoids: They are scavengers of superoxide ions (Robak and 
Gryglewski 1988). Examples include flavones (luteolin, apigenin, tangeretin), flavanols 
(quercetin, kaemferol, myricetin, isorhamnetin, pachypodo), flavanones (hesteretin, 
naringenin, eriodictyol), isoflavanones (genistein, daidzein, glycitein), anthocyanin C 
(cyanidin, delphinidin, malvidin, pelargonidin, peonidin, petunidin), gingerol, and 
curcumin.

3. Others: Transition metal-binding proteins such as albumin, ceruloplasmin, haptoglobin, and 
transferring nonprotein antioxidants include bilirubin, uric acid (Ames et al. 1981), and 
ubiquinol (coenzyme Q) (Stocker et al. 1987; Papas 1998)
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8.4  Structure of Antioxidant Compounds and Their Role 
in Decreasing Oxidation

The chemical format of molecules suggests that compounds that possess any 
aromatic ring bonded to hydroxyl groups (–OH) as substituents act as effective 
antioxidants; these include phenols, flavonoids, etc. A phenolic compound devel-
ops resonance and delocalizes and converts itself into a phenoxide ion which 
further loses an electron and forms a corresponding free radical. Phenolic rings, 
which donate H to free radical during self-association, become a free radical. 
Later on, they are stabilized by internal delocalization of electrons within the 
aromatic ring (Brewer 2011).

Due to the presence of –OH group, they also act as an anti-inflammatory and 
contain antimicrobial properties. Hence, phenolic compounds have radical- 
scavenging and antioxidant activity (Waterman and Mole 1994). Among the diverse 
groups, flavonoids, tannins, and phenolic acids are the main phenolic compounds 
(Koes et al. 1994; Burns et al. 2001; Rababah et al. 2005). Antioxidants are not only 
eaters of free radicals but also suppress generation of superoxides and possess che-
mopreventive effects (Lippman et al. 1994).

Antioxidant compound uses different mechanisms to reduce the population of 
free radicals as it chelates metal ions, so they become unable to generate reactive 
species. They also aid in quenching O2, preventing formation of peroxides which 
break the auto-oxidative chain reactions, thus reducing localized O2 concentrations 
(Nawar 1996).

8.5  Antioxidant Compounds Associated with Different 
Endophytic Chaetomium

Recently, the genus Chaetomium has received attention as a rich source producing 
more than 200 small secondary metabolite compounds with diverse bioactivities, 
such as antitumor, phytotoxicity on numerous plants, immunomodulatory, anti-
fungal, nematicidal activities, antimalarial, enzyme inhibitory, antibiotic, and 
other activities which have significance for drug development (Hu et  al. 2018; 
Soytong et al. 2001).

Chaetomium species can be antagonistic against various soil microorganisms 
and plant pathogens. Chaetoglobosins are well known for their robust cytotoxic 
bioactivity and potential pharmaceutical significance. Chaetoglobosins are grouped 
in the cytochalasin family of natural products and are actually polyketide deriva-
tives found in fungi. They have unique biochemical property of binding eukaryotic 
actin proteins, disturbing the normal actin network in the cell. To date, more than 
eighty chaetoglobosins have been reported from different genera of filamentous 
fungi, including species of the genus Chaetomium (Wang et al. 2017).
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Chaetomium globosum CDW7, an endophyte from Ginkgo biloba, exhibited 
strong inhibitory antifungal activity against phytopathogens such as Fusarium gra-
minearum, Rhizoctonia solani, Magnaporthe grisea, Pythium ultimum, and 
Sclerotinia sclerotiorum both in vitro and in vivo.

8.5.1  Flavipin

Flavipin is a well-known natural product that is isolated from endophytes belonging 
to Chaetomium sp. associated with leaves of Ginkgo biloba (Ye et al. 2013). Yan 
et al. (2018) succeeded in isolating bioactive metabolites with antifungal activities 
from this fungus; the metabolites are flavipin, chaetoglobosins A and D, chaetoglo-
bosins R (4) and T (5), new isocoumarin derivative prochaetoviridin A (1), new 
indole alkaloid, and chaetoindolin A (2) and chaetoviridin A (3) (Fig. 8.1). Flavipin 
is considered the major antioxidant component of CDW7’s metabolites; it reacts by 
donating its electrons to the free radicals, leading to SOD and GSH-Px activity 
improvement and suppression of MDA content. This metabolite possesses three 
phenolic hydroxyl and two aldehyde groups, which are characteristic functional 
groups with antioxidant activity. When cultured under the optimal condition (25 °C, 
100/250 mL flask, 12 discs/flask, 150 rpm, pH 6.5) for 14 days, Chaetomium globo-
sum CDW7 was a highly yielded bio-source of antioxidant flavipin synthesizing a 
remarkable production of 315.5 mg/L (Ye et al. 2013).

Another endophytic fungus from Ginkgo biloba, Chaetomium sp. NJZTP21 
(GenBank accession number: JN588553), isolated from the healthy leaf of the plant 
was able to produce flavipin, which significantly inhibited the growth of several 

Fig. 8.1 Bioactive metabolites isolated from Chaetomium globosum CDW7. (Yan et al. 2018)
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plant pathogenic fungi, especially Fusarium graminearum. But the extract from 
C. globosum CDW7, which had been deposited in the China General Microbiological 
Culture Collection Center (CGMCC) with an accession number 6658, has the stron-
gest antioxidant activity among the studied endophytic fungi from G. biloba com-
parable to those of vitamin C and trolox, the well-known antioxidants (Ye et al. 2013).

Chaetomium globosum and C. cochlioides are antagonistic to species of Fusarium 
and Helminthosporium. They exhibited good control over many plant pathogens; 
seed coating treatments with viable spores of Chaetomium globosum were found to 
exert antagonistic effect controlled Fusarium roseum f. sp. cerealis ‘graminearum’ 
in corn; reduced disease incidence of apple scab caused by Venturia inequalis; sup-
pressed damping-off of sugar beet caused by Pythium ultimum; had an antagonistic 
effect against Macrophomina phaseolina, Pythium ultimum, Bipolaris sorokiniana, 
Rhizoctonia solani, and Alternaria brassicicola; and reduced the quantity of sporu-
lation of Botrytis cinerea on dead lily leaves exposed in the field (Biswas et al. 2012; 
Shternshis et al. 2005).

8.5.2  Chaetopyranin

The basic structure of chaetopyranin (I) is chromenol (I) (chromene carrying one or 
more hydroxyl substituents). It is chemically known as 3, 4-dihydro-2H-chromene 
substituted by a hydroxyl group at position 6, a 3-hydroxybut-1-en-1-yl at position 
2, a formyl group at position 5, and a prenyl group at position 7 (Fig. 8.2) (Wang 
et al. 2006). These two compounds have been isolated from an endophytic fungus 
Chaetomium globosum, associated with Polysiphonia urceolata, and are found to 
possess antioxidant activity. The former compound also exhibits anticancer activity 
(Wang et al. 2006). Chaetopyranin also showed antioxidant activity.

8.5.3  Azaphilone

The most remarkable and valuable properties of azaphilones include their natural 
origin, yellow-red spectra, thermostability (in comparison with other natural red 
pigments), and water solubility. The azaphilone (Fig. 8.3) compounds produced 

Fig. 8.2 Chaetopyranin 
(I). (Wang et al. 2006)
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by different Chaetomium species display various biological activities such as 
antioxidant, nematicidal, antimicrobial, antifungal, anticancer, and inflammatory 
activities (Borges et al. 2011).

8.5.4  Hypericin and Emodin

Endophytic fungus Chaetomium globosum INFU/Hp/KF/34B isolated from 
Hypericum perforatum has been shown to produce hypericin (Fig. 8.4) and emodin 
of high medicinal value as antioxidants. This endophytic fungus has significant sci-
entific and industrial potential to meet the pharmaceutical demands in a cost- 
effective, easily accessible, and reproducible way (Kusari et  al. 2008; Zhao 
et al. 2011).

8.5.5  Mollicellins

Mollicellins O (1) isolated from the endophytic fungus Chaetomium sp., Eef-10, 
which was isolated from Eucalyptus exserta by Ouyang et al. (2018), showed anti-
oxidant activity based on DPPH radical scavenging.

Fig. 8.3 Azaphilone
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8.6  Other Metabolites

Chaetomium species are potential degraders of cellulosic and other organic material 
and can be antagonistic against various soil microbiota. Chaetomium globosum and 
C. cochlioides are antagonistic to species of Fusarium and Helminthosporium 
(Tveit and Moore 1954). It has been found that by using specific strains of C. glo-
bosum, it is possible to obtain good control over many plant pathogens. By coating 
seeds of corn with spores of Chaetomium globosum, it was possible to prevent seed-
ling blight caused by Fusarium roseum f sp. cerealis graminearum (Chang and 
Kommedahl 1968; Kommedahl et al. 1981). Such seed coating treatments were also 
found to reduce disease incidence of apple scab caused by Venturia inequalis (Heye 
and Andrews 1983; Cullen and Andrews 1984; Cullen et al. 1984; Boudreau and 
Andrews 1987). It has also been reported that some isolates of C. globosum produce 
antibiotics that can suppress damping-off of sugar beet caused by Pythium ultimum 
(Di Pietro et al. 1991). A further isolate of C. globosum was found to be antagonist 
against Rhizoctonia solani (Wather and Gindrat 1988), Alternaria brassicicola 
(Vannacci and Harman 1987) and also reduced the quantity of sporulation of 
Botrytis cinerea on dead lily leaves exposed in the field (Kohl et  al. 1995). One 
strain of C. cupreum has been reported to be antagonistic against Phomopsis and 
Colletotrichum spp. which are soybean pathogens (Manandhar et al. 1986).

Screening of Chaetomium species and strains isolated from soils for use as 
potential biological control agents commenced in Thailand in 1989. Reports indi-
cated that strains of C. cupreum and C. globosum were able to suppress plant patho-
gens such as Curvularia lunata, Pyricularia oryzae, and Rhizoctonia oryzae in vitro 
(Soytong 1989; 1992a). Viable spores of Chaetomium spp. were able to reduce 

Fig. 8.4 Hypericin
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tomato wilt caused by Fusarium oxysporum f sp. lycopersici in greenhouse, field 
trials (Soytong 1990; 1992b) and prevent basal stem rot of corn caused by Sclerotium 
rolfsii (Soytong 1991).

Twenty-two strains of C. cupreum and C. globosum have been found to inhibit 
isolates of various plant pathogens (Soytong and Soytong 1997). These effective 
strains of Chaetomium have been formulated into biopellets and biopowders for the 
biological control of plant diseases and have been patented and registered under the 
name Ketomium®. Their efficacy against tomato wilt (F. oxysporum f. sp. lycoper-
sici) and basal rot of corn (S. rolfsii) has been successfully evaluated in laboratory 
and greenhouse tests (Soytong 1992b).

Three research groups isolated at least 26 compounds from Chaetomium globo-
sum, many of which were biologically active (Li et al. 2011; 2014; Xue et al. 2012). 
They represent a large number of structurally diverse metabolites, such as chaeto-
globosins, azaphilones, xanthones, and steroids. These structures display a wide 
range of biological activities including anticancer, antimicrobial, immunosuppres-
sive, and antioxidant. Different extracts of C. cupreum have significant scavenging 
activity in a dose-dependent manner. Thus, C. cupreum can be a new source of natu-
ral antioxidants useful for industrial applications (Wani and Tirumale 2018).

Twenty-two strains of C. cupreum, C. globosum, and C. cochliodes were reported 
to inhibit isolates of various plant pathogens such as Curvularia lunata, Pyricularia 
oryzae, Rhizoctonia oryzae in  vitro and soybean pathogens, Phomopsis and 
Colletotrichum spp. (Soytong 2014).

Endophytic fungal species including Chaetomium were isolated from inner bark 
segments of ethno-pharmaceutically important tree species, especially Azadirachta 
indica, grown in different regions of Southern India that exhibited great antifungal, 
antioxidant, antibacterial, and antihypertensive activities (Tejesvi et al. 2009).

Chaetomium sp. was found to possess high tannin content (5.0 mg/g). The maxi-
mum reducing potential of Chaetomium sp. may be attributed to the potential of the 
extracts to act as reductants (Kumaresan et al. 2015).

Diketopiperazines are widely found as mold secondary metabolites for antican-
cer activity in several species of fungi belonging to the genus Chaetomium (Wang 
et al. 2017).

Chaetomium species also produce an interesting class of secondary metabolites 
called azaphilones. The most remarkable and valuable properties of azaphilones 
include their natural origin, yellow-red spectra, thermostability (in comparison with 
other natural red pigments), and water solubility. The azaphilone compounds are 
produced by different Chaetomium species which display various biological activi-
ties such as antioxidant, nematicidal, antimicrobial, antifungal, anticancer, and 
inflammatory activities (Qin et al. 2009).

Chaetomium globosum No. 04 was isolated from fresh bark and was the 
source for six cytochalasans, the chaetoglobosins A, C, D, E, G, and R. All of 
them had in vitro antifungal effects in agar diffusion assays against the phyto-
pathogenic fungi Rhizopus stolonifer and Coniothyrium diplodiella at 20 μg/disc 
(Zhang et al. 2013).
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Chaetomugilins D (active against brine shrimps) as well as chaetoglobosins A 
and C (active against Mucor miehei) were isolated from Chaetomium globosum 
 species (Qin et al. 2009). From the same strain, 12 compounds were isolated (squa-
lene, ergosterol peroxide, methylthiogliotoxin, chaetoglobosin G (Fig.  8.5), 
(22E,24R)-ergosta-7,22-diene-3β,5α,6β-triol, fumitremorgin C, chaetoglobosin C, 
gliotoxin (Fig. 8.5), 2,3,4-trimethyl-5,7-dihydroxy-2,3-dihydrobenzofuran, pseuro-
tin A, 4-aminophenylacetic acid, 3,4-dihydroxyphenylacetic acid) and tested against 
different fungi (Fusarium oxysporum f. sp. vasinfectum, Fusarium graminearum, 
Fusarium sulphureum, Cercospora sorghi, Botrytis cinerea, and Alternaria alter-
nata). Only gliotoxin was active against all of them (Li et al. 2011). Another cyto-
chalasan chaetoglobosin Vb (Fig.  8.5) together with known derivatives 
chaetoglobosins G and V (Fig.  8.5) were isolated and characterized (Xue et  al. 
2012). The compound did not show any activity up to 100 μg/mL against bacteria 
and fungi (E. coli, S. aureus, B. cereus, B. subtilis, Pseudomonas aeruginosa, 
Fusarium graminearum, Botrytis cinerea, Glomerella cingulata, Alternaria solani, 
Fusarium oxysporum f. sp. vasinfectum, Fusarium solani, Alternaria alternata, 
Fusarium oxysporium f. sp. niveum), whereas the derivatives V and G had moderate 
antifungal and antibacterial effects. Using rice medium, further known metabolites 
(chaetoglobosins A, G, V, Vb, C, E, F, Fex, Fa, 20-dihydrochaetoglobosin A, fumiga-
clavine B, 5-(hydroxymethyl)-1H-pyrrole-2-carbaldehyde, 2′-O-methyladenosine, 
5′-deoxy-5′-methylamino-adenosine) were isolated from this strain (He Li et  al. 
2014). The isolated chaetoglobosins were tested against human colorectal HCT116 
cells and showed IC50 values of 3.15–65.6 μg/mL for chaetoglobosins A, G, V, Vb, 
F, Fa, Fex, 20-dihydrochaetoglobosin A but chaetoglobosin E had no activity up to 
100 μg/mL.  Cytochalasans like the chaetoglobosins possess diverse bioactivities 
(cytotoxicity, antimicrobial and antiparasitic activities) and are isolated from differ-
ent fungi (Pirttila and Frank 2018).

Fig. 8.5 Secondary metabolites isolated from Ginkgo biloba endophytes. (Pirttila and Frank 
2018)
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Furthermore, an endophytic fungus Chaetomium fusiforme was obtained from a 
liverwort, Scapania verrucosa. C. fusiforme has displayed a wider range of 
 antimicrobial and antitumor activities, which were better than the host plant. These 
results could support the suggestion of endophytes as an alternative of the host for 
medicinal activity (Guo et al. 2008).

Since 2001, effective strains of Chaetomium have been formulated into biopel-
lets and biopowders for the biological control of plant diseases and have been pat-
ented and registered under the name Ketomium®. Their efficacy against tomato wilt 
(F. oxysporum f. sp. lycopersici) and prevention against corn basal stem rot caused 
by Sclerotium rolfsii has been successfully evaluated in laboratory, greenhouse, and 
field trials (Soytong et al. 2001).

Nano-particles derived from Chaetomium sp. extracts exhibited significantly 
antifungal activity against Magnaporthe sp. Further investigation is necessary to 
formulate the nanoparticles from active compounds of Chaetomium sp. for plant 
immunity to be applied in the rice fields (Song and Soytong 2018).

In 2018, the Canadian Minister of the Environment and the Minister of Health 
have conducted a screening assessment of Chaetomium globosum strain ATCC 
6205 which is found commonly on moldy building materials. This assessment con-
siders the characteristics of C. globosum strain ATCC 6205 with respect to environ-
mental and human health effects associated with consumer and commercial product 
use and in industrial processes. Based on the information available, it is concluded 
that C. globosum strain ATCC 6205 is not entering the environment in a quantity or 
concentration or under conditions that have or may have an immediate or long-term 
harmful effect on the environment or its biological diversity or that constitute or 
may constitute a danger to the environment on which life depends (Government of 
Canada 2018).

Upraised data merit further studies regarding extraction, identification, function-
ality, safety, precise site, and mechanism of action of Chaetomium functional 
metabolites for maximum benefit on safe basis.

8.7  Conclusions

The contribution of Chaetomium endophytes due to their outstanding bioactivities 
led to continued research of endophytically derived chemical moieties. Studies 
revealed that antioxidant bioactivities are prevalent in these microbial metabolites. 
Antioxidants are vital additives required in the food industry to maintain the healthy 
system of the human body, and they are used in the manufacture of processed food 
and natural food ingredients. Additionally, they are widely used in cosmetics and 
dermatology also. Apart from natural plant extract, Chaetomium endophytes are 
also the producer of many good antioxidants. Hence, the call for sustainable and 
eco-friendly antioxidant production is motivating cosmetics and pharmaceutical 
industries to continue their exploration.
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Chapter 9
Chaetomium Enzymes and Their 
Applications

Amira M. G. Darwish and Ahmed M. Abdel-Azeem

9.1  Introduction

The interest in Chaetomium enzymes almost has begun when one of the early 
researchers developed a method for testing the effectiveness of mildew proofing 
agents on cotton fabrics in which the fungus, Chaetomium globosum, is used as the 
test organism. This particular fungus was selected because it was found on nearly all 
outdoor fabrics as one of the most important organisms responsible for the loss of 
breaking strength of fabrics (Thom et al. 1934).

In the 1940s, researchers (Rogers et  al. 1940) determined the action of 
Chaetomium globosum on bleached cotton duck by measuring the changes in break-
ing strength, weight per square yard, thickness, staple length, fluidity, methylene 
blue absorption, moisture content, ash content, and the rate of evolution of carbon 
dioxide as an indication of the rate of growth of the organisms on the fabric.

After three decades, the interest switched to studying of the cellulolytic system 
in more detail, such as the effect of temperature on growth and cellulase production 
in the thermophilic compost fungus Chaetomium thermophile var. dissitum (Eriksen 
and Goksoyr 1977) and the isolation, taxonomy, and growth rate of the genus 
Chaetomium Kunze ex Fr. as a wheat straw decomposer for mushroom growth 
(Chahal and Hawksworth 1976).

Later, stored useful books and important documents which were noticed to have 
moldy appearances were analyzed for isolation of cellulolytic fungi. Several fungi 
were isolated in pure form and identified, and the genus Chaetomium was the most 
dominant fungus. Thirteen different Chaetomium species were undertaken for 
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screening of their cellulase-producing capability by the filter paper degradation 
ability (Yadav and Bagool 2015).

Recent investigations were more specific in studying new Chaetomium cellulo-
lytic fungal species, enzyme profiles and genotypes of Chaetomium isolates, and 
isolation and screening of other Chaetomium enzymes such as L-methioninase, lac-
case, polysaccharide monooxygenase (PMO), β-1,3-glucanase, dextranase, pectino-
lytic, lipolytic, amylolytic, proteolytic, and chitinolytic and new classes of 
cellulose-degrading enzymes and synergistic enzyme systems (Abdel-Azeem et al. 
2016; Benhassine et al. 2016; Chen et al. 2018; Coronado-Ruiz et al. 2018; Hamed 
et al. 2016; Wanmolee et al. 2016).

Based on the abovementioned data that emphasize the enduring interest and 
importance of fungal enzymes for sustainability, this chapter is focused on present-
ing various enzymes produced by Chaetomium species and their miscellaneous 
applications.

9.2  Chaetomium Cellulase

Lignocellulosic materials consist mainly of three different types of biopolymers 
organized into a complex structure: (i) cellulose, a linear homopolymer of D-glucose 
organized into highly crystalline microfibers which are intimately associated with 
an intricate network of (ii) hemicellulose, an amorphous branched polymer com-
prising various pentoses, hexoses, and sugar acids, and (iii) lignin, a heteropolymer 
of phenolic alcohols which shields the polysaccharide microstructure from external 
physical, chemical, and biological attacks (Feldman 1985).

Cellulose is one of the most abundant renewable carbohydrates on earth. 
Enzymatic degradation of cellulose to glucose has great potential for economic bio-
fuel production. Cellulases comprise three major groups of enzymes: (1) endoglu-
canases (EC 3.2.1.4), which attack regions of low crystallinity in cellulose fibers, 
creating free chain-ends; (2) exo-glucanases or cellobiohydrolases (EC 3.2.1.91) 
which further degrade the molecule by cleaving cellobiose from the free-chain ends; 
and (3) β-glucosidases (EC 3.2.1.21) which hydrolyze cellobiose to produce glu-
cose. In addition to the three major groups of cellulases, there are a number of endo- 
and exo-acting enzymes that attack the heterogeneous hemicelluloses, such as 
endo-β-1,4-xylanase, β-xylosidase, galactomannanase, glucomannanase, and acety-
lesterase A (Zhang and Zhang 2013).

The applications of cellulases in various industries are exhibited in Table  9.1 
(Kuhad et al. 2011).

Chaetomium is a saprobic fungus belonging to Ascomycota with high capabil-
ity of degrading plant materials; it grows well and decomposes cellulose very 
rapidly, producing thermostable cellulases (Sajith et al. 2016). Studies have been 
conducted on various Chaetomium species such as Chaetomium cellulolyticum, 
C. erraticum, C. fusisporale, C. globosum, and C. thermophile to investigate their 
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cellulolytic ability, localization, multiplicity, and characteristics of cellulase 
components.

Soni and Soni (2010) discussed a possible mechanism of regulation of cellulases 
and their existing polymorphism in Chaetomium erraticum. They concluded that 
C. erraticum appears to have the potential for the production of a complete cellulose 
enzyme complex and therefore can be exploited for hydrolysis of cellulosic waste. 
The regulation mechanism including catabolite repression and presence of multiple 
molecular forms of endoglunase and β-glucosidase suggests a level of complexity 
for the synthesis of cellulases in this fungus and are probably regulated by sepa-
rate genes.

Table 9.1 Applications of cellulases in various industries

Industry Applications

Agriculture Plant pathogen and disease control; generation of plant and fungal protoplasts; 
enhanced seed germination and improved root system; enhanced plant growth 
and flowering; improved soil quality; reduced dependence on mineral fertilizers

Bioconversion Conversion of cellulosic materials to ethanol, other solvents, organic acids and 
single cell protein, and lipids; production of energy-rich animal feed; improved 
nutritional quality of animal feed; improved ruminant performance; improved 
feed digestion and absorption; preservation of high quality fodder

Detergents Cellulase-based detergents; superior cleaning action without damaging fibers; 
improved color brightness and dirt removal; remove of rough protuberances in 
cotton fabrics; antiredeposition of ink particles

Fermentation Improved malting and mashing; improved pressing and color extraction of 
grapes; improved aroma of wines; improved primary fermentation and quality 
of beer; improved viscosity and filterability of wort; improved clarification in 
wine production; improved filtration rate and wine stability

Food Release of the antioxidants from fruit and vegetable pomace; improvement of 
yields in starch and protein extraction; improved maceration, pressing, and color 
extraction of fruits and vegetables; clarification of fruit juices; improved texture 
and quality of bakery products; improved viscosity of fruit purees; improved 
texture, flavor, aroma, and volatile properties of fruits and vegetables; controlled 
bitterness of citrus fruits

Pulp and 
paper

Co-additive in pulp bleaching; biomechanical pulping; improved draining; 
enzymatic deinking; reduced energy requirement; reduced chlorine requirement; 
improved fiber brightness, strength properties, and pulp freeness and 
cleanliness; improved drainage in paper mills; production of biodegradable 
cardboard, paper towels, and sanitary paper

Textile Biostoning of jeans; biopolishing of textile fibers; improved fabrics quality; 
improved absorbance property of fibers; softening of garments; improved 
stability of cellulosic fabrics; removal of excess dye from fabrics; restoration of 
color brightness

Others Improved carotenoids extraction; improved oxidation and cooler stability of 
carotenoids; improved olive oil extraction; improved malaxation of olive paste; 
improved quality of olive oil; reduced risk of biomass waste; production of 
hybrid molecules; production of designer cellulosomes

Source (Kuhad et al. 2011)
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Alvarez and coauthors (2013) reported a novel cellulase belonging to GH5 fam-
ily, named as CelE1, retrieved from a sugarcane soil metagenomic library, which is 
a promising biocatalyst in biofuel production. They provided details about the 
three-dimensional structure, catalytic properties, and stability of CelE1 that might 
encourage the use of sugarcane biomass as substrate. This enzyme was shown to be 
an endo-acting glucanase with high catalytic activity at a broad temperature range 
and under alkaline conditions that usually cause enzyme inactivation of classical 
acidic cellulases. Moreover, its crystal structure might confer higher conformational 
stability in comparison with its psychrophilic orthologs.

Five Chaetomium species were reported as potentially able to secrete high exo-
glucanase and endoglucanase cellulases, Chaetomium dolichotrichum, C. funiculo-
sum, C. globosum, C. anguistispirale, and Chaetomium sp. which were found to 
perform as very good producers of total cellulase and endogluccanase (Yadav and 
Bagool 2015).

Wanmolee and coautors (2016) provided an approach for developing an active 
synergistic enzyme system of the soft-rot fungus C. globosum (BCC5776) applied 
for hydrolysis of alkaline-pretreated rice straw for lignocellulose saccharification 
and modification in feasible bio-industries. Moreover, the crude enzyme was char-
acterized for its catalytic activities and its components identified by proteomics.

Recently, rampant biodeterioration by fungi was marked in the archive of the 
Universidad de Costa Rica which maintained a nineteenth-century French collec-
tion of drawings and lithographs especially in the nutritional conditions that encour-
aged their growth. Given the interest in the developing methods for protecting and 
preserving ancient documents from microbial degraders and the importance of 
obtaining microorganisms or enzymes with the capacity to degrade ligno-cellulosic 
wastes, Coronado-Ruiz and coauthors (2018) isolated and identified cellulose 
degrader fungi belonging to 19 fungal genera from this archive including 
Chaetomium, in addition to two new species, namely, Periconia epilithographicola 
sp. nov. and Coniochaeta cipronana sp. nov., that showed important cellulolytic 
activity.

9.3  Polysaccharide Monooxygenase (PMO)

Recently, a new class of cellulose-degrading enzymes, called Cu2 + −dependent 
lytic polysaccharide monooxygenases (PMOs), have been discovered and are 
attracting increasing interest because their oxidative degradation of cellulose dra-
matically boosts cellulase activity in cellulose hydrolysis. Based on their amino acid 
sequence similarities, PMO enzymes are classified into four families: auxiliary 
activity 9 (AA9), auxiliary activity 10 (AA10), auxiliary activity 11 (AA11), and 
auxiliary activity 13 (AA13). Additionally, genome analysis and transcriptomic 
studies revealed that cellobiose dehydrogenase (CDH) is a biological redox partner 
that is almost always co-expressed with PMOs in filamentous fungi (Corrêa et al. 
2016; Vu and Ngo 2018).
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Chaetomium thermophilum is a thermophilic fungus and can grow in tempera-
tures up to 60 °C. Chen and coauthors isolated and characterized polysaccharide 
monooxygenase (PMO) from C. thermophilum isolated from China. C. thermophi-
lum genome analysis reveals 19 genes encoding putative AA9 PMOs (http://www.
fungalgenomics.cn). In addition they amplified a gene (KC441882) encoding a spe-
cial putative AA9 PMO protein, CtPMO1. The CtPMO1 protein was predicted to be 
a secreted enzyme with a 17-amino acid potential signal peptide. The mature 
CtPMO1 protein is composed of 229 amino acids with a calculated molecular 
weight of 24.63 kDa (Chen et al. 2018).

9.4  Chaetomium β-1,3-Glucanase

β-1,3-glucanases belong to enzymes hydrolyzing the O-glycosidic linkages of 1,3- 
b- D glucan which are widely distributed in nature and isolated from many kinds of 
organisms. Increasing interest in enzymes from thermophilic fungi was expected to 
produce thermostable enzymes. Li and co-authors’ success in purification and par-
tial characterization of thermostable extracellular exo-β-1,3-glucanase from 
Chaetomium thermophilum may represent an important progression industrial-wise 
(Li et al. 2007).

In feed industry, thermostable β-1,3-glucanases are used for more complete uti-
lization of feed components originating from plants reducing the antinutritional 
effect of non-starch polysaccharides NSP (Mourão et al. 2006).

The utilization of thermostable b-1,3-glucanases in malting and brewing pro-
cesses replacing native barley b-glucanase is susceptible to irreversible inactivation 
at temperatures above 55 °C. During malting, b-glucans in barley are hydrolyzed by 
b-glucanase which leads to clarification of beer improvement. Genetic transforma-
tion of barley with thermostable b-glucanase genes has been attempted in order to 
ensure sufficient b-glucanase activity during mashing (Nuutila et al. 1999).

Thermostable b-1,3-glucanases can also be utilized in production processes of 
yeast extract and soluble 1,3-glucan, which is a potential immune-activator, in addi-
tion to its applications in biological control of plant pathogens and medical fields 
(Li et al. 2007).

9.5  Chaetomium Dextranase

Dextranase is an important industrial enzyme which has many applications, in the 
sugar industry in rendering the technical processing of alternated sugar beet, the 
preparation of clinical low molecular weight dextran, and the coupling of dextran-
ase to tumor cell-specific antibodies followed by administration of cytotoxic 
dextran- conjugate (Erhardt and Jördening 2007). Dextranase is currently 
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 commercially produced from Chaetomium erraticum by Sigma-Aldrich®; its syn-
onym is 1,6-α-D-glucan 6-glucanohydrolase, Dextranase Plus L.

For successful enzymatic synthesis of sucrose conversion, two enzymes must be 
present, dextransucrase for the conversion of sucrose to dextran and dextranase for 
dextran breakdown as the dextran hydrolysis generates about 20% of unwanted 
branched isomaltooligosaccharides (IMOs). Erhardt and Jördening (2007) applied 
dextranase from a submerged culture of Chaetomium erraticum strain in co- 
immobilization of dextran sucrase and dextranase. The immobilization of technical 
operation ought to be performed by entrapped dextranase immobilized in alginate, 
so the particle size of dextranase must fall far below the size of alginate beads in 
order to be entrapped within the alginate beads, which was achieved by Chaetomium 
dextranase.

9.6  Chaetomium Laccase

Laccase (benzenediol:oxygen oxidoreductase, EC 1.10.3.2) is a part of a broad 
group of enzymes called polyphenol oxidases containing copper atoms in the cata-
lytic center; they are usually called multicopper oxidases, which are able to oxidize 
a variety of organic and inorganic compounds, including mono-, di-, and polyphe-
nols, aromatic amines, carboxylic acids, and non-phenolic substrates (Khushal 
et al. 2010).

Fungal laccases play an important role in plant pathogenesis, pigment produc-
tion, and degradation of lignocellulosic materials (Shraddha et  al. 2011). Fungal 
laccases were isolated and characterized from Chaetomium species (Ref 051A) iso-
lated from Chettaba Forest, Constantine, Algeria. Isolated laccase proved to be suit-
able for industrial production (Benhassine et al. 2016). In Egypt, Abdel-Azeem and 
Salem (2012) studied laccases from Chaetomium globosum.

9.7  Chaetomium L-Methioninase

L-Methioninase (E.C 4.4.1.11) is a pyridoxal phosphate-dependent enzyme; it ful-
fills several functions of an enzyme system because it stimulates the γ- and α, 
β-removal reactions of methionine and its derivatives. Physiologically, normal cells 
have the capability to grow on homocysteine, instead of methionine, due to their 
efficient methionine synthase. Unlike normal cells, tumor cells freed from efficient 
methionine synthase thus rely on external methionine supplementation from diet. 
Hence, there is reasonable scope of using L-methioninase as a therapeutic agent 
against different kinds of methionine-dependent tumors. Methionine reduction has 
a broad spectrum of antitumor activities (Sharma et al. 2014; Suganya et al. 2017).

A few studies were concentrated on the enzymes from eukaryotes especially 
fungi, due to the recurrent classification of L-methioninase as extracellular enzyme 
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in the fungal extract; fungi can be considered as robust resources of this enzyme. 
Hamed and coauthors (2016) identified and produced L-methioninase from 
Chaetomium globosum isolated from Egyptian soil (gene bank under accession 
number KXO24450). The predicted specific activity of the produced L-methioninase 
was (≈2225 U/mg); it has been suggested as a good source for clinical therapeutic 
applications.

9.8  Other Chaetomium Enzymes

Abdel-Azeem and coauthors (2016) recovered ten Chaetomium globosum isolates, 
designated from TUCg1 to TUCg10 in the GenBank. All Chaetomium globosum 
isolates showed amylolytic, cellulolytic, and proteolytic activities; six isolates were 
chitinolytic and laccase producers, five were pectinolytic, and three isolates showed 
lipolytic activities with different arrays. Applied molecular techniques such as inter-
nal transcribed spacer (ITS) region sequencing and specific gene random primer 
polymerase chain reaction (SGRP-PCR) have shown high DNA polymorphism of 
Chaetomium globosum, so the authors suggested these techniques for identification 
of different fungal isolates.

9.9  Conclusion

Studies revealed that Chaetomium enzymes such as cellulases, L-methioninase, lac-
case, polysaccharide monooxygenase (PMO), β-1,3-glucanase, dextranase, pectino-
lytic, lipolytic, amylolytic, proteolytic, and chitinolytic represent a significant factor 
in sustainability in various fields. Future research in this era is crucial for a more 
thorough understanding of the mechanisms, structure, function, and substrate char-
acteristics targeting efficient enzyme production to contribute in the development of 
a feasible bio-refinery industry.
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Chapter 10
The Use of Chaetomium Taxa as Biocontrol 
Agents

Adel K. Madbouly and Marwa T. A. Abdel-Wareth

10.1  Introduction

Crop plants suffer from many diseases caused by pathogenic fungi, bacteria and 
viruses both in the field and during storage. These diseases cause significant decrease 
in crops yields leading consequently to great economic losses. For a long period 
ago, farmers tend to use chemical control through synthetic pesticides to control 
these phytopathogens; however, these  chemicals have proved to be harmful to 
human health and poultry, in addition to being non-ecofriendly. Recent trends 
nowadays focus on new control strategies including biological control using bioag-
ents, and control through the use of nanopesticides. These methods are safe, easily 
applicable, economic, and ecofriendly. Biological control is an effecient alternative 
way to control plant diseases (Zhang et al. 2018).

The  fungal bioagents exert several antagonistic potentials against phytopatho-
gens directly through mycoparasitism, antibiosis, competition for nutrients and 
space, and indirectly through inducing plant resistance (Vujanovic and Goh 2011). 
In addition, they withstand unfavourable environmental conditions. According to 
Saldajeno and Hyakumachi (2011), bioagents were normally applied singly against 
most plant pathogens; however, recently several works have emphasized on using 
more than one bioagent simultaneously to be more effective and a more reliable way 
of biocontrol, as they will have multiple modes of action at different sites of 
the host plant.

Chaetomium is one of the largest genera in Chaetomiaceae family (Fatima et al. 
2016)  which includes about 100 species. Chaetomium spp. exist mainly in soil, 
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animals, and as endophytes in several plants through forming a symbiotic relation-
ship without causing any harm to their hosts. Chaetomin mycotoxin was recorded 
for the first time from Chaetomium spp. in 1944 (Geiger et al. 1944); however, wide 
variety of bioactive compounds were reported later in Chaetomium spp. such as; 
orsellides (Schlörke et al. 2006), xanthenone (Pontius et al. 2008), chaetoglobins 
(Ge et al. 2008), polyhydroxylated steroids (Qin et al. 2009a), azaphilones (Yamada 
et al. 2011), and armochaetoglobins A–J (Chen et al. 2015). Some of these com-
pounds presented significant biological activities including; antifungal, anti- 
inflammatory, cytotoxic, and enzyme inhibition (Li et al. 2016). Knowledge of the 
antagonistic potential and modes of action of some of the biocontrol agents such as 
Chaetomium spp. is highly recommended to be more effective against target patho-
gens in several ways.

Several strains of Chaetomium spp. showed different in vitro and in vivo antifun-
gal potencies against many  phytopathogens (Vitale et  al. 2012) including; 
Helminthosporium, Fusarium, Alternaria raphani, A. brassicicola, Phytophthora 
and Pythium ultimum (Soytong et al. 2001). Later, Tomilova and Shternshis (2006) 
added that Chaetomium spp. have been used successfully to control damping off 
disease of sugar beet, root rot of citrus and black pepper. However, more than one 
factor should be considered before manipulation of Chaetomium spp. in the field 
such as the temperature of soil, moisture level and pH, because these factors affect 
their antagonistic potencies and effectiveness.

Chaetomium globosum is one of the most common species growing as a sapro-
phyte in the rhizosphere, phyllosphere of plants and as a normal colonizer of the soil. 
This species has been applied successfully in vivo to control many epidemics 
of fruits such as; root rots in tangerine (Citrus reticulata Blanco) incited by P. para-
sitica, in strawberry (Fragaria spp.) caused by P. cactorum, in black pepper (Piper 
nigram L.) incited by P. palmivora, basal rot of corn caused by Sclerotium rolfsii, 
and tomato wilt (Lycopersicon esculentum L.) incited by Fusarium oxysporum f. sp. 
lycopersici (Zhang et al. 2010).

Recently, Dosen et al. (2017) pointed that C. globosum is able to produce several 
species-specific metabolites such as cochliodones and chaetoglobosins. Little is 
known about their human toxicity, although Udagawa et  al. (1979) recorded the 
intravenous toxicity of chaetoglobosins A and C in animal tests.

10.2  Chaetomium spp. as Potent Producers of Antifungal 
Metabolites

Currently, more than 200 active metabolites are produced by Chaetomium spp., and 
some of these metabolites possess considerable biological activities including cyto-
toxicity, enzyme inhibition, and antibiosis (Yang et al. 2011a, b). As being an effec-
tive bioagent of several phytopathogens, C. globosum produces several types of 
bioactive compounds such as orsellides and globosumones A–C (Bashyal et  al. 
2005), steroids and chaetoviridins A and C (Qin et al. 2009b), cytoglobosins A–G 
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(Cui et al. 2010), chaetoglobosins (Zhang et al. 2010), in addition to pyrones and 
chaetoglocins A and B (Ge et al. 2011).

Previously, Park et al. (2005) succeeded in purifying two antifungal compounds 
from the broth culture of C. globosum strain F0142 which was isolated from barn-
yard grass, and showed potent disease control efficacy against the rice blast 
(Magnaporthe grisea) and the wheat leaf rust (Puccinia recondita). These antifun-
gal metabolites were identified as chaetoviridins A and B (Fig. 10.1). Treatment 
with 62.5 μg/mL of chaetoviridin A suppressed the development of rice blast and 
wheat leaf rust by over 80%. Furthermore, moderate control of tomato late blight 
(50%) was observed following the application of 125 μg/mL of chaetoviridin A, 
while using 250 μg/mL caused higher control levels of about 87%.

In a previous work, Soytong et al. (2005) reported that several Chaetomium spp. 
such as C. cupreum and C. globosum produce resistance inducing substances which 
prevent many plant diseases including Pythium aphanidermatum disease in sugar-
cane, wilt symptoms in seedlings of grains, apple scab incited by Venturia spp., 
reduce tomato Fusarium wilt, and inhibit the growth of the pathogenic R. solani and 
Botrytis spp. In another study of Kaewchai and Soytong (2010), C. cupreum RY202 
crude extracts (hexane, ethyl acetate and methanol) inhibited the growth of 
Rigidoporus microporus; the causal agent of white root disease of rubber with ED50 
values of 170, 402 and 1220 μg/L, respectively. In addition, rotiorinol which is a 
bioactive compound produced by C. cupreum, inhibited the growth of the same 
pathogen with ED50 value of 26 μg/L.

In a later study, Sibounnavong et al. (2011) investigated the antifungal metabo-
lites produced by C. elatum strain ChE01 and C. lucknowense strain CLT01 isolated 
from the soil in Thailand, and effectively controlled F. oxysporum f. sp. lycopersici 
NKSC02 the causal agent of wilt disease of tomato (Lycopersicon esculentum var 
sida). One of these antifungal substances called chaetoglobosin-C (Fig. 10.2) puri-
fied from both Chaetomium spp. exhibited pronounced antifungal potential against 
F. oxysporum f. sp. lycopersici, with ED50 of 5.98 μg/mL. In addition, inoculation of 
tomato seedlings with conidia of F. oxysporum f. sp. lycopersici mixed with a solu-
tion of chaetoglobosin-C did not exhibit wilt symptoms. Moreover, conidia of the 

Fig. 10.1 Chemical structures of chaetoviridins A and B
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same pathogen treated with this antifungal metabolite appeared abnormal and lost 
their pathogenicity.

Secondary metabolites from the  culture filtrate of C. globosum Kunze were 
extracted by solvent extraction method using ethyl acetate, and then separated by 
Thin-layer chromatography (Biswas et al. 2012). GS-MS and NMR studies revealed 
that these metabolites were chetomin, BHT, mollicelin G, besides chaetoglobosin. 
In vitro bioassays with chaetoglobosin and chaetomin (Fig. 10.3) revealed their sig-
nificant growth inhibitory activities against several  phytopathogens includ-
ing;  Bipolaris sorokiniana, Macrophomina phaseolina, R. solani, and Pythium 
ultimum. The authors added that exposure of F. graminearum to 1000 ppm of chae-
toglobosin decreased its colony diameter to 1.6  mm, compared with 33  mm  of 
the  non-treated control. Meanwhile, treatment of Bipolaris sorokiniana with 
1000  ppm of chaetomin reduced its colony diameter to 13  mm compared with 
69 mm of the control.

Generally, leaves carry more number of endophytic fungi compared with the 
stem, as a result of their larger surface area exposed to the outer environment, in 
addition to the presence of numerous stomata that facilitate entry of fungal hyphae. 
These fungi are considered as novel sources of bioactive compounds which have 
many medicinal and agricultural applications (Gond et al. 2012).

During production of the bioactive metabolites on a large scale in the fermenta-
tion process, the initial pH of the media is a critical factor because it affects several 
fungal physiological processes such as; growth, proliferation, enzyme production 
and stability, in addition to the efficacy of nutrient utilization (Taragano and Pilosof 
1999). Recently, results of Pan et al. (2016) recorded that the initial pH of medium 
of about 6.9 is the most suitable for the production of antifungal compounds, and 
resulted in significant inhibition of pathogens growth by about 81.69%. This percent-
age increased significantly after 3 to 4 days of the fermentation time, and further 
increase from 4 to 8 days was non-significant. However, increasing the fermenta-
tion time more than 8 days was accompanied with a noticeable decrease in the inhi-
bition percentage. This could be interpreted as production of the  secondary 
metabolites such as the antifungal antibiotics begins near the onset of the fungal 
stationary growth phase where the growth rate is negligible, but further incubation 

Fig. 10.2 Chemical structures of chaetoglobosin-C
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causes fungal cell burst or cell lysis. Temperature treatments during solvent extrac-
tion of the fungal metabolites are also critical, as several metabolites are temperature- 
sensitive and may have different levels of solubility at different extraction tempera-
tures. Zhang et  al. (2012) previously reported that the antimicrobial potential of 
the different fungal extracts treated at 80 °C or more may decline sharply as a result 
of the thermal degradation.

10.3  Endophytic Chaetomium spp. as Bioagents

Endophytes are microorganisms which live inside tissues of their host plants with-
out causing them any harm (Petrini 1991). They play major roles in making plants 
healthy through providing them with resistance against different biotic and abiotic 
stresses (Gond et al. 2010), promoting their growth (Barka et al. 2002), protecting 
them from herbivores (Carroll 1988), and from many other pests (Vega et al. 2008). 
This is a type of mutualistic relationship as they inhabit plant tissues to get nutrients 

Fig. 10.3 Chemical structures of chaetomin (a), chaetoglobosin A (b) and chaetoglobosin D (c)
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and protection from them, whereas in turn they benefit their hosts by producing 
several active metabolites that may enhance plants fitness and provide resistance 
against different stresses. The mechanisms of biocontrol of the  different phyto-
pathogens by the endophytic fungi mainly include; antibiosis (Kumar and Kaushik 
2013), competition for nutrients and space (Narisawa et al. 2004), mycoparasitism 
(Gao et al. 2005), and induction of defence response in plants (Varma et al. 2012). 
Endophytes that showed effective biocontrol potency received much attention as 
alternatives to using the health hazard and non-ecofriendly synthetic pesticides dur-
ing plant disease control (Porras-Alfaro and Bayman 2011).

C. globosum has been recorded as an endophyte of many plants and as a sapro-
phyte in the soil (Lan et al. 2011). Earlier studies of Kay and Stewart (1994) and 
Pereira and Dhingra (1997) demonstrated that this species has the ability to sup-
press several soilborne pathogens including  Sclerotium cepivorum, Pythium ulti-
mum, and Diapothe phaseolorum f. sp. meridionalis. Gliotoxin produced by 
the  endophytic C. globosum showed good antifungal potential against the wheat 
mycopathogen (F. graminearum) (Li et  al. 2011). Moreover, a novel cytotoxin 
named chaetomugilin was obtained from C. globosum isolates originating from 
Ginkgo biloba (Qin et al. 2009b). Extract of the endophytic C. globosum EF18 that 
originated from Withania somnifera was recorded as a highly effective biocontrol 
agent against Sclerotinia sclerotiorum.

As a bioagent, the endophytic C. aureum HP047 significantly reduced the Pitch 
canker disease on Pinus radiata seedlings caused by F. circinatum (Wang et  al. 
2013). In addition, C. aureum also effectively controlled the pathogenic Magnaporthe 
grisea causing rice blast disease in vitro and in vivo, and the sheath blight disease 
incited by R. solani. Recently, more than 150 endophytic isolates were tested against 
F. circinatum in an in vitro antagonism assays. The six isolates that exhibited the most 
promising results were inoculated in the field together with the pathogen into seed-
lings of P. radiata, P. sylvestris, P. pinaster, P. nigra and P. pinea, to test their effi-
cacy to reduce the damage caused by F. circinatum. Both of the endophytic C. aureum 
and Alternaria sp. reduced the area under disease progress curve (AUDPC) for the 
P. radiata seedlings, thus they are considered as suitable biocontrol agents of the 
Pitch canker disease (Martínez-Álvarez et al. 2016).

