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Foreword

Plants have been used for centuries as one of the main sources of natural drugs, and
this tradition is well documented. The role of plants as health agents in multiple
cultures of the world, transmitted through generations is widely known. Their com-
pounds have important ecological functions, providing protection against pests, dis-
eases, ultraviolet-B damage, and other environmental stresses. Plants are also
producers of pharmaceutical drugs, such as antibiotics, anticancer, and antifungals,
food supplements, and agrochemicals and have a wide variety of other industrial
biotechnology applications, such as the steroid production. The new advances in
genome sequencing technology enhance the progress in the study of metabolic
pathways to be able to understand the role of some enzymes, improving human
health and industrial uses.

In recent time, the study of the plant biome opened new perspectives for the
identification and production of medically important secondary metabolites, and
this book, an impressive collection of chapters, is an important contribution and
provides an up-to-date review of each topic of this interesting field.

Each chapter intends to present relevant information about the state of the art and
the basis for new research and application of plants. The book yields information
about the compounds produced by plants, their relation with endophytes, and the
role of these microbes in nature, working on the protection against diseases and
abiotic stress, growth promotion, and production of useful secondary metabolites as
antimicrobial and anticancer drugs, mycotoxins, insecticides, and agrochemical
compounds useful for industrial crops. Ferns have relevance as nutraceuticals due to
their rich content of protein, fiber, minerals, vitamins, essential amino acids, and
fatty acids. Besides bioherbicide potential, ferns are endowed with chemopreven-
tive, hepatoprotective, cytotoxic, antihyperglicemic, leishmanicidal, trypanocidal,
antimicrobial, antinociceptive, and immunomodulatory metabolites. Lately, the
application of recombinant techniques and tissue culture involves the in vitro pro-
duction of plants cells, allowing the strain improvement, selection of high-producing
cell lines, and medium optimization that can lead to an enhancement in secondary
metabolite production.



vi Foreword

The editors of this book, Dilfuza Egamberdieva and Antonio Tiezzi, in putting
together this excellent volume which highlights plant biomes and their relevant
importance as source of secondary metabolites offered a real contribution to the
enhancement of this research field. As a final result, this book will be of great value
to students and researchers interested in the study of new sources of secondary
metabolites.

University of Concepcion Mario J. Silva Osorio,
Concepcion, Chile
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Chapter 1
Ethnobotanical Aspects of Some
Traditional Medicinal Plants

Iftikhar Ahmad, Muhammad Sajid Aqeel Ahmad, Mumtaz Hussain,
and Mansoor Hameed

Abstract Ethnobotany (study of usage of plant parts for human health) is consid-
ered to be a part of Economic Botany, which emphasizes on the economic utiliza-
tion of plants for human welfare. Biological diversity is universally recognized as
an important part of the world’s natural heritage and an essential component for the
sustainability of global ecosystems. In the current era, modern allopathic medicines
are very fast effective and have over-ridden the traditional herbal remedies.
Additionally, the diversity of traditional medicinal plants is facing a continuous
decline due to a number of natural and anthropogenic activities including the clear-
cutting of forests, conversion of grasslands into cultivated lands, industrialization,
overgrazing, soil erosion, desertification, etc. Similarly, overexploitation also poses
a severe threat to diversity of medicinal plants and has led to decline severely a
number of species. It should be recognized that plant diversity has a commendable
importance as a source of pharmaceutically active substances. In this chapter, the
medicinal value and usage of various medicinal plants typically used in traditional
medicine have been discussed.

Keywords Medicinal plants - Diversity - Active ingredients - Soon Valley - Salt
Range

1.1 Introduction

Indigenous knowledge of plants of different areas is as old as human civilization.
However, the term ‘“‘ethnobotany” was first used by an American botanist Johan
W. Harshberger in 1896, “to the study of plants used by primitive and aboriginal
people.” In modern ecological terms ethnobotany was described as “The study of
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direct interactions between human and plant populations” (Plotkin 1991; Heiser
1993). Today ethnobotany is widely accepted as a science of human interactions
with plants and related ecosystems. Plants have been used as medicine since ancient
times. The use of plants to improve economy is an old tradition of human history.

An ethnobotanical use of plants is more common in many parts of the world
especially developing countries like Pakistan due to lack of medical facilities in the
far lying areas from cities. For example, 40 medicinally important plant species of
21 families were reported in Kala Chitta Hills (Salt Range) of District Attock which
were under common use of indigenous people. Due to increase in population,
demands of people increase causing great pressure on the products of the area. The
region is very rich in having medicinal plants. To understand the indigenous knowl-
edge of the local people, ethnomedicinal study is very important. This helps a lot for
creating awareness among them regarding sustainable natural resource manage-
ment. Local people, hakims, and medicinal businessmen are very important in this
regard (Mahmood et al. 2004).

In Africa, people use different plant extracts for treating trypanosomiasis.
Methanolic extracts from 23 plants collected from the Savannah vegetation belt of
Nigeria were analyzed in vitro for trypanocidal activity against Trypanosoma brucei
brucei and Trypanosoma congolense at concentrations of 4 mg/ml, 0.4 mg/ml, and
0.04 mg/ml. Extracts of Khaya senegalensis, Piliostigma reticulatum, Securidaca
longipedunculata, and Terminalia avicennioides were strongly trypanocidal to both
organisms, while extracts of Anchomanes difformis, Cassytha spp., Lannea kerstin-
gii, Parkia clappertoniana, Striga spp., Adansonia digitata, and Prosopis africana
were trypanocidal to either 7. brucei brucei or T. congolense. This provided scien-
tific basis for the use of some plants in the traditional management of trypanosomia-
sis (Atawodi et al. 2003). Some of the indigenous plants are very important in the
diets of post-postpartum women during which time it is claimed that these spices
and herbs aid the contraction of the uterus. Spices and herbs are generally known to
possess antibacterial and antioxidant properties (Iwu 1989).

1.2 Some Traditional Medicinal Plants

A large number of medicinal plant species have been reported growing in various
parts of the world. For example, Leporatti and Lattanzi (1994) studied the ethnobo-
tanical use of 27 medicinal plants species. They reported and discussed their tradi-
tional medicinal uses. The inhabitants use the medicinal plants for various purposes
and are dependent on surrounding plant resources for their food, shelter, and health.
A total of 25 species of herbs belonging to 18 families and their medicinal uses by
indigenous people were recorded from the area. Some of these species were used
for the treatment of cholera, dyspepsia, fever, herpes, eczema, jaundice, and liver
complaints (Qureshi and Khan 2001).
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The vegetation of Lawat in the District of Muzaffarabad, Azad Jammu and
Kashmir, for ethnobotanical purposes was investigated. He recorded 52 species out
of which 3 species were of 2 gymnospermic families while 49 species were of 35
angiospermic families. Most of the plants were used medicinally. The investigation
indicated that the medicinal plants were either used singly or with mixtures by local
inhabitants. The area under investigation, due to unplanned utilization, had resulted
in loss of medicinally important plant species (Dar 2003).

Euphorbiaceae is an important plant family especially recognized for its antican-
cer components, anti-hepatitis B components, and carcinogenic factors. In the lit-
erature of ancient traditional Chinese medicine, 33 species of plants from 17 genera
of Euphorbiaceae have been mentioned as medicines. Presently 111 species within
35 genera of medicinal euphorbiaceous plants have been reported. Among them, 17
species were used to treat snakebites. It was observed that most of the species within
the Euphorbiaceae family contained toxic components. Only a few species were
employed as widespread medicines. Most species were recognized only as local
minority tribe medicines (Lai et al. 2005).

Sambucus nigra bush of family Caprifoliaceae is one of the plants which are
most commonly used for medicinal and various other purposes by the inhabitants of
Catalonia and in many Mediterranean regions. It is a most versatile plant, being
used for food and medicine. In addition, almost every part of the plant, including the
bark, roots, leaves, flowers, and fruit, has some uses (Valles et al. 2004). Similarly,
leaves and roots of Justicia adhatoda L. (Acanthaceae) are used for coughs, bron-
chitis, asthma, and rheumatism. Leaf buds are also used in diabetes and for joints
and as antiseptic. Green leaves of Withania somnifera (L.) Dunal (Solonaceae) are
used to relieve the pain from joints and painful swelling. Roots are used as diuretic
and tonic. Juice of the whole plant is useful in rheumatism, whereas seeds have been
reported to be used as to coagulate milk (Figs. 1.1 and 1.2).

Whole plant of Buxus papillosa is used as diaphoretic, purgative, and antirheu-
matic. Different species of Dicliptera shoots are used as tonic. Peganum harmala, a
herbal whole plant, is used as an analgesic, aphrodisiac, emmenagogue, hypnotic,
and antispasmodic. Salvia virgata leaves are applied to tumors and ulcers. Solanum
indicum roots, leaves, and fruits are used as expectorant, carminative analgesic, and
febrifuge. Solanum surattense whole plant is used as vasodilator, astringent, and
expectorant. Sophora mollis or Khumbi seeds are used as anthelmintic (Ahmad
et al. 2002; Khan 1951). Adiantum species are used for chest complaints, cough,
expectorant, increasing lactation, colds, emmenagogue, aiding kidney function,
antiparasitic, dandruff, and general cure-all. The fresh or dried leafy fronds are anti-
dandruff, antitussive, astringent, demulcent, depurative, emetic, weakly emmena-
gogue, emollient, weakly expectorant, febrifuge, galactogogue, laxative, pectoral,
refrigerant, stimulant, sudorific, and tonic (Grieve 1984). In Nepal, a paste made
from the fronds is applied to the forehead to relieve headaches and to the chest to
relieve chest pains. The plant is best used fresh, though it can also be harvested in
the summer and dried for later use (Chiej 1984; Launert 1981).
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Fig. 1.1 Some important medicinal plants of Acanthaceae, Adiantaceae, and Solanaceae families

found commonly growing in Salt Range of Pakistan
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Fig. 1.2 Some important medicinal plants of Buxaceae, Leguminosae, Lamiaceae, and
Zygophyllaceae families found commonly growing in Salt Range of Pakistan
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1.3 Proximate Composition

Composition described in terms of main classes of substances is called proximate
composition, for example, proteins or minerals that first arrived in the process of
analysis. In proximate analysis the groups are measured as such, instead of indi-
vidual proteins or specific minerals (FAO 2001). It mostly includes proteins, fats,
minerals, and carbohydrates. Almost all plants contain these substances and are
initially analyzed proximately.

Morinda citrifolia is an important medical plant in Southeast Asian countries. It
was analyzed proximately and biochemically to make a more modern drug from a
traditional product. In order to obtain better understanding of the medicinal charac-
teristics of the M. citrifolia a fruit cultivated in Cambodia, fatty acids, proteins,
amino acids, and sugars of juices were analyzed (Chunhieng et al. 2005).

Kochhar et al. (2006) analyzed three traditional medicinal plants known for their
hypoglycemic action, namely, bitter gourd, fenugreek seeds, and jambu seeds, for
proximate composition, available carbohydrates, dietary fibers, and anti-nutritional
factors. Protein, fat, ash, crude fiber, carbohydrate, and energy content of these
medicinal plants ranged from 4.16% to 25.80%, 0.49% to 6.53%, 2.16 to 9.89%,
1.28 t0 10.92%, 58.13 t0 90.85%, and 319.11% to 394.46% kcal, respectively. Total
soluble sugars, reducing sugars, nonreducing sugars, and starch content varied from
2.03% to 11.76%, 0.78 to 4.43%, 1.03 to 8.0%, and 29.20 to 33.63%, respectively.
Dietary fiber constituents like hemicellulose, cellulose, lignin, pectin, and total
dietary fiber varied from 8.44% to 34.75%, 1.46 to 8.23%, 0.38 to 5.18%, 0.36 to
2.95%, and 22.4 to 40.38%, respectively. It was found that these plants were a good
source of protein, fat, minerals, crude fiber, and energy and a rich source of avail-
able carbohydrates and dietary fiber. It was concluded that these hypoglycemic tra-
ditional medicinal plants provide various nutrients which are not provided by
allopathic medicine, and these plants have no adverse effects. Therefore, the dia-
betic patients should be encouraged to include these medicinal plants in their daily
diet to control blood sugar level.

Ripe fruits of Dennettia tripetala were analyzed for proximate composition.
Dennettia tripetala contained crude protein (15.31%), total carbohydrate (62%),
crude fibers (9.84%), crude lipids (3.47%), and moisture (8.0%). It had an energy
value of 480.24 g cal-100 g=! of fresh fruit (Okwu and Morah 2004). This justifies
the use of Dennettia tripetala fruits as food and a drug in herbal medicine in
Southeastern Nigeria.

Cymbopogon jwarancusa is a useful plant in diseases of blood, skin, vomiting,
abdominal tumors, unconsciousness, and fever (Kirtikar and Basu 1982). This plant
was proximately studied (Mahmud et al. 2002) and was found to contain moisture
contents, 67.02%; ash contents, 9.52%; carbohydrates, 1.8%; reducing sugar,
1.07%; nitrogen, 0.67%; crude proteins, 5.02%; and crude fiber, 9.50%.

Four medicinal plants belonging to the family Lamiaceae were chemically screened
(Edeoga et al. 2006) for their chemical constituents and nutritional value. The medici-
nal plants contained crude protein (9.19-17.94%), crude fiber (4.88-9.04%), ash
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(5.68-6.88%), carbohydrate (66.24-75.87%), crude lipid (3.48—4.90%), and food
energy (357.68-373.26 mg/cal). These plants play an important role not only in nutri-
tion but also in traditional medicine and in pharmaceutical industry.

Fagoina arabica is among the widely used medicinal plants all over the world
including Pakistan. Generally the plant is located on dry calcareous rocks, distrib-
uted in most parts of the Mediterranean region to South Africa, Afghanistan, India,
and Pakistan especially Sindh, Punjab, and NWFP (Rizvi et al. 1996). Proximate
analysis of this plant revealed that leaves and seeds have maximum moisture con-
tent (58.51+0.50) followed by shoots and roots (43.29+0.42, 29.45+0.28,
respectively). Ash and protein (1.85+0.12, 0.64+0.01, respectively) increased in
different parts in descending order, i.e., roots < shoots < leaves and seeds, whereas
fat and fiber contents (1.33+0.05, 56.80+0.23, respectively) decreased in ascend-
ing order, i.e., roots>shoots>leaves and seeds (Shad et al. 2002).

Now interest has been developed in wild species for their possible medicinal
values in diets. Wild plant species provide minerals, fibers, vitamins, and essential
fatty acids and enhance taste and color in diets. In addition, they have antibacterial,
hepatoprotective, and anticarcinogenic properties and therefore have medicinal
value (Green 1992; Bianco et al. 1998). Yildirim et al. (2001) analyzed eight plant
species in Turkey for dry matter, ascorbic acid, nitrogen, and protein which are
important nutritionally as well as for medicinal value.

Piliostigma thonningii is a leguminous medicinal plant belonging to the family
Caesalpiniacea used for the treatment of dysentery, fever, infections, respiratory ail-
ments, snake bites, hookworm, and skin diseases (Jimoh and Oladiji 2005).
Proximate composition of Piliostigma thonningii seeds showed that seeds contained
moisture contents 6.71%, ash 3.50%, crude proteins 30.33%, crude fibers 35.03%,
lipids 1.42%, and carbohydrates 23.00%.

Two rural settled Fulani villages, northeastern Nigeria, were surveyed for the use
of wild plants as food or medicine (Lockett et al. 2000). Different parts of com-
monly used plant species were proximately analyzed for protein, fat, carbohydrate,
and mineral contents. Kuka bark (Adansonia digitata) given to infants to increase
weight gain contained high fat, calcium, copper, iron, and zinc contents. Cediya
(Ficus thonningii), dorowa (Parkia biglobosa), and zogale (Moringa oleifera) were
found to be the good sources of protein and fat and excellent sources of calcium and
iron or copper and zinc. Fruits, leaves, and nuts of aduwa (Balanites aegyptiaca)
were widely used during the dry season and drought. Edible wild species available
during the wet season generally were inferior in energy and mineral content as com-
pared to dry season plants. Fruits commonly eaten by children were poor sources of
protein and minerals but rich in carbohydrate and fibers. Shiwaka leaves (Veronia
colorate) that were mostly consumed by pregnant women to increase breast milk
production and to expel intestinal worms contained high-fiber contents.

In Nigeria four medicinal plants belonging to the family Lamiaceae were chemi-
cally screened and found to contain high percentage of phytochemicals. The medici-
nal plants investigated were Hyptis suaveolens and three putative hybrids of Ocimum
gratissimum (Hybrid A, B, and C). The plants contained crude protein (9.19-17.94%),
crude fiber (4.88-9.04%), ash (5.68-6.88%), carbohydrate (66.24—75.87%), crude
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lipid (3.48—4.90%), and food energy (357.68-373.26 mg/cal). This showed the sig-
nificance of these plants not only in traditional medicine but also in food and in
pharmaceutical industries (Edeoga et al. 2006).

Carica papaya belonging to the family Caricaceae is an important and common
medicinal plant in tropical Africa. Proximate analysis of the unripe pulp of Carica
papaya was analyzed for the presence of different phytochemicals and minerals
(Oloyede 2005). It showed that the pulp contained starch (43.28%), sugars (15.15%),
crude protein (13.63%), crude fat (1.29%), moisture (10.65%), and fiber contents up
to 1.88%. These results indicated that the pulp of mature unripe Carica papaya
contained nutrients and mineral elements useful in nutrition. The presence of some
phytochemicals like saponins and cardenolides explained the astringent action of
the plant encountered in the numerous therapeutic uses.

Arubi (2003) analyzed papaya kernel flour for proximate composition and func-
tional properties. The flour was high in protein (32.4%) but moderate in available
carbohydrates (49.9%) and low in moisture (7.5%) contents. The total minerals and
fiber contents were 5.3% and 4.2%, respectively. Oil and water absorption capaci-
ties of the flour sample were high. The flour had very good foaming and emulsifying
properties. These results suggested that papaya kernel flour can be used in a number
of food formulations.

The underground caudex of the cycad, Stangeria eriopus, is used extensively by
several communities in South Africa, mainly as an emetic. It was found that only in
the month of July during 1992, 3410 plants were sold, which threatened the remain-
ing plant populations. Proximate analysis of the caudex material gives high carbo-
hydrate content with only small percentages of fat, protein, fiber, and ash (Osborne
et al. 1994).

Hassan and Umar (2006) studied the nutritive value of Momordica balsamina L.
leaves by analyzing their proximate composition, amino acids, and mineral con-
stituents. The results showed that the plant leaves had high moisture contents
(71.00£0.95% fresh weights). The concentration of estimated crude protein and
available carbohydrates on dry weight (DW) basis was 11.29+0.07% and
39.05+2.01%, respectively. The leaves also have high mineral (18.00+0.56% DW)
and crude fiber (29.00+1.23% DW) contents, while crude lipid contents
(2.66+0.13% DW) and energy value (191.16 kcal/100 g DW) were low. The results
indicated that the Momordica balsamina leaves could be a good supplement for
mineral, protein, carbohydrate, and fiber contents.

Wild edible plants form an important part of traditional diets in the Himalaya. In
the Sikkim Himalaya, 190 species were screened as edible species, out of which
nearly 47 species came to the market. Twenty-seven plant species were analyzed
proximately for their nutritive values, 22 were edible for their fruits and 5 for leaves
and shoots. Among different plant parts, generally higher nutrient concentration
was recorded for leaves, followed by new shoots and fruits (Sundriyal and Sundriyal
2004). For different species the crude fiber contents ranged between 2.15% and
39.90%, total soluble salts between 4.66% and 21.00%, and vitamin C contents
from 6 to 286 mg/100 g. The fat contents were determined high in the fruits of
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Castanopsis hystrix, Machilus edulis, and Cinnamomum species, while the protein
contents were highest in Hippophae rhamnoides, Cucumis melo, and Elaeagnus
latifolia. The total carbohydrate contents ranged from 32% to 88% in the fruits of
various wild plants, whereas the reducing sugar ranged from 1.25% to 12.42% and
total sugar from 2.10% to 25.09% and the lignin contents varied from 9.05% to
39.51%, the hemicellulose between 25.63% and 55.71%, and cellulose contents
from 9.57% to 33.19% in different species. It was suggested that a few wild edible
species were needed to be grown for commercial cultivation and included in the
traditional agro-forestry systems, which will reduce pressure on them in natural for-
est stands as well as producing economic benefits for poor farmers.

1.4 Minerals

The attention toward the inorganic constituents of medicinal plants was drawn by
Hakim Abdul Hameed, President of Hamdard National Foundation, India, who is
the originator of the discipline “Elementology” (Arora et al. 1984).

Health depends upon the organized state of elements in the body, and their imbal-
ance causes disease (Golden 1988), and restoration of balance by drugs can cure
diseases.

Medicinal plants show therapeutic effects for the treatment of different diseases
due to the presence of certain chemical compounds in these plants. These are mostly
organic compounds which have biological activities, but none of these act indepen-
dently and they cannot perform the functions of the medicinal plant as a whole
(Mutaftchiev 2003).

Analyses have showed that medicinal plants are rich in many trace elements, and
it was suggested that this was an important factor in the curative effect of these
plants (Olabanji et al. 1997; Pereira and Felcman 1998). The trace elements can be
found in free-states or organically bound in a complex. It is a well-established fact
that different states and forms can have different functions in its physiological activ-
ities such as biotoxicity and percent absorption in the body (Svendsen and Lund
2000). Trace elements coexist with various organic compounds in medicinal plants
(Remington 1995), and mostly they are bound to organic compounds. So the con-
centration of the free trace elements will be very low.

Medicinal properties of most of the medicinal plants are attributed mainly due to
their cultivation in different parts of the world (Rajput et al. 1996), and the active
constituents, especially inorganic elements present in plants, are in very variable
quantities (Gauch 1972) if grown in different environmental conditions and differ-
ent types of varieties used for cultivation. It is very much clear now that inorganic
trace elements are very active in very small concentrations, and the analysis of dif-
ferent parts of both plants and decoction has shown the presence of many essential
and important elements such as Ca, Mg, Zn, Fe, Co, Mn, etc. Zn is very effective in
killing virus (Randal 1984).
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Sahito et al. (2001) investigated two varieties of medicinal herb Catharanthus
roseus for elemental composition as Ca, Na, K, Mg, Zn, Fe, Cu, Co, Mn, Ni, Cd, Pb,
Ba, and Al. The level of essential elements such as Zn, Fe, Mn, and Cu was present
in considerable amount. In decoction the level of essential elements was high as
compared to toxic elements.

Most of the medicinal plants qualify as nonprescription drugs, and some of them
are taken in low doses as food drugs in these days (Obiajunwa et al. 2002), for
example, Se, Zn, vitamin E, and other antioxidants of plant origin are proving to be
reliable weapons in the effort against premature aging and the postponement of
degenerative diseases. There are at least 50 elements which are vital for the well-
being of humans (Tolonen 1990). Now the people are very much interested in trace
elements in the area of medical science.

Obiajunwa et al. (2002) investigated different major and minor elements in dif-
ferent plants. Fourteen different elements, namely, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu,
Zn, Se, Br, Rb, and Sr were detected in varied amounts in different plants. The
concentrations of Ca and K were the highest, whereas Br and Se were the least. All
the essential elements were present in required dose, but some plants such as C.
procera, A. indica, and A. wilkesiana showed toxicity due to their high Cr level.

The high concentration of Ca is very important as Ca enhances the qualities of
bones and teeth and also of neuromuscular systemic and cardiac functions. Iron is
another important element present in all the specimens which plays a role in oxygen
and electron transport in human beings. The high amount of Fe and Ca in C. alata
showed that it could be especially useful in the treatment of constipation in nursing
and pregnant mothers at 5 g/dose, as its main medicinal activity is as a mild laxative.
E. hirta, A. melegueta, M. indica, and G. kola contained high concentration of Zn
and could be used in cases of Zn deficiency which includes impairment in healing,
taste, and growth (Obiajunwa et al. 2002). In addition to identifying the active sec-
ondary metabolites of these medicinal plants, the knowledge of their elemental
composition is very important in determining their toxicity or safety for use.

More than 25 naturally occurring elements perform essential functions in the
human body. Some of them such as zinc, copper, selenium, cobalt, chromium,
molybdenum, manganese, and iodine are required in small amounts, and each com-
prises less than 0.01% of the body weight, and they are called as essential trace
elements. They work in a similar way in the body. Most of them are at the active site
of enzymes or of physiologically active substances of the body. Dietary deficiency
of these elements causes various problems, which are consistent with the decreased
activity of these active substances (Wada and Yanagisawa 1996).

Zinc is one of the most important trace elements in the body as it performs vari-
ous biological activities. It is an essential catalytic component for more than 200
enzymes and also acts as a structural component of many proteins, hormones, neu-
ropeptides, hormone receptors, and most likely polynucleotide (Fabris and
Mocchegiani 1995). Due to its role in cell division, differentiation, programmed cell
death, gene transcription, biomembrane functioning, and obviously many enzy-
matic activities, zinc is considered a most important element in the accurate work-
ing of an organism, from the very first embryonic stages to the last periods of life
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(Fabris and Mocchegiani 1995). The zinc supplementation is efficacious in most of
the problems. It is said to be a therapeutic support instead of a simple dietary sup-
plement. The relevance of zinc to many age-associated diseases and the aging itself
of the major homeostatic mechanisms of the body, i.e., the nervous, neuroendocrine,
and immune systems, places zinc in an essential position in the economy of the
aging organism.

Rajurkar and Damame (1998) studied elemental composition of some Ayurvedic
medicinal plants used for healing urinary tract disorders. Fourteen elements were
estimated in different plants: among these Cu, Cr, Co, and Cd were found to be pres-
ent at the trace level; Mn, Pb, Zn, Ni, Na, Fe, and Hg at minor level; and K, Ca, and
Cl at major level. The differences in the concentration of the elements are attributed
to soil composition and the climate in which the plant grows. It was found that these
elements play an important role in treatment of urinary tract disorders.

Some inorganic trace elements such as V, Zn, Cr, Cu, Fe, K, Na, and Ni play an
important role in maintaining normoglycemia by activating the beta-cells of the
pancreas. Leaves of four traditional medicinal plants (Murraya koenigii, Mentha
piperitae, Ocimum sanctum, and Aegle marmelos) widely used in the treatment of
diabetes and related metabolic disorders were analyzed for different inorganic ele-
ments. The levels of Cu, Ni, Zn, K, and Na were found to be in trace amounts, and
Fe, Cr, and V levels were found in minor levels (Narendhirakannan et al. 2005).

According to Anke (1986) 7 quantitative elements and perhaps 18 trace elements
are of vital importance for the animals. Their metabolism is antagonistically or syn-
ergistically influenced by the inorganic and organic constituents of the food of dif-
ferent kinds. More than 30 elements (Cu, Zn, Mg, Mn, Cr, V, and so on) are involved
in the treatment in the process of arteriosclerosis.

Singh and Garg (1997) analyzed specific plant parts of several plants (fruits,
leaves, or roots) often used as medicines in the Indian Ayurvedic system for 20 ele-
ments (As, Ba, Br, Ca, Cl, Co, Cr, Cu, Fe, K, Mn, Mo, Na, P, Rb, Sb, Sc, Se, Sr, and
Zn). Most of the medicinal herbs were found to be rich in one or more of the ele-
ments under study.

Dennettia tripetala or pepper fruit plant is a well-known Nigerian spicy medici-
nal plant. Dennettia tripetala, besides protein, carbohydrate, fibers, and lipids, also
contains important mineral contents as calcium (1.80%), phosphorus (0.33%),
potassium (2.50%), and magnesium (0.42%). Trace elements included Fe, Cu, Zn,
and Cd; however, Cr was not detected. This justifies the use of Dennettia tripetala
fruits as food and a drug in herbal medicine in Southeastern Nigeria (Donatus and
Morah 2004).

Mineral analysis of Piliostigma thonningii showed that seeds were good source
of antioxidant micronutrients such as Fe, Ca, Se, Zn, and Mn. So it could serve as a
cheap source of antioxidant micronutrients supplements in both man and animal.

The level of iron among all minerals analyzed was found to be the highest
(782 ppm). This might be of nutritional importance especially in the part of the
world where anemia and iron deficiency is more common (Jimoh and Oladiji 2005).
P. thonningii seeds are also good sources of calcium (43.11 ppm), while zinc
(0.016 ppm), manganese (1.00 ppm), and phosphorus (0.02 ppm) levels were quite
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low when compared with iron and calcium but comparable with values for some
legumes (Elegbede 1998). Iron, selenium, zinc, and manganese are antioxidant
micronutrients (Talwar et al. 1989), and their presence could thus boost the immune
system.

Fagoina arabica is among the widely used medicinal plants in Pakistan. Its min-
eral composition showed that Zn and Na were maximum in roots and minimum in
leaves and seeds. Concentrations of Fe, P, K, and Ca decreased in order of leaves,
seeds, shoots, and then roots. Fagonia arabica contained Ca, Na, P, Cu, Fe, Mn, and
Zn. Zn plays an important role as an antioxidant in animals (Bray and Betteger
1990) as well as in plant membranes (Cakmak and Marschner 1988). Fagonia ara-
bica contains lower amounts of heavy metals. The possible reason for low
concentrations of heavy metal could be due to the fact that this herb is found mostly
in desert and dry calcareous rocks where industrial pollutions are not found, which
might have resulted in least amount of heavy metal. However, the macro elements
(P, K, Na, Ca) were found to be maximum. Phosphorus is mainly involved in RNA,
DNA sugar-phosphate backbone, in the process of energy transfer, and it is the inor-
ganic phosphate that appears as an intermediate product during photosynthesis and
respiration pathways of metabolism (Shad et al. 2002).

Fagonia arabica contains a fair amount of K and Na. Due to this reason, it is
mostly used in diseases like diarrhea, stomatitis, and deobstruent (Dey et al. 1980)
where mostly fluid losses take place (Whitney and Hamilton 1984).

Cu, Zn, Mn, and Fe are considered as trace elements due to their relatively min-
ute quantity that is essential to the body. Copper is important for red blood cell
formation, mitochondria function, and a component of ribonucleic acid, whereas
Zn, Mn, and Fe are necessary for the development of bones and connective tissues
(Nielsen 1987).

Unlike other compounds, living organisms cannot synthesize mineral elements.
Only small fraction of the Ca, Mg, and P and most of the Na, K, and CI are present
as electrolytes in the body fluids and soft tissues. Electrolytes present in blood or
cerebrospinal fluid maintain acid-base and water balance and adjust osmotic pres-
sure. They regulate membrane permeability and exert characteristic effects on the
excitability of muscles and nerves (Nielsen 1987; Bukhari et al. 1987).

The distribution of the elements in various genera and species of plants will be
highlighted in the knowledge of the distribution of certain valuable trace elements
and their availability from medicinal plants. The uptake of mineral constituents
depends on many factors such as the amount of mineral elements present in soil,
their availability, moisture contents of soil, and the botanical factor. The variation
in mineral composition was observed in different varieties of the same species
(Sahito et al. 2001).
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1.5 Bioactive Substances

Medicinal plants are considered very important for the health of individuals and
communities. These plants mostly display a wide range of biological and pharma-
cological activities such as anti-inflammatory, antibacterial, and antifungal proper-
ties (Okwu and Ekeke 2003; Okogun 1985). The medicinal value of such plants is
due to the presence of some chemical substances which create or enhance a definite
physiological function in the human body. Phytochemicals perform many ecologi-
cal and physiological functions and are widely distributed in plant kingdom.
Medicinal plants can synthesize and accumulate a great variety of phytochemicals
including alkaloids, flavonoids, tannins, cyanogenic glycosides, phenolic com-
pounds, and saponins (Pandey 1980; Edeoga et al. 2005; Okwu 2004).
Phytochemicals are present in different plants and are used as important compo-
nents of both human and animal diets. Diets containing an abundance of fruits and
vegetables are protective against a variety of diseases, particularly cardiovascular
diseases (Uruquiaga and Leighton 2000). Herbs and spices are harmless sources
for obtaining natural antioxidants (Okwu 2004; Kim et al. 1994). Most of these are
potent bioactive compounds found in different parts of medicinal plant that can be
used for therapeutic purpose or which are precursors for the synthesis of useful
drugs (Sofowara 1993). The active principles differ from plant to plant due to their
biodiversity, and they produce a definite physiological action on the human body
(Edeoga et al. 2006).

Leaves and stems of most of the plants were found rich in alkaloids, flavonoids,
tannins, and phenolic compounds. They had already been examined to show medic-
inal activity as well as exhibiting physiological activity (Sofowara 1993). Natural
products have been an important source of drugs for centuries, and about half of the
pharmaceutical market presently depends on natural products (Clark 1996).

Ten medicinally important plants belonging to different families were analyzed
and compared for alkaloids, tannins, saponins, terpenoid, flavonoids, and phenolics.
The medicinal plants investigated were Cleome rutidosperma, Emilia coccinea,
Euphorbia heterophylla, Physalis angulata, Richardia brasiliensis, Scoparia dul-
cis, Sida acuta, Spigelia anthelmia, Stachytarpheta cayennensis, and Tridax pro-
cumbens. All the plants were found to contain alkaloids, tannins, and flavonoids
except for the absence of tannins in S. acuta and flavonoids in S. cayennensis,
respectively. These plants were found very important in traditional medicine
(Edeoga et al. 2005).

Phenolic compounds are widely distributed in the plant kingdom, and the pres-
ence of phenols is considered to be potentially toxic to the growth and development
of pathogens (Singh and Sawhney 1988). Phenolic compounds act as electron
donors and are readily oxidized to form phenolate ion or quinine which is an elec-
tron acceptor. Protonated phenol is used as a cleaning agent (Uruquiaga and
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Leighton 2000) and acts as anti-inflammatory, anticlotting, antioxidant, immune
enhancer, and hormone modulator agents. Phenols have been the subjects of exten-
sive research as disease preventives (Duke 1992). Phenols have been shown to have
the ability to block specific enzymes that cause inflammation. They also modify the
prostaglandin synthesis pathways and thereby protect platelets from clumping.

Phytochemicals show a wide range of biological effects due to their antioxidant
properties. Several types of polyphenols (phenolic acid and flavonoids) show anti-
carcinogenic and antimutagenic effects (Uruquiaga and Leighton 2000). Polyphenols
are considered to interfere several steps in the development of malignant tumors,
inactivating carcinogens and inhibiting the expression of mutagens. Several studies
have shown that in addition to their antioxidant protective effect, polyphenols, par-
ticularly flavonoids, also inhibit the initiation, promotion, and progression of tumors
(Okwu 2004; Uruquiaga and Leighton 2000). Recently plant flavonoids have
attracted attention as potentially important dietary cancer chemo-protective agents
(Okwu and Okwu 2004). In addition, the possible antitumor action of certain flavo-
noids has also generated interest (Kandaswami et al. 1991). Moreover, naturally
occurring phytochemicals are potential anti-allergic, anticarcinogenic, antiviral, and
antioxidant agents (Okwu 2004; Uruquiaga and Leighton 2000). Flavonoids
represent the most common and widely distributed groups of plant phenolics that
are potent water-soluble super antioxidants and free radical scavengers which pre-
vent oxidative cell damage, have strong anticancer activity, and protect against all
stages of carcinogenesis (Okwu 2004). Flavonoids in intestinal tract lower the risk
of heart disease (Cook and Samman 1996). Most of these effects of flavonoids have
been linked to their known functions as strong antioxidants, free radical scavengers,
and metal chelators (Torel et al. 1986; Nakayama et al. 1993). Flavonoids are mostly
15-carbon compounds and are distributed throughout the plant kingdom (Harborne
1973). Some isoflavones act as allelochemicals widely used in insecticides. They
are also important in disease resistance (Salisbury and Ross 1992).

Some other biological functions of flavonoids include protection against aller-
gies, inflammation, free radicals, platelet aggregation, microbes, ulcers, hepatoxins,
viruses, and tumors (Okwu 2004; Okwu and Omodamiro 2005).

The presence of phenolic compounds in certain plants makes them very good
antimicrobial and antibacterial agent in different infections. This is the reason that
B. pinnatum, with higher phenolic compounds, is effective in the treatment of
typhoid fever and other bacterial infections, particularly those caused by
Staphylococcus aureus, Escherichia coli, Bacillus subtilis, Pseudomonas aerugi-
nosa, Klebsiella aerogenes, Klebsiella pneumoniae, and Salmonella typhi (Ofokansi
et al. 2005). These results supported the use of B. pinnatum in treating the placenta
and navel of a newborn baby, which not only heals fast but also prevents the forma-
tion of infections (Okwu 2001, 2003).

Alkaloids were also detected in these plants. Alkaloids and their synthetic deriva-
tives are used as basic medicinal agents for their analgesic, antispasmodic, and bac-
tericidal effects (Stary 1998). They show marked physiological activity when given
to animals (Okwu and Okwu 2004).
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The phytochemical analyses of Piliostigma thonningii seeds showed that seeds
contain saponins, flavonoids, phenolics, glycosides, as well as cardiac glycosides
(Jimoh and Oladiji 2005). Some of these chemical compounds have been reported
to have inhibitory effects on some gram-negative bacteria such as Escherichia coli
and Bacillus subtilis among others. They also have prominent effects on animal
systems and microbial cells (Liu et al. 1990; Oyagade et al. 1999). The presence of
these chemical compounds therefore suggests the pharmacological activities of P.
thonningii.

Four medicinal plants of family Lamiaceae were analyzed chemically for certain
phytochemical constituents including alkaloids, tannins, saponins, flavonoids, and
phenols. The plants investigated were Hyptis suaveolens and three putative hybrids
of Ocimum gratissimum. All the plants contain high percentage yield of crude alka-
loids and flavonoids ranging from 10.44-14.32% to 9.28-12.54%, respectively.
Tannins and phenols were present in all plants; however, saponins were absent in
these plants. This gives significance of these plants in traditional medicine and in
the pharmaceutical industries (Edeoga et al. 2000).

Two Nigerian medicinal plants (Garcinia kola Heckel and Aframomum melegu-
eta) were analyzed for their phytochemicals (Okwu 2005). These plants were found
to contain bioactive constituents as flavonoids (5.76-1.98 mg/100 g), phenols
(0.09-0.11 mg/100 g), saponins (1.24-11.48 mg/100 g), and tannins (0.26—
0.38 mg/100 g). These constituents are considered responsible for the health-related
properties of these plants, which are based on their antioxidant, anticancer, antitu-
mor, antiviral, anti-inflammatory, and anti-allergic activities. These facts justify the
popular use of G. kola and A. melegueta in herbal medicine in Nigeria.

1.6 Conclusion

According to the World Health Organization (WHO), more than 80% of the world’s
population relies on traditional herbal medicine for their primary health-care needs.
These traditional systems are culturally and psychologically more tolerable in most
of the societies as compared to western allopathic medicines. In addition, being the
natural plant products, they are considered to be the safest way of treating diseases
with least side effects on human health as compared to allopathic or homeopathic
medicines. Medicinal plants not only serve as important source of raw materials for
the manufacture of traditional medicines but also used for the preparation of a num-
ber of modern allopathic medicines. The use of herbal medicines is increasing day
by day, and efforts are underway to examine the medicinal plant resources and their
active ingredients. However, the research in medicinal plants requires a consider-
able interaction of researchers with indigenous communities. In addition, successful
research must involve peoples from other disciplines such as ethnobotanists, natural
product chemists, pharmacologists, taxonomists, traditional healers, and/or user
communities, and if useful compounds are isolated that have need of development,
then synthetic chemists are compulsory.
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This chapter on medicinal flora of the Soon Valley in Salt Range shows that more
than 98 angiosperms of 45 families are traditionally locally used as healing agents.
However, a large number of plant species belonging to different plant groups still
need a thorough pharmacognostic assessment. Local people collect and sell a large
number of species of plants to merchants in the market or to larger pharmaceutical
trading houses. This, however, is not done on a scientific basis, and species may be
mixed, or not collected at the time of maximum potency because the synthesis of
various nutritional and medicinal components varies considerably during different
seasons and at different localities. Different plants are used for different medicinal
purposes throughout the country. During the last quarter century, environmental and
cultural changes and market-based economics have seriously influenced all aspects
of traditional medicine systems by affecting environment and resources of tradi-
tional medicine. Over harvesting of medicinal plants and animal species has resulted
in resource degradation, loss of biodiversity, and the loss of indigenous and tradi-
tional medicinal knowledge. Such extensive uses are common threats to most of the
plant species.
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Chapter 2
Medicinal Plant: Environment Interaction
and Mitigation to Abiotic Stress

Murtaza Abid and M. M. Abid Ali Khan

Abstract Herbal/traditional plant medicine is the most antioxidant-rich category.
Abiotic stresses including climatic factors, plant species, extreme temperatures,
light intensity, soil and air pollution, drought, flooding, salinity and osmotic changes,
and other environmental factors affected both the enzymatic and nonenzymatic anti-
oxidant defense system in plants. The activities of the antioxidant enzymes such as
polyphenol oxidase (PPO), catalase (CAT), superoxide dismutase (SOD), peroxi-
dase (POD), phenylalanine ammonia-lyase (PAL), ascorbate peroxidase (APX),
and lipoxygenase (LOX) are altered in stressed conditions which lead to the changes
in malondialdehyde (MDA), superoxide radical, and hydrogen peroxide content of
the cells. The different components of nonenzymatic defense system such as gly-
cine betaine (GB), proline, glutathione (GSH), ascorbic acid (AsA), tocopherols,
carotenoids, flavonoids, and phenolic compounds also play a crucial role as they
interact at cellular level. A common factor between most stresses is the active pro-
duction of reactive oxygen species (ROS). They are actively produced and used as
signaling molecules by cells in response to most abiotic stresses. Due to the highly
reactive nature of ROS, their production and detoxification need to be strictly con-
trolled. Studies on transformed plants expressing increased activities of single
enzymes of the antioxidant defense system indicate that it is possible to confer a
degree of tolerance to stress by these means. The advent of plant transformation has
placed within our grasp the possibility of engineering greater stress tolerance in
plants by enhancements of the antioxidant defense system.
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2.1 Introduction

2.1.1 Reactive Oxygen Species and Antioxidant System

Plants have integrated antioxidant systems, which include enzymatic and nonenzy-
matic antioxidants that are usually effective in blocking harmful effects of
ROS. Ethylene biosynthesis and membrane breakdown involving lipid peroxidation
seem to involve free radicals. Since plants have less evolved mechanisms of stress
avoidance, they require important means of adaptation to changing environmental
conditions. A cyanide-insensitive respiratory pathway in chloroplasts competes for
electrons with photosynthetic electron transport (Bennoun 1994) and may also
reduce oxygen. Furthermore, some important sites, such as the reaction center pro-
tein of PSII (DI) and the apoplastic space, appear to have very little protection
against oxidative damage (Castillo and Greppin 1988; Luwe et al. 1993). To save
themselves from these lethal oxygen intermediates, plant cells and its organelles
like chloroplast, mitochondria, and peroxisomes employ antioxidant defense sys-
tems. A great deal of research has established that the induction of the cellular anti-
oxidant machinery is important for protection against various stresses (Tuteja 2007,
Khan and Singh 2008; Gill et al. 2011; Singh et al. 2008). The components of anti-
oxidant defense system are enzymatic and nonenzymatic antioxidants. Enzymatic
antioxidants include SOD, CAT, POD, APX, monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR),
and nonenzymatic antioxidants are GSH, AsA (both water soluble), carotenoids and
tocopherols (lipid soluble), proline, glycine betaine, flavonoids, and phenols (Gill
et al. 2011; Mittler et al. 2004; Singh et al. 2008).

2.1.2 Abiotic Stresses

Plants are often subjected to hostile environmental conditions which cause abiotic
stress conditions that play a major role in determining productivity and yields
(Boyer 1982) and also the differential ecological distribution of the plants species
(Chaves et al. 2003). A significant feature of plant adaptation to abiotic stresses is
the activation of multiple responses involving complex gene interactions and cross-
talk with many molecular pathways (Basu 2012; Umezawa et al. 2006). Abiotic
stresses elicit complex cellular responses that have been elucidated by studying
plant abiotic responses at the whole-plant, morphological, physiological, biochemi-
cal, cellular, and molecular levels (Grover et al. 2001). The development of stress-
tolerant plants either by genetic engineering or through conventional breeding has
been done. The elucidation of the different components and molecules playing
important role in abiotic stress responses of a broad range of species in both model
and crops plant is in progress. Now, efforts are being made to expand our knowledge
on plant response to abiotic stresses using holistic system biology approaches,
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taking advantage of available high-throughput tools such as transcriptomics, pro-
teomics, and metabolomics. The objective of this chapter is to provide an insight of
abiotic stress biology in medicinal plants. In the present chapter, we present some
details about the enzymatic and nonenzymatic responses of plants to various abiotic
stresses for the better adaptation to face the environmental constraints.

2.1.2.1 Types of Abiotic Stresses

Stress is usually defined as an external factor that exerts a disadvantageous influence
on the plant (Taiz and Zeiger 1991). Alternatively, stress could be defined as a sig-
nificant deviation of the optimal condition of life (Larcher 2003). The effects of the
following types of abiotic stresses have been studied in quite detail (Fig. 2.1).

Temperature

Among stile conditions, temperature stress is considered to be one of the most dam-
aging because of the ever-changing components of the environment. Heat stress has
several impacts on the life processes of organisms, and plants, in particular, are most
affected since they are as sessile and cannot move to more favorable environments.

The changing climate and global warming have made the study related to tem-
perature stress as the major concerns for plant scientists worldwide. High tempera-
ture (HT) is now considered to be one of the major abiotic stresses for decreasing
crop production and yield (Hasanuzzaman et al. 2012). As there is an optimum tem-
perature limit in every plant species for plant growth and metabolism, there may be
devastating effects of temperature on the growth and survival of plants. The US
Environmental Protection Agency (EPA) indicates that global temperatures have
risen during the last 30 years (EPA Student’s Guide to Global Climate Change.
www.epa.gov 2011) and also said that the decade from 2000 to 2009 was the hottest
period ever recorded. High temperature stress is defined as the rise in temperature
beyond a critical threshold for a period of time sufficient to cause irreversible dam-
age to plant growth and development (Wahid 2007). The growth and development
of plants involves numerous biochemical reactions, all of which operates at a par-
ticular temperature (Zrébek 2012).

Low temperature (LT) or cold stress also affects plant growth and crop produc-
tivity and leads to substantial crop losses (Xin and Browse 2000; Sanghera et al.
2011). Chilling stress results from cool temperatures low enough to produce injury
without forming ice crystals in the cells, whereas freezing stress results in ice for-
mation within plant tissues. Plants differ in their tolerance to chilling (0-15 °C) and
freezing (<0 °C) temperatures. Both chilling and freezing stresses are together
termed low temperature or cold stress: the damage due to cold stress can range from
chilling injury and freezing injury to suffocation and heaving. In general, plants
from temperate climatic regions are considered to be chilling tolerant to variable
degrees, and their freezing tolerance can be increased by exposing to cold, but
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non-freezing, temperatures; this process is known as cold acclimation. However,
generally, the plants of tropical and subtropical origins are sensitive to chilling
stress and lack this mechanism of cold acclimation (Sanghera et al. 2011). Low
temperature may affect several aspects of crop growth, viz., survival, cell growth
and division, photosynthesis, water transport, growth, and finally crop yield.