In the study of Thiep and Soytong (2015) carried out in Vietnam, three effective 
Chaetomium spp. namely, C. cochliodes, C. bostrychodes, and C. gracile were iso-
lated. The authors have also isolated F. roseum (the pathogen causing coffee and tea 
wilts), and Colletotrichum gloeosporioides (the pathogen causing leaf anthracnose 
of coffee). In the dual culture assay, the three bioagents inhibited the colony growth 
and spore production of F. roseum. Moreover, the hexane, ethyl acetate and metha-
nol extracts of C. cochlioides suppressed the  spore production of F. roseum and 
Colletotrichum gloeosporioides by 60.87%, 78.16%; 74.57%, 74.76%; 76.50%, 
67.63%, respectively. In another study, three Chaetomium spp. antagonistic to 
F. oxysporum (the causal agent of wilt and root-rot disease of tea in Vietnam) were 
isolated and identified as C. cupreum CC3003, C. globosum CG05, and C. lucknow-
ense CL01 (Phong et al. 2016). These Chaetomium spp. expressed moderate in vitro 
inhibition of the  pathogen mycelial growth by 31.69–34.03%, and reduced its 
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conidial production by 67.25–75.92% after 30 days of incubation. The methanol 
extract of C. cupreum CC3003 was effective in inhibiting germination of conidia of 
the same pathogen with ED50 dose of 85.30 μg/mL. However, the hexane extract of 
C. globosum CG05, and the ethyl acetate extract of C. lucknowense CL01 had ED50 
of 49.32 and 62.17 μg/mL, respectively.

The crude ethyl acetate (EtOAc) extract of the endophytic C. globosum (strain 
28) isolated from Houttuynia cordata Thunb; a famous traditional Chinese medi-
cine, was tested for its in vitro antifungal potential against Botrytis cinerea persoon 
and B. cinerea Pers. ex Fr. (Pan et al. 2016). Results demonstrated the high antifun-
gal efficacy  of this extract against both pathogens. However,  optimal antifungal 
potency was recorded  on using potato dextrose broth (PDB) as a basal culture 
medium, and on fermentation for 4–8 days (initial pH, 7.5), followed by extraction 
with EtOAc.

During the previous study of Fierro-Cruz et al. (2017), 355 different fungal endo-
phytes were isolated from Protium heptaphyllum and Trattinnickia rhoifolia 
(Burseraceae) tree species, known of producing secondary metabolites of agro-
nomic and industrial significance. The antifungal potential of these endophytes was 
tested using the in vitro dual culture assay against the pathogenic F. oxysporum. In 
addition, their ethyl acetate (EtOAc) extracts were also tested against conidial sus-
pension of F. oxysporum by direct bioautography. Two of these extracts derived 
from C. globosum F211 UMNG and Meyerozima sp. F281 UMNG exhibited appre-
ciable inhibitory activities against growth of F. oxysporum. The C. globosum F211 
UMNG extract was subjected to chemical analysis by RP-HPLC-DAD-ESI-MS, 
and then the potent antifungal compounds such as cladosporin, chaetoatrosin A, and 
chaetoviridin A were identified. From the genetic point of view,  Gophna et  al. 
(2003) previously referred these results to the horizontal gene transfer between the 
plants and the endophytic fungi. Consequently, these fungi were able to synthesize 
several bioactive metabolites similar to those synthesized by their host plants.

10.4  Chaetomium spp. as Biocontrol Agents of Crop Diseases

10.4.1  Soilborne Diseases

The  production of potato crop has been hindered by several diseases, the most 
destructive however is the late blight disease caused by P. infestans (Mont.) de Bary. 
Results of Shanthiyaa et al. (2013) showed that different isolates of Chaetomium 
spp. mainly C. globosum Cg-6 could reduce the incidence of P. infestans, through 
antagonizing its mycelial growth. This study also demonstrated that Chaetomium 
Cg-6 expressed high in  vitro exo- and endo-glucanase potential. It is concluded 
earlier that the antagonistic Chaetomium spp. which are able to secrete higher levels 
of glucanase and cellulases enzymes would have greater biocontrol potency against 
Phytophthora spp., as their cell walls are composed mainly of glucan and cellulose 
constituents. Furthermore, C. globosum Cg-6 was then formulated as a liquid and 
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applied in the fields of potato crop as tuber, foliar, and soil treatments, either indi-
vidually or in combination with P. infestans. Among these  different treatments, 
the combined application of C. globosum with the pathogen resulted in significant 
decrease in late blight infection to 72%, compared to 100% of the untreated control. 
Moreover, application of C. globosum resulted in higher tuber yield. These findings 
were in accordance with previous results of Soytong and Ratanacherdchai (2005) 
and Ahammed et al. (2008). F. sporotrichioides is a common soilborne pathogen 
causing dry rot of potato in North- east of China. The antagonistic C. globosum 
strain W7 significantly inhibited F. sporotrichioides in vitro without direct contact, 
suggesting that the  antifungal substance produced  was extracellular (Jiang et  al. 
2017). Metabolites of this bioagent were extracted with acetone and then separated 
with Thin-layer chromatography, where the active antifungal metabolite was identi-
fied as chaetoglobosin A. In vitro assay of the antifungal potency of this metabolite 
against F. sporotrichioides revealed  that its minimum inhibitory concentration 
(MIC) was 9.45–10.50 g/mL, whereas its IC50 was 4.344 g/mL. Thus chaetoglobo-
sin A expressed its excellent protective activity of the potato crop against the dry rot 
symptoms caused by this pathogen. Most trials to biocontrol P. infestans used a 
single method of application of the bioagents. This mainly accounts for the reported 
ineffectiveness of several biocontrol preparations, as a single method of application 
will not be effective during the entire growth period of the potato crop. Previous 
studies of Nandakumar et al. (2001) and Saravanakumar et al. (2007, 2009) empha-
sized on the application of more than one bioagent simultaneously, as they will be 
effective in more than one site of the host plant and would have multiple modes of 
action as well.

Maghazy et al. (2008) isolated Pythium spinosum var. spinosum the pathogen of 
clover, and soilborne mycoflora from the rhizosphere of many crop plants cultivated 
in several agricultural fields of Egypt. These mycoflora were tested for their in vitro 
antagonistic efficacy  towards Pythium spinosum. Among these fungi, Aspergillus 
carneus, A. cervinus, A. sulphureus, Penicillium funiculosum, P. islandicum, 
P. nigricans, C. globosum, Paecilomyces lilacinus, and Phoma pomorum isolates 
were selected according to results of their  in vitro antagonism, to examine their 
effectiveness for the in vivo biocontrol of this pathogen. Coating clover seeds with 
conidia and mycelia of these potent bioagents gave the growing seedlings signifi-
cant protection from symptoms of pre-emergence damping-off caused by Pythium 
spinosum.

 During the study of Zhang et al. (2013), C. globosum strain no.05 strongly inhib-
ited the in vitro mycelial growth of several phytopathogenic fungi on PDA medium 
including; Setosphaeria turcica, Verticillium mali, C. diplodiella, C. glocosporioi-
des, C. fimbriata, and S. sclerotiorum. In addition, culture filtrate of this strain inhib-
ited the conidial germination of S. turcica causing northern corn leaf blight (NCLB) 
disease, suggesting the presence of antifungal metabolites in this filtrate. When 
the detached maize leaves were inoculated with conidia of S. turcica (5 × 104 cfu/
mL) that were suspended in the PDB medium containing 10% culture filtrate of 
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C. globosum strain no.05, it caused complete suppression of the disease incidence 
of NCLB. The antifungal metabolites in culture filtrate of this strain were identified 
as chaetoglobosin A and chaetoglobosin C. Previous studies reported that chaeto-
globosin A and C expressed high toxic activities against Hela cells (Sekita et al. 
1982), mouse cells and chick embryos (Veselý et al. 1995). In accordance, studies 
of Jiao et  al. (2004) and Scherlach et  al. (2010) reported that chaetoglobosin A 
known also as cytochalasan alkaloid exhibited significant cytotoxic potential against 
different human cancer cells, and P388 murine leukemia cell lines. Furthermore, 
chaetoglobosin A and chaetoglobosin C also demonstrated high phytotoxic effi-
cacy  against alfalfa seedlings, and expressed pronounced  antibacterial activities 
against Staphylococcus aureus (Jiao et al. 2004). The inhibitory efficacy of these 
antifungal substances of C. globosum strain no.05 could be enhanced by optimizing 
the fermentation conditions.

P. palmivora PHY02 is the causal agent of root rot of pomelo (Citrus maxima) in 
Thailand (Hung et al. 2015a). In the dual culture assay, C. globosum CG05, C. cup-
reum CC3003, and C. lucknowense CL01 bioagents caused noticeable inhibition of 
P. palmivora PHY02 mycelial growth, degraded its mycelia, and reduced 92–99% 
of its sporangial production. In addition, the methanol extract of C. globosum CG05 
expressed significant inhibitory activity on the mycelial growth and formation of 
sporangia of this pathogen,  with effective dose ED50 values of 26.5 μg/mL and 
2.3 μg/mL, respectively. Meanwhile, in a similar study of Hung et al. (2015b) with 
another Phytopthora sp.; P. nicotianae a pathogenic oomycete which was isolated 
from rotted roots of pomelo in the same country. The In vitro and in vivo potencies 
of C. globosum, C. lucknowense and C. cupreum besides their crude extracts were 
tested as bioagents to control this pathogen. In the dual culture confrontation, these 
Chaetomium spp. suppressed the mycelial growth of this pathogen by 50~56%, and 
parasitized its hyphae resulting in degradation of the mycelia after 30 days of incu-
bation (Fig. 10.4). In the greenhouse, application of the conidia and the methanol 
extracts of these Chaetomium spp. to pomelo seedlings infested with P. nicotianae 
reduced root rot incidence by 66~71%, and increased seedlings weight by 72~85%, 
compared with the non-treated control (Table 10.1).

In a recent study, Zhao et al. (2017) evaluated C. globosum strain CDW7 as an 
endophyte of Ginkgo biloba for its biocontrol potential against rape rot caused by 
S. sclerotiorum. The fermentation broth of CDW7 successfully inhibited disease 
development in S. sclerotiorum-infested rape with 57.8%, which was comparable 
with that of the synthetic carbendazim (59.8%) at 250 μg/mL. In addition, 10% of 
this broth enhanced the germination and growth of rape seedlings. The C. globosum 
CDW7 fermentation broth was actively stable when exposed to high temperature of 
60 °C, UV illumination, and when stored at 4 °C. Seven known active metabolites 
were recovered from this broth. Among these metabolites, chaetoglobosin A and D 
expressed significant inhibitory efficacy against S. sclerotiorum with IC50 values of 
0.35 and 0.62 μg/mL; respectively, compared with carbendazim (0.17 μg/mL).
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Crude extracts of C. cupreum CC3003 using hexane, ethyl acetate, and methanol 
solvents exhibited appreciable inhibition of the pathogenic fungus Colletotrichum 
gloeosporioides causing coffee anthracnose disease, with ED50 values of 13, 11 and 
28  ppm, respectively. Bioactive substances extracted  from this biocontrol agent 
caused abnormal appearance of the  pathogen conidia. Moreover, application of 
the conidial suspension, nano-rotiorinol, nano-trichotoxin, and bio-formulation of 
the  C. cupreum CC3003, reduced anthracnose incidence by 18.59%, 46.23%, 
42.71% and 54.77%, respectively, compared with the non-treated control (Vilavong 
and Soytong 2017).

Fig. 10.4 Growth of P. nicotianae KA1 in bi-culture tests after 4 days (a), 10 days (b) and 30 days 
(c) after inoculation (1, 2 and 3, P. nicotianae KA1 (placed on the right side of the plates) inocu-
lated with Chaetomium spp. strains CG05, CL01 and CC3003, respectively; 4, P. nicotianae KA1 
alone); (d, e) Chaetomium hyphae (yellow arrows) coiled around and grown inside hypha of P. 
nicotianae KA1 (P) (scale bars, d, e = 10 μm). (From Hung et al. 2015b)
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10.4.2  Foliar Diseases

Phylloplanes are colonized by different saprophytic microbes which have pro-
nounced  roles in protecting these plants’ surfaces from different invading patho-
gens, by inducing defence responses in their hosts (Mitra et al. 2013). C. globosum 
is known to produce numerous antifungal metabolites. During the study of Cullen 
and Andrews (1984) and under growth chamber conditions, ascospore suspension 
of C. globosum strain NRRL 6296 controlled pathogenic Venturia inaequalis caus-
ing apple scab disease when applied as foliar treatment. When C. globosum was 
applied both singly and in association with cellulose formulation to the apple trees, 
dilution plating of the leaf washings and scanning electron microscopy (SEM) dem-
onstrated that growth of C. globosum was significantly enhanced by this cellulose 
amendments. This has been attributed to the fact that the cellulose amendment sup-
plied nutrients to this foliar bioagent (C. globosum), thus enhanced its survival and 
growth, leading finally to better biocontrol efficacy. Later, Boudreau and Andrews 
(1987) findings reported that C. globosum strain NRRL 6296 was unable to germi-
nate when applied to non-amended apple leaves.

Dingle and McGee (2003) documented  that Chaetomium spp. recovered from 
healthy wheat leaves reduced the number and development of rust pustules on these 
leaves caused by Puccinia recondite f. sp. tritici. Later, Istifadah et al. (2006) and 
Istifadah and McGee (2006) added that many Chaetomium spp. inhibited the growth 
and disease development caused by Pyrenophora tritici-repentis on wheat leaves in 
in vitro and in vivo assays.

Table 10.1 Inhibition of P. nicotianae KA1 growth at different concentrations of antagonistic 
crude extracts

Crude extract

Inhibition of P. nicotianae KA1 growth (%)
Concentration (μg/mL) ED50 (μg/

mL)10 50 100 500 10,000

C. globosum 
(CG05)

Hexane 21 ± 2.9a,f 36 ± 3.6e 66 ± 2.6d 91 ± 2.3b 97 ± 2.8a 67.2
EtOAC 71 ± 3.1c 93 ± 2.4b 98 ± 2.1a 100 ± 0a 100 ± 0a 4.6
MeOH 71 ± 2.1c 93 ± 2.3b 98 ± 2.0a 100 ± 0a 100 ± 0a 4.6

C. lucknowense 
(CL01)

Hexane 6 ± 2.3g 15 ± 4.3f 38 ± 4.0e 78 ± 2.6d 94 ± 2.0b 101.4
EtOAC 81 ± 3.8c,d 94 ± 2.1b 99 ± 1.7a 100 ± 0a 100 ± 0a 2.9
MeOH 84 ± 2.6c 95 ± 2.3b 99 ± 1.0a 100 ± 0a 100 ± 0a 2.6

C. cupreum 
(CC3003)

Hexane 34 ± 2.1e 67 ± 2.1d 86 ± 2.1c 99 ± 1.1a 100 ± 0a 20.8
EtOAC 26 ± 2.1f 41 ± 2.1e 70 ± 2.9d 95 ± 2.3b 100 ± 0a 41.2
MeOH 69 ± 4.1d 91 ± 2.8c 99 ± 1.6a 100 ± 0a 100 ± 0a 4.5

(±) value represents the mean standard deviation of the four replicates of each concentration of the 
crude extracts. For the crude extracts of each antagonist, values indicated by the same superscript 
letter are not significantly different according to Duncan’s multiple range test at p = 0.05. (EtOAc) 
is the ethyl acetate extract, and (MeOH) is the methanol extract
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A biocide was recovered from metabolites of A. niger, T. viride, A. alternata,  
and C. globossum, which are common phylloplane colonizers of tropical plants. 
This biocide reduced phyllosphere disease incidence in these crop plants through 
induction of alterations in their defence physiology (Mitra et al. 2013). Net blotch 
disease caused by Drechslera teres, and Bipolaris spot blotch incited by Bipolaris 
sorokiniana are foliar diseases of barley. Recently, two endophytes were isolated 
from barley seedlings identified as Chaetomium (C2 and C5), and their in  vitro 
interactions with both pathogens were studied by Moya et al. (2016). In the dual 
culture assay, in vitro inhibition of B. sorokiniana and D. teres by the C2 and C5 
strains accounted for 30–31.2% and 40–36%; respectively, compared with the con-
trol. Microscopic observation of the  treated fungal pathogens demonstrated 
deformed conidia of B. sorokiniana, plasmolysis and coiling, whereas D. teres 
showed orange pigmentation. The mechanisms of action of both biocontrol agents 
were antibiosis, competition, and mycoparasitism.

10.5  Bioformulations of the Promising Chaetomium spp.

Results of Charoenporn et  al. (2010) reported that 157 μg/mL of hexane extract 
from C. globosum N0802 which represents the ED50 value, greatly inhibited conid-
ial production of F. oxysporum f. sp. lycopersici (the causal agent of tomato wilt). 
Similarly, crude hexane extract from C. lucknowense CLT expressed  antifungal 
activity against the same pathogen with ED50 value of 188 μg/mL. The authors pre-
pared oil formulations using conidia of both bioagents separately. Inocula of 
these Chaetomium spp. were adjusted to 2.5 × 106 conidia/mL and then added indi-
vidually  to sterilized palm oil. The in  vivo  assay results  recorded that each of 
the N0802 and CLT formulations significantly reduced tomato wilt incidence by 
44.68% and 36.28%; respectively, compared with the chemical fungicide prochoraz 
(21.95%). Moreover, both bioagents formulations noticeably increased the yield of 
tomato plant compared with the synthetic fungicide and the non-treated control.
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Chapter 11
Nanoparticle-Mediated Chaetomium, 
Unique Multifunctional Bullets: What Do 
We Need for Real Applications 
in Agriculture?

Mohamed A. Mohamed and Nivien A. Nafady

11.1  Introduction

Nanotechnology has established itself as one of the fastest and biggest research and 
development fields in recorded history. Although previous technological revolutions 
as space exploration, semiconductors, and biotechnology have made it big, they 
were, and still are, severely confined to their respective domains and find fewer 
interest from other disciplines. Nanotechnology, on the other hand, though starting 
off like the aforementioned fields of study and research, limited mostly to the elec-
tronics industry, has expanded its horizons of application by the amalgamation of 
nearly all subjects of science, viz. biology, chemistry, and physics. The rapid strides 
of nanotechnology in electronics and manufacturing have recently been paralleled 
by advances in medical nanotechnology, with an ever-increasing list of scientific 
publications, patents, and products being commercially released. The profuse 
amount of nanoparticles in personal care, industrial, food, and agricultural products, 
as well as in soil and water remediation technologies, has raised concerns about 
contamination of ecosystems and food supply (Gardea-Torresdey et  al. 2014). 
Different methods have been used in the synthesis process of metallic nanoparticles 
(Bankar et  al. 2010; Vaseeharan et  al. 2010; Nagajyothi and Lee 2011; Karthiga 
2017). Microwave, vapour deposition, spray pyrolysis, hydrothermal, solvothermal, 
seed-mediated, wet chemical, and biological methods are among the most efficient 
methods exploited to produce nanoparticles with numerous diverse characters 
regarding their size, morphology, and shape. The biological synthesis of metallic 
nanoparticles has been explored in recent years. Plants, fungi, and bacteria are 
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among the commonly used biological resources that have been employed in the 
synthesis process of different nanoparticles (Elavazhagan and Elavazhagan 2011; 
Mehmood et al. 2017). Compared to other biological resources, fungi are consid-
ered the best efficient options to produce different nanomaterials, due to the vast 
repertoire of proteins, enzymes, and other bioactive secondary metabolites they pro-
duce and the redox activity they possess. Furthermore, they also contribute to the 
high productivity and stability of the nanoparticles (Thakkar et al. 2010; Ramanathan 
et al. 2013; Metuku et al. 2014; Schröfel et al. 2014). In this regard, different scien-
tists suggested that the crude extracts derived from most organisms including fungi 
contain unique bioactive secondary metabolites including phenolic acid, flavonoids, 
alkaloids, and terpenoids which are constantly involved in the redox reaction and 
responsible for the reduction of bulk material in its ionic state to synthesize eco- 
friendly nanosized metallic particles (Huang et al. 2007; Jyoti et al. 2016). On the 
other hand and in comparison to plants and other microorganisms, fungal mycelia 
can withstand severe environments in bioreactors or chambers. Lastly, fungi can be 
easily handled with and fabricated in downstream processing. Consequently, they 
are approved as an effective biological alternative to conventional chemical synthe-
sis (Fig. 11.1). To date, different fungi have been found to synthesize diverse metal-
lic nanoparticles, and Fusarium, Alternaria, Aspergillus, and Penicillium species 
are broadly used in this issue (Duan et al. 2015; Salem et al. 2015; Maruyama et al. 
2016). However, very few studies are being published till now on exploiting other 
important fungi like Chaetomium species in the field of nanotechnology (Duan et al. 
2015). Chaetomium was reported as an efficient biological fungicide to control sev-
eral plant pathogens. The metabolites from Chaetomium spp. were published to 
control different plant pathogens. Consequently, we envision that it could be a good 
step for exploiting Chaetomium species to produce efficient and safe eco-friendly 
nanomaterials that can be loaded with efficient biomolecules and functionalized in 
many biological fields in particular agricultural applications. On the other hand, 
more effort and more research knowledge are still in need to accomplish those goals 
in agriculture science particularly as fertilizers and pesticide alternatives to fight 
plant pathogens, not only for the development and synthesis of nanomaterials but 
also for studying their interactions with plants and the environment. Indeed, it is 
necessary to answer the question “what do we need for real application in agricul-
ture?” We need to understand broadly how those nano-bullets are bio-produced, 
how the fungal system is the better producer and what factors govern this process, 
how the plants absorb and uptake nanoparticles, how they move and track inside the 
plant cells and the factors that govern this critical process and how they interact with 
the plant cell. In this chapter, we finally discuss on the positive as well as negative 
impacts of those nanoparticles on the plant system, which briefly answer the above- 
mentioned questions.
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NADP

Type of nanoparticles synthesis

Top down approach Bottom up approach

• Chemical/ 
electrochemical 
precipitation

• Vapor deposition

• Atomic/molecular 
condensation

• Spray pyrolysis

• Laser pyrolysis

• Aerosol processes

• Mechanical 
milling/ball 
milling

• Chemical etching

• Thermal 
ablation/laser 
ablation

• Explosion 
processes

• Squttering

• Bio-

Metal salts

Metal 
nanoparticles

• Using cell-free extracts
(plants, microbes, fungi, 
Algae)

• Using whole organism/tissue
(Plants, mushrooms,
seaweeds, microbial cells)

NADPH

Fig. 11.1 Major approaches in nanoparticle synthesis
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11.2  Biosynthesis of Nanoparticles Using Fungi

The biological synthesis of nanoparticles has been explored in recent years. A wide 
array of microorganisms such as bacteria, fungi, yeast, algae, and actinomycetes are 
majorly employed as biological agents for the synthesis process (Kumar and Yadav 
2009; Mallikarjuna et al. 2014). This has led to the development of “green nano-
technology”, which combines biological principles with physical and chemical pro-
cedures, to generate eco-friendly, nanosized particles with specific functions. The 
synthesis of metal nanoparticles employs both intracellular and extracellular meth-
ods (Mallikarjuna et al. 2014; Ghorbani 2017). Some examples of these microbial 
agents include bacteria (Shahverdi et  al. 2007), fungi (Mohanpuria et  al. 2007; 
Parikh et al. 2008), actinomycetes (Golinska et al. 2014; Manimaran and Kannabiran 
2017), lichens (Mie et al. 2012), and algae (Parial et al. 2012). These diverse groups 
of biological agents have many advantages over physical and chemical methods 
such as easy and simple scale-up, easy downstream processing, simpler biomass 
handling and recovery, and economic viability (Thakkar et al. 2010; Rai et al. 2012). 
Compared to other naturally available biological resources, fungi are more efficient, 
and thus they are more suitable for the synthesis of nanoscale metal particles. For 
example, fungi produce large amounts of protein that contribute to the high produc-
tivity and stability of the particles. Moreover, compared with plant materials and 
other microorganisms, fungal mycelia can withstand severe environments in biore-
actors or chambers. Lastly, they are easy to handle and fabricate in downstream 
processing. Consequently, as an effective alternative to chemical synthesis, the fun-
gal system for nanomaterial biosynthesis has gained considerable popularity in 
recent years. To date, different fungi have been found to synthesize nanoparticles. 
For example, silver nanoparticles (AgNPs) could be synthesized by Fusarium oxy-
sporum (Husseiny et  al. 2015), Fusarium solani (Birla et  al. 2013), Aspergillus 
niger (Sagar and Ashok 2012), Phoma glomerata (Birla et al. 2009), Cladosporium 
cladosporioides (Moazeni et  al. 2012), Penicillium fellutanum (Kathiresan et  al. 
2009), Phoma sp.3.2883 (Chen et al. 2003), Aspergillus flavus (Vigneshwaran et al. 
2007), Epicoccum nigrum (Qian et al. 2013), and Phoma macrostoma (Sheikhloo 
and Salouti 2012).

11.3  Biosynthesis of Nanoparticles Using Chaetomium spp.

Chaetomium species are strictly saprobic antagonists and have been shown to be 
efficient biocontrol agent against several plant pathogens, e.g. Botrytis cinerea (Paul 
et al. 1997), Fusarium oxysporum f. sp. Lycopersici (Tongon and Soytong 2015), 
Phytophthora palmivora (Hung et al. 2015), and Phytophthora parasitica (Meng 
et al. 2014). Screening Chaetomium spp. as biological control agents has been car-
ried out firstly in Thailand since 1989, resulting in the development of a biological 
formulation from Chaetomium cupreum CC1–10 and Chaetomium globosum 
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CG1–12. The product has now been developed into pellets and powder formulations 
and registered for Patent Right No. 6266, Intl. cl. 5 AO 1 N 25/12 in 1994 (Servin 
et al. 2015). Although Chaetomium is a large genus and considered one of the most 
rich fungi producing large amounts of proteins, enzymes, and effective secondary 
metabolites having antimicrobial and redox activity and can be easily exploited in 
biosynthesis of different nanoparticles (Abdel-Raouf et  al. 2017), however, very 
few studies on Chaetomium spp. were used in the field of nanotechnology (Servin 
et al. 2015). In 2014, Joselito and his co-workers constructed and characterized a 
copolymer nanoparticle that carried bioactive compounds from the crude extract of 
Chaetomium globosum and Chaetomium cupreum species. Other studies exploited 
Chaetomium globosum isolated from a healthy bean plant to produce a huge amount 
of xylanase, pectinase, and chitinase in order to functionalize those enzymes in the 
biosynthesis of zinc nanoparticles (Król et al. 2017). Their results were promising 
particularly after investigation when the antifungal activity of the produced nanopar-
ticles displayed the highest inhibition against Fusarium solani, Rhizoctonia solani, 
and Sclerotium rolfsii as shown by the zone of inhibition (13.0, 15.0, and 17.0 mm, 
respectively). More importantly, it was observed that the antifungal activities of zinc 
nanoparticles were most promising on the pathogenic fungi used at pH 8.0. The 
authors also observed modifications in the fungal hyphae with morphological alter-
ations and conidial and reduction mortality. Consequently, we consider that 
Chaetomium species are a very promising biological precursor for the biosynthesis 
of different multifunctional nanoparticles which can be efficiently exploited in 
diverse applications.

11.4  Mechanisms of Nanoparticle Biosynthesis in Liquid 
Phase

Generally speaking, the synthesis process of metallic nanoparticles is categorized 
under two main approaches: (1) “top-down” approach and (2) “bottom-up” 
approach. In top-down synthesis, the nanoparticles are biologically synthesized fol-
lowing the reduction route for the involved bulk material’s size using different phys-
ical, chemical, or mechanical processes (Fig. 11.2). However, this method mostly 
introduces distortions on the surface of the produced nanomaterials, causing a major 
biological and electrical limitation as the physical, optical, and surface chemistry of 
most nanoparticles is highly dependent on the nanomaterial surface structure. In the 
case of the bottom-up approach, the formed nanoparticles are built from very small 
entities by joining different small atoms together, where the process often requires 
starting from molecules, atoms, or ions to obtain the target nanoparticles (Ulbrich 
and Lamprecht 2010). In the past few years, most scientists tend to follow the bot-
tom- up approach in the synthesis of nanoparticles particularly in liquid-phase media 
(Mühlig et al. 2013; Yang et al. 2016; Liu et al. 2017), and nucleation theories and 
mechanisms have been extensively described by Finney and Finke (2008) and Liu 
et al. (2017).
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11.5  Factors Affecting the Mycosynthesis Process

In recent years, the development of reliable methods for the synthesis of different 
nanoparticles with a desired shape and size has been the subject of significant inter-
est (Tran et al. 2013; Liu et al. 2017). Optimization of the bio-reduction conditions 
in the mixture solution considering both the substrate and biocatalyst concentration, 
electron donor and its concentration, pH, time of exposure, temperature, buffer 
strength, and mixing speed is among the most important issues playing very core 
roles in obtaining the desired nanoparticle size with different shapes such as spheri-
cal, triangular, hexagonal, and rectangular with large-scale production and good 
monodispersity in the aqueous phase.

In this context, different types of conventional chemical methods with reducing 
agents like citrate (Kumar et al. 2006), NaBH4 (Lee and Meisel 1982), gallic acid 
(Consoli et al. 2016), polyol (Kim et al. 2006), organic solvents, and photochemical 
(Kasthuri et  al. 2009), electrochemical, and sono-chemical methods 
(Wongpisutpaisan et al. 2011) have been utilized for this goal. However, very few 
were efficient to achieve the accurate nanoparticle size and the desired shape in need 
safely. Consequently, it is necessary to settle some reaction conditions that facilitate 
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reproducible synthesis of the target nanoparticles with uniform size distributions. In 
this regard,

(i) the reducing and stabilizing agents, their type, and the concentration used 
(Dadosh et al. 2009); (ii) the addition of complexing agents (i.e. NH3) for removing 
precursor agents and decreasing particle size (Yang et al. 2010); and (iii) the addi-
tion of alkaline co-reducers using strong and/or weak reducing agents (Agnihotri 
et al. 2014) are the most crucial conditions that can be exploited to tune the desired 
nanoparticle size and shape in the synthesis process. The stabilizing agent of nano-
materials is also a necessary factor for their compatibility across different ranges of 
their applications (Haider and Kang 2015) and will impact the interaction in the 
environment. In general terms, the stabilization processes decrease the NP surface 
energy making the colloidal system thermodynamically stable (Kraynov and Müller 
2011). The stabilizing ligands, which may be alkaloids, terpenoids and antioxidants, 
are derived from the fungal cell coat and bound to the nanoparticles (NPs) surface 
not only to manage their growth during the synthesis process but also to prevent 
their aggregation and conversion again to their ionic state. The main mechanisms of 
interaction between these molecules and ligands with the surface of the NPs are 
mostly through chemisorption processes, electrostatic attractions, or hydrophobic 
interactions (Calderón-Jiménez et  al. 2017). This can be easily demonstrated 
through the noticeable strong surface interactions occurring between some metallic 
nanomaterials like silver nanoparticles and sulphur, amide, carboxylic, and ketonic 
(-SH, -NH, -COOH, -C=O) groups that allow for functionalization and further sta-
bilization (Sperling and Parak 2010). Different reports also indicated that the poly-
meric synthetic ligands used in nanoparticle stabilization tend to generate more 
contact points with the NP surface, creating better adsorption or ligand/surface 
interactions (Toshima and Yonezawa 1998).

On the other hand, hydrophilic polymer chain interactions generate external 
loops which can interact with the solvent and sterically stabilize NPs (see Figs. 11.3 
and 11.4). On the other hand, storage temperatures are also a critical factor to the 
stability of these materials. In this regard, it was revealed that incubation of the 
nanoparticles in aqueous solution under different temperatures can produce extra 
oxidation processes promoting unwanted shapes like nanorods and nanoprisms and 
may also lead to aggregation and/or agglomeration. Also, light may play an impor-
tant modifying role with some sensitive nanoparticles like AgNPs and modify them 
through photochemical reactions. This also was indicated by (Gorham et al. 2012) 
and revealed that AgNPs coated with citrate can be destabilized with UV radiation 
exposure. Other indirect factors like pH of the medium should also be taken into 
account with regard to the destabilization of the formed nanomaterials, where it was 
shown that the stability of silver nanoparticles coated with a particular amino acid 
increased under acidic conditions (pH ≈ 3), resulting in noticeable elimination of 
agglomerate formation due to suppression of intermolecular interactions between 
solvent and ligand (Bayram and Bayram 2016). Using high concentrations from the 
reducing agents in the synthesis liquid phase irregularly accelerates the probability 
of nanoparticle transformation into undesired new shapes like nanorods, nanocubes, 
and nano-triangles (Dadosh et  al. 2009; Jana et  al. 2001). Therefore, extensive 
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Fig. 11.3 Schematic illustration demonstrating the cross-linking and conjugation ways of differ-
ent chemical ligands on the nanoparticle surfaces

Fig. 11.4 Steric stabilization of metallic nanoparticles
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 ultimate work is still in need for further large-scale nanomaterial production research 
following biological routes in order to define well and optimize those parameters for 
this purpose (Iravani 2011).

11.6  Multiple Applications of Metallic Nanomaterials 
in Agriculture: Current and Future Trends

More than 50 years later, nanotechnology is starting to reshape our lives positively 
and straightforwardly towards our future. Excellent reviews have been published 
continually demonstrating the broad diversity of biological agents involved in the 
synthesis of many types of nanomaterials demonstrating their potential use in 
diverse application including material sciences, medicine, electronics, and pharma-
ceutical sciences (Mandal et al. 2006; Bhattacharya and Mukherjee 2008; Chen and 
Schluesener 2008; Rai et al. 2009; Sharma et al. 2009; Durán et al. 2014; Abdel- 
Hafez et  al. 2016; Mohamed et  al. 2016). Some nanomaterials like silver, gold, 
titanium, zinc, and copper may be of particular relevance to new and emerging 
technologies. The use of silver nanoparticles as an antimicrobial coating agent in 
solar absorption systems is the best example. Other applications in such areas also 
include the use of gold nanoparticles as efficient carrier agent to deliver drugs in 
cancer treatments and precursors in electronic applications (Chen et  al. 2008; 
Sugunan et  al. 2005) and platinum nanoparticles in the production of fuel cells 
(Riddin et al. 2006). But what about agriculture? Will this tiny revolution help to 
solve the critical agriculture problems regarding low food production, emerging 
phytopathogen resistance, water treatment, environmental challenges within a cli-
mate change scenario, etc.? That is something we want to believe in, but science is 
about facts and we need to work hard in order to prove it more clearly. Indeed, the 
unique properties of those materials at nanoscale make them suitable candidates for 
the design and development of novel tools in support of a sustainable agriculture.

11.6.1  Antimicrobial Activity

Different types of organic and inorganic nanomaterials have an immense potential 
as antimicrobial agents in fighting many phytopathogens and plant disease manage-
ment, providing an unusual economic cost-effective tool in crop protection with 
ignorable limitations regarding environment risk profile. Till date, extensive research 
is under way on the application of nanomaterials as new antimicrobial agents to 
treat microbial species with resistance against traditional antibiotics and pesticides 
in medicine and agriculture, respectively (Singh Duhan et al. 2017; Sun et al. 2018).

The unique small size together with the high surface area of those nanoparticles 
permits them to have broad-spectrum microbial activity (V. L. Das et al. 2014b). 
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Silver nanoparticles are the best example and recently were considered one of the 
most common antimicrobial agents than other metals having diverse industrial 
applications in many consumer products including clothes, sprays, cell phones, 
detergents, shoes, laptop keyboards, contraceptives, cosmetics, dietary supplements 
and pesticides (Danwanichakul et al. 2016). In 2013, Kanmani and Lim suggested 
that the unique antimicrobial activity of silver nanoparticles may be supported by 
different scenarios (Fig. 11.5): (1) their potential to produce reactive oxygen species 
(ROS); (2) denaturation of DNA, proteins, and enzymes by combining with sulphur 
and phosphorus; (3) making pits and pores in the microbial cell walls resulting in 
complete destruction; and (4) promotion of intracellular ion efflux, resulting in 
complete cell death (Kanmani and Lim 2013).

Moreover, different types of biogenic metallic nanoparticles such as zinc oxide 
(35–45 nm), silver (20–80 nm), and titanium dioxide (85–100 nm) were also inves-
tigated as antifungal agents against the phytopathogenic fungus Macrophomina 
phaseolina, a major soil-borne pathogen of pulse and oilseed crops. The results 
indicated that silver nanoparticles have the higher antifungal potential at lower con-
centrations and zinc oxide comes in second followed by titanium dioxide nanopar-
ticles (Shi et al. 2013). Similarly, another study investigated the antifungal activity 
of silica nanoparticles (20–40 nm size) against Fusarium oxysporum and Aspergillus 
niger, as compared with that of bulk silica. Interestingly, it was noticed that 

Fig. 11.5 A summary of the mechanisms associated with the antimicrobial behaviour of metal 
nanoparticles (Mohamed and Abd–Elsalam 2018)
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 silica- nanoparticle- treated plants showed a higher expression of phenolic com-
pounds (2056 and 743 mg/mL, respectively) in collected leaf extracts and a low 
expression of stress-responsive enzymes against these fungi. Those findings signifi-
cantly clarified a higher resistance in maize treated with silica nanoparticles than its 
bulk material in terms of disease index and expression of total phenols, phenylala-
nine ammonia lyase, peroxidase, and polyphenol oxidase, at 10 and 15  kg/ha. 
Consequently, silica nanoparticles can be also used as unique alternative as potent 
antifungal agent against phytopathogens (Suriyaprabha et al. 2014). This is because 
silver (Ag+) ions have the potential to interact with the thiol functional groups in the 
microbial cell wall, resulting in significant disturbance in the electron transport 
chain and metabolism activities of fungal cells. Also, in 2017 Tripathi and his co- 
workers demonstrated another mechanism in the controlling activity of those 
nanoparticles based on their potential to deform the nucleic acid causing mutations 
and dissociation of the cell enzyme complexes, disturbed cell permeability and ion 
efflux, and finally cell lysis (Abdel-Hafez et al. 2016; Tripathi et al. 2017).

Consequently, it was observed that the antimicrobial effect of silver nanoparti-
cles is dependent on particle size and shape and decreases with increasing particle 
size. In more details, Pal and his co-workers stated that the nanoparticles with trun-
cated triangular shape show greater “cidal” effect compared with those having rod 
and spherical shapes (Pal et al. 2007). Furthermore, the antimicrobial potential of 
nanoparticles is also dependent in size, whereas the nanoparticle size decreases as 
their surface area increases, which permits better chance of interaction with the 
bacterial cell, producing electronic effects (Raimondi et al. 2005; Shahverdi et al. 
2007). This was indicated by different scientists in different reports. (Morones et al. 
2005) as an example indicated that the nanoparticle effects vary with their different 
shapes (truncated triangular =1 μg, spherical =12. 5 μg, and rod  =  50–100 μg) 
(Morones et al. 2005), which have different effects on bacterial cell inhibition. This 
work was extended by Kim and co-workers and revealed that a well-formed silver 
nanoparticle (AgNP) solution can act as an excellent nano-fungicide against differ-
ent microbial pathogens and attributed that to the good adhesion of AgNPs on the 
microbial cell surface (Kim et al. 2009).

11.6.2  Antiviral Activity

Different types of engineered metal nanoparticles have been studied for their anti-
microbial potential and have proven to be lead antibacterial (Bankier et al. 2018; 
Kim et al. 2006; Morones et al. 2005; Rai et al. 2012; Shahverdi et al. 2007; Singh 
et al. 2018; Sondi and Salopek-Sondi 2004) and antifungal agents (Kim et al. 2009). 
However, despite the growing interest in these nanoparticles, there are very few 
reports on the effectiveness of nano-based materials against plant viruses (Cordero 
et al. 2017; El-Say and El-Sawy 2017; Elbeshehy et al. 2015). Theoretically, any 
metal could be analysed for antiviral activity; however, little effort has been done as 
mentioned above to determine the interactions of metal nanoparticles with viruses 
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in all biological fields. Mainly, only three types of metallic nanoparticles are com-
monly used – silver, gold, and zinc nanoparticles – in testing the antiviral activity of 
nanomaterials. In medicine, few studies recently emerged to study the antiviral 
activity of some gold and silver nanoparticles against different human viruses like 
monkeypox virus (Rogers et  al. 2008), herpes simplex virus (Baram-Pinto et  al. 
2009), HIV (Elechiguerra et al. 2005; Lara et al. 2010; Sun et al. 2016), hepatitis B 
virus (Lu et al. 2008), respiratory syncytial virus (Zheng et al. 2008), influenza virus 
(Papp et al. 2010), and Tacaribe virus (Speshock et al. 2010). Similarly, very few 
reports were published on the effectiveness of nanomaterials, particularly silver and 
zinc nanoparticles, against plant viruses like bean yellow mosaic virus (BYMV) 
(Elbeshehy et al. 2015), potato virus Y (PVY) (Cordero et al. 2017), and cucumber 
mosaic virus (CMV) (El-Say and El-Sawy 2017) and their use as antiviral agents in 
agricultural systems (Cordero et al. 2017; El-Say and El-Sawy 2017) (Fig. 11.6).

It is interesting to note that while in case of report published by Elbeshehy and 
his co-workers in controlling CMV, the authors did not detect any beneficial effect 
of silver nanoparticles in pre-infection treatment and only remarkable positive 
results were observed in postinfection treatment (Elbeshehy et al. 2015), in contrast 
to the reported study published by Cordero and her co-workers that clearly observed 
a significant beneficial effect of silver nanoparticles in treatments 48 h before and 
ahead of PVY viral challenging as well. On the other hand, although there are 

Fig. 11.6 Effect of mycosynthesized silver nanoparticles on potato Y virus (PVY-Ros1) infectiv-
ity: Pictures of representative leaves of tobacco plants mock-treated with different concentrations 
of silver nanoparticles at 100 and 1000 ppm, as indicated. Two days after treatment, leaves were 
mechanically inoculated with PVY-Ros1. Pictures were taken at 6 dpi with PVY-Ros1 (Mohamed 
and Abd–Elsalam 2018)
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noticeable antiviral properties of those nanomaterials, the mechanism of AgNP 
action as an antiviral and virucidal is still an unexplored field (Cordero et al. 2017; 
El-Say and El-Sawy 2017; Elbeshehy et al. 2015).

In 2015, Elbeshehy and his co-workers studied the effect of silver nanoparticles 
on bean yellow mosaic virus and suggested their action may come from their ability 
to bind with a viral envelope glycoprotein and inhibit the virus by binding to the 
disulphide bond regions of the CD4 binding domain within the yellow mosaic viral 
envelope glycoprotein gp120 (Elbeshehy et al. 2015). Besides the immediate inter-
action with glycoprotein of the virus surface, AgNPs may also enter the cell and 
fulfil their antiviral activity through interactions with the viral nucleic acids. 
Continually, this strategy concluding in fusion inhibition was later elegantly demon-
strated by Lara and her co-workers in their report (Lara et al. 2010). Their obtained 
results introduced an evidence for the high binding affinity of the used nanoparticles 
for virus DNA and extracellular virions with different sizes (10 and 50  nm). 
Moreover, the authors also revealed that the silver nanoparticles also inhibit the 
production of the virus RNA and extracellular virions in vitro, which was deter-
mined using a UV-vis absorption titration assay.

In another study, Sun and his co-workers indicated that AgNPs were superior to 
gold nanoparticles for cytoprotective activities towards viruses. It is generally 
understood that Ag, in various forms, inactivates viruses by denaturing enzymes via 
reactions with sulfhydryl, amino, carboxyl, phosphate, and imidazole groups 
(Borkow and Gabbay 2004; Rai et  al. 2012; Ruparelia et  al. 2008). Also, silver 
nanoparticles were indicated for their ability to interfere with the fusion of the viral 
membrane, inhibiting viral penetration into the host cell (Mehrbod et al. 2012). It 
has also been suggested that the antiviral activity of AgNPs depends on the particle 
size, as well as on the distribution of interacting ligand/receptor molecules 
(Elbeshehy et al. 2015). However, it is necessary to design studies in vivo to increase 
their application benefits and minimize adverse effects.

11.6.2.1  Factors Involved in the Control Activity

Different reports indicated that the antimicrobial activity of any nanomaterial is 
mainly governed by their chemical and physical properties regarding their chemical 
constitution, size, shape, stability, and surface area and its charge (Kreibig and 
Vollmer 1995). The unique large surface area of the smaller-sized nanoparticles 
permits contact with the microbial cell’s surface, consequently covering a large area 
leading to more efficient antimicrobial activity in contrast to the larger ones 
(Morones et al. 2005). In this regard, different reports confirmed this concept, for 
example, it was observed that silver nanoparticles (AgNPs) with size less than 
10 nm have more antibacterial affinity compared to larger ones, proving that anti-
bacterial activity is size-dependent (Morones et al. 2005; Raimondi et al. 2005).

On the other hand, the nanoparticle’s shape (spherical, rod-shaped, nanoshells, 
nanocages, nanowires, triangular, dimensional, etc.) also plays a critical role in their 
antimicrobial activity. In 2007, Pan and his co-workers indicated that the 
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 nanoparticle’s capacity in holding the metallic content varies based on their shape 
(spherical =12.5 μg, triangular =1 μg, rod = 50–100 μg); consequently, the authors 
recorded different effects on the growth of the bacterial cell inhibition based on the 
AgNP shape. Those findings were also confirmed again after studying the cytotoxic 
effect of gold nanoparticles with different sizes (1.2 nm, 1.8 nm and 15 nm) on four 
cell lines (HeLa, Sk-Mel-28, L929, J774A1). The MTT assay results revealed that 
gold nanoparticles with 15 nm sizes have less cytotoxic activity in contrast to those 
with 1.2 and 1.8 nm size (Pan et al. 2007), which can irreversibly bind to the nucleic 
acid (DNA) and other cytoplasmic contents as well (Pan et al. 2007). Also, Dasgupta 
and his co-workers studied the correlation between the nanoparticles size (60, 
80 nm) of AgNPs and their antimicrobial efficiency prepared by thermal co-reduc-
tion approach. Although Dasgupta et al.’s results indicated that both sizes of AgNPs 
have broad-spectrum antimicrobial and anticancer activity, the antimicrobial and 
cytotoxic behaviour of AgNPs with 60-nm size was higher than that with 85 nm 
(Dasgupta et al. 2016). Furthermore, the surface plasmon resonance of the metallic 
nanoparticles also plays a major functional role in the determination of the optical 
density of those nanoparticles, where the nanoparticle size is directly proportional 
to the wavelength in nm, where the large nanoparticle surface area leads to increase 
in the intensity of interaction than larger particle sizes in micrometres or more.

11.6.3  Nanoparticles as Delivery System

Smart nano-delivery systems functionalized as carriers to deliver organic/inorganic 
agrochemicals, nucleic acid, and genes into the living cells have received great 
attention recently (Zarei et al. 2018). Different types of nanomaterials with potential 
advantages are used nowadays as reliable vehicle systems to deliver therapeutic and 
agrochemical agents (i.e. mesoporous silica nanoparticles, magnetic nanoparticles, 
liposomes, polymersomes, microspheres, nanoclay sheets and polymer conjugates) 
(Zarei et al. 2018).

The strategy of nano-delivery systems is mainly based on functionalization of 
the active sites on the nano-delivery’s surface, cross-linked with the biomolecules 
needed to be carried through electrostatic attraction without any modification in its 
nature. This permits scientists to exploit those nanomaterials that penetrate through 
cell walls and membranes of plant cells, carrying the biomolecules that need to be 
delivered accurately, thus solving major critical problems in agriculture sciences. 
Magnetic nanoparticles like Fe2O3 are injected into the drug molecule which is to be 
delivered; these particles are then guided towards the chosen site under a localized 
magnetic field. These magnetic carriers can carry large doses of drugs (Bava et al. 
2013; Martínez-Banderas et al. 2016). Similarly, silica-coated nanoparticles are also 
used in drug delivery due to their high stability, surface properties, and compatibil-
ity. Silica nanoparticles are also used in biological applications such as artificial 
implants (Martínez-Pérez et al. 2018).
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Furthermore, carbon nanotube is also a best example showing safe interaction 
with bio-macromolecules and a remarkable potential nano-vector to transfect plant 
cells with genes of interest (Wang et al. 2014). Liu and his co-workers revealed the 
efficient ability of carbon-based nanomaterials, particularly carbon nanotubes, to 
deliver nucleic acids (DNA or RNA) and other small molecules into healthy tobacco 
plants. Different reports suggested that the multiwalled CNTs (MWCNTs) have a 
more fascinating ability to influence seed germination and plant growth and work as 
a delivery system of nucleic acids and other biomolecules and proteins into plant 
tissue cells (Lahiani et  al. 2017). On the other hand, Serag and his co-workers 
observed that single-stranded DNA molecules wrapped around CNTs were able to 
target the cytoplasm of walled plant cells. The authors suggested that this unique 
property can be exploited in introducing RNA pieces into the nucleus to activate or 
silence the genes of interest. Similarly, protoplast could be a target for delivering 
larger DNA molecules such as the delivery of plasmids into the plant cell genome. 
Thus, it is important to take into consideration all possible effects of carbon-based 
materials used as the DNA-delivery machine on plant genome and proteome (Serag 
et al. 2011).

11.6.4  Nano-nutrient Supply

Although different reports established the crucial functional role of micronutrients 
like copper, iron, zinc, and manganese in plant growth and development, a substan-
tial increase of crop yields with the green revolution and new farming practices have 
progressively decreased the soil micronutrients (Alloway 2008). In this regard, nan-
otechnology has been used to make micronutrients available to plants. Different 
types of nano-formulations were produced with efficient potential to deliver reliable 
amounts of micronutrients either by spray or by supply to soil for root uptake in 
order to improve soil health and vigour. Different types of nanomaterials have been 
evaluated for their potential to deliver the desired level of micronutrients into the 
plants. Chitosan nanoparticle is a best example which is exploited as a natural car-
rier system to deliver different required plant growth hormones such as 
1- naphthylacetic acid at different pH and temperature. The experiment introduced 
good potential to deliver the hormone in a slow-release manner (Tao et al. 2016). 
Also, one of the most critical and widespread problems in plant growth comes from 
iron deficiency in plants growing in high pH and calcareous soils. For this reason, in 
2015, Bakhtiari and his co-workers used iron oxide nanoparticles and investigated 
their effect on wheat growth, yield, and quality at different concentrations (0, 0.01%, 
0.02%, 0.03%, and 0.04%) under foliar application. Similarly, Delfani and his co- 
workers used about 500 mg L−1 iron nanoparticles to control black-eyed peas dis-
ease and their investigation clearly indicated a significant increase in the number of 
pods per plant (by 47%), weight of 1000 seeds (by 7%), iron content in leaves (by 
34%) and chlorophyll content (by 10%) over those of the controls. More interest-
ingly, their study revealed that the foliar application of iron nanoparticles 
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 significantly improved the crop performance better than that by application of a 
regular iron salt and showed that only 1–5 mg L−1 iron in soil solution is required 
for optimal growth of most plants (Delfani et al. 2014). On the other hand, manga-
nese and zinc nanoparticles have been reported to improve the growth and photo-
synthesis of mung bean (Vigna radiata) and chickpea (Cicer arietinum) seedlings 
(Mahajan et al. 2011); however, it was also observed that the plant growth rates of 
roots and shoots started to decrease beyond optimal concentrations (Mahajan 
et al. 2011).

11.6.5  Nanopesticides

The significant broad-spectrum antimicrobial activity of many nanomaterials such 
as of carbon, silver, silica and alumina silicate nanoparticles encourages scientists 
to design different in vivo trials in the past recent years to produce nanopesticides in 
order to fight microbial phytopathogens with more efficient antimicrobial alterna-
tives. This route aims to control or reduce the growing pesticide microbial resis-
tance and avoid the unwise use of synthetic pesticides in large quantities in our 
environment (Patel et al. 2014). Besides zinc, copper, silver, and titanium metallic 
nanoparticles as the most common nanomaterials that show efficient antimicrobial 
agents, different promising material forms from carbon nanomaterials like hollow 
spheres, ellipsoids (fullerenes) or cylindrical [nanotubes such as single-walled car-
bon nanotube (SWCNT) and multiwalled carbon nanotubes (MWCNTs)] have been 
used for the development of nano-antifungal pesticides (Pankaj et  al. 2015). In 
2014, Gorczyca and his co-workers indicated the significant effect of commercial 
multiwalled carbon nanotubes (MWCNTs) on the conidial production of the ento-
mopathogenic fungus Paecilomyces fumosoroseus (Gorczyca et  al. 2014). Their 
promising results were also confirmed by (Sarlak et al. 2014), who also used the 
multiwalled carbon nanotube coated with polycitric acid as a carrier for the water- 
soluble dithiocarbanate fungicides. The encapsulation of pesticide was optimized in 
the pH range of 6–8 with a stirring time of 30–80 min. The pesticide-loaded nano- 
carriers exhibited superior fungicidal activity against the leaf spot fungi Alternaria 
alternata, when compared to the bulk form of the fungicides. Similarly, the antifun-
gal activities of MWCNTs with different surface groups against the fungal pathogen 
Fusarium graminearum were explored by (Wang and Cheng 2017). The authors’ 
findings clearly indicate that fungal spore germination was remarkably inhibited by 
surface-modified MWCNTs, with germination rate being 18%, threefold lower than 
for pristine MWCNTs.
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11.6.6  Nanofertilizers

Different nano-based strategies are already used by agronomists aiming to reduce 
the excessive losses of plant nutrients as a result of conventional agricultural prac-
tices (leaching, evaporation or foliar spraying). Carbon-based nanomaterial is an 
example showing a promising significant solution regarding this issue, because they 
can provide a controlled-release technique for fertilizer delivery precisely function-
alized to adapt the nutrient supply to the current demand of the target plant, extend-
ing the time of function and inhibiting losses by leaching with no risk of facing 
overdose effects. Most of these fertilizers are based on amendments of mineral and 
organic fertilizers with nano-carbon, which in most cases acts as a fertilizer syner-
gist with the aim of improving plant nutrient availability, reducing nutrient losses 
and stimulating plant growth. Several carbon-based nanomaterials have found 
applications in patents on nanofertilizer formulations (Khodakovskaya et al. 2012; 
Zhang et al. 2012; Lemraski et al. 2013; LIU et al. 2015; Lahiani et al. 2016). More 
interestingly, using graphene oxide as a cheap carbon nanomaterial aids the process 
of commercial large-scale encapsulated fertilizer production with controlled-release 
technique to be possible with more economic cost (Zhang et al. 2010). Upon suc-
cessful delivery into the cells, the absorption and utilization of N by the plant can be 
increased leading to enhanced plant growth. Carbon nanotubes could also be used 
as a nutrient carrier for macro- and microelements and also as slow-release fertil-
izers that may reduce their higher concentrations which are usually used (Yatim 
et al. 2015). Moreover, the nano-carbon material can also be used as a capping or 
coating agent for slow-release to the target fertilizer. Additionally, incorporation of 
nano-carbon into slow-release fertilizer introduces a significant merit for reducing 
water pollution (Wu et al. 2014). In 2012, the scientist Fan and his-co-workers stud-
ied the effect of combined application of nitrogen fertilizer and nano-carbon on 
nitrogen use of soil and rice yield through six treatments. Their results showed a 
clear increase in nitrogen fertilizer utilization rate after combined application of 
nano-carbon, which can save the N fertilizer in production practice. Consequently, 
the authors advised that using combined treatments is so suitable for application and 
dissemination in soda saline-alkali soil in agriculture. Although significant findings 
were obtained using those nanomaterials, much work and more knowledge about 
nanofertilizers in agriculture are still in need. Also, much work should be done by 
scientists to define the optimized concentrations of different types of nano-carbons 
in different plant species as organic fertilizer to reach positive impacts that promote 
plant growth and increase crop yields (Prasad et al. 2017).
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11.6.7  Nanoparticles in Water Treatment

Remediation of agricultural pollutants is considered one of the major global chal-
lenges up to date. Different conventional and classical protocols have been used in 
a way to improve the pollutant remediation strategies for environmental sustainabil-
ity. In the past few decades, activated carbon (AC) has been used as an effective 
organic sorbent in wastewater treatments due to its unique ability to adsorb a broad 
spectrum of organic and inorganic contaminants. However, the effectiveness of acti-
vated carbon against microbes is relatively low plus its adsorption kinetics is also 
slow. Furthermore, it is not effective at all in the treatment of heavy wastewater 
contaminated with oils, greases and hard solids. Furthermore, activated carbon itself 
is frequently removed together with the adsorbed pollutants and therefore needs to 
be replaced in regular intervals. In this regard, more interesting types of nanomateri-
als can be exploited in solving this issue. Carbon-based nanomaterials and gold and 
magnetic nanoparticles offer an attractive and promising alternative in improving 
wastewater filtration systems with numerous examples in the available literature 
(R. Das et al. 2014a; Smith and Rodrigues 2015). Magnetic nanoparticles can be 
harnessed as adsorbents for separating and removing contaminants in water by 
applying an external magnetic field (Goyal et al. 2018). Also, the nano-gold biocon-
jugate was firstly described in water hygiene management by Das and his co- 
workers. The authors described the single-step removal of some model 
organo-phosphorus pesticide from contaminated water along with some microor-
ganisms (Das and Kaya 2009). Carbon nanotubes (CNTs) are best example of car-
bon nanomaterials that have received wide attention due to their unique properties, 
like large specific surface area with high absorption potential, high thermal stability 
and high chemical stability. Different reports revealed the unique efficient adsorp-
tion capacity of CNTs towards diverse biological and non-biological contaminants 
like microcystins (cyanobacterial toxins), lead and copper (III), which are even 
more stronger than that of activated carbon. Furthermore, they can be used for sorp-
tion of herbicides or nutrients like nitrogen (N) and phosphorus (Ph) elements in 
wastewater. On the other hand, fullerenes as well as CNTs exhibit a mobilization 
potential for various organic pollutants (Misra et al. 2013), such as lindane (agricul-
tural insecticide) (Singh et al. 2011) and persistent polychlorinated biphenyls. More 
interestingly, Husen and Siddiqi stated that carbon nanotubes and fullerenes have 
the potential to increase the water-retaining capacity, biomass and fruit yield in 
plants up to 118% (Husen and Siddiqi 2014).

11.7  Strategies of Nanoparticles Uptake by Plants

Many researchers stated that the process of nanoparticle plant uptake is governed by 
a number of crucial factors related to the nanoparticles itself (type and morphology, 
chemical composition, size, and the coating agent). On the other hand, the plant 
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type, its age and the target plant organ are also other important factors that have a 
predetermined role in the nanoparticle uptake success (Raliya et al. 2016; Schwab 
et al. 2015). Regarding the nanoparticle size, some scientists could not report the 
exact nanoparticle size reliable to penetrate and enter the plant cell easily as this 
depends on the plant type and its age stage. However, other studies reported about 
the maximum nanoparticle dimensions that should not be more than 40–50 nm as a 
size exclusion limit that is able to penetrate the plant cell walls and move and accu-
mulate inside the cells (Corredor et al. 2009; Sabo-Attwood et al. 2012; Taylor et al. 
2014). Additionally, the coating agent of the used nanoparticles and its functional-
ization can greatly change and alter cell’s properties for its absorption and accumu-
lation by the plant (Blum et al. 2015; Pérez-de-Luque 2017).

On the other hand, the physiological plant variation between two species even in 
the same botanical family can play a significant role in the nanoparticle uptake as 
reported by Z. Cifuentes et al. (2010b). Their findings clearly indicated how crops 
species belonging to different botanical families, and exposed to different types of 
nanomaterials like silver, gold, titanium, zinc, or magnetic carbon-coated nanopar-
ticles, presented diverse absorption and accumulation patterns inside the plants. 
Also, the protocol of nanoparticle application plays a crucial role in determining 
how effectively a plant will internalize the nanomaterials: the plant root cells are 
particularly specialized in water and nutrient absorption, whereas plant leaves are 
functionalized for gas exchange and present a cuticle which hampers penetration of 
substances (Schwab et al. 2015). Most importantly, the possibility of the applied 
nanoparticles to interact firstly with other environmental components before their 
absorption by the target plant can affect their properties and their traits for being 
assimilated by plants. As an example, organic substances found in the soil like 
humic acids positively improve the nanoparticle function and increase their stabil-
ity, in contrast to soil salt ions which might induce their precipitation. Even more, 
the presence of symbiotic microorganisms in the applied soil like mycorrhizal fungi 
may also help in the improvement of plant nanoparticle uptake (Navarro et al. 2008; 
Wang et al. 2016).

11.8  How Do Nanoparticles Move Inside Plant Cells?

After penetration of the nanoparticles inside the plant cells, they move through two 
pathways inside the plant cell tissues: (1) the apoplast and (2) the symplast path-
ways. The apoplastic transport pathway occurs outside the plasma cell membrane 
through the extracellular spaces, cell walls of adjacent cells and xylem vessels 
(Schwab et  al. 2015). The apoplastic pathway allows nanomaterials to reach the 
vascular tissues and the root central cylinder, for further movement upwards the 
upper parts of the target plant (González-Melendi et al. 2008; T. Sun et al. 2014a). 
Once the nanomaterials enter the root central cylinder, they can easily transport 
towards the upper plant part though the xylem, following the transpiration stream 
(Z. Cifuentes et al. 2010b; T. Sun et al. 2014a). Most importantly, we should  consider 

11 Nanoparticle-Mediated Chaetomium, Unique Multifunctional Bullets: What Do…



286

that reaching the nanoparticles to the xylem vessels through the root implies cross-
ing a barrier to the apoplastic pathway (Fig. 11.7), the Casparian strip, which must 
be done following a symplastic way (Pérez-de-Luque 2017) via endodermal cells. 
Consequently, some nanomaterials may accumulate and stop moving at the 
Casparian strip (Y. Sun et al. 2014b). In contrast the symplastic transport pathway 
occurs inside the cytoplasm and involves movement of water and nutrients between 
the cytoplasm of adjacent cells through specialized structures called plasmodesmata 
(Schwab et al. 2015). The symplastic transport pathway usually uses the sieve tube 
elements in the phloem, allowing distribution towards non-photosynthetic tissues 
and organs (Raliya et al. 2016). This kind of transport is reliable for foliar applica-
tion; however, the applied nanoparticles must firstly cross the barrier the cuticle 
presents, following the lipophilic or the hydrophilic pathway. The lipophilic one 
involves diffusion through cuticle waxes, whereas the hydrophilic pathway is 
accomplished through polar aqueous pores presented in the cuticle and/or stomata 
(Eichert et al. 2008). This is because the cuticular pores have a diameter within 2 nm 
as suggested by Eichert et al. (2008); furthermore, it seems that the stomatal trans-
port pathway for nanoparticle penetration and movement appears as the most likely 
route, with a size exclusion limit above 10 nm (Eichert et al. 2008). We suggest that 
determination and understanding the way of nanoparticle penetration and their 
movement inside the host plant is a really crucial factor for the success of the 

Fig. 11.7 HR-TEM images for ultrathin sections in different parts of tomato plants showing the 
localization of AgNPs inside their tissues. Abbreviations: cytoplasm (Cyt), xylem (Xyl), cell wall 
(W), stroma (Str), and chloroplast (Chl) (A, B, stem; C, D, leaves)
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nanoparticle’s job and explaining their results, because it gives indications about the 
real pathway inside living tissues and what parts of the plant they can reach and 
where they might end and accumulate. For example, if a kind of nanoparticle is 
transported mainly through the xylem and not the phloem, they will likely move 
mainly from root to shoot and leaves and not downwards, so they should be applied 
to the roots in order to get a good distribution in the plant. On the contrary, if the 
nanoparticles show a good translocation through the phloem, application should be 
done via foliar spraying. In addition, nanomaterials moving along the phloem will 
likely accumulate in plant organs acting as sink, such as fruits and grains, so it is 
another important consideration when trying to avoid further human or animal 
ingestion of nanomaterials. However, translocation is not necessarily restricted to a 
specific cell type, and lateral movement of nanomaterials between xylem and 
phloem is possible (Gagliardi et al. 2017).

On the other hand, different studies reported that the translocation of nanoparti-
cles inside a plant varies according to the type of the nanoparticles and their surface 
characteristics and the plant species (Z. Cifuentes et al. 2010b; Zhu et al. 2012). 
Varna and his co-workers attributed this phenomenon to the negative charges that 
are found in the plant cell walls, attracting the nanoparticles with positive surface 
charges and permitting it to be accumulated in the plant tissues and hampering their 
movement through the plant (Pérez-de-Luque 2017). But our question is, where do 
the applied nanomaterials go after being translocated to other parts? Typically, 
nanoparticles will accumulate in certain tissues and organs, in the same way it hap-
pens with animals (Pérez-de-Luque 2017). This view was also supported by others 
and indicated that the plant organs act as strong sinks for fluids, salts and nutrients; 
hence, the applied nanoparticles are proposed to accumulate while traveling through 
the plant vascular system, mainly in fruits, grains (Zhao et al. 2015), flowers and 
young leaves (D. Cifuentes et al. 2010a). This issue is very important for use par-
ticularly in evaluating the efficiency of the nanomaterials, and we evaluate and also 
track their residue if we have no desire to persist for human or animal consumption 
after the treatment. Most importantly, some of those nanoparticles could be degraded 
by the plant after some time (Bolaños-Villegas et al. 2017; Wang et al. 2012), or 
simply being stored in tissues that will not be used after harvesting. In this last case, 
they are possibly recovered and recycled for further use (Liu et al. 2017).

11.9  Advantages and Disadvantages of Nanoparticles 
in Agriculture Ecosystems

No one can ignore the great opportunities and unique merits offered by nanotech-
nology in all aspects of the agricultural fields and food production because of their 
unique physicochemical properties. Although those innovative studies allow us to 
constitute an important step forward in elucidating the mechanisms of interaction 
between plant cells and NPs and thus in designing strategies for using NPs for 
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 targeted delivery of many substances and there are many exciting potential applica-
tions of NPs, considerable challenges and issues remain to be resolved. For exam-
ple, nanomaterial remains a major problem if not used wisely, and it is hard to 
precisely control the number of functional molecules on the surface of those magic 
bullets. For this reason, researchers are really in need to develop better strategies for 
producing NPs that have precise composition, uniform surface modification, and 
reproducible functionalization. For applications, the purity, dispersity, and stability 
of the NPs in a physiological environment are highly important. Therefore, it is 
necessary to further study and explore physical and chemical properties for creating 
successful nano-biotechnology. On the other hand, although the broad-spectrum 
antimicrobial activity of nanoparticles against different microbial plant pathogens is 
a well-known and accepted fact worldwide, their impact on soil biota is still less 
documented. As an example, the negative effect of nanoparticles is found to be more 
pronounced on denitrifying bacteria, disrupting the process of denitrification in soil 
(VandeVoort and Arai 2012). As a result, nanoparticles in soil have been used as a 
model system to evaluate the dose-dependent effects of the metal itself (Mishra 
et al. 2017). In this viewpoint, Yang et al. (2013) studied the interaction of carbon- 
coated AgNPs with 35 nm in size and Ag + (provided as AgNO3) with Pseudomonas 
stutzeri (denitrifier), Azotobacter vinelandii (nitrogen fixer) and Nitrosomonas 
europaea (nitrifier). They concluded lower toxicity of AgNPs towards these bacteria 
compared to 20–48 times higher toxicity exerted by the Ag + ions. Conversely, low 
and sublethal concentrations of Ag + and AgNPs (20–25 μg/L) yielded no signifi-
cant impact on the expression pattern of denitrifying genes and nitrogen-fixing 
genes but showed 2.1- to 3.3-fold upregulation in nitrifying genes, indicating the 
sensitivity of the nitrification process towards silver. Another study representing the 
impact of nano-silver on aerobic denitrification process by (Mishra et  al. 2017) 
advocated that a low dose of AgNPs had no adverse effect on nitrate reductase activ-
ity of Rhizobium and Azotobacter. Interestingly, 0.2  ppm of AgNP treatment 
enhanced the process of nitrate reduction in Azotobacter. In another study, when 
nanosized silica-silver particles were applied under in vivo condition to control the 
fungal disease cucurbit powdery mildew, 100% control was achieved after 25 days. 
Consequently, many gaps need to be filled in our knowledge regarding the toxicity 
of those nanomaterials on the environment and the ecological systems. Therefore, 
when talking about the application of nanomaterials in agro-ecosystems, their major 
interaction with residing soil biota cannot be ignored. Similarly, more studies are 
still in need to obtain more explanation and precisely clarify the NP’s mode of 
action, their interaction and location in plant biomass. On the other hand, many 
researchers discussed safety concerns associated with nanomaterial giving empha-
sis on the possibility of nanoparticle migration from the packaging material into the 
food and their impact on consumer’s health (Singh et al. 2017). Although a material 
is being considered as GRAS (generally regarded as safe) substance, additional 
studies must be acquired to examine the risk of its nano counterparts because the 
physiochemical properties in nanostates are completely different from that in the 
macrostate. Moreover, the small size of these nanomaterials may increase the risk 
for bioaccumulation within body organs and tissues (Savolainen et al. 2010). For 
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example, silica nanoparticles which are used as anti-caking agents can be cytotoxic 
in human lung cells when subjected to exposure (Periasamy et al. 2015). There are 
a lot of factors that affect dissolution including surface morphology of the particles, 
concentration, surface energy and aggregation.

Altogether, those findings clearly indicate a dose-dependent effect of the used 
nanomaterials on the microbial process of the nitrogen cycle, giving us a clue that 
entering an optimum concentration of applied nanomaterials into the environment 
could be favourable for microbial processes with no hindrance in beneficial plant- 
microbe interactions in agro-ecosystems. On the other hand, size-dependent toxic-
ity of the nanoparticles has also been evidenced by Choi et al. (2008), where they 
found that AgNPs of size less than 5 nm were more toxic to nitrification bacteria. 
So, besides the need to understand the possible benefits of applying nanotechnology 
to agriculture, there is also an urgent need to feel secure about nanomaterial phyto-
toxicity when applied on crop plants. In consequence, the first step should be to 
analyse penetration of those particles and the pathway of their transport inside plant 
cells. Formulation stability is also an important aspect of the biosafety of nanoma-
terials. Liu et al. (2008) successfully formulated a stable nanopesticide (bifenthrin) 
using a polymer stabilizer such as poly(acrylic acid)-b-poly(butyl acrylate) (PAA-
b- PBA), polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVOH). While using 
such techniques commercially, the stability profile of the polymers over an extended 
time period needs to be firstly considered.

11.10  Conclusion and Future Road Map

Nano-science is in its beginning phase, providing enormous possibility to transform 
the way of agriculture and food production and lure most scientists to contribute in 
improving the food safety with innovative green chemistry approaches. Recently, 
we clearly see how nanotechnology can facilitate additional advantage in food pro-
cessing, plant disease management and plant growth functional food. In this chap-
ter, we try to offer clean, non-toxic, relatively cost-effective, and environmentally 
acceptable green chemistry procedures using fungi that have potential to secrete a 
huge amount of fungal protein and enzymes (like Chaetomium spp.) in a large scale 
and are used as reducing/capping agents in the biosynthesis process of different 
nanomaterials. The application of green synthesized NPs to control phytopathogens 
and the formulation of nanopesticides and their smart delivery systems to enhance 
effectiveness have also been addressed. Importantly, we are still in need of different 
analytical techniques that permit us real-time, in situ monitoring to optimize pro-
duction processes, thus reducing waste and controlling energy costs as well as pro-
viding mechanistic information.

Despite the progress described within this chapter, there are still considerable 
research challenges within this newly born field that remain to be addressed. Firstly, 
we do not yet know which aspects of nanomaterials should be measured, e.g. num-
ber, surface area, charges or mass concentration, a combination of these or  something 
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else entirely. Secondly, have we learned anything new demonstrating the biological 
toxicity mechanism more accurately? The answer, with several exceptions, is not 
really. Consequently, once the biomedical community embraces those nanomateri-
als as new tools that can be applied safely to any in vivo applications, over longer 
course of time, we speculate that new knowledge will be obtained on how the living 
cells work and how they interact with those nanomaterials, both internally and 
externally.
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Chapter 12 
Biodegradation of Agricultural Wastes 
by Chaetomium Species

Ahmed M. Abdel-Azeem, Gihan A. Hasan, and Marwa T. Mohesien

12.1  Introduction

Cellulose is the most abundant and renewable component of plant biomass 
(Srivastava et al. 2015a, b, c; Srivastava and Jaiswal 2016). It is considered as the 
main product of photosynthesis, and ~100 billion dry tons/year of cellulosic bio-
mass is produced in the biosphere (Wang et al. 2016). Besides plants, some animals 
and bacteria also produce cellulose. However, it is the major component of the plant 
cell walls and abundantly available in the environment. In the lignocellulosic bio-
mass structure, cellulose is mainly associated with hemicelluloses and lignin and 
sometimes with silica (e.g., rice straw, rice husk). Further, it accounts for ~35–50% 
of plant dry weight, whereas hemicelluloses as well as lignin cover ~20–35 and 
~5–30% of plant dry weight, respectively (Zabeda et al. 2016). Cellulose is a linear 
polysaccharide, made up of combined units of glucose monomers bound by 
 β-1,4- glycosidic linkage (Fig. 12.1). To release these monomeric molecules, cellu-
lase enzymes are required for carrying out enzymatic hydrolysis. Cellulases are the 
combination of enzymes capable of degrading the insoluble cellulose polymer pres-
ent in the lignocellulosic biomass into fermentable sugars, predominantly small 
chain of cellobiose and glucose molecules (Taherzadeh and Karimi 2007). 
Endoglucanases, cellobiohydrolases, and β-glucosidases are the main subcompo-
nents which make the cellulase enzyme system (Thota et al. 2017). Nevertheless, 
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intensive researches are going on to achieve novel cellulase producing systems, not 
only to increase the yield and economic feasibility but also to expand the use of such 
systems by progressing toward more and more industrially flexible bacteria or fungi 
production systems. Additionally, many enzymatic hydrolysis researches have also 
been aimed at the production of enzymes with high enzymatic activity for improve-
ment in the current technology to produce cellulase enzyme (Chandel et al. 2012; 
Garvey et al. 2013). Besides biofuel production, other major industrial applications 
of cellulases are bio-polishing; bio-stoning; bio-finishing in textile industry; starch 
processing; grain alcohol fermentation; malting and brewing in beer and wine 
industry; extraction and processing of fruit and vegetable juices in food, pulp, and 
paper industry (Cavacopaulo 1998; Gao et al. 2008a, b; Ibrahim et al. 2015); con-
trolling plant pathogen and disease in agriculture as well as in household laundry 
detergents for improving the fabrics’ softness and brightness; etc. (Wilson 2009).

This chapter deals with the production of fungal cellulases, their type, and effi-
ciency to degrade lignocellulosic biomass. Additionally, recent advancements in 
cellulase production and future prospects have also been discussed. 

12.2  Agricultural Lignocellulosic Wastes, Environment, 
and Human

Many of the agricultural lignocellulosic wastes which are produced every day in the 
world cause serious environmental pollution effects if they are allowed to accumu-
late in the agro-ecosystems or, much worse, burned for uncontrolled domestic 

Fig. 12.1 Hierarchical structure of cellulose from wood. (Kim et al. 2015)

A. M. Abdel-Azeem et al.



303

purposes. Every year, large amounts of lignocellulosic wastes are generated through 
forestry and agricultural practices, in timber industries and many agroindustries, 
generating environmental pollution problems by their burning on the soil surface or 
their incorporation into the soil matrix. 

We have two different types of agro-industrial wastes, i.e., agriculture residues 
and industrial residues. Agriculture residues can be further divided into field resi-
dues and process residues. Field residues are residues that present in the field after 
the process of crop harvesting. These field residues consist of leaves, stalks, seed 
pods, and stems, whereas the process residues are residues present even after the 
crop is processed into alternate valuable resource (Table 12.1). These residues con-
sist of molasses, husks, bagasse, seeds, leaves, stem, straw, stalk, shell, pulp, stub-
ble, peel, roots, etc. and used for animal feed, soil improvement, fertilizers, 
manufacturing, and various other processes. Huge amount of field residues are gen-
erated and most of them are underutilized. Controlled use of field remains can 
enhance the proficiency of irrigation and control of erosion. In Middle East region, 
wheat and barley are the major crops. In addition to this, various other crops like 
rice, lentils, maize, chickpeas, fruits, and vegetables are also produced all over the 
world. Agricultural residues are differentiated on the basis of their availability as 
well as characteristics that can be different from other solid fuels like charcoal, 
wood, and char briquette (Zafar 2014). 

The greenhouse effect is our planet’s ability to pass the Sun’s incoming radiation 
and to reflect the reradiated long wavelengths from the Earth’s surface, so increas-
ing our planet’s surface and atmosphere lower-layer temperature. As a result, the 
melting of glaciers and snow cover intensifies, and the water level of seas and oceans 
increases, flooding islands and coastlines. Increase in temperature intensifies water 
evaporation and increases the possibility of downpour and cyclone formation in 

Table 12.1 Composition of agro-industrial wastes

Chemical Composition (%)
Agro-industrial 
wastes C HC L

A 
(%)

TS 
(%)

M 
(%) References

Sugarcane 
bagasse

30.2 56.7 13.4 1.9 91.66 4.8 El-Tayeb et al. (2012) and Nigam 
et al. (2009)

Rice straw 39.2 23.5 36.1 12.4 98.62 6.58 El-Tayeb et al. (2012)
Corn stalks 61.2 19.3 6.9 10.8 97.78 6.40 El-Tayeb et al. (2012)
Sawdust 45.1 28.1 24.2 1.2 98.54 1.12 El-Tayeb et al. (2012) and Martin 

et al. (2012)
Sugar beet waste 26.3 18.5 2.5 4.8 _ 12.4 El-Tayeb et al. (2012)
Barley straw 33.8 21.9 13.8 11 _ _ Nigam et al. (2009)
Cotton stalks 58.5 14.4 21.5 9.98 _ 7.45 Nigam et al. (2009)
Oat straw 39.4 27.1 17.5 8 _ _ Martin et al. (2012)
Soya stalks 34.5 24.8 19.8 10.39 _ 11.84 Motte et al. (2013)
Sunflower stalks 42.1 29.7 13.4 11.17 _ _ Motte et al. (2013)
Wheat straw 32.9 24.0 8.9 6.7 95.6 7 Nigam et al. (2009) and Martin 

et al. (2012)
∗C cellulose, HC hemicellulose, L lignin, TS total solids, M moisture
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seaside regions, while on continents—droughts, heat waves, and forest fires. So 
lowering of the greenhouse effect is one of the main global problems today 
(Kazragis 2005). 

The main greenhouse effect agents are carbon dioxide (CO2) (53%), Freon, 
ozone, methane (CH4), and other substances. CO2 is formed during breathing of live 
organisms, activity of microbes in the soil, and also the combustion of various 
organic substances. CH4 and CO2 are formed when cellulosic matter (wood, peat 
moss, agricultural production waste, vegetation) decay at treatment places and land-
fills. From all the mentioned processes, mankind controls only the cellulose matter 
combustion and decay processes which should decrease as much as possible to 
weaken the greenhouse effect. However, at present it is unrealistic to lower the 
amount of CO2 formed by burning fossil fuel in industrial enterprises and heating 
systems. 

However, the excess lignocellulosic waste is often disposed of by biomass burn-
ing, causing an environmental pollution problem through smoke and development 
of CO2 which is not restricted to developing countries, but is considered a global 
phenomenon (Levine 1996). Burning also causes almost complete losses of soil N, 
P, K, and S (Dobermann and Fairhurst 2002). 

On the global scale, biomass burning (BB) is the main source of primary organic 
carbon (OC) (Bond et al. 2004; Huang et al. 2015), black carbon (BC) (Bond et al. 
2013; Cheng and Yang 2016), and brown carbon (BrC) (Laskin et al. 2015). It is also 
the second largest source of non-methane organic gases (NMOGs) in the atmo-
sphere (Yokelson et al. 2008; Stockwell et al. 2014). In addition, atmospheric aging 
of biomass burning plumes produces substantial secondary pollutants. 

The increase in tropospheric ozone (O3) in aged biomass burning plumes could 
last for days and even months (Thompson et al. 2001; Duncan et al. 2003; Real et al. 
2007) with complex atmospheric chemistry (Arnold et al. 2015; Müller et al. 2016). 
Moreover, biomass and biofuel burning could contribute up to 70% of the global 
secondary organic aerosol (SOA) burden (Srivastava et al. 2015a, b, c) and hence 
influence the seasonal variation of global SOA (Tsigaridis et  al. 2014). Since it 
 produces large amounts of primary and secondary pollutants, it is essential to char-
acterize primary emissions and photochemical evolution of biomass burning in 
order to better understand its impacts on air quality (Huang et  al. 2014), human 
health (Alves et al. 2015) and climate change (Andreae et al. 2004; Koren et al. 
2004; Laskin et al. 2015; Huang et al. 2016). 

Open burning of agricultural residues, a convenient and inexpensive way to pre-
pare for the next crop planting, could induce severe regional haze events (Cheng 
et al. 2013; Tariq et al. 2016). Among all the biomass burning types, agricultural 
residue burning in the field is estimated to contribute ∼10% of the total mass burned 
globally (Andreae and Merlet 2001), and its relative contribution is even larger in 
Asia (∼34%), and especially in China (>60%) (Streets et al. 2003), where >600 mil-
lion people live in the countryside (NBSPRC 2015). Agricultural residues burned in 
China were estimated to be up to 160 million ton in 2012, accounting for ∼40% of 
the global agricultural residues burned (Li et al. 2016). As estimated by Tian et al. 
(2011), agricultural residue burning contributed 70–80% of non-methane hydrocar-
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bons (NMHCs) and particulate matter (PM) emitted by biomass burning in China 
during 2000–2007. A better understanding of the role agricultural residual burning 
plays in air pollution in China and elsewhere requires better characterization of 
primary emission and atmospheric aging of emitted trace gases and particles for 
different types of agricultural residues under different burning conditions. In the 
past two decades, there have been increasing numbers of characterizations of bio-
mass burning emissions. Andreae and Merlet (2001) summarized emission factors 
(EFs) for both gaseous and particulate compounds from seven types of biomass 
burning. Akagi et al. (2011) updated the emission data for 14 types of biomass burn-
ing, and newly identified species were included. Since biomass types and combus-
tion conditions may differ in different studies, reported emission factors are highly 
variable, especially for agricultural residue burning (Li et al. 2007, 2017; Cao et al. 
2008; Zhang et al. 2008; Yokelson et al. 2011; Brassard et al. 2014; Sanchis et al. 
2014; Wang et al. 2014; Ni et al. 2015; Kim Oanh et al. 2015; Stockwell et al. 2016; 
Bruns et al. 2017; Tkacik et al. 2017). Moreover, previous studies on agricultural 
residue burning were mostly carried out near fire spots or in chambers with low 
dilution ratios. Since biomass burning organic aerosols (BBOAs) are typically 
semi-volatile (Grieshop et al. 2009b; May et al. 2013), it is expected that measured 
BBOA emission factors would be affected by dilution processes (Lipsky and 
Robinson 2006), and BBOA emission factors under ambient dilution conditions are 
still unclear. Furthermore, knowledge of NMOGs emitted from agricultural residue 
burning is very limited. As reported by Stockwell et al. (2015), ∼21% (in weight) of 
NMOGs in biomass burning plumes have not been identified yet. Therefore, com-
prehensive measurement and characterization of gaseous and particulate species 
emitted by agricultural residue burning under ambient dilution conditions are 
urgently needed. 

Great attention has been drawn to SOA formation and transformation in biomass 
burning plumes recently, since a significant increase in mass and apparent change in 
physicochemical characteristics of aerosols have been observed during atmospheric 
aging of biomass burning plumes in both field and laboratory studies (Grieshop 
et al. 2009a, b; Hennigan et al. 2011; Heringa et al. 2011; Lambe et al. 2011; Jolleys 
et al. 2012; Giordano et al. 2013; Martin et al. 2013; Ortega et al. 2013; Ding et al. 
2016a, b, 2017). For agricultural residue burning, evolution processes have not been 
well characterized yet. To our knowledge, up to now, there has only been a chamber 
study (Li et al. 2015) which has investigated the evolution of aerosol particles emit-
ted by wheat straw burning under dark conditions. Although field studies (Adler 
et al. 2011; Liu et al. 2016) witnessed the evolution in mass concentrations, size 
distribution, oxidation state, and optical properties of aerosol particles emitted by 
agricultural residue burning, these changes could be also influenced by other emis-
sion sources and meteorological conditions as well. Since NMOGs emitted by agri-
cultural residue burning are not fully quantified, it is still challenging to predict the 
concentration and physicochemical properties of SOA that resulted from biomass 
burning (Spracklen et al. 2011; Jathar et al. 2014; Srivastava et al. 2015a, b, c; Hatch 
et al. 2017). Bruns et al. (2016) suggested that the 22 major NMOGs identified in 
residential wood combustion could explain the majority of observed SOA, but it 
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remains unclear whether identified NMOGs emitted by agricultural residue burning 
could fully (or at least largely) explain the SOA formed. In addition, aerosol mass 
spectrometry (AMS) has been widely used to characterize sources and evolution of 
ambient OA (Zhang et al. 2011). Although agricultural residue burning is an impor-
tant type of biomass burning in Asia and especially in China, the lack of AMS 
spectra for primary and aged OA from agricultural residue burning significantly 
limits the further application of AMS in BBOA research. 

In 2017, indoor chamber experiments were conducted to investigate primary 
emissions from open burning of rice, corn, and wheat straws and their photochemi-
cal aging as well by Fang et  al. Emission factors of NOx, NH3, SO2, 67 non- 
methane hydrocarbons (NMHCs), particulate matter (PM), organic aerosol (OA), 
and black carbon (BC) under ambient dilution conditions were determined. Olefins 
accounted for >50% of the total speciated NMHC emission (2.47–5.04 g kg − 1), 
indicating high ozone formation potential of straw burning emissions. Emission fac-
tors of PM (3.73–6.36  g  kg−1) and primary organic carbon (POC, 2.05–4.11 gC 
kg−1), measured at dilution ratios of 1300–4000, were lower than those reported in 
previous studies at low dilution ratios, probably due to the evaporation of semi- 
volatile organic compounds under high dilution conditions. After photochemical 
aging with an OH exposure range of (1.97–4.97)  ×  1010 molecule cm−3 s in the 
chamber, large amounts of secondary organic aerosol (SOA) were produced with 
OA mass enhancement ratios (the mass ratio of total OA to primary OA) of 2.4–7.6. 
The 20 known precursors could only explain 5.0–27.3% of the observed SOA mass, 
suggesting that the major precursors of SOA formed from open straw burning 
remain unidentified. Aerosol mass spectrometry (AMS) signaled that the aged OA 
contained less hydrocarbons but more oxygen- and nitrogen-containing compounds 
than primary OA, and carbon oxidation state (OSc) calculated with AMS resolved 
O/C and H/C ratios increased linearly (p < 0.001) with OH exposure with quite 
similar slopes. 

In Egypt and elsewhere, large quantities of organic matter from agricultural 
wastes (AWs) and the removal of exotic plants (EPs) are burned without treatment 
of the combusts directly on agricultural fields. This practice causes important envi-
ronmental issues that have been identified as major health risks for the local popula-
tion by reducing local air quality and by contributing to the black-cloud phenomenon 
in the region (El-Askary and Kafatos 2008). 

A research carried by Awasthi et al. (2010) showed that the smoke produced by 
crop burning could have a lasting effect on children’s lung function. Professor 
Ravinder Agarwal, head of the University Science Instrumentation Centre at Thapar 
University in Patiala, India, and colleagues used portable spirometers to regularly 
test the lung function of children aged 10–13 and adults aged 20–35 over the course 
of a year. The 40 participants were healthy nonsmokers living in a village sur-
rounded by farmland, with little traffic and no industry within 10 km (Awasthi et al. 
2010). Children’s force vital capacity (FVC) dropped from a mean 98% in August 
2008 to 92% in July 2009. Mean FVC dipped as low as 88% in October and 
November, when farmers burned their rice crop residue, and in April and May, 
when they burned wheat stubble. The children’s mean lung function remained 
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significantly lower throughout the test period. The mean lung function of the adult 
study participants declined during the burn seasons as well, but largely returned to 
original levels by the end of the study (Awasthi et al. 2010). Decreases in lung func-
tion correlated with increases in the concentration of particulate matter, which 
exceeded India’s national air quality standards during the burn season (Awasthi 
et al. 2010). Small particles (PM2.5 and PM10)—which make up the majority of the 
smoke produced by crop burning—were more closely associated with decreases in 
lung function than suspended particulate matter (SPM), which can contain particles 
100 μm or larger (EPA 1999). The findings linking seasonal burning with health 
issues “coincide with the anecdotal evidence that have been recorded in the Canadian 
prairies,” notes Kate Letkemann, environmental issues coordinator of The Lung 
Association, Manitoba, and a member of the provincial Crop Residue Burning 
Advisory Committee. Argawal’s work “builds a relationship between pulmonary 
function tests and the concentration of SPM, PM10, and PM2.5,” notes Shijian Yang 
of the School of Environmental Science and Engineering at China’s Shanghai Jiao 
Tong University. But he would like to see further research that looks closely at the 
dose–effect relationship between lung function and crop residue burning. Yang’s 
work has shown that the peak concentration of PM10 and its duration may be more 
important than average concentrations for estimating the health effects of burning 
crops (Yang et al. 2008). 

Cellulose-containing waste can be reprocessed without emitting CO2 or CH4 by 
manufacturing building materials, thermal as well as acoustic insulating compos-
ites. Wooden waste has been used for these purposes for a long time. At present it is 
recommended to use other cellulose raw materials—straw, reeds, boon, peat moss, 
and other materials. The utilization of straws given composites, containing straws, 
Portland cement (in some cases—construction gypsum and sand and polymeric 
additives—vinyl acetate (e.g., polyvinyl acetate PVA) or cellulosic materials (e.g., 
carboxymethylcellulose (CMC) dispersions. The utilization of reeds gives compos-
ites containing reeds, Portland cement, and PVA or CMC. The utilization of boon or 
chaff gives composites containing boons or chaffs, anhydrite or aluminate cements, 
and PVA or CMC. Optimal composition composites distinguish themselves by good 
physico-mechanical as well as thermal and acoustic properties and can find applica-
tions as building materials as well as thermal and acoustic insulating materials. 

12.3  Lignocellulose Biodegradation

12.3.1  Cellulolytic Enzymes

Most known cellulolytic enzymes are produced and excreted by filamentous fungi, 
among which Trichoderma reesei has received special attention for its hyperenzy-
matic production capabilities (Vinzant et al. 2001; Sun et al. 2008a, b). It has been 
subsequently used as a model organism for investigations of enzymatic hydrolysis 
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mechanisms. Proteomic analysis of these enzymes with high-resolution two- 
dimensional gel electrophoresis revealed many glycoside hydrolases with this spe-
cies (Vinzant et al. 2001; Sun et al. 2008a, b), which can be divided into two main 
groups: cellulases and hemicellulases. Cellulases are enzymes that hydrolyze cel-
lulose, a linear polysaccharide molecule composed of repeated β(1 →  4) linked 
D-glucopyranosyl (Glc) units. Multiple types of cellulases have been discovered, 
including at least two exo-β-glucanases, or cellobiohydrolases (CBHs; EC 3.2.1.91) 
(CBH I and CBH II), four endo-β-glucanases (EGs; EC 3.2.1.4) (EG I, EG II, EG 
III, EG V), and one β-glucosidase (β G; EC 3.2.1.21) (Lynd et al. 2002). 

Hemicellulases are enzymes that degrade hemicelluloses, a group of polysac-
charides and one of major plant cell wall components. Unlike cellulose, which is 
composed entirely of glucosyl moieties linked by only β-1,4-glycosidic bonds, vari-
ous types of sugar moieties linked by different bonds, intramolecular architecture, 
and intermolecular interactions can be found within hemicelluloses. Hemicelluloses 
also differ from the major plant cell wall structural component cellulose in their 
much smaller polysaccharide chains. Hemicelluloses can serve to cross-link cellu-
lose microfibrils by interconnecting them as well as linking cellulose molecules to 
other cell wall components (Kumar et al. 2008). Common hemicelluloses include 
β-glucan (different from cellulose), xylan, xyloglucan, arabinoxylan, mannan, 
galactomannan, arabinan, galactan, and polygalacturonan. Corresponding to these 
hemicelluloses, various types of hemicellulases exist, each specific to a kind of 
hemicellulose (Polizeli et al. 2005; Collins et al. 2005; Kumar et al. 2008). These 
enzymes can be clustered into two groups: hemicellulases that attack the polysac-
charide backbone and those that attack the side chains. 

Xylan, whose structure differs from plant to plant, is the second most abundant 
polysaccharide in herbs and hardwoods, demanding the collaboration of a group 
of enzymes during their degradation. Multiple enzymes including endo-β-xylanase 
(EC 3.2.1.8), β-xylosidase (EC 3.2.1.37), α-glucuronidase (EC 3.2.1.139), α-L- 
arabinofuranosidase (EC 3.2.1.55), and acetylxylan esterase (EC 3.1.1.6) act 
 synergistically in this process (Fig.  12.2). Endo-1,4-xylanases cleave internal 
β-1,4-xylosidic bonds on the xylan polysaccharide backbone. Unlike EGs, whose 
cleavage sites are random, endo-1,4-xylanases recognize specific bonds for cleav-
age on the basis of polysaccharides properties such as chain length and branching 
levels (Polizeli et  al. 2005). Endoxylanases were initially classified into two 
groups by their ability to hydrolyze the 1,3-α-L-arabinofuranosyl branching points 
of arabinoxylans: hydrolyzing and nonhydrolyzing endoxylanases, which have 
different pI values and molecular weights (Wong et al. 1988). However, these pat-
terns were shown to account for only 70% of all endoxylanases, and a classifica-
tion system of all glycoside hydrolases (glycoside hydrolase families) is better 
recognized now (Collins et al. 2005). Products from xylan degradation by endox-
ylanases are a mixture of β-D-xylopyranosyl oligomers of various lengths, which 
serve as substrates for β-xylosidases that subsequently hydrolyze them to xylose 
from the nonreducing end of these oligomers (Polizeli et al. 2005). Multiple other 
enzymes are also involved in xylan degradation, primarily due to the complex 
nature of these polysaccharides: α-L-arabinofuranosidase cleaves the α-glycosidic 
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bonds between arabinose and xylose moieties in xylan; α-glucuronidases cleave 
the α(1 → 2) bonds linking the (methyl) GlcU units in xylan (Kumar et al. 2008); 
acetylxylan esterase removes the O-acetyl groups at the 2- and 3-positions of β-D-
xylopyranosyl residues; ferulic acid esterase (EC 3.1.1.73) cleaves the ester bond 
between the arabinose and ferulic acid side chains; and p-coumaric acid esterase 
(EC 3.1.1.73) cleaves the ester bond between the arabinose and ρ-coumaric acid 
(Polizeli et al. 2005).

12.3.2  Fungal Cellulases

Cellulase enzyme plays a key role in the hydrolysis of cellulosic substrate and 
 converts it into monomeric sugars. For the effective hydrolysis of cellulosic 
 substrate, three types of synergistically acting subcomponent enzymes are  
essential: endoglucanases (EG), exoglucanases (CBH), and beta-glucosidase 
(BGL). Cellobiohydrolases or exoglucanases which attack the crystalline ends of 
cellulosic substrate produce cellobiose, while endoglucanases divide glycosidic 

Fig. 12.2 Chemical structure and degradation of hemicellulose
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bonds within the amorphous part of the cellulosic substrate (Zhang and Lynd 2004; 
Yoon et al. 2014). Further, the liberated cellobiose is sliced by β-glucosidases (BGL) 
and releases glucose molecules (Liu et  al. 2012; Wang et  al. 2013). Figure 12.3 
shows all three components and functions of cellulase responsible for enzymatic 
hydrolysis of agriculture waste. Cellulase enzymes are widely distributed in nature, 
and fungi are known as the potential producer of cellulase. Additionally, cellulolytic 
fungi have the major advantages to utilize secretory pathways as well as the produc-
tion of high yields of protein. Intense research on other fungi like Penicillium, 
Acremonium, and Chrysosporium are underway for the potential production  
of cellulase. Table  12.2 summarizes cellulase production from different fungal 
 species using variety of wastes via solid-state fermentation (SSF) and submerged 
fermentation (SmF).