The alterations at the cellular level due to HT or LT lead to the excess accumula-
tion of toxic compounds, especially reactive oxygen species (ROS). The end result
of ROS accumulation is oxidative stress (Mittler 2002; Yin et al. 2008; Suzuki and
Mittler 2006). In response to HT, the reaction catalyzed by ribulose- 1,5-bisphosphate
carboxylase oxygenase (RuBisCO) results into the production of H,O, due to
increases in its oxygenase reactions (Kim and Portis 2004). LT conditions can also
inhibit the activity of the Calvin-Benson cycle and create an imbalance between
light absorption and light use. Enhanced photosynthetic electron flux to O, and
over-reduction of the respiratory electron transport chain (ETC) can also result in
ROS accumulation during chilling which causes oxidative stress (Hu et al. 2008).
Plants have developed a variety of responses to extreme temperatures that reduce
injury and ensure the maintenance of cellular homeostasis (Kotak et al. 2007).
Researchers have explored the direct link between ROS scavenging and plant stress
tolerance under extreme temperature (Suzuki and Mittler 2006). There is a relation
between temperature stress tolerance and enhanced activities of enzymes involved
in antioxidant systems of plants. Plants cope with the deleterious effects of oxida-
tive damage caused by extreme temperatures by making use of several nonenzy-
matic and enzymatic antioxidants. Numerous studies on plants have shown that
enhancing antioxidant defense confers stress tolerance to either HT or LT stress
(Almeselmani et al. 2006, 2009; Nagesh Babu and Devaraj 2008; Huang and
Guo 2005).

Water

Water is a universal solvent and 70% of living cell comprises of water. Water stress
limits the growth and productivity of crops particularly in arid and semi-arid areas
causing heavy economic losses in agriculture. Inoculation of plants with native ben-
eficial microorganisms may increase rough tolerance of plants growing in arid or
semi-arid areas (Marulanda et al. 2007). A large number of microorganisms exist in
the rhizosphere, and plants select those bacteria which secrete organic compounds
through exudates and contribute to their well-being (Bazin et al. 1990). Water
(drought) stress impairs electron transport system leading to the formation of acti-
vated oxygen (Chandra et al. 1998). Activated oxygen compound such as H,O,, O-2,
and OH- may accumulate during water deficit stress and damage the photosynthetic
apparatus. Superoxide dismutase (SOD) and ascorbate peroxidase along with the
antioxidant ascorbic acid and glutathione prevent oxidative damage in plants (Allen
1995). Oxidative molecules initiate damage in the chloroplast and cause a series of
damaging effects including chlorophyll (Chl) degradation, lipid peroxidation, and
loss of protein activity (Zhang and Kirkham 1994). In aromatic plants, growth and
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essential oil production are influenced by various environmental factors, such as
water stress (Burbott and Loomis 1969).

Drought

The response of plants toward drought stress is a complex phenomenon, and it
seems to involve the synthesis of polyamines, some new proteins whose function is
still not clear (Caplan et al. 1990). Abscisic acid is an important component since it
stimulates stomatal guard cells to close, reducing water loss. This process also
reduces the availability of CO, for photosynthesis, which can lead to the formation
of reactive oxygen species from plants, which direct the electrons in the photo sys-
tem. In tomato, cytosolic Cu/Zn-SOD was induced strongly by drought, while the
chloroplastic Cu/Zn-SOD remained unchanged. An increase in glutathione reduc-
tase activity was reported in wheat and cotton plants under drought stress (Burke
et al. 1985). It was assumed that in addition to removing H,0,, NADP was made
available that can accept electrons from ferredoxin, thereby minimizing chances of
superoxide formation. In drought-tolerant Hordeum species, levels of glutathione
reductase and ascorbate peroxidase increased, but SOD activity was not examined
(Smirnoff and Colombe 1988). Drought-stressed cotton was found to be resistant to
paraquat (Burke et al. 1985), which proves the existence of a common protective
mechanism against these stresses. Drought-induced changes in lipid peroxidation
and the activities of SOD and catalase were compared in two mosses, the drought-
tolerant Tortula ruralis and the drought-sensitive Cratoneuron filicinum (Dhindsa
and Matowe 1981). In the presence of stress, the drought-tolerant moss showed
lower levels of lipid peroxidation and increased levels of enzymes. The opposite
occurred in the sensitive moss. Oxidized glutathione (GSSG) was shown to be a
good indicator of drought stress (Dhindsa 1991). Drought-tolerant and intolerant
maize inbred were analyzed by Malan et al. (1990), and resistance was found to
correlate with Cu/Zn-SOD and glutathione reductase activities. Sairam et al. (1997,
1998) showed that H,O, scavenging systems comprising of ascorbate peroxidase,
glutathione reductase, and catalase are more important in conferring tolerance
against drought-induced oxidative stress than superoxide dismutase alone.

Flood or Anorexia

Stress on plants imposed by water logging and deeper submergence (flooding) of
the soil is one of the major abiotic constraints on growth, species’ distribution and
agricultural productivity (Jackson 2004), and grain yields (Setter and Waters 2003).
Flooding stress also plays a role in adaptive strategies and evolution. A major con-
straint resulting from excess water is an inadequate supply of oxygen to submerged
tissues (Armstrong and Drew 2002) and other changes in the soil that influence
plants; levels of the plant hormone ethylene (Smith and Russell 1969; Jackson
1982) and products of anaerobic metabolism by soil microorganisms (e.g., Mn?*,
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Fe?*, S,, H,S, and carboxylic acids) can accumulate (Ponnamperuma 1983; McKee
and McKevlin 1993). Moreover, availability of carbon dioxide, light, and oxygen to
the shoots is reduced (Jackson and Ram 2003).

Oxidative stress and increased ROS production are an important part of many
stress situations, including hypoxia. Post-hypoxic hydrogen peroxide accumulation
has been shown in the roots and leaves of Hordeum vulgare (Kalashnikov et al.
1994) and in wheat roots (Biemelt et al. 2000). The presence of H,0O, in the apoplast
and in association with the plasma membrane under hypoxic conditions in four
plant species has been shown (Blokhina et al. 2001). Indirect evidence of ROS for-
mation such as TBARS contents (i.e., lipid peroxidation products) under low oxy-
gen have been detected (Yan et al. 1996; Chirkova et al. 1998; Blokhina et al. 1999).
Flooding in Zea mays resulted in a significant increase in TBARS content, produc-
tion of superoxide radical and hydrogen peroxide, and membrane permeability in
the leaves (Yan et al. 1996). An excessive accumulation of superoxide due to the
reduced activity of SOD under flooding stress has also been reported (Yan
et al. 1996).

Light

Plants require adequate light in order to grow and survive. Light is the primary
source of energy, and plants convert light to chemical energy through photosynthe-
sis. Light is an essential prerequisite for chlorophyll (Chl) biosynthesis and chloro-
plast development. Light reactions of photosynthesis require light and are essential
for the synthesis of carbohydrates.

Intense light has long been known to disrupt metabolic processes in plants,
including photosynthesis, glucose assimilation, electron transport chain, and phos-
phorylation (Egneus et al. 1975). However, excessive exposure to high light intensi-
ties can cause considerable damage to plants. The effects of H,O, on gene expression
have also been reported to be different when it was induced in response to high light
(Golemiec et al. 2014).The flux of ROS generated in cells is activated under high
light and is capable of leaving the thylakoid membrane and reaching the cytoplasm
or even the nucleus (Fischer et al. 2007), which makes its role as a signaling mole-
cule feasible. In a recent study (Zhao et al. 2011), it was shown that under high
temperature treatments, large amounts of O~and H,0, were generated and accu-
mulated in cucumber leaves, leading to premature senescence, which is indicated by
the changes in protein, lipid peroxidation (LPO), and chlorophyll content. Following
high light illumination, 'O, accumulates and modifies the expression of a group of
genes encoding chloroplast proteins, leading to a significant change in chloroplast
structure and functional modifications.

Low light induced oxidative stress by modulating the activity of antioxidant
enzymes. It has been shown that exogenous H,0O, can have a beneficial effect on low
light-induced oxidative stress (Zhang et al. 2011). Low light induces oxidative
stress (Sielewiesiuk 2002), which increases ROS and causes lipid peroxidation.
H,O, pretreatment of cucumber leaves resulted in decreased levels of O°—,
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endogenous H,0,, and malonaldehyde by moderating the activities of antioxidant
enzymes, thus reducing lipid peroxidation and stress intensity at low light.

Salinity

Salt stress causes oxidative damage as a result of water deficit and triggers genera-
tion of reactive oxygen species, which disrupts biological membranes and thus
results in either the death of the plant or reduction in productivity. High salt concen-
tration might interfere with the electron transport chain in different organelles and
generates ROS such as singlet oxygen, superoxide, hydrogen peroxide, and hydroxyl
radicals (Elstner 1982; Hernandez et al. 1993, 1995). Excess of ROS triggers phy-
totoxic reactions such as lipid peroxidation, protein degradation, and DNA mutation
(Stewart and Bewley 1980; Fridovich 1986; Davies 1987). Mannitol is accumulated
by a wide range of species in response to salinity (Stoop et al. 1996).

pH

Soil pH is one of the important factors determining plant growth as it may affect the
availability of nutrients to the plants. Nutrients are most available to plants in the
optimum 5.5-7.0 range. In some cases, aluminum (Al) becomes soluble at pH levels
below 5.0 becoming toxic to plant growth.

Soil acidification is becoming a very serious environmental problem affecting
plant growth and yield since the use of acidic and physiologically acidic nitrogen
fertilizers is increased and the ever-increasing environmental pollution causes acid
rain (Russell et al. 2006; Zhang et al. 2009; Guo et al. 2010). The pH value of most
acidic soil is highly reduced from the 1980s to the 2000s, and the pH is under 4.0 in
some highly acidic soils (Guo et al. 2010). Proton toxicity (low pH stress) is consid-
ered to be one of the major stresses limiting plant growth in acid soils (Kochian
et al. 2005). Low pH levels directly inhibited plant growth via high H activity
(Schubert et al. 1990; Koyama et al. 2001). A high concentration of H triggers typi-
cal oxidative stress on plants by inducing the accumulation of excess reactive oxy-
gen species (ROS), such as superoxide radicals (O) and hydrogen peroxide (HO) in
plant tissues (Shi et al. 2006; Liu et al. 2011). To counteract oxidative damage,
plants have evolved complex antioxidant systems including antioxidant enzymes
such as superoxide dismutase (SOD), catalase (CAT), peroxidases (POD), ascorbate
peroxidase (APX), glutathione reductase (GR), dehydroascorbate reductase (DR),
and antioxidants such as a-tocopherol, ascorbate, and reduced glutathione (Asada
1999; Mittler 2002). Studies have indicated that higher activity levels of antioxidant
enzymes may contribute to better H tolerance by increasing the protective capacity
against oxidative damage (Liu and Liu 2011; Chen et al. 2013).

Alkaline stress is defined as the presence of alkaline salts (Na,CO; or NaHCOs)
in the soil (Paz et al. 2012). It is one of the most critical abiotic stresses which plants
face in the era of climate change. A number of researches have shown that alkaline
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stress is more hazardous than saline stress because of its additional high pH stress
(Campbell and Nishio 2000; Hartung et al. 2002; Chen et al. 2012; Radi et al. 2012).
High pH value may lead to reduction in seed germination, damage to the root cell
structure, alterations in the nutrient availability, and disorder in nutrient uptake, thus
resulting in a decreased yield of agricultural plants (Peng et al. 2008). The effects of
alkalinity was studied on maize plants, and it was shown that alkaline-stressed
plants showed a decrease in growth parameters, leaf relative water content (LRWC),
and the contents of photosynthetic pigments, soluble sugars, total phenols, and
potassium ion (K*), as well as potassium/sodium ion (K*/Na*) ratio. By contrast,
alkaline stress increased the contents of soluble proteins, total free amino acids,
proline, Na*, and malondialdehyde (MDA), as well as the activities of superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) in stressed plants (Latef
and Tran 2016).

The effects of NaCl and NaHCO; stresses were investigated in tomato roots. The
relative growth rate and respiration of tomato plants were considerably decreased in
both NaCl and NaHCO; treatments, especially under NaHCO; stress. As the con-
centration of NaCl and NaHCO; increased, Na accumulation in roots was increased,
while accumulation of N, P, K, Fe, and Mg was less. Among both the treatments,
NaHCO; treatments induced much higher levels of reactive oxygen species (ROS)
and lipid peroxidation as well as higher activities of antioxidant enzymes and higher
concentrations of ascorbate-glutathione. However, after few days of treatment,
NaHCO; stress led to decreased accumulation of ROS, antioxidant enzyme activi-
ties, and ascorbate-glutathione content (Gong et al. 2014).

Pollutants

Atmospheric pollutants such as ozone (O;) and sulfur dioxide (SO,) have been
shown to generate free radical (Mehlhorn 1990; Pell et al. 1977) and influence the
growth of forest. Ozone seems to be a greater threat to plants than SO, (Heagle and
Annu 1989). Mehlhorn (1990) suggested that the damaging effects of O; are due to
its oxidizing potential and the consequent formation of free radicals followed by
initiation of chain reactions. The O; concentration in the intercellular air spaces of
leaves is close to zero (Laisk et al. 1989). Thus, ozone is not likely to reach the
chloroplast, but it causes pigment bleaching and lipid peroxidation (Heath 1987).
Stimulation of synthesis and degradation of the PSII-DI protein occurs in spruce
trees following O; treatment (Lutz et al. 1957) and a decrease in the activity and
quantity of RuBisCO has been found in poplar following exposure to O; (Landry
and Pell 1993).

SO, exposure results in tissue damage and release of stress ethylene from both
photosynthetic and non-photosynthetic tissues (Peiser and Yang 1985), and fumiga-
tion with SO, results into a change in cytoplasmic pH. The concentration of proton
in the cytoplasm is one of the most important factors regulating cellular activity.
SO, causes considerable acidification of the cytoplasm it reacts with water to form
sulfurous acid which may then be converted into sulfuric acid (Laisk et al. 1988;
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Veljovic-Jovanovic et al. 1993). The oxidation of sulfite to sulfate in the chloroplast
also gives rise to the formation of free radicals (Polle et al. 1992). The oxidation of
sulfite is initiated by light and is mediated by photosynthetic electron transport. This
results in loss of photosynthetic function caused by inhibition of the activity of
SH-containing, light activated enzymes of the chloroplast (Shimazaki and Sugahara
1980; Covello et al. 1989).

Radiation

Sunlight contains energetic short wavelength ultraviolet (UV) photons which are
highly injurious because of their destructive interactions with amino acids, nucleic
acids, or membrane lipids (1). The intensity of UV radiation reaching the earth’s
surface varies greatly with season, time of day, latitude, ozone layer thickness, alti-
tude, and cloud cover. Sometimes, differential responses are studied in UV-A
(400-320 nm) and the UV-B (320-290 nm) regions. In both cases, however, the
basic mechanisms of photochemical damage remain similar although different
receptor molecules (chromophores) may be involved.

A depletion of ozone layer led to a significant increase in ultraviolet-B (UV-B)
radiation (280-320 nm). UV-B can manipulate plant processes either causing direct
damage or via different regulatory effects (Rozema et al. 1999; Potters et al. 2009).
It can cause either direct injury to DNA leading to mutations which could be heri-
table or direct or indirect damage to physiological functions of plant (Ormrod and
Hale 1995; Lidon 2012). UV-B results in altered plant growth and productivity.
UV-B injury also causes membrane changes and protein denaturation.

A wide range of morphological, growth, biochemical, and physiological
responses of plant have been reported in the presence of UV-B radiation (Caldwell
et al. 1998; Zhang et al. 2009; He et al. 2003). Flavonoids play a major role in pro-
tecting plants from UV-B damage (Liang et al. 2006). These flavonoids generally
absorb the light in the region of 280-320 nm and thus are capable of acting as a UV
filter, thereby protecting the photosynthetic tissues from damage (Siefermann and
Harms 1987). Flavonoids stabilize and protect the lipid phase of the thylakoid mem-
brane and are quenchers of the excited triplet state of chlorophyll and singlet oxy-
gen (Agrawal and Rathore 2007). In addition, carotenoids also have antioxidant
properties which act as an internal filter against UV-B radiation. Plants scavenge
reactive oxygen species by detoxification mechanism produced by enzymatic anti-
oxidant such as catalase, peroxidase, superoxide dismutase, phenylalanine
ammonia-lyase, etc. (Moran and Porath 1980).
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2.1.3 Effects of Abiotic Stresses on Antioxidant Status
of Medicinal Plants (Table 2.1)

Ocimum basilicum L. Water stress caused the following physiological and bio-
logical changes in basil plants. It resulted in the accumulation of reactive oxygen
species in the cell. It resulted in higher antioxidant activity, and the highest concen-
tration of CAT and GPX activity was reported. Increased water stress caused
increased chlorophyll content in leaves, whereas APX activity decreased. Inoculation
with rhizobacteria could be efficiently used to improve growth, antioxidant status,
and photosynthetic pigments in basil under water stress. Pseudomonades sp. under
water stress considerably improved CAT enzyme activity in the leaves and increased
it. Combination of three bacterial species caused the highest GPX and APX activity
and chlorophyll content in leaves under water stress (Heidari and Golpayegani
2012).

Withania somnifera L. Iron stress was induced by adding higher quantity of
FeSO,. It caused disturbance in balancing of nutrients and induces oxidative stress
in plants (root and leaf tissues analyzed for catalase, superoxide dismutase, and
guaiacol peroxidase (GPX) have shown, an increase in content with respect to expo-
sure of time) (Rout et al. 2015).

Camellia sinensis L. Drought stress caused increased water loss rate (WLR) and
decrease in relative water content (RWC), dry mass, chlorophyll, carotenoid, and
total phenolic contents of leaf and antioxidants like ascorbate and glutathione in tea.
Leaf antioxidant enzymes SOD, CAT, and GR showed differential activities,
whereas there was an increase in reactive oxygen species (ROS) and lipid peroxida-
tion resposible for gradual decrease in POD activities. An increased activity of
POD, GR, CAT, and higher phenol content was reported. Drought stress altered
antioxidant response with apparent decrease in mineral nutrient (Zn, Ca, Na, Fe,
Mg, and K) contents of leaves suggesting that mineral deficiency-mediated drought
stress-induced oxidative damage in tea. Tea plants exposed to heavy metals (HM)
(e.g., Cd, Cu, Al) also showed reduction in growth and antioxidant responses
(Upadhyaya and Panda 2013).

The antioxidant responses to increasing concentrations of copper were investi-
gated in the leaves of two cultivars (TS-462 and TS-520) of tea commonly grown in
the Darjeeling hills. Exposure to excess Cu resulted in increased lipid peroxidation,
reduced chlorophyll content, higher levels of phenolic compounds, and an increase
in peroxidase enzyme levels. Two new peroxidase isozymes (POD1 and POD2)
were detected in plants exposed to Cu. TS-520 was found to be more sensitive to
increasing concentrations of Cu. Superoxide dismutase activity increased in TS-462
but declined in TS-520 when exposed to higher Cu concentrations. A sharp increase
in the activity of ascorbate peroxidase was noticed at the 10 days of exposure in the
more tolerant cultivar. On the other hand, catalase levels increased only marginally
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Table 2.1 Enzymatic and nonenzymatic response of some medicinal plants toward abiotic stresses

Non-
Enzymatic | enzymatic
No. | Plant Stress Site | effects effects References
1. | Ocimum Water Leaf | CAT 1 - Heidari and
basilicum L. GPX 1 Golpayegani
APX | (2012)
3. | Urtica dioica L. |Pb Leaf |- - Gjorgieva et al.
and (2013)
root
6. | Olea europaea | Temperature + | Leaf | SOD | Phenols Sofo et al. (2004)
L. radiation and | CAT |
oot "ApX |
POD |
LOX |
7. | Plantago ovata | Salt Leaf | SOD 1 - Kala (2015)
Forsk. CAT 1t
POD 1t
8. | Plantago Salt Leaf |SOD 1 - Sekmen et al.
maritima CAT 1 (2007)
GR 1
APX 1
9. | Plantago media | Salt SOD | - Sekmen et al.
CAT | (2007)
GR |
APX 1
10. | Plantago Salt Leaf |- Proline 1 Al Hassan et al.
crassifolia GB 1 (2016)
Sorbitol 1
11. | Plantago Salt Leaf |- Proline Al Hassan et al.
coronopus GB 1 (2016)
Sorbitol 1
12. | Plantago major | Salt Leaf |- Proline — Al Hassan et al.
GB 1 (2016)
Sorbitol
13. | Scutellaria Temperature | Leaf |PAL | Baicalin | Yuan et al. (2011)
baicalensis L. CAT | Baicalein |
SOD |
POD |

(continued)
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Table 2.1 (continued)

Non-
Enzymatic | enzymatic
No. | Plant Stress Site | effects effects References
Hg Leaf |SOD. 1 NPSH; 1 Calgaroto et al.

and | SODg 1 NPSHg 1 (2010)
root | CAT, 1 AsA; 1
CATy - AsAr T
APX; 1 Carotenoids—
APXg | Proline; 1

Proliney |
19. | Trifolium SO, Leaf | SOD - Bayat et al. (2014)
resupinatum L. CAT 1
GPX 1
20. | Thymus vulgaris | Drought Leaf |- Phenols | Khosh-Khui et al.
L. (2012)
Temperature + | Leaf | — - Hossain et al.
extraction (2013)
25. | Catharanthus Salt Leaf POD ] AsA T Jaleel et al. (2007,
roseus (L.) SOD | Glutathione | 2008) and
G. Don. PPO | 1 Amirjani (2015)
CAT ¢
GR 1
POD 1t

“1” — increased activity
“|” — decreased activity

in both the cultivars. Exposure to Cu resulted in accumulation of products of lipid
peroxidation in the leaves. The level of thiobarbituric acid reactive substances
(TBARS) increased steadily with Cu concentration and time of exposure in both
cultivars up to 7 days beyond which the rate of increase declined. Aluminum expo-
sure also caused an increase in SOD activity in cultured tea cells (Ghanati et al.
2005; Saha et al. 2012).

Seedlings of Camellia sinensis were grown hydroponically in order to study the
effect of fluorine (F) on growth parameters, antioxidant defense system, photosyn-
thesis, and leaf ultrastructure. Fresh and dry mass, chlorophyll (Chl) content, and
net photosynthetic rate (PN) decreased with increasing F concentration. Superoxide
dismutase activity decreased significantly, and catalase and guaiacol peroxidase
activities reached maximum under F stress. Proline, malondialdehyde, and hydro-
gen peroxide contents increased significantly. These results suggested that antioxi-
dant defense system of leaves did not sufficiently scavenge excessive reactive
oxygen species. The cell ultrastructure was not changed under low F stress; how-
ever, it was destroyed at high F stress (Li et al. 2011).

Seedlings of Camellia sinensis (L.) were studied for the effect of aluminum (Al)
on leaf antioxidant defense system and cell ultrastructure. It was seen that



34 M. Abid and M. M. Abid Ali Khan

malondialdehyde content decreased at low Al concentration but increased at high Al
concentration. Hydrogen peroxide content increased at high Al dose, and no differ-
ences were observed at low Al dose. Superoxide dismutase activity remained practi-
cally constant at low Al concentration but increased sharply at high Al concentration.
Catalase and guaiacol peroxidase activities decreased following an initial increase,
reaching their peaks at low Al dose. Ascorbate peroxidase activity increased and
glutathione level fluctuated with increasing Al concentrations. Transmission elec-
tron microscope analysis of Al-treated leaves showed that although cell ultrastruc-
tural integrity was maintained at low concentration of Al, significant membrane
damage was observed at high concentration (Li et al. 2011).

A possible connection between the effects of aluminum (Al) on the growth of tea
plants and the active oxygen species scavenging system in root tips of intact tea
plants and suspension-cultured tea cells was examined. Compared with the control,
the activities of superoxide dismutase, catalase, and ascorbate peroxidase increased
by Al both in roots of intact plants and cultured cells. The level of lipid peroxidation
of membrane, the activity of membrane bound peroxidase, and the content of lignin
and cell wall-bound phenols were reduced by the treatment with Al in cultured tea
cells (Ghanati et al. 2005).

Olea europaea L. The effects of water recovery on the activities of superoxide
dismutase, catalase, ascorbate peroxidase, guaiacol peroxidase, polyphenol oxi-
dase, and lipoxygenase and on malondialdehyde levels were investigated in 2-year-
old Olea europaea L. (cv. “Coratina”) plants grown in environmental conditions
characterized by high temperatures and irradiance levels and gradually subjected to
a controlled water deficit. After reaching the maximum level of water stress, plants
were subjected to a rewatering treatment for 30 days, under both environmental
irradiance and semi-shade conditions.

The activities of SOD, CAT, APX, POD and LOX, and MDA levels decreased
during the rewatering period in both leaves and roots, and these decrements were
faster in plants rewatered in semi-shade conditions (SHP) than in plants under envi-
ronmental light (NSHP). In contrast, PPO activity increased during rewatering in
both leaf and root tissues. Thus, the lower expression of the enzymatic antioxidant
system in SHP with respect to NSHP may be due to a reduced need of activated
oxygen species removal (Sofo et al. 2004).

Since SOD and APX are the main antioxidant enzymes of chloroplasts (Alscher
et al. 2002; Mehlhorn et al. 1996), the more marked reduction of SOD and APX
activities in SHP with respect to that in NSHP at the same rewatering level sug-
gested that lower PPFD levels induce a different response of olive tree to oxidative
stress because in semi-shade conditions, the need of antioxidant defenses is reduced.
Different POD isoforms have a higher affinity for H,O, if compared with CAT but
require some phenolic compounds (e.g., guaiacol) as substrates (Mehlhorn et al.
1996; Sofo et al. 2004).

Plantago spp. Activity of antioxidant enzymes such as superoxide dismutase, cat-
alase, and peroxidase in leaves of isabgol (Plantago ovata Forsk.) was studied under
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salt stress. Salt stress caused significant increase in the activity of superoxide dis-
mutase, catalase, and peroxidase in the leaves of isabgol. All the isabgol genotypes
responded differently with respect to CAT and POD activity under salt stress. At
biochemical level, SOD, CAT, and POD are major antioxidant enzymes associated
with scavenging reactive oxygen species (ROS), and SOD is likely to be central in
the defense against toxic ROS (Marschner 1995). However, SOD detoxifies super-
oxide anion free radicals accompanying the formation of H,O, which is very dam-
aging to the chloroplasts, nucleic acids, and proteins and can be eliminated by CAT
and POD (Marschner 1995). An increase in the antioxidant enzymes under salt
stresses could be indicative of an increased production of ROS and buildup of a
protective mechanism to reduce oxidative damage triggered by stress in plants.
Catalase in peroxisomes breaks down H,0,. Peroxidase in cytosol and chloroplast
can perfectly scavenge H,O, (Kala 2015). Increase of peroxidase activity by salt
treatment in plants has also been reported by Kahrizi et al. (2012).

Effect of drought and salinity on growth, development, and yield of isabgol HI-5
has been investigated by Surekha (1997) and Varshney and Surekha (2001). Vandana
(2003) screened five isabgol genotypes, viz., HI-5, HI-34, HI-96, GI-2, and PB-80,
for salt tolerance. Among these genotypes GI-2 and HI-96 were found salt tolerant
while PB-80 and HI-5 salt-sensitive on the basis of growth, development, and yield
parameters (Kala 2015).

Salt-tolerant Plantago maritima and salt-sensitive Plantago media were studied
for plant growth, relative water content, stomatal conductance, lipid peroxidation,
and antioxidant system in relation under salt stress. Reduction in shoot length was
higher in P. media than in P. maritima, and shoot dry weight decreased in P. media
and did not change in P. maritima. There was reduction in RWC and stomatal con-
ductance in P. media, whereas no effect was seen on leaf RWC in P. maritima, and
negligible reduction in stomatal conductance was observed. Activities of superoxide
dismutase, catalase, and glutathione reductase decreased in P. media with increasing
salinity. Ascorbate peroxidase activity in leaves of P. media was increased. However,
activities of CAT, APX, and GR increased at high concentration of NaCl, while their
activities did not change at low concentrations in P. maritima. SOD activity in
leaves of P. maritima increased with increasing salinity. Concomitant with this, four
SOD activity bands were identified in leaves of P. maritima; two bands only were
observed in P. media. Peroxidase activity increased under both salt concentrations
in P. maritima but only at lower concentrations in P. media. Confirming this, five
POX activity bands were identified in leaves of P. maritima, but only two bands
were determined in P. media. Malondialdehyde levels in the leaves increased under
salt stress in P. media but showed no change and decreased in P. maritima (Sekmen
et al. 2007).

Three Plantago species, P. crassifolia and P. coronopus both halophytes and
P. major (salt-sensitive), were studied for salt stress. It was seen that P. major was
quite resistant to salt stress on the basis of growth parameters. Salt-treated plants of
the three taxa accumulated Na* and CI~ in response to increasing NaCl concentra-
tions to a lesser extent in P. major than in the halophytes. In the halophytes, K*
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concentration decreased at moderate salinity levels but increased at high salt condi-
tions, whereas in P. major K* contents were reduced at NaCl stress.

The content of the common osmolytes in plants — proline (Pro), glycine betaine
(GB), and total soluble sugars (TSS) — was evaluated in leaves treatments with salt.
Pro contents showed no significant increase in controls, but stronger salt stress con-
ditions induced the accumulation of this osmolyte in P. crassifolia; the induction of
Pro biosynthesis was even stronger in P. coronopus, while no increase over the
control was detected in P. major under the same conditions. In the case of GB, it
accumulated in the leaves of Plantago plants to maximum concentrations in
P. crassifolia and P. major, and it did not increase significantly at higher salt con-
centrations in P. coronopus. Total soluble sugar levels decreased moderately in
P. coronopus and P. crassifolia with increasing NaCl concentrations, while no sig-
nificant change was detected in P. major. In the presence of NaCl, sorbitol levels
increased in leaves of all tested Plantago species in a concentration-dependent man-
ner (Al Hassan et al. 2016).

Scutellaria baicalensis L. Scutellaria baicalensis is a traditional Chinese medici-
nal plant, but increasing average annual temperatures have made plants unsuitable
for medicinal use. Two flavones, baicalin and baicalein, are the major active ingre-
dients of S. baicalensis. It was demonstrated that protracted heat treatment inhibited
the accumulation of baicalin and baicalein as well as the activity of phenylalanine
ammonia-lyase (PAL). PAL is involved in the phenylpropanoid pathway, which pro-
duces baicalin in the plant.

Heat treatment also affected the activities of the antioxidant enzymes such as
catalase, superoxide dismutase, and peroxidase. Cells continued growing during the
protracted heat stress. Long-term exposure to high temperatures did not affect
S. baicalensis cell growth but inhibited flavonoid biosynthesis and reduced the con-
tent of baicalin and baicalein. These two compounds play important roles in the
balance between ROS and antioxidant enzyme activities in adaptive responses to
high heat (Yuan et al. 2011).

Glycyrrhiza uralensis L. Glycyrrhiza uralensis seeds were germinated and grown
with different concentrations of cadmium acetate, in order to investigate the effects
of cadmium on the growth, uptake, SOD, POD, CAT, PPO, and PAL activities in
Glycyrrhiza uralensis seedlings. Results suggested that increased cadmium concen-
trations lead to decreased shoot elongation and seedling biomass. SOD activity in
the cotyledons, hypocotyls, and radicles increased gradually. POD activity in the
cotyledons, hypocotyls, and radicles concentrations increased continuously with
rising cadmium concentrations. CAT activity in the cotyledons, hypocotyls, and
radicles increased gradually with increasing cadmium concentrations. PPO activity
showed significant increases in the cotyledons, hypocotyls, and radicles. A signifi-
cant change of PAL activity in the cotyledons, hypocotyls, and radicles was observed
with increasing cadmium concentrations (Zheng et al. 2010).
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Pfaffia glomerata L.. The role of the antioxidant enzymes in adaptive responses of
the accumulator P. glomerata species under cadmium (Cd) stress was studied. The
lipid peroxidation rates in leaves and roots were smaller at the start of the experi-
ment for all Cd levels. SOD activity increased in leaves and in roots as Cd levels
increased. Cd stress induced an increase in the activity of APX in leaves, whereas in
roots APX activity was reduced at high concentration of Cd. At the end of the exper-
iment, CAT activity in leaves was reduced as Cd concentration increased.
Nevertheless, the GR and GPX activities increased. In roots, GR activity was
reduced (Marques and Soares 2011).

Oxidative stress caused by mercury (Hg) was investigated in Pfaffia glomerata
plantlets. Accumulation of Hg in tissue increased with increasing concentration of
Hg. Root and shoot fresh weight and delta-ALA-D activity were significantly
decreased, and chlorophyll and carotenoid concentrations were not affected at high
concentration of Hg. H,O, concentration in shoot increased curvilin early with
higher level of mercury, whereas lipid peroxidation increased in roots and shoots.
SOD activity showed a straight correlation with H,O, concentration, whereas CAT
activity increased in shoots. Shoot APX activity was either decreased at low Hg
concentration or increased at high Hg concentration. Conversely, root APX activity
was only increased at low Hg concentration. In general, AsA, non-protein thiols
(NPSH), and proline concentrations increased upon addition of Hg, with the excep-
tion of proline in roots, which decreased (Calgaroto et al. 2010).

Bacopa monnieri L. Bacopa monnieri L. plants were exposed to cadmium (Cd)
stress and analyzed for the accumulation of metal and its influence on various enzy-
matic and nonenzymatic antioxidants, TBARS, photosynthetic pigments, and pro-
tein content. The accumulation of Cd was found to be increased with increasing
concentration and time duration, and more Cd was accumulated in the root. TBARS
content of the roots and leaves increased with increase in Cd concentration and
exposure time. Enhancement in the activities of SOD, APX, and GPX was recorded
in stressed roots and leaves of B. monnieri. A considerable decrease in CAT activity
in Cd-treated B. monnieri was seen. There is an increase in the cysteine amino acid
and non-protein thiol contents of the roots in B. monnieri followed by a decline but
in leaves, cysteine and non-protein thiol contents were found to be enhanced at all
the Cd concentrations and exposure periods. A significant reduction in the level of
ascorbic acid, total chlorophyll, and protein contents was observed. B. monnieri was
able to combat metal-induced oxidative injury involving a mechanism of activation
of various enzymatic and nonenzymatic antioxidants (Singh 2006).

Salicornia brachiate L. The effect of salinity stress was studied on the activities of
antioxidant enzymes and polyphenol content in S. brachiata. Polyphenol content
was found to increase in S. brachiata treated with waste water of tannery. PPO
activity of S. brachiata was increased and then significantly declined under stress.
CAT activity of the control and the experimental plants of S. brachiata showed an
increase initially and then drastically reduced when compared to the control. The
results indicate a decline in CAT activity under extreme salinity, which suggests that
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CAT appears not to be an efficient scavenger of H,O, in S. brachiata. The activity
of SOD increased with increasing concentrations of NaCl during the growth period
(Santhanakrishnan et al. 2014).

Zygophyllum Species Two Zygophyllum species (Z. album and Z. coccineum)
were grown, and the effects of soil heavy metal stress on shoot heavy metal concen-
trations, lipid peroxidation, antioxidant enzyme activities, and the root plasma
membrane (PM) lipid composition were analyzed. Heavy metal concentrations and
lipid peroxidation increased in the shoot of both species grown in the polluted area.
The activities of ascorbate oxidase (ASO), guaiacol peroxidase (GPX), ascorbate
peroxidase (APX), and superoxide dismutase (SOD) were increased, whereas those
of catalase (CAT) were decreased in both species under the polluted conditions. PM
total lipids, phospholipids, glycolipids, and sterols were decreased in Z. album and
Z. coccineum as a result of the polluted soil. Heavy metal stress increased phospha-
tidylethanolamine (PE) and decreased phosphatidylinositol (PI) and phosphatidylg-
lycerol (PG), with no significant change in phosphatidylcholine (PC) in the root PM
of both species. Phosphatidylserine (PS) decreased in the PM of Z. album, whereas
it increased in the PM of Z. coccineum under the pollution conditions. Heavy metal
stress changed the composition and concentration of fatty acids of the root PM,
resulting in increased saturated/unsaturated ratio of both species (Morsy et al.
2012).

Trifolium resupinatum L. Different concentrations of SO, had a significant effect
on Persian clover root weight and antioxidant system. Increasing SO, stress
decreased root fresh and dry weight and antioxidant capacities (ICs,) and increased
antioxidant activities (I%) of Persian clover leaves significantly in comparison to
the control plants (under O ppm) and increased SOD, CAT, and GPX activity.
Inoculation of Persian clover plants with native and standard Rhizobium increased
root weight and did not show a significant effect on antioxidants activity and capac-
ity, but interaction between Rhizobium inoculation and SO, treatment reduced sig-
nificantly the stress effects of high concentration of SO, on root growth and
antioxidants activity and capacity. In fact, level of this change of root growth and
antioxidant system under SO, pollution stress in inoculated plants was lower than in
the non-inoculated plants. As a result, an increase in SO, concentration caused a
decrease in root weight and increase in antioxidants activity and capacity of Persian
clover. Inoculation with Rhizobium strains could alleviate the effect of SO, pollu-
tion on antioxidant system by effects on root growth (Bayat et al. 2014).

Thymus vulgaris L. In this study, a pot experiment was conducted to assess the
effect of drought on the antioxidant activity of thyme. The FRAP (ferric reducing
antioxidant power) and DPPH (2,2-diphenylpicrylhydrazyl) scavenging assays.
Thus results indicated that severe water stress significantly decreased the antioxi-
dant activity of thyme. A higher value of ICs, showed a lower antioxidant activity,
which indicated that severe water stress significantly decreased the antioxidant
activity of thyme. FRAP values showed a trend to reduction by increasing the



2 Medicinal Plant: Environment Interaction and Mitigation to Abiotic Stress 39

irrigation intervals, but this trend was not significant. FRAP value and total phenolic
contents of samples were decreased with increase in the duration of irrigation inter-
vals, but the differences were not significant. Control showed higher values and
8-day interval had lower values. The results of the DPPH assay showed that with
water deficit conditions, IC50 values of samples were increased significantly. IC50
values were increased from control to severe stress condition (Khosh-Khui et al.
2012).

The effect of temperature and extraction process on the antioxidant activity of
various organic crude extracts from the leaves of Thymus vulgaris species native to
Sultanate of Oman was evaluated. The antioxidant activity of different crude extracts
from both extraction methods was measured by DPPH with modification. By
Soxhlet extraction method, the activity result found in butanol crude extracts was
highest and the lowest in hexane crude extract shown in the following order:
butanol>methanol>ethyl acetate extract>chloroform>hexane extract. However, by
maceration method, the activity was highest in ethyl acetate and lowest in chloro-
form: ethyl acetate>methanol extract>butanol>hexane >chloroform (Rahman 2013).

Elodea (Egeria) densa Planch FElodea plants were incubated in the presence of
individual and mixed sulfate salts of Ni, Cd, Cu, Zn, and Mn to study the influence
of heavy metals (HM) on shoot growth, structural and functional parameters of the
photosynthetic apparatus, lipid peroxidation, enzymatic activities of the antioxidant
defense system (superoxide dismutase and catalase), and the content of non-protein
(NPSH) and protein thiols (PSH) in leaves.

The accumulation of HM in leaves decreased in a row: Mn>Cu>Cd>Zn>Ni. The
largest reduction in chlorophyll content was caused by Mn and Cu, whereas the
strongest reduction in carotenoid content was induced by Cu. The presence of Cu
produced the largest decrease in the maximal quantum efficiency of photosystem II
(PSII) (Fv/Fm). The presence of Cd elevated the content of chlorophyll and carot-
enoids without altering the photochemical efficiency of PSII; Cd retarded the shoot
growth but had no appreciable effect on leaf mesostructure. The addition of the
second metal to the growth medium alleviated in most treatments the detrimental
action of individual ions owing to the enhanced activities of SOD and catalase and
because of the significant increase in the content of NPSH. It is supposed that the
observed antagonism of metal ions is related to their competitive interactions
restricting the entry of HM into the cell.

The chloroplast dimensions in elodea cells showed no uniform change under the
action of HM. The addition of Ni caused a significant reduction of chloroplast vol-
ume (more than a 2.5-fold decrease compared to control values). A similar effect
was noted under combined application of all metals examined (the reduction by 1.4
times). On the other hand, the long-term exposure (68 days) of plants to Cd or Cd +
Ni induced the reliable increase in the chloroplast volume, which was likely caused
by the chloroplast swelling. It is not excluded that the presence of Cd resulted in
partial destruction of chlorophyll, which was evident from the pale leaf color.
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The addition of Ni, Zn, and Mn to the growth medium elevated SOD activity by
20% on the average compared to control values. Under combined application of
most metals, SOD activity was substantially higher, especially in the presence of Ni
+ Cd, Ni + Zn, and Ni + Mn combinations. The heavy metals examined had little
influence on CAT activity when applied individually. However, the combined appli-
cation of two metals enhanced CAT activity by 1.5-2.0 times, with an exception of
Mn + Cd and Mn + Cu combinations.

Synthesis of NPSH and PSH is a known means of plant protection against delete-
rious action of HM. The content of non-protein thiols increased significantly in the
presence of individual HM and their combinations. The largest increase was
observed in the presence of metal pair Mn + Cu. Non-protein thiols, reduced gluta-
thione (GSH) in particular, play an active role in membrane protection against free
radical damage (Maleva et al. 2012).

Jatropha curcas L. In the present study, the effects of aluminum (Al) concentra-
tions on growth, superoxide dismutase, peroxidase, catalase, and phenylalanine
ammonia-lyase activities in Jatropha curcas L. seedlings were investigated. It was
seen that with the increasing Al concentrations, the biomass of cotyledons increased
initially and then decreased, but the biomass of hypocotyls and radicles decreased
gradually. Compared to the control, SOD activity in the cotyledons, hypocotyls, and
radicles was all enhanced by Al stress. SOD activity in the hypocotyls increased
significantly with increasing Al concentrations. The pattern of SOD isoforms was
analyzed by native PAGE, and activity staining revealed that at least four SOD iso-
enzyme bands in the cotyledons, hypocotyls, and radicles were detected, respec-
tively. Al stress significantly affected the POD activity in the cotyledons showing
significant increase. On the activity gels, at least six bands in the cotyledons, hypo-
cotyls, and radicles were observed. POD isoenzyme (II and III) in the cotyledons
showed an increase in the staining intensities with the increasing of Al concentra-
tion. In the hypocotyls and radicles, the main increase in the staining intensities was
isoenzyme I'V and III, respectively. Compared to control, CAT activities in hypocot-
yls and radicles were all increased, while in cotyledons, CAT activities were
increased first and then decreased with the increasing Al concentration. Compared
to the control, the PAL activities were all increased, but the change trends were dif-
ferent. In the cotyledons and radicles, PAL activities were increased first and then
decreased with the increasing Al concentration (Ou-yang et al. 2014).

Ctenanthe setosa (Rosc.) Eichler The relationship of the antioxidant enzyme to
drought stress tolerance was studied during leaf rolling in the leaf, petiole, and root
of Ctenanthe setosa. Chlorophyll and carotenoid content and the chlorophyll stabil-
ity index decreased in the early period of drought stress but increased in later peri-
ods, approaching the control level as leaf rolling increased. Relative water content
decreased, while the root/shoot ratio increased during drought stress. LPO mea-
sured as MDA content also increased and then declined in the same drought period,
contrary to photosynthetic pigment content. SOD activity did not significantly
change in leaves. In the petiole and root, however, it decreased in the early drought
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period but increased later. GR activity did not significantly change in the leaf and
petiole versus the control but increased in root. POD activity increased in the leaf
and petiole but decreased in the root. A peroxidase isoenzyme activity band present
in the control leaves did not appear in leaves exposed to drought, but in the latter
periods, that activity increased. Tolerance of drought stress apparently is closely
associated with the antioxidant enzyme system as well as leaf rolling in C. setosa
(Terzi and Kadioglu 2006).

Cleome gynandra L. The effects of heavy metals on antioxidant defense system
were studied in Cleome gynandra plants. The decreased value of phenolics with
increased concentration of heavy metal copper and cadmium shows that phenol
form chelation with metal and thereby reduce the toxicity of the plant during accu-
mulation of the metal. Antioxidant activity was found to be maximum in the plant
exposed to control soil, while free radical scavenging activity was reduced much in
the plant exposed to heavy metal-contaminated soils. The proline value was consid-
erably increased with increased concentration of copper and cadmium. Superoxide
dismutase, catalase, and glutathione were increased significantly in the plant sample
exposed to heavy metal-contaminated soils. Among the two metals, cadmium
affects the plant to a greater extent than copper (Haribabu and Sudha 2011).

Catharanthus roseus (L.) G. Don. Catharanthus roseus (L.) G. Don. was studied
for salinity stress, and the ability of triadimefon (TDM), a triazole group of fungi-
cide, to ameliorate the stress was also studied. There was decreased overall growth
of this plant and reduced chlorophyll content, protein, and antioxidant enzymes
such as POX, SOD, and PPO. The root alkaloid ajmalicine increased under salt
treatment. When these stressed plants were treated with TDM, it minimized the
injurious effects of NaCl stress by increasing the root and shoot growth, leaf area,
dry weight (DW), chlorophyll and protein contents, and the activities of antioxidant
enzymes like POD, SOD, and PPO. The quantity of ajmalicine was also increased
with the TDM treatment when compared to both control and NaCl-treated plants
(Jaleel et al. 2008).

Antioxidant responses were analyzed in Catharanthus roseus under salt stress in
order to investigate the plant’s protective mechanisms against long-term salt-
induced oxidative stress. High salinity caused a decrease in reduced glutathione and
an enhancement in total ascorbate content and the antioxidant enzyme and ascor-
bate peroxidase activities. Moreover, salinity induced a significant decline in super-
oxide dismutase and peroxidase activities. The changes found in catalase activities
may be of great importance in the H,O, detoxification mechanism under oxidative
stress (Jaleel et al. 2007).

The effect of responses of Catharanthus roseus to NaCl stress has been explored.
The plants were exposed to different concentrations of salt and the effect of treat-
ment on germination, growth parameter, and antioxidant defense system investi-
gated. Increasing the NaCl concentration reduced germination percentage, and the
fresh and dry weights of treated plants also showed a decrease. Ascorbic acid
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content increased in the presence of stress, and glutathione concentration showed a
significant increase. NaCl caused a significant decrease of SOD activity and
enhanced the activities of catalase, peroxidase, and glutathione reductase. The MDA
content increased with the increasing concentrations of NaCl. MDA content of sam-
ples treated by NaCl also increased (Amirjani 2015).

2.1.4 Medicinal Plants and Their Antioxidant Properties

In addition to providing defense, plants have long been a source of exogenous (i.e.,
dietary) antioxidants. It is believed that two-thirds of the world’s plant species have
medicinal importance, and almost all of these have excellent antioxidant potential
(Krishnaiah et al. 2011). The in vitro evaluation of antioxidant activity of medicinal
plants or their phytochemicals several biochemical tests have been used. In ethano-
pharmacological and nutraceutical investigations, these assays are done to under-
stand the probable mechanism of action of plant antioxidants (Antolovich et al.
2002) in minimizing the oxidative stress linked pathophysiology of diseases. There
are several in vitro assays used to measure and confer antioxidant activity to plants;
however, each of these has its own limitations regarding applicability. In these
assays, plants are generally assessed for their function as reducing agents, hydrogen
donors, singlet oxygen quenchers, or metal chelators, after which they are classified
as primary (chain-breaking) and secondary (preventive) antioxidants. Primary anti-
oxidants act by donating a hydrogen atom, while secondary antioxidants function
via binding of metal ions capable of catalyzing oxidative processes and scavenging
oxygen, absorbing UV radiation, inhibiting enzymes, or decomposing hydroperox-
ides (Kasote 2013).