12.3.3  Production of Fungal Cellulases

Fungal cellulase production can be carried out by two methods: (i) solid-state fer-
mentation (SSF) and (ii) submerged fermentation (SmF) (Pandey 2003; Singhania 
et al. 2009; Bansal et al. 2012a, b). In case of SSF, solid substrates are used such as 
agriculture waste of rice straw, wheat bran, sugarcane bagasse, etc. for the produc-
tion of cellulases (Xia and Cen 1994; Subramaniyam and Vimala 2012; Cherian 
et al. 2016). SSF involves the fermentation process carried out in absence or nearly 
in absence of free water using solid substrate. On the other hand, SmF involves 
fermentation in presence of water. Moreover, SmF uses primarily free molecules 
soluble in water as liquid substrates, like molasses in broth (Subramaniyam and 
Vimala 2012). The main advantage of SSF technique is easy recycling of cheap 
waste material and less cost, whereas SmF offers ease of purification and product 
recovery (Pandey et al. 2000; Couto and Sanromán 2006). Further, SSF is mainly 

Fig. 12.3 Mechanism of cellulose biodegradation. CBH cellobiohydrolase (or exo-β-glucanase), 
EG endo-β-glucanase, β-G β-glucosidase
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Table 12.2 Ratio of different used biomass for cellulase production

Fungi

Type of 
agricultural 
waste

Cellulase 
productivity

Fermentation 
process (SmF/
SSF) References

Aspergillus terreus Rice straw FPase: 
10.96 IU/g

SSF Narra et al. 
(2012)

Aspergillus 
fumigatus ABK9

Wheat bran: rice 
straw(1.1:1)a

CMCase: 
826.2 IU/g
FPase: 102.5 U/g
β-glucosidase: 
255.16
IU/g

SSF Das et al. (2013)

Aspergillus 
protuberus

Rice husk β-glucosidase: 
26.06 IU/g

SSF Yadav et al. 
(2016)

Trichoderma 
asperellum SR1–7

Wheat bran FPase: 2.2 IU/
gds
CMCase: 
13.2 IU/gds
β-glucosidase 
9.2 IU/gds

SSF Raghuwanshi 
et al. (2014)

Aspergillus niger 
N402

Wheat straw FPase: 24 IU/g SSF Pensupa et al. 
(2013)

Aspergillus 
fumigatus
NITDGPKA3

Rice straw CMCase: 
64.18 IU/gds
FPase: 3.1 IU/
gds

SSF Sarkar and Aikat 
(2012)

Myceliophthora 
thermophila JCP
1–4

Sugar cane
bagasse: wheat
bran (1: 1)a

CMCase: 
357.51 IU/g
β-glucosidase: 
45.42
IU/g

SSF Pereira et al. 
(2015)

Aspergillus nige 
KK2

Rice straw FPase: 19.5 IU/g
CMCase: 
129 IU/g
β-glucosidase: 
100 IU/g

SSF Kang et al. 
(2004)

Aspergillus niger 
NCIM 548

Wheat bran:
corn bran,
kinnow peel
(2:1:2)a

FPase: 5.54 IU/g SmF Kumar et al. 
(2011)

Aspergillus 
fumigatus P40M2

Soybean bran CMCase: 
160.1 IU/g

SSF Delabona et al. 
(2012)

Aspergillus 
ellipticus

Wheat straw FPase: 
117.25 IU/g
CMCase: 
725.11 IU/g
β-glucosidase: 
29.65
IU/g

SSF Agrawal and 
Matkar (2016)

(continued)
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favorable for microorganisms which require less moisture content, while due to 
high water activity, SmF is suited to bacteria for cellulase production (Babu and 
Satyanarayana 1996). Additionally, SSF has been known for fermentation in Asian 
and Western countries since the ancient time (Ryu and Mandels 1980; Zhuang et al. 
2007; Swain and Ray 2007). However, SSF has gained importance in Western coun-
tries after the discovery of penicillin via SmF technique in the 1940s. Though, in the 
last two decades, SSF has gained attention because of many biotechnological advan-
tages like high fermentation ability, more stable end product, subordinate catabolic 
repression, as well as cost-effective technology (Sukumaran et  al. 2009; Kasana 
et al. 2008; Liang et al. 2010; Dhillon et al. 2013). In the past 10 years, interest in 
SSF has been renewed because microorganisms including genetically modified 
organisms (GMO) may produce cellulase effectively through the SSF (Chahal 
1983). Additionally, cellulase production via SSF is preferred over SmF because of 
two to three times higher enzyme production, high protein rate, and direct accessi-
bility of dried fermentable solids as source of enzyme which easily eliminate the 
cost involved in downstream processing (Sánchez 2009; Hendriks and Zeeman 
2009; Sadhu and Maiti 2013; El-Bakry et al. 2015). 

12.3.4  Source of Fungal Cellulase Production

Degradation of cellulose via fungal cellulase is well documented, and several cel-
lulose degrading fungi like Aspergillus niger, Cladosporium cladosporioides, 
Cladosporium sphaerospermum, Penicillium chrysogenum, Scopulariopsis brevi-
caulis, Stachybotrys chartarum, Verticillium cycolsporum, and Chaetomium hama-
dae have been investigated for cellulase production (El-Morsy 2000; Luo et  al. 
2005). Further, various fungi have also been screened for the cellulase production 
based on their habitat (El-Morsy 2000; Luo et  al. 2005). In one of the study by 
Maria et al. (2005), twenty-nine different fungal isolates were reported for cellulase 

Table 12.2 (continued)

Fungi

Type of 
agricultural 
waste

Cellulase 
productivity

Fermentation 
process (SmF/
SSF) References

Penicillium 
echinulatum
9A02S1

Sugar cane
Bagasse

FPase: 12.5 IU/g SmF Camassola and 
Dillon (2014)

Trichoderma viride 
VKF3

Sugar cane
Bagasse

CMCase: 
33 IU/g
FPase: 
10.09 IU/g

SSF Nathan et al. 
(2014)

Rhizopus oryzae 
CCT 7560

Rice husk and 
rice bran

CMCase: 
5.1 U/g
FPase: 2.3 IU/g

SSF Kupski et al. 
(2014)

aRatio of different used biomass for cellulase production
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production. Moreover, most of these fungal isolates produce endoglucanases where 
most of them belong to Ascomycetes. Kathiresan and Manivannan (2006) isolated 
seven fungal species such as Acremonium sp., Alternaria, chlamydospore, 
Aspergillus sp., Fusarium sp., as well as Pestalotiopsis sp. from the southwest coast 
of India and used for cellulase production. Among all these fungi, Aspergillus sp. 
was found to be efficient cellulase producers. 

Besides Aspergillus sp., T. reesei are also known as prominent cellulase produc-
ers that possess a complete cellulase system (Rasmussen et  al. 2010). Though, 
action of fungi is different in terms of degradation of lignocellulosic biomass in 
decaying pattern and the structural changes found in the degraded substrates, cate-
gory belonging to white-rot fungi (WRF) degrades all the components of biomass, 
namely, lignin, cellulose, and hemicellulose by colonizing themselves on the ligno-
cellulosic substrate (Kuhad and Singh 2007). On the other hand, fungi belonging to 
category brown-rot fungi (BRF) favorably degrade the cellulosic component and 
hemicellulosic part with the modified lignin part (Schwarze et al. 2000; Schmidt 
2006). Apart from the fungi type, production of cellulases might also be dependent 
on the initial amount of cellulose, hemicellulose, and lignin present in biomass (Liu 
et al. 2014). Figure 12.4 shows different subcomponents of lignocellulosic biomass 
and their obtained product as sugars after enzymatic hydrolysis. A separate group of 
fungi are responsible for degrading these biomass via bioconversion reaction of 
cellulases.

12.3.5  Chaetomium’ Cellulases

Eriksen and Goksøyr (1977) cultivated Chaetomium thermophile var. dissitum in a 
liquid medium with cellulose. They recorded that taxon produced extracellular cel-
lulolytic enzymes. By concentration of the culture filtrate, followed by ion-exchange 
chromatography on DEAE-Sephadex A-50 and gel filtration on Biogel P-100, three 
electrophoretically pure components were obtained. Of these, one was a typical C, 
enzyme (endoglucanase) causing rapid decrease of the viscosity of carboxymethylcel-

Fig. 12.4 Schematic 
representation showing the 
contents present in the 
lignocelluloses. (Sajith 
et al. 2016)
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lulose solutions, while showing low effect on native cellulose. The other was active 
toward native cellulose but had little effect on the viscosity of carboxymethylcellu-
lose. It is concluded that this enzyme is an exoglucanase (CI enzyme), possibly a 
cellobiohydrolase. The third component showed only cellobiase (P-glucosidase) 
activity and had no effect on cotton or carboxymethylcellulose. The three compo-
nents, when mixed, showed synergistic effects on highly ordered cellulose. The 
endo- and exoglucanases were characterized with regard to molecular size and iso-
electric point (pl). Both cellulases had pl near 4.55, but their molecular weights 
were different: 67000 (exoglucanase) and 41,000 (endoglucanase). The effect of 
temperature on the activity of the cellulases was examined with both cotton and 
carboxymethylcellulose as substrate. Arrhenius activation energies, Q10, and tem-
perature optima for the different reactions were determined. 

The cellulolytic properties of a Chaetomium crispatum strain were investigated 
by Geeraerts and Vandamme (2008). They found that the cellulolytic enzyme com-
plex, i.e., exo-1,4-β-glucosidase (EC 3.2.1.74), endo-l,4-β-glucanase (EC 3.2.1.4.), 
and 8-glucosidase or cellobiase (EC 3.2.1.21), displayed optimal activity at pH 5.0 
and 25 °C. Although carboxymethyl-celluloses are the usual pseudo-substrates for 
this enzyme complex, those with a high degree of substitution gave rise to poor 
growth and low cellulase activity. Insoluble crude cellulosics such as newsprint, 
recycled paper, rice, and flax straw were substantially solubilized at 28 °C within 
3–5 days of fermentation. A study of the cellulase-complex formation during the 
growth cycle revealed that β-glucosidase was produced mainly intracellularly in the 
early exponential phase, while the overall exo-l,4-β-glucosidase and 
 endo-1,4-β- glucanase formation gradually increased during the total fermentation 
cycle. The mycelial protein of Chaetomium crispatum grown on crude cellulosics 
displayed a favorable amino acid pattern, indicating its potential value as a source 
of single-cell protein (SCP). 

Soni et al. in 1999 studied the distribution pattern of cellulases in the extracel-
lular and cell-associated fractions of Chaetomium erraticum varied depending upon 
the cultural conditions. The extracellular fractions revealed two forms each of 
endoglucanase (EG I, EG II) and β-glucosidase (β-Glu I, β-Glu II) under static and 
shake conditions. However, the appearance of an additional form of endoglucanase, 
EG III, and β-glucosidase, β-Glu III, in static intracellular and cell debris fractions 
showed a relation of cellulase production with the perithecia development in 
this  fungus. The maximal production of enzymes was observed at 37  °C, pH 
range  5.0–10.0  in the presence of 1–2% carboxy methyl cellulose (CMC) in 
static  cultures (for exoglucanase and β-glucosidase) and shake cultures (for 
endoglucanase). 

Chaetomium globosum has been a well-known potential antagonist of several 
seed- and soilborne fungi. Eight isolates of C. globosum were obtained from differ-
ent sources and were identified by morphological characters. C. globosum isolates 
were examined for the presence of extracellular proteins, cellulases, and antifungal 
metabolites in culture filtrate by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDSPAGE), thin-layer chromatography, and high-performance liquid 
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chromatography by Shanthiyaa et al. (2014). Variation in the mycelial protein of 
C. globosum isolates was noted in the SDSPAGE analysis. Different C. globosum 
isolates that showed more number of bands in protein profile were further screened 
for the production of cellulases in culture filtrate. Cellulase activity of C. globosum 
isolates revealed that maximum activity was observed in the isolate Cg-6 after 
11 days of incubation, while Cg-2 had least activity. 

Yadav and Bagool (2015) used books and important documents in storage having 
moldy appearance to analyze and isolate cellulolytic fungi. They found that most 
dominated genus was Chaetomium with 13 different species and were screened for 
their cellulase producing capability by the filter paper degradation ability. Eight 
Chaetomium isolates were chosen for exoglucanase and endoglucanase enzyme 
activity assay on the basis of percentage loss of filter paper. Five Chaetomium spe-
cies were selected as potentially able to secret high exoglucanase and endogluca-
nase cellulases. Chaetomium dolichotrichum, C. funiculosum, C. globosum, 
C. anguistispirale, and Chaetomium sp. were found very good producer of total 
cellulase and endogluccanase during study. 

Recently Cuomo et al. (2015) sequenced a strain of Chaetomium globosum (CBS 
148.51) isolated from stored cotton in Washington, DC. This strain is commonly 
used in testing paper and polymers for fungal resistance (Gu and Gu 2005). Three 
size-selected libraries were constructed from genomic DNA. These included a 4-kb 
plasmid, a 10-kb plasmid, and a 40-kb fosmid library; each library was paired-end 
sequenced using Sanger technology. The resulting 568,566 reads were assembled 
using Arachne version 3.0, with an average of 8.9 sequence depth in the final assem-
bly. Based on the assembly, the genome size was estimated to be 34.3 Mb with a GC 
content of 55.6%. The assembly was organized in 1245 contigs, which are linked by 
paired-end reads into 37 scaffolds. The average base is found in a scaffold of N50 
size 4.72 Mb and a contig of N50 size 50.76 kb. The assembly is highly contiguous; 
the largest 8 scaffolds account for 98% of the assembly bases. This genome sequence 
of C. globosum will serve as an important reference for further studies of the basis 
of its cellulose specificity, for genes that enable human infection and for further 
comparative studies with other fungi. 

Flannigan and Sellars (1972) evaluated 30 thermophilous fungi for their ability 
to produce CMCase and found that 16 were able to degrade cellulose. Similarly, 
Rosenberg (1978) tested 21 species of thermophilic and thermotolerant fungi for 
their cellulolytic activity. It was observed by the author that Chaetomium thermo-
phile var. coprophile, Chaetomium thermophile var. dissitum, Humicola grisea, 
Humicola insolens, Myriococcum albomyces, Sportotrichum thermophile, 
Malbranchea pulchella, Allescheria terrestris, Allescheria fumigatus, Talaromyces 
thermophilus, Torula thermophila, Thielavia thermophile, and Chrysosporium pru-
inosum showed positive cellulolytic activity. On the contrary, Jain et  al. (1979) 
observed that Humicola lanuginosa, Mucor meihei, Malbranchea pulchella var. sul-
furea, and Talaromyces dupontii did not degrade cellulose and filter paper when 
used as a sole source of carbon, but showed filter paper-degrading activity when 
grown on wheat straw. Based on these observations, they suggested that these fungi 
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have some specific requirements for cellulose production that were fulfilled by 
growing on wheat straw. Humicola lanuginosa (syn. Thermomyces lanuginosus) 
was unable to synthesize cellulose, as observed by Chang and Hudson (1967), 
Fergus (1969), and Deacon (1985). However, some recent reports (Lee et al. 2014) 
indicate that Thermomyces lanuginosus is able to produce cellulase. 

Of the 15 thermophilc fungi tested by Srivastava et al. (1981), 6 were found to be 
celluloytic. They observed variations in the decomposition of cellulose by these 
fungi. Some of the fungal isolates were high decomposers, while others were weak 
decomposers. Thermophilic fungi such as Mucor miehei, Mucor pusillus, and 
Rhizopus rhizopodiformis, which were considered secondary sugar fungi, are con-
firmed to be moderately cellulolytic (Johri and Pandey 1982). Tong and Cole (1982) 
observed Thermoascus aurantiacus as the most active cellulose producer among the 
several thermophilic fungi evaluated by them. Sandhu et  al. (1985) screened 98 
strains of thermophilous fungi for their ability to produce cellulases. Most of these 
fungi belonged to the genera Acremonium, Aspergillus, Chaetomium, Penicillium, 
Thermoascus, and Thielavia. They also revealed that cellulases produced by true 
thermophiles were more stable than those produced by thermotolerant and 
microthermophiles. 

Chaetomium thermophilum var. coprophilum produced large quantities of extra-
cellular as well as intracellular b-glucosidase when grown on cellulose or cellobiose 
(Venturi et  al. 2002). The purification and characterization of cellulases from 
Humicola grisea and Aspergillus fumigatus have been studied by Takashima et al. 
(1996) and Ximenes et al. (1996). 

van Noort et al. (2013) investigated the genome of Chaetomium thermophilum 
and observed that there are fewer genes that encode complex  carbohydrate- degrading 
enzymes, in particular, in thermophilic mold genomes than their mesophilic coun-
terpart. The genome of Chaetomium thermophilum encodes three CDHs, while 
those of Chaetomium globosum and Neurospora crassa encode only two, which 
depicts a higher cellulolytic ability of the former. 

12.4  Mechanisms of Cellulase Synthesis

Apart from the development of economically feasible systems for cellulose degra-
dation, there has also been continuing interest in understanding the mechanisms of 
cellulase synthesis and production to identify feasible approaches for increasing 
cellulase production (Li et al. 2010). 

Sun et al. (2008a, b) investigated the proteome profiling map of the cellulases 
secreted by Trichoderma reesei Rut C-30 using two-dimensional gel electrophore-
sis. CBH I and CBH II were found to represent about 37% of the total extracellular 
proteins, and the CBH II concentration produced with nonpretreated rice straw 
powder was about threefold higher than that with alkali-treated straw. This interest-
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ing result suggests that the synthesis of CBH II is controlled by other factors aside 
from cellulose. Sun et al. (2008a, b) reported the differences in the composition and 
expression levels of P. decumbens cellulases under induced and basal conditions. 
The basal cellulase in P. decumbens was demonstrated to be composed of CBH I, 
CBH II, EG I, EG II, and bG, whereas two EGs were expressed only under induc-
tion conditions. Furthermore, the basal and induced EGs from Penicillium decum-
bens were encoded by different genes. 

To understand the mechanism of the two transcription repressors Cre1 and ACE 
I in T. reesei, Su et  al. (2009) developed a new strategy wherein a plasmid that 
encodes a chimeric transcription activator containing the DNA binding domains 
from Cre1 and ACE I and the effector domain from the activator ACE II was con-
structed and transformed into T. reesei. The recombinant strain had higher cellulase 
activity than its parent strain and had a different colony appearance. The results also 
provide an overview of the set of genes that might be regulated by Cre1 or ACE 
I. These results contribute to further understanding the regulatory roles of these two 
repressors in cellular pathways and provided a new method for strain improvement 
through genetic manipulation. 

Liu et al. (2008) studied the differences in gene sequences of CBH I gene (cbh1) 
from wild-type and mutant P. decumbens strains and found that the mutant strain 
JU-A10 is a multiple mutant of the wild-type strain in the sequences upstream of the 
gene. The enhanced CBH activity of the mutant may be due to a single-base muta-
tion of the upstream sequence of cbh1, which affects the transcription regulation of 
the mutant instead of the protein-coding sequences. This discovery suggests the 
critical role of the promoter region of cellulose-encoding genes, which is helpful in 
constructing hyperproducing strains of P. decumbens. An apparent abolishment of 
glucose repression was also identified in strain JU-A10, with enhanced observed 
cellulase and hemicellulase production in glucose-containing media. Genomic anal-
ysis of this strain revealed a single nucleotide deletion at the +1205 position in the 
creA gene, which encodes a carbon catabolite repressor protein. This frameshift 
mutation changes the amino acid sequence downstream from the site of the muta-
tion (unpublished data). Numerous other mutations have also been identified from 
this mutant strain through genomic analysis, in addition to the changes in the 
creA gene. 

Another focus for Chinese scientists is identifying inducers for cellulolytic 
enzyme production, which could potentially benefit the cellulase industry. Wang 
et al. (1995) observed that the concentrations of ATP and cyclic AMP (cAMP) influ-
ence cellulase production. Cellulase synthesis is repressed by high concentrations 
of intracellular ATP, whereas exogenous cAMP increases cellulase synthesis. The 
effects of wheat bran on the hydrolysis of extracellular biomass were investigated in 
P. decumbens by Sun et al. (2008a, b). The soluble cello-oligosaccharide composi-
tion of wheat bran was shown to be one of the most significant factors in cellulase 
production. This significant discovery may be critical in the cellulase industry 
because wheat bran, as an inducer in cellulase and xylanase production, is 
inexpensive. 
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12.5  Molecular Weight of Fungal Cellulases

The MW of cellulase produced by different fungal species may vary from 12 kDa to 
126 kDa (Parry et al. 1983; Bai et al. 2013). SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) is the most commonly used method for judging the apparent MW 
of enzymes (Joo et al. 2010; Lee et al. 2010; Ramani et al. 2012). Fungal cellulase 
may be of monomeric (Naika et al. 2007) or dimeric (Chaabouni et al. 2005) in 
nature. Cellulase produced by T. viride was purified to homogeneity using DEAE- 
sepharose column and the MW was estimated as 87 kDa by SDS-PAGE (Yasmin 
et al. 2013). P. pinophilum MS 20 produced a monomeric cellulase with MW of 
42 kDa, which appeared as a single band on SDS-PAGE gel (Pol et al. 2012). It was 
reported that A. awamori VTCC-F099 and Fomitopsis pinicola produced mono-
meric thermo active cellulase with a MW of 32 kDa (Yoon et al. 2008; Van Tuan 
Nguyen 2010). The cellulase produced by A. niger revealed a MW of 60 kDa on 
SDS-PAGE gel (Baraldo et al. 2014). In all the aforesaid studies, the purified cel-
luase appeared as single band upon SDS-PAGE, indicating that the cellulase pro-
duced by these fungi are active in solution as monomers or homodimers, consequently 
migrates through the SDS-PAGE gel according to their MW so as to segregate as 
single band. In contrast, some studies reported the identification of hetero-dimeric 
cellulases or isoforms which appeared as separate bands upon SDS-PAGE.  For 
instance, A. niger Z10 produced two cellulase bands on SDS-PAGE gel with MWs 
50 and 83 kDa (Coral et al. 2002a, b). Similarly, another strain of A. niger is also 
reported as producing dimeric cellulase with MWs of 23 and 36  kDa, whereas 
A. fumigatus produced dimeric cellulase with MWs of 21 and 32  kDa. Kaur 
et al. (2007) reported 40 and 50 kDa isoforms of cellulase produced by Melanocarpus 
sp. MTCC 3922 with MW as judged by SDS-PAGE. 

12.6  Factor Affecting Cellulase Production

Several fermentation conditions play fundamental roles on cellulases production, 
among which fermentation method, carbon source, nitrogen source, pH, tempera-
ture, salt/metal ions effect, incubation time, aerations, and fungal species (Norouzian 
2008; Okoye et al. 2013; Saini et al. 2017). 

12.6.1  Fermentation Method

Fungal cellulases have been produced through solid-state fermentation (SSF) and 
submerged fermentation (SmF). In SSF, the fungal species is grown on one or more 
solid substrate such as rice straw, wheat bran, corn husk, cassava cake, or sugar cane 
bagasse without or very low water content. The grown microorganism utilized the 
solid substrate steadily and slowly thus under SSF condition, the microorganism 
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can be grown for long period of time, for instance, for several days (Ahmed et al. 
2017a, b). The high productivity, cheap substrate utilization, and low energy require-
ment are the advantages of SSF. Moreover, under SSF conditions, there is minimal 
water output as well as lack of foam up which makes it economically feasible (Faisal 
and Benjamin 2016). SSF shortcomings are limited to heat generation and lack of 
knowledge on automation (Ahmed et al. 2017a, b, Shweta 2015; Soccol et al. 2017). 
SSF has been utilized for cellulase production from several fungal species such as 
lichtheimia romosa (Garcia et  al. 2015), Phaffomycetaceae (Cerda et  al. 2017), 
Dipodascaceae (Cerda et  al. 2017), Trichoderma citrinoviride AUKAR04 
(Periyasamy et al. 2017), Humicola insolens MTCC 1433 (Singla and Taggar 2017), 
among many others. On the other hand, in SMF, free-flowing liquid like molasses 
and/or broths supplemented with different nutrients is used to cultivate microorgan-
isms. The enzymes including cellulase and metabolic byproducts are secreted into 
fermentation medium, and medium supplements or nutrients are rapidly utilized 
and a continuous supply is needed. SMF has several advantages such as simplicity 
of sterilization, heat and mass transfer, process monitoring (pH, temperature, and 
soluble molecules) and automation, and extraction and recovery of enzymes and 
bioactives (Ahmed et al. 2017a, b). Several cellulase enzymes have been produced 
by SMF from different fungal species including Aspergillus flavus (Gomathi et al. 
2012), Aspergillus niger FC-1 (Jiang 2013), and Aspergillus niger (Reddy et  al. 
2015), among many others. 

12.6.2  Carbon Source

Carbon source is the major factor affecting the cellulases production, attributing to 
the fact that cellulases are inducible enzymes that are expressed by cells in response 
to different carbon source present in the fermentation medium (Saini et al. 2017; 
Zhang et al. 2017). For instance, optimal cellulase production from Hypocrea jeco-
rina QM6a, QM9414, and RUTC-30 was attained in medium containing microcrys-
talline celluloses as the sole carbon source (Dashtban et al. 2011). Penicillium sp. 
produced the highest cellulase activity on lactose-containing media among different 
carbon sources tested such as sarbose, maltose, sucrose, lactose, dextrose, galac-
tose, cellobiose, and CMC (Prasanna et al. 2016). Expression of different cellulase 
isoforms in response to carbon source has also been reported (Amore et al. 2013). 
For example, Aspergillus terreus expressed four endoglucanase (EG) isoforms in 
the presence of rice straw as solid substrate or corn cobs as liquid substrate. 
Similarly, supplementation of fructose and cellobiose to corn cobs medium upregu-
lates at least one of EG, while adding mannitol, ethanol, and glycerol selectively 
suppressed the expression of three EG isoforms. Similarly four isoforms of 
β-glucosidase (βG) were expressed in presence of corn cob containing medium, and 
addition of glucose, cellobiose, mannitol, fructose, sucrose, or glycerol repressed 
one or more βG isoforms (Nazir et al. 2010). Aspergillus fumigatus Z5 grown on 
culture media containing glucose, avicel, and rice straw secreted 61, 125, and 152 
proteins, respectively. Proteomic analysis suggested that glycoside hydrolases 
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including cellulases and hemicellulases were overexpressed on rice straw and 
avicel- containing media compared to glucose used as carbon sources (Liu et  al. 
2013). The molecular mechanisms by which the expression of these different iso-
forms are regulated and different carbon sources influence the quantity and isoforms 
expression are not well established which hampered genetic engineering of these 
fungi for industrial purpose (Coradetti et al. 2012). Thus understanding the mecha-
nisms of cellulase expression hold a critical significance for enhancement of cellu-
lase enzymes production and have been investigated in Aspergillus and Trichoderma 
(Gautam et al. 2011). These fungi produce extracellular cellulase enzymes when 
they are grown on media containing plant polymers, or short oligosaccharides as an 
energy source, and when cultivated on media containing easily metabolizable sugar 
such as glucose, the expression of these enzymes is repressed. Carbon catabolite 
repression is considered the most acceptable mechanism to repress cellulase pro-
duction when grown on easily metabolizable sugars (Amore et al. 2013). 

Recently, Zhang et al. published a study demonstrating that Rhizopus stolonifera 
host a gene which encodes for cellobiose synthetase (CBS) to synthesize cellobiose 
from uridine diphosphate glucose (UDPG). CBS was found to play a fundamental 
role in expression of cellulase gene through the induction of the cellobiose- 
responsive regulators CLR1 and CLR2 and thus inducing the transcription of cel-
lulase genes. The authors suggested that minimal constitutive expression of cellulase 
may be driven by cellobiose synthesized by CBS from carbohydrate metabolites 
(Zhang et al. 2017). 

12.6.3  Nitrogen Source

Another important factor that affects protein secretion in fungi is nitrogen. Different 
nitrogen source can be included in fermentation medium for cellulase production. 
Among organic nitrogen sources that can be used are peptone, yeast or beef extract, 
and tryptone or soybean meal. Inorganic nitrogen sources like ammonium sulfate, 
ammonium chloride, and ammonium hydrogen phosphate can also be used as a 
nitrogen source (Ahmed et al. 2017b; Kachlishvili et al. 2006). Optimum cellulase 
activity was achieved from Penicillium sp. when cultivated on yeast extract contain-
ing medium (Prasanna et al. 2016). Trichoderma reesei showed optimum produc-
tion of cellulase when cultivated on Parthenium biomass containing ammonium 
molybdate, peptone, or yeast extracts as nitrogen source (Saini et al. 2017). 

12.6.4   pH and Temperature

Optimization of parameters such as pH and temperature is also of crucial signifi-
cance for enzyme production since these physicochemical parameters affect the 
growth of microorganism hence the bioactive production. The optimal cellulase 
production from Penicillium sp. was attained on Czapek-Dox medium at pH 5.0 and 
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30  °C (Prasanna et  al. 2016). Similarly, optimum production of celllulase by 
Aspergillus tubingensis KY615746 was achieved at pH 4 and temperature of 30 °C 
(El-Nahrawy et al. 2017). 

12.6.5  Incubation Time

Myceliophthora heterothallica produced the highest endoglucanase on SSF con-
taining wheat bran or sugarcane occurred at 192 hours and on SmF containing card-
board at 168  hours (da   Teixeira et  al. 2016). Optimal production of 
carboxymethylcellulase (CMCase) from Aspergillus hortai under SMF was 
achieved after 96 hours (El-Hadi et al. 2014). 

12.7  Statistical Approach for Optimization of Cellulase 
Production

Optimization of cellulase production is a critical process for efficient and cost- 
effective cellulase production. Traditionally optimization of cellulase production is 
carried out by employing One Variable at A time (OVAT) approach. OVAT involves 
varying one parameter at a time keeping other factors constant. OVAT is regarded as 
a laborious technique and time-consuming and misleading approach because these 
parameters are independent and OVAT tends to ignore the interactions between 
them, in addition to extensive time needed to perform a large number of experiments. 

Statistical approaches such as surface response methodology and Plackett- 
Burman design are efficient approaches employed for optimization of fermentation 
parameters (Shajahan et al.; Singh et al. 2014). Several studies have employed sta-
tistical methods for optimization of cellulase production. Cellulase production from 
Trichoderma reesei was optimized using Plackett-Burman design of 9 nutrients for 
their influence on cellulase secretion using Response Surface Methodology (RSM). 
The study demonstrated that the optimal concentration of avicel, soybean cake 
flour, KH2PO4, and CoCl2·6H2O for cellulase production were 25.30 g/l, 23.53 g/l, 
4.90 g/L, and 0.95 g/l, respectively (Saravanan et al. 2012). In another study, using 
statistical Full Factorial Design (FFD), optimal cellulase production from 
Penicillium funiculosum ATCC11797 was achieved on culture media containing 
avicel (10  g/l) as carbon source, urea (1.2  g/l), yeast extract (1.0  g/l), KH2PO4 
(6.0 g/l), and MgSO4. 7H2O (1.2 g/l) with an agitation speed of 220 rpm and aera-
tion rate of 0.6 vvm. These conditions resulted in activities of 508 U/l for FPase, 
9,204 U/l for endoglucanase, and 2,395 U/l for β-glucosidase which are 3.6–9.5 
times higher than production using nonoptimized conditions (de Albuquerque de 
Carvalho et al. 2014). Cellulase production from Trichoderma reesei RUT C-30 was 
optimized employing a two-stage statistical design, namely, fractional factorial 
design and response surface Box-Behnken design, on wheat bran and cellulose 
under SSF. This approach resulted in a 3.2-fold increase in CMCase production to 
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959.53  IU/gDS (Idris et  al. 2017). The statistical approaches for optimization of 
fermentation conditions are considered efficient because the interactions of multiple 
variables are taken into consideration and the number of experiments needed to be 
performed is reduced to minimum (Ahmed et al. 2017a, b; Shajahan et al. 2017; 
Singh et al. 2014). 

12.8  Application of Cellulases

Cellulases, over many decades, are used in various industrial applications, securing 
the third rank among enzymes annual sale and expected to exceed the protease in 
the near future (Menendez et  al. 2015). Cellulase enzymes have got tremendous 
applications in different industries including biofuel production, paper and pulp 
industry, detergent industries, animal feeds among others. 

12.8.1  Biomass Hydrolysis and Biofuel Production

Cellulase along with other enzymes is used in the hydrolysis of biomass into sugar 
and other chemicals. Hexoses or pentoses are then fermented to bioethanol or other 
fuel (Sun and Cheng 2002). 

With the rapid increase in world population accompanied by increased demand 
of energy, depletion of fossil fuel, and enhanced greenhouse effect from traditional 
fuel, there is crucial need to develop or search for cheap, renewable, and sustain-
able sources of energy. Thus cellulases are involved in biofuel productions and 
minimization of energy crisis and environmental pollution (Horn et  al. 2012; 
Sharada et  al. 2014). However, the bioconversion of pretreated cellulose-based 
materials at the industrial level into fermentable sugars employs a mixture of 
enzymes for complete hydrolysis, the cost of which is very high, making biorefin-
ing processes economically unfeasible. Thus the search of biocatalysts such as cel-
lulases with novel properties exemplified by high thermostabilty, acidophilicity, 
and high solvent tolerance could help to overcome the cost hurdles. Cellulases 
application in biomass hydrolysis and biofuel productions is currently the subject 
of numerous studies supported by different agencies across the world (Budihal 
et al. 2016; Srivastava et al. 2015a, b, c). 

12.8.2  Paper and Pulp Industry

Cellulases are used in the paper and pulp industry which has expanded significantly 
in the last decades from 320 to 395 million tons (Przybysz Buzała et al. 2016). Pulping 
process can be achieved either through mechanical or biomechanical manners. 
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Mechanical pulping such as refining and grinding of the woody raw material results 
in pulps containing a high content of fines, bulk, and stiffness. On the other hand, 
biomechanical pulping employing enzymes such as cellulases results in around 
20–40% energy savings during refining making the process economically feasible 
and significantly improved hand-sheet strength properties (Demuner et  al. 2011; 
Sharada et al. 2014). It has also been reported that the addition of cellulases enhanced 
the bleachability of softwood kraft pulp and improved the final brightness score com-
parable to that of xylanase treatment (Kuhad et al. 2011). 

12.8.3  Waste Management

Cellulase can be used in waste management. For instance, cellulases are used in the 
conversion of cellulosic municipal solid wastes to desirable chemicals and energy. 
Cellulases benefits in minimizing the effect of cellulose waste on our environment 
and driving the conversion of the pollutants to an alternative source of energy and 
chemicals thus displacing our growing dependence on fossil fuels (Bayer et  al. 
2007; Gautam et al. 2011; Kuhad et al. 2011). 

12.8.4  Animal Feed Industry

Cellulase has great potential to be used in the animal feeds industry. Cellulase can 
be used in the pretreatment of agricultural silage and grain feed to enhance nutri-
tional value and performance of animals (Kuhad et al. 2011). Similarly, addition of 
cellulase, along with other enzymes, can eliminate anti-nutritional factors present in 
the feed grains such as arabinoxylans, cellulose, dextrins, inulin, lignin, pectins, 
β-glucan, and oligosaccharides by degrading them. This in turn enhances the nutri-
tional value and improves animal’s health and performance (Asmare 2014; Murad 
and Azzaz 2010; Sharada et al. 2014). 

12.8.5  Laundry and Detergent Industry

Cellulases are also used in the laundry and detergent industry which is one of the 
most popular markets for enzymes sale accounting for 20–30%, with lipase and 
proteases as major enzymatic components. An innovative approach recently adopted 
in this industry is the use of alkaline cellulases, protease, and lipase results in a 
crucial improvement of color brightness and dirt removal from the cotton blend gar-
ments (Juturu and Wu 2014b; Olsen and Falholt 1998). 
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12.8.6  Textile Industry

The most successful and popular application of cellulases is the textile industry. 
Cellulases are used in textile wet processing such as finishing of cellulose-based 
textiles, biostoning of jeans, and biopolishing of cotton and other cellulosic fabrics 
in order to improve hand and appearance (Arja 2007; Duran and Duran 2000; Juturu 
and Wu 2014b). 

12.8.7  Wine and Beverage Industry

Cellulase enzymes along with glucanase can be used to improve both quality and 
yields of the fermented products such as wine and beverages. For example, during 
wine production, cellulase, pectinases, glucanases, and hemicellulases are used to 
improve color extraction, skin maceration, must clarification, filtration, and finally 
the wine quality and stability. Addition of β-glucosidases can increase the aroma of 
wines by hydrolyzing glycosylated precursors into their aglycones and glucose 
(Araujo et al. 2008; Kuhad et al. 2011). 

12.8.8  Other Applications

Cellulases have also been applied in agriculture where they are used to hydrolyze 
the cell wall of plant pathogens thus controlling the plant infection and diseases. 
Many cellulolytic fungi including Trichoderma sp., Geocladium sp., Chaetomium 
sp., and Penicillium sp. are known to play a key role in agriculture by enhancing the 
seed germination, rapid plant growth and flowering, improving root system, and 
increasing crop yields (Behera et al. 2016; Kuhad et al. 2011). Cellulases have also 
been used for the improvement of the soil quality (Phitsuwan et al. 2013). In addi-
tion, cellulases are used in food processing during fruit and vegetable juices manu-
facturing to improve extraction (Sharada et al. 2014; Zhang and Zhang 2013). 

Furthermore, applications of cellulases along with macerating enzymes have 
been found to increase extraction of olive oil under cold processing conditions and 
to improve its antioxidants and vitamin E contents (Aliakbarian et al. 2011; Sharma 
et al. 2015). Moreover, humans are known to poorly digest cellulose fiber, and tak-
ing a digestive enzyme product containing cellulases like Digestin helps to relieve 
digestive problems such as malabsorption (Gurung et al. 2013; Sharada et al. 2014). 
Finally, an interest in applying cellulases enzymes in chemical analysis such as 
diagnostic and food analysis has been considered (Li et al. 2012). 
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12.9  Biodegradation of Agricultural Biomass

Bioconversion of lignocellulosic biomass via cellulase enzyme is also known as 
enzymatic hydrolysis or saccharification. For effective conversion of cellulose into 
monomers, a complete cellulase system is required (endoglucanase, exoglucanase, 
and β-glucosidase) to act synergistically. Biomass, which undergoes pretreatment 
before the enzymatic hydrolysis can be easily converted into sugars, effectively 
(Megan et al. 2013; Jose and Arnold 2014). Moreover, released sugars can undergo 
fermentation to produce biofuel. Although pretreatment process removes lignin 
effectively, the hemicellulose and cellulose part is converted by the synergistic 
action of hemicellulases and cellulases (Dashtban et al. 2009). Enzymatic hydroly-
sis of lignocellulosic biomass is divided into primary hydrolysis and secondary 
hydrolysis. Primary hydrolysis generally takes place on the surface of substrate, and 
cellobiose is released due to the catalytic action of exo- and endoglucanases. The 
cellobiose is further converted into glucose via β-glucosidase in secondary hydroly-
sis (Zhang et al. 2006). 

12.10  Biofuel Production from Biomass Waste Degradation

Over the past decade, several research groups have focused on biofuel production 
using biomass-based process as cost-effective technology. Cellulosic biomass to 
sugar conversion is the key step for biofuel production, and efforts have been made 
to explore the technology related to biomass conversion via cellulase such as 
improving the efficiency of cellulase-producing microorganisms and cellulase effi-
ciency (Garvey et al. 2013). Figure 12.5 explains the efficient destruction of bio-
mass via cellulase to release sugar and produce biofuels. Additionally, non-efficient 
cellulase is incapable to release sugars from this biomass and hydrolysis becomes 
incomplete (Fig.  12.5). Although commercial cellulases are manufactured from 
native microorganism, economic viability seems far away. Currently, for efficient 
enzymatic hydrolysis of biomass, different cellulases (EG, CBH, and BGL) have 
been achieved from different microbial sources, which makes the process economi-
cally sustainable. Therefore, intense research is underway to find out novel cellulase- 
producing systems in order to increase the flexibility of available microbial strain, 
yield, and processing. The current enzymatic hydrolysis research is aimed to 
improve the production of cellulase via screening of effective microorganisms that 
would provide new opportunities to face this challenges (Peterson and Nevalainen 
2012; Chandel et al. 2012). 

The fermentable sugars obtained from the effective hydrolysis via cellulase 
enzymes are used for the production of renewable energy (Fig. 12.6). In addition, 
fermentable sugars can be converted into bioethanol, biohydrogen, and methane 
through different processes with the help of specific microorganisms. Effective pro-
duction and yield of biofuels are directly dependent on the amount of fermentable 

12 Biodegradation of Agricultural Wastes by Chaetomium Species



326

sugars present in reaction medium, and the fair sugar amount is directed by viable 
cellulase system. Apart from cellulase system, the targeted process can be improved 
by removing the structural weakness of biomass via effective pretreatment strate-
gies for biofuel production. 

12.11  Conclusion

Continuous and significant studies have been made to improve the production and 
efficiency of cellulase enzyme for low-cost biofuel production. Although cellulase 
enzymes have versatile industrial applications, improvement in efficiency, reduction 
in cost, and energy consumptions are always selective parameters for the bioconver-
sion of cellulosic biomass into biofuels. Isolation, screening, and cultivation of ther-
mophiles/thermotolerant fungi for obtaining thermophilic/thermostable cellulase 
systems at commercial scale to produce biofuels are still a roll-back factor. Low cell 
yield and submerged production processes of enzyme are also cost-intensive for 
biomass to biofuel conversion processes. Limited knowledge of protein engineering 
and its implementation are also adding an extra obstacle in the overall bioconver-
sion process apart from the purification of enzyme and end products separation. In 

Fig. 12.5 Cartoon depiction of enzymatic cellulose deconstruction. Processive reducing (orange) 
and nonreducing end (green) cellulases move along the cellulose fibers liberating cellobiose 
units. The cellobiose released is then converted to individual glucose sugars by β-glucosidases 
(pink). Endo-acting cellulases (red) introduce chain breaks that the exo-acting enzymes can act 
upon. All of the aforementioned enzymes use hydrolytic mechanisms, while the new players in 
this process, LPMOs (blue), further potentiate their action using an oxidative mechanism to intro-
duce further chain breaks on which the processive cellulases can initiate further degradation 
(Hemsworth et al. 2015)
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view of the above issues, there is need of more and vast research for the production 
and optimization of cost-effective cellulases from potential fungal strain using SSF 
and biomass as a low-cost process. Additionally, research on more thermostable 
cellulase enzymes, their stability, and protein engineering may also support to 
achieve novel and more economical processes for biofuel production compared to 
the existing process technologies.
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Chapter 13
Bioconversion of Lignocellulosic Residues 
into Single-Cell Protein (SCP) 
by Chaetomium

Ahmed M. Abdel-Azeem and Donia H. Sheir

13.1  Introduction

The term single-cell protein (SCP) refers to dead, dry cells of microorganisms such 
as yeast, bacteria, fungi and algae which serve as food and/or feed supplements. 
SCP will be an alternative to conventional proteins like casein, soya bean meal, egg 
protein or meat protein in animal feed. SCP is one of the alternatives that cannot be 
affected by climate change. SCP has a high protein content containing all the essen-
tial amino acids. Microorganisms are an excellent source of SCP because of their 
rapid growth rate, their ability to use very inexpensive raw materials as carbon 
sources and their uniquely high efficiency, expressed as grams of protein produced 
per kilogram of raw material, with which they transform these carbon sources to 
protein. SCP has many benefits. It is a very fast way of producing protein compared 
to the production of protein through cultivation of agricultural crops or animal farm-
ing. The amino acid profile of many SCP is favourable and very similar to that of 
fishmeal. SCP can be produced from residual streams from different industries giv-
ing the possibility of a cheap production. In addition, SCP production can be per-
formed in bioreactors and does not require agricultural land. Production of SCP 
may very well fit into the request of a sustainable high-quality alternative to fish-
meal since the production can be performed using renewable and sustainable feed-
stocks such as residual streams from second-generation bioethanol production. The 
second-generation bioethanol production is predicted to increase in the future, 
resulting in large volumes of residual and waste streams. These residual streams are 
commonly used as substrates for biogas production. SCP production is an  interesting 
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alternative to biogas production, possibly with a higher economic value. SCP has 
been found to meet all the requirements for its inclusion as diet supplement for 
livestock. SCP can replace up to 20–30% of the protein supply by soybean meal 
without any deleterious effects on growing broiler chicks.

Lignocellulosic biomass presents a readily available feedstock for microbial bio-
conversion which does not compete with feedstocks used for human food. 
Lignocellulose is the major structural component of woody plants and non-woody 
plants and represents a major source of renewable organic matter—a substrate of 
enormous biotechnological importance. Microorganisms are involved in bioconver-
sion of low-cost carbon feedstocks such as lignocellulose to produce biomass rich 
in proteins and amino acids. Production of SCP from lignocelluloses is gaining 
much attention, with the recovery of valuable by-products and simultaneous reduc-
tion of the organic load as the chief economic advantages of such processes. This 
chapter focuses on the bioconversion of lignocellulosic residues into single-cell pro-
tein by microorganisms with special reference to Chaetomium cellulolyticum.

13.2  Bioconversion of Lignocellulosic Residues 
into Single- Cell Protein

Cellulose from forestry and agriculture sources constitutes the most plentiful renew-
able raw material in the planet as potential substrates for SCP production. In nature, 
cellulose is usually found associated with lignin, hemicellulose, starch, etc. in a 
complex form. So, if cellulose is to be used as substrate, it must be pretreated chem-
ically or enzymatically in order to remove cellulose as fermentable sugars as men-
tioned above (Callihan and Clemmer 1979a, b). Currently, the only economical use 
of lignocellulosic wastes is in mushroom production. Besides the well-known culti-
vated mushroom Agaricus bisporus, there are several important varieties which 
contain lignocellulolytic enzymes and are grown for food mainly in Asia and Africa. 
Some are of great economic significance and are produced on an industrial scale. 
Examples of important ones include Volvariella sp., Lentinus edodes and Pleurotus 
sp. In the production of industrial cellulose for paper and tissue production, the cost 
involved in these steps has prevented the generalized production of SCP from cel-
lulose (Callihan and Clemmer 1979a, b). Wood can be also cooked in a medium 
containing calcium sulphite with excess free sulphur dioxide. Lignin is thus con-
verted to lignosulfonates and hemicellulose is hydrolysed to monosaccharides and 
may be further converted to furfurols. The amount of free sugars in the spent liquor 
is found to vary with the type of procedure selected, as various cellulose fibres may 
be obtained with different degrees of degradation. Spent sulphite liquor has been 
utilized as a substrate for fermentations since 1909  in Sweden and afterwards in 
many other parts of the world. The first organism used was Saccharomyces cerevi-
siae, although this organism is unable to utilize pentoses which are found in sub-
stantial amounts in this waste product. Later, other organisms better suited for the 
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utilization of all the sugar monomers were selected, namely, Candida tropicalis and 
Candida utilis. Yeast produced from sulphite liquor has been used for feeding at war 
periods, but lost favour in peace time. However in Finland, Peliko process was used 
for production of baker’s yeast from sulphite liquor. The protein content of the fun-
gus Paecilomyces variotii is more than 55% (w/w) and has been officially approved 
as a food in Finland. In 1983, the projected biomass production of the process was 
estimated to be around 7000 tonnes per year (Oura 1983). Currently, extracellular 
cellulases are commercially used in cellulose-separating processes. A number of 
efficient cellulase producers have been reported, but Trichoderma viride is a well- 
known high cellulase-producing organism. Another cellulolytic fungus is 
Chaetomium cellulolyticum (Fig. 13.1) which grows faster and produces 80% more 
biomass protein than Trichoderma. This shows that C. cellulolyticum is suitable for 
SCP production, while T. viride is a hyper-producer of extracellular cellulases. The 
amino acid composition of C. cellulolyticum is generally found better than that of 
T. viride and similar to alfalfa and soya meal protein (Bhalla et al. 2007). A cheaper, 
more amenable SCP substrate of carbohydrate origin is starch which may be 
obtained from rice, maize and cereals.

Fig. 13.1 Chaetomium 
cellulolyticum. 
A. Perithecium. 
B. Terminal hair. 
C. Ascospores. (After Ellis 
1981)
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Lignocellulose has diverse biotechnological potential in the production of value- 
added products such as biofuels, biofertilizers, animal feed products, biochemicals, 
biopesticides, biopromoters and biotransformation of the biomass itself into com-
post or biopulp (Tengerdy and Szakacs 2003). To fully utilize the potential of ligno-
cellulosic biomass, hydrolysis of lignocellulose into fermentable sugars by physical, 
chemical, physicochemical and biological pretreatment methods is the primary 
requirement in all applications (Bajpai 2016). During pretreatment, lignin is 
removed and the porosity of the lignocellulosic materials increased to release the 
cellulose and hemicellulose sugars. Inhibitors are also formed in the hydrolysates. 
Complete substrate utilization by the microorganism and inhibitor tolerance are the 
prerequisites to render lignocellulosic microbial bioconversion processes economi-
cally competitive (Hahn-Hägerdal et al. 2007). However, owing to the chemical and 
structural complexity of lignocellulosic biomass, the sustainable utilization of lig-
nocelluloses is limited until it undergoes pretreatment. This is usually followed by 
enzymatic hydrolysis, during which oligomeric sugars such as cellulose are broken 
down to monomeric sugars. The goal of the pretreatment process is to alter the 
recalcitrant structure of lignocellulosic biomass to increase the availability of 
degradable carbohydrates present in biomass. A pretreatment method is regarded as 
an effective method based on a number of features such as a high recovery of all 
carbohydrates, the production of limited amounts of by-products that are inhibitory 
to the subsequent hydrolysis and bioconversion processes, minimum energy con-
sumption and cost-effectiveness (Kumar et al. 2009). Many pretreatment methods 
have been reported which vary from alkali or acid treatment, steam explosion or 
even X-ray radiation.

13.3  Microorganisms Used for Single-Cell Protein 
Production

Several fungi, yeast, bacteria and algae have been used for the production of single- 
cell proteins (Bhalla et al. 1999, 2007; Ukaegbu-Obi 2016). The selection of micro-
organism depends on several criteria: the growth of microorganism should be fast 
and a broader range of materials can be considered as suitable substrates. The other 
criteria may be nutritional, which are energy value, protein content and amino acid 
balance, and technical, which are type of culture, type of separation and nutritional 
requirements. The desired microorganisms should be grown on the medium under 
aseptic conditions. Organisms to be cultured should have the following properties:

 1. Should be non-pathogenic to human, animals and plants.
 2. Usable as food and feed.
 3. Should have good nutritional values.
 4. Should not contain toxic compounds.
 5. Production cost should be near to the ground.
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Some microbial sources of SCP are listed in Table  13.1 (Bhalla et  al. 2007; 
Shipman et al. 1975; Singh et al. 1988, 1991; Singh 1998; Wong and Chan 1980; 
Anupama and Ravindra 2000; Giec and Skupin 1988; Saliceti-Piazza et al. 1992; 
Staron 1981; Scerra et al. 1999; Shuler et al. 1979; el-Saadany et al. 1988; Kolani 
et al. 1996; Guven and Cansunar 1989; Rodriguez et al. 1997; Rhishipal and Philip 
1998; Kim and Lebeault 1981; Deibel et  al. 1988; Invarson and Morita 1982; 
Ghanem 1992a, b; Zadrazil and Puniya 1995; Chanda and Chakrabarti 1996; 
Tannenbaum and Wang 1975; Ekerott and Villadseer 1991; Callihan and Clemmer 
1979a, b; Litchfield 1979; Vashista 1989; Mahasneh 1997; Trehan 1993).

Among bacterial species, Cellulomonas and Alcaligenes are the mostly used bac-
terial species as a SCP source (Bhalla et al. 2007). Potential phototrophic bacterial 
strains are recommended for SCP production. Some researchers also suggest use of 
methanotrophic and other bacterial species for SCP production. The generation 
time of Methylophilus methylotrophus is about 2 h, and this bacterium is used in 
animal feed and in general produces a more favourable protein composition than 
yeast or fungi. Therefore, the large quantities of SCP animal feed can be produced 
using bacteria (Bhalla et al. 2007). Characteristics which make bacteria suitable for 
this application include rapid growth of bacteria and short generation times of bac-
teria—almost can double their cell mass in 20 min to 2 h (Bamberg 2000). They are 
also able to grow on a variety of raw materials which range from carbohydrates such 
as sugars and starch to gaseous and liquid hydrocarbons which contain methane and 
petroleum fractions, petrochemicals such as methanol and ethanol, and nitrogen 
sources which are useful for bacterial growth including ammonia, ammonium salts, 
nitrates, urea and the organic nitrogen in wastes. It is also suggested to add mineral 
nutrient supplement to the bacterial culture medium to fulfil deficiency of nutrients 
which may be absent in natural waters in concentrations sufficient to support growth 
(Suman et al. 2015).

The use of bacteria is somewhat limited due to the following reasons (Mondal 
et al. 2012):

 1. Poor public acceptance of bacteria as food
 2. Small size and difficulty in harvesting
 3. High content of nucleic acid on dried weight basis

Many fungal species are used as sources of protein-rich food. Among these, the 
most popular are yeast species such as Candida, Pichia, Hansenula, Torulopsis and 
Saccharomyces. Many other filamentous species are also used as sources of 
SCP. Actinomycetes and filamentous fungi are reported to produce protein from 
various substrates. Fusarium and Rhizopus fungi have been grown as a source of 
protein food. The inoculum of Rhizopus arrhizus or Aspergillus oryzae is chosen 
because of their non-toxic nature. Saprophytic fungi grow on complex organic com-
pounds and convert them into simple structures. High amount of fungal biomass is 
produced as a result of growth. Mycelial yield varies greatly depending upon organ-
isms and substrates. There are some species of moulds, for example, Aspergillus 
fumigatus, Aspergillus niger and Fusarium graminearum, which are very dangerous 
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Table 13.1 List of various bacteria, yeasts, fungi and algae used for SCP production

Taxa Species

Bacteria Aeromonas hydrophila

Acinetobacter calcoaceticus

Aeromonas hydrophila

Alcaligenes eutrophus

Bacillus sp.
Brevibacterium spp.
Cellulomonas sp.
Cellulomonas spp.
Methanomonas methanica

Methylococcaceae

Methylomonas sp.
Methylophilus methylotrophus

Mycobacterium sp.
Nocardia sp.
Pseudomonas fluorescens

Pseudomonas sp.
Rhodopseudomonas gelatinosus

Rhodopseudomonas sp.
Streptomyces spp.
Thermoleophilum album

Yeast Candida guilliermondii

Candida krusei SO1
Candida lipolytica

Candida tropicalis

Candida tropicalis ceppo 571
Candida utilis

Debaryomyces kloekeri

Hansenula polymorpha

Kluyveromyces fragilis

Kluyveromyces marxianus

Marine yeast
Mixed cultures of yeasts
Pichia sp.
Rhodotorula sp.
Saccharomyces sp.
Saccharomyces spp. LK3G
Torulopsis candida

Torulopsis methanosorbosa

Fungi Aspergillus fumigatus

Aspergillus niger

Aspergillus oryzae

Chaetomium cellulolyticum

Fusarium graminearum

Paecilomyces variotii

Taxa Species

Rhizopus chinensis

Trichoderma viride

Thermoleophilum album

Aspergillus niger AS 101
Aspergillus niger

Sporotrichum pulverulentum

Chaetomium cellulolyticum

Chrysonilia sitophilia

Fusarium graminearum

Paecilomyces variotii

Penicillium cyclopium

Penicillium roqueforti

Penicillium camemberti

Scytalidium acidophilum

Trichoderma album

Trichoderma reesei

White rot fungi
Algae Alaria

Ascophyllum

Caulerpa racemosa

Chlorella pyrenoidosa

Chlorella sorokiniana

Chlorella sp.
Durvillaea antarctica

Ecklonia

Eisenia

Fucus

Gelidium

Grateloupia

Laminaria

Monostroma

Nostoc

Oedogonium

Pelvwtia

Porphyra tenera

Porphyra sp.
Rhodymenia sp.
Sargassum

Scenedesmus sp.
Spirogyra

Spirulina sp.
Synechococcus

Ulva

Undaria
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to humans. So such fungi must not be used, or toxicological evaluations should be 
done before recommending for use as SCP (Weitzel and Winchel 1932). Yeasts are 
probably the most widely accepted and used microorganism for SCP (Mondal 
et al. 2012).

Spirulina was grown by people near Lake Chad in Africa and the Aztecs near 
Lake Texcoco in Mexico since ancient times. They used it as food after drying it. 
Spirulina is the most widely used algae with 60–72% protein and is also a rich 
source of vitamins, amino acid, minerals, crude fibre, etc. It is commonly used in 
supplemented diet for undernourished children. It is a part of diet for sportsmen and 
is also used in baby foods. Spirulina is recommended for diabetes patients for con-
trolling blood sugar level. It helps in maintaining healthy eyes and skin and is found 
to be beneficial for lactating mothers. Being a rich source of vitamin A and B, it 
plays a major role in cosmetic products. Another commonly used SCP is Chlorella, 
single-cell green algae. It contains around 45% protein, 20% carbohydrate, 20% fat 
and 10% minerals along with fibres and vitamins. It is promoted as a super food and 
is routinely used to provide health benefits. Apart from being a food supplement it 
is also used as an alternative medicine in many cases. Biomass obtained from 
Chlorella and Scenedesmus is harvested and used as food source by tribal commu-
nities in certain parts of the world. Algae are used as food in many different ways 
and its advantages include simple cultivation, faster growth and rich in protein con-
tent (Arora et al. 1991). The production of algae could be limited by certain condi-
tions such as the requirement of warm temperatures and plenty of sunlight in 
addition to carbon dioxide (Mondal et al. 2012). Another disadvantage associated 
with using algae as SCP is that digestibility is low with algal cells because of indi-
gestible cell walls (Ware 1977).

For protein production, there are three species most commonly used with a 
higher commercial value, Chlorella, Spirulina (Arthrospira) and Dunaliella, having 
55, 65 and 57% protein content. Algae can be used as a food source in many ways 
(Vashista 1989).

The microorganisms used for SCP production should have reasonable protein 
content, non-toxic and non-pathogenic to animals and humans. Microorganisms 
possess the ability to use a range of inexpensive nitrogen and carbon sources and 
need moderate growth conditions to convert it into valuable product, which is a 
precondition for SCP production. Some biochemical and cultural features of various 
groups of microorganism (algae, fungi, yeast and bacteria) for the production of 
SCP have been summarized in Tables 13.2, 13.3, 13.4 and 13.5 (Bhalla et al. 2009). 
Table  13.6 presents the comparison of SCP from different organisms (Srividya 
et al. 2013).
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13.4  Cultivation of Microorganisms for Single-Cell Protein 
Production

Single-cell protein (SCP) production takes six steps as recommended by Ukaegbu- 
Obi (2016):

 1. Screening of microorganisms
 2. Selection of raw materials
 3. Process engineering and optimization
 4. Technology development
 5. Economic consideration/process feasibility
 6. Safety concerns

SCP is produced using the fermentation process (Chandrani-Wijeyaratne and 
Tayathilake 2000; Nasseri et al. 2011). Nasseri et al. (2011) summarized seven steps 
for the fermentation process of single-cell protein production as follows:

 1. A pure culture of the selected microorganism that is in the correct physiological 
state

 2. Sterilization of the growth medium which is used for the organism

Table 13.2 Characteristics of bacteria for SCP production

Growth rate
  Highest
Substrate
  A wide range of substrates
pH range
  5–7
Cultivation
  Bioreactor system
Risk of contamination
  High; precautions necessary
Biomass
  Sometimes recovery problematic; new improved methods are needed
Protein
  80% or more
Amino acid profile
  Generally good, a small deficit in S-containing acid
Nucleic acid content
  High (8–14%)
Removal of nucleic acids
  Necessary
Toxins
  Gram-negative bacteria may produce endotoxins
Other features
  –
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 3. A production fermenter which is the equipment used for drawing the culture 
medium in the steady state

 4. Cell separation
 5. Collection of cell-free supernatant
 6. Product purification
 7. Effluent treatment

These processes are done using selected strains of microorganisms. These micro-
organisms are allowed to multiply on suitable raw materials. Production of SCP 
involves basic steps of preparation of suitable medium with suitable carbon source, 
avoiding contamination of the medium and the fermenter, production of microor-
ganisms with desired properties and separation of synthesized biomass and its pro-
cessing (Soland 2005). Different types of carbon source can be used, such as 
n-alkenes, gaseous hydrocarbons, methanol, ethanol, renewable sources like carbon 
dioxide, molasses, polysaccharides, effluents of breweries and other solid sub-
stances (Talebnia 2008).

Process development starts with screening of microorganisms. Suitable produc-
tion strains are obtained from air, water or soil samples or from swabs of biological 
or inorganic materials and are afterwards optimized by selection, mutation or other 
genetic methods. Then the technical conditions of cultivation for the optimized and 
all metabolic pathways and cell structures are determined. Besides, process 

Table 13.3 Characteristics of yeast for SCP production

Growth rate
  Quite high
Substrate
  Most substrates except hydrocarbons and CO2
pH range
  5–7
Cultivation
  Bioreactor system
Risk of contamination
  Low
Biomass
  Easy by centrifugation
Protein
  55–60%
Amino acid profile
  Generally good, a small deficit in S-containing acid
Nucleic acid content
  High (5–12%)
Removal of nucleic acids
  Necessary
Toxins
  –
Other features
  High B vitamin content
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 engineering and apparatus technology adapt the technical performance of the pro-
cess for making the production ready for use on the commercial scale. The eco-
nomic factors—energy and cost—come into play. Environmental protection and 
safety demands are also considered in the production of SCP in relation to both the 
product and the process. Finally, safety and the protection of innovation throw up 
legal and controlled aspects such as product authorizations for particular applica-
tions and the legal protection of new process and the microorganisms.

SCP can be produced by fermentation processes. Fermenters vary in size from 
laboratory scale to industrial scale of several hundred litre capacity. Fermenters are 
equipped with an aerator, which supplies oxygen to aerobic processes. Also, a stirrer 
is used to stir the medium. A thermostat is used for controlling the temperature. A 
pH detector and some other control devices are used which keep all the different 
parameters required for constant growth (Ferrianti and Fiechter 1983; Sinclair and 
Cantero 1990). Cost is a major problem for producing and harvesting microbial 
proteins. Such a production even at a high rate causes dilute solutions usually less 
than 10% solids. The following are methods available for concentrating the 
solutions:

• Filtration
• Precipitation
• Centrifugation
• Use of semipermeable membranes

Table 13.4 Characteristics of fungi for SCP production

Growth rate
  Lower than bacteria and yeast
Substrate
  Limited substrates mostly starchy and cellulosic materials
pH range
  3–8
Cultivation
  Bioreactor system
Risk of contamination
  Low
Biomass
  Easy for filamentous or pellet forms
Protein
  50–55%
Amino acid profile
  Low in S-containing acid
Nucleic acid content
  High (3–10%)
Removal of nucleic acids
  Necessary
Toxins
  Many species produce mycotoxins
Other features
  Chitin may contain a significant proportion of N content, which is unavailable
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Table 13.5 Characteristics of algae for SCP production

Growth rate
  Low
Substrate
  Light, inorganic carbon sources, e.g. CO2
pH range
  Up to 2.0
Cultivation
  Open ponds, tanks
Risk of contamination
  High
Biomass recovery
  Difficult and costly with unicellular algae
Protein
  Up to 60%
Amino acid profile
  Generally good; low in S-containing amino acids
Nucleic acid content
  Low (4–6%)
Removal of nucleic acids
  Necessary
Toxins
  Three types of toxin: —Eendotoxin, neurotoxin, hepatotoxin
Other features
  Low yield (1–2 g dry wt/l). High chlorophyll content, unsuitable for humans

Table 13.6 Comparison of SCP from different organisms

Percent composition (weight) Bacteria Fungi Algae

True protein 50–83a 30–70a 40–60a

Total nitrogen (protein + nucleic acids) 60–80a 35–50a 45–65a

Lysin 4.3–5.8a 6.5–7.8a 4.6–7.0a

Methionine 2.2–3.0a 1.5–1.8a 1.4–2.6a

Fats/lipids 8–10a 5–13a 5–10a

Carbohydrate NA NA 9
Bile pigments and chlorophyll NA NA 6
Nucleic acids 15–16a 9.70 4–6a

Mineral acids 8.6 6.6 7
Amino acids 65 54 NA
Ash NA NA 3
Moisture 2.8 4.5–6.0a 6.0
Fibre NA NA 3

aThe yield varies with the type of substrate used, the specific organism used and the culture condi-
tions maintained
NA not available
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The equipment used for de-watering is expensive and therefore not suitable for 
small-scale productions and operations. The removal of large amount of water 
which is necessary to make the material stable for mass storage is not commercially 
viable. SCP should be dried to 10% moisture or they can be condensed and dena-
tured to prevent spoilage (Sinclair and Cantero 1990). The physiological features of 
the microorganisms recommend the control of carbon source concentrations, as a 
limiting substrate, and also sufficient supply of oxygen for the maintenance of bal-
anced growth under an oxidative metabolic pattern. Since microbial growth is a 
time-dependent process, it applies continuous modifications on all process param-
eters which affect physiology, but, most markedly, substrate concentration. So, an 
adequate technology which maintains appropriate growth conditions for an extended 
period of time must be implemented specifically for obtaining high productivity 
and yield.

Batch fermentations are not so perfect for biomass production, since the condi-
tions in the reaction medium change with time (Oura 1983). Fed-batch fermenta-
tions are better suited for production of biomass, since they involve the control of 
the carbon source supply through feeding rates. However, with the increase of bio-
mass concentration, the oxygen demand of the culture reaches a level which cannot 
be met in engineering or economic terms. Fed-batch culture is still in use for baker’s 
yeast production using proven and well-established models (Steinkraus 1986). But, 
they have not been favoured for the production of SCP on a large industrial scale. 
Extending a microbial culture by continuous addition of fresh medium with the 
simultaneous harvesting of a product has been successfully implemented in indus-
trial fermentations for biomass production. Chemostat is the most commonly used 
principle. This is a perfectly mixed suspension of biomass into which medium is 
passed at a constant rate and the culture is harvested at the same rate so that the 
culture volume remains constant. The technical implications of chemostat culture 
are various and extremely relevant (Cooney 1986). Production periods as long as 
6 weeks have been implemented in several yeast and fungi (Forage and Righelato 
1979). A common problem of industrial fermentations is the heavy appearance of 
foam on the head space of the reactor. This foam causes pressurization of the reac-
tor, spillages and contamination hazard. Among the various designs which have 
been put to effect, the deep-jet fermenter and the airlift fermenter have been used 
most successfully (Stanbury et al. 2000). Airlift is being used successfully as the 
configuration of choice for continuous production of SCP. This is presently used in 
the production of mycoprotein which is the basis for Quorn™ products. The control 
of major process variables is a critical element of SCP production, from oxygen 
transfer and substrate and product concentration to the appearance of small amounts 
of toxic compounds through undesired metabolic processes, which may compro-
mise the quality of the final product.

The biomass from yeast fermentation processes is harvested by continuous cen-
trifugation. Filamentous fungi are harvested by filtration (Solomons 1985). Then 
the biomass is treated for RNA reduction and dried in steam drums of spray-dryers. 
Drying is costly but results in a stabilized product with shelf lives of years.
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In semisolid fermentations (Adedayo et al. 2011), the insoluble solid substrate is 
a solid porous matrix that absorbs water with a relatively high water activity and 
also contains available carbohydrates and mineral nutrients and nitrogen sources. 
The attraction for this type of culturing method comes from its similarity to the 
natural way of life for several microorganisms and usage of starchy agricultural 
wastes makes the whole process more economical.

Submerged culture fermentations have high operating cost and require high capi-
tal investment. The cultivation involves many operations which include the follow-
ing (Andersen et al. 2005):

• Stirring and mixing of a multiphase system
• Transport of oxygen from the gas bubbles through the liquid phase to the 

microorganisms
• Process of heat transfers from the liquid phase to the surroundings

A special bioreactor is designed for identification of mass and energy transporta-
tion phenomena, called U-loop fermenter (Jorgensen 2010). Solid-state fermenta-
tion (SSF) involves growth of microorganisms on predominantly insoluble substrate, 
where there is no free liquid. Thousands of papers have been published on SSF. This 
technique has been extensively studied describing several types of bioreactor 
designs, process conditions and microorganisms for the production of different 
types of value-added products like SCP, feeds, enzymes, ethanol, organic acids, 
B-complex vitamins, pigments and flavours (Singhania et al. 2009). This process 
consists of depositing a solid culture substrate, such as rice or wheat bran, on flat 
beds after inoculating with microorganisms; the substrate is then left in a temperature- 
controlled room for several days. Growth of fungi is better in SSF; it gives much 
higher biomass when compared to submerged fermentation. Further, the SSF pro-
cess is simple and has many advantages over the submerged fermentation 
(Table 13.7). However, particle size of the substrate, moisture level and C/N ratio 
are critical factors for SSF (Pandey and Soccol 1998; Tengerdy 1985; Rodriguez- 
Vazquez et al. 1992; Zadrazil and Puniya 1995; Nigam and Singh 1994).

Liquid-state fermentation is conducted in tanks, which can reach 1001–2500 m2 
(10,770–26,910 ft2) on a commercial scale. Liquid culture is ideal for the growth of 

Table 13.7 Comparison of solid-state and submerged fermentation processes

Parameter Submerged fermentation Solid-state fermentation

Substrate condition Requires continuous agitation and 
soluble substrate

No agitation required and insoluble 
polymers as substrate

Moisture Required in large quantity Absence of free water
Aerobic condition 
maintenance

By agitation By diffusion

Post fermentation 
waste

Large quantity, hence effluents 
polluting the environment

Very little, hence non-polluting

Space Large Small
Capital investment Very high Low
Aseptic conditions Highly essential Not required
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unicellular organisms such as bacteria or yeasts. In liquid aerobic fermentation, it is 
important to constantly supply the microorganism with oxygen, which is usually 
done via stirring of the fermentation media. Synthesis of the desired metabolites 
requires regulation of temperature, ionic strength and pH, soluble oxygen and con-
trol nutrients (Capalbo et al. 2001).

Aeration requirements and foaming characteristics should be well studied before 
the production of SCP at industrial scale. Protein, RNA and nutritional composition 
of the product should adhere to recommended parameters. Structural properties of 
the final product should be well suited for consumption (Scrimshaw and Dillen 1977).

Generally, under conditions of low water activity and presence of intractable 
solid substrate, fungi show very good growth. Hence, proper growth of fungi in SSF 
gives much higher concentration of the biomass and higher yield in comparison to 
submerged fermentation. The advantage of the SSF process is the possibility of 
efficient utilization of waste as the substrate to produce commercially viable prod-
ucts (Zadrazil and Puniya 1995). The process does not require elaborate prearrange-
ments for preparation of media. The process of SSF initially focussed on enzyme 
production. But at the moment, there is interest for SCP production due to the dwin-
dling conventional food resources.

13.5  Single-Cell Protein from Lignocellulosic Wastes

13.5.1  Production from Lignocellulosic Wastes

Single-cell protein (SCP) production from various lignocellulosic material has been 
well documented. Lignocellulosic wastes from different sources have varying com-
position of hemicellulose, cellulose and lignin. Some sources of lignocellulosic 
material are listed below (Tanaka and Matsuno 1985; Gupte and Madamwar 1997; 
Callihan and Clemmer 1979a, b; Dimmling and Seipenbusch 1978):

• Wood (hardwoods and softwoods)
• Grasses
• Leaves
• Wastes from pulp and paper manufacture
• Sugar cane bagasse
• Wheat straw
• Wheat bran
• Rice bran
• Groundnut shell

Based on the dominant component in the waste used, specific fungi can be used 
for production of biomass. Bacteria can also be grown on wastes or by-products 
obtained from industrial processes. The biomass thus produced can be harvested 
and used. SCP from various agro-industrial wastes has been reported from several 
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laboratories (Chaudhary and Sharma 2005; Dimmling and Seipenbusch 1978; 
Hongpattarakere and Kittikun 1995; Kamel 1979; Israelidis and Coduonis 1982; 
el-Saadany et  al. 1988; Asad et  al. 2000; Hashmi et  al. 1991; Moo-Young et  al. 
1992; Paynor et  al. 2016). Agro-industrial residues such as sugar cane bagasse 
(Pessoa 1991, Pessoa et al. 1996), rice straw (Almeida 1991), corncobs (Gonzales- 
Valdez and Moo-Young 1981) and eucalyptus (Silva 1991; Almeida e Silva et al. 
1995), which consist of about 30% hemicellulose, have been hydrolyzed to produce 
a solution rich in xylose. Other sugar-rich industrial by-products, such as vinasse, 
spent sulphite liquor and hemicellulose rayon hydrolysates, have also been exam-
ined as fermentation media (Bajpai and Bajpai 1986, 1987, 1988; Lo and Moreau 
1986). Almeida e Silva et  al. (1995) studied microbial protein production by 
Paecilomyces variotii cultivated in eucalyptus hemicellulosic hydrolysate.

Paecilomyces variotii, a fungus frequently found in air and soil in tropical areas, 
has been used for the production of microbial protein due to its excellent ability to 
grow in a variety of highly polluting industrial effluents, such as molasses, wood 
hydrolysates, spent sulphite liquor and vinasse (Romantschuk 1974, Romantschuk 
and Lehtomaki 1978; Cabib et al. 1983; Castlla et al. 1984; Bajpai and Bajpai 1986, 
1987, 1988).

Paecilomyces variotii was the first fungus to be used in an industrial scale for the 
production of microbial protein. The ‘Pekilo’ process is a continuous process in 
which the fungus is grown in sulphite liquor with a production of 10,000 tonnes/
year (Romantschuk and Lehtomaki 1978). Spent sulphite liquor is produced during 
the manufacture of sulphite pulp. Paecilomyces variotii has the ability to grow in 
various complex residual streams from different industries (Almeida e Silva et al. 
1995). In the 1970s, the Pekilo process was started in Finland. The protein-rich 
fungus was approved as animal feed (Romantschuk 1976), although the process is 
currently not running (Ugalde and Castrillo 2002). The investigation of using P. var-
iotii for SCP production has continued, even though the interest has been quite low 
in the last decades. Pekilo process is designed to operate at unit sizes smaller than 
SCP plants which use petroleum paraffins and methanol feedstocks. This process 
also contributes significantly to eliminating problems of water pollution from sul-
phite spent liquors. The first commercial Pekilo plant went on stream at the United 
Paper Mills pulp mill at Jämsänkoski. This unit had an annual capacity of 10,000 
metric tonnes and produced SCP at significantly reduced costs than petroleum- 
based plants having an annual capacity of 100,000 tonnes. Although sulphite waste 
liquor is the first raw material to be used in the Pekilo process, the technology is not 
restricted to the sulphite pulp industry. Other types of waste, carbohydrates, can also 
be used. Pekilo SCP is derived mainly from wood sugars.

The development of the Pekilo process began with observations made by Otto 
Gadd, of the Finnish Pulp and Paper Research Institute, that certain types of micro-
fungi could be cultivated in submerged cultures of spent sulphite liquors. The tradi-
tional method of producing fodder yeast from sulphite spent liquor is, of course, 
well known to pulp manufacturers, particularly in Finland. The prospect of making 
major improvements in this process by using a fungus seemed particularly promis-
ing, given the increasing demand for animal feed and the increased acceptance of 
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SCP as a substitute for more conventional feeds. The search for the right microfun-
gus started with the testing of more than 300 species. As the cost of research 
increased, the investment base was broadened; eight major Finnish companies 
formed a group called SITU for developing Pekilo process on a fully commercial 
scale. Research continued at the Finnish Pulp and Paper Research Institute. The 
microfungus finally selected was Paecilomyces variotii, which has the following 
favourable characteristics:

• High crude protein content, i.e. 55–60%, compared to the common micro-fungi 
level of 25–40%

• Has a satisfactory growth rate under process conditions
• Easily separated from the liquor
• No signs of toxic effects in test animals

Following the selection of the microfungus, the development of Pekilo went 
from laboratory to bench-scale fermentation. Through fermentation runs with 0.45- 
and 1-cubic-metre fermenters, it was established that continuous fermentation could 
be maintained over periods of several weeks without interference from foreign 
organisms. During this stage of Pekilo’s development, it was important to produce 
enough of it to begin feeding trials at the Finnish Agricultural Research Centre with 
various animals, mainly pigs, calves and chickens. They proved that Pekilo protein 
could be used as a partial substitute for soybean meal, fishmeal or skim milk pow-
der. Table 13.8 shows the composition of Pekilo SCP protein. The advantages of 
Pekilo process over other carbohydrate fermentation processes are presented in 
Table 13.9.

Pekilo protein obtained from the pilot fermenter was sent for evaluation to the 
Institute of Veterinary Medicine in Norway and to the National Institute for Research 
in Dairying in the United Kingdom.

Bajpai and Bajpai (1986, 1987, 1988) investigated SCP production from rayon 
pulp mill waste, using the fungus Paecilomyces variotii and the yeast Candida. The 
prehydrolysate liquor generated from rayon pulp mill on prehydrolysis of wood was 
acidic in nature, containing about 25 g/L total reducing sugars and having a biologi-
cal oxygen demand (BOD) of ≈30,000 mg/L. After mild alkali treatment of the 
liquor, Candida species of yeast were grown with a view to produce SCP and to 
reduce the pollution load. More than 14/L dry yeast could be produced in a 2.6-L 
fermenter using vegetable oil as an antifoam. The cultivation and recovery of yeast 
in the prehydrolysate removed 70% BOD. The protein content in yeast was found to 
vary from 40 to 45% depending upon the species. The repeated fed-batch fermenta-
tion gave about 75% higher biomass productivity and there was improvement in 
sugar utilization. With Paecilomyces variotii, 25 g dry wt. biomass/ l in the lab. 
Fermenter was produced with a biomass yield of 96% of the theoretical, with 95% 
substrate utilization. This resulted in a 70% reduction in the BOD of the 
prehydrolysate.

Almeida e Silva et al. (1995) used eucalyptus hemicellulose hydrolysate as sub-
strate for production of SCP. The eucalyptus hemicellulose fraction was hydrolyzed 
by treating eucalyptus woodchips with 1.2% (w/v) sulphuric acid (wood to acid 
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ratio of 1:3) at 150 °C for 120 min. The hydrolysate was used as substrate to grow 
Paecilomyces variotii IOC-3764 in a 7-l fermenter at 30 °C, air 1.5 vvm, stirring 
speed 400 rpm. The kinetic parameters measured included maximum growth rate 
(μmax 0.10/h), yield (Yx/s 0.44 g/g) and productivity (Qx 0.26 g/l/h). The amino 
acid profile of the protein from Paecilomyces variotii growth in the eucalyptus 
hydrolysate was similar to the profile of the protein obtained by the ‘Pekilo’ pro-
cess, except for leucine content, which was double the value for the ‘Pekilo’ pro-
cess. When compared to the FAO and soybean protein standards, one can see that 
the protein produced by Paecilomyces variotii cultivated in eucalyptus hemicellu-
lose hydrolysate contains all the essential amino acids for animal feed (Table 13.10). 
Moreover, it has a superior profile when compared with the plant protein.

In a study by Alriksson et al. (2014), sulphite liquor permeate was used as sub-
strate for production of SCP.

Table 13.8 Composition of 
Pekilo SCP protein

Percent of dry matter

Protein 55–60
Fat 2–4
Amino acids (mg/kg dry matter)
Threonine 4.6
Valine 5.1
Cysteine 1.1
Methionine 1.5
Isoleucine 4.3
Leucine 6.9
Tyrosine 3.4
Phenylalanine 3.7
Lysine 6.4
Tryptophan 1.2
Vitamins
Thiamine 6
Riboflavin 66
Pyridoxine 16
Niacin 488
Pantothenic acid 35
Biotin 2
Folic acid 12

Table 13.9 Advantages of Pekilo process

A 55–60% protein-rich product which also has a favourable amino acid composition
The aseptic operation produces a final product which is microbiologically well defined
The level of impurities originating with the feedstock can be kept very low because of ease of 
washing in the filter
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Steen (2014) studied the potential to produce SCP from residual streams from 
the second-generation bioethanol production. Three different residual streams based 
on lignocellulosic material (prehydrolysate and stillage of wheat straw and prehy-
drolysate of spruce) were used and four different microorganisms (Paecilomyces 
variotii, Cunninghamella echinulata, Mortierella isabellina and Yarrowia lipolyt-
ica) were evaluated. Pilot-scale cultivation of P. variotii on prehydrolysate of wheat 
straw and on detoxified prehydrolysate of spruce gave promising results with bio-
mass concentrations of 8–10 g/L and with a protein content of around 50%. In addi-
tion, the biomass consisted of high levels of β-glucans, about 20%. β-Glucans are an 
interesting molecule that increasingly is being supplied to fish feed due to their 
immunostimulatory effect. b-D-Glucans represent part of a group of physiologi-
cally active compounds which are generally called ‘biological response modifiers’. 
They are highly conserved carbohydrates forming structural components of cell 
walls of some plants, bacteria, fungi, yeast and seaweed. Glucan generally repre-
sents a group of chemically heterogeneous polysaccharides which exist in various 
numbers of molecules bound together in several forms of linkage together with 
several forms and degrees of branching. The high β-glucan content could potentially 
increase the value of the SCP as an ingredient in fish feed. Y. lipolytica was found to 
grow well on stillage of wheat straw and reached a biomass concentration of 15 g/L 

Table 13.10 Comparison of the amino acid profile of the protein produced by Paecilomyces 
variotii grown in wood hydrolysate with that of other proteins

IOC 3764a Pekilob FAOc Soybeanc Animal feedd

Alanine 7.19 5.80 – – –
Valine 6.39 5.03 4.2 5.0 2.70
Glycine 4.99 4–77 – – 2.43
Isoleucine 5.08 4.18 4.20 4.90 2.57
Leucine 14.38 6.99 4.80 8.00 3.80
Proline 5.98 4.23 – – –
Threonine 4.65 4.25 2.80 4.30 1.97
Serine 3.39 4.91 – – –
Methionine 1.74 1.73 2.20 1.30 0.72
Phenylalanine 4.31 3.80 2.80 5.30 2.20
Aspartic acid 7.03 8–12 – – –
Glutamic acid 11–41 10.35 – – –
Tyrosine 5.86 3.36 – – –
Lysine 7.34 5.60 4.20 6.60 3–20
Arginine 4.31 6.02 – – –
Histidine 2.18 2.15 – – –
Cystine 1.17 1.38 2.00 1.60 0.74
Tryptophan – – 1.40 1.40 0.60

aValues are means of duplicates
bFarstad et al. (1975)
cAraujo and D’Souza (1986)
dLo and Moreau (1986)
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with a protein content of over 50% in a pilot-scale experiment. An interesting find-
ing in this study was the utilization of uncharacterized carbon sources within the 
prehydrolysate and stillage of wheat straw. All the microorganisms, particularly 
Y. lipolytica, were able to utilize a broad range of the carbon sources available 
within the residual streams.

Several investigations have been carried out using cellulose and hemicellulose 
waste as a suitable substrate for SCP production (Suman et al. 2015). Many raw 
materials have been considered as substrate (carbon and energy sources) for SCP 
production (Nasseri et al. 2011). Further in many cases, these raw materials have 
been hydrolyzed by physical, chemical and enzymatic methods before use. Various 
agricultural wastes such as hemicelluloses and cellulose waste from plants have 
thus been used for the production of SCP (Azzam 1992; Zubi 2005; Ashok et al. 
2000; Yakoub Khan and Umar Dahot 2010). These waste products have been con-
verted to biomass, from certain microorganisms. Various forms of organic waste 
such as cellulose, hemicelluloses and different types of agricultural waste were used 
in the production of SCP (Adedayo et  al. 2011). The degree of SCP production 
depends on the type of substrate used and also on media composition (Mondal 
2006). Aspergillus terreus possesses a high protein value and has been used as a 
better choice for SCP production using inexpensive energy sources like Eichornia 
and banana peel (Jaganmohan et al. 2013). The cladodes of Opuntia ficus-indica 
(cactus pear) were one such lignocellulosic raw material that has potential for pro-
duction of SCP in arid and semi-arid climate (Gabriel et al. 2014).

Many companies producing SCP including Kanegafuichi (Japan), Liquichimica 
(Italy) and BP (UK) appeared on the scene. In the United States, less than 15% of 
the plants producing SCP relied on hydrocarbons as the source of carbons and 
energy for the microorganisms. Other potential substrates for SCP include citrus 
wastes, bagasse, sulphite waste liquor, molasses, animal manure, starch and sewage.

With ammonia-pretreated corn stalks as materials and with high-yield cellulase 
of Trichoderma reesei and the feed yeast, Chen et al. (2000a, b) developed a process 
for production of SCP by fermentation. Two optimized systems of multistrain co- 
fermentation were set up, the crude protein achieved 18.13 and 21% after 5 days 
co-fermentation and the cellulose conversion rates were 66.55 and 72%, respectively.

Mixed solid fermentation of Trichoderma reesei and Candida tropicalis was 
studied by Wang et al. (2001) for production of SCP from steam explosion maize 
stalk. Under optimum conditions, the crude protein obtained by mixed fermentation 
reached 31.82%. The raw cellulose content was reduced by 56.88%.

Zhang et al. (2003) investigated the factors of cellulase and SCP by means of 
mixed fermentation of Trichoderma viride and yeast Candida utilis and determined 
the parameters of mixed solid fermentation.

Chen et al. (1999) extracted the hemicellulose hydrolysate from steam-exploded 
wheat straw to produce SCP by Trichosporon cutaneum 851. In a 2-L auto- fermenter, 
the biomass concentration of 45 g/L and the productivity of 4.4 g/L/h were obtained 
in fed-batch fermentation.

Yakoub Khan and Umar Dahot (2010) studied SCP production from rice husk 
from Penicillium expansum. They obtained maximum protein content (30.10%) and 
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SCP biomass (5.107 g/l) when acid-treated rice husk was supplemented with 1.0% 
sucrose.

Banerjee et al. (1995) studied the effects of the size of straw and different pre-
treatments to protein yield in their research of bioconversion rice straw to SCP by 
Neurospora sitophila. The results showed that the mixed strains of Rhizopus and 
Trichoderma had better ability to degrade bagasse in comparison with single strain. 
The cellulose utilization was about 90%, and the crude protein content in the prod-
uct exceeded 50% if the rice straw of less than 1 mm was pretreated with 0.15 kg 
NaOH/kg rice straw.

Ibrahim Rajoka et al. (2004) produced SCP from defatted rice polishings using 
Candida utilis in shake flasks and a 14-L fermenter to optimize fermentation condi-
tions before producing biomass in a 50-L fermenter. Using optimized cultural con-
ditions, specific growth rate, true protein productivity, crude protein productivity, 
cell mass productivity, substrate consumption rate, cell yield and crude protein yield 
were found to be 0.224 h−1, 0.94, 1.35, 1.75, 2.12 g l−1 h−1, 0.62 g cells g−1 substrate 
utilized and 0.38 g g−1, respectively, in a 50-L fermenter. Maximum values were 
found to compare favourably with the published data. The biomass protein in the 
50-L fermenter contained 22.3% true protein, 27.8% crude protein, 19.2% crude 
fibre, 9.5% ash, 38.12% carbon, 8.5% cellulose and 0.27% RNA content. The dried 
biomass showed a gross metabolizable energy value of 2678 kcal kg−1 and con-
tained all the essential and non-essential amino acids. Yeast biomass as animal feed 
may replace expensive feed ingredients presently being used in poultry feed and 
may improve the economics of feed produced.

Wang and Bian (1999) from the Nanjing Forestry University grew yeast by solid 
fermentation on substrate of poplar leaves. He found that forestry wastes as poplar 
leaves could be regarded as materials to produce feed yeast. The ingredients of yeast 
cultures were analysed. It was found that the total amino acid content increased 
92.5%, and the L-cystine which was advantageous to poultry breeding increased by 
2–3 times. The yeast cultures were used to cultivate fish, the mix cultures Parabramis 
pekinensis and Calosoma grew quickly and the feed coefficient reduced. 
Furthermore, due to the lower price of the yeast cultures compared to fishing feed, 
the feed cost reduced and the gross profit increased substantially (Zhao et al. 2000).

Agricultural residue (wheat bran) rich in carbohydrates was used in the fermen-
tation process to produce microbial biomass. Yunus et al. (2015) used two different 
microorganisms (Candida utilis and Rhizopus oligosporus) for biomass production. 
To increase the nutritional contents of wheat bran, they optimized a number of dif-
ferent fermentation parameters such as effect of inoculum size, age of inoculum, 
incubation period, moisture to substrate ratio and incubation temperature. Maximum 
yield was obtained at an inoculum size of 10% (v/w), with the age of the inoculum 
being a 48-h-old culture. A fermentation period of 48 h gave the maximum protein 
yield and viable counts of yeast cells and mould hyphae. The microorganisms 
showed good growth at 30 °C. A batch of wheat bran was fermented with C. utilis 
and R. oligosporus under optimized conditions. Maximum crude protein yield of 
41.02% was obtained compared with the 4.21% crude protein of the non-fermented 
wheat bran.
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Sugar cane bagasse hemicellulosic fraction was hydrolyzed by treatment with 
70 mg of sulphuric acid per gram of dry mass at 125 °C for 2 h. The hydrolysate was 
used as the substrate for growing Candida langeronii RLJ Y-019 at 42 °C, initial 
pH 6.0, agitation at 700 rev/min and aeration at 1.0 and 2.0 v/v/min. The utilization 
of D-xylose, L-arabinose and acetic acid was delayed due to the presence of 
D-glucose, but after D-glucose utilization, the other carbon sources were used. The 
kinetic parameters calculated for both cultivations at 1.0 and 2.0 v/v/min included 
maximum specific growth rate (μmax) of 0.29  ±  0.01  h−1 and 0.43  ±  0.016  h−1, 
yields (Yx/s) of 0.36  ±  0.012 and 0.40  ±  0.012 gx/gs and productivity (Qx) of 
0.81 ± 0.016 and 0.97 < 0.012 g/l/h, respectively, and are compared favourably with 
the published results obtained with Candida utilis and Geotrichum candidum. 
Candida langeronii was found superior to C. utilis for biomass production from 
hemicellulose hydrolysate, in that it used L-arabinose and was capable of growth at 
higher temperatures. The biomass contained 48.2, 1.4, 5.8 and 23.4% of total pro-
tein, DNA, RNA and carbohydrate, respectively, and contained all the essential 
amino acids for animal feed (Nigam 2000).

Wu and Ma (2002) used the mix culture technique to produce SCP utilizing 
bagasse as the sole carbon source. The results showed that the mixed strains of 
Rhizopus and Trichoderma had better ability to degrade bagasse. Liquid fermenta-
tion was carried for 108 h at 32 °C, pH 6.0. The crude protein of the dry product was 
260.2 g/kg.

The effect of chemical solutions sprayed on sugar cane bagasse pith to produce 
SCP was examined by Rodriguez-Vazquez and Diaz-Cervantes (1994). They found 
that the pore size of vessels in pith pretreated with calcium hydroxide and sodium 
hydroxide increased and the hemicellulose–phenolic compound linkage broke, 
which made the carbohydrate be easily attacked by microorganisms. It was found to 
be favourable for fermentation.

Zayed and Mostafa (1992) also found that delignification to bagasse promotes 
the saccharification by Aspergillus niger. Samadi et al. (2016) carried out solid-state 
fermentation (SSF) to produce SCP from sugar cane bagasse using Saccharomyces 
cerevisiae. The SSF experiments were conducted in a tray bioreactor. The effects of 
several parameters were studied. These included initial moisture content of sub-
strate, fermentation time, extraction buffer, relative humidity in the bioreactor, bio-
reactor temperature and pretreatment of substrate. Among the extraction buffers 
used in this work, carbonate–bicarbonate buffer was the most effective one for pro-
tein extraction. Results showed that suitable fermentation conditions were initial 
substrate moisture content of 70%, fermentation time of 72 h, relative humidity of 
85%, bioreactor temperature of 35  °C and pretreatment of substrate using 2% 
sodium hydroxide solution; at this optimum condition, protein production yield of 
13.41% was obtained. The amino acid analysis of the produced protein showed that 
the product contained almost all of the essential and non-essential amino acids.

SCP production from sugar cane bagasse has been reported (Molina et al. 1984; 
Sindhu and Sandhu 1980). Molina et al. (1984) treated sugar cane bagasse pith with 
1% sodium hydroxide solution at room temperature, at a sodium hydroxide/pith 
ratio of 10%. They used different contact times and found that the shortest period 
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required for maximum protein production was 24 h at 25 °C. These workers used 
mixed culture of Cellulomonas sp. and Bacillus subtilis.

Rodriguez et al. (1993) reported production of Cellulomonas SCP with 1% (w/v) 
bagasse pith. The pith was pretreated with either 0.2 M sodium hydroxide for 1 h at 
80 °C or 0.4 M sodium hydroxide for 40 h at 28–30 °C. With these milder pretreat-
ments, they found growth comparable to the one found for the substrate prepared 
with a more severe treatment. Growth was also comparable with other reports for 
cellulolytic bacteria grown on pretreated bagasse pith.

Rodriguez and Gallardo (1993) studied the association of Cellulomonas sp. with 
an isolate of Pseudomonas sp. for SCP production from bagasse pith. They observed 
a mutualistic symbiotic relationship during their mixed growth on bagasse pith, the 
Cellulomonas supplying carbon source (glucose produced from bagasse) to the 
Pseudomonas and the latter producing the vitamin supplements required for 
Cellulomonas growth. The metabolic symbiosis allowed the growth of the mixed 
culture in a minimal medium, without any growth factor supplement. Fed-batch 
cultivation of the mixed culture showed high biomass production (19.4 g/L).

Perez et al. (2002) while reporting use of sugar cane bagasse in a mineral medium 
and inoculated with Candida utilis for ethanol reported that 57% of the carbon from 
ethanol was converted to carbon dioxide and 8.7% into biomass. They observed 
final yeast population of 7 x 109 cells/g of dry matter corresponding to 56  mg 
protein/g dry matter. Perez et  al. (2002) concluded that this much protein offers 
potential for using the protein-enriched bagasse as feed also. These studies clearly 
show that the sugar cane bagasse or its pith can be upgraded with the production of 
SCP using the suitable microorganisms on untreated and pretreated substrates. The 
bagasse is a waste of the sugar industries. Instead of other lignocellulosic materials, 
its use as substrate for biofuel ethanol production has the following advantages: 
tackling of a waste and presence of some amounts of soluble sugars which may be 
assimilated rapidly by the inoculated microorganisms meant for saccharification 
and/or ethanol fermentation of the substrate. Furthermore, the fermented residual 
material enriched with microbial cells may find its application as animal feed or its 
supplement thereof. The latter concept is likely to bring support to the economic 
constraints regarding the process developments for producing ethanol from ligno-
cellulosic materials in general and from sugar cane bagasse specifically.

Ahlam (2005) and Chaudhary (2008) conducted studies along the same lines and 
reported isolation, characterization and optimization of microorganisms, both pro-
karyotic and eukaryotic, which are found useful for saccharifying and fermenting 
fruits and vegetable wastes and the sugar cane bagasse, respectively. Following 
maximum yield extraction, the fermented residue is likely to find its application to 
supplement animal feed with SCP.

Ahmed et al. (2010) reported that sequential culture fermentation by Arachniotus 
sp. at 35 °C for 72 h followed by Candida utilis fermentation at 35 °C for 72 h more 
resulted in higher production of microbial biomass protein. Further, 6% (w/v) corn 
stover, 0.0075% calcium chloride, 0.005% magnesium sulphate, 0.01% potassium 
dihydrogen phosphate, C/N ratio of 30:1 and 1% molasses gave higher microbial 
biomass protein production by the sequential culture fermentation of Arachniotus 
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sp. and C. utilis. The mixed microbial biomass protein produced in the 75-L fermen-
ter contained 16.41% true protein, 23.51% crude protein, 10.9% crude fibre, 12.11% 
ash and 0.12% RNA content. The amino acid profile of the final mixed microbial 
biomass protein showed that it was enriched with essential amino acids. Thus, the 
potential utilization of corn stover can reduce the cost for growth of these microor-
ganisms and increase microbial biomass protein production by sequential culture 
fermentation.