Since time immemorial, plants have been a source of food and medicines, either
in the form of traditional preparations or as pure active principles (Hegde et al.
2014). Most of the medicinal effects of plants have been attributed to their potent
antioxidant activity. It has been suggested that free radicals are involved in the
pathology of more than 50 human diseases, including aging (Halliwell 1991). Plants
are rich storehouse of secondary metabolites, and the complex diversity of these
metabolites makes them fascinating candidates for study. Plant antioxidants such as
ascorbic acid and flavonoids have been shown to be the best exogenous antioxi-
dants. Indeed, these compounds not only restrain ROS production by scavenging
free radicals but also help boost endogenous antioxidant defenses of the body
(Halliwell 2006).

The chemical structure of polyphenols is responsible for its antioxidant potential
as they determine the conjugation reactions with methyl, sulfate, or glucuronide
groups (Scalbert and Williamson 2000). Flavonoids are the most important and
abundant dietary polyphenols, with over 5000 reported to date (Ross and Kasum
2002; Dai and Mumper 2010). In addition to their remarkable antioxidant property,
polyphenols have pro-oxidant properties also.
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2.2 Conclusion

Plants are exposed to harsh climatic and environmental conditions which lead to
stress. Abiotic stresses overproduce ROS in plants which are highly unstable and
toxic to the cells and leads to oxidative damage. Manageable amounts of ROS are
produced during normal metabolic processes, but excessive amounts damage
nucleic acids, lipids, and proteins, causing them to lose their activity. Since plants
are sessile, they need to be equipped with excellent antioxidant defense mechanisms
to detoxify the harmful effects of ROS. The antioxidant defenses could be either
enzymatic (e.g., superoxide dismutase, catalase, peroxidases, and glutathione
reductase) or nonenzymatic (e.g., glutathione, glycine betaine, proline,
a-tocopherols, phenols, carotenoids, and flavonoids).
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Properties of Medical Plants
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Abstract There is evidence of medicinal plants having been used in the treatment
of human disease caused by various pathogenic microorganisms in many countries
of the world. Plants with known antimicrobial activities were used for therapeutic
treatments. They contain various biological compounds which could be used in the
development of novel drugs for human well-being. Their phytochemical constitu-
ents include alkaloids, saponins, tannins, flavonoids, and glycosides, which serve as
defense mechanisms against various microbes including insects. These compounds
may include antibacterial, antifungal, and anticancer activities. The search for new
antimicrobial compounds from medicinal plants from many continents is an impor-
tant line of research because of the increased number of multidrug resistance patho-
genic microorganisms. However, the therapeutic ability of a number of medicinal
important plants is still unknown. Considering the importance of medicinal plants
as sources for antimicrobial drugs, in this review, we report on progress to date in
antimicrobial activities of medicinal plants.
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3.1 Introduction

The increasing incidence of multidrug resistance microorganisms has constantly
become a scientific community concern (Compean and Ynalvez 2014). The mem-
bers of gram-negative and gram-positive bacteria such as Escherichia coli,
Salmonella typhi, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus
cereus were known as the causal agents of food-borne diseases (Pandey and Singh
2011; Braga et al. 2005). The dermatophytes and also Candida spp. are considered
an important group of skin pathogens which cause many skin disorders. Many of the
medicinal plant species are used for the treatment of various diseases (Bussmann
et al. 2010; Duraipandiyan and Ignacimuthu 2011; Mamedov and Egamberdieva
2018). To date many plant secondary metabolites known to contain various antimi-
crobial compounds were screened against human pathogenic microbes
(Egamberdieva and Teixeira da Silva 2015). Several scientists studied the biological
activity of medicinal plants and their metabolites with antimicrobial activity against
food spoilage bacteria (Gnat et al. 2017; David et al. 2010; Egamberdieva and
Jabborova 2018). The phytochemical constituents of medicinal plants play a major
role in plant biological activity, e.g., saponins (Lacaille-Dubois and Wagner 1996),
flavonoids (David et al. 2010), and alkaloids (Omulokoli et al. 1997) were reported
for their antiviral and antibacterial properties (Egamberdieva et al. 2017). The
screening of medicinal plants for their biological active metabolites might lead to
the isolation of compounds that are effective as antifungal, antiviral, or antibacterial
agents (Cushnie and Lamb 2005; Shrivastava et al. 2015). In previous work it has
been observed that alkaloids and phenolic compounds have strong interaction with
microbial cells through enzymes and proteins (Burt 2004; Gill and Holley 2006).
Antimicrobial activity of Indian medicinal plants broadly reported based on folklore
knowledge (Duraipandiyan and Ignacimuthu 2011). The Middle East has thousands
of year’s history in traditional medicine, which has been used for treatment of vari-
ous ailments. The flora of Uzbekistan covers more than 4500 species of vascular
plants, of them around 20% has showed positive effect on various ailments
(Mamedov et al. 2005; Shurigin et al. 2018).

3.2 Antimicrobial Activities of Medicinal Plants

The antimicrobial activities of medicinal and aromatic plants from various countries
were described, and some results (Ahmad and Beg 2001; Kokoska et al. 2002;
Alzoreky and Nakahara 2003; Rios and Recio 2005; Sher 2009; Pirbalouti et al.
2010; Verma et al. 2012; Akinpelu et al. 2015) were listed in Table 3.1. Tajkarimi
et al. (2010) described antimicrobial activities of aromatic plants. In another study,
Gupta et al. (2010) reported antibacterial activity of Achyranthes aspera, Tagetes
patula, and Lantana camara plant extracts against Staphylococcus aureus,
Pseudomonas aeruginosa, and Bacillus subtilis.
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Table 3.1 Antimicrobial activity of medicinal plants

Antimicrobial
Plant species properties References
Cinnamomum cassia, Rumex Antibacterial Alzoreky and Nakahara (2003)
nervosus, Ruta graveolens,
Thymus serpyllum
Allium sativum Antibacterial | Verma et al. (2012)
Punica granatum
Persea americana Antibacterial Akinpelu et al. (2015)
Achyranthes aspera Antibacterial | Gupta et al. (2010) and Beaulah et al.

(2011)

Lantana camara

Tagetes patula

Antibacterial

Gupta et al. (2010)

Lavandula multifida

Antibacterial

Guesmi et al. (2017)

Annona squamosa

Antibacterial

Patel and Kumar (2008) and Padhi et al.
(2011)

Punica granatum

Antibacterial,

Silva et al. (2008a, b), Alzoreky (2009),

antifungal Mangang and Chhetry (2012), Mangang

and Chhetry (2012), Mahboubi et al.
(2015), Guesmi et al. (2017), Mishra et al.
(2017), and Mostafa et al. (2018)

Ocimum gratissimum, Eugenia Antibacterial | Fadeyi and Alcapan (1989)

uniflora, Murraya koenigii,

Cynodon dactylon, Lawsonia

inermis, Adha-thoda vasica

Cuminum cyminum Antibacterial | Arora and Kaur (1999). Shan et al. (2007),
Shan et al. (2007), Chaudry and Tariq
(2008), Dua et al. (2013), and Mostafa
et al. (2018)

Zingiber officinale Antibacterial | Alzoreky and Nakahara (2003), Betoni
et al. (2006), Ushimaru et al. (2007),
Sapkota et al. (2012), Qader et al. (2013),
and Mostafa et al. (2018)

Syzygium aromaticum Antibacterial | Mostafa et al. (2018)

Thymus vulgaris

Psidium guajava Antibacterial | Farjana et al. (2014)

Calendula officinalis Antibacterial | Chakraborthy (2008) and Farjana et al.
(2014)

Azadirachta indica Antibacterial, | Alzoreky and Nakahara (2003),

antifungal El-Mahmood et al. (2010), Koona and

Budida (2011), Sapkota et al. (2012),
Jabeen et al. (2013), Farjana et al. (2014),
Rakholiya et al. (2014), and Mishra et al.
(2017)

Camellia sinensis

Antibacterial

Farjana et al. (2014)

Tussilago farfara

Aesculus hippocastanum

Equisetum arvense

Antibacterial

Hleba et al. (2014)

(continued)
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Antimicrobial
Plant species properties References
Terminalia arjuna Antimicrobial | Gupta et al. (2016)
Polyalthia longifolia
Momordica charantia Antifungal Wang et al. (2016)
Alstonia boonei Antibacterial Ogueke et al. (2014)
Solanum coagulans Antifungal Qin et al. (2016)
Pituranthos tortuosus Antibacterial Mighri et al. (2015)
Anogeissus acuminata Antibacterial Mishra et al. (2017)
Boerhavia diffusa Antibacterial | Mishra et al. (2017)
Bauhinia variegata Antibacterial | Mishra et al. (2017)
Soymida febrifuga Antibacterial | Mishra et al. (2017)
Aristolochia indica Antibacterial Kumar et al. (2011)
Terminalia chebula Antibacterial | Mishra et al. (2017)
Tinospora cordifolia Antibacterial | Mishra et al. (2017)
Tribulus terrestris Antibacterial Mishra et al. (2017)
Annona squamosa Antifungal Kalidindi et al. (2015)
Rhanterium epapposum Antibacterial, | Adam et al. (2011), Akbar and Al-Yahya
antifungal (2011), and Demirci et al. (2017)
Lumnitzera littorea Antibacterial, | Saad et al. (2011)
antifungal
Alternanthera sessilis Antibacterial Johnson et al. (2010)
Cinnamomum zeylanicum Antifungal Ajay et al. (2009)
Dahlia pinnata Antibacterial Bissa et al. (2011)
Piper nigrum Antibacterial | Karsha and Bhagyalakshmi et al. (2010)
Plumeria rubra Antibacterial Baghel et al. (2010)
Achillea millefolium, Ipomoea Antibacterial | Frey and Meyers (2010)
pandurata, Hieracium pilosella,
and Solidago canadensis
Glycyrrhiza glabra Antibacterial, | Patil et al.(2009)
antifungal
Allium sativum Antibacterial Betoni et al. (2006), Ushimaru et al. (2007),
and Sapkota et al. (2012)
Phyllanthus niruri Antibacterial Selvamohan et al. (2012)
Baccharis dracunculifolia Antibacterial Ferronato et al. (2007)
Chamaecyparis obtuse, Antibacterial, | Lee and Choi (2015)
Chrysanthemum boreale, antiviral
Cryptomeria japonica
Cynara scolymus, Antibacterial | Asolini et al. (2006)
Achyrocline satureioides
Dennettia tripetala Antibacterial, | Ejechi and Akpomedaye (2005) and
antifungal Oyemitan et al. (2019)
Rosmarinus officinalis Antibacterial Silva et al. (2008a, b) and Adam et al.

(2014)

(continued)
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Table 3.1 (continued)

Plant species

Antimicrobial
properties

References

Cyclocarya paliurus

Antibacterial,
antifungal

(Xie et al. 2012)

Malva aegyptiaca

Antibacterial

Fakhfakh et al. (2017)

Blepharis cuspidata, Boswellia | Antibacterial | Gadisa et al. (2019)

ogadensis, Thymus schimperi

Periploca laevigata Antibacterial | Hajji et al. (2019)

Tridax procumbens Antibacterial Bharati et al. (2012) and Andriana et al.
(2019)

Prunus domestica Antibacterial Islam et al. (2017) and El-Beltagi et al.
(2019)

Artemisia nilagirica, Artocarpus | Antifungal Mangang and Chhetry (2012)

integrifolia, Citrus maxima,

Coix lacryma-jobi, Hedychium

coronarium, Lantana camera,

Michelia champaca, Passiflora

foetida, Strobilanthes

flaccidifolius

Helicteres hirsuta Antibacterial Pham et al. (2018)

Syzygium aromaticum

Antibacterial

Vizhi et al. (2016)

Anagallis arvensis Antifungal Soberén et al. (2017)
Cichorium intybus Antibacterial, | Mares et al. (2005), Nandagopal and
antifungal Kumari (2007), Verma et al. (2013),
Rehman et al. (2014), and Shaikh et al.
(2016)
Polygonum hydropiper Antibacterial, | Hasan et al. (2009)
antifungal
Kigelia africana Antibacterial, | Owolabi et al. (2007)
antifungal
Cnicus benedictus Antibacterial Szabo et al. (2009)
Seriphidium kurramense Antibacterial, | Ahmad et al. (2018) and Mahmoud et al.
antifungal (2011)
Rosmarinus officinalis Antifungal Adam et al. (2014)
Salvia bicolor Antifungal Taghreed (2012)

In another study Guesmi et al. (2017) reported that Lavandula multifida showed
the most powerful activity against Bacillus cereus strain. The extract of Punica
granatum showed antibacterial activity against Staphylococcus aureus, Bacillus
cereus, Escherichia coli, and Salmonella typhi, which cause borne diseases
(Alzoreky 2009; Mahboubi et al. 2015; Guesmi et al. 2017; Mishra et al. 2017). In
other reports cumin seed (Cuminum cyminum) extract exhibited antimicrobial activ-
ity against gram-positive and gram-negative bacteria (Shan et al. 2007; Chaudry and
Tariq 2008). Dua et al. (2013) reported that extracts of cumin effective against E.
coli, P. aeruginosa, S. aureus, and B. pumilus were ranged between 6.25 and 25 mg/
ml. Qader et al. (2013) studied Zingiber officinale and Thymus kotschyana for their
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effect on human pathogenic bacteria S. aureus and E. coli, and they found antimi-
crobial activity of plant extracts. Similar reports were published by other authors,
where Zingiber officinale and Allium sativum extracts inhibited growth of S. aureus
(Betoni et al. 2006; Ushimaru et al. 2007; Sapkota et al. 2012).

Mostafa et al. (2018) observed an antimicrobial activity of plant extracts of
Zingiber officinale, Punica granatum, Syzygium aromaticum, and Thymus vulgaris
against Escherichia coli, Bacillus cereus, Pseudomonas aeruginosa, Staphylococcus
aureus, and Salmonella typhi at concentration of 10 mg/ml. Silva et al. (2008a, b)
reported that extracts of Punica granatum fruit (pomegranate) were inhibitory
against Staphylococcus aureus.

The plant extracts of guava (Psidium guajava), neem (Azadirachta indica), and
marigold (Calendula officinalis) also inhibited growth of bacteria belonging to
Pseudomonas, Vibrio, Klebsiella, Escherichia, Salmonella, and Staphylococcus
genera (Farjana et al. 2014). Plants belonging to 7. farfara and Equisetum arvense
also showed antimicrobial properties against human pathogenic bacteria (Hleba
etal. 2014). Gupta et al. (2016) reported that human pathogenic bacteria Escherichia
coli, Pseudomonas aeruginosa, Candida albicans, and Staphylococcus aureus were
inhibited by methanol extracts of Terminalia arjuna, Camellia sinensis, and
Polyalthia longifolia. The ethanol extract of Alstonia boonei inhibited growth of E.
coli with inhibition zone of 23.73 mm (Ogueke et al. 2014).

Several crop extracts also showed antifungal activity against plant pathogenic
fungi such as Fusarium, Rhizoctonia, and Verticillium. For example, vegetable crop
extract Momordica charantia inhibited the mycelial growth of Fusarium solani, a
plant pathogen which causes root rot disease (Wang et al. 2016). The extract of
Solanum coagulans showed remarkable antifungal activity against 7. mentagro-
phytes, M. gypseum, and E. floccosum (Qin et al. 2016). In another report Annona
squamosa Linn. leaf extract showed antifungal activity against Alternaria alternata,
Fusarium solani, Microsporum canis, and Aspergillus niger (Kalidindi et al. 2015).
Following other reports we found that Artemisia nilagirica, Artocarpus integrifolia,
Citrus maxima, Hedychium coronarium, Lantana camera, Passiflora foetida, and
Strobilanthes flaccidifolius showed also antifungal activity against R. solani
(Mangang and Chhetry 2012). Similar results were obtained by Mahmoud et al.
(2011) where ethanol extract of S. kurramense was effective against A. flavus.

Mighri et al. (2015) reported the antibacterial activity of P. fortuosus on E. coli
and Klebsiella pneumoniae, moderate activity against S. aureus, and high activity
against Streptococcus pyogenes and Enterobacter aerogenes. Methanol extract of
plants such as Anogeissus acuminata, Boerhavia diffusa, Soymida febrifuga, and
Tribulus terrestris showed antimicrobial activity against Enterococcus faecalis,
Staphylococcus aureus, Escherichia coli, Klebsiella oxytoca, Klebsiella pneu-
moniae, and Pseudomonas aeruginosa (Mishra et al. 2017).

Annona squamosa Linn. is cultivated throughout America, Brazil, and India and
is used as traditional medicine in treatment of various diseases (Kaleem et al. 2008;
Raj et al. 2009).
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The antimicrobial properties of Rhanterium epapposum were positive against B.
cereus, S. aureus, and P. vulgaris (Adam et al. 2011; Akbar and Al-Yahya 2011).
Furthermore several biological active compounds with antimicrobial properties
such as flavonoids, tannins, sterols, triterpenes, and essential oils were found
(Al-Yahya et al. 1990; Akbar and Al-Yahya 2011).

Demirci et al. (2017) evaluated the antimicrobial potential of R. epapposum
essential oil against Bacillus subtilis, Enterobacter aerogenes, Proteus vulgaris,
Salmonella typhimurium, Staphylococcus aureus, Staphylococcus epidermidis, and
the yeast Candida parapsilosis. The essential oil was able to inhibit growth of
microbial strains. In another study the extracts from different mangrove plants have
been reported to possess inhibition action against human and plant pathogens
(Chandrasekaran et al. 2009; Sivaperumal et al. 2010; Ravikumar et al. 2010; Hu
et al. 2010; Khajure and Rathod 2010). Saad et al. (2011) investigated the antimi-
crobial properties of ethyl acetate and methanol extracts of Lumnitzera littorea
leaves against Staphylococcus aureus, Bacillus cereus, Pseudomonas aeruginosa,
Escherichia coli, and two fungal strains Candida albicans and Cryptococcus
neoformans.

Mathabe et al. (2006) reported that methanol, ethanol, and acetone extracts from
Indigofera daleoides, Punica granatum, Elephantorrhiza burkei, Ximenia caffra,
Schotia brachypetala, and Spirostachys africana showed antimicrobial activity
against Vibrio cholerae, Escherichia coli, Staphylococcus aureus, Shigella species,
and Salmonella typhi. Some plants such as Ocimum gratissimum and Eugenia uni-
flora have been reported to be rich in volatile oils, which have antimicrobial effect
against Staphylococcus sp., Escherichia coli, and Shigella sp. and are mainly used
in the treatment of diarrhea and ear infection in human beings. However, the ethanol
and aqueous extracts of Murraya koenigii, Cynodon dactylon, Lawsonia inermis,
and Adha-thoda vasica showed least inhibitory activity (Fadeyi and Alcapan 1989).
Frey and Meyers (2010) reported antimicrobial properties of Achillea millefolium,
Ipomoea pandurata, Hieracium pilosella, and Solidago canadensis against
Salmonella typhimurium. Similarly, Patil et al. (2009) reported a significant antifun-
gal and antibacterial activity against Candida albicans, Staphylococcus aureus,
Pseudomonas aeruginosa, and Escherichia coli by the diethyl ether fraction of etha-
nolic extract of Glycyrrhiza glabra. The methanolic extract Phyllanthus niruri
(stone breaker) showed the maximum activity against Staphylococcus sp.
(Selvamohan et al. 2012). In another study Baccharis dracunculifolia oil at a 10-pL
dose prevented microbial growth of E. coli, S. aureus, and P. aeruginosa in antimi-
crobial assays (Ferronato et al. 2007). The methanolic extracts of Chamaecyparis
obtusa and Cryptomeria japonica possessed strong antiviral activity against HRV3
at a concentration of 100 pg/mL with no cytotoxicity. Similarly, methanolic extract
of Chrysanthemum boreale possesses strong antimicrobial activity against
Staphylococcus aureus, Bacillus cereus, Escherichia coli, and Yersinia enterocolit-
ica (Lee and Choi 2015). Asolini et al. (2006) reported that ethanol extracts of arti-
choke (Cynara scolymus) inhibited the growth of Bacillus cereus, B. subtilis,
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Pseudomonas aeruginosa, and S. aureus. The essential oil of Dennettia tripetala
fruit possesses antimicrobial activities against bacterial and fungal isolates (Ejechi
and Akpomedaye 2005). The hydroalcoholic extract of Rosmarinus officinalis Linn.
showed antibacterial activity against Streptococcus spp. and Lactobacillus casei
(Silva et al. 2008a, b). Adam et al. (2014) reported high antifungal activity of aque-
ous extract of Rosmarinus officinalis toward Candida albicans and Aspergillus
niger. In another study Fakhfakh et al. (2017) reported the highest inhibitory effect
of polysaccharide extract of Malva aegyptiaca against gram-negative bacteria.
Polysaccharides derived from plants Cyclocarya paliurus (Batal.) showed antifun-
gal activity against Saccharomyces cerevisiae and Candida sp. and antibacterial
activity against E. coli, S. aureus, and B. subtilis (Xie et al. 2012).

The essential oils of medicinal plants that contain phenols also possess
antimicrobial activities. For example, the essential oils from Blepharis cuspidata,
Boswellia ogadensis, and Thymus schimperi showed antimicrobial activity against
multidrug resistance E. coli, K. pneumoniae, and S. aureus (Gadisa et al.
2019).Essential oil extracted from B. cuspidate had elicited high antibacterial effect
on tested Enterobacteriaceae. A novel water-soluble polysaccharide isolated from
root barks of Periploca laevigata demonstrated antioxidant potential and high anti-
bacterial activity against several gram-positive and gram-negative bacteria (Hajji
et al. 2019). Tridax procumbens L. showed effective inhibition on the growth of
Escherichia coli, Staphylococcus aureus, Bacillus subtilis, and Proteus mirabilis
(Bharati et al. 2012; Andriana et al. 2019). El-Beltagi et al. (2019) evaluated the
phytochemical composition of Prunus domestica fruit and their antimicrobial activ-
ity. They found that ethanol extract of fruit exhibited antibacterial activity against
Staphylococcus aureus (Z1 = 18.51 mm). Islam et al. (2017) reported antimicrobial
potential, gram-positive and gram-negative bacteria have been found susceptible to
the P. domestica extract, for example, strain of S. aureus (19.7 £ 0.4 mm) and E. coli
(14.4 = 0.7 mm). There are other plants with antimicrobial potential; however, they
were not fully studied yet. For example, Helicteres hirsuta Lour. known with wide
pharmacological properties showed antimicrobial activity against E. coli (MIC val-
ues of 2.5 and 5.0 mg/mL) and S. lugdunensis (MIC values of 0.35 and 0.50 mg/
mL) (Pham et al. 2018).

In another study Vizhi et al. (2016) tested the antibacterial activity of methanol,
ethyl acetate, and acetone extracts of Syzygium aromaticum medicinal plant against
Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus. Methanol
extract of S. aromaticum showed good antimicrobial activity against Bacillus subti-
lis, Pseudomonas aeruginosa, and Staphylococcus aureus. The antifungal com-
pounds derived from plant Anagallis arvensis L. showed higher inhibitory activity
against human pathogenic yeast Candida albicans (Soberén et al. 2017). Mares
et al. (2005) reported antifungal activity of C. intybus against anthropophilic fungi
Trichophyton tonsurans, T. rubrum, and T. violaceum. Cichorium intybus leaf
extracts showed antimicrobial activity against S. aureus, P. aeruginosa, E. coli, and
C. albicans. Root extracts had pronounced effects on B. subtilis, S. aureus,
Salmonella typhi, Micrococcus luteus, and E. coli (Nandagopal and Kumari 2007).
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Cichorium intybus crude extract exhibited wide range of antimicrobial activity
against E. coli, K. pneumoniae, P. aeruginosa, S. epidermidis, S. aureus, and B.
subtilis (Rehman et al. 2014). Moreover, the growth of fungi such as Aspergillus
flavus, Fusarium solani, Aspergillus fumigatus, and Aspergillus niger was inhibited
by plant extract.

Shaikh et al. (2016) tested seed extract of Cichorium intybus showed antimicrobial
activity against several human pathogenic bacteria such as Staphylococcus aureus.
Ethyl acetate and ethanol extract were found to be significant against P. aeruginosa.
The biological active compounds such as lactucin and lactucopicrin derived from C.
intybus exhibited antibacterial activity (Verma et al. 2013). Polygonum hydropiper
(L.) root extract showed significant antibacterial activities against four gram-
positive (Bacillus subtilis, Bacillus megaterium, Staphylococcus aureus, and
Enterobacter aerogenes) and four gram-negative (Escherichia coli, Pseudomonas
aeruginosa, Salmonella typhi, and Shigella sonnei) bacteria (Hasan et al. 2009).
The ethanolic and aqueous extract of Kigelia africana showed antimicrobial activity
against both bacteria and fungi (Owolabi et al. 2007). Other plants such as Cnicus
benedictus L. showed antibacterial activity against ten pathogens such as Salmonella
typhimurium, Salmonella enteritidis, Staphylococcus aureus ssp., Escherichia coli,
Streptococcus pyogenes, Pseudomonas aeruginosa, Enterococcus faecalis, and
Shigella sonnei (Szabd etal. 2009). Ahmad et al. (2018) investigated the antimicrobial
activity of crude ethanolic and aqueous extracts of Seriphidium kurramense by agar
well diffusion assays against five bacterial species such as Staphylococcus aureus,
Escherichia coli, Klebsiella pneumoniae, Bacillus subtilis, and Salmonella typhi,
and six fungal species such as Aspergillus niger, Aspergillus flavus, Alternaria
solani, Rhizoctonia solani, Fusarium solani, and Pleurotus florida. The ethanol
extract showed its highest growth inhibition (74.4%) toward B. subtilis and its
lowest inhibition (32.2%) toward K. pneumoniae. A petroleum ether extract and a
methanolic extract of aerial parts of Salvia bicolor against Staphylococcus
epidermidis and Candida albicans.

3.3 Conclusion

From published reports, it is evident that antimicrobial properties of medicinal
plants were reported based on folklore information. They synthesize various bio-
logical active compounds that possess antimicrobial properties. The compounds
contain alkaloids, saponins, coumarins, steroids, flavonoids, glycosides, phenols,
and tannins. A number of essential oils that contain aldehydes or phenols were also
used as antimicrobial agents. These reports provide an insight into the antibacterial
properties of medicinal plants used in traditional medicine and justification for the
use of medicinal plants in medicine to treat infectious diseases. It will also lead to
the development of some new biologically active compounds which can be formu-
lated as antimicrobial agents.
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Chapter 4

Biologically Active Components
of the Western Ghats Medicinal Fern
Diplazium esculentum

Ammatanda A. Greeshma, Kandikere R. Sridhar, and Mundamoole Pavithra

Abstract The riparian fern Diplazium esculentum is nutritionally and medicinally
valuable in the ethnic population of the Western Ghats of India. Fiddle heads of this
fern are nutraceutically versatile and consumed similar to other leafy vegetables.
The present study has addressed biologically active compounds (total phenolics,
tannins, flavonoids, vitamin C, phytic acid, L-DOPA, trypsin inhibition and hae-
magglutination) and antioxidant potential (total antioxidant activity, ferrous ion-
chelating capacity, reducing power, DPPH and ABTS radical-scavenging activities)
in uncooked and cooked fiddle heads. Fiddle heads were devoid of L-DOPA as well
as haemagglutinin activity. Total phenolics and flavonoids contents were not influ-
enced by cooking, while tannins, vitamin C, phytic acid and trypsin inhibition activ-
ity were higher in uncooked than cooked fiddle heads. Among the antioxidant
properties, total antioxidant activity and ferrous ion-chelating capacity were not
influenced by cooking, whereas reducing power, DPPH and ABTS radical-
scavenging activities were higher in uncooked than cooked fiddle heads. The prin-
cipal component analysis was performed to ascertain the link between bioactive
components and antioxidant potential of uncooked and cooked fiddle heads. Vitamin
C and trypsin inhibition activity of uncooked fiddle heads influenced the ABTS
radical-scavenging activity, while total phenolics, flavonoids and tannins of cooked
samples influenced the total antioxidant activity, ferrous ion-chelating capacity and
reducing power. Cooking has differentially influenced the bioactive components as
well as antioxidant potential of fiddle heads. There also seems to be geographical
difference in quantity of bioactive components (phenolics, flavonoids and vitamin
C) as well as antioxidant potential (reducing power). Further insights are warranted
to utilize different parts of the ethnically valued fern D. esculentum for nutritional
and therapeutic advantages.

Keywords Antioxidant potential - Bioactive compounds - Ethnic value - Leafy
vegetable - Non-conventional food - Nutraceutical potential - Riparian fern
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4.1 Introduction

Consumption of nutrient-rich vegetables is one of the alternatives to overcome the
malnutrition as well as nutrition-dependent human ailments (Ruma 2016; Sridhar
and Karun 2017). Various ethnic groups are formulating and utilizing plant-based
nutrients as well as medicines for several generations worldwide. In the recent past,
ethnobotanical studies are advancing rapidly towards evaluation of traditional
knowledge of wild plant sources as food and medicine (Jain 1987a, b, 1991; Sridhar
et al. 2016; Sridhar and Karun 2017). Up to 80% of world’s foods are derived from
plants belonging to 17 families, and the most important families include
Brassicaceae, Fabaceae and Poaceae (Fici 2016). However, pteridophytes (ferns)
are largely ignored and untapped natural resource for food as well as medicine
(Singh and Singh 2012). Ferns are well known for food value (nutritional), medi-
cine (homeopathic, ayurvedic and unani), insecticide (anti-herbivory) and antibi-
otic properties (Benniamin 2011).

Pteridophytes and their allies of the Western Ghats include up to 256 illustrated
forms (Dudani et al. 2012). One of the nonconventional edible and medicinal ferns
of the Western Ghats is Diplazium esculentum, which is riparian and commonly
occurs on the banks of streams and rivers. It is an important delicacy of multi-
ethnic population of the Western Ghats (Archana et al. 2013; Greeshma and
Sridhar 2016; Greeshma et al. 2018). Rinsed fiddle heads of D. esculentum are
pan-frayed by seasoning with edible oil, spices and grated coconut to serve as a
starter dish. Tender leaves of D. esculentum are consumed with hot sauce in
Uttarkhand, India (Alderwerelt 1989). It also serves as an ingredient in culinary
dishes in the Philippines (Tongco et al. 2014).

Apart from nutritional qualities, D. esculentum is also known for biologically
active constituents (Kaushik et al. 2012; Archana et al. 2013; Tongco et al. 2014;
Greeshma et al. 2018). Its foliage is traditionally used to cure headache, pain,
fever, wounds, dysentery, glandular swelling, diarrhoea and skin infections (Akter
etal. 2014). Roy et al. (2013) demonstrated through in vitro assays that the extract
of D. esculentum possesses significant quantity of natural antioxidants, which pre-
vents progression of various oxidative stress-associated diseases. The tribal com-
munities and ethnic groups of the Western Ghats are utilizing different parts of
this fern (e.g. rhizome, stem, fronds, pinna and spores) in treatment of many
human ailments (Akter et al. 2014). Dried rhizomes of D. esculentum also serve
as insecticides, and its decoction is useful in curing haemoptysis as well as cough
(Anderson et al. 2003). In Albino mice model, aqueous extract of fresh leaves of
D. esculentum at low doses (100 mg/kg) served as significant CNS stimulant
against standard caffeine (Kaushik et al. 2012). Fiddle heads of D. esculentum
being known for nutritional and medicinal values, the present study envisaged to
emphasize some of the biologically active components, antioxidant potential and
their interrelationships.
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Fig. 4.1 Side view of grown-up Diplazium esculentum (a), close-up view of fiddle heads with
tender pinna (b) and different swirling patterns of fiddle heads (c—f)

4.2 The Fern

The fiddle heads of fern Diplazium esculentum (Retz.) Sw. (family, Athyriaceae)
were sampled from five different locations of the Western Ghats of Karnataka
(Bethri, Kiggal, Mekeri, Murnad and Nelji) during southwest monsoon season
(June—August, 2014) and brought to the laboratory in cold packs. The identity of the
fern was confirmed by taxonomic descriptions by (Beddome 1865; Manickam and
Irudayaraj 1992) (Fig. 4.1). Five fiddle head samples were independently processed
within 6-8 h of sampling by rinsing in distilled water to remove the debris followed
by pressing with paper towel to remove surface water. Each sample was divided into
two groups, the first group was dried in an oven (50-55 °C), while the second group
was pressure cooked without addition of more water followed by oven drying. The
dried samples were milled (Wiley Mill, mesh # 30), and powder samples were pre-
served in refrigerator for further analysis.

4.3 Assessment

4.3.1 Bioactive Components

The fern samples were assessed for eight bioactive components like total phenolics,
tannins, flavonoids, vitamin C, phytic acid, L-DOPA, trypsin inhibition and
haemagglutination.
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Total Phenolics Total phenolics content of fern flour was assessed by the method
outlined by Rosset et al. (1982). To fern flour (100 mg) methanol (50%, 10 ml) was
added, mixed, incubated in water bath (95 °C, 10 min), cooled and centrifuged
(2000 rpm, 20 min) and the supernatant recovered. The process was repeated, and
the pooled final volume of supernatant was made to 20 ml. Flour extract (0.5 ml)
was mixed with equal volume of distilled water, incubated (10 min, room tempera-
ture) on adding sodium carbonate (prepared in 0.1 N NaOH, 5 ml). On addition of
Folin-Ciocalteu reagent (dilution 1:2, 0.5 ml), the absorbance was read (725 nm;
UV-VIS Spectrophotometer-118, Systronics, Ahmedabad, Gujarat, India). The con-
tent of total phenolic was expressed as standard mg tannic acid equivalents/gram
fern power (mg TAEs/g).

Tannins Tannin content of fern flour was evaluated based on the procedure by
Burns (1971). To fern powder (1 g) methanol (50 ml) was mixed to extract tannins
and shaken on a rotary shaker (28 °C, 24 h) followed by centrifugation (1500 rpm)
to sample the supernatant. To the supernatant (1 ml) vanillin hydrochloride was
added (5 ml: 4% in methanol +8% concentrated HCI in methanol; 1:1) followed by
incubation (20 min, room temperature), and the absorbance was measured at
500 nm. The catechin dissolved in methanol served as standard, and tannin content
was expressed in mg catechin equivalents (mg CEs/g).

Flavonoids Total flavonoids content in fern flour was detected by the method out-
lined by Chang et al. (2002). Fern flour (1 mg) was extracted with methanol (1.5 ml),
aliquots of extract (0.5 ml each) were mixed with aluminium chloride (10%, 0.1 ml)
+ potassium acetate (1M, 0.1 ml), and the final volume was made to 3 ml in distilled
water followed by incubation (30 min, room temperature). The standard used was
quercetin dihydrate, and absorbance was measured (415 nm) and expressed the fla-
vonoids in mg equivalents/gram fern powder (mg QEs/g).

Vitamin C Vitamin C content of fern powder was evaluated based on the procedure
by Roe (1954). Powder flour (1 g) was extracted using trichloroacetic acid (TCA,
5%, 10 ml), and aliquots of extract (0.2 ml) were made up to 1 ml using TCA (5%)
and mixed followed by addition of chromogen (1 ml) (dinitrophenyl hydrazine thio-
urea copper sulphate solution: 5 parts of 5% thiourea +5 parts of 0.6% copper sul-
phate + 90 parts of 2% 2,4-dinitrophenylhydrazine in H,SO,). The mixture was
incubated (boiling water bath, 10 min), cooled, and on addition of H,SO, (65%,
4 ml) further incubated (room temperature, 10 min), and absorbance was measured
(540 nm). The standard used was ascorbic acid for quantification of vitamin C and
represented in mg ascorbic acid equivalents/gram fern powder (mg AAEs/g).

Phytic Acid Phytic acid in fern powder was determined based on the method by
Deshpande et al. (1982) and Sathe et al. (1983). Fern powder (2 g) was extracted
with sodium sulphate (10 ml, 10% in 1.2% HCI) and stirred (room temperature,
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2 h). On centrifugation (3000 rpm, 10 min), the supernatant was made up to 10 ml
in sodium sulphate. The extract (5 ml) was blended with ferric chloride (2 g in
16.3 ml of 12N HCI, diluted to 1 L) and vortexed followed by centrifugation
(3000 rpm, 10 min). Filtered the supernatant (Whatman # 1), and the filtrate was
made to 10 ml using distilled water. Free soluble phosphorous was determined by
vandomolybdophosphoric acid method by potassium dihydrogen phosphate as ref-
erence to express phytic acid in percentage.

MxVxF

X 4.1
10,000x W xV P @1

Total phosphorus(g/100g) =

[M, average of phosphorus standard (ng/AA,); V, original sample in ml; F, dilution
factor; AA,, absorbance; W, weight of sample (g); V, volume of sample (ml)]

Phosphorus(g/100g)
0.282

Phytic acid(%) = “4.2)

(0.282, factor used to convert phosphorus into phytic acid as it contains 28.2% of
phosphorus).

L-DOPA The L-DOPA (L-3,4-dihydroxyphenylalaninne) of fern powder was
determined by method proposed by Fujii et al. (1991). Fern samples were mixed
with distilled water (1 ml), incubated (room temperature) for 2 h and centrifuged
(1500 rpm, 10 min), and the supernatant is allowed to concentrate to dryness using
a rota evaporator. To eliminate high molecular weight compounds, the extract was
dissolved in distilled water followed by filtering through ultrafilter overnight. The
fraction was purified using ODS extraction mini column (C18 Sep-Pak Cartridge,
Waters) with water followed by evaporation to dryness. The L-DOPA was deter-
mined in HPLC (Tosoh system DP-8020; UV-8020, 280 nm; Column, Aqua 180
Mightsil; Kanto chemical Co. Inc., Japan) as well as LC-ESI/MS (Positive mode;
Waters 181 Associates Inc., Milford, MA).

Trypsin Inhibition Trypsin activity was evaluated according to the method by
Kakade et al. (1974). Fern powder (1 g) was stirred constantly with NaOH (0.01N,
50 ml) up to 10 min. The extract (1 ml) was diluted with distilled water (1:1), fol-
lowed by addition of enzyme standard (2 ml) (2 mg trypsin/100 ml 0.001 M
NaOH) and incubated in water bath (37 °C, 10 min), and 5 ml BAPNA (40 mg
N,-Benzoyl-L-arginine 4-nitroanilide hydrochloride dissolved in dimethyl sul-
phoxide and made to 100 ml with Tris-buffer at 37 °C) was added and incubated
at room temperature (10 min). Acetic acid (30%; 1 ml) was added to stop the reac-
tion followed by measurement of absorbance (410 nm). Control was prepared as
per protocol without addition of the fern extract. Trypsin inhibition (TIu)/mg of
fern flour was calculated.
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TIu/mg = |:(A°410 — A ) x1 00] per ml extract

(4.3)
Mg sample per ml of extract

(A, absorbance of control; A,, absorbance of sample)

Haemagglutination The haemagglutinin activity in fern powder was determined by
the method outlined by Occefia et al. (2007). The fern extract was prepared by mixing
defatted powder (1 g) in NaCl (0.9%; 10 ml) and incubated at room temperature (1 h).
Centrifuged (2000 rpm, 10 min), supernatant was collected and filtered to use as crude
agglutinin. Heparinized human blood samples were centrifuged (2000 rpm, 10 min) to
separate erythrocytes. Erythrocytes (A, B*, AB*, O*) were washed repeatedly until the
clear supernatant was obtained (1:4; chilled saline, 0.9%). Processed erythrocytes (4 ml)
were transferred into phosphate buffer (100 ml; 0.0006 M, pH 7.4) and incubated (37 °C,
1 h) by addition of trypsin (2%, 1 ml) on mixing. On incubation, trypsinized solution
was repeatedly washed using saline (0.9%) to remove trypsin content. The erythrocytes
were suspended in saline (0.9%) and made to 100 ml. Round bottomed 96-well microti-
tre plate was used for assay. Phosphate buffer (50 ul) was added in the well # 1-11,
followed by the addition of crude agglutinin extract (50 pl) to the well # 1, and mixed,
and twofold serial dilution was made up to well # 11. Erythrocytes suspension (50 pl)
was added to well # 1-11. The well # 12 served as control for sample. Contents in the
wells were gently mixed followed by incubation at room temperature (4 h) to observe
haemagglutination in each well. Haemagglutination unit/gram (Hu/g) was calculated.

D, xD, xS

Hu/g= (4.4)

(D,, dilution factor of extract in well #1; D, dilution factor of well containing 1 Hu
is the well in which the haemagglutination was observed; S, initial extract/gram fern
powder; V, volume of extract in well # 1).

4.3.2 Antioxidant Properties

Evaluation of antioxidant potential of any plant material has no universal method. In
almost all methods, a radical has been generated, and the capability of test sample in
quenching the radical is assessed (Erel 2004). According to Wong et al. (2006), it is
necessary to evaluate at least two methods for a fair assessment of antioxidant poten-
tial of a biological material. In our study, five methods of assessment have been fol-
lowed to get a fair idea of antioxidant potential of uncooked and cooked fiddle heads
of D. esculentum (total antioxidant activity, ferrous ion-chelating capacity, reducing
power, DPPH radical-scavenging activity and ABTS radical-scavenging activity).
The fern powder samples each of 0.5 g were extracted with 30 ml methanol using
a rotary shaker (150 rpm, 48 h). After the samples were centifuged, the supernatant
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was transferred to a preweighed Petri dish and allowed to evaporate at room tem-
perature. The extract weight was assessed gravimetrically and dissolved in metha-
nol at concentration 1 mg/ml to assess antioxidant potential.

Total Antioxidant Activity Total antioxidant activity (TAA) was determined by the
method by Prieto et al. (1999). To methanolic extract of fern (1mg/ml; 0.1 ml) added
the reagent mixture (28 mM sodium phosphate +4 mM ammonium molybdate in
0.6 M sulphuric acid) followed by incubation (95 °C, 90 min). The absorbance was
measured (695 nm), and the TAA was expressed in pM equivalents of ascorbic acid/
gram (pM AAEs/g).

Ferrous Ion-Chelating Capacity Ferrous ion-chelating capacity of the methanolic
extract of fern was determined by the protocol by Hsu et al. (2003). On mixing
methanol extract (1 ml) with 2 mM ferrous chloride (0.1 ml) + ferrozine (5 mM,
0.2 ml), the volume was made to 5 ml (in methanol) followed by incubation (room
temperature) for 10 min, and the absorbance was measured (562 nm). Control was
prepared similar to the sample without addition of fern extract to calculate percent
ferrous ion-chelating capacity.

A
Ferrousion-chelating activity (%) = {1 Lﬁz) 100 4.5)

c562

(A, absorbance of sample; A, absorbance of control).

Reducing Power Reducing power of the fern extract was detected following the
method by Oyaizu (1986) with a slight modification. Different concentrations of fern
extract (0.2—1.0 mg/ml) were prepared in phosphate buffer (0.2 M, pH 6.6), and potas-
sium ferricyanide (1%, 2.5 ml) was added and incubated (50 °C) up to 20 min. The
TCA (10%, 2.5 ml) was added to the mixture followed by centrifugation (3000 rpm,
10 min), and supernatant (2.5 ml) was mixed with double-distilled water (2.5 ml) fol-
lowed by addition of FeCl; (0.1%, 0.5 ml), and absorbance was measured (700 nm).

DPPH Radical-Scavenging Activity Radical-scavenging activity of the fern extract
was determined according to Singh et al. (2002). Different concentrations of fern
extract (0.2—-1.0 mg/ml) were made up to 1 ml using methanol, and reagent was
added (0.001 M DPPH in methanol, 4 ml). On mixing it was incubated in dark room
temperature up to 20 min. The reagent devoid of extract served as control, and the
absorbance was measured (517 nm).

A —A
Free radical-scavenging activity (%) = [MJ x100 (4.6)

517

(where A, absorbance of control; A, absorbance of sample)
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ABTS Radical-Scavenging Activity The ABTS [(2, 2'-azinobis (3-ethylbenzothiaz
oline-6-sulfonic acid)] cationic radical decolourization assay was performed based
on the procedure by Adedapo et al. (2008). Stock solution (ABTS*, 7.4 mM, and
potassium persulphate, 2.6 mM) and working solution (mixing stock solutions 1:1;
allowed to react at room temperature, for 12 h in dark) were prepared. The working
solution was diluted with methanol to get suitable absorbance (1+£0.01 units at
734 nm). Different concentrations of fern extract (made up to 62 pl using absolute
alcohol) were treated with ABTS* (188 pl, in dark, 30 min) followed by measure-
ment of absorbance (734 nm) to determine percent inhibition.

Assay control — (Test - Control)

Inhibition percentage (%) = [ JlOO .7

Assay control

(Assay control, ethanol + ABTS reagent; control, sample + ethanol + methanol).

4.3.3 Data Analysis

The distinction between uncooked and cooked fern flours in assays was assessed by
t-test (StatSoft Inc. 2008). To establish the relationship between the bioactive com-
ponents (total phenolics, tannins, flavonoids, vitamin C, phytic acid and trypsin
inhibition activity) and antioxidant potential (total antioxidant activity, ferrous ion-
chelating capacity, reducing power assay, DPPH radical-scavenging activity and
ABTS radical-scavenging activity), the principal component analysis (PCA) was
employed (SPSS version 16.0: www.spss.com).

4.4 Observations and Discussion

4.4.1 Bioactive Components

Total Phenolics Total phenolics content of the fiddle heads of D. esculentum was
not influenced by pressure cooking (p > 0.05) (Fig. 4.2a). Turkmen et al. (2005)
observed increased content of phenolics in cooked vegetables such as green beans,
pepper and broccoli. The phenolic contents of fiddle heads of D. esculentum in the
present study are higher than the fiddle heads from Assam, while opposite for the
young pinna reported from Bangladesh, India (Darjeeling, Maharashtra) and the
Philippines (Das et al. 2013; Roy et al. 2013; Akter et al. 2014; Tongco et al. 2014;
Saha et al. 2015). Moderately high quantity of total phenolics in the study is com-
parable with an earlier report by Archana et al. (2013). Phenolic compounds are
well known for their importance as antioxidants, antimicrobial agents and insecti-
cidal potential (De Britto et al. 2012).
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Tannins Tannins content was significantly higher in uncooked than cooked fiddle
heads (p < 0.05) (Fig. 4.2b). Its content in uncooked samples in our study is higher
than the young pinna from Assam (0.44 vs. 0.1 mg/g) (Saha et al. 2015). Tannins are
known for their wide influence on the nutritive values of foodstuffs of humans as
well as livestock (Saxena et al. 2013).

Flavonoids Although flavonoids content was higher in uncooked fiddle heads, it
was not significantly differed compared to cooked fiddle heads (p > 0.05) (Fig. 4.2¢).
However, Stewart et al. (2000) noted that heat treatment increases the level of free
flavonols. Flavonoids content in our study is higher than the fiddle heads sampled
from Malaysia, while lower than the young pinna from Bangladesh, India (Darjeeling
and Mabharashtra) and the Philippines (Miean and Mohamed 2001; Das et al. 2013;
Roy et al. 2013; Akter et al. 2014; Tongco et al. 2014). Flavonoids have a wide array
of biochemical and pharmacological effects especially anti-oxidation, anti-
inflammation, antiplatelet, antithrombotic and anti-allergic effects (Havsteen 1983;
Gryglewski et al. 1987; Middleton and Kandaswami 1992; Cook and Samman 1996).