Miller and Srinivasan (1983) and El-Nawwi and El-Kader (1996) took alkali- 
pretreated bagasse as materials and studied the cultivation conditions of SCP and 
cellulase production with Aspergillus terreus. Miller and Srinivasan (1983) anal-
ysed the SCP production under conditions of batch, semicontinuous and continuous 
cultivation. They found that the doubling time of continuous cultivation was short, 
and the crude protein content was steady at different temperatures. El-Nawwi and 
El-Kader (1996) achieved 21–28% of SCP content and 11–14.5 g/kg bagasse of 
SCP yield under 1.5% alkali concentration, pH 4.5, 35 °C fermentation tempera-
ture, 4% inoculum and 7-day continuous cultivation in shake flask. Carboxymethyl 
cellulase and filter paper activity were 0.85–1.2 U/ml and 0.08–0.11 U/ml, respec-
tively, and the enzymatic activities were proportionate with crude protein content in 
the product. Other than the whole sugar cane bagasse, hemicellulosic hydrolysate of 
bagasse can also be used to ferment yeast SCP, for the bagasse contains ca. 30–35% 
hemicellulose.

Nigam (2000) and Pessoa et al. (1996) both studied the microbial protein pro-
duction and its kinetics with sugar cane bagasse hemicellulosic hydrolysate, and the 
total protein in biomass product reached 48.2 and 31.3% separately and contained 
essential amino acids for three animal feed. Nigam (2000) also compared the bio-
mass production of Candida utilis and Candida langeronii from hemicellulosic 
hydrolysate and found that C. langeronii was superior to Candida utilis in that it 
was able to utilize L-arabinose and was able to grow at higher temperature. 
Compared to agricultural residues, the lignification degree and cellulose crystallin-
ity are higher, which make it more difficult for organisms to attack wood cellulose, 
so pretreatment to wood before bioconversion appeared to be more important.

Tong et al. (1995) studied the fermented sawdust to be used as feed. They pre-
treated the sawdust by heat before fermentation and then inoculated with cellulose 
degradation organisms. The crude protein content was found to increase after 72-h 
fermentation. The results of feeding egg-laying chicken using fermented sawdust 
revealed that it could substitute part of the corn in the day feed, and the laying quo-
tiety and feed to eggs ratio were both petty compared to the contrast group.

Chahal et al. (1981) examined the effects of different pretreatment methods to 
aspen wood for SCP production with Chaetomium cellulolyticum and found that 
high-pressure steam was superior to atmospheric pressure steam, because high- 
pressure steam could make wood break to smaller pieces. More complete delignifi-
cation of wood using sodium chlorite increased the protein composition in the final 
product to 37.9%, at a specific growth rate of 0.19 h−1, and the cellulose utilization 
was highest, reaching 90%. The hemicellulose fraction of eucalyptus wood can be 
easily removed by acid treatment and the hydrolysate is rich in fermentable sugars, 
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mainly xylose, which has been used as a substrate for different bioconversion 
products.

Almeida e Silva et al. (1995) and Almeida e Silva et al. (2003) conducted studies 
of bioconversion to SCP with eucalyptus wood hydrolysate and used the response 
surface methodology for selecting the nutrient level for culturing Paecilomyces 
variotii IOC-3764 in eucalyptus hemicellulosic hydrolysate. Cell biomass concen-
tration obtained 12.06 g/L in medium of 10 g/L rice pollard, 2.0 g/L nitrogen and 
1.1 g/L sodium phosphorus acid after 89 h of cultivation.

SCP production from low-cost wastes offers a potential substrate for conversion 
of low-quality biomass into an improved animal feed and human food (Anupama 
and Ravindra 2000). The crude protein content was increased from 3.10% in wheat 
straw to 10.91% in spent wheat straw (Bakshi and Jangar 1991; Bajwa et al. 1991).

Asad et al. (2000) conducted a study using alkali-treated corn cob as a substrate 
for SCP production by Arachniotus sp. The maximum crude protein (18.87%) was 
obtained after 96 h of continuous agitation at 120 rpm. The optimum culture medium 
of alkali-treated corn cob (3%) contained (g/100 ml) urea 2, calcium chloride 0.05, 
magnesium sulphate 0.10 and potassium dihydrogen phosphate 0.3. This biomass 
product may be used as a protein supplement in the poultry and livestock rations 
which is presently very costly due to the use of conventional ingredients such as 
oilseed cakes.

Ghanem (1992a, b) used beet pulp as a medium cultivated with a mixed culture 
of Trichoderma reesei and Kluyveromyces marxianus. Bhalla and Joshi (1994) 
improved the protein content of apple pomace by cultivating cellulolytic filamen-
tous fungi (Trichoderma and Aspergillus niger) and yeasts (Saccharomyces cerevi-
siae, Candida utilis and C. tropicalis) in different combinations. The co-culture of 
C. utilis and A. niger was found to be the best combination. It resulted in a 200% 
increase in protein content after only 7 days of solid-state fermentation.

Dhanda et al. (1994) fermented wheat straw with white rot fungi and found that 
the crude protein content was increased from 3.42 to 6.18%.

Vibha and Sinha (2005) evaluated SCP production of six cellulolytic fungi, viz. 
Curvularia lunata, T. harzianum, Penicillium citrinum, Aspergillus flavus, A. niger 
and Alternaria alternata, from pretreated rice stubble. Only T. harzianum showed 
high SCP production with crude protein and biomass, particularly when potassium 
nitrate was used as a nitrogen source, whereas the lowest protein and biomass were 
observed in case of A. niger.

Shahzad and Rajoka (2011) produced single-cell protein from rice tips as sub-
strate through fermentation with Aspergillus terreus and evaluated on broiler chicks 
to examine its potential as a suitable poultry feed. Chemical analysis and chick 
assay were performed for evaluation of chemical and biological potential of the 
biomass. The specific growth rate (l) of the A. terreus was 0.451 h − 1. The product 
coefficients were 0.553 g cell/g substrate utilized, 0.344 g protein/g substrate uti-
lized and 0.622 g protein/g cell mass formation, respectively. Chemical evaluation 
of biomass showed crude protein 43.7%, true protein 26.60% and crude fibre 
11.35% with calorific value as 2730 kcal. Its ash content was 15.20% with 1.01% 
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calcium, 3.05% phosphorus, 0.64% sodium and 0.98% chloride. Biomass was 
replaced with soybean meal as 30 and 60% on the basis of protein supply, and the 
birds’ response in terms of weight gain, feed consumption, feed conversion ratio, 
protein efficiency ratio, feed efficiency and net protein utilization was taken into 
account. The study showed that microbial biomass produced by A. terreus can be 
replaced up to 30% of the protein supply by soybean meal without any adverse 
effect on growing broiler chicks.

Rao et al. (2003) produced microbial biomass having 46% crude protein content 
by an efficient fungal strain, Penicillium janthinellum (NCIM St-F-3b). The fungus 
required a simple medium containing bagasse hemicellulose as carbon source and 
ammonium sulphate as the nitrogen source. Therefore, bagasse, which is a waste 
product of the sugar industry, can be efficiently used in microbial biomass protein 
preparation for animal feed. The microbial biomass contained all the essential 
amino acids (Table 13.11). The fungal biomass contained high content of lysine, 
valine and tyrosine but low content of methionine. However content of cysteine and 
methionine was adequate.

Hu et al. (2015) described a novel technology for SCP production by Candida 
utilis using black liquor produced from the soda pulping process while investigating 
the effects of culture conditions on the production of microbial biomass and exam-
ining the nutritional quality of the SCP. Various parameters were evaluated, and the 
COD of black liquor, initial pH and nitrogen sources had significant influences on 
biomass and crude protein production. Maximum values of COD removal rate and 
crude protein production with 78.78 ± 3.21% and 1.18 ± 0.02 g/L were obtained, 
respectively, under the optimized condition of black liquor concentration (60%), 
use of urea (0.5 g/L), initial pH (6.0), temperature (34 °C), agitation speed (180 rpm) 
and incubation time (36 h). This study provided a potential viable treatment of black 
liquor and showed a feasible way to make full use of black liquor for the economical 
production of SCP. The biomass protein contains sorts of potential AA, and the total 
AA content was up to 39.82%, suggesting that the SCP generated could be useful 
for poultry feed and the fertilizer industry. A high yield of 1.18 ± 0.02 g SCP could 
be obtained per kilogram of black liquor under optimized conditions, showing that 
black liquor has excellent potential as a carbon and energy source for yeasts.

Table 13.11 Essential amino 
acids (g amino acid/100 g 
protein) in Penicillium 
janthinellum biomass

Amino acids
Penicillium 
janthinellum

FAO 
standard

Threonine 3.3 2.8
Lysine 14.0 4.2
Valine 9.0 4.2
Leucine 2.4 4.8
Tyrosine 4.6 2.8
Phenylalanine 2.7 2.8
Methionine 0.3 2.2
Cystine + methionine 2.6 2.2
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13.5.2  Economic Aspects

The SCP production products obtained via microbiological synthesis must be com-
petitive with traditional food sources. When estimating costs involved in SCP pro-
duction, such major factors as the biomass yield, oxygen requirements and cooling 
should be taken into consideration. They depend on the choice of substrate and also 
on the choice of the microorganism. All these determine the cost of production and 
economic feasibility.

For SCP production large-scale fermenters are required. So with high biomass 
production, high oxygen transfer rates and high respiration rates which in turn 
increase metabolic heat production and the need of an efficient cooling system 
ensued. In such a continuous operation for SCP production, the economics of this 
production must be strongly taken into consideration. The economic factors that 
should be taken into account are mentioned below (Nasseri et al. 2011):

• Investment
• Energy
• Operating costs
• Waste
• Safety
• Global market

The industrial manufacture of SCP is greatly affected from the economic point 
of view by the carbon substrate used. The substrate costs are the largest single cost 
factor (Srividya et al. 2013). Variation in the substrate cost results in the greatest 
possibility of affecting the total manufacturing cost.

Simplifying the manufacture and purification of raw material can save costs.
Furthermore, the manufacture of raw materials is more economical in larger 

plants. Factors involved in the raw material costs are site, raw material production, 
process capacity of the plant and substrate yield.

The energy for compressing air, cooling, sterilizing and drying forms the next 
most important cost factor. Sites with cheaply available thermal, electrical, fossil or 
process-derived energy are to be preferred. The capital-dependent costs are deter-
mined, by the cost of the apparatus for the process, the capacity of a plant and the 
capacity conditions. The main variable here is the size of the plant. Small plants can 
be profitable if they include simplifications of processes and material to a large 
extent. The large expenditure on apparatus in processes with cheap, simple and 
unpurified raw materials usually does not pay in comparison with more expensive 
pure substrates with simpler technology. High productivities in fermentation are 
compensated by the greater expenditure on energy to obtain these productivities, so 
that optimum can be determined.

The process costs arising are covered only by the product produced. The absolute 
value of the product is governed by the amount of product referred to the costs 
involved and by the product quality. The product quality is poorer for a low-value 
unpurified product of a rational mini-process with varying composition or one 
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including many additional components than for upgraded products. The upgrada-
tion of the product may consist of purification and separation into the components 
of the microbial biomass. Because of genetic variability, the possibilities of techni-
cal control in manufacture and the simplicity of the process, microbial biomass is 
more suitable for such special products than biomass from plants or animals 
(Rathoure 2014).

13.6  Conclusion

In this chapter, we discussed most of the microorganisms and agricultural wastes 
that can be used in the production of SCP. In general, the key considerations for 
choosing the most suitable waste product for SCP production are: (1) local avail-
ability of the particular waste product, (2) pretreatment costs of the waste product 
before using it in fermentation, (3) the costs of transportation of the waste product, 
(4) type of microorganism used and (5) SCP concentrations in the final microbial 
biomass after fermentation.
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Chapter 14
Light, Electromagnetic Spectrum, 
and Photostimulation of Microorganisms 
with Special Reference to Chaetomium

Abdelghafar M. Abu-Elsaoud and Ahmed M. Abdel-Azeem

14.1  The Nature of Light

Light is the ultimate source of energy for most of life on earth. Various living 
 organisms can capture light energy and use it, e.g. plants and autotrophs can capture 
light energy and convert it through photosynthesis. However, light is more than the 
driver of energy-demanding metabolic activities; it also reports on the state of the 
environment through its quality (the balance of photons of different wavelengths), 
intensity (energy flux), and interaction with other environmental factors (Jones 2013).

The light behaviour when it travels through space and when it interacts with mat-
ter plays a central role in the two main paradigms of twentieth-century physics: rela-
tivity and quantum physics. It is also important to understand the behaviour and 
function of organisms (Björn 2015).

The developmental response of an organism to information in light, which may 
be its quantity, quality (i.e. wavelengths present) and direction or the relative length 
of day and night (photoperiod), is defined as photomorphogenesis. In order to 
respond to light, organisms must possess photoreceptors, molecules that absorb 
light and set in motion a cascade of events leading to biological responses (Jones 
2013). The use of light wavelengths to activate biological process is called photo-
stimulation and the light type used is the photostimulators.
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14.1.1  Electromagnetic Spectrum

The sun is the fundamental source of all non-nuclear energy on earth. The solar 
energy is the product of the sun’s nuclear fusion, and the total annual solar energy 
absorbed by the earth’s atmosphere, oceans and landmasses amounts to some 
5.62 × 1024 joules, of which photosynthesis captures 3.16 × 1021 joules per year 
(Table 14.1). Visible light is just one part of the electromagnetic spectrum, which 
stretches from γ- and X-rays at one extreme through to radiowaves at the other. 
Light has the properties simultaneously of a wave and a particle. In simple terms it 
can be thought of as individual packets of energy or quanta that move in waves. A 
quantum of light energy is called a photon. The wavelength (λ, the Greek letter 
lambda) of visible light is usually expressed in nanometres (nm). The visible spec-
trum ranges from a wavelength of about 380 nm (violet) through to 760 nm (far red) 
(Fig.  14.1). Equation 14.1 expresses the relationship between wavelength (in 
meters) and frequency (υ, Greek letter nu; units  =  s−1) and speed of light (c, 
units = m s−1). Light has two main properties – particles and waves. The particle 
and wave properties of light are well demonstrated by a modification of Young’s 
double-slit experiment (Jones 2013).

Relationship between wavelength, frequency, and light speed

 c =υλ  (14.1)

Relationship between wavelength or frequency of electromagnetic radiations 
and energy

 E hc= / λ  (14.2)

Table 14.1 Fate of solar power reaching earth (Jones 2013)

Global solar power balance Amount in terawattsa

Solar power inputb 178,000
Reflected to space immediately 53,000
Absorbed and then reflected as heat 82,000
Used to evaporate water 40,000
Captured by photosynthesis (net primary productivity)c 100
Total power used by human society
  In 2005 13
  Projected use in 2100 46
Total used for food 0.6

aWatt is the unit of power and is related to the joule, the unit of energy, by watts = joules per unit 
time. A terawatt is 1012 watts and is equal to 1012 joules s−1

bTotal solar energy input per year = 5.62 Å~1012 terawatts (5.62 Å~1024 joules)
cTotal solar energy per year captured by photosynthetic organisms  =  3.16  Å~109 terawatts 
(3.16 Å~1021 joules)
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where c = speed of light (approximately 300 × 106 m s−1) and h = Planck’s constant 
(4.14 × 10−15 eV.s). It follows that the energy of a given wavelength of light (in the 
commonly expressed unit of nm) is: E = 1240/λνμ.

14.2  Photobiology: Interaction of Light with Living 
Organisms

The science of interaction between light wavelengths and life is called photobiol-
ogy. In order for organisms to respond to light, organisms must have photorecep-
tors, molecules that absorb light and set in motion a cascade of events leading to 
biological responses (Jones 2013). The use of light wavelengths to activate biologi-
cal process is called photostimulation and the light type used is the photostimula-
tors. Light-absorbing photoreceptor molecules allow the organism to monitor 
environmental rhythms and fluctuations and to adjust its physiology and metabo-
lism appropriately.

In humans and other animals, rhodopsin is one of the photoreceptors for vision. 
Plants and microorganisms have a number of different photoreceptors. These 
include the photosynthetic pigments, phytochromes, and cryptochromes and photo-

Fig. 14.1 The electromagnetic spectrum with the range from 400 to 710 nm expanded to show the 
colours of the visible wavelengths. The limit perception can extend beyond this range, as far as 
380 nm at the blue and 760 nm at the red end. Note that energy is given in J mol−1 (Jones 2013)
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tropins. Each photoreceptor has a characteristic absorption spectrum. The wave-
lengths of light that are absorbed by a photoreceptor activate specific responses. 
Plotting the intensity of a particular physiological response against the wavelengths 
that trigger it produces an action spectrum. Measuring the action spectrum for a 
photoresponse helps to identify the photoreceptor for the response.

14.3  Light, Electromagnetic Radiations, 
and Photostimulation

Electromagnetic radiations (EMR) can enhance production of bioactive secondary 
metabolites of actinomycetes; these include microwaves, ultraviolet light, visible 
light, and lasers. For example, actinomycete strains isolated from a volcanic cave in 
western Canada could produce novel antimicrobial compounds against six 
multidrug- resistant pathogens when exposed to UV light (Rule and Cheeptham 
2013). There are four main ways in which EMR can be essential for life including: 
thermal effects, photosynthesis, photomorphogenesis, and mutagenesis. EMR has 
properties of both waves (where it has a wavelength) and of particles (where energy 
is transferred as quanta or photons).

14.3.1  Light Polarization

Light waves are transverse, i.e. the oscillation is perpendicular to the direction of 
wave propagation and the direction of the light (this is in contrast to sound waves, 
in which particles vibrate in the line of wave propagation). In the case of light, there 
are no vibrating particles but a variation in electric and magnetic fields. The electric 
and magnetic fields are both perpendicular to the direction of propagation and also 
perpendicular to one another. When the electric fields of all the components of a 
light beam are parallel, the beam is said to be plane-polarized (Björn 2015). The 
plane of polarization is the plane that contains both the electrical field direction and 
the line of propagation. If we add two beams which travel in the same direction and 
are both plane-polarized and have the same phase (i.e. the waves are in step) but 
different planes of polarization, the resulting light is also plane-polarized with its 
plane of polarization at an intermediate angle.

Light can also be circularly polarized, in which case the electrical field direction 
spirals along the line of propagation. Since such a spiral can be left- or right-handed, 
there are two kinds of circular polarization, left-handed and right-handed (Fig. 14.2). 
Circularly polarized light can be regarded as the sum of two equally strong 
 plane- polarized components with right angles between the planes of polarizations 
and a 90Åã phase difference between the components. On the other hand, plane-
polarized light can be regarded as a sum of equally strong left- and right-handed 
components of circularly polarized light (Björn 2015).
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Natural light, such as direct sunlight, is often almost unpolarized, i.e. a random 
mixture of all possible polarizations. After reflection in a water surface, the light 
becomes partially plane-polarized. Skylight is a mixture of circularly and plane- 
polarized light, which we call elliptically polarized light. We cannot directly per-
ceive the polarization of the light we see. Insects do and often use the polarization 
of skylight as an aid in their orientation. Plants in many cases react differently to 
plane-polarized light depending on its plane of polarization. This holds for chloro-
plast orientation in seed plants, mosses, and green algae and also for growth of fern 
gametophytes.

14.4  Generation and Control of Light for Photostimulation 
of Microorganisms

Almost all the natural light at the surface of the earth comes from the sun (this holds, 
of course, also for moonlight). The sun, on the whole, radiates as a glowing black-
body at a temperature of about 6000 K. We have already mentioned the absence of 
some wavelength components from sunlight due to absorption in the outer cooler 
layers of the sun. Sunlight is further modified by the earth’s atmosphere before it 
reaches ground level.

Fig. 14.2 In the upper left part of the figure, a plane-polarized light beam, composed of one verti-
cally and one horizontally polarized component, is depicted in perspective and also “head-on” at 
different points (or at one point at different moments). Numbered points in the perspective drawing 
correspond to the numbers on the “head-on” drawings. Only the electric components of the elec-
tromagnetic fields are shown (wavy lines in the perspective drawing, straight lines in the “head-on” 
drawings). In the lower right part of the drawing, the same is shown for a circularly polarized beam
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14.4.1  Lasers

Laser is an acronym for light amplification by stimulated emission of radiation. 
Stimulated emission occurs when a photon causes a molecule in an excited state to 
emit a second photon. Stimulated emission as such requires no special equipment. 
It occurs regularly when photons of the proper energy encounter excited molecules. 
However, as a rule, excited molecules are very rare compared to molecules in the 
ground state. To get light amplification by stimulated emission, we must have more 
stimulated emission than light absorption, which means that we must have more 
molecules in the proper excited state than in the ground state. This can be achieved 
in different ways but never by “direct lift” from the ground state by absorption of 
light. Various lasers employ indirect “optical pumping”, electrical energy, or chemi-
cal reactions. For a laser to work, photon losses must also be minimized by a suit-
able optical configuration, often involving mirrors.

14.4.1.1  Laser Light Has some Unusual Properties

 1. Laser is coherent in the sense that the light constitutes very long wave trains, 
contrary to ordinary light, where each photon is regarded as a limited wave 
packet independent of other photons.

 2. Laser light can be made very collimated (all rays very parallel).
 3. Laser light is usually very monochromatic (very narrow spectral bandwidth) or 

consists of a small number of such very narrow bands.
 4. Laser light may be (but is not necessarily) plane-polarized.
 5. The light from some types of lasers is given off in extremely short pulses of 

extremely high power (energy per time unit). However, this does not hold for all 
lasers. Some lasers emit light continuously and have very feeble power.

Even lasers of low power, such as the helium–neon laser, should be handled with 
some caution. This is because the beam is so narrow, parallel, and monochromatic 
that if it hits your eye all its power will be focused onto a very small area of your 
retina and blind that particular spot. One kind of laser that is in everyday use is the 
continuous helium–neon laser, emitting at 632.8 nm and a few infrared wavelengths. 
Dye lasers are advantageous in many cases because the wavelength can be selected 
over a wide range (within the fluorescence band of the dye used, and the dye can be 
changed if necessary). You may sometimes encounter a YAG laser. YAG is the acro-
nym for yttrium aluminum garnet, containing trivalent neodymium ions in Y 3 Al 5 
O 12. They are very powerful emitters of infrared radiation of 1060 nm wavelength. 
For photobiological purposes, they are sometimes combined with frequency dou-
blers made of potassium phosphate crystals, so that green light of 530 nm wave-
lengths is obtained. The wavelength can be further changed either by letting the light 
undergo Raman scattering or by using it as a power source for a dye laser. Diode 
lasers are photodiodes emitting coherent light. They are now the most  common 
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lasers, used in CD players and other optical readout devices and laser pointers. They 
are available from 370 nm in the UV-A band to the long-wavelength red.

14.4.2  Light-Emitting Diodes

Light-emitting diodes (LEDs) are used in applications where very strong light is not 
needed, for instance, as indicator their red light is not easy to efficiently separate 
from the chlorophyll fluorescence. Now sufficiently intense blue-emitting diodes 
are also available. LEDs of several spectral emission types are presently manufac-
tured: ultraviolet A, B, and C and blue, green, yellow, red, and infrared. It should be 
noted that they are not monochromatic light sources and especially the shortwave 
rated LEDs often have a broadband emission of longer wavelength than the nominal 
emission. For some types, the emission spectrum changes with operating current. 
LEDs are powered by a low-voltage source (e.g. a 1.5 V battery; some types need 
up to 5 V) in series with a resistor limiting the current to the rated value. Proper 
polarity should be observed.

Traditional LEDs contain inorganic semiconductors such as GaN, InGaN, SiC, 
and GaAsP (Table 14.2). Very recently, several laboratories and companies have 
started to develop organic light-emitting diodes (OLEDs), which will probably 
widen the range of spectral types available. Roithner also markets a range of 
infrared- emitting diodes with emission peak wavelengths greater than >4.5 μm. A 
LED emitting at 210 nm has been constructed (Taniyasu et al. 2006) but as of this 
writing is not yet commercially available. An interesting new development is the 
construction of a LED that can generate a single photon at a time (Yuan et al. 2002).

Table 14.2 Examples of LEDs and where to obtain them

Peak wavelength (nm) Semiconductors Company and URL

237–365 AlGaN/GaN Sensor Electronic Technology, Inc.
www.s-et.com

370–390 GaN Nichia America
460 GaN www.nichia.co.jp/en
470, 505, 525 SiC/GaP LEDtronics
574, 595, 611 InCaAlP www.ledtronics.com
630 GaAsP/GaP
660 GaAlAs/G

AlAs
660, 700, 720 GaAlAsP Roithner Lasertechnik
780, 810, 905 GaAlAsP http://www.roithner-laser.com/
375–1550 InGaN Epitex

AlGaAs/AlGaAs http://www.epitex.com/
240–415 InGaAsP Spectrecology

http://www.spectrecology.com/
(All accessed Aug. 17, 2013)
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14.4.3  Ultraviolet Radiations

Short-wavelength UV light exhibits more quantum properties than its visible and 
infrared counterparts. Ultraviolet light is arbitrarily broken down into three bands, 
according to its anecdotal effects. UV-A is the least harmful and most commonly 
found type of UV light, because it has the least energy. UV-A light is often called 
black light and is used for its relative harmlessness and its ability to cause fluores-
cent materials to emit visible light, thus appearing to glow in the dark. Most photo-
therapy and tanning booths use UV-A lamps.

UV-B is typically the most destructive form of UV light, because it has enough 
energy to damage biological tissues, yet not quite enough to be completely absorbed 
by the atmosphere. UV-B is known to cause skin cancer. Since the atmosphere blocks 
most of the extra-terrestrial UV-B light, a small change in the ozone layer could 
dramatically increase the danger of skin cancer. Short-wavelength UV-C is almost 
completely absorbed in air within a few hundred meters. When UV-C photons col-
lide with oxygen atoms, the energy exchange causes the formation of ozone. UV-C 
is almost never observed in nature, since it is absorbed so quickly. Germicidal UV-C 
lamps are often used to purify air and water, because of their ability to kill bacteria.

Solar radiation is essential to life on earth, but its UV component may also dam-
age both living organisms and nonliving matter. UV radiation is usually divided into 
three wavelength bands: UV-A (315–400  nm), UV-B (280–315  nm) and UV-C 
(100–280 nm). UV-C radiation is potentially the most damaging, but is completely 
filtered out by the earth’s atmosphere and does not reach the surface. The earth’s 
surface is also largely protected from the most damaging short-wavelength UV-B 
radiation due to absorption by stratospheric ozone. UV-A radiation passes through 
the atmosphere with little attenuation and thus is the largest component of ground- 
level solar UV radiation. Although generally less harmful than UV-B radiation, 
UV-A radiation has important effects on tropospheric chemistry, air quality, and 
aquatic and soil processes, as well as being mutagenic and causing immune sup-
pression in humans (Damian et al. 2011). Solar UV radiation, in particular UV-B, 
can be a positive regulator of plant defence systems against a broad spectrum of 
insect pests and pathogenic microorganisms (Williamson et al. 2014). UV radia-
tions can have either negative or positive effects on microorganisms especially 
UV-A and UV-B (Fig. 14.3).

14.5  Photostimulation of Microorganisms

From previous electromagnetic radiations including lasers, light-emitting diodes, 
ultraviolet, etc., these can be used as photostimulators, as they can enhance biopro-
cesses in microorganisms. The low-intensity Nd-YAG laser radiation stimulates 
actinomycete individuals, such as Streptomyces fradiae isolated from cholesterol- 
rich materials to increase cholesterol decomposing activity (Ouf et  al. 2012). 
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The low-power electromagnetic radiation is an emerging technology for the stimu-
lation of cell activity. Low-intensity laser radiation with a wavelength of 400–500 nm 
accelerated cell division and enhanced protein synthesis in various microorganisms 
and stimulated the cholesterol decomposition of Streptomyces fradiae (Yew 
et al. 1982).

There is a large body of data about the utilization of laser radiation to inhibit the 
growth of microorganisms (Keates et al. 1988; Maisch et al. 2005; Sharma et al. 
2008). However, there are some quantitative studies with organisms of different 
complexity improving the stimulating action of low-intensity laser radiation. The 
low-intensity Nd-YAG laser radiation stimulates actinomycete individuals, such as 
Streptomyces fradiae isolated from cholesterol-rich materials to increase choles-
terol decomposing activity (Ouf et al. 2012). The low-power electromagnetic radia-
tion is an emerging technology for the stimulation of cell activity. Low-intensity 
laser radiation with a wavelength of 400–500 nm and about 600 nm has brought 
about accelerated cell division and enhanced protein synthesis in various microor-
ganisms. For example, our data indicate the importance of the photosensitizer in 
enhancement of laser radiation to stimulate cholesterol decomposition of 
Streptomyces fradiae (Yew et al. 1982). In a photostimulation study on endophytic 
fungi from medicinal plants, 13 species out of 22 entophytic fungi were screened 
for production of AgNPs, and photostimulation was carried out by red polarized 
laser and ultraviolet radiations. Reaction conditions such as silver nitrate concentra-
tion, pH, temperature, and efficiency of photostimulation using monochromatic red 
polarized light and UV radiations were optimized and assessed for high production 

Fig. 14.3 Observed (pre-2010) and projected changes in annual mean erythemal (sunburning) 
clear-sky UV-B radiation at earth’s surface, relative to 1980, for different latitude bands. (McKenzie 
et al. 2011; Bais et al. 2015; Williamson et al. 2014)
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of AgNPs (Abu-Elsaoud et al. 2015). High concentrations of AgNPs were produced 
by Chaetomium globosum and Trichoderma viride recovered from Tanacetum 
sinaicum and Chiliadenus montanus, respectively. Both C. globosum and T. viride 
showed significantly different response to photostimulation by either red polarized 
or red LED light. T. viride showed promising results and significant increase in 
AgNP production after photostimulation by monochromatic red polarized light and 
red light-emitting diodes (rLEDs) (Abu-Elsaoud et al. 2015).

The action of low-intensity laser radiation on Escherichia coli was reviewed by 
Tiphlova and Karu (1991), dealing with the quantitative laws of monochromatic 
visible light action on the cellular level, as well as with the primary photoacceptors 
and possible light signal transduction chains in bacterial cell Escherichia coli WP2 
trp-. The existence of certain parameters of light (dose, intensity, pulse repetition 
rate, monochromaticity within the absorption bandwidth of biomolecules) for stim-
ulation of E. coli WP2 metabolism has been established. The sensitivity of bacteria 
to irradiation with monochromatic visible light has been proposed to be a delta pH- 
dependent genetic process (Tiphlova and Karu 1991).

The activity of phenol hydroxylase in Candida tropicalis was promoted after 
irradiation with a He-Ne laser. In addition, the cell growth and intrinsic phenol bio-
degradation kinetics of mutant strain CTM 2 in batch cultures were also described 
by Haldane’s kinetic equation with a wide range of initial phenol concentrations 
from 0 to 2600 mg liter−1. The specific growth and degradation rates further demon-
strated that the CTM 2 mutant strain possessed a higher capacity to resist phenol 
toxicity than wild C. tropicalis did.

In a study on Phellinus igniarius mutant screened through low-power He-Ne 
laser and ultraviolet (UV) induction, the mutant was then used to improve the 
 production of endo-polysaccharides. These endo-polysaccharides exhibited stron-
ger antioxidant activities in vitro, contained stronger hydroxyl radical scavenging 
capacity and showed higher Trolox equivalent antioxidant capacity (TEAC) 
(195.43  μmol Trolox/g sample) and ferric-reducing ability of plasma (FRAP) 
(20.57 μmol Fe2+/g sample) values compared with those of the CK. Therefore, the 
mutant screening through low-power He-Ne laser and UV induction could be an 
efficient and practical method for the development of the Phellinus strains and thus 
could improve the production and antioxidant activities of their endo- polysaccharides 
(Zhang et al. 2016).

The effect of enhanced levels of ultraviolet radiations especially UVA + UV + B 
on some aeromycobiota of Ismailia region, Egypt, was evaluated in an in  vitro 
experiment (unpublished data). Two fungal species were tested – Drechslera sp. and 
Paecilomyces sp. Ultraviolet radiations (UV-A, UV-B) affected conidial structure 
(size) and biochemical consequences of both Drechslera sp. and Paecilomyces sp., 
and the level of UV-absorbing compound in Paecilomyces increased significantly 
after UV-A and UV-B irradiation when compared to control group, while for 
Drechslera, it showed a non-significant difference in UV-absorbing compounds 
with enhanced levels of UV radiations (Figs. 14.4 and 14.5). In addition to enhanced 
levels of mycosporine-like amino acids (MAAs).
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Fig. 14.4 Enhanced levels of ultraviolet radiations (UV-A, UV-B) increase the conidial size (μm) 
of Drechslera sp. and Paecilomyces sp. (Abu-Elsaoud and Abdel-Azeem unpublished data)
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lished data)
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A study concerning assessment of two different photostimulation methods for 
enhancing the production of silver myco-nanoparticles based on NADPH-dependent 
nitrate was carried out using different irradiation doses (1, 5 and 30 s) of red polar-
ized laser and red light-emitting diodes (r-LED) (Abu-Elsaoud et  al. 2015). 
Monochromatic red polarized light with wavelength 632.8 nm induced a significant 
increase in the biosynthesis if AgNPs from Trichoderma viride cell extract based on 
both colour changes and UV-visible spectrophotometry. In Chaetomium globosum, 
monochromatic red polarized light did not affect AgNP biosynthesis significantly, 
and the relation with increasing doses of polarized light was negative, i.e. showing 
decreased biosynthesis of AgNPs with increasing doses of monochromatic red 
polarized light (Table 14.3). The differences in AgNP biosynthesis in both species 
were found to be significant at different wavelengths of UV-visible spectrophotom-
etry. Red light-emitting diodes of wavelength ranging from 620 to 660 nm and max-
imum wavelength of 635 nm induced a significant increase in the AgNP  biosynthesis 
especially for Trichoderma viride. Doses of 1-, 5- and 30-minute irradiation with 

Table 14.3 Photostimulation of microorganisms with electromagnetic spectrum

EM radiation
Wavelength 
(λ; nm) Photostimulation action Microorganism Reference

Nd-YAG laser 500–600 Accelerated cell division
Enhanced protein 
synthesis
Stimulated cholesterol 
degradation

Actinomycetes: 
Streptomyces 
fradiae

Ouf et al. 
(2012)

R-polarized 
laser

632.8 Improved biosynthesis of 
silver nanoparticles

Fungi:
Trichoderma viride
Chaetomium 
globosum

Abu-Elsaoud 
et al. (2015)

Red LED 600–700 Improved production of 
silver nanoparticles
Increased activity of 
exogenous nitrase

Fungi:
Trichoderma viride
Chaetomium 
globosum

Abu-Elsaoud 
et al. (2015)

He-Ne laser
UV-A + UV-B 320–400

280–320
Changed conidial 
structure
Increased UV-absorbing 
compounds
Increased mycosporine- 
like amino acids (MAAs)

Fungi:
Drechslera sp. 
Paecilomyces sp.

(unpublished 
data)
Abu-Elsaoud 
et al. (n.d.)

He-Ne laser 400–500, 
600

Accelerated cell division
Enhanced protein 
synthesis

Various 
microorganisms
Streptomyces 
fradiae

He-Ne laser Increased activity of 
phenol hydroxylase

Candida tropicalis Jiang et al. 
(2007)

He-Ne laser 
and UV

Enhanced production/
antioxidant activities of 
endo-polysaccharides

Phellinus igniarius Zhang et al. 
(2016)
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red LED light induced increase in the AgNP biosynthesis, while C. globosum doses 
of 1 minute had a promising effect on AgNP biosynthesis (Abu-Elsaoud et al. 2015).

On the other hand, ultraviolet radiations ranging from 200 to 400 nm are classi-
fied into three different levels: UV-A (320–400 nm), UV-B (280–320 nm) and UV-C 
(200–280 nm). The inactivation of microorganisms by ultraviolet (UV) light has 
been known for a long time and is used in many applications (Qualls and Johnson 
1983; Zemke et al. 1990; Rames et al. 1997; Warriner et al. 2000; Lin and Blatchley 
2001; Favier et al. 2001). It is known that sterilization efficiency of UV systems 
depends on different parameters like wavelength range and microbial concentration 
(Bourrouet et al. 2001). A wavelength ranging between 200 and 300 nm that corre-
sponds to peak absorption of DNA is effective and the absorption of UV light by the 
DNA molecule causes death of microorganisms (Ishida et al. 1991). This is impor-
tant for sterilization. All cells (both eukaryotic and prokaryotic) can repair their 
DNA defects. Photoreactivation induction by 350–600 nm lights is involved in these 
repair mechanisms (Favier et al. 2001; Schoenen and Kolch 1992).

Endophytic fungi are symbiotically associated biota of living plant tissues with 
symptomless disease to their host (Petrini 1991) and are not host specific (Cohen 
2006). In the last few decades, scientists concentrate in their investigation to bio-
prospect natural chemical biological compounds, especially in extremes or hot bio-
diverse environments (Abdel-Azeem et al. 2012). Active metabolites from biological 
origin are produced by a large number of fungal species and most bioprospecting 
strategies were limited to some ecological groups of fungal species in Egypt (Abdel- 
Azeem 2010).

Nanotechnology has recently become one of the most active research fields in 
biology, chemistry, physics, mathematics, technology and engineering which are 
integrated to explore benefits of the nano-world towards the betterment of the soci-
ety (Koopmans and Aggeli 2010). The dimension of matter important in nanosci-
ence and nanotechnology is typically on the 0.2 nm to 100 nm scale (nanoscale). 
The properties of materials change as their size approaches the nanoscale (Eustis 
and El-Sayed 2006). Research in bio-nanotechnology has shown to provide reliable, 
eco-friendly processes for synthesis of noble nanomaterial. Biosynthesis of nanopar-
ticles using fungal species has been targeted by many research projects (Ahmad 
et al. 2003; Hemath Naveen et al. 2010; Vahabi et al. 2011; San et al. 2012).

The applications of silver nanoparticles on different fields were of great impor-
tance and attracted attention of many researchers (Galdiero et al. 2011), e.g. appli-
cations in food technology, agriculture, biomedicine, and environmental technology 
(Rogers et al. 2008; Lu et al. 2008; Kumar et al. 2010; Baram-Pinto et al. 2010; Lara 
et  al. 2010; Nameirakpam et  al. 2012; Devi et  al. 2013; Devi and Joshi 2014; 
Mustafa et al. 2013; Singh et al. 2015).

Recently the application of myco-nanotechnology for production of nanopar-
ticles, as an alternative to chemical and physical ones, increased in the last decade 
(Alghuthaymi et al. 2015) even with some considerations concerning the environ-
ment (Mustafa et al. 2013). Endophytic anamorphic Ascomycota have been used 
for green synthesis of AgNPs during the last decade worldwide (Verma et al. 2010, 
Raheman et al. 2011; Nameirakpam et al. 2012; Devi et al. 2013; Devi and Joshi 
2014; Qian 2013).
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In Egypt very few studies were carried on the synthesis of AgNPs by endophytic 
fungi (Mustafa et  al. 2013). Moreover, green synthesis optimizations combined 
with photostimulation studies were never reported up to our knowledge. In our con-
tinuous programme to find new biologically active natural products from Egyptian 
endophytic fungi, our teamwork with Suez Canal University screened various endo-
phytic fungal species representing various selected habitats in Egypt especially arid 
Sinai. The aim of this work is directed to survey extracellular synthesis of AgNPs by 
endophytic fungi isolated from six wild medicinally important plants in Wadi 
Al-Arbaeen, Saint Katherine Protectorate and arid Sinai, Egypt, in addition to opti-
mize the reaction conditions and study the efficiency of photostimulation providing 
the maximum possible biosynthesis of AgNPs.

References

Abdel-Azeem AM (2010) The history, fungal biodiversity, conservation, and future perspectives 
for mycology in Egypt. IMA Fungus 1:123

Abdel-Azeem AM, Salem FM, Mohamed HM, Rashad HM, Mohamed RM, Khalil WF (2012) 
Bioprospecting of Egyptian fungi for ecological and medical applications. Proc. 8th Meet. 
TWAS-ARO, vol. 31. In: Bibilotheca Alexandrina

Abu-Elsaoud AM, Abdel-Azeem AM, Elian M, Loutfy A (n.d.) Mycosporine like amino acids and 
UV-absorbing compounds production in fungi under enhanced levels of ultraviolet radiations. 
2019: unpublished data

Abu-Elsaoud AM, Abdel-Azeem AM, Mousa SA, Hassan SS (2015) Biosynthesis, optimisation 
and photostimulation of α-NADPH-dependent nitrate reductase-mediated silver nanoparticles 
by Egyptian endophytic fungi. Adv Environ Biol 9(24):259–269

Ahmad A, Mukherjee P, Senapati S, Mandal D, Khan MI, Kumar R et  al (2003) Extracellular 
biosynthesis of silver nanoparticles using the fungus Fusarium oxysporum. Colloids Surf B 
Biointerfaces 28:313–318. https://doi.org/10.1016/S0927-7765(02)00174-1

Alghuthaymi MA, Almoammar H, Rai M, Said-Galiev E, Abd-Elsalam KA (2015) 
Myconanoparticles: synthesis and their role in phytopathogens management. Biotechnol 
Biotechnol Equip 29:221–236. https://doi.org/10.1080/13102818.2015.1008194

Bais AF, McKenzie RL, Bernhard G, Aucamp PJ, Ilyas M, Madronich S, Tourpali K (2015) Ozone 
depletion and climate change: impacts on UV radiation. Photochem Photobiol Sci 14(1):19–
52. https://doi.org/10.1039/c4pp90032d

Baram-Pinto D, Shukla S, Gedanken A, Sarid R (2010) Inhibition of HSV-1 attachment, entry, and 
cell-to-cell spread by functionalized multivalent gold nanoparticles. Small Weinh Bergstr Ger 
6:1044–1050. https://doi.org/10.1002/smll.200902384

Björn LO (ed) (2015) Photobiology. Springer, New York, NY. https://doi.org/10.1007/978-1-4939- 
1468-5

Bourrouet A, García J, Mujeriego R, Peñuelas G (2001) Faecal bacteria and bacteriophage inac-
tivation in a full-scale UV disinfection system used for wastewater reclamation. Water Sci 
Technol J Int Assoc Water Pollut Res 43:187–194

Damian DL, Matthews YJ, Phan TA, Halliday GM (2011) An action spectrum for ultraviolet 
radiation-induced immunosuppression in humans. Br J Dermatol 164(3):657–659. https://doi.
org/10.1111/j.1365-2133.2010.10161.x

Devi LS, Bareh DA, Joshi SR (2013) Studies on biosynthesis of antimicrobial silver nanoparticles 
using endophytic fungi isolated from the ethno-medicinal plant Gloriosa superba L. Proc Natl 
Acad Sci India Sect B Biol Sci 84:1091–1099. https://doi.org/10.1007/s40011-013-0185-7

14 Light, Electromagnetic Spectrum, and Photostimulation of Microorganisms…

https://doi.org/10.1016/S0927-7765(02)00174-1
https://doi.org/10.1080/13102818.2015.1008194
https://doi.org/10.1039/c4pp90032d
https://doi.org/10.1002/smll.200902384
https://doi.org/10.1007/978-1-4939-1468-5
https://doi.org/10.1007/978-1-4939-1468-5
https://doi.org/10.1111/j.1365-2133.2010.10161.x
https://doi.org/10.1111/j.1365-2133.2010.10161.x
https://doi.org/10.1007/s40011-013-0185-7


392

Devi LS, Joshi SR (2014) Evaluation of the antimicrobial potency of silver nanoparticles biosyn-
thesized by using an endophytic fungus, Cryptosporiopsis ericae PS4. J Microbiol Seoul Korea 
52:667–674. https://doi.org/10.1007/s12275-014-4113-1

Eustis S, El-Sayed MA (2006) Why gold nanoparticles are more precious than pretty gold: Noble 
metal surface plasmon resonance and its enhancement of the radiative and nonradiative proper-
ties of nanocrystals of different shapes. Chem Soc Rev 35:209–217. https://doi.org/10.1039/
B514191E

Favier GL, Escudero ME, de Guzman AM (2001) Effect of chlorine, sodium chloride, triso-
dium phosphate, and ultraviolet radiation on the reduction of Yersinia enterocolitica and 
mesophilic aerobic bacteria from eggshell surface. J Food Prot 64:1621–1623. https://doi.
org/10.4315/0362-028x-64.10.1621

Galdiero S, Falanga A, Vitiello M, Cantisani M, Marra V, Galdiero M (2011) Silver nanoparti-
cles as potential antiviral agents. Molecules 16:8894–8918. https://doi.org/10.3390/molecules 
16108894

Hemath Naveen KS, Kumar G, Karthik L, Bhaskara Rao KV (2010) Extracellular biosynthesis of 
silver nanoparticles using the filamentous fungus Penicillium sp. Arch Appl Sci Res 2:161–167

Ishida H, Nahara Y, Tamamoto M, Hamada T (1991) The fungicidal effect of ultraviolet light 
on impression materials. J Prosthet Dent 65:532–535. https://doi.org/10.1016/0022-3913(91) 
90295-8

Jiang Y, Wen J, Jia X, Caiyin Q, Hu Z (2007) Mutation of Candida tropicalis by irradiation with a 
He-Ne laser to increase its ability to degrade phenol. Appl Environ Microbiol 73(1):226–231. 
https://doi.org/10.1128/AEM.00677-06

Jones RL (ed) (2013) The molecular life of plants. Wiley-Blackwell, Chichester, West Sussex\
Hoboken, NJ

Keates RH, Drago PC, Rothchild EJ (1988) Effect of excimer laser on microbiological organisms. 
Ophthalmic Surg 19(10):715–718

Koopmans RJ, Aggeli A (2010) Nanobiotechnology—quo vadis? Curr Opin Microbiol 13:327–334. 
https://doi.org/10.1016/j.mib.2010.01.012

Kumar V, Yadav SC, Yadav SK (2010) Syzygium cumini leaf and seed extract mediated biosyn-
thesis of silver nanoparticles and their characterization. J Chem Technol Biotechnol 85:1301–
1309. https://doi.org/10.1002/jctb.2427

Lara HH, Ixtepan-Turrent L, Garza-Treviño EN, Rodriguez-Padilla C (2010) Research PVP-coated 
silver nanoparticles block the transmission of cell-free and cellassociated HIV-1 in human cer-
vical culture. J Nanobiotechnol 13:8. https://doi.org/10.1186/1477-3155-8-15

Lin LS, Blatchley ER (2001) UV dose distribution characterization using fractal concepts for sys-
tem performance evaluation. Water Sci Technol J Int Assoc Water Pollut Res 43:181–188

Lu L, Sun RW-Y, Chen R, Hui C-K, Ho C-M, Luk JM et al (2008) Silver nanoparticles inhibit 
hepatitis B virus replication. Antivir Ther 13:253–262

Maisch T, Bosl C, Szeimies R-M, Lehn N, Abels C (2005) Photodynamic effects of novel XF 
porphyrin derivatives on prokaryotic and eukaryotic cells. Antimicrob Agents Chemother 
49(4):1542–1552. https://doi.org/10.1128/AAC.49.4.1542-1552.2005

McKenzie RL, Aucamp PJ, Bais AF, Björn LO, Ilyas M, Madronich S (2011) Ozone depletion and 
climate change: impacts on UV radiation. Photochem Photobiol Sci 10(2):182–198. https://doi.
org/10.1039/c0pp90034f

Mustafa G, Tahir H, Sultan M, Akhtar N (2013) Synthesis and characterization of cupric oxide 
(CuO) nanoparticles and their application for the removal of dyes. Afr J Biotechnol 12:6650–
6660. https://doi.org/10.5897/AJB2013.13058

Nameirakpam ND, Dheeban SP, Sutha S (2012) Biomimetic synthesis of silver nanoparticles 
from an endophytic fungus and their antimicrobial efficacy. Int J Biomed Adv Res 3:409–415. 
https://doi.org/10.7439/ijbar.v3i5.365.