Vitamin C Vitamin C content was significantly higher in uncooked than cooked
fiddle heads (p < 0.05) (Fig. 4.2d), and its quantity is higher than the fiddle heads
from Assam, India (Saha et al. 2015). Archana et al. (2013) also reported presence
of higher quantity of vitamin C in mature fronds than young petioles of D. esculen-
tum. The vitamin C elicits many functions in the humans especially by boosting the
overall health status (Walingo 2005). In addition to vitamin C, presence of
[-carotene, tocopherol, thiamine, riboflavin and niacin was also reported from
young and mature fronds of D. esculentum by Archana et al. (2013).

Phytic Acid Phytic acid content is significantly higher in uncooked than cooked
fiddle heads (p < 0.01) (Fig. 4.2e), while its content is comparable to the fiddle
heads sampled from Assam, India (Saha et al. 2015). Low quantity of phytic acid in
D. esculentum in our study corroborates with an earlier study by Archana et al.
(2013). Phytic acid serves as antioxidant, and it also involves in digestion and
absorption of minerals in the intestine (Saha et al. 2015).

L-DOPA 1Inuncooked and cooked fiddle heads, L-DOPA content was below detect-
able levels. Like L-DOPA, a number of nonprotein amino acids are known to be
produced by plants, which possess strong allelopathic properties (Soares et al.
2014). The L-DOPA is also known for its application in treating Parkinson’s disease
(Hornykiewicz 2002).

Trypsin Inhibition Trypsin inhibition of uncooked fiddle heads was significantly
higher than cooked fiddle heads (p < 0.01), which is nutritionally advantageous
(p <0.01) (Fig. 4.2f). Usually, deficiency of sulphur amino acids has been connected
to presence of trypsin inhibitors in food stuffs owing to utilization of sulphur amino
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acids for synthesis of trypsin and chymotrypsin (Liener and Kakade 1969). Interestingly,
in uncooked fiddle heads, the sulphur amino acids methionine and cystine were signifi-
cantly higher (p < 0.05) than cooked fiddle heads (Greeshma et al. 2018).

Haemagglutination Uncooked and cooked fiddle heads were devoid of haemag-
glutinin activity against human erythrocytes (A*, B*, AB* and O*), which signifies
that it is safe for human consumption. Lectins are involved in carbohydrate storage,
binding symbiotic rhizobia to develop root nodules, carrier for the delivery of che-
motherapeutic agents, and also serve as tumour markers (Kumar et al. 2012).
According to Hartmann and Meisel (2007), the lectins in food stuffs are known for
immunomodulation processes.

4.4.2 Antioxidant Potential

Total Antioxidant Activity Although total antioxidant activity was higher in the
uncooked fiddle heads, it was not significantly higher than cooked fiddle heads
(p > 0.05) (Fig. 4.3a). Therefore, the total antioxidant activity in the fiddle heads
was not influenced by cooking method followed. Evaluation of total antioxidant
activity will be helpful to determine the additive effect of antioxidant properties of
plant food stuffs (Pellegrini et al. 2003).

Ferrous Ion-Chelating Capacity Ferrous ion-chelating capacity also followed a
similar pattern as in total antioxidant activity (p > 0.05) (Fig. 4.3b) and not influ-
enced by the method of cooking applied. Metal ion-chelating capacity is one of the
significant aspects because it reduces the concentration of the transition metal,
which catalyses lipid peroxidation (Mohan et al. 2012).

Reducing Power The present study showed higher reducing power in uncooked
than cooked fiddle heads (p < 0.05) (Fig. 4.3c). The reducing power of fiddle heads
in the present study is higher compared to the fiddle heads of D. esculentum sam-
pled from Darjeeling, India (Roy et al. 2013).

DPPH and ABTS Radical-Scavenging Activities The DPPH and ABTS assays
estimate the capacity of antioxidant present in the fiddle heads to scavenge free radi-
cal. As seen in reducing power, DPPH as well as ABTS radical-scavenging activi-
ties were higher in uncooked than cooked fiddle heads (p < 0.05) (Fig. 4.3d, e). The
DPPH radical-scavenging activity of the present study is lower compared to the
fiddle heads of D. esculentum of Assam, India (Saha et al. 2015). Method of cook-
ing fiddle heads might have affected the radical-scavenging activities and thus war-
rants to apply alternate methods of cooking (e.g. microwave, extrusion cooking and
steaming) maximizing the radical-scavenging potential.
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4.4.3 Bioactive Components vs. Antioxidant Potential

Principal component analysis (PCA) of bioactive components against antioxidant
potential of uncooked fiddle heads of D. esculentum resulted in two components
with 100% variance. The score plot showed variance 54.5% for component 1 and
45.5% for component 2 (Fig. 4.4a). The bioactive principles vitamin C (VCU) and
trypsin inhibition (TiU) were clustered with ABTS radical-scavenging activity
(ABTSU) at the right hand corner of the plot. Thus, the quantities vitamin C and
trypsin inhibition potential of uncooked fiddle heads have a major role to play in
radical-scavenging activity.

The PCA for bioactive principles of cooked fiddle heads against antioxidant
capacity yielded two components with 100% variance. The score plot showed vari-
ance of 68.1% for component 1 and 31.9% for component 2 (Fig. 4.4b). The bioac-
tive components like total phenolics (TpC), flavonoids (FIC) and tannins (TaC)
were grouped with total antioxidant activity (TaaC), ferrous ion-chelating capacity
(FiC) and reducing power (RpC) at the right hand corner of the plot. This confirms
that although the total phenolics and flavonoids contents were not significantly
higher in cooked fiddle heads compared to uncooked fiddle heads, they showed
major influence on total antioxidant activity, ferrous ion-chelating capacity and
reducing power. Thus, the quantities of total phenolics as well as flavonoids retained
in the cooked fiddle heads are mainly responsible for ferrous ion-chelating capacity
as well as total antioxidant activity.

4.5 Conclusions and Outlook

The present study addressed bioactive components and antioxidant potential of
uncooked and cooked fiddle heads of ethnically valued fern Diplazium esculentum
of the Western Ghats of India. Among the eight bioactive components assessed, the
fiddle heads were devoid of L-DOPA and haemagglutinin activity; thus lack of latter
activity signifies its nutritional advantage. Cooking has differential impacts on the
bioactive components as well as antioxidant potentials of fiddle heads. Total pheno-
lics and flavonoids contents were not influenced by cooking, while tannins, vitamin
C, phytic acid and trypsin inhibition was higher in uncooked than cooked fiddle
heads. Among the antioxidant properties, total antioxidant activity and ferrous ion-
chelating capacity in fiddle heads were not influenced by the cooking, whereas
cooking decreased the reducing power, DPPH and ABTS radical-scavenging activi-
ties. The principal component analysis indicated that vitamin C and trypsin inhibi-
tion activity of uncooked fiddle heads influenced the ABTS radical-scavenging
activity, while total phenolics, flavonoids and tannins contents of cooked fiddle
heads influenced the total antioxidant activity, ferrous ion-chelating capacity and
reducing power. There seems to be geographical difference in phenolics, flavonoids
and vitamin C of fiddle heads of the Western Ghats of India against Assam (Northeast
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India) and Malaysia. Similar trend was seen in reducing power of fiddle heads
between the Western Ghats and Darjeeling (Northern India). As many vitamins
(B-carotene, tocopherol, thiamine, riboflavin and niacin) were assessed qualita-
tively, future studies are warranted for their quantification. There are ample possi-
bilities to manoeuver the quantity of bioactive components and antioxidant potential
of fiddle heads on application of different thermal treatments (microwave, steaming
and extrusion cooking) in favour of nutritional and or therapeutic benefits.
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Chapter 5
Medicinal Plants as a Source of Alkaloids

Check for
updates

Valentina Laghezza Masci, Stefano Bernardini, Lorenzo Modesti, Elisa Ovidi,
and Antonio Tiezzi

Abstract Plants are an important source of biomolecules widely used in medical
treatments, and among such products, the alkaloids are a very interesting and com-
plex group. The definition of the term “alkaloid” is still a cause of controversy due
to the similarity of some of these natural molecules with other secondary com-
pounds. From a biological point of view, alkaloids are a group of chemicals actively
involved in different biological processes of plants, animals, and microorganisms at
different cellular levels. In medical science alkaloids are nitrogenous compounds,
derived from vegetables origin, characterized by high molecular masses and com-
plex structures. A possible classification of alkaloids is based on their biological and
ecological activity, chemical structures, and biosynthetic pathway. They are grouped
according to the shape and origins, and in this view three main groups of alkaloids
can be distinguished: true alkaloids, protoalkaloids, and pseudoalkaloids.

Keywords True alkaloids - Protoalkaloids - Pseudoalkaloids - Pharmaceutical
properties

5.1 Introduction

For a long time, plants play an important role in medical treatments, and thanks to
their wide biochemical diversity, the use is being extensively studied especially as
source of biomolecules. To date, about 40% of modern monomolecular drugs derive
directly or indirectly from plants and their secondary metabolites (Bernardini et al.
2017). Some plant molecules are marked as pharmaceutical regulators; however, in
most cases, in absence of clinical tests, the empiric experience matured in tradi-
tional medicine during hundreds or thousands of years can be considered testimony
of their efficacy.
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The plant organisms use the products of secondary metabolism as intermediar-
ies with the surrounding environment. Among such products alkaloids are a very
interesting and complex group present in different biotopes, and although rela-
tively common in all the kingdoms of living organisms, four fifths of known sec-
ondary metabolites come from the plant kingdom (Kim and Buell 2015). Two
hundred years of scientific research has not yet fully explained the connections
between alkaloids and life, nor has it explained why these diverse chemicals are
produced and degraded by organisms or why they have such a very large spectrum
of biological activities. This is probably due to the link among plants, soil, and the
environment and contributing to develop numerous adaptation mechanisms
(Aniszewski 2007).

Alkaloids appeared for the first time in the worldwide scenery in 1805, when a
German apothecary assistant named Friedrich Sertiirner isolated an impure form of
the molecule of morphine, which is still today one of the most important and widely
known alkaloid (Bynum and Porter 1994a; Courtwright 2009; Krishnamurti and
Rao 2016), thus allowing a very important progress in the fields of chemistry and
pharmacology (Sneader 1990; Aniszewski 1994a; Dias et al. 2012; Veeresham
2012). In the following years, the extraction method developed by Sertiirner allowed
pharmacists to isolate many other alkaloid molecules, such as brucine, strychnine,
febrifuge, quinine, caffeine, and veratrine (Fig. 5.1) (Bynum and Porter 1994a;
Bynum and Porter 1994b; Dias et al. 2012; Veeresham 2012).

The term ‘“alkaloid” was coined in 1819 by the German apothecary Wilfred
Meifner who noticed that such compounds seemed “like alkali” (Clayden et al. 2001).

However, although several attempts since the time of their discovery have been
performed, especially within the academic world, the definition of the term “alka-
loid” is still a cause of controversy due to the similarity of some of these natural
molecules with other secondary compounds. Biologists, for instance, consider alka-
loids as pure and perfect natural products: a very general picture of such molecules
describe them as compounds biologically active, with a chemical heterocyclic
structure containing nitrogen, which can possibly have pharmacological, medicinal,
or ecological use (Aniszewski 1994b). The huge biological and chemical differ-
ences between such compounds make it difficult to give a general definition of
alkaloid groups without adding exceptions, objections and derogations (Koskine
1993). There have been different ways to define the alkaloid molecules: for
Winterstein and Tier (1910) the alkaloids were compounds having a chemical struc-
ture with a basic composition, heterocyclic nitrogen atoms and amino acid deriva-
tive classified according to the order of a greater or less toxicity on the central
nervous system and the source plants; Waller and Nowacki (1978) instead focused
their attention on the presence of nitrogen connected to at least two carbon atoms
and of at least one ring not necessarily heterocyclic and affirmed that the alkaloids
could not be structural units of macromolecular cellular substances, vitamins, or
hormones; in more recent times, Sengbush (2003) defines alkaloids simply by
emphasizing the presence within the molecules of bases that contain nitrogen and
that most of them are drugs.
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Fig. 5.1 Chemical structures of the earlier discovered alkaloids. (a) Morphine, (b) brucine, (c)
strychnine, (d) quinine, (e) caffeine, (f) veratrine

Starting from these assumptions, the alkaloids are defined using the features
which better qualify the activity or the structures of such molecules. From a biologi-
cal point of view, alkaloids are a group of chemicals which are actively involved in
different biological processes of plants, animals, and microorganisms at different
cellular levels. In medical science substances are considered alkaloids when they
are nitrogenous; derived from vegetables, characterized by high molecular masses
and complex structures, including heterocycles containing primary, secondary, or
tertiary bases or a quaternary ammonium groups (Aniszewski 2007); and soluble in
ethanol, benzene, ether and chloroform much better than in water. Moreover, other
distinctive features of alkaloids are their power to create intense physiological
actions, which allows their application as curative drugs, as well as the possibility
to result highly toxic for organisms even when used in very little doses. Different
definitions of alkaloids from a medical point of view are also available, and an
authoritative definition, among the others, is provided by the National Library of
Medicine (NCBI 2005). Another definition of alkaloids has been provided by chem-
ists, who defined such substances as a group of heterocyclic nitrogen compounds
which conserve their basic chemical properties and show a strong physiological
activity and often result to be toxic, although it has been also asserted that such defi-
nition is subject to few exceptions as reported in literature (Jakubke et al. 1994).
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Although there are some small differences among them, all such definitions are
very similar and sometimes identical.

In any case, whatever the definition, alkaloids are natural compounds synthetized
by living organisms as a consequence of their own metabolism and providing bio-
logical, chemical, and pharmacological activities which have allowed to develop
drugs to fight, and sometimes defeat, many different diseases. Nowadays thousands
of natural compounds and derivatives are assessed as alkaloids and new molecules
belonging to such group are constantly discovered at the rate of about 100 every
year. Alkaloids can be found as acid, salts, amides, and esters and in combination
with sugars or also in quaternary salts or tertiary amine oxides (Aniszewski 2007).

5.2 Classification of Alkaloids

A possible classification of alkaloids is based on their biological and ecological
activity, chemical structures, and biosynthetic pathway. Considering the biological
activity, alkaloids can be divided into different groups: neutral or weakly basic mol-
ecules (lactams and certain N-oxides), animal-derived alkaloids (produced by
anurans, mammalians, and arthropods), marine alkaloids, moss alkaloids, fungal
and bacterial alkaloids, and non-natural alkaloids (structural modified or analogues),
the last of which has been continuously growing in recent years as a consequence of
bio-organic and stereochemistry research and of the increasing demand for new
molecules for possible production and pharmaceutical application.

Anyway, alkaloids classification is generally based on the common molecular
precursors, depending on the molecular pathway by which the molecules have been
synthetized, and, considering their structures, they are then grouped according to
shape and origins. In this view three main groups of alkaloids can be distinguished:
true alkaloids, protoalkaloids, and pseudoalkaloids, the only group containing alka-
loids not derived from amino acids (Aniszewski 2007).

True alkaloids occur in a limited number of species and families of plants in the
free state, as salts and as N-oxides, and are produced as a consequence of the con-
densation of decarboxylated amino acids with a nonnitrogenous structural moiety.
They are highly reactive crystalline substances, generally white solid (with the
exception of nicotine that is a brown liquid) able to form water-soluble salts when
they are united with acids, bitter in taste, and biologically active even in low doses.
Precursors of this kind of molecules are L-ornithine, L-lysine, L-phenylalanine/L-
tyrosine, L-tryptophan, and L-histidine (Dewick 2002), and some of the most famous
true alkaloids are cocaine, quinine, dopamine, morphine, and usambarensine
(Fig. 5.2).

Protoalkaloids are a little group of compounds characterized by very simple
chemical structure, consisting in a closed ring, in which the N atom is not included
in the heterocyclic (Jakubke et al. 1994). Such kind of alkaloids derived from
L-tyrosine and L-tryptophan, and good examples of them are hordenine, mescaline,
and yohimbine (Fig. 5.3).
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a. Cocaine b. Dopamine c. Usambarensine

Fig. 5.2 Chemical structures of some of the most famous “true alkaloids.” (a) Cocaine, (b) dopa-
mine, (¢) usambarensine

a. Hordenine b. Mescaline c. Yohimbine

Fig. 5.3 Chemical structures of some of the most famous “protoalkaloids.” (a) Hordenine, (b)
mescaline, (¢) yohimbine

Pseudoalkaloids are compounds whose carbon skeleton doesn’t derive directly
from amino acids (Jakubke et al. 1994) but from their precursors and postcursors
(derivatives in the degradation process), from their amination or transamination
reactions (Dewick 2002), or from non-amino acid precursor. The N atom can be
donated at a relatively late stage in the case of steroidal or terpenoid skeletons or
across a transamination reaction from an amino acid source in case of presence of a
suitable aldehyde or ketone. Good examples of such kind of alkaloids are coniine,
capsaicin, ephedrine, solanidine, caffeine, theobromine, and pinidine (Fig. 5.4).

Alkaloids occur abundantly in higher plants, and at least 25% of them contain
alkaloids. Alkaloids are also contained in a larger number of plant species; however
since the low alkaloid concentration is unable to influence cellular processes, such
plants are not considered alkaloid species; alkaloids plants have been defined by
Hegnauer (1966, 1967) as those plants containing more than 0,01% of alkaloids.
Considering also the presence of slight traces, alkaloid plant families are the
following:
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Fig. 5.4 Chemical structures of some of the most famous “pseudoalkaloids.” (a) Coniine, (b)
capsaicin, (c¢) ephedrine, (d) solanidine, (e) theobromine, (f) pinidine

e Apocynaceae: This family is also known as Dogbane botanical family and con-
tains 150 genera and 1700 species, all particularly rich in L-tryptophan-derived
alkaloids having a strong biological and medicinal effect and largely used in
cancer chemotherapy (Aniszewski 2007). Typical examples of alkaloids belong-
ing to such species are reserpine and rescinnamine, quinine, ibogaine, deserpine
(Varchi et al. 2005), ervatine, tabersonine, coronaridine (Srivastava et al. 2001),
and menilamine (Macabeo et al. 2005).

e Asteraceae: With 900 genera and more than 2000 species, this family results to
be one of the largest and contains many different L-ornithine- and L-tryptophan-
derived alkaloids. The most common alkaloids produced by the plants of this
family are retrosine, senecionine (Pelser et al. 2005), apigenin (Aniszewski
2007), intergerrimine, and usaramine (Roeder et al. 1996).

e Loganiaceae: This family contains 30 genera and more than 500 species contain-
ing mainly L-tyrosine-derived biologically and medicinally very important alka-
loids such as strychnine, brucine, curare, sungucine, isosungucine (Lansiaux
et al. 2002), and isostrychnopentamine (Frédérich et al. 2004).

e Papaveraceae: Poppy botanical family contains 26 genera and about 250 plant
species which produce many L-tyrosine-derived alkaloids, most of them having
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a strong impact on biology and medicine such as morphine, codeine, thebanine,
papaverine, narcotine, narceine, isoboldine, salsolinol (Aniszewski 2007), san-
guinarine, cholidonine, hydrastine, berberine and chelerythine (Vavreckova et al.
19964, b).

* Rutaceae: This family contains more than 150 genera and 900 species, many of
them containing both L-anthranilic acid and L-histidine-derived alkaloids.
Alkaloids derived from L-anthranilic acid include alkaloids such as dictamine,
skimmianine, acronycine, melicopicine, rutacridone, acutine, acetylfolifidine,
bucharidine, dubinidine, dubinine, glycoperine, evoxine, y- fagarine, folifidine,
foliosidine, haplophyline, haplopine, perfamine, skimmianine, helietidine, flin-
drsine, kokusaginine, and maculasine (Nazrullaev et al. 2001; de Moura et al.
2002). Some of the most famous L-histidine-derived alkaloids are instead repre-
sented by pilocarpine, pilosine, fagaronine, isodecarpine,
8-demethyloxychelerythine, 1-hydroxyrutaecarpine, rutaecarpine,
I-methoxyrutaecarpine, hyemaline, melicarpine, samecarpine, galipine, cuspa-
rine, cuspareine, demethoxycusparine, galipinine, evocarpine, dihydroevocar-
pine, and evodiamine (Sheen et al. 1996; Rakotoson et al. 1998; Shin et al. 1998;
de Moura et al. 2002; Chen et al. 2003, 2005a).

e Solanaceae: 1t is a family consisting of 90 genera and more than 2000 species
abundant in L-ornithine-derived alkaloids such as hyoscyamine, hyoscine, and
cuscohygrine, nicotinic acid-derived alkaloids such as nicotine and anabasine,
L-phenylalanine-derived alkaloids such as capsaicin, and steroidal-derived alka-
loids such as solanidine, solamargine, solasodine, and tomatine (Schwarz et al.
2005).

* Erythroxylaceae: This family is also known as the coca plant family and contains
a lot of L-ornithine-derived alkaloids commonly used in medicine and also in
criminal activity such as cocaine, ecgonine, cinnamylcocaine, a-truxilline, trux-
illine, methylecgonine, tropine, hygrine, hygroline, and cuscohygrine
(Aniszewski 2007).

* Boraginaceae: Includes 95 genera and about 2000 species rich in L-ornithine-
derived alkaloids such as indicine-N-oxide, europine, and ilamine and their
N-oxides, which have particularly strong toxic effects (Farsam et al. 2000), and
several pyrrolizidine alkaloids used in local folk medicine as a diuretic, analge-
sic, sedative, and sudorific remedies, against stomach ulcers, and for treatment of
skin diseases (Roeder 1995; Al-Douri 2000; Haberer et al. 2002; Said et al. 2002;
Bracca et al. 2003; Siciliano et al. 2005).

* Fabaceae: This is one of the three largest families, including 650 genera and
18,000 species which contain mostly L-lysine-derived alkaloids such as lupinine,
luparine, angustifoline, epi-lupanine, anagyrine, swainsonine, castanospermine,
and many others (Przybylak et al. 2005), L-ornithine-derived alkaloids such as
senecionine, and L-tryptophan-derived alkaloids such as eserine, eseramine,
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physovenine, geneserine, erysovine, wrythraline, erysodine, a-erythroidine,
B-erythroidine, dihydro-p-erythroidine, and many others, all of them biologi-
cally and ecologically significant (Soto-Hernandez and Jackson 1993; Lou et al.
2001; Tanaka et al. 2001; Wanjala et al. 2002; Kramell et al. 2005).
Menispermaceae: Consists of 70 genera and 450 species which produce many
L-tyrosine-derived alkaloids with medicinal effects or other activities that influ-
ence cellular processes such as tetrandrine, stephanine, curare, tubocurarine,
methylliriodendronine, 2-O,N-dimetylliriodendronine, liriodenine, dicentronine,
corydine, aloe-emodin, liriodenine, corydine, isocorydine, atherospermidine,
stephalagine, dehydrostephalagine, stephalonines A—I, norprostephabyssine, iso-
prostephabyssine, isolonganone and isostephaboline, cepharathine, cepharano-
line, isotetrandrine, and berbamine (Nakaoji et al. 1997; Camacho et al. 2000;
Goren et al. 2003; Chen et al. 2005b).

Berberidaceae: This family includes 10 genera and 574 species which produce
L-tyrosine-derived alkaloids such as berberine, glaucine, hydroxyacanthin, and
berbamine widely used in Japanese folk medicine against whooping cough,
asthma, pharynx tumors, uterine bleeding, and diabetes and also as antiarryth-
mic, anti-myocardial, anti-ischemic, and antithrombotic (Khamidov et al. 2003;
Orallo 2004; Aniszewski 2007).

Ranunculaceae: A family consisting of about 2000 species distributed in 50 gen-
era and producing L-tyrosine-derived alkaloids such as berberine, hydrastine,
fangcholine, and fuzitine (Erdemgil et al. 2000) and terpenoid-derived alkaloids
such as aconitine, sinomontanine, karacoline, karakanine, songorine, nepelline,
12-acetylnepelline, cammaconine, secokaraconitine (Tashkhodzhaev et al. 2000;
Sultankhodzaev et al. 2002) tangutisine, acorone, acorridine, coryphine, cory-
phidine (Dzhakhangirov and Bessonova 2002), methyllycaconitine, barbine, del-
corinine, delsonine (Salimov 2001), lycoctonine, anthranoyllycoctonine, ajacine,
and delpoline (Boronova and Sultankhodzhaev 2000).

Liliaceae: With more than 200 genera and around 3500 species, it is a very large
family of plant, most of them producing L-tyrosine-derived alkaloids such as
autumnaline, floramultine, kreysigin, and the well-known colchicine (Aniszewski
2007) and steroidal alkaloids such as jervine, cyclopamine, cycloposine, proto-
veratrine A and protoveratrine B, and O-acetyljervine used in Chinese folk medi-
cine as antitussive and expectorant (Suladze and Vachnadze 2002; Jiang et al.
2005).

Rubiaceae: Plants of this family are included in 400 genera and 6000 species
producing adenine-/guanine-derived alkaloids, also called purine-derived alka-
loids, such as caffeine, theophylline, and theobromine, leading to a positive and
prophylactic effect against Parkinson’s disease (Aniszewski 2007), L-tryptophan-
derived alkaloids such as walterione A (Hoelzel et al. 2005), corynantheidine,
corynantheine, dihydrocorynantheine, o-yohimbine, corynanthine, quinine,
quinidine, cinchonine, cinchonidine, and many other molecules with biological
and ecological important effects (Staerk et al. 2000; Ravishankara et al. 2001;
Horie et al. 2005; Matsumoto et al. 2005).
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* Amaryllidaceae: This family comprises of 50 genera including more than 850
plant species which produce L-tyrosine-derived alkaloids such as lycorine,
galanthamine, galanthindole, galanthine, haemanthamine, lycorine, lycorenine,
oxomaritidine, maritidine, vittatine, and many other molecules provided the dif-
ferent and important biological activities (Antoun et al. 1993; Bastida et al.
1996a, b; Machocho et al. 1998; Lewis, 1999; Unver et al. 1999; Lewis 2000;
Herrera et al. 2001; Abou-Donia et al. 2002; Unver et al. 2003; Szlavik et al.
2004; Forgo and Hohmann 2005).

* FElaeagnaceae: This family consists of 3 genera and 50 species which produce
among the other the L-tryptophan-derived alkaloid eleagine (Aniszewski 2007).

e Zygophyllaceae: With around 30 genera and more than 230 species, this family
includes plants containing the L-tryptophan-derived alkaloid known as harman,
the anthranilic acid-derived alkaloids called harmine, and the acetate-derived
alkaloids dihydroschoberine, nitrabirine N-oxide, komavine, and acetylkoma-
vine (Tulyaganov and Allaberdiev 2001; Tulyaganov et al. 2001).

5.3 Biological and Pharmaceutical Properties of Alkaloids

Alkaloids are the oldest successfully used drugs throughout history in the treatment
of many diseases, this for their biological activity that operates not only on the
endogenous life processes in the organisms that produce them but also in the organ-
isms that come in contact with them (Wink 1998). These compounds are nontoxic
in vacuoles where they are stored but toxic when they get away in different cells and
tissues, due to the change in chemical configurations according to pH changes; this
implies that alkaloids can have different biological activities in different cell condi-
tions and different receptors (Aniszewski 2007).

Alkaloids play a very important role in an organism’s metabolism and functions;
their biological activity can be very different and dependent on their chemical struc-
ture. These compounds are biologically significant as active stimulators, inhibitors,
and terminators of growth or part of endogenous safety and regulation mechanisms.
It has been hypothesized that alkaloids, in addition to having this pivotal role in plant
metabolism, can also be considered as vegetable waste (Waller and Nowacki 1978).

As a matter of fact, alkaloids are the most important active compounds in natu-
ral herbs. The distributing effect on the nervous systems of animals of alkaloids is
widely known, among which is the analgesic action of morphine (Benyhe 1994).
Some of them have also significance in the hemoglobinizators of leukemia cells,
and they can be biologically determined to be estrogenically active molecules
(Dupont et al. 2005). They display antimicrobial and antiparasitic properties
(Fernandez et al. 2010; Cushnie et al. 2014). Recent research has proved that their
biotoxicity is directed only toward foreign organisms or cells and is selective
(Aniszewski 2007). Alkaloids can alter DNA, selectively deform cells, and cause
locoism, a disease usually of horses, cattle, and sheep caused by chronic poison-
ing with locoweeds (plant that produces swainsonine, a phytotoxin harmful to
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livestock) (Takanashi et al. 1980; Chenchen et al. 2014). Some alkaloid mole-
cules, both natural and synthetic, can act as narcotics (Das and Ratty, 1987;
Collins et al. 2002). Moreover, they play a very important role in the immune
systems of animals and plants (Castellino et al. 2006). Several alkaloids demon-
strate more important biological activities for treating asthma, such as the reliev-
ing action of ephedrine (Lee 2011), and last but not the least the anticancer
activities of some compound as camptothecin (CPT), colchicine, and vinblastine
(VBL) (Huang et al. 2007; Li et al. 2007; Ghawanmeh et al. 2018).

Some alkaloids have been successfully turned into chemotherapeutic drugs, and
an example is camptothecin (CPT) (Fig. 5.5), a topoisomerase I inhibitor (Huang
et al. 2007). This compound is a monoterpene indole alkaloid naturally extracted
from the bark of Camptotheca acuminata, a tree used in traditional Chinese medi-
cine for cancer treatment (Sadre et al. 2016). Wall et al. (1966) in systematic screen-
ing of natural products first demonstrated the high anticancer activity of CPT in
preliminary clinical trials. The mode of action of CPT is the specific inactivation of
topoisomerase I resulting in cell death by apoptosis (Wright et al. 2015).

Due of its low solubility and adverse drug reaction, derivatives to improve phar-
macological properties and clinical efficacy have been synthesized, and two semi-
synthetic analogues, topotecan and irinotecan (Samuelsson, 2004), have been
approved and used in cancer chemotherapy (Takimoto and Calvo 2008).

Another important alkaloid used for cancer therapy is colchicine (Fig. 5.6), a com-
pound that promotes microtubule depolymerization (Ghawanmeh et al. 2018).
Colchicine is originally extracted from plants of the genus Colchicum (Colchicum
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Fig. 5.6 Chemical
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autumnale) and was first isolated in 1820 by two French chemists, Pelletier and
Caventou. This compound is known in the treatment of different diseases (Dasgeb et al.
2018), such as gout (Dalbeth et al. 2014) and rheumatism (Slobodnick et al. 2018).

The mechanism of action of colchicine is to bind to tubulin, blocking the micro-
tubule polymerization. The pivotal role of microtubules in various cellular processes
classifies colchicine as an antimitotic drug, by forming tubulin-colchicine com-
plexes in a reversible manner and preventing the elongation of the microtubule poly-
mer (Leung et al. 2015).

Probably the most famous alkaloids used for cancer therapy are vinblastine
(VBL) and vincristine (VCR) (Fig. 5.7). These two compounds are bisindole alka-
loids that consist of two subunits, an upper catharanthine ring system linked to a
lower vindoline ring system by a single bond (Kingston 2009), and are the first
plant-derived natural products used in the clinical field for cancer treatment (Lukesh
et al. 2017). These compounds are extracted from the leaves of the Madagascar
periwinkle Catharanthus roseus (L.), also called Vinca rosea (Kingston 2009), and
have been discovered in the 1950s by the Canadian scientists Noble and Beer
(Moudi et al. 2013).

The Vinca alkaloids have been also used to treat diseases such as diabetes and
high blood pressure (Moudi et al. 2013). These compounds belong to the class of
antimicrotubular antiblasts; microtubules are components of the cytoskeleton and
play important roles in eukaryotic cellular functions such as intracellular organelle
transport, cell migration, cell signalling, and mitosis (Perez 2009). The mechanism
of action of vinblastine and vincristine is to prevent the polymerization of
microtubules by the interaction with the B-subunit of tubulin during the formation
of the mitotic spindle, causing cell metaphase arrest (Himes 1991; Li et al. 2007).
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a. Vinblastine b. Vincristine

Fig. 5.7 Chemical structure of vinblastine (a) and vincristine (b)

This phenomenon contributes to reduce the number of cancer cells. Both VBL and
VCR are efficacious clinical drugs used in combination therapies to treat Hodgkin’s
disease; testicular, ovarian, breast, head, and neck cancer; and non-Hodgkin’s lym-
phoma or in the curative treatment regimens for childhood lymphocytic leukemia.
VBL has some side effects to white blood cells and can induce patients’ problems
such as nausea, vomiting, constipation, dyspnea, chest or tumor pain, wheezing, and
fever and is rarely associated with antidiuretic hormone secretion (Rowinsky 2003).

Presently four major Vinca alkaloids are in clinical use: vinblastine (VBL), vin-
cristine (VCR), vinorelbine (VRL), and vindesine (VDS); only VCR, VBL, and
VRL are approved for use in the United States (Rowinsky 2003).

Different synthetic Vinca alkaloids were produced in the last few years: vinfl-
unine that is currently approved in Europe for medicinal treatment (Bennouna et al.
2008; Schutz et al. 2011) and vindesine that was the first analogue of VBL entered
in clinical use.

Vindesine (Fig. 5.8), unlike VBL, has an amide function rather than a methyl ester
on the vindoline ring and does not have an acetyl group on this ring system. It has
higher hematological toxicity than vincristine, but it has been incorporated into sev-
eral effective combination regimens for treatment of leukemia, lymphoma, and non-
small cell lung cancer (NSCLC) (Dancey and Steward 1995; Joel 1996; Butler 2005).

Moreover vinorelbine (Fig. 5.9), a semi-synthetic derivative of VBL in which the
bridge linking the indole ring to the piperidine nitrogen has been shortened by one
carbon and water has been eliminated from the piperidine ring (Clardy and Walsh
2004), was launched in 1989 for the treatment of non-metastatic breast cancer and
NSCLC (Mano 2006; Gralla et al. 2007).

Recently, a new synthetic Vinca alkaloid was produced: vinflunine, developed
through the addition of two fluor elements by superacidic chemistry (Fig. 5.10).
This molecule is the first fluorinated microtubule inhibitor that belongs to the
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Fig. 5.8 Chemical
structure of vindesine

Fig. 5.9 Chemical
structure of vinorelbine
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Fig. 5.10 Chemical
structure of vinflunine

Vinca alkaloids, and it has been used in Europe for the treatment of second-line
transitional cell carcinoma of the urothelium (TCCU). Furthermore, it has been
applied for clinical development in a wide spectrum of solid tumors, and important
activity has been observed in the treatment of transitional cell carcinoma of the
urothelial tract, non-small cell lung cancer, and breast carcinoma. Vinflunine has
been also tested in patients with TCCU and first-line advanced breast cancer
(Moudi et al. 2013).

Anhydrovinblastine (Hydravin™, KRX-0403, 6) is an analogue of vinblastine
that differs from its parent by one molecule of water. It can also be considered a
homologue of vinorelbine with an additional carbon in the indole-piperidine bridge
(Fig. 5.11). It entered phase I trial for the treatment of advanced solid tumors,
including NSCLC, soft tissue sarcoma, and colorectal cancer (Lu et al. 2012; Moudi
et al. 2013).

Other alkaloids of plant origin were investigated for anticancer activities. For
instance, homoharringtonine (HHT) is an alkaloid with a cephalotaxine nucleus. It
was first isolated from Cephalotaxus harringtonii and Cephalotaxus fortunei trees,
whose bark extracts were used in Chinese traditional medicine to treat cancer.
Homoharringtonine and other cephalotaxine derivatives can also be found in leaves,
bark, and seeds of other Cephalotaxus species (Kantarjian et al. 2013). The cepha-
lotaxine itself is very abundant in Cephalotaxus species leaves, which can be iso-
lated and transformed by simple esterification into homoharringtonine. Since the
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Fig. 5.11 Chemical
structure of
anhydrovinblastine J

1970s, homoharringtonine or a mixture of cephalotaxus esters have been used in
China to treat hematological malignancies (Lii and Wang 2014).

Homoharringtonine is a protein translation inhibitor, and its mechanism of action
consists in the inhibition of the elongation step of protein synthesis. It binds to the
A-site of the large ribosomal subunit, and this action blocks the access of the charged
tRNA and consequently the peptide bond formation. Its success is mainly due to the
fact that it can perturb proteins with rapid turnover such as the leukemic cell upregu-
lated short-lived oncoproteins BCR-ABL1 and antiapoptotic proteins (Mcl-1, Myc)
leading to cells apoptosis (Gandhi et al. 2014). Homoharringtonine, also called
omacetaxine mepesuccinate (Fig. 5.12), was approved by FDA in 2012 (sold under
the trade name Synribo®) and used in the treatment of chronic myeloid leukemia in
patients with resistance and/or intolerance to two or more tyrosine kinase inhibitors;
it is the only natural therapeutic agent approved as a commercial drug to treat
chronic myeloid leukemia (Seca and Pinto 2018).

Berberine (Fig. 5.13) is an isoquinoline alkaloid extensively distributed in natu-
ral herbs (Chen et al. 2008) with a variety of biological activities such as anti-
inflammatory, antibacterial, antidiabetes, antiulcer, sedation, protection of
myocardial ischemia-reperfusion injury, expansion of blood vessels, inhibition of
platelet aggregation, and hepatoprotective and neuroprotective effects (Lau et al.
2001; Yu et al. 2005; Han et al. 2010; Ji 2011). Studies have demonstrated that
berberine possesses anticancer potentials by interfering with tumorigenesis and
tumor progression in both in vitro and in vivo experiments (Sun et al. 2009; Diogo
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et al. 2011; Tan et al. 2011). Berberine inhibits the proliferation of multiple cancer
cell lines by inducing cell cycle arrest at G1 or G2/M phases and by apoptosis (Sun
et al. 2009; Eom et al. 2010; Burgeiro et al. 2011) and endoplasmic reticulum stress
(Eom et al. 2010) and autophagy (Wang et al. 2010) in cancer cells. Moreover, its
combination with chemotherapeutic drugs or irradiation could enhance the thera-
peutic effects (Youn et al. 2008; Hur et al. 2009). Other mechanisms of berberine
are mainly related to its effect on cell cycle arrest and apoptosis, including regula-
tion of cyclin-dependent kinase (CDK) family of proteins (Mantena et al. 2006; Sun
et al. 2009) and expression regulation of B-cell lymphoma 2 (Bcl-2) family of pro-
teins (such as Bax, Bcl-2, and Bcl-xL) (Mantena et al. 2006; Sun et al. 2009; Eom
et al. 2010) and caspases (Mantena et al. 2006; Eom et al. 2010). Furthermore, ber-
berine inhibits the activation of the nuclear factor k-light-chain enhancer of acti-
vated B cells (NF-kB) and promotes the formation of intracellular reactive oxygen
species (ROS) in cancer cells (Sun et al. 2009; Eom et al. 2010).

Evodiamine (Fig. 5.14), a quinolone alkaloid, is one of the major bioactive com-
pounds extracted from the Chinese herb Evodia rutaecarpa; this molecule exhibits
anti-inflammatory, antiallergic, anti-obese, and anticancer effects. Anticancer activ-
ities were reported both in vitro and in vivo. Its mechanism of action is inducing cell
cycle arrest or apoptosis, and it can inhibit angiogenesis, invasion, and metastasis in
a variety of cancer cell lines (Ogasawara et al. 2001, 2002; Fei et al. 2003; Zhang
et al. 2003; Shyu et al. 2006). Evodiamine also stimulates autophagy, a physiologi-
cal process involved in the maintenance of cell homeostasis (Yang et al. 2008).
Compared with other compounds, evodiamine is less toxic toward normal human
cells, such as human peripheral blood mononuclear cells.
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Fig. 5.13 Chemical
structure of berberine

Fig. 5.14 Chemical
structure of evodiamine

Matrine (Fig. 5.15) is a major alkaloid found in many Sophora plants, including
Sophora flavescens Ait. (Lai et al. 2003). It exhibits a wide range of pharmacological
properties such as antibacterial, antiviral, anti-inflammatory, antiasthmatic,
antiarrhythmic, anti-obesity, cardioprotective effects, diuretic, choleretic, hepato-
protective, nephroprotective, and anticancer (Long et al. 2004; Zhang et al. 2007;
Zheng et al. 2009; Han et al. 2010; Li et al. 2010; Xing et al. 2010; Zhang et al.
2011a, b). It inhibits the proliferation of various types of cancer cells mainly through
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Fig. 5.15 Chemical
structure of matrine

Fig. 5.16 Chemical
structure of piperine
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mediation of G1 cell cycle arrest or apoptosis (Jiang et al. 2007; Dai et al. 2009; Liu
et al. 2010; Zhang et al. 2011a, b, 2012). It inhibits cancer cell invasion partially
throughout the inhibition of MMP-2 and MMP-9 expression and modulation of the
NF-xB signalling pathway (Yu et al. 2009; Luo et al. 2011; Yu et al. 2011).
Piperine (Fig. 5.16), a piperidine alkaloid isolated from Piper nigrum (also
known as black pepper) and Piper longum, two famous spices that have been used
for centuries (Szallasi 2005), exhibits antioxidant, anti-inflammatory, antidiarrheal,
anticonvulsant, antimutagenic, and hypolipidemic effects, promoting bile secretion
and tumor-inhibitory activities (Srinivasan 2007; Ji 2011; Bae et al. 2010). The che-
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Fig. 5.17 Chemical
structure of sanguinarine

mopreventive effects of piperine against several kinds of carcinogen, such as
benzo(a)pyrene and 7,12-dimethyl benz(a)anthracene, show its potential as a cancer
preventive agent (Khajuria et al. 1998; Selvendiran et al. 2003, 2005a, b; Selvendiran
and Sakthisekaran 2004; Krishnakumar et al. 2009; Manoharan et al. 2009). A
recent study has shown that piperine inhibits breast stem cell self-renewal and does
not cause toxicity to differentiated cells (Kakarala et al. 2010).

Sanguinarine (Fig. 5.17) is a benzophenanthridine alkaloid isolated from the
Papaveraceae family, which includes Sanguinaria canadensis L. (also known as
bloodroot) and Chelidonium majus L. (Mahady and Beecher 1994; Vavreckova
et al. 1996a, b). It has antibacterial, antifungal, antischistosomal, antiplatelet, anti-
inflammatory (Lenfeld et al. 1981; Beuria et al. 2005; Jeng et al. 2007; Ji 2011), and
also anticancer potentials (Debiton et al. 2003; Ahsan et al. 2007; Chang et al. 2007,
Hussain et al. 2007). Sanguinarine induces cell cycle arrest at different phases or
apoptosis in a variety of cancer cells lines (Adhami et al. 2003, 2004; Ahsan et al.
2007; Chang et al. 2007; Hussain et al. 2007; Kim et al. 2008). It remarkably sensi-
tizes breast cancer cells to tumor necrosis factor-related apoptosis inducing ligand-
mediated apoptosis (Kim et al. 2008). Sanguinarine also shows antiangiogenic
effects in mice (5 mg/kg), presents anti-invasive effects, and overcomes P-gp-
mediated MDR phenotype (Weerasinghe et al. 2006; De Stefano et al. 2009; Choi
etal. 2009). Sanguinarine is a selective inhibitor of mitogen-activated protein kinase
phosphatase 1 (MKP-1), which is overexpressed in many tumor cells (Vogt et al.
2005). Commercial uses of sanguinarine and bloodroot extract consist of dental
hygiene products. FDA has approved the inclusion of sanguinarine in toothpastes as
an antibacterial or anti-plaque agent (Kuftinec et al. 1990).
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Fig. 5.18 Chemical
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Tetrandrine (Fig. 5.18), a bisbenzylisoquinoline alkaloid from the root of
Stephania tetrandra, exhibits a broad range of pharmacological activities including
immunomodulating, antihepatofibrogenetic, anti-inflammatory, antiarrhythmic,
antiportal hypertension, anticancer, and neuroprotective activities (Li et al. 2001; Ji
2011). Tetrandrine induces cell cycle arrest (Kuo and Lin 2003; Meng et al. 2004;
Ng et al. 2006) and apoptosis in many human cancer cells, including leukemia,
bladder, colon, hepatoma, and lung (Lai et al.1998; Lee et al. 2002; Yoo et al. 2002;
Kuo and Lin, 2003; Meng et al. 2004; Ng et al. 2006; Wu et al. 2010; Li et al. 2011;
He et al. 2011). Co-administration of tetrandrine restores the sensitivity of MDR
cancer cells to doxorubicin, paclitaxel, docetaxel, and vincristine (Fu et al. 2002,
2004; Zhu et al. 2005) through the inhibition of P-gp.

5.4 Conclusion

Since their discovery, alkaloids have had many applications as helpful pharmaceuti-
cal tools against pathologies, and investigations are running in labs to discover new
alkaloid molecules and characterize their potential biological properties. In recent
time the increasing of chemical investigations on natural compounds allowed to bet-
ter understand on pharmaceutical potentialities of alkaloids and their derivates and
by such molecules perspectives are now open for a more detailed characterization of
cellular pathways and new useful applications in medicine.
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Chapter 6

Nutraceutical and Bioactive Significance
of Ferns with Emphasis on the Medicinal
Fern Diplazium

Check for
updates

Ammatanda A. Greeshma and Kandikere R. Sridhar

Abstract Being primitive vascular plants, pteridophytes (ferns) have wide geo-
graphic distribution in different climatic regimes by bridging the gap between lower
and higher plants. Compared to the angiosperms, nutraceutical and bioactive poten-
tial of ferns attracted less attention. Many ferns are nutraceutically viable owing to
their rich source of protein, fiber, minerals, vitamins, essential amino acids, and
fatty acids. Besides bioherbicide potential, ferns are endowed with chemopreven-
tive, hepatoprotective, cytotoxic, antihyperglycemic, leishmanicidal, trypanocidal,
antimicrobial, antinociceptive, and immunomodulatory metabolites. Ferns are also
valuable source of low-cost proteins, starch, and components of cosmeceutical sig-
nificance. The genus Diplazium has pantropical distribution consisting of versatile
nutraceutical and bioactive compounds. Future research should intensify toward
exploitation of ferns as nutraceutical, healthcare, and industrial products to open up
new avenues for food and pharmaceutical industries.

Keywords Bioactive compounds - Ethnic food - Leafy vegetable - Nutraceutical
potential - Pteridophyte - Riparian fern

6.1 Introduction

Pteridophytes are the oldest primitive vascular plants constituting the second largest
group of vascular plants contributing to the diversity of plant kingdom. Their global
representation is more than 1200 species belonging to 204 genera. Pteridophytes are
known to grow in varied climatic zones with different phytogeographical regimes
depending on the microclimatic conditions. Being cosmopolitan, pteridophytes usu-
ally grow in the humid tropical, subtropical, temperate (Dryopteridaceae), alpine
(Woodsiaceae), and arid (Cheilanthoideae and Pteridaceae) regions. Its sporophyte
consists of roots, stem, leaves, and well-developed vascular strands. Although they
prefer shady and moist habitats with moderate temperature regimes, they occupied
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a wide range of habitats including high altitude biomes. Medicinal and ethnobotani-
cal uses of pteridophytes are less versatile compared to the angiosperms (Chowdury
1973; Vyas and Sharma 1998). Liu et al. (2012) documented about 52 species of
ferns, which are edible in China. Caius (1935) documented several medicinal appli-
cations of ferns occurring in the Indian subcontinent. The in vitro propagation of
pteridophytes is of great interest for the preservation of economically valued,
medicinal, edible, and ornamental ferns (Bharti et al. 2013).