Qian H, Pretzer LA, Velazquez JC, Zhao Z, Wong MS (2013) Gold nanoparticles for cleaning con-
taminated water. J Chem Technol Biotechnol 88:735–741. https://doi.org/10.1002/jctb.4030

Qualls RG, Johnson JD (1983) Bioassay and dose measurement in UV disinfection. Appl Environ 
Microbiol 45:872–877

A. M. Abu-Elsaoud and A. M. Abdel-Azeem

https://doi.org/10.1007/s12275-014-4113-1
https://doi.org/10.1039/B514191E
https://doi.org/10.1039/B514191E
https://doi.org/10.4315/0362-028x-64.10.1621
https://doi.org/10.4315/0362-028x-64.10.1621
https://doi.org/10.3390/molecules16108894
https://doi.org/10.3390/molecules16108894
https://doi.org/10.1016/0022-3913(91)90295-8
https://doi.org/10.1016/0022-3913(91)90295-8
https://doi.org/10.1128/AEM.00677-06
https://doi.org/10.1016/j.mib.2010.01.012
https://doi.org/10.1002/jctb.2427
https://doi.org/10.1186/1477-3155-8-15
https://doi.org/10.1128/AAC.49.4.1542-1552.2005
https://doi.org/10.1039/c0pp90034f
https://doi.org/10.1039/c0pp90034f
https://doi.org/10.5897/AJB2013.13058
https://doi.org/10.7439/ijbar.v3i5.365.
https://doi.org/10.1002/jctb.4030


393

Ouf SA, Alsarrani AQ, Al-Adly AA, Ibrahim MK (2012) Evaluation of low-intensity laser 
radiation on stimulating the cholesterol degrading activity: part I. microorganisms isolated 
from cholesterol-rich materials. Saudi J  Biol Sci 19(2):185–193. https://doi.org/10.1016/j.
sjbs.2011.12.006

Petrini O (1991) Fungal endophytes of tree leaves. In: Andrews JH, Hirano SS (eds) Microbial 
Ecology Leaves. Springer, New York, pp 179–197

Rames J, Chaloupecký V, Sojková N, Bencko V (1997) An attempt to demonstrate the increased 
resistance of selected bacterial strains during repeated exposure to UV radiation at 254 nm. 
Cent Eur J Public Health 5:30–31

Raheman F, Deshmukh S, Ingle A, Gade A, Rai M (2011) Silver nanoparticles: novel antimicrobial 
agent synthesized from an endophytic fungus Pestalotia sp. isolated from leaves of Syzygium 
cumini (L). Nano Biomed Eng 3. https://doi.org/10.5101/nbe.v3i3.p174-178

Rogers JV, Parkinson CV, Choi YW, Speshock JL, Hussain SM (2008) A preliminary assessment 
of silver nanoparticle inhibition of Monkeypox virus plaque formation. Nanoscale Res Lett 
3:129–133. https://doi.org/10.1007/s11671-008-9128-2

Rule D, Cheeptham N (2013) The effects of UV light on the antimicrobial activities of cave actino-
mycetes. Int J Speleol 42:147–153. https://doi.org/10.5038/1827-806X.42.2.7

San Y, Chan M, Don M, Selatan SP (2012) Instantaneous biosynthesis of silver nanoparticles by 
selected macro fungi. Aust J Basic Appl Sci 6:86–88

Schoenen D, Kolch A (1992) Photoreactivation of E. coli depending on light intensity after UV 
irradiation. Zentralblatt Hyg Umweltmed Int J Hyg Environ Med 192:565–570

Sharma M, Visai L, Bragheri F, Cristiani I, Gupta PK, Speziale P (2008) Toluidine blue-mediated 
photodynamic effects on staphylococcal biofilms. Antimicrob Agents Chemother 52(1):299–
305. https://doi.org/10.1128/AAC.00988-07

Singh AK, Rathod V, Dattu Singh SN, Kulkarni P, Mathew J, ul Haq M (2015) Bioactive silver 
nanoparticles from endophytic fungus fusarium sp. isolated from an Ethanomedicinal plant 
Withania somnifera (Ashwagandha) and its antibacterial activity. Int J Nanomater Biostructures 
5(1):15–19

Taniyasu Y, Kasu M, Makimoto T (2006) An aluminium nitride light-emitting diode with a wave-
length of 210 nanometres. Nature 441(7091):325–328. https://doi.org/10.1038/nature04760

Tiphlova O, Karu T (1991) Action of low-intensity laser radiation on Escherichia coli. Crit Rev 
Biomed Eng 18(6):387–412

Vahabi K, Mansoori GA, Karimi S (2011) Biosynthesis of silver nanoparticles by fungus 
Trichoderma reesei (a route for large-scale production of AgNPs). Insciences J 1:65–79

Verma VC, Kharwar RN, Gange AC (2010) Biosynthesis of antimicrobial silver nanoparticles by the 
endophytic fungus Aspergillus clavatus. Nanomed 5:33–40. https://doi.org/10.2217/nnm.09.77

Warriner K, Rysstad G, Murden A, Rumsby P, Thomas D, Waites WM (2000) Inactivation of 
Bacillus subtilis spores on aluminum and polyethylene preformed cartons by UV-excimer laser 
irradiation. J Food Prot 63:753–757. https://doi.org/10.4315/0362-028x-63.6.753

Williamson CE, Zepp RG, Lucas RM, Madronich S, Austin AT, Ballaré CL, Norval M et al (2014) 
Solar ultraviolet radiation in a changing climate. Nat Clim Chang 4(6):434–441. https://doi.
org/10.1038/nclimate2225

Yew DT, Lam ST, Chan YW (1982) Effect of low dose laser on the chorioallantoic culture of reti-
nal pigment cells. Acta Radiol Oncol 21(6):433–438

Yuan Z, Kardynal BE, Mark Stevenson R, Shields AJ, Lobo CJ, Cooper K, Beattie NS, Ritchie 
DA, Pepper M (2002) Electrically driven single-photon source. Science 295(5552):102–105. 
https://doi.org/10.1126/science.1066790

Zemke V, Podgorsek L, Schoenen D (1990) Ultraviolet disinfection of drinking water. 1. 
Communication: inactivation of E. coli and coliform bacteria. Zentralblatt Hyg Umweltmed 
Int J Hyg Environ Med 190:51–61

Zhang H-N, Ma H-L, Zhou C-S, Yang Y, Yin X-L, Yan J-K (2016) Enhanced production and anti-
oxidant activity of endo-polysaccharides from Phellinus igniarius mutants screened by low 
power He-Ne laser and ultraviolet induction. Bioact Carbohydr Diet Fibre 15:30. https://doi.
org/10.1016/j.bcdf.2016.11.006

14 Light, Electromagnetic Spectrum, and Photostimulation of Microorganisms…

https://doi.org/10.1016/j.sjbs.2011.12.006
https://doi.org/10.1016/j.sjbs.2011.12.006
https://doi.org/10.5101/nbe.v3i3.p174-178
https://doi.org/10.1007/s11671-008-9128-2
https://doi.org/10.5038/1827-806X.42.2.7
https://doi.org/10.1128/AAC.00988-07
https://doi.org/10.1038/nature04760
https://doi.org/10.2217/nnm.09.77
https://doi.org/10.4315/0362-028x-63.6.753
https://doi.org/10.1038/nclimate2225
https://doi.org/10.1038/nclimate2225
https://doi.org/10.1126/science.1066790
https://doi.org/10.1016/j.bcdf.2016.11.006
https://doi.org/10.1016/j.bcdf.2016.11.006


395© Springer Nature Switzerland AG 2020
A. M. Abdel-Azeem (ed.), Recent Developments on Genus Chaetomium,  
Fungal Biology, https://doi.org/10.1007/978-3-030-31612-9_15

Chapter 15
Chaetomium as Potential Soft Rot 
Degrader of Woody and Papery Cultural 
Heritage

Ahmed M. Abdel-Azeem, Robert A. Blanchette, and Benjamin W. Held

15.1  Introduction

Wood deterioration is an essential process in the environment that recycles complex 
organic matter and is an integral component of life. These processes, however, also 
destroy historic wood that has been used as shelter, utility, and art resulting in a loss of 
valuable cultural properties from archaeological sites. Woods with natural resistance 
to microbial degradation were often used in ancient times for an application where 
wood was in contact with the ground, for shipbuilding and for other uses (Meiggs 
1982). These extractive-rich woods helped to preserve the wood and resist microbial 
attack but even the most resistant woods are not immune from decomposition. Wood 
that persists for long periods of time is usually protected by an environment that limits 
microbial activity. These special conditions may allow wood to survive centuries or 
even thousands of years, but even in the most extreme environments, some physical 
and chemical modification of wood from biodeterioration takes place. What type of 
deterioration occurs and how these processes impact the wood are important questions 
that need consideration if wooden cultural properties are to be studied and properly 
preserved. Since there are relatively few wooden objects surviving from past civiliza-
tions, they are extremely valuable resources that deserve careful attention.

Chaetomium is a genus of filamentous fungi (phylum Ascomycota, class 
Sordariomycetes) encompassing species that typically possess densely setose, ovoid 
to pyriform ostiolate ascomata, clavate asci, and pigmented, one-celled ascospores 
(Samson et al. 2000). Species of Chaetomium are important in the decomposition of 
cellulose-rich materials.
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In this chapter we will discuss the different ways of wood degradation caused by 
fungi and also describe specific degradation found in archaeological wood from a 
variety of different terrestrial with special reference to genus Chaetomium.

15.2  Fungi in the Museum Environment

Contamination of pieces of art presented in exhibition rooms or stored in depots and 
their spoilage by fungi is not exceptional but rather frequent in old and newly built 
museums (Allsopp et al. 2004; Nittèrus 2000; Capitelli et al. 2009; Mesquita et al. 
2009; Pangallo et al. 2007; Koestler et al. 2003). It is well known to mycologists 
that fungi are able to inhabit, to alter, and to degrade all types of organic and inor-
ganic materials. However, most conservators and museum curators are not aware of 
this enormous deteriorative potential.

Historically, pieces of art were made of all types of organic materials, and these 
materials are again used for an authentic restoration or conservation of the objects 
in recent times: Paint was made of mineral pigments bound with organic binders 
such as egg yolk, casein, linseed, poppy seed, hempseed oil, Chinese wood oil, or 
different resins. Linen canvas clamped on wooden frames serves as painting ground 
and was often primed with rabbit skin glue before painting. Gold leaf on precious 
wooden or stucco frames was applied using organic glues, linseed or turpentine oil. 
Historic glues were based on cellulose or rabbit skin. Sculptures and other art 
objects carry décors made of textiles, leather, straw, clay, natural hair, or feathers. 
The most precious documents of humankind are books and scrolls made of paper, 
papyrus, and parchment. Because of the tremendous diversity of exo-enzymes pro-
duced by fungi – cellulases, glucanases, laccases, phenolases, keratinases, mono- 
oxygenases, and many more – and their remarkable ability to grow at low aw values, 
the preservation of museum objects is inevitably connected with prevention of 
mold, monitoring of fungi, and treatment of fungi on contaminated objects.

A compilation of fungi frequently occurring on paper, paintings, and other mate-
rials in museum is given in Table 15.1 after Sterflinger (2010). The data are based 
on more than 20 studies carried out in Austrian museums since 2000 and on data 
collected from different case studies in the literature. Most fungi playing a role in 
the deterioration of cultural heritage phylogenetically belong to Euascomycetes; 
hemiascomycetes – yeasts – are rarely isolated from art objects. Teleomorphs are 
rarely found and the only teleomorph genera that frequently occur are Chaetomium – 
mostly on paper, wood, and feathers – and Eurotium, in environments with low aw 
values. Occurrence of basidiomycetes is restricted to wood degradation in churches 
or other protected historical monuments. Zygomycetes are frequently isolated from 
pieces of art but in most cases they can be regarded as transients not being really 
established on the objects.

Fungal growth on objects of cultural heritage often causes a serious aesthetical 
spoiling due to colony formation and fungal pigments (Sterflinger et  al. 1999). 
Moreover, fungi degrade materials and thus affect objects substantially: the 
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 enzymatic degradation of organic binders causes reduction or even loss of paint 
 layers. Fungi penetrate cracks and migrate underneath paint layers thus causing 
detachment. In paper conservation fungi are a special problem due to their ability to 
excrete cellulases. Lignin-degrading fungi are rarely observed in indoor environ-
ments, but considerable damage can be caused by the cellulose degraders Serpula 
lacrymans or Coniophora puteana in churches and other objects of cultural heritage 
if wooden altars or the roof structures are attacked. Also originals and museum 
reconstructions of historical buildings are considerably damaged by S. lacrymans 
(Bech-Andersen and Elborne 2004).

Table 15.1 Most recovered fungi from museums and on materials objects of artsa,b,c,d,e

Substrate Genus

Paintings: oil, water 
color, acrylic

Alternaria sp., Aspergillus flavus, Aspergillus sect. niger, A. sydowii, 
A. versicolor, Aureobasidium pullulans, Chaetomium funicola, 
Cladosporium herbarum, C. cladosporioides, Eurotium chevalieri, 
E. rubrum, Fusarium sp., Mucor sp., Penicillium chrysogenum, 
P. citrinum, P. decumbens, and many other species of the genus

Paper (laid paper, 
wood pulp paper) 
and cellulose textiles 
(cotton, linen)

Alternaria sp., Aspergillus clavatus, A. flavus, A. glaucus, A. terreus, 
A. repens, A. ruber, A. fumigatus, A. ochraceus, A. nidulans, Aspergillus 
sect. niger, Botrytis cinerea, Chaetomium globosum, C. elatum, 
C. indicum, Eurotium amstelodami, Fusarium sp., Mucor sp., 
Paecilomyces variotii, Penicillium chrysogenum, P. funiculosum, 
P. purpurogenum, P. rubrum, P. variabile, P. spinulosum, P. fellutatum, 
P. frequentans, P. citrinum, Pichia guilliermondii, Rhizopus oryzae, 
Stachybotrys chartarum, Toxicocladosporium irritans, Trichoderma 
harzianum, T. viride, Stemphylium sp., Ulocladium sp.

Parchment Cladosporium cladosporioides, Epicoccum nigrum, Phlebiopsis 
gigantea, Penicillium chrysogenum, Thanatephorus cucumeris

Keratinous substrates 
(leather, wool, 
feathers, fur, hair)

Absidia glauca, A. cylindrospora, A. spinosa, Acremonium sp., Alternaria 
alternata, Aspergillus sydowii, A. candidus, A. clavatus, A. carneus, 
A. foetidus, A. flavus, A. fumigatus, and many other species of the genus 
Arthroderma sp., Aureobasidium pullulans, Chaetomium globosum, 
Chrysosporium sp., Coniosporium sp., Cladosporium cladosporioides,
Cunninghamella echinulata, C. elegans, Epicoccum nigrum, Emericella 
sp., Geotrichum candidum, Mucor sp., Penicillium brevicompactum, 
Penicillium chrysogenum, and many other species of the genus, Phoma 
medicaginis, Scopulariopsis sp., Stachybotrys chartarum, Trichophyton 
sp., Rhizopus sp.

Archeological 
findings: bones, 
ceramics

Archaeological findings often carry a large load of spores, in case of 
contamination the diversity on the objects reflects the diversity of the 
respective soil

The identification of the fungi was carried out based on morphology and/or sequencing of the 
ITS1, 5.8 S, ITS2 region with subsequent homology search using the BLAST algorithm [http://
www.ncbi.nlm.nih.gov/BLAST/]
aUnpublished data Sterflinger/ACBR
bMesquita et al. (2009)
cMeier and Petersen (2006)
dBlyskal (2009)
ePangallo et al. (2009)
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The development of fungi in museums is to a large extent determined by the 
indoor climate, the amount of available nutrients – from the atmosphere and from 
the materials themselves  – and also the cleaning intervals in the museum. The 
indoor climate as indicated by temperature, relative humidity, and specific humidity 
is the most important factor for fungal growth. It is also closely related to the build-
ing’s physical properties, especially the thermal insulation and the tendency to gen-
erate condensate from warm indoor air on cold walls of the building envelope 
(Camuffo 1998). Depending on the climate in the museum or storage rooms, the 
fungal diversity is restricted to few xerophilic and xerotolerant species such as 
Eurotium sp., Aspergillus sp., or Wallemia sp. Only in storage rooms where the 
humidity is raised to more than 70% for a period of several weeks or month is a high 
fungal diversity able to establish. The climate ranges allowing fungal spores to ger-
minate and that restrict the growth of the fungal mycelium are shown in the isopleth 
systems by Sedlbauer and Krus (2003). The authors also show that hygroscopic 
materials support the growth of fungi at low relative humidity and that the water 
demand depends on the biodegradability of the substrate. The objects influence the 
development of the fungal community by their chemical composition and biode-
gradability for species with different exo-enzymes.

In museums the range of 55% Relative Humidity (RH) is generally regarded as 
the borderline for fungal growth and thus climate control is adjusted below this 
value. In fact, fungi that are able to survive at a relative humidity of 55% are rare and 
restricted to extreme environments such as hot and cold deserts. So why do meso-
philic hyphomycetes frequently occur in museums? All museums in the world mea-
sure temperature and humidity in storage and exhibition rooms by means of modern 
data logger, data writers, or simple hygro- and thermometers. However, the way and 
location of climate measurements are often insufficient to reflect the real climate and 
to detect different climatic zones in the building. In his book on microclimate in 
museums, Camuffo (1998) illustrates the complexity of climate monitoring that can-
not just be monitored by a single data logger in the middle of a museum room. The 
influence of airstream through doors, warming by sunlight, and daily changes of 
temperature gradients as well as the isolation and exposition of the building enve-
lope have to be considered as important factors. In fact, fungal growth mostly hap-
pens between shelves with little aeration or near to walls with temperatures below 
the dew point. Micro-niches are often also created by wrapping of single objects into 
plastic foils or extremely tight boxes not allowing an exchange of air and vapor.

The mycobiota in museums is also influenced by the atmospheric particulate 
matter carrying carbonates, minerals, and others. Gysels et al. (2004) have shown in 
a study on the Royal Museum of Fine Art in Antwerp that the indoor aerosols were 
largely determined by the outdoor atmosphere and the outdoor sources of organic 
and inorganic pollutants. Fungi are well able to degrade different types of organic 
pollutants including polycyclic aromatic hydrocarbons (PAHs). Therefore, the 
 fungal diversity on monuments in an urban environment was found to be much 
higher than in a rural environment of the climatic zone (Sterflinger and 
Prillinger 2001).

As a common species of Chaetomium, Chaetomium globosum can utilize a 
variety of carbohydrates as sources of carbon (Table 15.2) for the listing of the 
sources based on testing conducted at Health Canada.
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Prokhorov and Linnik (2011) reported C. globosum growth studies on wort agar, 
or mineral medium, and either glucose, saccharose, mannite, lactose, amylum or 
cellulose as carbon sources. For all carbon sources, fungal colony sizes increased on 
all media beyond three days and ascocarps formed on all media. In the environment, 
C. globosum uses natural sources such as cellulose in straw (Harper and Lynch 
1985), the wood of the European beech (Fagus sylvatica) (Mohtashamipur and 
Norpoth 1990), heartwood and sapwood from the brazilwood tree (Caesalpinia 
echinata) (Silva et al. 2007), and fungal cell wall (Pythium ultimum) (Inglis and 
Kawchuk 2002). It is also capable of utilizing keratin in feathers (Kaul and Sumbali 
1999) and collagen in leather (Strzelczyk et al. 1989).

15.3  Structural and Chemical Features of Wood

Wood consists of an orderly arrangement of cells with walls composed of varying 
amounts of cellulose, hemicellulose, and lignin. The great diversity of woody plants 
is reflected in the varied morphology and chemical composition of their wood. 
Typically, two general groups, hardwoods (angiosperms) and softwoods (gymno-

Table 15.2 Carbohydrate 
utilization used for taxonomic 
identification of C. globosum 
strain ATCC 6205, based on 
the RapID™ YEAST PLUS 
system

Carbohydratea Result

Glucose −
Maltose −
Sucrose −
Trehalose −
Raffinose −
Fatty acid ester −
p-Nitrophenyl-N-acetyl-β,D- 
galactosaminide

+

p-Nitrophenyl-α,D-glucoside −
p-Nitrophenyl-β,D-glucoside +
o-Nitrophenyl-β,D-galactoside −
p-Nitrophenyl-α,D-galactoside +
p-Nitrophenyl-β,D-fucoside −
p-Nitrophenyl phosphate +
p-Nitrophenyl phosphorylcholine −
Urea +
Proline β-naphthylamide +
Histidine β-naphthylamide +
Leucyl-glycine β-naphthylamide −

aThe Thermo Scientific™ RapID™ YEAST PLUS 
System was used to evaluate sugar consumption of 
C. globosum strain ATCC 6205. C. globosum strain 
ATCC 6205 was inoculated into wells containing 
various carbon sources and incubated at 28 °C. The 
wells were evaluated after 48 hours
“+” means that the test result was positive and “−” 
means that the test result was negative
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sperms), can be easily separated. Hardwoods have pores or vessel elements that 
occur among fiber and parenchyma cells (Fig. 15.1). Cellulose content ranges from 
40% to 50% with 15–25% lignin and 15–25% hemicellulose. The remaining com-
ponents consist of various extracellular compounds.

Softwoods are composed of overlapping tracheids, connected by bordered pit 
apertures, and parenchyma cells and, in some cases, resin canals (Fig. 15.2). Greater 
concentrations of lignin, about 5–10% more than hardwoods, are found in soft-
woods and about the same amount of cellulose 40–50%. Less hemicellulose may be 
found in softwoods than hardwoods. The chemical composition of softwoods is also 
different from hardwoods with different types of lignin (primarily guaiacyl propane 
units), hemicelluloses (mannose is the most common constituent), and wood extrac-
tives (different terpenes, fatty acids, etc.).

Fig. 15.1 Cell structure of an angiosperm. (a and b) Sections of a diffuse porous hardwood show-
ing earlywood (E) and latewood (L). The wood consists of vessels (V), fibers (F), and ray paren-
chyma cells (R). (c) Cell walls with secondary wall layers (S1, S2, and S3) and middle lamellae 
(ml). Transverse sections. A and B SEM, C TEM. Bar = 500 μm in A, 100 μm in B, and 2 μm in 
C (Blanchette 2000)

Fig. 15.2 Cell structure of a gymnosperm. (a and b) Thin-walled earlywood or springwood (E) 
and thick-walled latewood (L) tracheids. (b) Zone of earlywood showing tracheids (T) and ray 
parenchyma cells (R). (c) A group of tracheid cell walls showing secondary wall layers (S1, S2, 
and S3) and middle lamella (ml). Transverse sections. A and B SEM, C TEM. Bar = 500 μm in A, 
100 μm in B, and 2 μm in C (Blanchette 2000)
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15.4  Degradation of Wood by Fungi

Microbes that degrade wood produce extracellular enzymes that break down the 
woody cell wall. Growth characteristics of the microorganism in wood and the type 
of degradative system produced results in different decay patterns being produced 
(Blanchette 1995, 1998). Depending on the type of decay, different physical, chemi-
cal, and morphological changes occur in wood. These decay processes have been well 
characterized and provide useful insights to elucidate deterioration in archaeological 
woods (Table 15.3). A review of decay patterns produced by different fungi suggests 
that three categories can be used to separate the types of decay produced in wood. 
Names for these categories are based on visual characteristics of the advanced decay.

Two major groups of decay produced by fungi taxonomically classified in the 
subdivision Basidiomycota are white and brown rot fungi. White rot fungi can 
degrade all cell wall components, including lignin. They often cause a bleaching of 
normal wood coloration. Their ability to metabolize large amounts of lignin in wood 
is unique among microorganisms. The thousands of species that cause white rots are 
a heterogeneous group that may degrade greater or lesser amounts of a specific cell 
wall component. Some species preferentially remove lignin from wood leaving 
pockets of white, degraded cells that consist entirely of cellulose, while others 
degrade lignin and cellulose simultaneously (Blanchette 1991). Degradation is usu-
ally localized to cells colonized by fungal hyphae and substantial amounts of unde-
cayed wood remains. A progressive erosion of the cell wall occurs when components 
are degraded simultaneously (Fig. 15.3) or a diffuse attack of lignin may occur by 
species that preferentially remove lignin (Blanchette 1991). Strength losses are not 
significant until late stages of decay (Cowling 1961; Zabel and Morrell 1992). 

Table 15.3 Microbes that cause wood degradation (Blanchette 2000)

Microorganism Wood components utilized Decay characteristics

Fungi
  White-rot All cell wall components, some 

species preferentially attack lignin
Progressive erosion of all cell wall layers. 
Middle lamella is degraded

  Brown rot Carbohydrates, some lignin 
modification

Diffuse depolymerization of cellulose

  Soft-rot Carbohydrates, some lignin 
modification

Type 1 – cavities form in secondary wall
Type 2 – progressive erosion of secondary 
walls, but middle lamella is not degraded

Bacteria
Erosion Carbohydrates, extent of lignin 

modification not known
Erosion troughs leaving large quantities 
of residual wall material

Tunneling Carbohydrates and some lignin Minute tunnels in secondary walls and 
middle lamella

Cavitation Carbohydrates, extent of lignin 
modification not known

Cavities form in secondary wall leaving 
residual wall material

Scavengers Primary organisms: pit membranes 
but no cell wall decay. Secondary 
organisms: utilizes modified cell 
wall components

Primary organisms penetrate pits and 
degrade wood extractives. Secondary 
bacteria scavenge altered wood 
components
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White rot fungi are common parasites of heartwood in living trees and are aggres-
sive decomposers of woody debris in forest ecosystems (Blanchette 1991; Rayner 
and Boddy 1988).

Brown rot fungi depolymerase cellulose rapidly during incipient stages of wood 
colonization. Considerable losses in wood strength occur very early in the decay 
process, often before decay characteristics are visually evident (Wilcox 1968). Cell 
wall carbohydrates are degraded extensively during decay leaving a modified, 
lignin- rich substrate (Fig. 15.4). The residual wood is brown and often cracks into 
cubical pieces when dry. Brown rot fungi commonly cause decay of timber in build-
ings, and these fungi have had serious impact on ancient and historic buildings 
(Jennings and Bravery 1991). One of the most destructive brown rot fungi is Serpula 
lacrymans (previously called Merulius lacrymans). This fungus has become well 
adapted to attacking timber in service and can spread rapidly on wood and traverse 
nonnutritional surfaces. Aerial mycelia differentiate into thick strands that allow the 

Fig. 15.3 Nonselective attack of wood by a white rot fungus. (a and b) All cell wall components are 
degraded resulting in voids within the degraded wood. (c) A progressive attack of all cell wall com-
ponents causing a localized erosion of the secondary wall layers and middle lamellae (arrowheads). 
Transverse sections. A and B SEM, C TEM. Bar = 100 μm in A and B, 5 μm in C (Blanchette 2000) 

Fig. 15.4 Decay of wood by brown rot fungi. (a) Degradation of cellulose in woody cell walls 
leaves a residual network of lignin. Cell walls collapse and appear distorted. (b) Degraded cells 
showing walls that are porous and fragile. (c) Ultrastructure of a cell consisting primarily of resid-
ual lignin that has little binding strength and is loosely held together. H hypha, S secondary wall, 
ml middle lamellae (Blanchette 2000)
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fungus to invade new substrates. The mycelial strands also act to transport moisture 
and nutrients to considerable distances (Jennings 1991). Commonly, this type of 
decay has been referred to as dry rot. This term, apparently first used to describe any 
deterioration of dead wood or wood in service (Britton 1875), is misleading because 
moisture must be present for the decay to occur.

15.5  Wood Cell Wall Degradation by Soft Rot Fungi

Soft rot is caused by a diverse range of microfungi from the ascomycetes (teleomor-
phic and anamorphic) and has ubiquitous distribution throughout the world. Soft rot 
can have severe economic consequences since several of the species involved attack 
wooden constructions including preservative-treated wood under terrestrial 
(Fig. 15.5a) and aquatic (marine and sweet water) situations (Gersonde and Kerner- 
Gang 1976; Leightley 1977; Leightley and Eaton 1978; Zabel et al. 1985; Daniel 
and Nilsson 1989). For example, soft rot has been documented as one of the major 
forms of attack of preservative-treated (i.e., with waterborne preservatives like cop-
per–chrome–arsenic and creosote) utility poles (Gersonde and Kerner-Gang 1976; 
Henningsson and Nilsson 1976; Zabel et  al. 1985). Visually, soft-rotted wood 
becomes gray and even black in advanced stages of decay due to colonization by 
fungi hyphae in the wood. The surface of soft-rotted wood also tends to crack in a 
similar way as brown rot. The term “soft rot” was originally used to describe the 
decay from waterlogged wood, which was soft to touch (Savory 1954). However, 
this definition is not correct, and wood from terrestrial environments can be very 
heavily degraded but still remain hard as, for example, seen with utility poles. When 
such poles are strained, typical brash fractures are produced in contrast to that of 
brown rot, which produces brittle fractures due to depolymerization of the cellulose. 
Thus, soft rot can give rise to significant reductions in the strength of wood at com-
parable small weight losses although not to the level of brown rot.

Soft rot decay of wood is strongly affected by both lignin type and concentration 
in contrast to brown rot fungi and more significantly than white rot decay. Thus, 
softwoods (e.g., spruce and pine) show greater resistance to attack than hardwoods 
especially low lignin hardwoods (e.g., aspen and birch beech). In addition, at the 
cellular level in hardwoods, the variation in microdistribution of syringyl and guaia-
cyl lignin that occurs between cell types (vessels/fibers/ parenchyma) very often 
creates variations in decay morphology (Daniel and Nilsson 1998).

15.5.1  Morphological Aspects of Cell Wall Decay by Soft Rot 
Fungi

Soft rot produces two distinct forms of attack of wood decay known as Type I in 
which characteristic cavities are produced in cell walls and Type II where hyphae 
localized in the cell lumina cause cell wall erosion (i.e., cell wall thinning) 
(Figs.  15.5, 15.6, and 15.8) (Table  15.4). In particular, cavity formation is very 
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 diagnostic for soft rot decay although many of the soft rot fungi cause both decay 
types simultaneously, sometimes in the same cells. A few species only cause Type 
II attack (Nilsson 1973). Type I decay results in the formation of characteristic cavi-
ties produced by hyphae within secondary cell walls that align along the cellulose 
microfibrils (Figs  15.5b–d), their presence best observed using longitudinal sec-
tions under polarized light (Fig.  15.5c). Type I decay is initiated by specialized 
microhyphae (∼0.5 mm) or fine penetration hyphae that grow from the cell lumen 
into the S2 layer of wood cell walls (Leightley 1977; Crossley 1979; Hale and Eaton 
1985a, b; Daniel and Nilsson 1989).

Such hyphae can penetrate directly through adjacent cells without forming a cav-
ity and expand again to the native size in the adjacent lumen (i.e., rather like  blue- stain 
fungi). It is only when the hypha reorientates itself in the S2 layer by forming either 
a T-branch or L-bend that cavity formation is initiated. When orientated along the 

Fig. 15.5 Soft rot decay of wood. (a) Utility pole with outer regions degraded by soft rot. (b, c) Soft 
rot Type I with cavities orientated along the cellulose microfibrils in the S2 layer. (d, e) Transverse 
sections of pine at early (cavities) and late stages of soft rot Type I. At late stages, only the middle 
lamellae and S3 layers remain in softwoods. Transverse sections of pine (f) and birch (g) showing 
soft rot cell wall erosion (Type II). Ultimately, only the middle lamellae remain (Daniel 2016)
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cellulose microfibrils in the cell wall, the hypha stops growing and produces a cavity 
(Hale and Eaton 1985a, b; Daniel and Nilsson 1998). When the cavity has enlarged, 
growth can be resumed by the hypha either from one end (L-bending) or from both 
ends (T-branching) simultaneously. After the cavities have enlarged, the process 
repeats itself and chains of cavities are produced (Figs 15.5b, c). The process of cav-
ity formation has been very well documented and the size and shape of the cavities 
are known to vary with fungal species and wood type (Daniel and Nilsson 1998). 
T-branching is not limited to single branches and soft rot fungi are frequently known 

Fig. 15.6 Soft rot Type I. TEM sections through birch (a), pine (b), and H. foetidum (f) wood 
degraded by soft rot Type I. Sites of Tbranching, multiple Tbranching, and cavity formation in the 
S2 layer (a, b). (c–e) SEM images of soft rot cavities in S2 (c, e) and S1 layers (d). Hyphae are 
covered in melanin deposits and lignin breakdown products. Multilayered fiber of H. foetidum 
showing effect of lignin on soft rot attack with halfmoon-shaped cavities produced against thin 
concentric layers containing high lignin in the S2 layer (f) (Daniel (2016)
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Table 15.4 Classification of morphological effects of fungal attack of wood cell walls (Daniel 2016) 

Decay type

Morphological 
changes of wood  
cell walls

Cell wall 
components 
attacked

Taxonomic 
grouping Typical examples

White rot 
(simultaneous)

Hyphal bore holes 
enlarge
Cell wall thinning 
from lumen
Middle lamellae 
degraded
Development of 
cavities in some 
species

Cellulose, lignin, 
hemicelluloses
Extractives

Basidiomycetes
Higher 
ascomycetes

T. versicolora

Heterobasidium 
annosus
Xylaria 
polymorphab

Daldinia 
concentricab

White rot 
(preferential)

Hyphal bore holes 
enlarge
Cell wall attack from 
lumen

Hemicelluloses, 
lignin
Extractives

Basidiomycetes Ceriporiopsis 
subvermispora
Heterobasidion 
annosum
Phl. radiata Cel 26

Middle lamellae 
degraded
Fiber defibration and 
separation

Brown rot Rapid attack of cell 
walls
Cell wall attack from 
lumen

Depolymerization 
of cellulose, 
hemicelluloses; 
lignin modified

Basidiomycetes C. puteanaa

Ol. (Postia) 
placentaa

Soft rot Type I Hyphal bore holes 
remain small
Longitudinal cavities
Middle lamellae 
remain

Cellulose, 
hemicelluloses 
lignin modified/
degraded

Ascomycetes
Fungi imperfecti

Chaetomium 
globosuma

Phialophora 
mutabilis

Soft rot Type I,
diffuse type

Hyphal bore holes 
remain small
Coalescence of 
longitudinal cavities

Cellulose, 
hemicelluloses 
lignin modified/
degraded

Ascomycetes Phi. dimorphospora
C. globosum

Middle lamellae 
remain

Fungi imperfecti Bispora betulina

Soft rot Type II Hyphal bore holes 
remain small; cell wall 
thinning from lumen; 
middle lamella 
remains

Cellulose, 
hemicelluloses 
lignin modified/
degraded

Ascomycetes
Fungi imperfecti

C. globosum
Phialop. mutabilis

Blue stain fungi Fine bore holes
Small cavities/erosion 
troughs

Primarily 
nonlignified cells
(ray parenchyma), 
extractives

Ascomycetes
Fungi imperfecti

Ophiostoma piceae
L. theobromae

Mold fungi Growth in surface 
regions

Soluble sugars, 
extractives

Ascomycetes
Fungi imperfecti
Zygomycetes

C. globosum
Penicillium 
brevicompactum 
Aspergillus 
versicolor
Rhizopus spp.

aFrequently used as test fungi for assessing new types of wood protection – for example, preserva-
tives, wood modification
bHigher ascomycetes cause white rot but are not known to degrade middle lamella regions
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to develop multi-T-branching in cell walls (Fig. 15.7b) as observed with some white 
rot basidiomycetes. The fact that cavity formation always follows the orientation of 
the cellulose microfibrils is shown by the circular orientation of hyphae that invade 
pit chamber walls and between pits (Khalili et  al. 2000). Cavities are most often 
observed first in the thick latewood cells (Fig. 15.5d, e) of wood spreading thereafter 
to earlywood. The relationship here is thought to be related to the size of the hyphae 
as cavities are rarely observed in the S1 and never in the S3 layer (i.e., it is too thin 
and has high lignin in softwoods), although in advanced stages of decay the S1 and 
S3 are degraded through hyphal attack from the adjoining S2 layer.

The effect of lignin content and lignin type is shown at the cellular level in 
advanced stages of attack where only the high lignin middle lamellae remain in 
hard-and softwoods (Fig. 15.5e). In addition, the hyphae and cavities often have 
darkly staining materials closely associated consisting of lignin remnants and mela-
nin, the latter directly attached to hyphae or extracellular within the cavities 
(Figs 15.5e, 15.6c–f, and 15.7a). A similar effect can also be noted in fibers show-
ing very thin concentric layers containing higher lignin levels than the surrounding 
cell wall (e.g., Homalium foetidum; Fig.  15.6f). Here, “half-moon” cavities are 
 produced with flat axis orientated along the more lignified layer. That soft rot fungi 
need to orientate along the cellulose to cause cavity formation suggests it is an 
adaptation to overcome the effect of lignin coating the cellulose at the macromo-
lecular level. Since the effect is shown in soft and hardwoods with different lignin 
types and content, it is suggested that it is the cellulose orientation that is most 
important. This is shown quite easily by slight delignification of wood, which 
enhances not only its susceptibility to soft rot but changes the nature of the decay 
process by modification or loss of cavity formation.

Type II soft rot is very similar to simultaneous white rot attack and can result in 
a complete removal of the secondary cell walls but in contrast the middle lamellae 
remain (Fig. 15.5f, g). This decay type is very frequently observed in low-lignin 
hardwood (e.g., aspen and birch) especially under high moisture situations.

Fig. 15.7 Diffuse soft rot Type I decay of pine and birchwood by Phi. dimorphospora. (a) Soft rot 
hyphae within the secondary cell walls (S2) with diffuse widespread decay not restricted to cavi-
ties. (b) Cavities (stained blue to right of photo) are often very large and most of the secondary wall 
degraded. Note: Subpart (a) is not stained, but colored black through melanized hyphae and mela-
nin secretions (Daniel 2016)
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A third decay form known as “diffuse cavity formation” has been described in 
which attack is similar to Type I during the initial stages but after cavity formation 
solubilization of the polysaccharides is more widespread and diffuse in the S2 layer 
and more like brown rot attack (Fig. 15.7a, b). The decay type is best observed in 
low-lignin-containing hardwoods (e.g., birch) although it does occur in softwoods. 
Typical soft rot species producing this decay pattern include Phialocephala dimor-
phospora (Anagnost et al. 1994). Blanchette (2000) concluded that Type 1 is char-
acterized by longitudinal cavities formed within the secondary wall of wood cells 
and Type 2 used to describe an erosion of the entire secondary wall (Fig. 15.8). 

Fig. 15.8 Soft rot attack of wood. (a–c). Type I attack forms chains of cavities within the second-
ary wall (arrows). In advanced stages of decay, cell walls contain numerous cavities that often 
coalesce together (arrows). In some cells, the chains of cavities are visible from the cell lumina 
(arrowheads) where holes in the wall have been exposed. (d) Type II form of attack showing an 
erosion of the secondary wall but no degradation of the middle lamella. In advanced decay, the 
secondary walls are completely degraded and only the middle lamellae remain. A, B, and D trans-
verse sections, C radial section. A and C SEM, B and D TEM. Bar = 50 μm in A and C, 5 μm in B 
and D (Blanchette 2000)
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15.6  Key to Identification of Wood Decays Based on Light 
Microscopic Features (Anagnost 1998) 

la Erosion channels on the lumen surface present . . . . . . . . . . . . . . . . . . . . . . . . . . 2
b Erosion channels absent from the lumen surface  . . . . . . . . . . . . . . . . . . . . . . . . . 5
2a Erosion channels rounded with V-notches, hardwoods or softwoods . . . . . . . . . 3
b Erosion channels angular with V-notches, in hardwoods only . . . . . . . . . . . . . . . 4
3a Erosion appears as elongate channels beneath lumen hyphae; channels may be 
numerous; pit erosion is rounded or oval; bore holes and pit erosion are common; 
some cell separation may be evident; cavities in the S2 are rare; if present, cavities 
not in chains, penetrating bore hole is wider than hyphae ........................................
White rot (simultaneous)
b Cell separation is common; erosion channels are sometimes present ................ 
White rot (selective delignification)
4a Bore holes, if present, are smaller in diameter than penetrating hyphae; pit  
erosion is angular often forming diamond-shaped erosion or lacking ........................ 
Soft rot (type 2)
b Erosion is accompanied by cavities within the cell wall; pit erosion is angular 
(diamond-shaped) or lacking .................................................................................. 
Soft rot (type 1 and 2)
5a Bore holes often lacking or rare (except in some cases; if present, bore hole 
diameters are the same as (early stages) or slightly wider than (later stages; up to 
4um) associated hyphae); brown discoloration or shrinkage cracks may be evident; 
birefringence in polarized light may be lacking; loss of cell shape and wall thickness 
(in cross section); ray parenchyma destroyed in early stages ……………………………. 
Brown rot
b Bore holes initially smaller than hyphae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
6a Bore holes initially small, but enlarge to become much larger than penetrating 
hyphae; erosion channels may develop; cell separation sometimes evident; cavities 
in S2 are rare; if present, hyphae t- or I-branching (sometimes multiple branching 
occurs) to form very narrow cavities within the S2 layer which extend and widen; 
initial bore holes widen obviously..........................White rot
b Bore holes remain smaller than penetrating hyphae . . . . . . . . . . . . . . . . . . . . . . . 7
7a Cavities are present within the S2 layer arising from t- or I-branching from  
transverse bore holes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
b Narrow bore holes may be present; hyphae in cell lumens, often primarily in ray 
cells; wood may be discolored .......................................... Early decay, stain or mold
8a In hardwoods and softwoods, hyphae form diamond-shaped cavities within the 
S2 1ayer ................................................................................. Soft rot (type 1 regular)
b In softwoods only, hyphae form individual cavities that develop into diffuse cavi-
ties within the S2 cell wall; cavities appear as patches of S2 destruction at later 
stages with differential interference contrast microscopy .........................................
Soft rot (type 1 diffuse)
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15.7  Soft Rot Fungi: Enzymes Involved and Some 
Biochemical Aspects of Decay

Numerous studies have been conducted to understand the biochemical/chemical 
mechanisms involved in fungal decay of lignocellulose, the majority aimed at bio-
technological goals rather than using the understanding to produce better protective 
measures of wood in service. In principle the majority of these studies have been 
carried out using liquid cultures of fungal monocultures together with lignocellulose 
in various forms (e.g., as particles, sawdust, or flakes), purified cellulose/hemicel-
luloses, or lignin monomers (e.g., synthetic/natural). While these studies give infor-
mation on the types of enzymes that may be produced under various physiological 
conditions (e.g., temperature, pH, and shaking/static), it may not reflect the situation 
that occurs in wood substrates under native conditions, but rather the potential abil-
ity of the fungi involved. For example, few studies have actually been involved in 
measuring enzyme activities in wood undergoing decay because of the difficulties in 
extracting sufficient amounts of “active proteins” in order to carry out enzymatic 
assays. Notable exceptions include the studies by Daniel et al. (1992, 1994) on the 
extraction of lignin-degrading enzyme (LiP, MnP, laccase) produced by Pha. chrys-
osporium, T. versicolor, and O. mucida in birchwood. A further problem concerns 
the sensitivity of the enzyme assays, which may not be sufficiently sensitive to 
detect the minor amount of proteins that can be extracted even in highly degraded 
wood materials. For example, extraction of proteins from whiterotted wood in which 
profuse hyphae growth is often seen is easier than from either brown or softrotted 
wood. In recent years, a variety of genomic, transcriptome, and secretome analytical 
approaches have been developed allowing for profile overviews of the enzyme sys-
tems available or employed by various fungi when grown on purified wood compo-
nents (e.g., cellulose) (Martinez et al. 2009). This approach gives a more in-depth 
view of the enzymes or enzyme systems potentially involved, and the changes in 
enzyme profiles over time during wood decay can be followed. Evidence for the 
upregulation of a gene does not however mean it is actually involved in decay but 
rather that it has a potential. Possibly one of the most important approaches although 
indirect for proving the involvement of enzymes at sites of wood decay is by using 
antibodies produced against the purified proteins in microscopy assays. The easiest 
approach is by indirect labeling and the use of secondary antibodies whereby the 
sites of primary antibody labeling of enzymes in situ are recognized by the second-
ary antibodies carrying a fluorescence or gold label, which can then be visualized 
using fluorescence/confocal microscopy or electron microscopy. These studies were 
very important in proving the extracellular secretion of enzymes involved in decay 
and their remote distribution from hyphae during the wood decay process (Daniel 
et al. 1989, 1990, 1994, b, 2007; Ruel et al. 1990; Srinivasan et al. 1995). A wide 
variety of enzymes may be directly involved in hydrolytic activities (e.g., cellulases, 
hemicellulases, and pectinases) or act as oxidases in the production of oxidants that 
indirectly affect wood components (e.g., OH radicals from H2O2, pyranose 2oxi-
dase, and glucose 1oxidase). A further important characteristic concerns the nature 
of the enzymes and whether they are associated with extracellular matrix materials 
such as slime and other polysaccharidebased materials (Daniel 2014) (Fig. 15.8).
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Compared with white and brown rot fungi, much less is known about the deg-
radative enzyme systems produced by ascomycetes during soft rot attack of wood 
in which cavity and erosion decay occur. Cavity formation in hardwoods is easier 
as shown by the larger number of cavities formed in a fixed period of time. 
Currently, there are no indications that enzymatic systems used in cavity forma-
tion differ from those used in cell wall erosion. The most important requirement 
for soft rot cavity formation is the alignment of hyphae with the cellulose micro-
fibrils, the alignment probably inducing the secretion of cell wall-degrading cel-
lulases. This indicates that the enzyme systems involved are likely to be closely 
associated with the fungal hyphae and initially at least present on the hyphal sur-
faces (Fig. 15.6a–f). The fact that the bioconical cavities are formed by hyphae 
aligned with the cellulose microfibrils in wood cell walls and not by the thin pen-
etration (i.e., bore hyphae) traversing cell walls also suggests involvement of dif-
ferent or the absence of enzyme systems. Studies indicate that most cellulolytic 
microfungi cause some erosion of hardwood cell walls even those essentially 
regarded as typical mold fungi (e.g., Aspergillus, Penicillium, Trichoderma spp.); 
however, their ability to cause the same attack on softwoods is greatly limited. 
Frequently, Trichoderma spp. are reported as a typical soft rot fungi of wood and 
thus used as an example for comparison with white and brown rot fungi. However, 
as indicated earlier, Trichoderma cannot be really classified as a true soft rot fun-
gus as it has not been unequivocally confirmed to produce cavities in the second-
ary cell walls of softwoods.

Few studies have been conducted on the chemical changes in wood following 
soft rot attack. It is clear, however, that since soft rot fungi have an inability to 
degrade the middle lamella regions in wood, their ability to degrade lignin is more 
limited than that of white rot fungi, and thus an increase in the relative lignin content 
in wood due to preferential removal of polysaccharides is expected. Lignin degrada-
tion has been reported, but it seems related to the fungal species involved. Chemical 
analyses of lignin from beechwood degraded by soft rot fungi have shown a lower 
methoxyl content and greater acid solubility than in undegraded wood (Levi and 
Preston 1965). Recent studies on birchwood degraded by a range of fungi imper-
fecti and ascomycetes have shown decay characterized by lower lignin (Klason) 
loss compared to white rot and much lower alkali solubility compared with brown 
rot (Worrall et al. 1997). Lignin peroxidase has been isolated and purified from the 
ascomycete Chrysonilia sitophila (Durán et  al. 1987; Rodríguez et  al. 1997), 
although the fungus has not been shown to degrade wood. Similarly, a range of 
phenolic and lignin-related compounds have been shown degraded by soft rot fungi 
(Haider and Trojanowski 1975; Bugos et al. 1988), but this does not confirm they 
degrade lignin in wood or cause wood decay. A number of thermophilic ascomyce-
tes (Machuca et al. 1998) and some heat-tolerant soft rot fungi like Talaromyces 
thermophilus and Thielavia terrestris are also weakly ligninolytic, but their true 
effect of wood is limited (Dix and Webster 1995). Observations show extensive 
removal of wood cell wall materials surrounding cavities produced in the secondary 
walls (S2, S1 layers) of both hard and softwoods in advanced stages (Figs 15.5d, e 
and 15.6a, b, f). However, in both wood species and depending on soft rot fungus, 
there are generally always large amounts of residual electron materials surrounding 
and attached to the hyphae (e.g., Fig. 15.6f) (Daniel and Nilsson 1989).
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These materials represent partially degraded lignin remaining after preferential 
cellulose/hemicellulose removal as well as melanin.