In the Indian subcontinent, the pteridophyte diversity is notable especially in the
Himalayas, Western Ghats, and Eastern Ghats (Dixit 2000). They are more specifi-
cally distributed in temperate Himalayas and tropical ecoregions of Deccan Plateau
(Shankar and Khare 1992; Vasudev 1999; Shrivastava 2007). Surveys in Kigga for-
ests of the central Western Ghats revealed occurrence of 31 species of pteridophytes
belonging to 20 families (Deepa et al. 2013). Surveys in Mudigere region of the
Western Ghats resulted in documentation of 26 fern species belonging to 17 fami-
lies with highest frequency of Selaginella monospora followed by Adiantum philip-
pense, Pteris biaurita, Adiantum concinnum, and Tectaria paradoxa (Parashurama
et al. 2016). Maridass and Raju (2010) documented up to 272 species of ferns and
fern allies (95 genera belong to 34 families) from southern Western Ghats. Among
them, 89 species were common, 33 species were rare, 26 were endemic species, 12
were near threatened, and 9 were very rare. Benjamin and Manickam (2007)
described 61 medicinal pteridophytes (belong to 31 families) in the Western Ghats
utilized by the native tribes to treat ailments like cold, cough, fever, stomach disor-
ders, rheumatics, diabetes, and poisonous bites. The aim of the present chapter is to
consolidate the usefulness of ferns especially nutraceutical value, bioactive poten-
tial, and functional attributes with emphasis on the values and relevance of different
species of Diplazium.

6.2 Nutraceutical Importance

Bracken (Pteridium) fiddle heads are nutritionally rich sources in Korea, and they
contain significant amounts of protein, fiber, vitamins, and minerals (Copeland
1942; Thakur et al. 1998). Table 6.1 provides proximal composition of different
parts of 20 edible ferns. The range of proximal composition of ferns includes mois-
ture, 25.6-91.1%; crude protein, 0.6-24.1%; total lipids, 0.2-21.5%; crude fiber,
0.5-62.2%; ash, 0.6-19.5%; and carbohydrates, 3.1-57.2%. The crude protein con-
tent in Pteridium aquilinum (leaves) is comparable to those of legume seeds (21.9—
24.1%). The total lipids of stem and leaves of Dicksonia antarctica were higher than
other ferns (21.5-15.5 vs. 0.2-6%). The crude fiber content was high in Azolla
microphylla (leaves, 13.4%), A. pinnata (whole plant, 14.7%), and Acrostichum
aureum (rhizome, 10.3%). The carbohydrate content was highest in roots of
Diksonia antarctica (57.2%) followed by A. aureum (rhizome, 53.3%), A. micro-
phylla (leaves, 37.7%), A. pinnata (whole plant, 33.8%), and D. antarctica (stem,
25.3%). The high ash content in leaves of A. microphylla (24.3%), whole plant of A.
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Table 6.1 Proximal composition of 20 edible ferns (%)
Crude | Total | Crude
Parts used Moisture | protein | lipids | fiber Ash | Carbohydrates

Acrostichum Rhizome 66.8 4.9 0.7 10.3 43 |533
aureum™

Athyrium Fiddle heads | 91.1 3.2 0.2 - 0.6 149
filix-femina®

Azolla microphylla’ | Leaves 80.5 24.1 3.3 13.4 19.5137.7
Azolla pinnata® Whole plant | 75.7 23.5 3.7 14.7 243338
Ceratopteris Sterile 87.0 4.2 - - - 3.1
cornuta® fronds

Ceratopteris Fertile 91.0 53 - - - 7.4
cornuta® fronds

Crepidomanes Leaves - 0.6 - - 32 137
intramarginale'

Dicksonia Leaves 55.7 9.2 215 |- 9.0 4.6
antarctica®

Dicksonia Stem 53.1 3.1 15.5 - 3.0 253
antarctica'

Dicksonia Root 25.6 5.3 6.0 - 6.0 |57.2
antarctica'

Matteuccia Fiddle heads | 87.0 4.2 0.5 1.1 4.0 3.1
struthiopteris '

Nephrolepis Leaves 80.0 6.1 0.3 0.9 1.9 109
biserrata*

Nephrolepis Leaves 78.4 1.6 - - 11.0/11.4
cordifolia®

Nephrolepis Leaflets 65.4 10.8 - - 1.3 |21.5
cordifolia®

Nephrolepis Rachis 68.5 3.8 - - 6.3 |8.1
cordifolia®

Nephrolepis Rhizome 66.0 11.9 - - 8.0 193
cordifolia®

Nephrolepis Unipinnate | 78.5 12.5 0.5 0.5 0.9 |7.1
exaltata"! leaflets

Nephrolepis Bipinnate 82.7 9.5 0.5 0.6 0.9 6.0
exaltata"! leaflets

Nephrolepis Leaves 85.0 0.9 0.2 33 2.1 |85
furcans®

Pteridium Leaves - 21.9 2.7 4.1 7.1 |-

aquilinum'

'Bushway et al. 1982; *Drury 1985; *Gauchan et al. 2008; “Oloyede et al. 2008; *Oloyede et al.
2010; ®Oloyede et al. 2012; "Chatterji et al. 2013; *Oloyede et al. 2013; °Cherryl et al. 2014;
9Greeshma and Murugan 2014; "Oloyede et al. 2014; '>Awe and Amobi 2015; *Ekwealor et al.
2015; "“Lobo and Gulimane 2015; — not determined
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pinnata (19.5%), and leaves of Nephrolepis cordifolia (11%) reveals their rich min-
eral composition (Table 6.1).

Several ferns are ideal source of major minerals (sodium, calcium, potassium,
magnesium, and phosphorus) as well as trace elements (iron, copper, zinc, and man-
ganese) (Oloyede et al. 2014). They possess remarkably high quantities of many
essential amino acids (Deka et al. 2016; Zanariah et al. 1986; Sanginga and Hove
1989; Bhaskaran and Kannapan 2015). According to Delong et al. (2011),
Matteuccia struthiopteris (ostrich fern) is known for higher quantity of rare fatty
acids than green vegetable including ®-3 (arachidonic and eicosapentaenoic acids)
and -6 fatty acids (y-linolenic and dihomo-y-linolenic acids). With ferns being
nutritionally versatile, it is possible to preserve their fiddle heads (unfurled fronds)
as source of food.

The process of preservation of fiddle heads is fairly simple, and cleaned fiddle
heads should be steam boiled in hot water followed by sun drying or preserved in a
salt layer, which could last long up to 2-3 years (Lee and Shin 2011). During
requirement, the dried fiddle heads could be recooked (with mashed garlic, salt,
sesame oil, and soybean sauces), while the salted fiddle heads should be rinsed with
running water followed by cooking similar to dried ones. The fiddle heads are com-
monly boiled with butter followed by addition of cider or wine vinegar with a bit of
pepper (Lee and Shin 2011).

Besides nutraceutical source to humans, some ferns such as Dryopteris walli-
chiana, Nephrolepis biserrata, and Ophioglossum grande are also useful as fodder
in Nigeria (goat, sheep, and other ruminants) (Nwosu 2002; Oloyede et al. 2013).
The aquatic fern Azolla pinnata is used as feed for broiler chicken, laying hens,
goats, and calves of buffalo, while Azolla filiculoides serves as source of protein
while rearing pigs (Becerra et al. 1990; Duran 1994; Samanta and Tamang 1995;
Alalade et al. 2007; Balaji et al. 2009; Indira et al. 2009, Leterme et al. 2010;
Cherryl et al. 2014).

6.3 Bioactive Potential

Although ferns bridge the gap between lower and higher plants, compared to angio-
sperms, ferns are underexplored as well as underutilized for their potency of phyto-
chemicals (Cao et al. 2017). Ferns are also known to replace chemical herbicides
owing to their inhibitory metabolites. Several studies documented therapeutic
potential of ferns especially chemopreventive, hepatoprotective, cytotoxic, antihy-
perglycemic, leishmanicidal, trypanocidal, antimicrobial, antinociceptive, anti-
inflammatory, and immunomodulatory properties (Wu et al. 2005; Wills and Asha
2006; Yonathan et al. 2006; Wills and Asha 2009; Radhika et al. 2010; Zheng et al.
2011a, b; Morais-Braga et al. 2013a, b; Socolsky et al. 2015; Cao et al. 2017). With
expectation of a few (e.g., Lycopodium), ferns do not synthesize alkaloids. However,
various phenolic compounds like acylphloroglucinols, nonprotein amino acids, cya-
nogenic glycosides, and flavonoids have been reported. Polyphenols are useful as
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antioxidants, and it is generally recognized to reduce the risks of many chronic
diseases. Screening of 37 ferns and fern allies (Polystichum lepidocaulon and P.
polyblepharum) showed presence of 13% total polyphenols in dried fronds and rhi-
zomes (Shin 2010; Shin and Lee 2010). In addition, the dried fronds of Davallia
mariesii and thizomes of Athyrium niponicum, Cyrtomium fortunei, Dicranopteris
pedata, and Dryopteris nipponensis possess >10% of total polyphenols.

6.3.1 Antioxidant Properties

In many countries, brackens are considered as poisoning plants owing to their car-
cinogenic and anti-thiamin properties (Somvanshi and Ravishankar 2004). However,
the hot water extracts of dried bracken fiddle heads yielded acidic polysaccharides,
which exhibits anticomplementary activities (Byeong et al. 1994). Antioxidant
activities (DPPH radical and ABTS radical-scavenging) have been studied from the
frond and rhizome extracts of several fern genera (Adiantum, Athyrium,
Coniogramme, Cytominum, Davallia, Dicranopteris, Dryopteris, Hypolepis,
Lycopodium, Lygodium, Matteuccia, Onoclea, Osmunda, Pteridium, Polypodium,
Polystichum, Pteris, Pyrrosia, Selaginella, Thelypteris, and Woodsia) (Shin 2010).
Many of them showed different antioxidant activities by scavenging DPPH and
ABTS radicals. More specifically, fern families like Dryopteridaceae, Osmundaceae,
and Woodsiaceae exhibited powerful antioxidant activities. The fiddle heads of
Athyrium acutipinulum also showed strong antioxidant effects (Lee et al. 2005).
Crude extracts of some ferns showed higher antioxidant activity than vitamin C
(Soare et al. 2012). Thus, it is expected that analyzing antioxidant activities in ferns
would result in the development of several healthcare products to combat aging as
well as chronic diseases (Soare et al. 2012).

6.3.2 Antimicrobial Activities

Ferns are known for their efficient antimicrobial agents against several harmful
microbes. They are also useful in developing antibiotic sprays, packing material,
toothpaste, and handwash products and to protect human body from undesired
microbes. The extracts obtained from ferns serve as effective antimicrobial agents
against Gram-positive bacteria (e.g., Bacillus subtilis and Staphylococcus aureus),
Gram-negative bacteria (e.g., Escherichia coli, Pseudomonas aeruginosa, and
Salmonella typhi), and fungi (Banerjee and Sen 1980; Vincent and Kanna 2007; Lee
etal. 2009). The genus Dryopteris exhibited vigorous antibiotic activities. Dryopteris
crassirhizoma and D. filix-mas could be used to control methicillin-resistant
Staphylococcus aureus (MRSA) (Lee et al. 2009), while D. cochleata serve against
Gram-positive bacteria, Gram-negative bacteria, and fungi (Banerjee and Sen 1980).
Because of high activity of D. crassirhizoma against Streptococcus, its anti-tooth
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decay substance has been patented in Korea. However, according to Shin (2010),
fronds of Athyrium niponicum and Hypolepis punctata are more efficient than D.
crassirhizoma against Streptococcus mutans and S. sobrinus.

6.3.3 Cosmeceutical Qualities

Ferns are also useful as cosmetic ingredients. For example, Dryopteris spp. possess
strong inhibitory activities against acne causing Propionibacterium acnes on the
skin (Yoon et al. 2006). Many fern extracts containing high phenolic compounds are
currently used as ingredients of body and facial cosmetics (e.g., cleanser, toner,
moisturizer, shampoo, and conditioner). Extracts of some ferns are useful and effec-
tive natural cosmetic ingredients. Furthermore, the phenolic compounds of ferns are
beneficial in skin care owing to prevention of UV-induced skin damages, anti-
wrinkle, and skin-whitening properties (Svobodova et al. 2003; Tanaka et al. 2004;
An et al. 2005; Parvez et al. 2006). A number of ferns possess phytoecdysteroids
(e.g., ecdysone) (which is not present in most of the angiosperms) helpful in pro-
moting cell regeneration, refining skin texture, and strengthening skin barrier (Lin
and Lin 1989; Meybeck et al. 1997). Since fern spores are not causing hay fever,
cosmetics consisting of fern spores are patented in Korea, and such products are
used as facial scrub (Moran 2004).

6.4 Functional Attributes

Physicochemical characteristics of proteins play a prominent role in quality control
of food stuffs. The low-cost protein derived from green vegetables will meet the
demand of food proteins in many industries. The food processing industries empha-
size on leaf protein isolates owing to low lipid and fiber content (Rana et al. 2015).
Green leaves possess protein up to 40-70% along with carotenoids, vitamin E, and
minerals (Badar and Kulkarni 2011). Isolation of high quality of green leaf protein
is simple, affordable, and favorable for commercial applications (Moure et al.
2002). However, the functional properties of fern proteins are less studied, and only
countable research articles are available.

The rhizome starch fern is commonly employed in the food industry for prepara-
tion of vermicelli, cakes, and concentrated soups marketed in East Asian countries
(Zhang et al. 2011). The fern starch is also useful in preparation of liquor and soft
drinks in China (Liu et al. 2012). The starchy paste obtained from Marsilea drum-
mondii is edible in Australia (Mannan et al. 2008). The starch purified from fern is
significantly tough with suitable elastic properties (Cao et al. 2007). The starch
granules from the rhizome of Acrostichum aureum possess high solubility (35%) as
well as swelling power (12.3%) (Lobo and Gulimane 2015). The protein solubility
is also remarkable in ferns, for example, high solubility is known in leaf protein



6 Nutraceutical and Bioactive Significance of Ferns with Emphasis on the Medicinal... 121

concentrate of Nephrolepis biserrata (55.9%, pH 8), Arthropteris orientalis (45%,
pH 10), and Diplazium esculentum (28.52%, pH 12) (Essuman et al. 2014; Rana
etal. 2015). Ferns such as Nephrolepis biserrata and Arthropteris orientalis possess
pH-dependent foam capacity and attain maximum foam capacity at pH 14. An epi-
phytic fern Metapolypodium memeiense is also used as a taste enhancer during
cooking vegetables, and many ferns are available in local markets of China as dried
fronds, salted fronds, packed fronds, fern starch, fern starch noodles, fern starch
cakes, and fern leaf tea (Liu et al. 2012). Different parts of about 144 species of
ferns are edible and utilized to replenish nutrition in China.

6.5 Diplazium: A Versatile Fern

Diplazium is a diverse genus belonging to the lady fern family (Athyriaceae). This
fern has pantropical distribution and is separated from Allantodia based on the char-
acteristic non-imparipinnate fronds and grooves from rachis to costa (Ching 1964).
It is a terrestrial fern with erect to suberect rhizome forming caudex and strong
roots. The fronds are large and pinnately compound with herbaceous lamina.

6.5.1 Diversity

The genus Diplazium consists of 400 species distributed in different pantropical
regimes (e.g., Malesia, Neotropics, Afro-Madagascar region, and cold temperate
regions of Eurasia) (Tryon and Tryon 1982; Wu and Ching 1991; Chu and He 1999;
Pacheco and Moran 1999; Mickel and Smith 2004; Roux 2009). The rare and
endangered endemic fern Diplazium molokaiense was reported in East Maui,
Hawaii (Wood 2006). Diplazium fimbriatum has been reported as a new species
from Brazil (Mynssen and Matos 2012). Several Diplazium spp. are known from
Thailand (D. bantamense, D.cordifolium, D. crenatoseratum, D. esculentum, D.
polypodioides, D. riparium, D. silvaticum, D. simplicivenium, D. sorzogonense, and
D. tomentosum) (Boonkerd et al. 2008). Indonesia also possesses many Diplazium
spp. (D. asperum, D. cordifolium, D. esculentum, D. lomariaceum, D. pallidum, D.
simplicivenium, D. sorzogonense, and D. tomentosum) (Slik et al. 2006). Kholia
(2011) has documented nearly 40 species of Diplazium in India, and up to 17 spe-
cies have been reported in Sikkim alone. The common Diplazium in India include
D. bellum, D. dilatatum, D. doederleinii, D. esculentum, D. forrestii, D. kawakamii,
D. latifolium, D. laxifrons, D. longifolium, D. maximum, D. medogense, D. polypo-
dioides, D. sikkimense, D. spectabile, D. squamigerum, and D. stoliczkae. The
Diplazium species are also reported from the Western Ghats regions of Maharashtra,
Karnataka, Kerala, and Tamil Nadu (Dudani et al. 2012, 2014; Das et al. 2013;
Kavitha et al. 2015; Patil et al. 2016; Sathish and Vijayakanth 2016). It is possible
to conserve Diplazium spp. by spore explant (initiation, multiplication, and
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differentiation), which is economical as well as rapid method of propagation (Nair
et al. 2014).

6.5.2 Nutraceutical Value

Fiddle heads and tender pinna of Diplazium esculentum are commonly edible in the
Western Ghats region, which is common along the rivers and swampy areas in the
Western Ghats of India (Copeland 1942; Akter et al. 2014; Greeshma and Sridhar
2016; Sridhar and Karun 2017; Greeshma et al. 2018). It is one of the most com-
monly consumed fern in hilly tribes in Northeastern India and the Philippines
(Copeland and Collado 1936). Fiddle heads of three Diplazium species reported
from different regions are known to possess a wide range of crude protein (0.2—
31.2%), total lipid (0.1-8.3%), crude fiber (0.4-12.7%), ash (1.4—17.6%), and car-
bohydrates (0.02-68.6%) (Table 6.2). The qualitative test showed presence of
reducing sugars especially anthraquinones and anthranol glycosides (Tongco et al.
2014).

Fern shoots are excellent source of minerals and electrolytes (e.g., potassium,
iron, manganese, and copper) (Seal 2012). Fresh shoots contain up to 7% of daily
required quantities of potassium, which combats blood pressure as well as regulate
heart contractions. Diplazium spp. are also composed of major minerals (calcium,
sodium, potassium, magnesium, and phosphorus) and trace elements (iron, copper,
zinc, and manganese) (Table 6.3). The mineral composition of Diplazium is depen-
dent on the species as well as different segments used for analysis. Potassium and
calcium are the most abundant minerals present in Diplazium spp. Different parts of
Diplazium esculentum and D. sammatti fulfil the range of NRC-NAS (1989) stan-
dards for major minerals and trace elements required for infants, children, and
adults. Besides, these ferns also meet the desired Na/K (<1) and Ca/P (>1) ratios;
such ratios are known to combat the blood pressure and prevent the loss of calcium
in urine to restore calcium in bones, respectively (Shills and Young 1988; Yusuf
et al. 2007).

Leaves and fiddle heads of Diplazium esculentum are also known for several
indispensable and dispensable amino acids (Table 6.4). The fiddle heads possess
higher amount of amino acids compared to leaves with exception of sulfur amino
acids. Interestingly, sulfur amino acids were substantially higher in leaves than fid-
dle heads (methionine, 2.1 vs. 1.4 g/110 g protein; cystine, 4.2 vs. 0.5 g/100 g pro-
tein). The leaves fulfil the FAO-WHO (1991) stipulated standard for sulfur amino
acids (6.3 vs. 2.5 g/100 protein). This offers nutraceutical advantage of use of fiddle
heads along with desired quantity of leaves to gain sulfur amino acids. The fiddle
heads also fulfil FAO-WHO (1991) standard for indispensable amino acids like his-
tidine, isoleucine, leucine, lysine, threonine, and valine. Among the dispensable
amino acids, glutamic acid was highest in leaves, while the glycine was highest
fiddle heads followed by glutamic acid, alanine, proline, aspartic acid, serine, and
arginine.
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Table 6.2 The proximal composition of three Diplazium species (%)

Parts Crude |Total | Crude
used Habitat Moisture | protein | lipids | fiber | Ash | Carbohydrates
Diplazium | Fiddle |India 92.4 31.2 8.3 4.6 16.244.3
esculentum’® | heads (Sikkim)
Diplazium | Fiddle |India - 16.1 7.5 2.3 12.1/19.3
esculentum® | heads (Karnataka)
Diplazium | Leaves |India 87.6 14.4 0.1 3.9 12.2 184
esculentum® (Meghalaya)
Diplazium | Leaves |India 71.7 18.3 0.3 445 14455
esculentum® (Assam)
Diplazium | Leaves |India - 17.4 5.6 12.7 | 17.6|37.7
esculentum® (Arunachal
Pradesh)
Diplazium | Leaves |India - 0.2 - - - 0.02
esculentum’ (Himachal
Pradesh)

Diplazium | Leaves | Philippines | 91.8 0.9 0.3 0.7 14 -
esculentum*

Diplazium | Leaves | Philippines | — 10.7 34 9.1 174 -
esculentum®
Diplazium | Leaves | India - 0.2 - - - 0.02
maximum’ (Himachal
Pradesh)

Diplazium | Young | Nigeria 85.3 10.2 141 04 10 1623
sammatii' pinna

and

crozier
Diplazium | Mature | Nigeria 80.0 10.3 9.5 0.4 11.2]68.6
sammatii' pinna

Bassey et al. 2001; 2Seal 2012; *Tag et al. 2014; “Tongco et al. 2014; *Pradhan et al. 2015; ‘Deka
et al. 2016; "Wali et al. 2016; 3Greeshma et al. 2018; — not determined

6.5.3 Bioactive Potential

It is believed by the native tribes in India that D. esculentum is useful to counteract
constipation and serve as an appetizer (Kala 2005; Das et al. 2008). Concoction of
this fern is used to cure hemoptysis and cough, while the rhizomes serve as insecti-
cides (Kaushik et al. 2011, 2012). Studies on D. esculentum also showed its useful-
ness as anaphylactic shock and mast cell stabilizer (Das et al. 2012). The fiddle
heads contain only 34 calories of energy per 100 g, and nonetheless their high-
quality nutraceutical profile is composed of health promoting antioxidants, vita-
mins, and essential fatty acids (o-3 and ®-6).

Fresh fronds possess very high quantities of antioxidant vitamin A and carotenes.
Fiddle heads weighing 100 g contain 3617 IU (or 120%) of recommended daily
requirements of vitamin A. Further, they also endowed with small to moderate quan-
tities of many B vitamins (e.g., niacin, riboflavin, and thiamine). Besides vitamins
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Table 6.4 Amino acid composition of Diplazium esculentum in comparison with FAO-WHO
standard (g/100 g protein)

‘D. esculentum' (leaves) ‘ D. esculentum? (fiddle heads) | FAO-WHO standard?
Indispensable amino acids
Histidine 0.2 2.3 1.9
Isoleucine 0.6 53 2.8
Leucine 0.7 8.1 6.6
Lysine 0.3 8.4 5.8
Methionine 2.1 1.4 2.5
Cystine 4.2 0.5
Phenylalanine | 0.8 6.2 °6.3
Tyrosine 0.6 33
Threonine 0.6 4.3 34
Tryptophan - - 1.1
Valine 0.2 6.3 35
Dispensable amino acids
Alanine 0.4 7.7
Arginine 0.2 52
Aspartic acid | 0.3 6.3
Glutamic acid | 4.6 8.0
Glycine 0.1 10.5
Proline ¢ 6.8
Serine ¢ 5.5

Deka et al. 2016; >Greeshma et al. 2018; *FAO-WHO 1991
“Methionine + Cystine

"Phenylalanine + Tyrosine

“Not detectable

(essential for vision), fiddle heads also serve as powerful natural antioxidants required
by the human body for maintaining the integrity of the skin and mucus membranes.
Studies also suggested that natural foods rich in vitamin A help in protecting the
body against lung and oral cancers. They are also excellent source of many natural
polyphenolic flavonoids (a-carotene and p-carotene), and they will be converted into
vitamin A in vitro. The fresh fiddle heads of 100 g contain 26.6 mg (44%) of daily
required vitamin C content. Vitamin C is a moderately potential water-soluble anti-
oxidant with flavonoid compound like carotenes, which helps scavenging harmful
free radicals, offering protection from cancers, inflammation, viral cough, and cold.
Unique sweet taste of fiddle heads comes from their richness in vitamin C.
Ethanolic extract of shade-dried fronds possesses high quantities of phenolics,
flavonoids, and saponins than aqueous extract (Das et al. 2013). Further, the chro-
matogram of HPTLC revealed presence of different types of polyphenols as well as
steroidal saponins. Aqueous and ethanolic extracts of the D. esculentum showed
inhibitory effect against growth of many human as well as plant pathogenic bacte-
ria. The positive results are comparable with tetracycline as standard antibiotic. It
was found that mixing fern extract with antibiotic in equal proportions will be more
effective against pathogenic bacteria than antibiotic alone (Amit et al. 2011).
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6.6 Concluding Remarks

Pteridophytes distributed in a wide range of habitats prefer shady moist conditions
with moderate temperature regimes. They are also versatile like angiosperms in
ethnobotanical and medicinal properties. Fiddle heads of several ferns are nutrition-
ally rich especially proteins, fiber, minerals, and vitamins. They are also known for
remarkably high quantities of many essential amino acids and endowed with essen-
tial fatty acids. Starch from fern rhizomes is suitable for preparation of several food-
stuffs and industrial products. In addition to the leaf protein and rhizome starch,
ferns possess many valuable functional attributes useful in production of food as
well as medicinal products. Many ferns are known for antimicrobial, cytotoxic,
hepatoprotective, antihyperglycemic, antiprotozoal, antinociceptive, immunomodu-
latory, and chemopreventive properties. Ferns have the capability to serve as bioher-
bicide to replace chemical herbicides.

Diplazium is one of the versatile ferns distributed in pantropical regions. In India,
this fern is widely distributed in the Western Ghats and Sikkim. The fiddle heads of
Diplazium possess good proximal components and minerals. Diplazium shows high
antioxidant activities due to presence of vitamin A and carotenoids. They possess
many therapeutic potential like protection of mucus membranes, prevention of can-
cers, and protection against inflammation.

Pteridophytes have potential nutraceutical and bioactive components useful in
human diet and therapeutics. Many ferns could be cultivated in different locations
besides their native habitats like kitchen gardens, botanical gardens, and arboretum
similar to those of orchids. Although Diplazium esculentum occurs naturally as
riparian fern in the Western Ghats, it could be cultivated in lateritic soils of Southwest
India without major efforts. Morphologically distinct 3—4 varieties (or landraces) of
D. esculentum are known from the Western Ghats based on ethnic knowledge of
locals and tribes. Serious efforts are warranted toward utilization of ferns in the
direction of nutraceuticals, and health protective attributes would open up new ave-
nues for food and pharmaceutical industries.
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Chapter 7 )
Secondary Metabolite Production in b
Medicinal Plants Using Tissue Cultures

Bilal Ahmad, Aamir Raina, and Samiullah Khan

Abstract Plants are an incredible treasure of lifesaving drugs and other products of
diverse applications. Plant tissue cultures can be established routinely under sterile
conditions from explants like plant leaves, stems, roots, meristems, etc. for both
ways for multiplication and extraction of secondary metabolites. Strain improve-
ment, methods for the selection of high-producing cell lines, and medium optimiza-
tions can lead to an enhancement in secondary metabolite production. Production of
natural as well as recombinant bioactive products of commercial importance through
the exploitation of plant cells has attracted substantial attention over the past few
decades. Swift acceleration in the production of explicit secondary metabolism
compounds at a rate similar or superior to the intact plants has been discovered
through innovative plant cell cultures in the last few years. In view of obtaining
optimum yields suitable for commercial exploitation, isolation of the biosynthetic
activities of cultured cells has been focused upon, which is being achieved by the
optimization of the cultural conditions, selection of high-yielding strains, and
employment of transformation methods, precursor feeding, and immobilization
techniques. Production of secondary metabolites through hairy root system is based
on Agrobacterium rhizogenes inoculation and has grabbed substantial attention dur-
ing the past few decades as an efficient method of secondary metabolite production
in the plant roots. Due to certain reasons like very slow growth of root systems of
higher plants and very difficult harvesting, alternative methods of bioactive com-
pound production have been utilized and promising results have been obtained.
Root cultures constitute a promising option for the production of medicinally
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important bioactive compounds. Organ cultures and in vitro biomass production
often have sites of synthesis and storage of secondary metabolites in separate com-
partments. Elicitors, compounds triggering the formation of secondary metabolites,
can be abiotic or biotic. Natural elicitors include polysaccharides such as pectin and
chitosan, which are also used in the immobilization and permeabilization of plant
cells. The present chapter reviews the secondary metabolite production through
hairy root cultures, organ cultures, elicitation, and economically valuable secondary
metabolites produced through tissue culture.

Keywords Plant cell cultures - Secondary metabolites - Elicitation

7.1 Introduction

Plants are an incredible treasure of lifesaving drugs and other products of diverse
applications. Nowadays numerous distinct phytochemicals serve as imperative
drugs, which are currently used across the globe to cure a variety of perilous dis-
eases. Most of the medicinally important phytochemicals are the products of sec-
ondary metabolism, which, in addition to their pharmaceutical applications, find
extensive applications in flavor and fragrances, food additives, pesticides, and dye
and pigments. The chief role of these bioactive secondary products in plants is to
help them in combating various types of biotic and abiotic stresses (Rao and
Ravishankar 2002; Ahmad et al. 2019a, b; Naikoo et al. 2019). Production of natural
as well as recombinant bioactive products of commercial importance through the
exploitation of plant cells has attracted substantial attention over the past few
decades (Canter et al. 2005). The mounting commercial importance of the second-
ary metabolism products has attracted significant interest in this subject in the recent
past, particularly in the likelihood of alteration in the production of various bioac-
tive plant metabolites with the help of tissue culture technology. Plant culture sys-
tems (cell and tissue cultures) signify a potential treasure of valued secondary
metabolites and hold immense promise for the controlled production of such count-
less and valuable secondary metabolites on demand which find extensive applica-
tions in food additives, pharmaceuticals, and nutraceuticals (Zhong 2001). The
synthesis of secondary metabolites with the help of the cell cultures is independent
of environmental fluctuations as compared to their biosynthesis in plants. The
chemical synthesis of various valuable metabolites is either not achievable or eco-
nomically unfeasible. Furthermore, the natural bioactive phytoproducts used as
food additives are better valued and accepted by consumers as compared to their
synthetic counterparts. Swift acceleration in the production of explicit secondary
metabolism compounds at a rate similar or superior to the intact plants has been
discovered through innovative plant cell cultures in the last few years. In view of
obtaining optimum yields suitable for commercial exploitation, isolation of the bio-
synthetic activities of cultured cells has been focused upon which is being achieved
by the optimization of the cultural conditions, selection of high-yielding strains, and
employment of transformation methods, precursor feeding, and immobilization
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techniques (DiCosmo and Misawa 1995). The role of plant tissue culture in the
production of secondary metabolites has been completely reformed by transgenic
hairy root cultures. These are exceptional in their biosynthetic and genetic stability,
swift in growth, and very easily maintained. With the help of this methodology, an
extensive variety of phytochemical compounds of commercial value has been syn-
thesized (Giri and Narasu 2000).

In order to carry out the efficient extraction and increased production of bioactive
secondary metabolites, plant cell and tissue cultures can be constantly established
from different explants (plant leaves, stems, roots, meristems) under sterile condi-
tions (Vijaya et al. 2010). Optimization of the media, strain improvement, and selec-
tion of high-yielding cell lines can enrich the secondary metabolite production.
These advances have enhanced the phytochemical production beyond expectations
(Vijaya et al. 2010). The competence of plant cell cultures to produce and accumu-
late countless of the identical precious compounds as the parent plant finds recogni-
tion nearly since the commencement of in vitro technology. The persistently
increasing demand for the natural products has attracted substantial attention toward
the plant culture systems as potential biosynthetic machines for secondary metabo-
lism products and has opened new doors of anticipation for novel research exploring
expression of secondary products in vitro (Karuppusamy 2009). The most promis-
ing approach of large-scale sustainable production of secondary metabolites is with
the help of the plant cell factories which offers an incessant supply with the help of
large-scale culture (Rao and Ravishankar 2002).

Secondary metabolite production through cell cultures is advantageous over the
conventional production because of its independence of the environmental factors
and seasonal variations as the economically valuable bioactive secondary metabo-
lite production is carried out in controlled conditions through the elimination of
negative biological influences (microorganisms and insects) (Hussain et al. 2012;
Canter et al. 2005; Rao and Ravishankar 2002). Moreover, selection of high-yielding
cell lines and a defined production system ensuring uniform quality and continuous
supply and yield is met through culture systems. Furthermore, production of novel
compounds normally absent in the parent plant can be ensured through the tissue
cultures (Hussain et al. 2012; Rao and Ravishankar 2002).

Production of precious secondary plant products with the help of plant cell cul-
tures as compared to whole plant or in vivo production is followed by a series of
distinct advantages (Vijaya et al. 2010). Some of these advantages include;

* Production of useful and valuable compounds independent of soil conditions or
climatic changes.

e Cells cultured through varied culture systems would be microbe and
insect-free.

* Plant cells of different origin (alpine or tropical) could be multiplied effortlessly
to yield important and specific metabolites.

* Reduced labor expenses and improved productivity would result from coherent
regulation of metabolite processes and programmed control of cell growth.

e Extraction of organic substances from callus cultures.
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7.1.1 Secondary Metabolite Production Through Hairy Root
Cultures

Production of secondary metabolites through hairy root system is based on
Agrobacterium rhizogenes inoculation and has grabbed substantial attention during
the past few decades as an efficient method of secondary metabolite production in
the plant roots (Hussain et al. 2012; Karuppusamy 2009; Palazon et al. 1997). After
the inoculation, the hairy root phenotype produced exemplifies swift hormone-
independent growth, lateral branching, lack of geotropism, and genetic stability.
Such a secondary metabolite production is edged as these secondary products pro-
duced are with similar or higher yields and identical to those produced by the intact
roots of parent plants (Sevon and Oksman-Caldentey 2002). This attribute along
with genetic stability as well as speedy growth in media lacking phytohormones
makes them specifically appropriate for biochemical studies which usually are dif-
ficult to carry out in the root cultures of intact plants. A part of the DNA (T-DNA),
located on the Ri plasmid, is transferred to the plant cells during the process of
infection, and fascinatingly the transferred genes find expression in the same way as
those of the endogenous plant cell genes. During the infection process, A. rhizo-
genes transfers a part of the DNA (T-DNA) located in the root-inducing plasmid Ri
to plant cells, and the genes contained in this segment are expressed in the same way
as the endogenous genes of the plant cells. Certain strains of A. rhizogenes have two
sections in T-DNA, each finding its incorporation individually into the plant genome.
The root induction process involves two sets of plasmid genes, the aux genes and
the rol genes (Hussain et al. 2012). Usually the hairy roots are induced on the
wounded plant parts after inoculating these with A. rhizogenes. Transformation
mediated through A. rhizogenes is advantageous as any gene of interest can be
transferred to the hairy root clone. This can prove very fruitful for secondary metab-
olite production. For example, 6-hydroxylase gene from Hyoscyamus muticus was
introduced into Atropa belladonna using A. rhizogenes-mediated transformation
(Hashimoto et al. 1993). Enhanced enzyme activity and about fivefold increase in
the concentration of scopolamine in the engineered roots were observed.

7.1.2  Secondary Metabolite Production Through Organ
Cultures

Due to slow growth of root systems of higher plants and very difficult harvesting,
alternative methods of bioactive compound production have been utilized, and
promising results have been obtained (Pence 2011). Root cultures constitute a
promising option for the production of medicinally important bioactive compounds
(Pence 2011). Some of the noteworthy secondary metabolites that have been pro-
duced quite well in root cultures include the tropane alkaloids (hyoscyamine and
scopolamine) (Fazilatun et al. 2004). Moreover, other aerial parts of the plants like
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shoots can also be utilized for the production of important secondary metabolites
(Nogueira and Romano 2002; Smith et al. 2002). Shoot cultures have been utilized
for the commercial production of secondary metabolites so as to reduce or over-
come the exploitation of natural plants (Karuppusamy 2009; Khanam et al. 2000).
In addition, shoot cultures are aimed at inducing somaclonal variations and provide
the chance for selecting clones capable of high secondary production (Dhawan et al.
2003). However, the organ cultures encounter some major problems when cultured
at large scale (Kaimoyo et al. 2008). Different types of bioreactors have been used
for the culture of plant roots and/or shoots (Kasparova et al. 2009; Kim et al. 2002).
Compared to the cell suspension cultures, organ cultures generally display a lower
sensitivity to shear stress, but they show a high degree of spatial heterogeneity in
biomass production. Another problem is the quite high cost of these bioreactor sys-
tems for commercial large-scale production of plant secondary metabolites. As they
have to compete with the cultivation of the whole plant, such a process in most cases
is not economically viable (Zhao et al. 2010).

7.1.3 Economically Valuable Secondary Metabolites Produced
Through Tissue Culture

Tissue culture holds immense potential of controlled production of myriad of eco-
nomically valuable and pharmaceutically useful secondary products, and the field is
quite intriguing. Swift acceleration has been witnessed in the discovery of cultures
competent enough to produce explicit medicinal compounds at a similar or speedy
rate to that observed in intact plants (Vijaya et al. 2010). Biosynthetic activities of
cultured cells are of imperative importance in order to achieve significant yields
appropriate for commercial production of the valuable pharmaceutical secondary
metabolites, and isolation of such cultured cells is necessary for the optimization of
the cultural conditions, selection of high-yielding strains, utilization of precursor
feeding, and transformation and immobilization techniques (Vijaya et al. 2010;
DiCosmo and Misawa 1995). Transgenic hairy root cultures have brought a new life
to secondary metabolite production through plant tissue culture as such cultures are
exceptional in their biosynthetic and genetic stability, swift in growth, and compara-
tively easier in maintenance. Utilizing such methodology, synthesis of a diverse
range of chemical compounds has been achieved (Vijaya et al. 2010; Giri and
Narasu 2000). Recent advances in the field of cell cultures have achieved significant
success in the production of a diverse range of pharmaceuticals belonging to differ-
ent classes of secondary metabolites including terpenoids, flavanoids, alkaloids,
phenolics, saponins, steroids, and amino acids (Abdin and Kamaluddin 2006;
Jordon and Wilson 1995). Some pharmaceutically imperative secondary metabo-
lites are briefly discussed below.

Taxol (paclitaxel), an efficient and promising anticancer substance for its excep-
tional mode of action on cell cycle arrest by checking the microtubular assembly, is
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a complex diterpene alkaloid obtained from the Taxus tree bark (Hussain et al. 2012;
Cragg et al. 1993). Currently, taxol production by different 7axus species through
cell cultures is an extensively explored area of tissue culture in the recent times
owing to the colossal commercial importance of the alkaloid, the insufficiency of
source tree, and the expensive chemical synthesis (Suffness 1995; Fett-Neto et al.
1994). Aiming at increased production of the alkaloid through the cultures owing to
its pharmaceutical importance, cultures were supplemented with different amino
acids, and the results revealed that phenylalanine supplementation had a profound
effect on the production of taxol in Taxus cuspidata cultures (Ciddi et al. 1995).
Moreover, the influence of different biotic and abiotic elicitors has also been studied
to enhance the production of taxol through cultures (Hussain et al. 2012; Yukimune
et al. 1996; Strobel et al. 1992; Tam et al. 1980).

Papaver somniferum, commonly known as opium poppy, is a rich treasure of
commercial natural analgesics (morphine and codeine). These alkaloids are signifi-
cantly valuable and of widespread use in different pharmaceutical preparations. Cell
and suspension cultures of opium poppy are being envisaged as valuable and alter-
native means for the commercial production of these imperative alkaloids. Studies
have revealed the production of codeine and morphine alkaloids through morpho-
logically undifferentiated cultures (Yoshikawa and Furuya 1985). Application of
growth regulators to the cultures results in the reduced biosynthesis of morphine
and codeine as revealed from the study during which it evolved that highest mor-
phine and codeine contents were 2.5 mg/g dry weight and 3.0 mg/g dry weight,
respectively, which is about three times greater than the cultures supplemented with
hormones (Hussain et al. 2012). Furthermore, Furuya et al. (1972) during the bio-
transformation studies of codeinone to codeine with the immobilized cells of
Papaver somniferum reported the conversion yield of about 70.4%.

L-3,4-dihydroxyphenylalanine, a precursor of alkaloids, betalain, and melanin,
is an imperative intermediate in the secondary metabolic pathway in higher plants
and has been isolated from different plants (Brain and Lockwood 1976; Daxenbichler
etal. 1971). Importantly, it is also a precursor of catecholamines which are involved
in different signaling and metabolic phenomena in animals besides finding usage as
an effective drug against a progressive immobilizing and disabling disorder result-
ing from the insufficiency of dopamine in the brain tissues called as Parkinson’s
disease. In view of this imperative pharmaceutical significance, a demand for hefty
quantities was felt which led to the alternative ways of enhanced production of this
alkaloid among which production through cell cultures has achieved significant suc-
cess in this regard (Brain and Lockwood 1976). Mucuna pruriens has been reported
to accumulate 25 mg/L. DOPA in the medium under the influence of ample concen-
trations of 2,4-D. Among the induced callus cultures of three species of Mucuna
(M. hassjoo, M. pruriens, Mucuna deeringiana), Teramoto and Komamine (1988)
observed that the callus tissues of M. hassjoo accumulated the highest concentration
of DOPA when the medium was supplemented with 10 mg/L kinetin and
0.025 mg/L 2.4-D.

Capsaicin, an alkaloid obtained from green pepper fruits, is used chiefly as a
spicy food additive in various formulated foods (Ravishankar et al. 2003). In addi-
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tion, it finds usage in various pharmaceutical preparations for treating rheumatic
disorders besides acting as a digestive stimulant (Sharma et al. 2008). Capsicum
frutescens suspension cultures are known to produce low capsaicin contents, but
immobilization of the cells in reticulated polyurethane foam leads tol100-fold
increase in its production. Moreover, improvements in the yields can be obtained
through the supplementation of isocaproic acid-like precursors. Lindsey (1985)
reported that improved capsaicin synthesis can be obtained by the treatments which
suppress primary metabolism and cell growth. Holden et al. (1988) have reported
that spores of Gliocladium deliquescens can elicit capsaicin biosynthesis in the
C. frutescens cell cultures. Detailed study on the influence of nutritional stress on
capsaicin production of Capsicum annuum in immobilized cell cultures were car-
ried out by Ravishankar and Ramachandra Rao (2000). Biotransformation of exog-
enously sourced caffeic acid and protocatechuic aldehyde to capsaicin in
immobilized cells cultures and freely suspended cells of Capsicum frutescens has
also been carried out (Sanatombi and Sharma 2007).

Diosgenin, a pharmaceutically valuable alkaloid which acts as a precursor for the
synthesis of a variety of steroidal drugs, finds extensive appliance in the pharmaceu-
tical industry because of which its demand is continuously mounting (Hussain et al.
2012; Tal et al. 1983). In 1983, culture experiments of Tal et al. (1983) revealed that
carbon and nitrogen concentrations significantly influenced accumulation of dios-
genin in one of the cell lines of Dioscorea. Furthermore, immobilized cell cultures
were established by Ishida (1988), and it was observed that reticulated polyurethane
foam stimulated diosgenin production, leading to an increase of 40% in the cellular
concentration and an increase of 25% total yield. Moreover, 8% increase in the
levels of diosgenin was reported in the batch-grown cell suspensions of D. deltoidea
(Hussain et al. 2012; Tal et al. 1983).

7.1.4 Secondary Metabolite Production Through Elicitation

Secondary metabolite accumulation in plants is an important adaptive mechanism
established by them during evolution as a part of defense system against pathogens,
which is stimulated through elicitation by different elicitors, acting as signaling
compounds during the defense responses in plants (Zhao et al. 2005). Elicitation has
proven to be an efficient technique for enhancing the production of plant secondary
metabolites through biotechnological approach. Elicitors are usually those com-
pounds which stimulate plant defense response and promote production of second-
ary metabolism products in order to protect the plant (Klarzynski and Friting 2001;
Baenas et al. 2014). Elicitors are of various types and varied nature and elicit sec-
ondary metabolite production through elicitation, a phenomenon during which
induction or enhancement of secondary metabolites in plants is stimulated to ensure
their survival, competitiveness, and persistence (Namdeo 2007). These elicitors can
be categorized into different types on the basis of origin, viz., abiotic (elicitors of
non-biological origin like physical factors and inorganic substances) and biotic
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elicitors (plant hormones like methyl jasmonate, salicylic acid, brassinosteroids,
bacterial- and fungal-derived proteins, and peptides) (Gorelick and Bernstein 2014;
Namdeo 2007). Inorganic elicitors like metal ions or salts have been utilized for
increased bioactive compound production by eliciting or stimulating secondary
metabolism. Zinc ions and salts like AICl;, AgNO;, CaCl,, and MgSO, have been
used in cell suspensions, hairy roots, and adventitious roots for secondary metabo-
lism elicitation (Verpoorte et al. 2002). Bulk of the biotic elicitors is recognized and
bound by specific cell membrane receptors. After its stimulation, the cell surface
receptor transfers the stimulus to the cell leading to a signal transduction cascade
(Baenas et al. 2014). Once the signal transduction cascade is stimulated, different
signaling molecules are produced which lead to the biosynthesis of products of
secondary origin like phytoalexins; such a signaling response is determined by vari-
ous factors, predominantly physiological state and genetic characteristics.

Studies have revealed that exposure of plant cell cultures to different elicitors can
lead to increased production of secondary metabolites (Staniszewska et al. 2003).
Elicitors of frequent usage in culture systems include fungal carbohydrates, yeast
extract, methyl jasmonate (MJ), and chitosan. MJ, a phytohormone and an impera-
tive signal compound, has proven as an effective elicitor for the production of taxol
(Wu and Lin 2002) and ginsenoside (Yu et al. 2002; Kim et al. 2004; Thanh et al.
2005) in the cell/organ culture. MJ has also proven promising in the production of
secondary metabolites in cell/adventitious root cultures of Bupleurum falcatum
L. (Aoyagi et al. 2006) and Taxus spp. (Yukimune et al. 1996; Ketchum et al. 1999).
Additionally, MJ-induced elicitation led to significant increase in the eleutheroside
content after Eleutherococcus senticosus embryo culture was supplemented with
this elicitor (Shohael et al. 2007).

The possible mechanism of elicitor signaling may involve stimulation of elicitor-
induced DNA synthesis via G-protein-coupled receptor (GPCR) and
phosphoinositide-specific phospholipase C (PI-PLC) pathways (Boland et al.
2003a, b, 2006), and the elicitor-induced methyl jasmonate biosynthesis (Doares
et al. 1995) might give indication regarding the activation of methyl jasmonate
response elements in DNA due to elicitors (Fig. 7.1). Enhanced methyl jasmonate
biosynthesis may have been induced by elicitors, which led to increased secondary
metabolite production, thereby increasing active constituents and the yield of the
plant. Increase in the yield of the active constituents, such as citral, is in line with
other studies (Adams 2007; Dar et al. 2015), which report enhancement in citronel-
lal and trigonelline contents in eucalyptus and fenugreek, respectively, in response
to elicitors.

7.2 Conclusion

The advances in modern technology, especially protocols for plant tissue cultures,
paved a way for the commercial production of even rare plants and the chemicals
they provide. The main advantage of plant tissue culture is that it can ultimately
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Fig. 7.1 A possible signaling mechanism of in vitro secondary metabolite production through
elicitation. Elicitors perhaps activate G-protein-coupled receptor (GPCR) pathway. In the activated
form, the Go subunit of the GPCR binds the induced phosphoinositide-specific phospholipase C
(PI-PLC) complex, which may lead to the activation of two different signaling molecules, inositol
triphosphate (IP3) and diacylglycerol (DAG). Elicitors have earlier been known to generate
PI-PLC signaling independent of the GPCR pathway as well as IP3, in turn, activating cyclin-
dependent protein kinase (CDPK), which leads to the nucleus activating de novo DNA synthesis
of enzymes involved in metabolic pathways. Protein kinase C (PKC), after activation, leads to
nucleus activating gene expression through phosphorylation of transcription factors and DNA syn-
thesis. It might also lead to activation of the MAP-kinase (MAPK) pathway, leading to increased
biosynthesis of monoterpenes in lemongrass

provide a continuous, reliable source of natural products. The synthesis of bioactive
secondary metabolites, running in controlled environment, independently from cli-
mate and soil conditions, is the main benefit of this method. This has a great strides
building on advances in plant science has been accomplished by the use of in vitro
plant cell culture for the production of secondary metabolites. Knowledge of bio-
synthetic pathways of desired phytochemicals in plants as well as in cultures is
often still in its infancy, and consequently strategies are needed to develop an infor-
mation based on a cellular and molecular level. The introduction of newer tech-
niques of molecular biology, so as to produce transgenic cultures and to effect the
expression and regulation of biosynthetic pathways, is also likely to be a significant
step toward making cell cultures more applicable to the commercial production of
secondary metabolites (Table 7.1).
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Table 7.1 Secondary metabolite production through tissue culture

B. Ahmad et al.

Active ingredient | Plant Culture type References
Flavonolignan Silybum marianum Root Alikaridis et al. (2000)
(LS + TDZ)
Saikosaponins Bupleurum falcatum | Root Kusakari et al. (2000)
(B5 +IBA)
Anthraquinones | Cassia acutifolia Suspension Nazif et al. (2000)
(MS + 2,4-D + kinetin)
Gallotannins Rhus javanica Root Taniguchi et al. (2000)
(LS + TAA +Kinetin)
Capsiacin Capsicum annuum Callus Varindra et al. (2000)
(MS +2,4-D+ GA;)
Reserpine Rauvolfia serpentina | Callus Gerasimenko et al.
(LS) (2001)
Ramiflorin Aspidosperma Callus Olivira et al. (2001)
alkaloid ramiflorum (MS + 2-4.D + BAP +
Sucrose)
Withaferin A Withania somnifera | Shoot Ray and Jha (2001)
(MS + BA)
Indole alkaloids | Catharanthus roseus | Suspension Zhao et al. (2001)
(MS + NAA + Kinetin)
Diterpenoids Torreya nucifera Suspension Orihara and Furuya
(MS +2,5-D) (1990)
Terpenoids Salvia officinalis Callus Santos-Gomes et al.
(MS +2,4-D + BA) (2002)
Plumbagin Plumbago zeylanica | Hairy root Verma et al. (2002)
(MS + BAP + IBA)
Plumbagin Plumbago rosea Callus Komaraiah et al. (2003)
(MS + CaCly)
Hypericin Hypericum Multiple shoot Santarem and Astarita
perforatum (MS + BA + TDZ) (2003)
Triterpenes Hyssopus officinalis | Suspension Skrzypek and
(G5 +2.4-D + IAA) Wysokinsku (2003)
Triterpenoid Ammi majus Suspension Staniszewska et al.
(MS +2,4-D + BA) (2003)
Alkaloids Fritillaria Multiple shoot Gao et al. (2004)
unibracteata (MS + 2,4-D + Kin)
Corydaline Corydalis ambigua | Embryo Hiraoka et al. (2004)
(MS + IAA + sucrose)
Asiaticoside Centella asiatica Shoot Kim et al. (2004)
(MS + BAP + IAA)
Berberine Coscinium Suspension Narasimhan and Nair
fenestratum (MS +2,4-D + GA3) (2004)

(continued)
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Table 7.1 (continued)

Active ingredient | Plant Culture type References

Vincamine Vinca major Hairy root Tanaka et al. (2004)
(MS + BAP)

Catechin Rheum ribes Callus Farzami and Ghorbant
(MS +1IBA + BA) (2005)

Flavonoids Vaccinium myrtillus | Callus culture Hohtola et al. (2005)
(MS + BAP + NAA)

Asiaticoside Centella asiatica Callus Kiong et al. (2005)
(MS + 2,4-D + Kin)

Hypericin Hypericum Suspension Hohtola et al. (2005)

perforatum (Liquid MS + NAA +

GA;)

7-Methyljuglone

Drosera rotundifolia

Shoot culture

(MS + BAP + NAA)

Hohtola et al. (2005)

Lupeol, rutin

Hemidesmus indicus

Shoot culture

(MS + BAP + NAA)

Misra et al. (2005)

Reserpine

Rauvolfia tetraphylla

Callus

Anitha and Kumari

MS +2,4-D + (2006)
Tryptophan)
Gymnemic acid | Gymnema sylvestre | Callus Devi et al. (2006)

(MS +IAA + BA)

Gymnemic acid

Gymnema sylvestre

Callus

(MS +2,4-D + IAA)

Gopi and Vatsala (2006)

Umbelliferone Ammi majus Shootlet Krolicka et al. (2006)
(MS + BAP)

Vincristine Catharanthus roseus | Suspension Lee-Parsons and Rogce
(MS +2,4-D + GA3) (2006)

Anthocyanin Vitis vinifera Suspension Qu et al. (2006)

(MS + BAP + NAA)

Essential oil

Cymbopogon citratus

Shoot

Quiala et al. (2006)

(MS +1AA + GA3)

Sennosides Cassia senna Callus Shrivastava et al. (2006)
(MS + NAA + Kin)

Anthraquinone Saprosma fragrans Callus Singh et al. (2006)
(MS +2,4-D + NAA)

Silymarin Silybum marianum Callus Tumova et al. (2006)
(MS +IAA + BA)

Flavonoid Momordica charantia | Callus Agarwal and Kamal

(MS + BAP + NAA)

(2007)

Rosmarinic acid

Zataria multiflora

Callus

(MS + IAA + Kin)

Francoise et al. (2007)

Glycoside

Panax ginseng

Hairy root

(MS + NAA + Kin)

Jeong and Park (2007)

(continued)
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Table 7.1 (continued)
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Active ingredient | Plant Culture type References

Hyperforin Hypericum Multiple shoot Karppinen et al. (2007)
perforatum (MS + 2,4-D + Leusine)

Asiaticoside Centella asiatica Hairy root Kim et al. (2007)

(MS +2,4-D)

Hypericins Hypericum Multiple shoot Kornfeld et al. (2007)
perforatum (MS + BA + 1AA)

Rosmarinic acid | Agastache rugosa Hairy root Lee et al. (2007a)

(MS +2,4-D + Kin + 3%
sucrose)

Rutin Fagopyrum Hairy root Lee et al. (2007b)
esculentum (MS + NAA)
Saponins Primula veris Shoot Okrslar et al. (2007)
(MS + BAP + GAj)
Eleutherosides Eleutherococcus Suspension Shohael et al. (2007)
senticosus (MS +2,4-D)
Glucoside Gentiana Hairy root Tiwari et al. (2007)
macrophylla (MS + IAA + Kin)
Camptothecin Ophiorrhiza rugosa | Shoot Vineesh et al. (2007)
(MS + BA + Kin)
Fixed oil Simmondsia Callus Aftab et al. (2008)
chinensis (MS + TDZ + GA;)
Quercetin Pluchea lanceolata Callus Arya et al. (2008)
(MS + NAA + BAP)
Artemisinin Artemisia annua Callus Baldi and Dixit (2008)
(MS + NAA + Kinetin)
Flavonoid Salvia officinalis Multiple shoot Grzegorczyk and
(LMS + IAA + BAP) Wysokinska (2008)
Berberine Coscinium Callus Khan et al. (2008)
Jfenestratum (MS + 2,4-D + BAP)
Resveratrol Arachis hypogaea Hairy root Kim et al. (2008)
(G5 +2,4-D + Kin.)
Tropane Brugmansia candida | Hairy root Marconi et al. (2008)
(MS +2,4-D +1AA)
Glycyrrhizin Glycyrrhiza glabra Hairy root Mebhrotra et al. (2008)
(MS + 2,4-D + GA3)
Withanolide A Withania somnifera | Hairy root Murthy et al. (2008)
(MS +IAA + Kin)
Reserpine Rauvolfia serpentina | Callus Nurchgani et al. (2008)
(MS +IAA + Cu*)
Azadirachtin Azadirachta indica Suspension Poornasri Devi et al.
(MS +2,4-D + (2008)

Cyanobacterial elicitor)

(continued)



7 Secondary Metabolite Production in Medicinal Plants Using Tissue Cultures

Table 7.1 (continued)

145

Active ingredient | Plant Culture type References

Berberine Tinospora cordifolia | Suspension Rama Rao et al. (2008)
(MS +IAA + GA;)

Silymarin Silybum marianum Hairy root Rahnama et al. (2008)
(MS +IAA + GA3)

Catharanthine Catharanthus roseus | Suspension Ramani and
(MS + 2,4-D + UV-B) Jayabaskaran (2008)

Serpentine Rauvolfia serpentina | Callus Salma et al. (2008)
(MS + BAP + 1AA)

Azadirachtin Azadirachta indica Suspension Sujanya et al. (2008)
(MS + 2,4-D)

Corydalin Cordyline terminalis | Callus Taha et al. (2008)
(MS +2,4-D + BAP)

Xanthone Gentianella austriaca | Multiple shoot Vinterhalter et al. (2008)
(MS + BAP)

Cathin Brucea javanica Suspension Wagiah et al. (2008)
(MS +IAA + GA3)

Deoursin Angelica gigas Hairy root Xu et al. (2008)
(MS (Liq.) + 2,4-D + GA;)

Piperine Piper solmsianum Suspension Balbuena et al. (2009)
(MS +2,4-D + BA)

Myristin Myristica fragrans Shoot Indira Iyer et al. (2009)
(MS + NAA + TDZ)

Resveratrol Vitis vinifera Callus Kin and Kunter (2009)
(MS +IAA + GA3 + UV)

Podophyllotaxin | Podophyllum Shoot Li et al. (2009)

hexandrum (MS + BAP + GA;)
Flavonoid Crataegus sinaica Callus Maharik et al. (2009)

(MS +2,4-D + NAA +
BAP)

Steroidal lactone | Withania somnifera | Callus Mirjalili et al. (2009)
(MS +2,4-D + BA)

Flavones Camellia chinensis Callus Nikolaeva et al. (2009)
(MS +2,4-D + NAA)

Anthraquinone Rubia akane Hairy root Park and Lee (2009)
(B5 + NAA + Kin)

Stilbenes Cayratia trifoliata Suspension Roat and Ramawat
(MS +IAA + GA;) (2009)

Isoflavones Psoralea cordifolia | Multiple shoot Shinde et al. (2009)
(MS + TDZ + BAP)

Vasine Adhatoda vasica Shoot culture Shalaka and Sandhya
(MS + BAP + 1AA) (2009)
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Chapter 8

Endophytic Bacteria Associated

with Medicinal Plants: The Treasure Trove
of Antimicrobial Compounds

Dina Barman and Kaushik Bhattacharjee

Abstract Medicinal plants are recognized as prolific producer of bioactive com-
pounds against an array of diseases. However, attention has been currently directed
towards endophytic bacteria present inter- and/or intracellularly within host medici-
nal plants through symbiotic or parasitic interactions. They are the storehouse of
wide variety of novel secondary metabolites that can serve as an excellent source of
antimicrobial drugs. Hence, there is more opportunity to discover novel antimicro-
bial compounds from endophytic bacteria. In this scenario, it is of prime importance
to focus research on the exploration of endophytic bacteria from medicinal plants
and their utilization for the discovery of drug. Keeping on these importances, the
intent of this chapter is to provide insights of the occurrence of medicinal plants
with antimicrobial activities, exploration of medicinal plants for the isolation of
endophytic bacteria and their potential to produce antimicrobial compounds against
various pathogenic diseases.

Keywords Endophytic bacteria - Medicinal plants - Antimicrobial activity

8.1 Introduction

With increasing appearance of infectious pathogens, it is a big challenge to find new
drugs where natural products have proved to be an attractive resource. Among the
natural products, medicinal plants are of major importance. These plants are tradi-
tionally used worldwide as remedies for the treatment of various diseases which is
due to the bioprospection of secondary metabolites produced by those plants
(Egamberdieva et al. 2017). Especially, in developing countries, 80% of people rely
on herbal drugs for primary healthcare (Chen et al. 2016). In comparison to modern
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synthetic drugs, these herbal medicines are economical and considerably safer.
More than half of the pharmaceuticals being used today were derived from these
natural products. However, due to major use of medicinal plants for drug discovery,
it was reported that many of the medicinal plants are in endangered status or even in
the verge of extinction; hence focus has turned towards endophytic bacteria which
reside inter- and/or intracellularly within medicinal plants and proven to be the
potential source of drug discovery (Venugopalan and Srivastava 2015). They form
interactions with host plants ranging from mutualism to parasitism (Strobel 2002).
The population structure of endophytic bacteria is strongly affected by genetic
background of host plants, its fitness, ecological habitats where the plants live and
soil nutrients (Jia et al. 2016). Consequently, it is also hypothesized that endophytic
bacteria produce the same type of secondary metabolites as that of host plant spe-
cies (Qin et al. 2011). Endophytic bacteria produce secondary metabolites of diverse
pharmacological activities to protect host plant species from pathogens, to increase
ability of plants to tolerate various types of abiotic and biotic stresses, improved
nutrient acquisition, and plant growth promotion (Elsebai et al. 2014). Unexpectedly,
it was observed that endophytic bacteria are more potential source of metabolites
with high therapeutic potential than that of plants (Gouda et al. 2016). Additionally,
microorganisms can be easily manipulated both physicochemically and genetically
to increase yields of desired natural products (Elsebai et al. 2014).

However, among the different medicinal plants of the world, only a limited per-
centage were explored till now for endophytic bacterial population and their capac-
ity to produce compounds with significant bioactivities. Consequently, the
opportunity to discover new and fascinating endophytic bacteria among the myriad
of medicinal plants is also exceptionally incredible. Hence, it is imperative to review
the previous successes, ongoing research and latest developments in research asso-
ciated with the presence of medicinal plants with antimicrobial activities, explora-
tion of medicinal plants for the isolation of endophytic bacteria and their potential
to produce antimicrobial compounds.

8.2 Medicinal Plants with Antimicrobial Activity

The plants containing useful concentration of medically active substances are
known as medicinal plants. Such plants are traditionally utilized since ancient times
for the treatment of different health problems (Nostro et al. 2000). As evidence from
archaeological findings, clay tablets and ancient manuscripts, the peoples of Egypt,
India, Greek, Roman, Summaria, Babylon and China developed their respective
system of medicines from plants (Yaniv 2014). The medicinal properties of those
plants are due to their capacity to synthesize a vast array of secondary metabolites
such as alkaloids, resins, glycosides, triterpene alcohols, flavonoids, crotenoides
and phenolic acids (Nascimento et al. 2000; Ramesh and Okigbo 2008). Mostly,
medicinal plants are distributed in mega biodiversity countries of the world where
India (which is considered as ‘herbarium of world’) and China containing utmost
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numbers of medicinal plants, followed by Colombia, South Africa, the United States
and other 16 countries (Chen et al. 2016). Most of the medicinal plants are flowering
plants comprising of 33% trees followed by herbs, shrubs, climbers and lower
groups of plants (Nishteswar 2014) which are distributed into different families.

With the growing population of the world, the existence of multidrug-resistant
antimicrobial compounds is being threatened to mankind. Hence, there is an urgent
need to synthesize new drug with novel mechanism of action for new and remerging
infections disease (Marasini et al. 2015). In search of novel drugs, scientists have
found that medicinal plants are the suitable alternatives to pure pharmaceuticals and
are a source of new antimicrobial agents with low toxicity and are also free from
side effects caused by synthetic chemicals (Khan et al. 2013). In search of medicinal
plants having antimicrobial properties, it may be highly imperative to accumulate
knowledge of traditional medicines. It has been reported that about 60-80% of pop-
ulations in the developing countries use traditional medicine which were derived
from medicinal plants (Chen et al. 2016). In recent years, various investigations of
traditional medicinal plants have been led in different countries which have pro-
vided the world with many of clinical drugs of today (Table 8.1).

Table 8.1 Traditional uses of medicinal plant species with their taxonomic classification

Plant species Family Parts used | Medicinal/traditional uses | References
Bidens pilosa Asteraceae Root, leaf, | Antibacterial Rojas et al.
seed (2006)
Jacaranda Bignoniaceae Root, bark | Treatment of syphilis
mimosifolia
Piper pulchrum Piperaceae Whole Treatment of haemorrhagic
plant venom effect from
snakebite and antidote for
snakebite
Bixa orellana Bixaceae Leaf and | Treatment of various
seed diseases
Cecropia peltata | Urticaceae Leaf Treatment of asthma and
rheumatism
Cinchona Rubiaceae Bark Treatment of bloating,
officinalis fullness and other stomach
problems
Gliricidia sepium | Fabaceae Whole Treatment of colds, cough,
plant fever, headache
Justicia secunda | Acanthaceae Leaf and | Treatment of anaemia,
stem cough, cold, fever,
amenorrhoea
Spilanthes Asteraceae Whole Antibacterial
americana plant
Hemidesmus Apocynaceae Root Antibacterial Kumar et al.
indicus (2007)
Eclipta alba Asteraceae Whole Treatment of cough,
plant indigestion, toothache

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References
Coscinium Menispermaceae | Stem Antimicrobial,
fenestratum antidiabetic,
anti-inflammatory
Cucurbita pepo Cucurbitaceae | Fruit and | Anti-inflammatory,
seed analgesic urinary
disorders, antidiabetic,
antioxidant
Tephrosia Fabaceae Root Treatment of diarrhoea,
purpurea rheumatism, asthma
Mentha piperita | Lamiaceae Leaf Treatment of colds, cough,
nausea
Pongamia pinnata | Fabaceae Whole Treatment of piles, skin
plant diseases and wounds
Symplocos Symplocaceae | Bark, Treatment of ulcer, skin
racemosa flower disorder, bleeding disorder
Euphorbia hirta | Euphorbiaceae | Whole Antibacterial, antimalarial,
plant antioxidant
Tinospora Menispermaceae | Whole Antiperiodic,
cordifolia plant antimicrobial, anti-
inflammatory, antiallergic,
antidiabetic
Thespesia Malvaceae Bark, fruit | Treatment of dysentery,
populnea diabetes, gonorrhoea
Jasminum Oleaceae Flower Aphrodisiac, antiseptic,
officinale antidepressant,
antispasmodic, analgesic
Allium sativum Amaryllidaceae | Bulb Antibacterial Ushimaru et al.
(2007)
Zingiber officinale | Zingiberaceae Rhizome | Antibacterial
Caryophyllus Myrtaceae Flower Antibacterial
aromaticus bud
Cymbopogon Poaceae Leaf Antibacterial
citratus
Mikania Asteraceae Leaf Antibacterial
glomerata
Psidium guajava | Myrtaceae Leaf Antibacterial
Acacia pennivenia | Mimosaceae Leaf Used for women with Mothana et al.
mastitis (2009)
Acanthospermum | Astraceae Leaf Antibacterial
hispidum
Acridocarpus Malpighiaceae | Stem and | Treatment of headaches,
socotranus leaf paralysis and muscle or
tendon pain
Aloe perryi Aloaceae Root To treat stomach problems,
constipation, malaria,
wounds, burns
Ballochia Acanthaceae Stem and | Antibacterial
atro-virgata leaf

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References

Blepharis Acanthaceae Leaf and | Antibacterial

spiculifolia stem

Boswellia Burseraceae Bark To treat common cold,

dioscorides bronchitis, asthma and
rheumatism

Boswellia Burseraceae Bark To treat common cold,

socotrana bronchitis, asthma and
rheumatism

Capparis Capparaceae Leaf To treat itching, shortness

cartilaginea of breath, head cold,
tumour

Commiphora Burseraceae Bark Antiseptic, to treat

ornifolia diarrhoea, dysentery

Corchorus Tiliaceae Flower Diuretic and urinary tract

erodioides and leaf infections

Croton socotranus | Euphorbiaceae | Fruit and | For wounds

leaf

Euclea divinorum | Ebenaceae Root For oral care, toothache

Euphorbia Euphorbiaceae | Leaf For skin diseases and

socotrana wounds

Eureiandra Cucurbitaceae | Leaf Antibacterial

balfourii

Ficus cordata Moraceae Leaf Antiseptic and for ulcers
and wounds

Glossonema Asclepiadaceae | Flower Increase milk production

revoili and leaf | in breastfeeding women

Hibiscus Malvaceae Leaf and | For snakebite and fever in

noli-tangere root children

Hypoestes Acanthaceae Leaf Fungal skin diseases and

pubescens scabies

Lannea transulta | Anacardiaceae | Leaf Haemostatic for wounds
and sores

Leucas Labiatae Leaf For cough and cold

samhaensis

Leucas virgata Labiatae Leaf For persons with heartburn
and indigestion

Lycium Solanaceae Leaf and | For stomach ailments

sokotranum stem

Maerua Capparaceae Leaf To treat fever, aches and

angolensis general malaise

Rhus thyrsiflora | Anacardiaceae | Fruit and | To treat anorexia, general

leaf tonic, and for painful joints

Teucrium Labiatae Flower As flavouring agent and for

sokotranum and leaf indigestion

Zingiber officinale | Zingiberaceae Rhizome | Analgesic, sedative, Sharma et al.

antipyretic and
antibacterial

(2009)

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References

Cinnamomum Lauraceae Bark Antibacterial, circulatory,

cassia respiratory, uterotonic and
stomachic

Terminalia Combretaceae Fruit Laxative, stomachic, tonic

chebula and alternative

Plantago ovata Plataginaceae Husk Constipation, colitis,
irritable bowel, cystitis

Vachellia nilotica | Fabaceae Leaf Treating premature
ejaculation

Pimpinella Apiaceae Seed Antiseptic, digestive,

anisum galactagogue, pectoral,
stimulant

Ocimum sanctum | Laminaceae Leaf Antibacterial, cures cough,
cold, skin diseases

Azadirachta Meliaceae Fruit Skin disease, blood

indica disorder, antibacterial

Phyllanthus Euphorbiaceae | Leaf Jaundice, liver disease,

[fraternus fever, genitourinary
disease, oedema

Coriandrum Apiaceae Seed Flatulence, colic, joint

sativum pain, antiseptic

Abutilon indicum | Malvaceae Stem Demulcent, aphrodisiac,
laxative, astringent and
diuretic, analgesic

Punica granatum | Lythraceae Seed Anthelminthic (esp.
tapeworm), diarrhoea,
dyspepsia

Syzygium cumini | Myrtaceae Bark Astringent, stomachic,
carminative, antiscorbutic,
diuretic

Cyperus scariosus | Cyperaceae Root Astringent, diaphoretic,
desiccant, cordial and
stomachic

Andrographis Acanthaceae Bark Laxative, antipyretic,

paniculata antiperiodic, anti-
inflammatory, antibacterial

Mangifera indica | Anacardiaceae | Leaf Supplement of sexual
potency, antiallergic,
hypoglycaemic and
antidiabetic

Achillea Asteraceae Flower Analgesic, antidiarrheal, Frey and

millefolium antiemetic, Anthelmintic Meyers (2010)

Ipomoea Convolvulaceae | Flower, Analgesic, cough,

pandurata leaf gastrointestinal

Hieracium Asteraceae Flower, Antidiarrheal

pilosella leaf, stem

Solidago Asteraceae Leaf Analgesic, gastrointestinal,

canadensis sedative

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References
Hesperis Brassicaceae Stem Antibacterial
matronalis
Rosa multiflora Rosaceae Flower, Antibacterial
leaf
Asphodelus Liliaceae Fruit Diuretic agent, healing Panghal et al.
tenuifolius wound (2011)
Asparagus Liliaceae Root Demulcent, diuretic,
racemosus aphrodisiac, antiseptic
antiparasitic, antitumor
Balanites Balanitaceae Fruit To cure mouth ulcer,
aegyptiaca whooping cough, sleeping
sickness and skin diseases
Cordia dichotoma | Boraginaceae Fruit Anthelminthic, diuretic,
purgative, useful in dry
cough, for cure of jaundice
Eclipta alba Asteraceae Whole Alopecia, ringworm,
plant hepatitis, jaundice
Murraya koenigii | Rutaceae Leaf, bark, | Treatment of stomachache,
root stimulant, piles, influenza,
rheumatism, traumatic
injury
Pedalium murex Pedaliaceae Fruit Aphrodisiac, antiseptic,
demulcent, diuretic
Ricinus communis | Euphorbiaceae | Seed, fruit | Antidote, bactericide,
expectorant, insecticide,
larvicidal, laxative,
purgative
Trigonella foenum | Fabaceae Leaf Remedy for fever and
swelling
Piptadeniastum Fabaceae Leaf Antibacterial Assob et al.
africana (2011)
Cissus aralioides | Vitaceae Leaf Antibacterial
Hileria latifolia Phytolaccaceae | Leaf Antibacterial
Phyllanthus Phyllanthaceae | Stem bark | Antibacterial
muellerianus
Gladiolus Iridaceae Bulb Antibacterial
gregasius
Aloe vera Asphodelaceae | Whole Antibacterial Selvamohan
plant etal. (2012)
Phyllanthus Phyllanthaceae | Whole Antibacterial
emblica plant
Phyllanthus niruri | Phyllanthaceae | Whole Antibacterial
plant
Cynodon dactylon | Poaceae Whole Antibacterial
plant
Murrya koenigii | Rutaceae Whole Antibacterial
plant

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References
Lawsonia inermis | Lythraceae Whole Antibacterial
plant
Adhatoda vasica | Acanthaceae Whole Treat asthma, bronchitis,
plant tuberculosis and
antibacterial
Coscinium Menispermaceae | Stem Antimicrobial, Kaewpiboon
fenestratum antidiabetic, et al. (2012)
anti-inflammatory
Sonneratia alba | Lythraceae Leaf Treat swellings and sprains
Anacardium Anacardiaceae | Leaf To treat fever, malaria,
occidentale toothache and gum
problems
Acacia karoo Mimosoideae Leaf, Mouth ulcers, oral thrush, | Nielsen et al.
stem, bark | diarrhoea, (2012)
Erythrophleum Caesalpinioideae | Leaf, stem | Headaches, fever
lasianthum
Salvia africana Lamiaceae Leaf Colds, flu, bronchitis,
abdominal and uterine
trouble
Curtisia dentate Cornaceae Leaf, stem | Stomach ailments,
diarrhoea, blood purifier
Ptaeroxylon Ptaeroxylaceae | Leaf, Snuff for headache,
obligun stem, bark | rheumatism, arthritis
Hymenelobium Fabaceae Whole Antibacterial Oliveira et al.
petraeum plant (2013)
Vatairea Fabaceae Bark, seed | Treatment of scabies, skin
guianensis and leaf diseases
Symphonia Clusiaceae Bark and | To treat river blindness,
globulifera leaf coughs in children
Lagerstroemia Lythraceae Leaf Antibacterial Chandra (2013)
indica
Annona reticulata | Annonaceae Leaf Antibacterial
Achyranthes Amaranthaceae | Leaf, stem | Antibacterial Pandey et al.
aspera (2013)
Bergenia ciliata | Saxifragaceae Root Antibacterial Khan et al.
(2013)
Jasminum Oleaceae Leaf Antibacterial
officinale
Santalum album | Santalaceae Wood Antibacterial
Artocarpus Moraceae Stem, root, | Antibacterial Dej-adisai et al.
integer bark (2014)
Averrhoa bilimbi | Oxalidaceae Juice Antibacterial
Citrus ichangensis | Rutaceae Peel Antibacterial
Cudrania Moraceae Wood Antibacterial
Jjavanensis
Ficus racemosa Moraceae Wood Antibacterial

(continued)
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Table 8.1 (continued)
Plant species Family Parts used | Medicinal/traditional uses | References
Hydnophytum Rubiaceae Root Antibacterial
formicarum
Sauropus Euphorbiaceae | Leaf Antibacterial
changiana
Solanum ferox Solanaceae Branch Antibacterial
Bergenia ciliata | Saxifragaceae Rhizome | Itis used in washing ulcer,
to cure backbone and in
wound healing
Punica granatum | Lythraceae Fruit It is used in piles,
diarrhoea, dysentery,
whooping cough
Azadirachta Meliaceae Leaf Antibacterial Farjana et al.
indica (2014)
Camellia sinensis | Theaceae Leaf Antibacterial
Psidium guajava | Myrtaceae Leaf Antibacterial
Calendula Asteraceae Leaf Antibacterial
officinalis
Acorus calamus | Araceae Rhizomes | Cough, respiratory tract Marasini et al.
infections, skin disease, (2015)
toothache, dysentery
Adhatoda vasica | Acanthaceae Leaves Bronchitis, asthma,
diarrhoea, dysentery, as
anthelmintic
Artemisia vulgaris | Compositae Aerial Antiseptic, diarrhoea,
parts dysmenorrhea, asthma, as
anthelmintic
Asparagus Liliaceae Rhizome, | Urinary troubles, diarrhoea
racemosus stem
Centella asiatica | Umbelliferae Whole Urinary tract infection,
plant leprosy, ulcers, indigestion
Cinnamomum Lauraceae Leaf, seed, | As antiseptic, bronchitis,
camphora bark bronchopneumonia,
epilepsy
Curcuma longa Zingiberaceae Rhizome | Antiseptic, cuts, wounds,
as anthelmintic, jaundice,
liver disorders
Cuscuta reflexa Cuscutaceae Whole Fever, stomachache,
plant rheumatism, anthelmintic
Cynodon dactylon | Poaceae Whole Cuts, wounds, indigestion,
plant genitourinary disorders
Eupatorium Compositae Leaf Antiseptic
adenophorum
Ginkgo biloba Ginkgoaceae Leaf Alzheimer’s disease, as
anticoldness, as
antinumbness
Psidium guajava | Myrtaceae Leaf, bark | Diarrhoea, dysentery, cuts,

wounds, piles, cholera

(continued)
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Plant species Family Parts used | Medicinal/traditional uses | References
Rauwolfia Apocynaceae Root As antidysenteric, as
serpentina antidote to snakebite, cuts,
wounds and boils
Swertia chirayita | Gentianaceae Aerial part | Skin disease, eczema, as
anthelmintic, as
antidiarrheal, dyspepsia
Corymbia Myrtaceae Leaf For the treatment of Packer et al.
intermedia wounds (2015)
Lophostemon Myrtaceae Leaf Antiseptic purposes
suaveolens
Syncarpia Myrtaceae Leaf Antiseptic purposes
glomulifera
Aframomum Zingiberaceae Fruit Antibacterial Bacha et al.
corrorima (2016)
Albizia Fabaceae Root Antibacterial
schimperiana
Curcuma longa Zingiberaceae Rhizome | Antibacterial
Erythrina brucei | Fabaceae Stem, bark | Antibacterial
Justicia Acanthaceae Seed Antibacterial
schimperiana
Nigella sativa Ranunculaceae | Seed Antibacterial
Ocimum sauve Lamiaceae Leaf Antibacterial
Vernonia Asteraceae Leaf Antibacterial
amygdalina
Ferula songorica | Apiaceae Root Antioxidant, antiviral, Liu et al.
antifungal (2016)
Hypericum Hypericaceae Leaf Antibacterial Egamberdieva
perforatum etal. (2017)
Teucrium polium | Lamiaceae Leaf Antibacterial Hassan (2017)
Echinacea Asteraceae Root, leaf | Antibacterial Maggini et al.
purpurea (2017)

8.3 Endophytic Bacteria Associated with Medicinal Plants

Medicinal plants are the source of various bioactive compounds against different
ailments for centuries, and association of bacteria have been proven to offer advan-
tages to these plants with high therapeutic potentials (Gouda et al. 2016). Endophytes
present in medicinal plants perhaps contribute in their metabolic pathways and pro-
duce analogous or novel bioactive compounds (Qin et al. 2011).

Endophytic bacteria are those which are present inter- and/or intracellularly
within a plant species without causing any obvious negative harm to the host
(Barman and Dkhar 2015). The existence of endophytes has been known for more
than 125 years ago (Bacon and White 2000). In 1886, De Bary first introduced the
term endophytes for microorganisms harbouring internal plant tissues (Stepniewska



8 Endophytic Bacteria Associated with Medicinal Plants: The Treasure Trove... 163

and Kuzniar 2013). Since then, Galippe (1887), Henning and Villforth (1940),
Carrol (1986), Petrini (1991), Hirsch and Braun (1992) and Hallmann et al. (1997)
have defined endophytes in different ways (Stepniewska and Kuzniar 2013). It is
generally accepted that medicinal plants with an ethnobotanical history may har-
bour greater number of endophytic microbiome. Virtually, all the medicinal plant
species on earth are the hosts of one or more types of endophytic bacteria (Strobel
and Daisy 2003). These inhere in the living tissues of the host plant in a variety of
relationships ranging from symbiotic mutualism to parasitism (Strobel 2002).
Hence, the presence of endophytes in a plant species is considered as a sign of a
healthy plant system (Barman and Dkhar 2018). Endophytic bacteria are promising
sources of various secondary metabolites including antibiotics, immunosuppres-
sant, antiparasitics, antioxidants, anticancer agents, plant growth-stimulating
metabolites and enzymes which have important roles in plant development and
health. They can also protect the plants by providing the ability to defend against
predators and help their hosts to adapt in different stress conditions for survival (Qin
et al. 2011) (Table 8.2).

Table 8.2 Bacterial endobiome associated with medicinal plant species (period: 2007-2018)

Parts Identified endophytic
used Host plant Group microorganisms Reference
Root Panax ginseng Bacilli Bacillus sp. Cho et al.
(2007)
Bacilli Bacillus sphaericus

Actinobacteria Kocuria carniphila

Proteobacteria Rahnella sp.

Actinobacteria Microbacterium
phyllosphaerae

Gammaproteobacteria | Pseudomonas sp.

Actinobacteria Pseudoclavibacter
helvolus

Bacilli Bacillus megaterium

Bacilli Bacillus sp.

Bacilli Paenibacillus polymyxa

Actinobacteria Microbacterium
hydrocarbonoxydans

Gammaproteobacteria

Erwinia persicina

Gammaproteobacteria

Pseudomonas sp.

Gammaproteobacteria

Serratia plymuthica

Actinobacteria Pseudoclavibacter
helvolus
Gammaproteobacteria | Pseudomonas poae

Gammaproteobacteria

Pantoea ananatis

Gammaproteobacteria

Serratia plymuthica

Actinobacteria

Kocuria carniphila

(continued)
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Parts Identified endophytic
used Host plant Group microorganisms Reference
Salvia miltiorrhiza | Gammaproteobacteria | Pseudomonas Vendan et al.
brassicacearum subsp. | (2010)
neoaurantiaca
Alphaproteobacteria | Agrobacterium
tumefaciens
Gammaproteobacteria | Pseudomonas
thivervalensis
Gammaproteobacteria | Pseudomonas
[frederiksbergensis
Bacilli Bacillus aryabhattai
Alphaproteobacteria | Novosphingobium
resinovorum
Suaeda maritima | Actinobacteria Hoeflea suaedae sp. Chung et al.
nov (2013)
Origanum vulgare | Gammaproteobacteria | Leclercia sp. Bafana (2013)
Gammaproteobacteria | Pseudomonas sp.
Gammaproteobacteria | Stenotrophomonas sp.
Gammaproteobacteria | Stenotrophomonas sp.
Bacilli Bacillus sp.
Bacilli Solibacillus sp.
Bacilli Lysinibacillus sp.
Cassia tora Bacilli Bacillus subtilis Kumar et al.
(2015)
Alphaproteobacteria | Agrobacterium
tumefaciens
Bacilli Bacillus sp.
Gammaproteobacteria | Pseudomonas putida
Gammaproteobacteria | Pseudomonas sp.
Stachys Actinobacteria Amycolatopsis Beiranvand
lavandulifolia tolypophora etal. (2017)
Physalis alkekengi | Bacilli Bacillus thuringiensis
Allium Bacilli Bacillus aryabhattai
schoenoprasum
Mentha pulegium | Bacilli Planomicrobium sp.
Marrubium Actinobacteria Actinoallomurus
vulgare acacia
Falcaria vulgaris | Actinobacteria Actinoallomurus
oryzae
Ocimum basilicum | Bacilli Bacillus
polyfermenticus
Chenopodium Bacilli Bacillus pumilus
album
Gundelia Bacilli Bacillussp.
tournefortii
Achillea Bacilli Staphylococcus sp.

millefolium

(continued)
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Table 8.2 (continued)
Parts Identified endophytic
used Host plant Group microorganisms Reference
Zataria multiflora | Alphaproteobacteria | Azospirillum brasilense
Chenopodium Bacilli Bacillus velezensis
album
Lavandula Bacilli Planomicrobium
angustifolia chinense
Cymbopogon Actinobacteria Nocardia niigatensis
olivieri
Teucrium polium | Gammaproteobacteria | Pseudomonas graminis
Cucumis sativus Actinobacteria Nocardia
cyriacigeorgica
Coriandrum Actinobacteria Microbacterium
sativum testaceum
Rhizome | Zingiber officinale | Bacilli Bacillus sp. Jasim et al.
(2014)
Gammaproteobacteria | Pseudomonas sp.
Gammaproteobacteria | Stenotrophomonas sp.
Bacilli Staphylococcus sp.
Stem Panax ginseng Bacilli Bacillus Vendan et al.
pseudomycoides (2010)
Actinobacteria Micrococcus luteus
Bacilli Bacillus thuringiensis
Bacilli Bacillus pumilus
Bacilli Lysinibacillus
sphaericus
Bacilli Bacillus megaterium
Bacilli Bacillus acidiceler
Gammaproteobacteria | Pseudomonas
marginalis
Gammaproteobacteria | Stenotrophomonas
maltophilia
Alphaproteobacteria | Agrobacterium
tumefaciens
Bacilli Paenibacillus
glucanolyticus
Bacilli Staphylococcus
epidermidis
Gammaproteobacteria | Pectobacterium
carotovorum
Ipomoea batatas | Gammaproteobacteria | Enterobacter sp. Khan and
Doty (2009)

Gammaproteobacteria

Rahnella aquatilis

Gammaproteobacteria

Pseudomonas sp.

Gammaproteobacteria

Rhodanobacter terrae

Gammaproteobacteria

Stenotrophomonas
maltophilia
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Parts Identified endophytic
used Host plant Group microorganisms Reference
Alphaproteobacteria | Phyllobacterium
myrsinacearum
Gammaproteobacteria | Xanthomonas sp.
Piper nigrum Bacilli Bacillus firmus Jasim et al.
(2013)
Bacilli Paenibacillus
dendritiformis
Gammaproteobacteria | Pseudomonas sp.
Betaproteobacteria Bordetella sp.
Bacilli Bacillus sp.
Gammaproteobacteria | Stenotrophomonas sp.
Alcea amcheri Actinobacteria Dietzia cercidiphylli Beiranvand
et al. (2017)
Allium ursinum Alphaproteobacteria | Azorhizobium
caulinodans
Phasaeolous Firmicutes Bacillus sp.
vulgaris
Rheum Actinobacteria Streptomyces
rhaponticum artemisiae
Leaf Aloe vera Actinobacteria Micrococcus aloeverae | Prakash et al.
(2014)
Hylomecon Alphaproteobacteria | Sphingobium Zhu et al.
Jjaponica endophyticus (2015)
Aloe vera Actinobacteria Arthrobacter Beiranvand
globiformis etal. (2017)
Teucrium polium | Firmicutes Bacillus cereus Hassan(2017)
Firmicutes Bacillus subtilis
Bulbil Dioscorea Actinobacteria Streptomyces dioscori | Wang et al.
bulbifera L. Sp. nov. (2018)
Plant Panax notoginseng | Bacilli Bacillus Ma et al.
tissues amyloliquefaciens (2013)
subsp. plantarum
Bacilli Bacillus
methylotrophicus
Ferula songorica | Alphaproteobacteria | Sphingomonas sp. Liu et al.
(2016)

Gammaproteobacteria

Acinetobacter sp.

Gammaproteobacteria

Pseudomonas sp.

Alphaproteobacteria | Methylobacterium sp.
Alphaproteobacteria | Rhizobium sp.
Alphaproteobacteria | Paracoccus sp.
Betaproteobacteria Ralstonia sp.
Alphaproteobacteria | Brevundimonas sp.
Bacilli Paenibacillus sp.
Bacilli Bacillus sp.

(continued)



8 Endophytic Bacteria Associated with Medicinal Plants: The Treasure Trove...

Table 8.2 (continued)

167

Parts Identified endophytic

used Host plant Group microorganisms Reference
Actinobacteria Dietzia sp.
Actinobacteria Nocardioides sp.
Actinobacteria Saccharopolyspora sp.
Actinobacteria Pseudonocardia sp.
Actinobacteria Streptomyces sp.
Actinobacteria Rhodococcus sp.
Actinobacteria Promicromonospora

sp.
Actinobacteria Brevibacterium sp.
Actinobacteria Micrococcus sp.
Actinobacteria Arthrobacter sp.
Actinobacteria Microbacterium sp.
Glycyrrhiza Actinobacteria Brevibacterium Lietal.
uralensis [rigoritolerans (2018)
Bacilli Bacillus mojavensis
Betaproteobacteria Achromobacter spanius
Gammaproteobacteria | Stenotrophomonas
rhizophila

Bacilli Bacillus aryabhattai

8.3.1 Origin and Localization of Endophytes

Endophytes are supposed to originate from the epiphytic bacterial communities of
the rhizosphere, phylloplane, endophyte-infested seeds or planting materials as well
as natural openings or wounds (Hallmann et al. 1997). They enter and colonize in
plants mainly through emergence points of lateral roots, the zone of differentiation
and elongation near the root tip, stomata, lenticels and broken trichome (Zinniel
et al. 2002). Due to the lack of penetration structures, bacteria are unable to exert
mechanical or physical forces to penetrate the epidermal cells. Bacteria normally
enter intact plant tissue by invagination of the root hair cell wall, by penetration of
the junction between root hair and adjacent epidermal cells or by secreting cell wall-
degrading enzymes. Plants are autotrophic organisms which are capable for trans-
forming light energy into chemical (carbonaceous) compounds. By releasing these
photo-assimilated compounds from plant root into the rhizosphere, they can attract
different microorganisms to become endophyte (Bais et al. 2004). On entering into
plants, microorganisms spread inside the host plant species via intercellular spaces
or conducting elements and ultimately reach the flowers or fruits. Endophytic
microorganisms can also reach seed via vascular connections from the maternal
plant, directly through gametes colonizing the resulting embryo and endosperm or
through colonized shoot meristems which eventually rise to ovules and thus seeds
(Truyens et al. 2015). Some bacteria can directly interact with seeds present in soil.
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Fig. 8.1 Schematic representation of colonization routes of endophytic microorganisms

For that seed exudates released during imbibition and germination influence the
bacterial population that can be supported in the spermosphere (Quadt-Hallman
et al. 1997; Truyens et al. 2015) (Fig. 8.1).

The presence of endophytic bacterial colonization in tissues of plants can be
documented based on microscopic study such as transmission electron micros-
copy (TEM), scanning electron microscopy (SEM) and confocal laser scanning
microscopy by tagging them with autofluorescent protein (AFP) such as green
fluorescent protein (GFP) and Discosoma striata red fluorescent protein (DsRed)
(Gyaneshwar et al. 2001; Ryan et al. 2008; Thomas and Reddy 2013; Barman and
Dkhar 2018). The colonization pattern and tracking of introduced endophytic
microbes inside their niche can also be visualized by immunological methods on
using monoclonal or polyclonal antibodies followed by ELISA, dot blot assay,
tissue printing, immunogold labelling, fluorescent in situ hybridization (FISH),
triphenyl tetrazolium chloride vital staining and fluorescence resonance energy
transfer (FRET) (Hallmann and Kloepper 1996; Compant et al. 2011; Thomas
2011; Banik et al. 2016).

8.3.2 Culture-Dependent Analysis of Endophytic Bacteria

Isolation and characterization of endophytic bacteria have foremost importance to
unearth antimicrobial compounds which mainly involve three steps - surface steril-
ization of collected plant parts, followed by fractionation of the plant material into
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small pieces or pestled and homogenization of plant material in a mortar and lastly
plating on suitable bacteriological media. Surface sterilization of plant parts is the
important step to get rid of epiphytic microorganisms and to ensure that isolated
strains are endophytes (Martinez-Klimova et al. 2017). It can be done by washing
the collected plant parts in running tap water to remove soil debris followed by
treating them with suitable sterilizing reagents to completely remove the epiphytic
population. Commonly used disinfecting agents were 70% ethanol (EtOH), sodium
hypochlorite (0.9-5.25%), mercuric chloride (0.1%), hydrogen peroxide,
Triton-X-100 and Tween 80. It is necessary to treat the plant parts with the disinfect-
ing agents for a suitable period of time to reduce their detrimental effect on plant
tissue which leads to hamper the isolation of endophytic bacteria. After each treat-
ment with the disinfecting agents, it is also necessary to wash the plant parts in
sterile water to remove the agents (Cao et al. 2004; Kukkurainen et al. 2005; Qin
et al. 2011; Jasim et al. 2014). To ensure the effectiveness of surface sterilization
procedure, it’s essential to use an aliquot of final sterile water from the mixture of
surface-sterilized samples and sterile water followed by plating on isolation media
(Barman and Dkhar 2015).

After surface sterilization, the plant parts have to plate on suitable isolation
media followed by incubation for suitable time at desired temperature. The compo-
sition of media mainly depends on energy and nutrients requirement for their
growth. Some of the classical media used for isolation of endophytic bacteria
includes nutrient agar, Luria-Bertani agar, R2A agar and tryptic soy agar (Gagne-
Bourgue et al. 2012; Zhang et al. 2014; Barman and Dkhar 2018). It is also impor-
tant to note that on using a portion of autoclaved plant extracts of the host plant
species to the growth media, isolation of endophytic bacterial population can be
enhanced (Murphy et al. 2015).

To identify endophytic bacteria, various micromorphological, biochemical, and
molecular techniques with appropriate bioinformatics tools are useful.
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria,
and Firmicutes were the most common groups of endophytic bacteria isolated
(Mendes et al. 2007; Ulrich et al. 2008; Vendan et al. 2010). Preliminary identifica-
tion of bacterial isolates to the genus or species level can be done using various
cultural, morphological, biochemical, physiological and chemotypic analyses
(Shirling and Gottlieb 1966; Holt et al. 1994; Zhang et al. 2014). Though these
aspects can identify bacteria up to genera, sometimes it is not adequate in itself to
differentiate between many genera. The advent of molecular criteria for the charac-
terization of bacteria has provided taxonomists with a set of reliable and reproduc-
ible tools for studying the systematics. Molecular identification of bacteria can be
done by 16S rRNA gene amplification of genomic DNA. Percentage of G+C con-
tent of DNA and DNA/DNA-hybridization techniques are also useful tools for the
identification of microbes. To characterize taxa at and below the rank of species, the
DNA-DNA relatedness, molecular fingerprinting and phenotypic techniques are
methods of choice (Zhang et al. 2014).
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8.3.3 Culture-Independent Analysis of Endophytic Bacteria

Since culture-based techniques of analysing the diversity of endophytic bacterial
community is dependent on various factors including cultivation media, growth
conditions and plant tissue manipulation, hence, culture-independent method of
analysing the diversity of endophytic bacterial community is more specific and rep-
licable. It provides greater insights of endophytic bacterial community (Yang et al.
2017). In this aspect, metagenomics study with next-generation sequencing (NGS)
technology, metatranscriptomics, metaproteomics and metaproteogenomics are
widely used (Kaul et al. 2016). During the process, the genetic material has to be
isolated from the plant samples followed by amplification of V3-V4 hypervariable
region of the bacterial 16S rRNA gene using universal primers followed by sequenc-
ing on 454/Roche or Illumina/Solexa (HiSeq, MiSeq) platforms, and finally, the
reads (short fragments of genomes obtained in sequencing) are assembled and
annotated (Redford et al. 2010; Yang et al. 2017). These technologies can also
explore the genes associated with the production of secondary metabolites which
may be for plant growth promotion, biocontrol, nutrition and niche adaptation. It
helps us to understand their role and mechanism in host plant interaction and protec-
tion (Tian et al. 2015).