The ability of soft fungi to preferentially remove carbohydrates and leave lignin 
in cavities and in the cell wall during erosion decay indicates the involvement of a 
diffusive cellulase/hemicellulase system. This is consistent with several large screen-
ing studies carried out on soft rot fungi from terrestrial, marine, and freshwater situ-
ations showing enzymatic “clearing” (i.e., decay) of ball mill cellulose/cellulose 
agar and hemicellulose (xylan) agar during growth of these microfungi (Nilsson 
1973; Bucher et al. 2004; Duncan et al. 2006, 2008; Simonis et al. 2008). These 
enzyme–agar studies showed that clearing zones could occur a considerable distance 
from the fungal hyphae indicating a highly diffusible enzymatic system that varies 
with fungal species. The fact that cavity formation and erosion decay is a frequent 
form of decay in aquatic situations emphasizes not only the success of this form of 
decay compared to higher fungi, but also that the hydrated cell wall may be advanta-
geous for the enzymatic systems involved. Very little research has been conducted on 
the cellulolytic and hemicellulolytic systems on true soft rot fungi and few studies 
on the types of enzymes involved. Screening studies indicate, however, the effective 
endoglucanase activities, which is consistent with the alignment of hyphae with the 
cellulose microfibrils in wood cell walls with cavity formation. Soft rot fungi pro-
ducing cavities and erosion in preservative-treated wood cell walls also have an 
effective system for immobilization of heavy metals in addition to causing decay.

For an overview of carbohydrate-degrading enzymes produced by wood decay 
fungi, readers should consult the CAZy database (www.cazy.org) and for fungal 
oxidoreductases (i.e., lignin-degrading enzymes) the FOLy (Fungal Oxidative 
Lignin Enzymes) database (https://foly-db.esil.univ-mrs.fr/) (Levasseur et al. 2008) 
and the more recently updated CAZy database that includes auxiliary activities and 
covers redox enzymes (http://www.cazy.org/Auxiliary-Activities.html). The aim of 
the databases is to provide an overview of cellulose- and lignin-degrading enzymes 
for biotechnical applications.

15.8  Chaetomium and Egyptian Papyrus

In 1973 Kowalik and Sadurska studied the microbiota of papyrus from samples of 
Cairo museums. Different fungi imperfecti, ascomycetes, and actinomycetes were 
isolated from samples of papyrus of Cairo museums. They recovered many fungi 
such as Alternaria geophila, Botryodiplodia theobromae, Emericellopsis minima, 
Fusarium lactis, Helminthosporium sativum, Spondylocladium australe, some spe-
cies of the genus Chaetomium, and some actinobacteria related to genus Streptomyces 
which seemed to be specific for papyrus and/or for Egyptian climatic conditions. 
The genus Chaetomium and Emericellopsis may play a great role in decomposition 
of basic polymers of papyrus. Considering the nitrogen source of microbiota, it can 
be observed that papyrus-destroying microorganisms preferred ammonium to 
nitrate ions. It was found that papyrus-decomposing microorganisms may grow 
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equally well at 24–26 °C at 30 °C and some fungi are growing even at 42 °C. The 
members of the genus Penicillium, which prefer rather low temperatures and are 
frequent inhabitants of paper, were isolated from papyrus only once. By using the 
method of paper sheets damped with a 10 percent ethyl alcohol solution of thymol, 
pentachlorophenol, dichlorophene, and p-chloro-m-cresol as microbiocides, it 
could be concluded that only the last fungicide may assure the protection of papy-
rus. They recovered 12 species of Chaetomium; they were the following: C. angus-
tum, C. atrobrunneum, C. bostrychodes, C. cochliodes, C. elatum, C. fusiforme, 
C. globosum, C. indicum, C. ochraceum, C. olivaceum, C. trilaterale, and C. 
turgidopilosum.

15.9  Chaetomium and Egyptian Archeological Wood

In 2019 Abdel-Azeem et  al. studied the assessment of biodegradation in ancient 
archaeological wood from the Middle Cemetery at Abydos, Egypt. Abydos is a large, 
complex archaeological site located approximately 500 km south of Cairo in Upper 
Egypt. The site has served as a cemetery for thousands of years and is where most of 
the Early Dynastic royal tombs are located. North Abydos includes the Middle 
Cemetery and the North Cemetery, which are separated from each other by a wadi. 
The Middle Cemetery was the burial ground for important Sixth Dynasty 
(2407–2260 BC) officials and over time for thousands of elite and non-elite individu-
als as well. Excavations at the core area of the Old Kingdom mortuary landscape have 
revealed many culturally important wooden objects but these are often found with 
extensive deterioration that can compromise their preservation. The objectives of this 
study were to characterize the biodegradation that has taken place in excavated 
wooden objects, elucidate the type of wood degradation present, obtain information 
on soil properties at the site, and identify fungi currently associated with the wood and 
soils. Light and scanning electron microscopy studies were used to observe the micro-
morphological characteristics of the wood, and culturing on different media was done 
to isolate fungi. Identification of the fungi was done by examining morphological 
characteristics and extracting rDNA from pure cultures and sequencing the ITS 
region. Wooden objects, made from Cedrus, Juniperus and Acacia as well as several 
unidentified hardwoods, were found with extensive degradation and were exceedingly 
fragile. Termite damage was evident and frass from the subterranean termites along 
with sand particles were present in most woods. Evidence of soft rot attack was found 
in sections of wood that remained. Fungi isolated from wood and soils were identified 
as species of Aspergillus, Chaetomium, Cladosporium, Fusarium, Penicillium, 
Stemphylium, Talaromyces, and Trichoderma. Results provide important information 
on the current condition of the wood and gives insights to the identity of the fungi in 
wood and soils at the site. These results provide needed information to help develop 
conservation plans to preserve these degraded and  fragile wooden objects.

Light microscopy (Fig. 15.9a) of wood sections revealed cavities within the sec-
ondary wall of tracheids that was characteristic of Type I soft rot. Advanced stages 
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Fig. 15.9 showed the micromorphology of decayed wood. Tangential section (a) and scanning 
electron micrographs of transverse sections (b and c) from wooden objects with wood degradation. 
a) Type I soft rot in wood cells of Cedrus showing cavities that form inside the tracheid secondary 
walls. Soft rot cavities spiral within the cells. b) Small cavities are evident within the cell walls of 
the tracheids. c) An unknown hardwood with Type I soft rot and cavities within the secondary cell 
walls and also Type II soft rot causing an erosion of the entire secondary wall. Only a fragile 
middle lamella remains in some cells. Weakened cells appear distorted and some have collapsed. 
Scale bar = 50 μm (Abdel- Azeem et al. 2019)
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of decay were present and many soft rot cavities were seen in a spiral pattern within 
the secondary walls. In transverse sections, small cavities were seen within tra-
cheids (Fig. 15.9a). Wood from objects that had been made of various hardwoods 
also had evidence of soft rot. Some cavities within secondary walls were present but 
more commonly observed was a Type II soft rot where the secondary cell walls were 
eroded (Figs. 15.9 and 15.10). In some cells with advanced decay, the entire second-
ary cell wall was removed leaving only the middle lamella.

The altered cells were often collapsed and distorted. Sections from other wooden 
objects showed similar patterns of degradation with Type II soft rot in objects made 
from hardwood (Fig. 15.9). The secondary walls were degraded leaving only a weak 
and fragile framework of the middle lamella and cell walls were often fractured and 
collapsed (Fig. 15.10).

Fig. 15.10 showing scanning electron micrographs of transverse sections of degraded wood. a 
and b) Cell walls degraded by Type II soft rot from AMC 2013 field coffin sample 7. Secondary 
cell walls are degraded with most cells having only the middle lamella remaining. Although the 
wood structure can still be seen, the thin cell walls remaining are weak and fragile. c) Wood from 
coffin (AMC2013, Unit 28, Feat. 14, Burial 26.4) showing cells with Type II soft rot with degraded 
secondary walls and a thin middle lamella remaining as well as some cells with less severe attack 
that have some of the fiber secondary walls still present. d) Wood section from a box found in the 
Weni tomb (AMC01 level 1). The degraded cell walls caused by the soft rot have little strength and 
often break or collapse as seen in this micrograph. Scale bar in A = 250 μ and B, C, and D = 50 μ 
(Abdel-Azeem et al. 2019)
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Chapter 16
Thermophilic Chaetomium 
in Biotechnology

Ahmed M. Abdel-Azeem, Shimaa A. El-Mansy, Hebat Allah H. Abo Nahas, 
Mariam K. Mousa, Hossam E. Gandal, Salma E. Hamdy, 
Mahmoud M. El-Ansary, and Mohamed A. Abdel-Azeem

16.1  Introduction

Enzymes from thermophilic fungi have been receiving considerable attention 
chiefly because of their potential to catalyze reactions at elevated temperatures in 
various industrial processes. These fungi produce an array of thermostable enzymes, 
including cellulases, amylases, proteases, phosphatases (including phytase), xyla-
nases, lipases, and several other enzymes that are useful in industries like food and 
feed, textiles, detergents, leather, dairy, and pharmaceuticals. Depending on their 
intended use, the industrial enzyme market can be classified into three different 
sections: (1) technical enzymes, (2) food enzymes, and (3) animal feed enzymes. 
The largest section is of technical enzymes, where enzymes used for detergents and 
the pulp and paper industry constitute 52% of the total world market (Business 
Communications Company 2004). The leading enzymes in this section are hydro-
lytic enzymes, such as proteases and amylases, which comprise 20% and 25% of the 
total market, respectively (Business Communications Company 2004).

Chaetomium is regarded as one of the relatively rich genera of Ascomycetes by 
accommodating more than 100 species inhabiting ecologically diverse habitats 
including soil, composting materials, decomposing wood, herbivore dung, stored 
seeds, etc. Since introduced as a genus, by Kunze and Schmidt (1817) and typified 
with Chaetomium globosum, further species were added and several taxonomic 
revisions were tried. Since the establishment of the genus, more than 300 species 
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have been described, many of which were synonymized/excluded and only 163 spe-
cies were accepted (Doveri 2013).

16.2  Thermophiles and Thermostable Enzymes

16.2.1  Advantages of Thermostable Enzymes

The thermophilic biocatalysts are important not only due to their thermostabilities 
but also because they are more resistant to denaturing agents and tolerant to higher 
solute (reactants) concentrations. A higher degree of thermophilicity of an organism 
does not necessarily imply that pure enzymes derived from such organisms will 
always be very thermostable. The fact remains, however, that one has a better chance 
of finding more thermostable or more chemoresistant enzymes in thermophiles than 
in mesophiles. High productivity is also expected from thermophiles. According to 
Arrhenius law, an increase in temperature speeds up chemical and enzymatic reac-
tions, and therefore, microbial growth and product formation. Productivity is unfor-
tunately given in terms of yield coefficients only, and not specific product formation 
rates, a parameter that allows easy and direct comparison between organisms 
(Sonnleitner and Fiechter 1983).

The benefits of using enzymes as catalysts in industrial processes lie in their 
specificity and efficiency, leading to the production of by-products, less toxic 
wastes, and reduced handling problems. The main disadvantages of using enzyme 
reside in stability problems and high cost. The latter partially depends on the former, 
since the frequency of replacement of enzyme in a bio-reactor (and therefore total 
production costs) is stability-dependent. Production cost itself is generally high due 
to low yields of enzyme per unit biomass, the expense of extraction and concentra-
tion and/or purification, losses of activity during purification and storage, and the 
handling-stability of the enzyme again being a factor (Kristjansson 1989; Coolbear 
et al. 1992).

The use of thermostable enzymes reduces stability problems and in doing so 
alleviates some of the expense of production and replacement in a bioreactor. The 
stability of enzymes from thermophiles should lead to higher recoveries at ambient 
temperatures than is possible for mesophiles. The low activity of extremely thermo-
philic enzymes at ambient temperatures eases handling and storage problems, and 
the comparative molecular inflexibility that results in this inactivity at lower tem-
perature has been suggested to lower the immune response to such proteins, thus 
reducing potential health risks (Coolbear et al. 1992). Besides higher thermostabil-
ity, the other expected advantages of thermophilic enzymes are increased chemo- 
resistance, a longer useful shelf life, and less contamination problems (Sonnleitner 
and Fiechter 1983) (Table 16.1).

Many of the enzymes presently used in industrial processes are quite thermo-
stable even though they originate from mesophilic bacteria or fungi. Thermostability 
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in enzymes from mesophiles is, however, the exception, not the rule. Since industri-
ally useful enzymes must usually be thermostable, this characteristic is of primary 
importance in screening programs for enzymes. This is also important because the 
intrinsic basis underlying the thermostability of thermophilic enzymes is yet to be 
revealed and so engineering this characteristic into less thermophilic enzymes is not 
possible at this time. Successful cloning and expression of genes encoding hyper-
thermophilic enzymes in mesophilic hosts has improved the availability of high- 
temperature biocatalysts (Adams and Kelly 1998).

16.2.2  List of Thermophilic Chaetomium Species According 
to Salar (2018)

Chaetomium britannicum Ames (1963)

Description:  Growth of the fungus and production of perithecia take 
place at 47  °C.  Ascomata ovoid to vase-shaped. 
Terminal and lateral hairs are very slender, grayish, 
and straight to undulate. Asci club-shaped, eight-
spored. Ascospores brown, large, 19–24 × 11–14 μm, 
irregularly oval, rounded on the ends, and have a single 
apical germ pore.

Habitat diversity: Mushroom compost and soil.
Geographic distribution: United Kingdom.
Description: Based on Ames (1963).

Table 16.1 Main advantages of thermostable enzymes in industrial processes

S. 
no. Property Advantage in process

1 Thermostability Tolerate high temp., last longer
2 High optimum temperature Little activity at low temperature, long shelf life
3 Resistance to denaturing 

agents
Tolerate organic solvents, high and low pH

4 General robustness Tolerate harsh purification, gives better yield
5 Genes can be cloned in 

E. coli
A heating step makes purification easier

6 Chemical reaction rates Diffusion and other chemical processes are accelerated
7 Solubility Higher concentrations of poorly soluble compounds are 

possible
8 Viscosity Decreases; mixing and pumping can be accelerated; mass 

transfer rate increases
9 Microbial contamination Growth of all pathogens and most environmental 

mesophiles prevented
10 Biological activity in raw 

materials
Heating kills most interfering enzymes or microbial 
activities
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Chaetomium mesopotamicum Abdullah and Zora (1993)

Description:  This is a newly described species and has a growth 
temperature ranging from 30 °C to 52 °C. It differs 
from Chaetomium thermophilum La Touche and C. 
virginicum Ames by its asci, which are clavate and 
possess long highly branched terminal hairs. 
Ascospores globose to ovoid, olive to brown, 5.5–
7.8  ×  5.2–6.3  μm, provided with one apical germ 
pore.

Habitat diversity: Date palm plantation.
Geographic distribution: Iraq.
Description: Based on Abdullah and Zora (1993).

Chaetomium senegalensis Ames (1963)

Description:  Colonies on YpSs at 45 °C appear white with a daily 
growth rate of 6–7  mm. Yellow exudate in mature 
colonies appears after 18–20  days. Ascomata dark, 
spherical or ovate, ostiolate, 110–230 μm in diame-
ter, with a dark brown or black wall of angular, flat-
tened, 6–10  μm cells. Ascomatal hairs narrow, 
delicate, often branched with bulbous base and taper-
ing ends, punctulate or verrucose, 1.5–2 μm in width. 
Asci fasciculate, narrow, cylindrical, eight-spored, 
50–70 × 7–9 μm. Ascospores uniseriate, ovate or cla-
vate, bilaterally flattened, dark greenish, brown when 
mature, 6.5–12.5 × 4–7 μm, teardrop-shaped with a 
subapical germ pore.

Habitat diversity:  On plant remains, seeds of Capsicum annuum, soil, 
and decomposing wheat straw.

Geographic distribution: Senegal, Netherlands, Kuwait, Iran, and India.
Description: Based on Aneja and Kumar (1994).

Chaetomium thermophile var. coprophile Cooney and Emerson (1964).

Description:  On YpSs agar at 45 °C, the colonies appear white at 
first, producing typical concentric rings of growth; 
the rings of dark brown perithecia are separated by 
narrow zones of whitish hyphae. Perithecia superfi-
cial, more or less gregarious, globose or subglobose, 
75–150 μm in diameter, ostiolate, but the ostiole is 
not easily observed, as the perithecia are densely 
clothed with dark, dichotomously branched hairs. 
Hairs smooth, 40–140  ×  4.5–7  μm. Asci short-
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stalked, cylindrical, produced in a basal tuft, bearing 
eight spores in a linear row, 45–55  ×  6–8  μm. 
Ascospores dark or olive brown, globose or subglo-
bose, 7–9 μm in diameter.

Habitat diversity:  Decomposing wheat straw, horse dung, mushroom 
compost, vegetable detritus, and soil.

Geographic distribution: United States, United Kingdom, India, Netherlands, 
and Ghana.
Description: Based on our isolate IMI 348710.

Chaetomium thermophile var. dissitum Cooney and Emerson (1964)

Description:  On YpSs agar at 45 °C, the colonies appear colorless 
at first and then become dark brown. Perithecia ini-
tially appear in about 2 days as small, colorless knots 
on the hyphae. Perithecia superficial; gray, gray 
green, to dark brown; produced in diffuse manner; 
scattered; ostiolate but the opening is not easily 
observed as the perithecia are densely clothed with 
dense terminal hairs; mature perithecia 60–175 μm 
in diameter, usually globose, although subglobose or 
oval forms are also quite common. Asci short-
stalked, cylindrical, eight-spored, arranged in a sin-
gle row, 50–60 × 7–8 μm. Ascospores olive brown in 
color, globose or subglobose, smoothwalled, 6.5–
9.5 μm in diameter, with a single apiculus.

Habitat diversity: Nesting materials, decomposing wheat straw, mush-
room compost, and soil.
Geographic distribution: United States, United Kingdom, India, Netherlands, 
and Ghana.
Description:  Based on our isolate maintained in our culture col-

lection under accession number T-132.

Chaetomium virginicum Ames (1963)

Description:  Colonies appear rich brown in color at 45 °C, hyphae 
2–4 μm wide, often anastomose to form a loose net-
work. Perithecia brown, globose, attached to the sub-
stratum with undifferentiated rhizoids, terminal hairs 
cover the entire perithecium, giving it the appearance 
of a tumbleweed in miniature. Hairs dense, granular, 
intricate, irregularly branched, or suggestive of 
dichotomous branching. Asci stalked, long, cylindri-
cal, eight-spored, 70  ×  10  μm. Ascospores unisti-
chous, light yellow brown to pale brown, 
almond-shaped, 8–11 μm.
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Habitat diversity: On decomposing leaves.
Geographic distribution: United States.
Description: Based on Ames (1963).

16.3  Enzymes of Thermophilic Chaetomia

16.3.1  Cellulase

The cellulase system in fungi is considered to comprise three hydrolytic enzymes: 
(i) the endo-(1,4)-β-D-glucanase (synonyms: endoglucanase, endocellulase, and 
carboxymethyl cellulase [EC 3.2.1.4]), which cleaves β-linkages at random, com-
monly in the amorphous parts of cellulose; (ii) the exo-(1,4)-β-D-glucanase (syn-
onyms: cellobiohydrolase, exocellulase, microcrystalline cellulase, and Avicelase 
[EC 3.2.1.91]), which releases cellobiose from either the nonreducing or the reduc-
ing end, generally from the crystalline parts of cellulose; and (iii) the β-glucosidase 
(synonym: cellobiase [EC 3.2.1.21]), which releases glucose from cellobiose and 
short-chain cellooligosac-charides (33). Although β-glucosidase has no direct action 
on cellulose, it is regarded as a component of cellulase system because it stimulates 
cellulose hydrolysis (Bhat and Bhat 1997).

Purified thermophilic fungal cellulases have been characterized in terms of their 
molecular weight, optimal pH, optimal temperature, thermostability, and glycosyl-
ation. Usually, thermophilic fungal cellulases are single polypeptides although it 
has been reported that some beta-glucosidases are dimeric (Mamma et al. 2004). 
The molecular weight of thermophilic fungal cellulases spans a wide range 
(30–250 kDa) with different carbohydrate contents (2–50%). Optimal pH and tem-
perature are similar for the majority of the purified cellulases from thermophilic 
fungi. Thermophilic fungal cellulases are active in the pH range 4.0–7.0 and have a 
high temperature maximum at 50–80 °C for activity (Li et al. 2011). In addition, 
they exhibit remarkable thermal stability and are stable at 60 °C with longer half- 
lives at 70, 80, and 90 °C than those from other fungi.

16.3.2  Structure of Thermophilic Fungal Cellulases

Primary Structure A common characteristic of cellulases is their modular struc-
ture. Typically, endocellulases and cellobiohydrolases are composed of four 
domains or regions (Fig. 16.1): a signal peptide that mediates secretion, a cellulose- 
binding domain (CBD) for anchorage to the substrate, a hinge region (linker) rich in 
Ser, Thr, and Pro residues, and a catalytic domain (CD) responsible for the hydroly-
sis of the substrate. The mature proteins are O- and N-glycosylated in the hinge 
region and the CDs, respectively. The effect of the glycosylation sites in the hinge 
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region is not clear yet but they may play a role in the flexibility and disorder of the 
linker (Beckham et al. 2010). Variations between cellulases within the same mecha-
nistic class have been observed. An example is illustrated by T. emersonii CBHII, 
which is characterized by a modular structure (Murray et al. 2003) whereas CBH1 
from the same fungus consists solely of a catalytic domain (Grassick et al. 2004). 
Similarly, Chaetomium thermophilum CBH1 and CBH2 consist of a typical CBD, a 
linker, and a catalytic domain. In contrast, CBH3 only comprises a catalytic domain 
and lacks a CBD and a hinge region (Li et al. 2009).

Fungal CBDs are composed of less than 40 amino acid residues, and they interact 
with cellulose through a flat or platform-like hydrophobic binding site formed by 
three conserved aromatic residues. The binding site is thought to be complementary 
to the flat surfaces presented by cellulose crystals (Hashimoto 2006; Shoseyov et al. 
2006). The (110) faces of the cellulose crystalline microfibrils have been proposed 
as the putative CBD binding site (Dagel et al. 2011). With this arrangement, the 
glucopyranoside rings of cellulose are expected to be fully exposed and available 
for hydrophobic interactions.

The CAZy (see http://www.cazypedia.org/index.php/) classification shows that 
the thermophilic soil-dwelling fungus Chaetomium thermophilum possesses at least 
seven β-glucosidase/cellulase enzymes from GH families 3, 6, and 7 (Cantarel et al. 
2009). The cellobiohydrolases from the GH6 family of enzymes are processive 
enzymes that remove the disaccharide cellobiose in a processive manner, acting 
from the nonreducing end of cellulosic polysaccharides (Rouvinen et  al. 1990; 
Koivula et al. 1996). This disaccharide liberating activity is believed to reflect the 
structural properties of the cellulose molecule. Each β-1,4-glucose moiety is rotated 
180° relative to the next along the axis of the chain. Thus, only every second glyco-
sidic linkage is presented to the catalytic machinery in the correct orientation to 
allow bond hydrolysis. The catalytic core module of the Cel6A cellobiohydrolases 
has been shown to form a modified TIM-barrel structure (Rouvinen et al. 1990) in 
which a buried cleft spanning the C-terminal region of the domain and capable of 
receiving β-1,4-glucose polysaccharides of various lengths is thought to contain the 
catalytic active site (Koivula et al. 1996; Varrot et al. 1999). It has been demon-

Fig. 16.1 Domain 
organization of 
cellobiohydrolases CBH1 
(AY861347), CBH2 
(AY861348), and CBH3 of 
C. thermophilum 
(DQ085790). 1: signal 
peptide region, 2: catalytic 
domain, 3: hinge region, 
and 4: cellulose-binding 
domain. (After Li et al. 
2011)
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strated that Cel6A CBHs perform catalysis with inversion of anomeric configura-
tion (Knowles et al. 1988).

By now, many glycoside hydrolases have been isolated from C. thermophilum, 
such as a GH55 β-1,3-glucanase (Papageorgiou and Li 2015), a β-glucosidase (Xu 
et al. 2011), and a cellobiohydrolase II (Wang et al. 2013). Generally, C. thermophi-
lum glycoside hydrolases are thermostable and have a high optimal reaction tem-
perature based on the previous researches. Thermostable enzymes have potential 
advantages in lignocelluloses conversation, on account of effectively improving 
hydrolysis efficiency and reducing the possible contamination at high temperature 
in industrial processes (Huy et al. 2016).

The thermophilic ascomycete C. thermophilum also awakes interests for biotech-
nological applications. In order to determine the enzymatic properties, these fungus 
glycosyl hydrolases-encoding genes have been cloned and expressed in P. pastoris 
and T. reesei. Cellobiohydrolase II (CBHII)-encoding gene was subject to in vitro 
directed evolution (Wang et al. 2012) aiming the thermostability increasing. In addi-
tion to an enhanced thermal stability, the two CBHII mutant versions produced in 
P. pastoris also presented higher optima temperature and pH values (60 °C, pH 5–6) 
in comparison to the wild-type enzyme (50 °C and pH 4). Not only thermostability 
accounts for C. thermophilum enzymes’ advantages but also Voutilainen et al. 
(2008) reported that the acidic cellobiohydrolase Cel7A produced in P. pastoris was 
more thermostable (by 10 °C) and more active (by fourfold) in the hydrolysis of 
microcrystalline cellulose when compared to T. reesei Cel7A, thus representing a 
competitive choice for industrial purposes. Another interesting example of such a 
versatility is xylanase Xyn11A which produced by T. reesei (Mäntylä et al. 2007). 
Experiments showed that pH 7.0 and at 70 °C of this enzyme could be commercially 
feasible for industrial-scale bleaching of kraft pulp at high temperatures in compari-
son with other enzymes produced by other taxa.

16.3.3  Xylanases 

Next to cellulose, xylan is the most abundant structural polysaccharide in nature. Its 
complete degradation requires the cooperative action of a variety of hydrolytic 
enzymes: the endoxylanases (EC 3.2.1.8), which randomly cleave 13–1,4-linked 
xylose (the xylan backbone); the 13-xylosidases (EC 3.2.1.37), which hydrolyze 
xylooligomers; and the different side-branch-splitting enzymes, for example, 
a-glucuronidase and a-arabinosidase, acetylxylan esterase, and acetyl esterase, 
which liberate other sugars (glucuronic acid arabinose) that are attached as branches 
to the backbone (Biely 1985). Xylanases of thermophilic fungi are receiving consid-
erable attention because of their application in biobleaching of pulp in the paper 
industry, wherein the enzymatic removal of xylan from lignin-carbohydrate com-
plexes facilitates the leaching of lignin from the fiber cell wall, obviating the need 
for chlorine for pulp bleaching in the brightening process. They also have applica-
tions in the pretreatment of animal feed to improve its digestibility.
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A variety of materials have been used for induction of xylanases: pure xylan 
(Gomes et al. 1993; Purkarthofer et al. 1993) and xylan-rich natural substrates, such 
as sawdust, corn cob, wheat bran, sugar beet pulp, and sugarcane bagasse 
(Maheshwari et al. 2000). Paper of inferior quality was an excellent carbon source 
and inducer for xylanase in Thermoascus aurantiacus, Humicola lanuginosa, and 
Paecilomyces varioti (Maheshwari et  al. 2000). In Melanocarpus albomyces and 
Thermomyces lanuginosus, xylose, the pentosan unit of xylan, could also induce 
xylanase. Xylanases are often coinduced with cellulases by pure cellulose, as in 
T. aurantiacus, Chaetomium thermophile var. coprophile, and H. insolens 
(Maheshwari et al. 2000).

The xylanases from these fungi possess optimum temperatures between 60 and 
80 °C and are very stable in this range. These enzymes are usually glycoproteins 
and most show highest activity at an acid pH (4.5–6.5). They exist in a multiplicity 
of forms and the majority exhibit variable MWs in the range 6–38  kDa. Many 
endoxylanases from thermophiles have some degree of structural homology with 
those from mesophiles. A number of authors have tried to explain the thermostabil-
ity observed in enzymes from thermophiles in terms of extra disulfide bridges, an 
N-terminal proline residue causing a reduction in conformational freedom, salt 
bridges, and presence of hydrophobic side-chains (Turunen et al. 2001). Hakulinen 
et al. (2003) describe also some minor modifications responsible for the increased 
thermal stability of xylanases: (1) higher Thr/Ser ratio; (2) increased number of 
charged residues, especially Arg, resulting in enhanced polar interactions; and (3) 
improved stabilization of secondary structures involving a higher number of resi-
dues in the β-strands and stabilization of the α-helix region.

In 2003, Hakulinen et al. found that the crystal structures of thermophilic xyla-
nases isolated from Chaetomium thermophilum determined at 1.75 Å and compared 
with other 12 xylanases. The enzymes have the overall fold typical to family 11 
xylanases with two highly twisted β-sheets forming a large cleft. The comparison of 
12 crystal structures of family 11 xylanases from both mesophilic and thermophilic 
organisms showed that the structures of different xylanases are very similar. The 
sequence identity differences correlated well with the structural differences. Several 
minor modifications appeared to be responsible for the increased thermal stability 
of family 11 xylanases: (a) higher Thr:Ser ratio, (b) increased number of charged 
residues, especially Arg, resulting in enhanced polar interactions, and (c) improved 
stabilization of secondary structures involved the higher number of residues in the 
β-strands and stabilization of the α-helix region. Some members of family 11 xyla-
nases have a unique strategy to improve their stability, such as a higher number of 
ion pairs or aromatic residues on protein surface, a more compact structure, a tighter 
packing, and insertions at some regions resulting in enhanced interactions.

Hakulinen et al. (2003) found that the overall structure of xylanase from C. ther-
mophilum (CTX) was dominated by one α-helix and two strongly twisted β-sheets, 
which were packed against each other. This is the protein fold of family 11 xyla-
nases. According to Törrönen et al. (1992), the shape of the molecule resembles a 
right hand: two β-sheets and the α-helix form fingers and a palm, a long loop 
between the B7 and B8 strands forms a thumb, and a loop between the B6 and B9 
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strands forms a cord (Fig. 16.2a). The final model of CTX contained residues 1–191 
for both molecules in the asymmetric unit (labeled A and B). The first residue, glu-
tamine, was deaminated and cyclized to pyrrolidone carboxylic acid. When the ESI 
mass spectrum of CTX was measured, the unique molecular masses, 21,479 Da and 
21,682 Da, were obtained. Assuming that CTX contains 196 residues, the calculated 
molecular mass would be 21,478  Da, which agrees well with the lower mass 
obtained. The difference between the two obtained masses was 203 Da correspond-
ing to one N-acetyl-glucosamine (GlcNAc). There is one potential N-glycosylation 
site (Asn62) in the sequence of CTX, but there was no clear sign of glycosylation in 
the electron density map. It is possible that only the protein molecules without 
GlcNAcs had been crystallized or that the GlcNAc is disordered.

According to the mass spectrum, approximately 20% of the material did not 
contain GlcNAc or alternatively, the GlcNAc had been lost. In the crystal structure, 
a glycerol molecule was located in the active site of molecule A, but was not 
observed in molecule B. The cryoprotectant soaking solution was most likely the 
source of glycerol, which was packed against Trp19 by stacking interactions and 
was hydrogen-bonded to carboxyl group of Pro127. In addition, Arg123 had two 
conformations in molecule A and in one of the conformations the guadinine group 
of the Arg was located toward the hydroxyl group of the glycerol. The rms deviation 
between the A and B molecules of CTX was 0.8 A°. The crystal structure showed 
four sulfate ions and a calcium ion in the asymmetric unit. The calcium ion was 
located between molecules A and B exactly on the noncrystallographic axis. The 
calcium ion interacted with side chains Oc of Thr10 from molecule A and B, both 
of which clearly had two conformations in the electron density map. Two of the 
sulfate ions were located exactly on the crystallographic axes. In addition to these 
two sulfate ions, which are attached to Argresidues A27 and B27, there are two 
other sulfates, which are attached to Arg residues A68 and B68. Due to the crystal 

Fig. 16.2 CTX. (a) The overall structure of CTX. Glycerol and catalytic glutamates are shown in 
the active site. (b) A tetrameric assembly with sulfate ions. Molecules A and B are shown in white 
and symmetry molecules C and D in blue. (Hakulinen et al. 2003)

A. M. Abdel-Azeem et al.



431

packing, the enzyme resembles a tetrameric assembly (Fig. 16.2b). Four sulfate ions 
link molecule A to symmetry molecule D and correspondingly molecule B to sym-
metry molecule C. However, according to the dynamic light scattering measure-
ments, the protein was a monomer. Therefore, the sulfate ions from the crystallization 
solution might have been involved in this “tetramerization” process. It is possible 
that tetramers were assembled first and their stacking then led to crystal formation 
in the high salt concentration.

16.4  Glucoamylases

The application of glucoamylases (E.C. 3.2.1.3, glucan 1,4-α-glucosidase) in starch 
saccharification lies in sugar industry due to its ability to release glucose as the 
major end product, which is used in food, beverage, ethanol, amino acids, and 
organic acids (Kumar and Satyanarayana 2009). Glucoamylase is one of the 
enzymes of worldwide interest in starch saccharification to yield glucose for use in 
food and fermentation industries. Glucoamylase is one of the high demand 
 commercial biocatalysts in food industry, which is required in higher tonnage than 
almost any other enzyme (Reilly 1999; Ford 1999).

Industrially glucoamylases are produced from filamentous fungi, Aspergillus 
and Rhizopus spp. via submerged fermentation using production medium with a 
typical concentration of 20% corn and 2.5% of corn steep liquor at 30–35 °C (Nigam 
and Singh 1995). The fungal glucoamylases being optimally active at around 
pH 4.0–4.5, the saccharification is essentially carried out under acidic conditions at 
60 °C for 3–4 days to achieve a final yield of 98% glucose (Manjunath et al. 1983; 
Crabb and Mitchinson 1997). Glucoamylase is one of the high demand commercial 
biocatalysts in food industry, which is required in higher tonnage than almost any 
other enzyme (Reilly 1999). A number of glucoamylase production media for a 
variety of microbes have been optimized at laboratory scale including liquid, solid 
as well as aqueous two-phase systems. Different fermentation vessels, from shake 
flasks to bioreactors, and strategies including batch, fed-batch, and continuous fer-
mentations have been employed (Uma Maheswar Rao et al. 2011). Glucoamylase 
production by Thermomyces lanuginosus was found to be 2.5-fold higher in shake 
flasks compared to static cultures (Uma Maheswar Rao et al. 2011).

Chen et  al. (2005) purified a thermostable extracellular glucoamylase (exo-1, 
4-a-D-glucanohydrolase, E.C.3.2.1.3) from the culture supernatant of a thermo-
philic fungus Chaetomium thermophilum to sodium dodecyl sulfate- polyacrylamide 
gel electrophoresis (SDSPAGE) homogeneity by using ammonium sulfate fraction, 
DEAE-Sepharose Fast Flow chromatography, and Phenyl-Sepharose Fast Flow 
chromatography. SDS-PAGE of the purified enzyme showed a single protein band 
of molecular weight 64 kDa. The glucoamylase exhibited optimum catalytic activ-
ity at pH 4.0 and 65 °C. It was thermostable at 50 °C and 60 °C, and retained 50% 
activity after 60 min at 65 °C. The half-life of the enzyme at 70 °C was 20 min. 
N-terminal amino acid sequencing (15 residues) was AVDSYIERETPIAWN. Different 
metal ions showed different effects on the glucoamylase activity of C. thermophi-
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lum. Ca2+, Mg2+, Na+, and K+ enhanced the enzyme activity, whereas Fe2+, Ag+, and 
Hg2+ cause obvious inhibition. These properties make it applicable to other biotech-
nological purposes.

16.5  Cellobiohydrolase

Thermoactive and thermostable cellulases, in general, have favorable effects on the 
resistance of adverse conditions, including high salt concentrations and extreme 
pHs. In particular, enzymes with such excellent properties are desired to effectively 
enhance hydrolysis efficiency at elevated temperatures while simultaneously reduc-
ing microbial contamination in industrial processes (Alponti et al. 2016). Therefore, 
it is essential to explore thermoactive enzymes with considerable thermostability. 
Chaetomium thermophilum produces multiple thermostable cellulases with high 
efficiencies (Bock et  al. 2014), such as a β-1,4-endoglucanase CTendo45 (Chen 
et al. 2018) and two cellobiohydrolases CtCel6 (Zhou et al. 2017) and CtCBH1 (Lee 
et  al. 2017). According to the classification of the Carbohydrate-Active Enzyme 
(CAZy) database (Cantarel et al. 2009), cellobiohydrolases are mainly assigned into 
two glycoside hydrolase families (GH6 and GH7). Besides, the GH6 cellobiohydro-
lase is extensively considered to act processively from the nonreducing terminal of 
cellulose chains to release disaccharide cellobioses with an atypical single- 
displacement mechanism (Thompson et al. 2012). However, although GH6 cello-
biohydrolases possess excellent activity and high thermostability, there is certainly 
room for characteristic improvement (Baramee et al. 2017).

Han et  al. (2018) studied a thermostable cellobiohydrolase CtCel6 from 
Chaetomium thermophilum with high hydrolytic activity was employed to construct 
mutants to further enhance catalytic activity and thermostability. Based on struc-
tural analysis of the corresponding homologous model (Fig. 16.3a), four conserved 
and noncatalytic residues around the substrate-binding site in buried cleft were 
selected for site-directed mutagenesis (Fig.  16.3b). These recombinant enzymes 
were successfully expressed using the yeast Pichia pastoris and purified to deter-
mine the biochemical properties. The wild-type and mutant cellobiohydrolases 
shared a similar pattern of the optimum reaction condition at pH 5 and 70 °C, which 
could be attributed to the inapparent conformational rearrangement caused by resi-
due substitutions (Xie et al. 2014).

In their study, the mutant Y119F increased the catalytic activity 1.82-, 1.65-, and 
1.43-fold against β-D-glucan, phosphoric acid swollen cellulose (PASC), and car-
boxymethylcellulose sodium (CMC-Na), respectively. In addition, S131 W effec-
tively enhanced the enzyme’s heat resistance to elevated temperatures. The half-life 
(t1/2) of this mutant enzyme was increased 1.42- and 2.40-fold at 80 °C and 90 °C, 
respectively, compared to the wild-type. This study offers initial insight into the 
biological function of the conserved and noncatalytic residues of thermostable cel-
lobiohydrolases and provides a valid approach to the improvement of enzyme rede-
sign proposal.
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16.6  Superoxide Dismutase

A thermostable superoxide dismutase (SOD) from the culture supernatant of a ther-
mophilic fungus Chaetomium thermophilum strain CT2 was purified to homogene-
ity by fractional ammonium sulfate precipitation, ion-exchange chromatography on 
DEAE-sepharose, and phenyl-sepharose hydrophobic interaction chromatography 
(Guo et al. 2008). The pure SOD had a specific activity of 115.77 U/mg of protein 
and was purified 7.49-fold, with a yield of 14.4%. The molecular mass of a single 
band of the enzyme was estimated to be 23.5 kDa, using sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis. Using gel filtration on Sephacryl S-100, the 
molecular mass was estimated to be 94.4 kDa, indicating that this enzyme was com-
posed of four identical subunits of 23.5 kDa each. The SOD was found to be inhib-
ited by NaN3, but not by KCN and H2O2. Atomic absorption spectrophotometric 

Fig. 16.3 Structure of C. thermophilumCel6A (PDB: 4A05). (a) Divergent stereo cartoon of 
Cel6A structure in complex with both cellobiose and cellotetraose molecules. (b) Observed elec-
tron density for the ligands in the active site cleft. The yellow and purple sticks indicate the mutated 
noncatalytic residues and the catalytic residues, respectively. The active-center Li + ion is shown 
as a blue sphere and hydrogen bonds are represented as black dashed lines. All of the structural 
diagrams were drawn using PyMOL software. (Han et al. 2018)

16 Thermophilic Chaetomium in Biotechnology



434

analysis showed that the content of Mn was 2.05 mg/mg of protein and Fe was not 
detected in the purified enzyme. These results suggested that the SOD in C. ther-
mophilum was the manganese superoxide dismutase type. N-terminal amino acid 
sequencing (10 residues) was KX (X is uncertain) TLPDLKYD.  The Nterminal 
amino acid sequencing homologies to other MnSod also indicated that it was a 
manganese-containing superoxide dismutase. The SOD exhibited maximal activity 
at pH 7.5 and optimum temperature at 60 C. It was thermostable at 50 and 60 C and 
retained 60% activity after 60 min at 70 C. The half-life of the SOD at 80 C was 
approximately 25 min and even retained 20% activity after 30 min at 90 C.

In industry, a major requirement for commercial SOD is thermal stability because 
thermal denaturation is a common cause of enzyme inactivation. Thermostable 
SOD potentially is useful due to its high stability. In recent years, there has been an 
increasing interest in SOD of thermophiles, which were expected to produce ther-
mostable SOD.  In the 1990s, an antioxidant enzyme—superoxide dismutase 
(SOD)—was introduced into the market. Although the enzyme initially showed 
great promise in therapeutic applications (Fig. 16.4), it did not perform up to expec-
tations. Consequently, its use was limited to nondrug applications in humans and 
drug applications in animals.

Biotechnological Application of Thermophilic Enzymes
Although thermophilic fungi have existed in nature for millennia, they were cul-
tured in the laboratory only in late nineteenth and early twentieth centuries. These 
fungi comprise a small assemblage among the Eukarya domain that possesses a 
unique mechanism of growing at elevated temperatures up to 61 °C. During the last 
five decades, many species of thermophilic fungi sporulating at 45 °C have been 
reported. The first modern comprehensive account of the biology and classification 
of thermophilic fungi was published by Cooney and Emerson in 1964; it included 
the 11 species known at that time, with a few new to science. Since then, several 
thermophilic fungi have been discovered and documented in scientific literature. 
Notwithstanding their potential use in industrial processes, studies on thermophilic 
fungi have been neglected until recently. Further, their uncertain taxonomic affilia-
tion puts them in a state of disarray, often leading to misidentification and confusion.

Thermophilic fungi have been playing a role in the economy of nature ever 
since they evolved on this earth. Their importance in the human economy has been 
realized from their ability to efficiently degrade organic matter, acting as biodete-
riorants and natural scavengers; to produce extracellular and intracellular enzymes, 
organic acids, amino acids, antibiotics, phenolic compounds, polysaccharides, and 
sterols of biotechnological importance; and to produce nutritionally enriched 
feeds and single-cell protein (SCPs), and as well as from their suitability as agents 
of bioconversion, for example, their role in the preparation of mushroom compost. 
The fungal protein, or “mycoprotein,” is attracting the attention of food and feed 
scientists and protein engineers. Chaetomium cellulolyticum and Sprotrichum pul-
verulentum are the most widely used organisms for the upgrading of animal feed 
and producing SCP from lignocellulosic wastes (see Chap. 13). Similarly, investi-
gations on the process of composting municipal solid wastes with thermophilic 
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fungi, that is, Chaetomium thermophile, Humicola lanuginosa, Mucor pusillus, 
and Thermoascus aurantiacus, have revealed that the resulting compost is richer 
in N, P, and K.

On the industrial front, the use of thermophilic strains can be an effective solu-
tion to the maintenance of optimal temperature in industrial fermentation for the 
entire cultivation period. It is well known that thermophilic activities of microbes 
are generally associated with protein and enzyme thermostability. The advantages 
of the use of thermostable proteins and enzymes for conducting biotechnological 
processes at high temperature include a reduced risk of contamination with meso-
philic microbes, a decrease in the viscosity of the culture medium, an increase in the 
bioavailability and solubility of organic compounds, and an increase in the diffusion 
coefficient of substrates and products, resulting in a higher rate of reactions. Further, 
their involvement in genetic manipulations is a much more recent development. 
Nevertheless, because of these and many more advantages, thermophilic fungi 
appear to be suitable candidates in biotechnological applications. Additionally, with 
the paradigm shift in industry as it moves from fossil fuels toward renewable 
resource utilization, the need for microbial biocatalysts is envisaged to increase, and 
undoubtedly there will be an unrelenting and increased need for thermostable selec-
tive biocatalysts in the near future. Thus, future perspectives relating to their diver-
sity, taxonomy, phylogeny, genome-wide study, and biotechnology, entailing 
research on thermophilic fungi, are warranted.

Fig. 16.4 Applications of superoxide dismutase (SOD) enzyme
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The biotechnological potential of thermophilic fungi has been known to micro-
biologists for a considerable period because composting as a means of providing 
nutrient-enriched plant material has been in vogue for degradation of agro-residues, 
mushroom production, solid waste management, and for understanding the role of 
fungi in plant litter ecosystem. The early history of the descriptions of thermophilic 
fungi from hay and retting gauyule is too well known to be narrated but this infused 
interest in unraveling the enzymatic potential especially in the realm of polysac-
charases, proteases, and lipases.

The major commercial application of glucoamylase is to catalyze starch and to 
yield glucose for use in food and fermentation industries. Glucose production from 
starch, along with glucoamylase requires the synergistic action of a series of amy-
lases. In the first step, ~30–35% dry solid starch slurry is gelatinized (~60–90 °C) 
and subsequently liquefied at 95–105 °C (pH 6.5) by α-amylase to short-chain dex-
trins. These dextrins in the next step are saccharified by glucoamylase to release 
glucose. The fungal glucoamylase being optimally active at around pH 4.0–4.5, the 
saccharification is essentially carried out under acidic conditions at 60  °C for 
3–4 days to achieve a final yield of ~96% glucose (Crabb and Mitchinson 1997; 
Reilly 1999).

Additionally, debranching enzymes (pullulanase or isoamylase) are used to has-
ten starch processing by cleaving α-1,6 glycosidic bonds, which allows to attain an 
early peak in glucose yield with less byproduct formation (Uma Maheswar Rao 
et al. 2011). Glucose has ~75% of the sweetness of sucrose, while its isomer fruc-
tose is twice sweeter than sucrose. Consequently, fructose is preferred especially in 
so-called low-calorie health/diet foods, where it provides double the sweetness of 
sucrose at half the weight and can be metabolized without insulin (Uma Maheswar 
Rao et al. 2011). Commercially fructose is produced by the isomerization of glu-
cose using fungal glucose/xylose isomerase (E.C. 5.3.1.5, D-xylose-ketol isomer-
ase) at 50–60 °C and pH 7–8. Glucose isomerase is the most expensive of all the 
enzymes involved in starch processing, and thus, is reused until it loses most of its 
activity. The concentrated glucose syrup is passed through the immobilized glucose- 
isomerase column or sometime through the glucose isomerase producing cells 
(Uma Maheswar Rao et al. 2011). The process yields around 40–42% of fructose 
and the concentration of fructose in the final product is raised to ~55% by chromato-
graphic enrichment of glucose–fructose mixture (Uma Maheswar Rao et al. 2011).

Obtaining new biotechnological products from uncultivable microfungi is quite 
interesting and a current topic of debate. Both basic research and biotechnological 
developments require routinely applicable tools for the functional analysis, expres-
sion, and manipulation of genes. These techniques include procedures for genetic 
transformation and selection of the transformants, well-characterized molecular 
markers, and expression signals. As thermophilic fungi colonize, multiply, and sur-
vive in habitats having elevated temperatures, they represent a formidable pool of 
bioactive compounds and are a strategic source for new and successful commercial 
products. Recent technological advances made in genomics, proteomics, and com-
binatorial chemistry show that nature continues to preserve compounds in its 
metagenome having the essence of bioactivity or function within the host and the 
environment. Bioprospecting of fungal genomes, such as thermophilic fungi, offers 
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several advantages over their biocatalysts, besides being thermostable. However, 
studies on fungal distribution and mapping are challenging due to the lack of suffi-
cient knowledge about their taxonomy and the lack of expert mycologists around 
the world. Nevertheless, the fungal world provides a fascinating and almost con-
tinual source of biological diversity, which is a rich source to exploit for human 
welfare.
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