8.4 Endophytic Bacteria for Their Antimicrobial Potential

Usually, the selection of bacteria for their antimicrobial activity can be evaluated by
measuring the minimum inhibitory concentration (MIC) mainly by diffusion meth-
ods, dilution methods and bioautography on using the cell-free culture supernatant
of the isolates or using the organic extracts of the isolates (Choma and Grzelak
2011). Diffusion methods including disc method, cylinder method and hole plate
assay method are mainly used for determination of antimicrobial susceptibility of
the test compound preferably of polar ones (Choma and Grzelak 2011), whereas
dilution methods (agar dilution and tube assay) are frequently used to estimate the
concentration of the test compound (both polar and nonpolar samples) which in the
form of complex extracts or pure substances in the agar medium or in the broth
suspension (Choma and Grzelak 2011). Bioautography (contact bioautography,
immersion bioautography and direct bioautography) is another screening method
for detection of antimicrobial activity which is more or less similar to agar diffusion
method. The main advantage of this method is that it can be combined with thin-
layer chromatography (TLC), high-performance thin-layer chromatography
(HPTLC), overpressured-layer chromatography (OPLC) and planar electrochro-
matography (PEC) (Choma and Grzelak 2011).

Functional gene-based screening of the isolates for antimicrobial potential can
be performed by PCR amplification of nonribosomal peptide synthetases (NRPS)
and polyketide synthases (PKS) biosynthetic systems within the genomic sequences
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of the isolates. Both of these systems are involved in the production of biologically
active polyketide and peptide compounds including antibiotic having applications
in medicine, agriculture and biochemical research (Amoutzias et al. 2008). Both of
the systems are composed of multiple large peptides, each of them encoded by a
variable number of modules. Each module can be further categorized into minimum
three “domains” having special function (Amoutzias et al. 2008), out of which two
are catalytical and one is carrier domain. As per current classification, PKSs have
been grouped into type I, IT and III (Hopwood 1997). Different PCR primers were
used for the screening of NRPS and PKS systems including KS-BEF/KS-BER,
A3F/ATR, K1F/M6R and K1F/K2R (Ayuso-Sacido and Genilloud 2005; Gonzalez
et al. 2005).

8.5 Extraction and Characterization of Antimicrobial
Compounds

After preliminary screening of the isolates for antimicrobial potentials as mentioned
above, the next step is the fermentation and extraction of antimicrobial product. The
culture medium selected for fermentation is mainly based on the species under
investigation. After an optimum period of incubation, extraction can be performed.
Preliminary low-polarity solvents extraction yields the more lipophilic components,
while organic solvent extraction (methanol, ethanol and hexane) yields a larger
spectrum of both nonpolar and polar materials. Traditionally extraction is mainly
performed by Soxhlet extraction, maceration, percolation, turbo-extraction and son-
ication. However, due to some drawbacks, a number of new extraction methods
have been developed including supercritical fluid extraction (SFE), pressurized lig-
uid extraction (PLE), microwave-assisted extraction (MAE), solid-phase microex-
traction (SPME), ultrasound-assisted extraction (UAE), superheated liquid
extraction and extraction with supercritical or subcritical water (Sticher 2008).
Finally, active components can be isolated by an array of chromatographic methods
depending on the solubility, volatility and stability of the compounds to be sepa-
rated which are commonly considered as the bottleneck of the isolation process
(Sticher 2008). Generally, precipitation-thin-layer chromatography, liquid prepara-
tion chromatography and column chromatography are used for the process of puri-
fication of the active compound (Hu et al. 2010). In the process of chromatography,
selection of appropriate solvent system and packing material plays an important
role. Silica, alumina, carbohydrates polyacrylamide and polystyrene are mainly
used as stationary phases for purification.

Characterization of the purified active compound can be performed by a series of
spectroscopic methods such as Fourier transform infrared spectrometer (FT-IR),
UV-visible, nuclear magnetic resonance (NMR) and mass spectroscopy (MS)
(Bhattacharjee et al. 2017). FT-IR spectrometer is used for characterization of func-
tional groups of the drug molecule having diverse vibrational frequencies which
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help to identify the chemical constituents and reveal the structural compounds
(Altemimi et al. 2017). UV-visible spectroscopy is commonly used to identify the
certain classes of compounds. NMR is related to the magnetic properties of certain
atomic nuclei which enabled the researchers to find the positions of these nuclei in
the molecule (Altemimi et al. 2017). MS is used to find the relative molecular mass
and molecular formula of the compound with high accuracy based on the knowl-
edge of relative abundance of a fragmented ion against the ratio of mass/charge of
these ions (Fig. 8.2).
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8.6 Mechanism of Action of Antimicrobial Compounds

The antibiotics target bacterial cell death by inhibiting DNA synthesis, RNA syn-
thesis, cell wall synthesis, protein synthesis and cell wall metabolism (Dzidic et al.
2008; Kohanski et al. 2010). To inhibit DNA synthesis, antimicrobial agents mainly
quinolone class of antibiotics target on DNA gyrase (topoisomerase II) and topoi-
somerase I'V. They bind to topoisomerase enzyme leading to DNA strand breakage.
Similarly, to inhibit RNA synthesis, antimicrobial agents, for example, rifamycin
can interfere with a DNA-directed RNA polymerase which is the main regulator of
gene expression in prokaryotes. The inhibitor of protein synthesis is catagorized
into the 50S inhibitors and 30S inhibitors. The 50S ribosome inhibitors (macrolide,
lincosamide, streptogramin, amphenicol and oxazolidinone) can block initiation of
protein translation or translocation of peptidyl-tRNAs which helps to inhibit the
peptidyl transferase reaction that elongates the nascent peptide chain, whereas 30S
ribosome inhibitors (tetracycline, aminoglycoside and aminocyclitol) can bind to
30S ribosome subunit and promoting tRNA mismatching which can result in pro-
tein mistranslation (Kohanski et al. 2010).

Bacterial cell wall mainly composed of peptidoglycan which is composed of
peptide-linked f-(1-4)-N-acetyl hexosamine. Some of the antibiotics, for example,
B-lactams, interfere with cell wall synthesis by inhibiting the peptide bond forma-
tion between the peptidoglycan units. Some of the antibiotics can inhibit peptido-
glycan synthesis through binding with peptidoglycan units and by blocking
transglycosylase and transpeptidase activity (Kohanski et al. 2010). Some of the
antibiotics can also interfere with cell wall metabolism (Dzidic et al. 2008).

8.7 Antimicrobial Compounds Produced by Plant-
Associated Bacteria

The human population is increasing with an alarming rate; ecosystems are deterio-
rating rapidly; and a variety of new types of health issues are popping up
(Bhattacharjee et al. 2018). For instance, increase in number of drug-resistant bac-
teria is a cause of concern. In this perspective, bioprospecting for natural resources
such as microorganisms, plants, algae and animals is the way for the discovery of
new antibiotics (Martinez-Klimova et al. 2017). Among the natural sources of drug
production, especially bacteria are the primary resource. However, for the discovery
of drug, only a small percentage of bacteria have been explored (Bhattacharjee et al.
2018). Hence, it is extremely important to explore nature’s hitherto untapped bacte-
ria to achieve this objective. In this aspect, endophytic bacteria especially isolated
from plants of ethnobotanical history are becoming the major trust area of research
(Martinez-Klimova et al. 2017). The antimicrobial activity of endophytes was
accounted for over 50 years when Smith (1957) isolated Micromonospora from the
tomato plant which was reported to have antagonistic activity (Manikprabhu and Li



174 D. Barman and K. Bhattacharjee

2015). Since then, endophytic bacteria were exploited to isolate various antimicro-
bial compounds.

Endophytic bacteria play an important role to produce a variety of antibiotics.
They mainly produce those antibiotics to protect plants against stress, insects, pests
and pathogenic microorganisms (Chandrakar and Gupta 2017). They have immense
importance in various pharmaceutical industries, and they have agricultural applica-
tions also (Chandrakar and Gupta 2017). Among the antibiotic-producing endo-
phytic bacteria, Streptomyces is the richest source of antibiotics, namely,
Munumbicins A, Munumbicins B, Munumbicins C, Munumbicins D, Munumbicins
E-4, Munumbicins E-5, Kakadumycin A, and Celastramycins A/B (Golinska et al.
2015). Some other bacterial species, including Pseudomonas, Streptosporangium,
Serratia, Bacillus, Azospirillum, Burkholderia and Azoarcus, also subsidize a dis-
tinctive source of antibiotics. These antimicrobial compounds were found to be
effective against a range of pathogenic bacteria, fungi and protozoa.

8.7.1 Munumbicins

Munumbicins A, B, C and D are some important antimicrobial peptides which
showed activity against a wide spectrum of human as well as plant pathogenic fungi
and bacteria and a Plasmodium sp. These antibiotics were obtained from
Streptomyces sp. NRRL30562 which is an endophyte of Kennedia nigricans. All
these antibiotics are peptides having common compositional features, and
Munumbicins C and D represent a novel peptide where Munumbicins A and B are
corresponding to actinomycin X2 and actinomycin D, respectively. All the
Munumbicins A, B, C and D were found to be active against human-pathogenic
bacterium and fungi Pseudomonas syringae and Cryptococcus neoformans, respec-
tively, and some plant-pathogenic fungi Pythium ultimum and Sclerotinia sclerotio-
rum (Castillo et al. 2002). Also in the MIC test, Munumbicins A and C were effective
against Enterococcus faecalis ATCC 51299, whereas Munumbicins C and D had
bioactivity against a drug-sensitive strain of Staphylococcus aureus MH 1II and
Munumbicin B against Staphylococcus aureus ATCC 33591. The Munumbicin B is
of a special interest since it is active against multiple-drug-resistant Mycobacterium
tuberculosis having ICs, value of 10 pgml~!. Another outstanding activity of the
Munumbicins was found against the malaria-causing pathogen Plasmodium falci-
parum. Though all the Munumbicins were active against Plasmodium falciparum,
however, Munumbicins C and D were of special interest due to their low ICs,
values.

Another two broad-spectrum antibiotics, namely, Munumbicins E-4 and
Munumbicins E-5, were isolated from endophytic actinobacterium Streptomyces sp.
NRRL3052 which was obtained from Kennedia nigricans, in the Northern Territory
of Australia. Both the antibiotics were effective in the same range of biological
activity against Bacillus subtilis, Pythium ultimum and Staphylococcus aureus.
Munumbicin E-5 showed more effective than E-4 against Burkholderia thailanden-
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sis; however, Munumbicin E-4 was more effective than E-5 against Staphylococcus
aureus ATCC 29213 and Staphylococcus aureus 43000 (MRSA) (Castillo et al.
2006). The antimalarial activity of Munumbicins E-4 and E-5 is also reported to be
double than that of chloroquine.

8.7.2 Kakadumycins

Streptomycete sp. (NRRL30566) an endophyte of Grevillea pteridifolia is the source
of peptide antibiotics kakadumycins. The structure of the antibiotic is related to a
quinoxaline antibiotic, echinomycin. Like echinomycin, kakadumycins also have
same mode of action. It can preferentially inhibit DNA-directed enzymatic RNA
synthesis along with it and also can inhibit protein synthesis and cell wall synthesis
to some extent. The antibiotic is reported to have strong antimalarial and anti-
Bacillus anthracis activities (Castillo et al. 2003).

8.7.3 Celastramycins

Celastramycins A and B were isolated from the Streptomyces sp. MaB-QuH-8 of
the plant Putterlickia retrospinosa. Celastramycin A belongs to chloropyrrolo fam-
ily of antibiotics, while Celastramycin B is an unusual chlorinated anthracyclinone
metabolite (Fig. 8.3). On testing both the antibiotics against different pathogens, it
was reported that Celastramycin A is more potent against multiresistant bacterial
strain in comparison to Celastramycin B. Both Celastramycins A and B showed
activity against Mycobacterium vaccae IMET 10670 and Bacillus subtilis ATCC
6633. In addition to that Celastramycin A was effective against some other patho-
genic bacteria such as Staphylococcus aureus MRSA 134/93, S. aureus MR 994/93,
Enterococcus faecalis V-r 1528, Mycobacterium smegmatis SG 98, Mycobacterium
aurum SB 66 and Mycobacterium fortuitum (Pullen et al. 2002).

8.7.4 Coronamycins

Coronamycin is a novel group of peptide antibiotics which is active against various
pythiaceous fungi, human fungal pathogen including Pythium ultimum, Geotrichum
candidum and Phytophthora cinnamomi. The best bioactivity of Coronamycin was
found against malarial parasite Plasmodium falciparum having 1Cs, values of 9 +
7.3 ng ml~". It is produced by Streptomyces sp. which is an endophyte from an epi-
phytic vine, Monstera sp. Since this antibiotic is active against various pythiaceous
fungi, it may be used for agricultural purposes (Ezra et al. 2004).
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8.7.5 Xiamycins

Xiamycin A represents one of the novel pentacyclicindolosesquiterpene isolated
from Streptomyces sp. strain HKI0595 from the stem segments of a mangrove tree,
Kandelia candel. The research findings suggest that Xiamycin A has strong antimi-
crobial activities against Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus
subtilis, Mycobacterium vaccae, methicillin-resistant Staphylococcus aureus and
vancomycin-resistant Enterococcus faecalis (Ding et al. 2011). Along with
Xiamycin A, Ding et al. (2011) also isolated three new alkaloids, Xiamycin B,
Indosespene and Sespenine, of which Indosespene and Sespenine have moderate or
weak antimicrobial activities, respectively (Fig. 8.3).

8.7.6 Ecomycins

Ecomycin (Ecomycins A, Ecomycins B, Ecomycins C) is a novel family of lipopep-
tide antibiotics which was isolated from Pseudomonas viridiflava, an endophytic
bacterium associated with grass species. Based on molecular weight and amino acid
composition, Ecomycin A was found to be similar to Syringotoxin; however,
Ecomycin B and C represented a unique set of related lipopeptides. The antibiotics
showed bioactivity against human fungal pathogens including Candida albicans
and Cryptococcus neoformans and some plant pathogenic fungi such as Sclerotinia
sclerotiorum, Fusarium oxysporum and Rhizoctonia solani. The biological activi-
ties of the Ecomycin were found to be similar to Amphotericin B. However, since
Amphotericin B is extremely toxic to human cells, hence, Ecomycin can be used as
a suitable alternative to Amphotericin B (Miller et al. 1998).

8.7.7 Pseudomycin

Pseudomycin is an antibiotic which represent a family of lipopeptides and was
reported from plant-associated Pseudomonas syringae. It was found to be active
against an array of plant- and human-pathogenic fungi including C. albicans, C.
neoformans, Ceratocystis ulmi and Mycosphaerella fijiensis (Harrison et al. 1991).

8.7.8 Efomycins

Streptomyces sp. BCC72023 isolated from Oryza sativa L. was found to be the
source of three macrolides, Efomycin M, Efomycin G and Oxohygrolidin, and two
polyethers, abierixin and 29-O-methylabierixin (Fig. 8.3). Efomycin M can inhibit
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E- and P-selectin binding in vitro and thus prevented rolling of T cells. All the three
macrolides Efomycin M, Efomycin G and Oxohygrolidin can inhibit the growth of
both Gram-positive and Gram-negative bacteria and have antimalarial activity.
Abierixin and 29-O-methylabierixin also displayed antimalarial activity (Supong
et al. 2016).

8.7.9 Antimycin AI18

Antimycin A18 was produced by an endophytic actinobacterium Streptomyces
albidoflavus isolated from a leaf of a mangrove plant Bruguiera gymnorrhiza col-
lected from Shankou, Guangxi Province, People’s Republic of China. This com-
pound was reported to have antifungal activities against plant pathogenic fungi
(Colletotrichum  lindemuthianum, Botrytis cinerea, Alternaria solani and
Magnaporthe grisea) suggesting that it may use for protection of plants (Yan et al.
2010) (Fig. 8.3).

8.7.10 3’-Hydroxy-5-Methoxy-3,4-Methylenedioxybiphenyl

Streptomyces sp. BO-07 which was isolated from root tissue of the medicinal plant of
Thailand Boesenbergia rotunda (L.) Mansf A was found to be the source of another two
antimicrobial compounds, i.e., 3’-hydroxy-5-methoxy-3,4-methylenedioxybiphenyl
and 3’-hydroxy-5,5’-dimethoxy-3,4-methylenedioxybiphenyl (Fig. 8.3). Both of these
compounds have strong antibacterial activity against Gram-positive bacteria
(Staphylococcus aureus ATCC25932, Bacillus cereus ATCC7064, Bacillus subtilis
ATCC6633) and moderate inhibitors against Gram-negative bacteria (Escherichia coli
ATCC10536, Pseudomonas aeruginosa ATCC27853, Salmonella Typhi ATCC19430,
Serratia marcescens ATCC8100) (Taecchowisan et al. 2017).

8.7.11 Spoxazomicins

Spoxazomicins were included in novel antitrypanosomal alkaloids of the pyochelin
family which were isolated from Streptosporangium oxazolinicum K07-0460, an
endophyte from the roots of orchid. In vitro antitrypanosomal activities revealed
that both Spoxazomicins A and B have strong antitrypanosomal activity against
GUTat 3.1 strain of Trypanosoma brucei brucei with an ICs, value of 0.11 pg ml™!
and 0.55 pg ml~!, respectively. However, Spoxazomicins C showed weak antitry-
panosomal activity, with an ICs, value of 3.0 pg ml~! (Inahashi et al. 2011) (Fig. 8.3).
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8.7.12 Cedarmycins

Cedarmycins are novel butyrolactone antibiotics isolated from Streptomyces sp.
TP-A0456, a plant-associated actinobacteria from stem of Cryptomeria japonica.
Both of these compounds showed weak to moderate antibiotic activity against both
Gram-positive and Gram-negative bacteria, while more potent activity against
Candida glabrata having ICs, of 0.40 and 1.60 pgml~!, respectively (Sasaki et al.
2001) (Fig. 8.3).

8.7.13 Fistupyrone

It is a microbial metabolite isolated from plant-associated Streptomyces sp.
TP-A0569. Fistupyrone can inhibit the in vivo infection of the seedlings of Chinese
cabbage caused by Alternaria brassicicola TP-F0423 (Igarashi et al. 2000)
(Fig. 8.3).

8.7.14 Saadamycin

Saadamycin is another antibiotic isolated from endophytic actinomycetes
Streptomyces sp. Hedaya48 which is active against dermatophytes and other clinical
fungi (EI-Gendy and El-Bondkly 2010) (Fig. 8.3).

8.7.15 Lansai A-D

These antibiotics were isolated from Streptomyces sp. SUC1, an endophytic actino-
bacterium from the aerial roots of Ficus benjamina. All the antibiotics showed weak
activity against Colletotrichum musae with MIC>100 pgml-!' (Tuntiwachwuttikul
et al. 2008) (Fig. 8.3).

8.7.16 Actinomycin D

It is a potent antibiotic from Streptomyces sp. Tc022, an endophyte from roots of
Alpinia galangal. It showed bioactivity against plant pathogenic fungi Colletotrichum
musae (MIC = 10 pg ml~!) and Candida albicans (MIC = 20 pg ml~!) (Taechowisan
et al. 2000) (Fig. 8.3).
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8.7.17 Clethramycin

Clethramycin is structurally similar to Linearmycin and was isolated from
Streptomyces hygroscopicus TP-A0623, endophyte from the root of Clethra barbin-
ervis collected in Toyama, Japan. It was reported to have strong bioactivity against
yeast (Candida albicans, C. glabrata) and fungus (Aspergillus fumigatus), however
weak activity against Gram-positive and negative bacteria (Furumai et al. 2003).

8.7.18 Hamuramicins

Two new compounds containing 22-membered macrolide-containing triene and tri-
enone with an alkyl side chain, designated as Hamuramicins A and B (Fig. 8.3),
were isolated from the cultured broth of an endophytic actinomycete Allostreptomyces
sp. K12-0794. Both of these compounds showed growth inhibition activity against
Kocuria rhizophila and Xanthomonas oryzae pv. oryzae (Suga et al. 2018).

8.8 Conclusion

Over the centuries medicinal plant species were used by humans for traditional
benefits. Perusal of literature also disclosed that medicinal plant species are the
treasure of novel bioactive molecules, among which some led to the discovery of
new drugs. Endophytic bacterial population of medicinal plants which are rela-
tively poorly investigated serve as an important component of biodiversity and as
a promising source of antimicrobial compounds. Combinations of different
cultivation-dependent and cultivation-independent techniques increase our under-
standings of analysing the diversity of bacterial endobiome and consequently
understanding the mechanisms underlying the plant-endophyte interaction. An
extensive characterization and identification of the diverse population also help to
discover new antimicrobial compounds from them which lead to solve the present-
day problems like the appearance of various life-threatening diseases and resis-
tance to existing drugs which ultimately prove to be safe and efficacious for human
healthcare.
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Chapter 9

The Importance of Endophytic Fungi
from the Medicinal Plant: Diversity,
Natural Bioactive Compounds,

and Control of Plant Pathogens

Laith Khalil Tawfeeq Al-Ani

Abstract Endophyte fungi are amazing organisms with the ability to grow inside
the host plant, particularly the medicinal plant, without any side effects on the plant
tissues. These endophyte fungi can colonize and proliferate without causing any
damage to the tissues of the medicinal plant, although many of the fungi genera are
isolated from the medicinal plants that can cause the diseases for the plants directly
or for animals and human indirectly. But some endophytic fungi genera are using a
biocontrol agent with other benefits. Here, the diversity of endophytic fungi was
about 180 genera. Also, I suggested a simple equation for displaying the fungi gen-
era available among isolates of endophyte fungi from the medicinal plants. 180
genera of endophytic fungi into three levels including low, middle, and high levels
depending on the equation that determined the importance of some fungi genera of
from other fungi. These fungi comprised Trichoderma, Curvularia, Pestalotiopsis,
Cladosporium, Chaetomium, Phomopsis, Diaporthe, Phoma, Penicillium,
Alternaria, Colletotrichum, Fusarium, and Aspergillus. The roles of endophyte
fungi are shown in various fields such as producing (A) antibiotics against many
microbes, (B) mycotoxins, (C) anticancer, (D) insecticides, (E) enzymes, and (F)
many compounds used in different fields. Also, endophyte fungi are able to change
the chemistry of medicinal plant and control of plant pathogens. Endophyte fungi of
a group the dark septate endophytes (DSE) detected that are able to play an impor-
tant role by producing very interesting compounds. The conclusion is 13 fungi gen-
era more important from others. Many endophyte fungi have displayed the role in
producing the natural bioactive products and using to biocontrol of plant pathogens.
These fungi can be used to produce natural drugs, biopesticides, and biofertilizers
that lead to decrease the dangers of synthetic chemicals. This can save the ecosys-
tem and reduce the chemical residue in the environment.
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9.1 Introduction

Medicinal plants are very interesting as a big source of natural compounds to use in
the drug and pesticide industry; therefore, they are useful for treating the diseases of
humans, animals, and plants as an alternative method with synthetic chemicals. But
there are some of the prepared compounds friendly to the environment that can use
it as antifungal (Al-Ani et al. 2012; Mohammed et al. 2012). Some microbes such
as fungi attack medicinal plants without causing any diseases and damages for the
host plant that is called an endophyte. Endophytic fungi are forming the important
role for the medicinal plants to incur the biotic and abiotic stress with other benefits.
Endophytic fungi are very diverse in the medicinal plant and very helpful for medic-
inal plants by enhancing (1) producing the different compounds and enzymes, as the
source for natural compounds useful to manufacture biopesticides, (2) enhancing
the plant growth, (3) controlling and protecting from infecting with plant pathogens.
(4) Affecting on the plant chemistry (Al-Ani and Albaayit 2018a, b; Al-Ani 2019a,
b,c,d, e, f, g h,i; Egbuna et al. 2019). Endophytic fungi included many fungi gen-
era such as Penicillium, Curvularia, Colletotrichum, Piriformospora, Fusarium,
Trichoderma, and others (Teles et al. 2005; Vega et al. 2006; Yadav et al. 2010;
Al-Ani and Salleh 2010; Al-Ani 2018a, b; Al-Ani et al. 2013a, b; Hiruma et al.
2016; Al-Ani 2017a; Votiskova et al. 2017). In additional of endophytic bacteria
such as plant growth-promoting rhizobacteria (PGPR) or bacterial symbionts as that
used in the agriculture to control of plant diseases and enhance the plant growth
(Al-Ani 2006; Al-Ani and Al-Ani 2011; Mohammed et al. 2011, 2013, 2014; Al-Ani
2017a). But other fungi associated with plants may be affecting the animals and
humans by secreting several dangerous mycotoxins (Attitalla et al. 2010a, b).

The medicinal plants are exposed to endophytic fungi normally. Endophytic
fungi can grow through natural openings of plants like a stomata pore and natural
wounds. Fungi can grow and do a part or all of effectiveness inside the plant as long
the nutrients is available. Generally, the effectiveness is including production the
secondary metabolites, enzymes, induce the defense and resistance in plants, and
enhance the plant growth. Selim et al. (2012) could produce many compounds
including the antimicrobial, antioxidant, antiviral, and anticancer that are useful in
different fields such as environmental applications, agriculture, and pharmaceutical
industry. Endophytic fungi of medicinal plants are producing the high fortune of a
source of bioactive compounds comprising antitumor, antimicrobial, insecticide,
antioxidant, growth-promoting, and antithrombotic that almost can apply in agricul-
ture and pharmacy (Zhang et al. 2014). While, in the same status can change the
useful for the organisms to be harmful depending on the conditions, such as (1) may
be a plant pathogen, and (2) may produce mycotoxins or compounds, and enzymes
causing disadvantages for other plants, particularly the economic plants such as
crops and vegetables. (i) Endophytic fungi produce different secondary metabolites
and enzymes that can be utilized in the different fields such as agriculture, industry,
medicine, etc. Bhagat et al. (2012) found 63 endophytic fungi from 2 medicinal
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plants, Sapindus detergens and Ocimum sanctum, that produced several biomolecules
including compounds that are antimicrobial and anticancer. (ii) Endophytic fungi
may control plant pathogens directly and indirectly. (iii) Endophytic fungi have the
ability to change the plant chemistry. (iv) Endophytic fungi are able to enhance
plant growth through production of plant growth regulators such as gibberellins
(GAs), indole-3-acetic acid (IAA), and abscisic acid (ABA) (Dai et al. 2008; Strobel
et al. 2001). (v) Endophytic fungi have the ability to produce mycotoxins inside the
parts for medicinal plants (Ashiq et al. 2014).

Therefore, these points need to the elucidation in this chapter that may cover
some advantage of endophyte fungi for the medicinal plants. The important role of
endophytic fungi is appearing everyday and attractive for many researchers to detect
and isolate new natural compounds and new species of fungi. Endophytic fungi are
including several characterizes such as the producing of natural compounds, and
control of the plant pathogens with the increasing in secondary metabolites of the
medicinal plant, and improvement the plant growth.

9.2 Diversity of Endophytic Fungi in the Medicinal Plants

Endophytic fungi are able to colonize different tissues of the plant. Diversity of
endophytic fungi become clearer by spreading in different parts of the medicinal
plants that can appear by isolating endophytic fungi from the different parts of the
medicinal plants such as leaves, stems, roots, seeds, and fruit. Endophytic fungi
were diverse in various medicinal plants. They registered many species of endo-
phytic fungi in last papers. The medicinal plant such other plants are the repository
of fungi by providing the nutrient or cytosol. The diversity of fungi in the medicinal
plants comprises the fungi that are feeding as the form saprophytic, or saprophytic
and parasitic facultative. This is being as a theory because they have been isolated
too much species of fungi from the inner tissues. Some of these species are patho-
genic for several economic plants. The diversity of endophytic fungi is summarized
in Table 9.1.

Endophytic fungi could be isolated from different medicinal plants (Table 9.1).
This table is showing very amazing results about 180 genera of endophytic fungi.
Therefore, I suggested some levels showing the gap between the genera of endo-
phytic fungi that have been mentioned in Table 9.1 due to the high number of genera
that reached 180. Also, I suggested a simple equation that can show the distribution
percentage of isolated genera compared to the number of the medicinal plants. This
suggestion is more important for a decrease the big gap between high numbers of
some fungi genera to other fungi very little and can give the idea about the most
important of genera that tendency to live as endophytic or nonpathogenic fungi
inside of the medicinal plants. This suggestion showed three levels of fungi genera
that can be divided into low, middle, and high levels (Fig. 9.1) according to the per-
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Table 9.1 The fungi genera isolated from the various parts of the medicinal plants

. K. T. Al-Ani

No.

Fungal isolates

Medicinal plant

Parts of plant

References

1.

Curvularia clavata, C. lunata,
C. pallescens, and Fusarium
oxysporum

Adhatoda zeylanica,
Bauhinia phoenicea,
Callicarpa tomentosa,
Clerodendrum
serratum, and Lobelia
nicotianifolia in the
Western Ghats of
India

Bark, leaf, and
stem segments

Raviraja
(2005)

Xylaria, Daldinia, Hypoxylon,
Colletotrichum, Phomopsis,
Fusarium, Coprinus, Psathyrella,
Nodulisporium, and Penicillium

Cassia fistula (known
as golden shower) of
Nakhon Ratchasima
and Bangkok Province
(collected during two
seasons such as winter
and rainy) in Thailand

Healthy
specimens of
leaves

Ruchikachorn
(2005)

Fusarium sp., Penicillium sp.,
Schizophyllum sp., and Diaporthe
sp.

Camellia sinensis (tea
plant) was collected of
Dr. Partomuan in
Japan

Agusta et al.
(2006)

Trametes hirsute

Podophyllum
hexandrum of the
northwestern
Himalayan region at
Kashmir and Jammu
in India

Dried
rhizomes

Puri et al.
(2006)

Phialocephala fortinii

Podophyllum peltatum

Rhizomes

Eyberger
et al. (2006)

Fusarium oxysporum

Juniperus recurva of
South Kashmir

Stem, leaves,
and root

Kour et al.
(2008)

Alternaria sp., Chaetomium sp.,
Fusarium sp., Colletotrichum sp.,
Cladosporium sp., Penicillium sp.,
Phyllosticta sp., and Xylaria sp.

Adathoda vasica,
Calotropis gigantean,
Carissa carandus,
Cassia alata, Citrus
medica, Datura metel,
Ervatamia coronaria,
Hibiscus rosa sinensis,
Ixora coccinea,
Jatropha curcus,
Lantana camara,
Nerium indicum,
Punica granatum,
Toddalia asiatica, and
Vitex nigundo in
Malnad region of
Western Ghats,
Southern India

Healthy
specimens of
leaf segments

Shankar Naik
et al. (2008)

Fusarium oxysporum

Juniperus recurva
(matured) of Gulmarg
region at South
Kashmir

Stem, leaves,
and root

Kour et al.
(2008)

(continued)
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Table 9.1 (continued)
No. |Fungal isolates Medicinal plant Parts of plant | References
9. | Colletotrichum gloeosporioides Justicia gendarussa in | Leaves Gangadevi
(strain JGC-9) Chennai City, India and
Muthumary
(2008)
10. | Pestalotiopsis vismiae, Dendrobium nobile Healthy Yuan et al.
Colletotrichum sp., Phomopsis sp., | (epiphytic orchid) of | specimens of | (2009)
Pho. amygdale, Clonostachys Nabanhe National stems, leaves,
rosea, Penicillium sp., Penicillium | Nature Reserve, and roots
griseofulvum, Fusarium sp., Yunnan province,
F. solani, F. proliferatum, Xishuangbanna, at
Trichoderma chlorosporum, southwest in China
Guignardia mangiferae,
Botryosphaeria sp., Xylaria sp.,
Hypoxylon sp., Nemania sp., and
Rhizoctonia sp.
11. | Chaetomella raphigera (strain Terminalia arjuna - Gangadevi
TAC-15) and
Muthumary
(2009)
12. | Colletotrichum gloeosporioides Plumeria acutifolia Leaves Nithya and
Poiret (Apocynaceae) Muthumary
in Guindy Campus (2009)
Chennai City, India
13. | Fusarium and Acremonium Dendrobium Healthy Chen et al.
loddigesii Rolfe of the | specimens of | (2010)
medicinal orchid in roots
Shillong, Meghalaya,
India
14. | Pestalotiopsis versicolor and Taxus cuspidata of Healthy Kumaran
Pestalotiopsis neglecta Japanese yew tree specimens of | et al. (2010)
leaves and
bark
15. | Fusarium culmorum SVIMOQ72 Tinospora cordifolia Sonaimuthu
strain et al. (2010)
16. | Xylaria sp. Piper aduncum from | Healthy Silva et al.
at NuBBE’s specimens of | (2010)
greenhouse, Sdo adult leaves
Paulo, Brazil
17. | Penicillium verruculosum RSTPF | Potentilla fulgens L. | Roots Bhagobaty
et al. (2010)
18. | Chaetomium globosum Ginkgo biloba Healthy Lietal.
specimens of | (2011c)

leaves

(continued)
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Table 9.1 (continued)

L. K. T. Al-Ani

No.

Fungal isolates

Medicinal plant

Parts of plant

References

19.

Alternaria sp., Alternaria
alternata, Aspergillus niger, As.
Sfumigatus, Curvularia lunata,
Fusarium oxysporum, F. roseum,
Penicillium sp., Trichoderma sp.,
Stenella agalis, Phomopsis sp.,
Chaetomium sp., Chaetomium
globosum, and Rhizoctonia sp.

Adenocalymma
alliaceum from
campus of Banaras
Hindu University,
Varanasi, in India

Healthy
specimens of
stems,
petioles, and
leaves

Kharwar et al.
(2011)

20. | Fusarium solani Taxus baccata Healthy Tayung et al.
collected from Dibang | specimens of | (2011)
Valley of Arunachal inner bark
Pradesh, at a part of
Eastern Himalaya, in
India

21. | Epicoccum nigrum, Cladosporium | Aquilaria sinensis Stem Cui et al.
tenuissimum, Rhizomucor (agarwood) of the (2011)
variabilis, Paraconiothyrium tropical rainforests at
variabile, Phaeoacremonium Hainan and Yunnan
rubrigenum, Xylaria mali, provinces in China
Fusarium equiseti, F. solani,

F. oxysporum, F. avenaceum,
Lasiodiplodia theobromae, Phoma
herbarum, Coniothyrium nitidae,
Chaetomium globosum, Pichia
guilliermondii, Leptosphaerulina
chartarum, and Hypocrea lixii
22. | Emericella sp. Aegiceras Inner bark Zhang et al.
corniculatum (2011)

23. | Colletotrichum gloeosporioides, | Lippia sidoides Cham. | Healthy de Siqueira
Alternaria alternata, Guignardia | from Agropecuary specimens of | etal. (2011)
bidwelli, Phomopsis archeri, Research Company — | stem and leaf
Curvularia pallescens, Fusarium | Pernambuco (tropical
lateritium, Paecilomyces variotti, | moist) at Carpina, PE,

Periconia byssoides, Ulocladium | in Brazil
oudemansii, Dreschlera

dematioidea, Microascus

desmosporum, and Phoma

tracheiphila

24. | Colletotrichum gloeosporioides Salacia chinensis Healthy Bhagya et al.

Penz. L. (Celastraceae) of specimens of | (2011)
the herbal garden of | stem and leaf
Mangalore University
campus in India
25. | Cochliobolus intermedius, Sapindus saponaria Healthy Garcia et al.

Alternaria sp., Alt. alternata,
Curvularia sp., Cur. affinis,
Phomopsis sp., Pho. chimonanthi,
Pho. micheliae, Diaporthe
helianthi, Ascomycota sp., and
Phoma sp.

tree (15 years old)
from Maringa, Parana,
Brazil

specimens of
leaves

(2012)

(continued)
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Table 9.1 (continued)
No. |Fungal isolates Medicinal plant Parts of plant | References
26. | Trichoderma citrinoviride, Panax ginseng Meyer | Roots of 1-, 2-, | Park et al.
Colletotrichum panacicola, (ginseng) of the 3-, and (2012a)
Phoma radicina, Fusarium National Institute of | 4-year-old
acuminatum, F. oxysporum, Horticultural and plants
F. solani, Leptodontidium Herbal Science at
orchidicola, Cylindrocarpon Eumseong, in Korea
destructans, and Colletotrichum
pisi
27. | Rhizopus oryzae, Aspergillus Terminalia brownie Healthy Basha et al.
niger, and A. flavus (local name: Weiba) of | specimens of | (2012)
Ghindae sub-zone at | leaves
Eritrea, Northeast
Africa
28. | Talaromyces flavus, Mortierella Potentilla fulgens, Healthy Bhagobaty
hyaline, Paecilomyces variabilis, | Camellia caduca, specimens of | and Joshi
and Penicillium sp. Osbeckia stellata, Os. | stems and (2012)
chinensis, and Schima | roots
khasiana collected
from Sohra,
Mawphlang, Lum
Shyllong, and Umsaw
Nongkhrai “sacred
groves” at Meghalaya,
in India
29. |Alternaria alternata, Aspergillus | Nyctanthes arbor- Healthy Gond et al.
Sfumigatus, A. niger, Cladosporium | tristis from botanical | specimens of | (2012)
cladosporioides, Colletotrichum garden from Banaras | stems and
dematium, Chaetomium globosum, | Hindu University, leaves

Curvularia fallax, C. lunata,

C. oryzae, Drechslera ellisii,
Fusarium oxysporum, Humicola
grisea, Acremonium sp.,
Nigrospora oryzae, Penicillium
sp., Phomopsis sp., and
Rhizoctonia sp.

Varanasi, in India

30.

Fusarium solani

Podophyllum
hexandrum of ten
different locations
around the village
Jhuni, at Bageshwar
Distr., Uttarakhand, in
India

Rhizomes and
roots

Nadeem et al.
(2012)

31.

Fusarium oxysporum, Phoma
radicina, Ascomycota sp., and
Setophoma terrestris

Panax ginseng Meyer
(ginseng) three
cultivars such as
Chunpoong,
Yunpoong, and
Gumpoong of
Gangwon Province in
Korea

Roots

Park et al.
(2012b)

(continued)
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Table 9.1 (continued)
No. |Fungal isolates Medicinal plant Parts of plant | References
32. | Cladosporium cladosporioides, Echinacea purpurea | Healthy Rosa et al.
Glomerella cingulata, (clones) seed bought | specimens of | (2012)
Ceratobasidium sp., from the North leaves, lateral
Colletotrichum sp., Central Regional Plant | shoots, and
C. gloeosporioides, C. trifolii, Introduction Station | roots
Fusarium spp., F. oxysporum, (NCRPIS) in Ames,
F. solani, and Mycoleptodiscus Towa
indicus
33. | Chaetomium sp., Pestalotiopsis Cinnamomum Young and Kharwar et al.
sp., Phyllosticta nobilis, camphora (L.) Presl mature tissues | (2012)
Phomopsis sp., Phacidium sp., from the campus of of stem,
Alternaria cinerariae, Banaras Hindu leaves, and
Arthrobotrys sp., Arthrinium sp., | University, Varanasi, | petiole
Aspergillus fumigatus, As. niger, | in India
Chaetophoma, Curvularia lunata,
Cladosporium tennuissimum,
Drechslera sp., Gliomastix sp.,
Humicola greseia, Nigrospora
oryzae, Penicillium spp., Periconia
sp., Stachybotrys sp., Trichoderma
harzianum
34. | Rhizoctonia sp., Xylaria sp., Dendrobium nobile Roots Chen et al.
Fusarium sp., Trichoderma sp., and Den. chrysanthum (2012)
Colletotrichum sp., Pestalotiopsis | as orchid species in
sp., and Phomopsis sp. China
35. |Alternaria sp., Phoma sp., Panax ginseng Meyer | Leaf, petiole, | Park et al.
Colletotrichum sp., Fusarium sp., | (3—4-year-old ginseng | root, stem, and | (2012c)
Xylaria sp., and Entrophospora sp. | plants) in Korea flower stalk
36. | F oxysporum BH-3 Lilium lancifolium of | Healthy bulbs | Liu et al.
Lanzhou, Gansu (2012)
Province, in China
37. | Fusarium oxysporum Ginkgo biloba from the | Healthy Cui et al.
forest site that located | specimens of | (2012)
in the Changbai the root bark
Mountain, China
38. | Alternaria sp. Datura stramonium L. | — Sun et al.
(2012)
39. | Rhizophus spp., Aspergillus spp. 1, | Terminalia brownie Healthy Basha et al.
Aspergillus spp. 2 and local name: Weiba | specimens of | (2012)
(Eritrean medicinal mature leaves
plant) collected from
Ghindae sub-zone
40. | Alternaria sp., Exserohilum sp., Ocimum sanctum and | Healthy Bhagat et al.
and Phoma sojicola Sapindus detergens in | specimens of | (2012)
Amritsar, India stems, and
leaves
41. | Diaporthe helianthi, Cordyceps Trichilia elegans Healthy Rhoden et al.
memorabilis, Phomopsis sp., and | (Meliaceae) is a native | specimens of | (2012)

Pho. longicolla

tree in several regions
of Brazil

leaves

(continued)
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Table 9.1 (continued)

No. |Fungal isolates Medicinal plant Parts of plant | References

42. | Phomopsis sp. and Phyllosticta sp. | Ginkgo biloba Healthy Thongsandee
L. (three healthy specimens of | et al. (2012)
ginkgo trees) of Mie | twigs, petioles,

University, Tsu, Mie, |and leaves
Japan
Diaporthe cf. phaseolorum, Stryphnodendron Leaves and Carvalho
Guignardia cf. camelliae, adstringens of two barks etal. (2012)
Preussia pseudominima, protected reserves: (1)
Phomopsis sp., Xylaria hypoxylon, | “Cerrado” (a typical
Diaporthe sp., Pseudofusicoccum | Brazilian savanna), the
stromaticum, Cytospora sp., National Park of Serra
Nigrospora oryzae, of the Cip6 (summer),
Neofusicoccum cf. ribis, and (2) Serra of Sao
Colletotrichum sp., Guignardia José (winter), both in
mangiferae, Xylaria sp., Minas Gerais State,
Pestalotiopsis clavispora, Preussia | Brazil
africana, Sporormiella isomera,
Alternaria alternata,
Cladosporium cladosporioides,
Colletotrichum cf.
gloeosporioides, Penicillium
glabrum, Preussia sp., Sordaria
fimicola, Aspergillus cf. ustus,
Colletotrichum cf. boninense,
Nigrospora sp., Penicillium sp.,
Pestalotiopsis microspora,
Aspergillus cf. flavipes,
Arthrobotrys sp., Botryosphaeria
sp., Coniochaeta sp., Fimetariella
rabenhorstii, Massarina igniaria,
Muscodor sp., Paraconiothyrium
brasiliense, Pestalotiopsis cf.
cocculi, Preussia cf. isomera,
Sordaria cf. tomento-alba, and
Trichoderma sp.
43. | Colletotrichum gloeosporioides Barringtonia Healthy Lakshmi and
acutangula of the river | specimens of | Selvi (2013)
bed in Kovilanchery, | leaves
Chennai
44. | Colletotrichum sp., Phoma sp., Mitragyna javanica of | Healthy Pharamat
Fusarium sp., Phyllosticta sp., Koord and Val, specimens of | et al. (2013)
Phomopsis sp., Alternaria sp., collected in the wet leaves
Xylaria sp., Nodulisporium sp., season from
Penicillium sp., Cladosporium sp., | Pathumthani and
Aspergillus sp., and Daldinia sp. | Ayuthaya provinces in
Thailand

45. | Colletotrichum truncatum, Jatropha curcas of Healthy Kumar and
Chaetomium sp., Guignardia TERI, New Delhi, in | specimens of | Kaushik
cammillae, Nigrospora oryzae, India leaves and (2013)
Fusarium proliferatum, and petiole

Alternaria destruens

(continued)
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Table 9.1 (continued)

No. |Fungal isolates Medicinal plant Parts of plant | References

46. | Claviceps purpurea and Achnatherum Healthy Shi et al.
Chaetomium globosum Kunze ex | inebrians (Hance) specimens of | (2013)

Fr. Keng of a mountain stems, roots,

near Urumuqi City at | seeds, and
Xinjiang Province, in | leaves
China

47. | Fusarium solani T-7 Ginkgo biloba L. of |- Shimo et al.
the Chinese (2013)
Department of Hefei
University, plants
living body

48. | Chaetomium globosum Ginkgo biloba, from | Healthy Zhang et al.
Linyi, Shandong specimens of | (2013)
Province, in China barks

49. | Colletotrichum gloeosporioides, | Rauwolfia serpentina | Healthy Nath et al.
Aspergillus awamori, and Benth (Sarpagandha | specimens of | (2013)
Penicillium sp. or Indian snakeroot) | stem and leaf

of Northeast India

50. | Alternaria sp., Phomopsis sp., Ginkgo biloba L. from | Healthy Xiao et al.
Sphaeropsis sp., Guignardia sp., | Nanjing and Taixing | specimens of | (2013)
Botrytis sp., Penicillium sp., in Jiangsu Province leaves and
Cladosporium sp., Fusarium sp., | and Chengdu in small branches
Mucor sp., Aspergillus sp., Sichuan Province, PR
Gloeosporium sp., Colletotrichum | China
sp., and Chaetomium sp.

51. | Colletotrichum gloeosporioides Centella asiatica and | Healthy Nath et al.
MKLI and Aspergillus oryzae Murraya koengii specimens of | (2014)
CeR1 leaves, stems,

roots, and
branches
Fusarium sp. Fritillaria Fresh bulbs Pan et al.
unibracteata var. (2014)
wabensis of Mao
County, Sichuan
Province, China

52. | Aspergillus niger, A. flavus, Adhatoda vasica, Healthy Gautam

A. clavatus, A. variecolor, Ocimum sanctum, specimens of | (2014)

Penicillium chrysogenum,
Curvularia lunata,
Haplosporidium sp., Alternaria
alternata, Phoma sp., Nigrospora
sp., Colletotrichum sp.,
Geotrichum sp., Phomopsis sp.,
Trichoderma sp., Rhizopus sp.,
Cladosporium sp., Stemphylium
sp., and Fusarium sp.

Viola odorata,
Cannabis sativa, and
Withania somnifera of
Mandi district, at
Himachal Pradesh, in
India

leaves

(continued)



9 The Importance of Endophytic Fungi from the Medicinal Plant: Diversity, Natural... 199
Table 9.1 (continued)
No. |Fungal isolates Medicinal plant Parts of plant | References
53. | Chaetomium globosum Ginkgo biloba Healthy Lietal.
specimens of | (2014a, b)
leaves
54. | Aspergillus sp., A. tamari, Datura stramonium, Healthy Mahdi et al.
A. pulvinus, A. parasiticus, Prosopis chilensis, specimens of | (2014)
A. terreus, A. niger, A. flavus, and Moringa oleifera | fresh leaves
Curvularia sp., Emericella sp., of Khartoum State, at | and stems
E. bicolour, E. rugulosa, Central Sudan
E. nidulans, and Chaetomium sp.
55. | Alternaria alternata, Alternaria Madhuca indica Healthy Verma et al.
sp., Aspergillus sp., A. flavus, Gmel. from (Location |specimens of | (2014)
A. fumigatus, A. niger, A. terreus, | 1) the campus of stem, bark,
Cladosporium cladosporioides, Banaras Hindu and leaf
Cladosporium sp., Corynespora University at Varanasi
sp., Fusarium graminearum, district (less polluted
Fusarium sp., Monodictys sp., area and relatively
Penicillium sp., Gliocladium sp., | moist); (Location 2)
Taeniolella sp., Trichoderma sp., | agriculture lands of
Aspergillus tubingensis, Chandauli district, UP,
Aspergillus lentulus, Fusarium sp., | India; and (Location
Aschersonia sp., Botryodiplodia 3) the Hathinala forest
sp., Colletotrichum coccodes, at Sonebhadra district
C. gloeosporioides, Macrophoma | (natural forest)
sp., Pestalotia sp., Phlyctaena sp.,
Phomopsis sp., Phomopsis
liquidambari, Botryosphaeria
rhodina, Chaetomium sp.,
Pleospora sp., Preussia sp.,
Fusicoccum sp., Emericella sp.,
and Xylaria sp.
56. | Chaetomium globosum, Achyranthes aspera Healthy Shankar Naik

Aureobasidium pullulans,
Aspergillus niger, Curvularia
lunata, Penicillium spp.,
Pestalotiopsis spp., Trichoderma
viride, Fusarium spp., and
Cladosporium cladosporioides

L., Eclipta alba

L. Hassk,
Elephantopus scaber
L., Leucas aspera
Spreng., Ocimum
sanctum L.,
Phyllanthus niruri L.,
and Sida acuta Burm.
f. of the Malnad
region in India

specimens of
leaves

et al. (2014)

(continued)
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57. | Lecythophora sp., Lecythophora | Panax ginseng Healthy Eo et al.
hoffimannii, Coniochaeta ligniaria, | (Korean ginseng) from | specimens of | (2014)
Hypoxylon perforatum, Hypo. field-cultivated leaves
ticinense, Hypo. notatum, ginseng and mountain-

Coniochaeta sp., Nemania sp., cultivated ginseng at
Leptospira rubella, Lophiostoma | four sites of Chungbuk

sp., Cerraena consors, Province in Korea
Colletotrichum sp., Coll.

panacicola, Acremonium sp.,

Stemphylium solani,

Cladosporium sp., Gibberella

moniliformis, Aureobasidium sp.,

Hansfordia sp., Daldinia childiae,

Aspergillus sp., Coll.

gloeosporioides, Edenia

gomezpompae, Alternaria

alternata

Alternaria sp., Cochliobolus sp., Baccharis trimera of | Healthy Vieira et al.
Diaporthe sp., Diaporthe Serra of Ouro Branco | specimens of | (2014)
phaseolorum, Epicoccum sp., at protected area from | leaves
Guignardia sp., Nigrospora sp., Minas Gerais State, in
Pestalotiopsis sp., Phoma sp., Brazil

Phomopsis sp., Preussia Africana,

Pre. pseudominima, Podospora

sp., Preussia sp., Chaetomium sp.,

Sporormiella sp., and Xylaria sp.

58. | Acremonium sp., Fusarium sp., Tylophora asthmatica | Healthy Nalini et al.
Colletotrichum sp., Pestalotiopsis | (W. and A.), Rubia specimens of | (2014)
sp., Chaetomium sp., Myrothecium | cordifolia L., root,
sp., and Phomopsis sp. Plumbago zeylanica | inflorescence,

L., Phyllanthus and rhizome
amarus (Schum.

andThonn.), Eryngium

foetidum L., Zingiber

sp., and Centella

asiatica L. of the

Western Ghats region

in India

59. | Alternaria alternata, A. brassicae, | Vitex negundo L. of Bark, twig, Sunayana
Coll. gloeosporioides, the Western Ghats and leaf etal. (2014)

Corynespora cassiicola, Fusarium
oxysporum, F. solani,
Lasiodiplodia crassispora, Lasid.
pseudotheobromae, Lasid.
theobromae, Nectria mauritiicola,
Periconia byssoides, and
Phialemonium sp.

region in India

(continued)
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60. | Fusarium sp., Coprinopsis Eugenia jambolana Leaf, petiole, | Yadav et al.
cinerea, Penicillium spinulosum, and stem (2014)

Aspergillus sp., A. flavus,
A. peyronelii, A. niger,
A. tubingensis, A. japonicus,
A. terreus, A. aff. fumigatus,
Curvularia lunata, Alternaria
alternata, Syncephalastrum
racemosum, Choanephora sp.,
Chaetomium sp., Trichoderma
Longibrachiatum, and
Paecilomyces formosus
61. | Acremonium curvulum, Bauhinia forficata of | Healthy Bezerra et al.
Aspergillus ochraceus, Gibberella | Didactic Garden from | specimens of | (2015)
Sujikuroi, Myrothecium verrucaria, | the Center of leaves, stems,
M. schulzeri, Phoma putaminum, | Biological Sciences, sepals, and
Gibberella baccata, Penicillium Federal University of | seeds
commune, P. glabrum, and Pernambuco, Recife,
Trichoderma piluliferum Brazil
62. | Alternaria sp., Bipolaris sp., Calotropis procera, Stems, leaves | Khiralla et al.
Curvularia sp., Chaetomium sp., | Catharanthus roseus, | (V. (2015)
Drechslera sp., Emericella sp., Euphorbia prostrate, | amygdalina,
Aspergillus sp., Cladosporium sp., | Vernonia amygdalina, | C. procera,
Paecilomyces sp., and Phoma sp. | and Trigonella C. roseus,
foenum-graecum of E. prostrata),
Khartoum local and seeds (T
market Sfoenum-
graecum)
63. | Penicillium chrysogenum Pc_25 | Asclepias sinaica of | Leaves Fouda et al.
and Alternaria alternata Aa_27 Ain Shakaya, Saint (2015)
Catherine, South
Sinai, in Egypt
64. | Alternaria sp., Curvularia sp., Centella asiatica Healthy Devi and
Colletotrichum sp., Acremonium Linn, Phlogacanthus | specimens of | Singh (2015)

sp., Phoma sp., Ulocladium sp.,
Helminthosporium sp.,
Chaetomium sp., Aspergillus sp.,
Penicillium sp., Verticillium sp.,
and Cladosporium sp.

Thyrsiflorus nees L,
Gynura angulosa
De(L), Ageratum
conyzoides Linn,
Eupatorium
birmanicum De,
Houttuynia cordata
Thunb, Allium
hookeri, Allium
odorum Linn,
Plantago major Linn,
and Mimosa pudica
Linn of Imphal West
in India

stem, leaves,
and roots

(continued)
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65. | Colletotrichum siamense, Coll. Pereskia bleo, Stems and Chow and
gloeosporioides, Penicillium Oldenlandia diffusa, | leaves Ting (2015)
simplicissimum, Fusarium Cymbopogon citratus,
proliferatum, F. verticillioides, and Murraya koenigii
F. oxysporum, Phoma sp., and of Bandar Tun
Ascomycota sp. Hussein Onn,
Selangor, Malaysia
66. | Alternaria alternata, Ocimum sanctum Healthy Chowdhary
A. tenuissima, Aspergillus niger, | (India’s Queen of specimens of | and Kaushik
Bipolaris maydis, Chaetomium herbs Tulsi) of stems and (2015)
coarctatum, Colletotrichum sp., Southern Plateau and | leaves
Curvularia lunata, Diaporthe Hills Region,
phaseolorum, Fusarium Hyderabad; Western
proliferatum, F. solani, Himalayan region,
F. verticillioides, Hypocrea sp., Trans-Gangetic plains
Hypoxylon sp., Macrophomina and Mukteshwar;
phaseolina, Meyerozyma Gwal Pahari and Delhi
guilliermondii, Meyerozyma sp., | in two different
Penicillium crustosum, Penicillium | sampling time:
sp., Rhizoctonia bataticola, summer (April-June)
Rhizopus oryzae, Setosphaeria and autumn (August—
rostrata, and Sympodiomyces sp. | September) in India
67. | Nigrospora sphaerica, Beauveria | Crescentia cujete L. of | Healthy leaf Prabukumar
bassiana, Fusarium oxysporum, Bharathidasan et al. (2015)
and Gibberella moniliformis University campus in
India
68. | Verticillium dahliae, Penicillium | Kadsura angustifolia | Healthy Huang et al.
Jjanthinellum, Pen. skrjabinii, Pen. | of Xichou and specimens of | (2015)
aculeatum, Colletotrichum Maguan of Yunnan stems and
gloeosporioides, Phomopsis province of China roots
asparagi, Eupenicillium
brefeldianum, Umbelopsis
dimorpha, Fusarium proliferatum,
F. oxysporum, Trichoderma
asperellum, T. spirale, Hypoxylon
fragiforme, Trametes versicolor,
and Xylaria venosula
69. | Fusarium sp., Nigrospora sp., (1) Coryllus avelana | (1) Twigs, Michalczyk
Botrytis sp., Phoma sp., (Hazel) shells, and et al. (2015)
Pestalotiopsis sp., Cladosporium leaves from
sp., Aspergillus sp., Curvularia Corylus
sp., Colletotrichum sp., Alternaria avellana
sp., Penicillium sp., Phyllosticta | (2) Ocimum basilicum | (2) Young and

sp., Trichoderma sp., and
Phomopsis sp.

(Basil) of Botanical
Garden, at Polish
Academy of Science,
in Powsin, Poland

mature leaves
from Ocimum
basilicum

(continued)
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70. | Colletotrichum sp., Diaporthe cf. | Carapa guianensis of | Healthy Ferreira et al.
mayteni, Pestalotiopsis sp., municipality of Sdo specimens of | (2015)
Diaporthe melonis, Phomopsis Jodo da Baliza, from a | leaves
sp., Endomelanconiopsis particular area in
endophytica, Diaporthe citri, Roraima State at the
Beltrania sp., Colletotrichum sp., | Amazonian region in
Colletotrichum karstii, Brazil
Colletotrichum alienum,
Guignardia mangiferae,
Aspergillus sp. Pestalotiopsis sp.,
Trichoderma sp., Xylaria sp.,
Botryosphaeria mamane,
Colletotrichum fructicola,
Colletotrichum siamense,
Diaporthe sp., Fusarium sp.,
Penicillium citrinum, Penicillium
sp., Pilidiella wangiensis, and
Xylaria cubensis
71. | Cladosporium sphaerospermum, | Ocimum sanctum, Healthy Desale (2016)
Colletotrichum gloeosporioides, Vitex negundo, and specimens of
Coll. lindemuthianum, Aspergillus | Barleria prionitis of | leaves, stems,
Sflavus, Nigrospora sp., Nig. Yashwantrao Mohite | and roots
sphaerica, Fusarium sp., College, Bharati
F. semitectum, Penicillium sp., Vidyapeeth Deemed
Curvularia borreriae, Phoma University, in India
glomerata, Phomopsis sp., Pho.
archeri, Alternaria raphani,
Monodictys paradoxa, Mucor
hiemalis, Curvularia borreriae,
Drechslera australiensis, and
Trichoderma harzianum
72. | Albonectria rigidiuscula, Cephalotaxus Healthy Liu et al.
Alternaria porri, Colletotrichum | hainanensis Li. of (1) | specimens of | (2016)
karstii, Coll. tropicicola, Coll. Hainan Tropical bark
thailandicum, Coll. magnisporum, | Botanical Garden
Corynespora cassiicola, (codes A and B), (2)
Clonostachys agraualii, Diaporthe | Hainan Jianfengling
actinidiae, Di. kyushuensis, Nature Reserve (codes
Guignardia mangiferae, C, D, and E), and (3)
Leptostroma sp., Neonectria Bawangling Nature
macroconidialis, Nemania diffusa, | Reserve (code F) in
Phomopsis asparagi, Pho. China
vaccinii, Pho. fukushii, Periconia
Sp., Penicillium citrinum, Pen.
copticola, Pen. soppii, and
Trametes polyzona
73. | Periconia sp. Annona muricata Zhang et al.
(2016)

(continued)
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74. | Acremonium sp., Diaporthe sp., Melastoma Leaves, roots, | Mishra et al.
Pilidiella sp., Chaetomium sp., malabathricum L. of | and stems (2016)
Colletotrichum sp., Phomopsis sp., | Phawngpui National
Fusarium sp., Gibberella sp., Park, Mizoram, at the
Nodulisporium sp., Penicillium highest mountain peak
sp., Leptosphaeria sp., (rising about 2157 m
Corynespora sp., Mortierella sp., | high near the
and Gongronella sp. Myanmar border),
Northeast India
75. | Chaetomium globosum Houttuynia cordata Healthy Pan et al.
Thunb of Yaan City, at | specimens of | (2016)
southwest China tubers, leaves,
and blades
76. | Penicillium oxalicum, Cupressus torulosa of | Mature and Sharma et al.
Pestalotiopsis neglecta, Alternaria | Pauri Garhwal region, | healthy (2016)
alternata, and Daldinia sp. in India specimens of
leaves
77. | Acremonium sp., Alternaria sp., Tinospora cordifolia, | Healthy Uzma et al.
Aspergillus sp., Bipolaris sp., Piper nigrum L., specimens of | (2016)
Chaetomium sp., Cladosporium Piper longum L., leaf, petiole,
sp., Colletotrichum sp., Zingiber officinale, stems, and
Curvularia sp., Cylindrocephalum | Hedychium roots
Sp., Drechslera sp., Fusarium sp., | coronarium, and
Lasiodiplodia sp., Mucor sp., H. flavescens of Bisle
Myrothecium sp., Nigrospora sp., | region, Western Ghats
Paecilomyces sp., Penicillium sp., | of Karnataka in India
Pestalotiopsis sp., Phoma sp.,
Phomopsis sp., Pithomyces sp.
Rhizopus sp., Sordaria sp., Torula
sp., and Trichoderma sp.
78. | Trichoderma gamsii YIM Panax notoginseng Healthy Chen et al.
PH30019 (2 years old) from specimens of | (2016 a)
Wenshan, China roots
79. | Diaporthe sp., Phoma sp., Luehea divaricata - Alberto et al.
Bipolaris sp., and Saccharicola sp. | (traditional Brazilian (2016)
medicine), Sapindus
saponaria (American
Southwest), Trichilia
elegans (traditional
Brazilian medicine),
and Saccharum spp.
(Philippine medicinal
plants) from Microbial
Biotechnology of
Universidade Estadual
de Maringd, Maringa,
PR, Brazil

(continued)
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80. | Trichoderma asperellum, Carpobrotus edulis of | Whole healthy | Idrissi et al.
Penicillium radicum, Fusarium fully matured plant in | plant (2016)

culmorum, Aspergillus flavus, and | Atlantic coast region
A. fumigatus of Rabat City in
Morocco
81. | A. niger Terminalia catappa Healthy Toghueo et al.
Linn. (tropical specimens of | (2016 a)
almond) of the roots
University of Yaoundé
1 main campus, in
Cameroon
82. | Trichoderma atroviride Terminalia catappa of | Bark Toghueo et al.
University of Yaoundé (2016 b)
1, in Cameroon
Penicillium sp., Colletotrichum Oroxylum indicum of | Healthy Das and
gloeosporioides, Cladorrhinum Gauhati University specimens of | Narzary
sp., Colletotrichum sp., Phomopsis | (GU) campus, Assam, | leaf, stem, root | (2017)
sp., Fusarium oxysporum, in India bark, seed, and
Fusarium lateritium, Curvularia stem bark
lunata, Fusarium sp., Aspergillus
sp., Botryosphaeria sp., Diaporthe
sp., Purpureocillium lilacinum,
and Corynespora cassiicola
83. | Alternaria sp., Aspergillus flavus, | Azadirachta indica of | Leaves, stem, | Taware et al.
Cladosporium sp., Colletotrichum | (Location A) Zalta and petiole (2017)
truncatum, Fusarium sp., and corner, (Loc. B) the
Penicillium sp. Shendra MIDC, (Loc.
C) Osmanpura, (Loc.
D) Bidkin area, and
(Loc. E) Khultabad in
India
84. | Phoma sp., Bipolaris sp., Caralluma Stems, roots, | Khan et al.
Alternaria sp., and Cladosporium | acutangula, Moringa | and leaves (2017a)

sp.

peregrine, and Rhazya
stricta of Jabal Al
Akhdar at the
Sultanate of Oman
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85. | Cladosporium sp., Clad. Sophora tonkinensis | Healthy Yao et al.
perangustum, Phoma sp., Phoma | collected in three specimens of | (2017)
herbarum, Epicoccum sp., periods of three roots in three
Alternaria alternata, different localities of | periods
Rhytidhysteron sp., Trichosporon | traditional geo-
asahii, Fomitopsis sp., authentic-producing
Schizophyllum commune, areas in Guangxi
Mortierella alpina, Mucor Province of south
circinelloides, Aureobasidium China: (1) Tiandeng
pullulans, Rhexocercosporidium | county, (2) Jingxi
sp., Phialophora mustea, county, (3) Guangxi
Cryptosporiopsis radicicola, university
Talaromyces funiculosus, Tala.
pinophilus, Tala. verruculosus,
Penicillium spinulosum, Pen.
toxicarium, Pen. sclerotiorum,
Pen. coffeae, Sagenomella sp.,
Aspergillus flavus, As. versicolor,
Lasiodiplodia theobromae,
Chaetomium aureum,
Phialocephala humicola,
Chaetosphaeria sp.,
Colletotrichum simmondsii,
Purpureocillium lilacinum,
Trichoderma spp., T. asperellum,
Hypocrea nigricans, Myrothecium
verrucaria, Metarhizium
anisopliae, Fusarium solani,
F. oxysporum, Trichosporon
asahii, and Nectria haematococca
86. | T. koningiopsis QA-3 Artemisia argyi from | Inner tissues | Shi et al.
Qichun of the Hubei (2017)
Province in the
Central China
87. | Aspergillus japonicus, A. terreus, | Cymbidium aloifolium | Leaf, flower, | Shubha and
A. sydowii, Curvularia lunata, L. from Western Ghats | and roots Srinivas
Nigrospora spp., Colletotrichum | of Karnataka (2017)
gloeosporioides, Rhizoctonia spp., | comprising
Xylaria spp., Trichoderma spp., Kemmanagundi,
Fusarium chlamydosporum, Chikkamagaluru,
F. oxysporum, Penicillium Shivamoga, and
citrinum, Pen. purpurogenum, Pen. | Sringeri in India
chrysogenum, Helminthosporium
spp., Curvularia spp.,
Cladosporium sp., Alternaria
alternata, Colletotrichum
truncatum, Bipolaris spp.,
Talaromyces rotundus, and
Cylindrocephalum spp.
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88.

Cladosporium cladosporioides,
Clad. oxysporum, Phialophora
mustea, Phomopsis columnaris,
Aspergillus versicolor, Penicillium
chrysogenum, Pen. crustosum,
Pen. cordubense, Pen. lapidosum,
Colletotrichum gloeosporioides,
Botryotinia fuckeliana,
Acremonium implicatum,
Fusarium acuminatum,

F. oxysporum, F. solani,
Ilyonectria macrodidyma,
Myrothecium sp., Plectosphaerella
sp., Trichoderma
Longibrachiatum, T. koningiopsis,
T. spirale, Periconia byssoides,
Alternaria sp., Alt. alternata, Alt.
tenuissima, Dictyosporium
digitatum, Phoma draconis, Pho.
radicina, Chaetomium globosum,
Humicola fuscoatra, Thielavia
arenaria, Arthrinium arundinis,
Pestalotiopsis vismiae, Pest.
uvicola, and Mucor hiemalis

Panax notoginseng (3
years old) of a
plantation in Wenshan,
Yunnan, Southwest
China

Healthy
specimens of
seed, leaf,
stem, and roots

Zheng et al.
(2017)

89.

Absidia sp., Aspergillus sp.,
Cladosporium sp.,
Cunninghamella sp., Fusarium
sp., Nigrospora sp., Paecilomyces
sp., Penicillium chrysogenum, and
Rhizopus sp.

Meyna spinosa from
Jorhat district, Assam,
India

Healthy
specimens of
leaves, stems,
and roots

Bhattacharyya
et al. (2017)

90.

Trichoderma sp., Fusarium sp.,
Umbelopsis sp., Irpex sp.,
Peniophora sp., Penicillium sp.,
Phomopsis, Ascomycota, Phoma,
Alternaria sp., Geomyces sp.,
Bjerkandera sp., Ceratobasidium
sp., Ceriporia sp., Hydnochaete
sp., Resinicium sp., Mortierella
sp., Mucor sp., Umbelopsis sp.,
and Zygorhynchus sp.

Panax ginseng Meyer
(4-year-old mountain-
cultivated ginseng
plants) from mountain
areas of 24 different
sites in Republic of
Korea during the
growing season

Healthy
specimens of
leaves, stems,
and roots

Park et al.
(2017)

91.

Rhizoctonia sp., Colletotrichum
sp., Mucor sp., Phomopsis sp.,
Aspergillus sp., Penicillium sp.,
Pestalotiopsis sp., Fusarium sp.,
and Cunninghamella sp.

Cinnamomum
mercadoi of Barangay
Patag, at Baybay,
Leyte, Philippines

Healthy
specimens of
bark

Marcellano
etal. (2017)
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92. | Setosphaeria rostrata (teleomorph | Setosphaeria rostrata | Healthy and Centko et al.
of Exserohilum rostratum), of urban home garden | fresh (2017)
Botryosphaeria dothidea, at Colombo, Sri Lanka | specimens of
Phomopsis phyllanthicola, leaf and stem
Albonectria rigidiuscula, Xylaria
feejeensis, Phomopsis sp., and
Fusarium sp.
93. | Aspergillus sp. and Penicillium sp. | Calotropis procera Leaf, flower, | Nagda et al.
from Udaipur and stem (2017)
Rajasthan, in India
94. | Aplosporella prunicola, Artemisia absinthium, | Healthy Cosoveanu
Botryosphaeria sp., Bot. dothidea, | A. austriaca, specimens of | et al. (2017)
Diaporthe sp., Di. arctii, Di. A. vulgaris, stem and plant
ceratozamiae, Di. eres, Di. hordei, | A. subulata, fragment
Di. longicolla, Di. novem, A. lavandulifolia,
Neofusicoccum australe, Neo. A. tangutica, A. argyi,
parvum, Biscogniauxia A. scoparia,
mediterranea, Chaetomium A. gorgonum,
strumarium, Daldinia loculata, A. brachyloba and
Nigrospora sp., Nig. oryzae, Nig. | A. thuscula collected
sphaerica, Pestalotiopsis sp., from Romania,
Sordaria fimicola, Thielavia China — Wuhan and
arenaria, Thie. microspora, Qichun (10), Canary
Candida sp., Colletotrichum Islands (Fuerteventura,
capsici, Coll. gloeosporioides, La Palma and
Microascus intricatus, Nectria Tenerife), and Cabo
mauritiicola, Simplicillium Verde
lamelicola, Stachybotrys
longispora, Camarosporium
brabeji, Coniothyrium sp.,
Curvularia geniculata, Cur.
intermedia, Cur. spicifera,
Epicoccum nigrum,
Leptosphaerulina sp.,
Microdiplodia hawaiiensis,
Neoplatysporoides aloicola,
Paraphoma chrysantemicola,
Phoma sp., Pho. tracheiphila,
Stemphylium sp., Stemphylium
solani, and Tremateia sp.
95. | Alternaria alternata, Penicillium | Helicteres isora L. of | Healthy and Pai and
citrinum, Aspergillus niger, different places from | mature Chandra
Cladosporium sp., Rhizopus sp., | Udupi district at specimens of | (2017)

Curvularia vermiformis, and
Fusarium sp.

Karnataka State, in
India

leaf and stem

(continued)
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96. | Trichoderma sp. 307 Clerodendrum inerme | The stem bark | Zhang et al.
of Zhanjiang (2017)
Mangrove National
Nature Reserve at
Guangdong Province,
in China
97. | Lasiodiplodia sp., Colletotrichum | Prunus africana Healthy Ntuba-Jua
sp., Fusarium sp., Trichoderma (Hook. F.) Kalkman of | specimens of | et al. (2017)
spp., Aspergillus spp., four sites in leaf, stem,
A. fumigatus, A. niger, A. terreus, | Cameroon: (A) Mount | seeds bark,
Pestalotia sp., Curvularia sp., and | Cameroon Forest, (B) | and roots
Gliocladium sp. Limbe Botanic Garden
in the South West
Region, (C) Mount
Kilum-Ijim forest, (D)
Bamendankwe in the
Bamenda highlands of
North West region
98. | Epicoccum nigrum, Three Japanese tea Healthy Win et al.
Colletotrichum gloeosporioides f. | cultivars Camellia specimens of | (2018)

sp. camelliae, Peyronellaea
glomerata, Botryosphaeria
dothidea, Cladosporium
asperulatum, Diaporthe eres,
Alternaria mali, Guignardia
mangiferae, Setophoma
chromolaena, Diaporthe sp., Di.
nobilis, Di. pustulata, Di.
sackstonii, Phomopsis sp., Pho.
amygdale, Pho. subordinaria,
Acremonium strictum, Glomerella
sp., Pestalotiopsis sp., Pest.
camelliae, Paraphaeosphaeria
neglecta, Nemania sp.,
Melanconiella sp., Microdiplodia
hawaiiensis, Phoma herbarum,
Phialemonium dimorphosporum,
Plenodomus sp.,
Pseudocercospora sp.,
Stagonosporopsis
cucurbitacearum, Trichoderma
koningiopsis, and Peniophora
incarnata

sinensis (Hokumei,
Sayamakaori, and
Yabukita) of Japan

new leaf, old
leaf, xylem,
and bark

(continued)
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Table 9.1 (continued)

No. |Fungal isolates Medicinal plant Parts of plant | References

99. | Phoma sp., Diaporthe sp., Di. Artemisia thuscula of | Healthy Cosoveanu
phaseolorum, Alternaria sp., Alt. | Canary Islands (La specimens of | et al. (2018)
alternata, Diaporthe novem, Palma and Tenerife) stem
Nigrospora sp., Nig. oryzae,

Camarosporium brabeji, Cam.
bradgi, Coniothyrium sp.,
Aspergillus flavus, Tremateia sp.,
Neoplatysporoides aloicola,
Paraphoma chrysanthemicola,
Nectria mauritiicola, Stachybotrys
longispora, Stemphylium solani,
Aplosporella prunicola,
Biscogniauxia mediterranea,
Neofusicoccum sp., Neo. parvum,
Neo. australe, Pestalotiopsis sp.,
Penicillium viridicatum,
Aureobasidium pullulans,
Cladosporium sp., Preussia sp.,
Pre. australis, Biscogniauxia
mediterranea, Curvularia lunata,
Thielavia sp., and Macrophomina
phaseolina

100. | Chaetomium globosum D38 Salvia miltiorrhiza of | Roots Zhai et al.

Shangluo, Shanxi, in (2018)
China

101. | Neurospora sp., Trichoderma sp., | Pelargonium sidoides | Healthy Manganyi
Cladosporium sp., Penicillium sp., | of commercial flower | specimens of | etal. (2018)
Phomopsis sp., Colletotrichum sp., | gardeners at different | roots
Phoma sp., Mucor sp., locations within four
Purpureocillium sp., Rhizoctonia | provinces of South
sp., Cladosporium sp., Africa
Chaetomium sp., Talaromyces sp.,

Ceratobasidium sp., Rhizopus sp.,
Plectosphaerella sp., Fusarium
sp., Alternaria sp., and Aspergillus
sp.

102. | Nigrospora sphaerica, Litsea cubeba of the | Healthy Deka and Jha
Acremonium falciforme, Botanical Garden, at | specimens of | (2018)
Acrophialophora sp., Penicillium | Department of Botany, | leaves and
chrysogenum, Periconia hispidula, | in Gauhati University, | barks
Allomyces arbuscular, at Guwahati, Assam,

Chaetomium sp., and in India
Aureobasidium sp.
103. | Aspergillus flavus IBRL-C8 Cassia siamea Lamk. | Healthy Darah
from Industrial specimens of | Ibrahim and
Biotechnology leaves Hong (2018)
Research Laboratory,
School of Biological

Sciences, Universiti
Sains Malaysia,
Penang, in Malaysia

(continued)
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Table 9.1 (continued)

No. |Fungal isolates Medicinal plant Parts of plant | References
104. | Aspergillus nidulans, A. flavus, Ludwigia perennis, Healthy and Uma
A. niger, A. oryzae, A. focus, Ocimum basilium, mature Maheswari
A. fumicates, A. rugulosus, Cissus specimens of | and Saranya
A. terreus, Alternaria tenuis, quadrangulaircs, leaf (2018)
Rhizopus sp., Penicillium notatum, | Alpinia galanga,
P. citrinum, Helminthosporium Bryophyllum
sp., H. oryzae, Bipolaris sp., and | pinnatum, Caesalpinia
Fusarium sp. pulcherrima, Piper

betle, Sansevieria
laxburghi = Medicinal
plant, Cymbopogon
citratus, Sauropus
androgynus, Cicca
acida, Rauvolfia
tetraphyhlla, Ficus
nervosa, Clitoria
ternatea, and Tridax
prochumbins of STET
Women’s college,
STET Herbal Garden,
Mannargudi,
Thiruvarur (DT),
Tamil Nadu in India

cent of the genus number isolated from the medicinal plants by using an equation,
as follows:

EFI

EFG% = x100
EFW

EFG % = The percentage of genus isolated from the medicinal plants depending on
Table 9.1

EFI = Sum of one genus in Table 9.1

EFW = Sum of the medicinal plants in Table 9.1 that accounted about 205 plants

The percentage of genera of endophyte fungi isolated from the medicinal plants
can be divided into three levels depending on Table 9.1 comprising the low
(0.5-9.9% genera including between 1 and 19 isolates/genus), middle (10-19.9%
genera including between 20 and 59 isolates/genus), and high (20-40% genera
including between 60 and 100 isolates/genus) levels (Figs. 9.1, 9.2, and 9.3). This
division is assuming to give an idea which genus is more colonizing to medicinal
plants by the endophytic fungi. The low levels are showing many fungi genera com-
prising 166 genera including other fungi in Fig. 9.2 such as Chaetomella, Nemania,
Botryosphaeria, Guignardia, Phyllosticta, Rhizomucor, Xylaria, Rhizoctonia,
Daldinia, Acremonium, Hypoxylon, Clonostachys, Coprinus, Drechslera,
Ascomycota, Microascus, Mortierella, Cylindrocarpon, Phacidium, Beauveria,
Arthrobotrys, Chaetophoma, Arthrinium, Nigrospora, Exserohilum, Talaromyces,
Pestalotia, Phlyctaena sp., Psathyrella, Ulocladium, Periconia, Paecilomyces,
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Fig. 9.1 Division of the fungi genera isolated from the medicinal plant into three levels: low
(0.5-9.9%), middle (10-20%), and high levels (20.1-40%) depending on Table 9.1
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Fig. 9.2 Number the fungi genera isolated from the medicinal plant depending on Table 9.1 dis-
tributed into three levels: low, middle, and high levels. Low level = 166 genera, middle level = 8
genera, and high level = 5 genera

Nodulisporium, Schizophyllum, Lasiodiplodia, Trametes, Phialemonium, Nectria,
Leptodontidium, Botryodiplodia, Entrophospora, Phialocephala, Aschersonia,
Rhizopus,  Stachybotrys, Stenella, Paraconiothyrium, Phaeoacremonium,
Coniochaeta, Coniothyrium, Pichia, Leptosphaerulina, Hypocrea, Emericella,
Setophoma, Humicola, Taeniolella, Gliocladium, Monodictys, Cochliobolus,
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Fig. 9.3 The fungi genera distributed into three levels, low, middle, and high levels. Low level
(yellow color) = 1-19 isolates, middle level (red color) = 20-59 isolates, and high level (blue
color) = 60-100 isolates

Aureobasidium, Glomerella, Ceratobasidium, Cordyceps, Nodulisporium,
Mycoleptodiscus, Claviceps, Sphaeropsis, Preussia, Botrytis, Fusicoccum, Mucor,
Gloeosporium,  Haplosporidium, Stemphylium, Corynespora, Fomitopsis,
Resinicium, Hydnochaete, Ceriporia, Trichosporon, Rhytidhysteron, Macrophoma,
Lecythophora, Leptospira, Cerraena, Gibberella, Hansfordia, Cryptosporiopsis,
Edenia, Phialophora, Mpyrothecium, Coprinopsis, Rhexocercosporidium,
Syncephalastrum, Albonectria, Choanephora, Longibrachiatum, Pilidiella,
Bipolaris, Helminthosporium, Verticillium, Macrophomina, Meyerozyma,
Umbelopsis,  Aplosporella,  Eupenicillium,  Setosphaeria, Zygorhynchus,
Sympodiomyces, Endomelanconiopsis, Beltrania, Coniothyrium, Camarosporium,
Peniophora, Leptostroma, Irpex, Neonectria, Leptosphaeria, Gongronella,
Cylindrocephalum, Pithomyces, Plectosphaerella, Sordaria, Paraphaeosphaeria,
Torula, Saccharicola, Epicoccum, Sagenomella, Chaetosphaeria, Purpureocillium,
Metarhizium, Botryotinia, Ilyonectria, Dictyosporium, Thielavia, Absidia,
Cunninghamella, Geomyces, Bjerkandera, Neofusicoccum, Biscogniauxia,
Candida, Simplicillium, Microdiplodia, Paraphoma, Tremateia, Peyronellaea,
Melanconiella, Phialemonium, Plenodomus, Pseudocercospora, Stagonosporopsis,
Peniophora, Neoplatysporoides, Neurospora, Acrophialophora, Pseudofusicoccum,
Podospora, Cytospora, Massarina, Muscodor, Sporormiella, Allomyces,
Cladorrhinum, and Lophiostoma, while 8 fungi genera were showed at the middle
level such as Trichoderma, Curvularia, Pestalotiopsis, Cladosporium, Chaetomium,
Phomopsis, Diaporthe, and Phoma (Fig. 9.2). The detected four fungi genera at the
high level were comprised of Penicillium, Alternaria, Colletotrichum, Fusarium,
and Aspergillus (Fig. 9.2).
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9.3 The Role of Endophyte Fungi in Producing Different
Compounds

Endophytic fungi of the medicinal plants are very interesting due to the several
compounds produced such as secondary metabolites, enzymes, and others that can
be utilized in various fields. The role of endophytic fungi isolated of the medicinal
plants having the possibility to produce many novel compounds (Kaul et al. 2013).
Endophytic fungi isolated from medicinal plants or other plants are utilized to pro-
duce many compounds including steroids, peptides, terpenoids, quinones, alkaloids,
phenols, and flavonoids (Yu et al. 2010). The fields comprise agricultural, medical,
and industrial. Endophyte fungus Phomopsis archeria was able to produce various
bioactive compounds comprising antifungal, antiprotozoal, anticancer, antiviral,
antibacterial, and antioxidant activities (Desale 2016). Penicillium copticola was
showing antimicrobial and anticancer activity (Liu et al. 2016).

9.3.1 Antimicrobial

The secondary metabolites of endophytic fungi isolated from Cassia fistula showed
the antimicrobial activity against fungi and bacteria (Ruchikachorn 2005). Fusarium
proliferatum of Celastrus angulatus was able to produce antimicrobial compounds
(Jietal. 2005). Fusarium sp. DL26 and Pyrenochaeta sp. DL351 produced antimi-
crobial against one bacterium (Bacillus subtilis As 1.308) and one fungus
(Aspergillus fumigatus As 3.2910) (Chen et al. 2010). Muscodor albus strain GBA
could produce the volatile compounds such as 3-methyl-, acetate, 1-butanol, and
terpenoid that are affecting some fungi (Candida albicans, Saccharomyces cerevi-
siae, and Aspergillus fumigatus) and bacteria (Bacillus subtilis and Escherichia
coli). Several endophytic fungi of agarwood could produce compounds having anti-
microbial activity against Escherichia coli, Bacillus subtilis, Aspergillus fumigatus,
and Staphylococcus aureus (Cui et al. 2011). Four species isolated from Lippia
sidoides such as Alternaria alternata, Phomopsis archeri, Drechslera dematioidea,
and Colletotrichum gloeosporioides confronted some bacteria and fungi by produc-
ing antimicrobial compounds (de Siqueira et al. 2011). The crude metabolite of
F. solani detected several compounds such as 1-tetradecene, 8-octadecanone,
10-nonadecanone, 8-pentadecanone, and octylcyclohexane that were showing anti-
microbial activity against Staphylococcus aureus, St. epidermidis, Bacillus subtilis,
Klebsiella pneumonia, Escherichia coli, Shigella flexneri, Candida albicans, and
Ca. tropicalis (Tayung et al. 2011). Pestalotiopsis sp. was able to inhibit the growth
of some human microbes such as Microsporum nanum (51.4%), M. gypseum
(48.5%), Trichophyton rubrum (49.7%), and Pseudomonas fluorescence (47.1%)
(Kharwar et al. 2012).

However, the crude extract of Nodulisporium sp. PT11 was very efficient in
inhibiting the bacteria and fungi (Pharamat et al. 2013). Aspergillus awamori
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showed the antimicrobial activity against several microbial pathogens such as bac-
teria (Streptococcus pyogenes, Salmonella enterica ser. paratyphi, Escherichia coli,
and Enterococcus faecalis) and fungi (Candida albicans, Fusarium oxysporum, and
Emericella nidulans var. nidulans) (Nath et al. 2013). The ethanolic extract of
Aspergillus oryzae CeR1 inhibited the growth of many microbes including fungal
strain Candida albicans and some bacteria such as Staphylococcus aureus,
Enterococcus faecalis, and Streptococcus pyogenes (Nath et al. 2014). Penicillium
chrysogenum Pc_25, Alternaria alternata Aa_27, and sterile hyphae Sh_26 showed
the antimicrobial activity against human microbe pathogen both of bacteria
(Staphylococcus aureus, Salmonella typhimurium, Escherichia coli, Bacillus subti-
lis, and Pseudomonas aeruginosa) and one fungal Candida albicans (Fouda et al.
2015). Some endophytic fungi isolated from Edgeworthia chrysantha showed anti-
microbial activity against human pathogen Candida albicans, Escherichia coli, and
Staphylococcus aureus (Zhang et al. 2015).

9.3.2 Antiviral

Antiviral compounds that are produced from endophytic fungi are very interesting
to confront some viral diseases. The endophytic fungus Cytonaema sp. isolated
from the medicinal plant Quercus sp. produced two novel tridepside inhibitors such
as (1) cytonic acids A and (2) cytonic acids B for protease human cytomegalovirus
(HCMV) (Guo et al. 2000). Endophytic fungus Emericella sp. (HK-ZJ) was isolated
from Aegiceras corniculatum that could secrete some compounds as antiviral (anti-
influenza A viral (HIN1)) including six isoindolone derivatives termed as (1) emeri-
phenolicins (A and D), (2) emerimidine (A and B) with (1) aspernidines A and B,
(3) austin, (4) austinol, (5) dehydroaustin, and (6) acetoxydehydroaustin (Zhang
etal. 2011). Endophyte fungi Periconia spp. produced two anti-HIV compounds (1)
periconiasin H and (2) periconiasin G (Zhang et al. 2016). Guignardia mangiferae,
Pestalotiopsis sp., Diaporthe melonis, and Colletotrichum sp. affected and inhibited
the proliferation of yellow fever virus (Ferreira et al. 2015).

9.3.3 Antifungal

Endophytic fungi are able to produce antifungals against many fungi. Xylaria sp.
produced two compounds of eremophilane sesquiterpenes (3) phaseolinone and (4)
phomenone tested against two strains of Cladosporium such as C. sphaerospermum
(Perzig) SPC 491 and C. cladosporioides (Fresen) de Vries SPC 140 (Silva et al.
2010). Colletotrichum dematium could affect the growth of some fungi including
Alternaria alternata, Curvularia lunata, Cladosporium cladosporioides, Fusarium
udum, and Microsporum gypseum (Gond et al. 2012). An endophytic fungus of
Nigrospora cf. oryzae was secreting the antifungal that is able to inhibit the growth
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of two fungi Cladosporium sphaerospermum and Candida albicans (Carvalho et al.
2012). The crude extracts of endophytic fungi from Baccharis trimera exhibited
antifungal activity against Cryptococcus neoformans, C. gattii, and Paracoccidioides
brasiliensis (Vieira et al. 2014). Phomopsis sp. was showing antifungal activity
against five fungi including Aspergillus niger, Hormodendrum compactum,
Pyricularia oryzae, Candida albicans, and Fusarium avenaceum (Huang et al.
2018). Aspergillus flavus IBRL-C8 was having the ability to affect on the growth of
Candida albicans (Darah Ibrahim and Hong 2018).

9.3.4 Antibacterial

Some of the compounds extracted from endophytic fungi show antibacterial activ-
ity. Four endophytic fungi of Adenocalymma alliaceum such as Alternaria alter-
nata, Chaetomium globosum, Curvularia lunata, and Penicillium sp. were showing
antibacterial activity against four human bacteria comprising (A) Shigella flexneri,
(B) Salmonella enteritidis, (C) S. paratyphi, and (D) Pseudomonas aeruginosa but
could not inhibit one human bacterium Morganella morganii (Kharwar et al. 2011).
The media extraction of two endophytic fungi such as Phomopsis sp. and
Cochliobolus intermedius of Sapindus saponaria L. (Tree) showed antibacterial
activity against human bacterial pathogens (Garcia et al. 2012). The strain BH-3
secreted protein at molecular mass 55 KD as antibacterial (Liu et al. 2012).
Fermentation aliquots of two Aspergillus species such as A. niger and A. flavus were
affected by the human bacterial pathogen Staphylococcus aureus (Basha et al.
2012). The culture filter of Aspergillus protuberus isolate Pg30 inhibited for bacte-
ria Staphylococcus aureus, also the fungus Verticillium sp. isolate Pg42-1 wasan
able of high inhibitory for bacteria Klebsiella pneumoniae (Wu et al. 2013). Three
bacteria such as Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus
aureus inhibited by treating with the activity compound of antibacterial from endo-
phyte fungus Diaporthe phaseolorum var. meridionalis (Mishra et al. 2016).

In addition, the crude extract of endophytic fungi isolated from Prosopis chilen-
sis showed antibacterial activity against Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, Klebsiella pneumonia, and Salmonella typhi (Mahdi
et al. 2014). Gibberella baccata, Aspergillus ochraceus, Penicillium commune, and
P. glabrum showed antibacterial activity (Bezerra et al. 2015). Many endophytic
fungi such as Aspergillus sp. (MIL04), Aschersonia sp. (MIL13), Botryosphaeria
rhodina (MIBO1), Pleospora sp. (MIB04), and Fusarium sp. (MIB05) showed effi-
cacy in reducing the growth of human bacterial pathogens both of Gram-negative
and Gram-positive species at range 50-70% (Verma et al. 2014). Cladosporium sp.
and Alternaria alternata showed the antibacterial activity by producing some com-
pounds such as saponins, phenolics, steroids, anthraquinones, tannins, and cardiac
glycosides (Selvi and Balagengatharathilagam 2014). Several activity compounds
of antibacterial that affected FEscherichia coli, Salmonella typhimurium,
Staphylococcus aureus, and Bacillus subtilis extracted from endophytic fungi
Pestalotiopsis neglecta (Sharma et al. 2016).
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Trichoderma koningiopsis QA-3 secreted seven antibacterial compounds against
eight human bacterial pathogens including Escherichia coli and seven bacteria of
marine-derived aquatic (Pseudomonas aeruginosa, Vibrio alginolyticus, V. anguil-
larum, V. parahaemolyticus, V. vulnificus, Edwardsiella tarda, and Micrococcus
luteus) (Shi et al. 2017). The endophyte fungi showed antibacterial activity against
some pathogenic bacteria by using the EtOAc extract (Marcellano et al. 2017). The
crude metabolites of Acremonium falciforme showed the antibacterial activity
against Staphylococcus epidermidis (MTCC 435) at 12.3 = 0.50 mm (inhibition
zone) (Deka and Jha 2018).

9.3.5 Antioxidant

The endophytic fungi could produce the novel natural antioxidants and correlated
with medicinal plant in producing several bioactive compounds including phenolic
acids, flavonoids, quinones, volatile compounds, and aliphatic compounds (Huang
et al. 2007). Also, Mahdi et al. (2014) found the phenolic content and antioxidant
activity of endophytic fungi. Chaetomium sp., Aspergillus sp., A. niger, and A. pey-
ronelii were the sources of antioxidant activity (Yadav et al. 2014). Penicillium sp.
and Aspergillus sp. might a potential source for several the antioxidant compounds
by producing the compounds of the phenolics and flavonoids (Nagda et al. 2017).

9.3.6 Anticancer

F. oxysporum from Juniperus recurva produced podophyllotoxin (Kour et al. 2008).
A Toxal compound was produced by some endophytic fungi comprising
Colletotrichum gloeosporioides (Gangadevi and Muthumary 2008; Nithya and
Muthumary 2009), a strain TAC-15 of Chaetomella raphigera (Gangadevi and
Muthumary 2008), F. culmorum SVIMO72 (Sonaimuthu et al. 2010), Pestalotiopsis
versicolor and Pe. neglecta (Kumaran et al. 2010), and Fusarium redolens (Garyali
et al. 2014). Podophyllotoxin compound could be produced by several endophytic
fungi such as Trametes hirsute (Puri et al. 2006), Phialocephala fortinii (Eyberger
et al. 2006), Fusarium oxysporum (Kour et al. 2008), and F. solani (Nadeem et al.
2012). It is a very important compound in preparing anticancer drug.

Indeed, the extract of two endophyte fungi such as Xylaria sp. and Diaporthe cf.
phaseolorum exhibited anticancer activity by showing the cytotoxic activity against
tumor cells of the kidney (Carvalho et al. 2012). Colletotrichum gloeosporioides
affected the cancer cells of human colon and caused 52% cytotoxicity for the cancer
cells (Lakshmi and Selvi 2013). The culture broth of Phoma sp. PTO1 was extracted
and used against the cancer cells that showed cytotoxicity and apoptosis (Pharamat
et al. 2013). Chaetomium globosum produced chaetoglobosins having cytotoxicity
activity against a human colon cancer cell (Li et al. 2014a, b). Alternaria isolate C-9



218 L. K. T. Al-Ani

secreted paclitaxel compound as antitumor (Michalczyk et al. 2015). Also, four dep-
sidones such as botryorhodines H, C, D, and G were extracted from Trichoderma
sp. 307, and a compound I showed high cytotoxicity against rat prolactinoma
(Zhang et al. 2017). The endophyte strain of Phomopsis sp. YE3250 produced seven
compounds which are called phomopoxides A-G (1-7) showing cytotoxicity
against the human tumor cell (Huang et al. 2018).

9.3.7 Insecticidal

Mycoleptodiscus indicus could produce compounds that showed larvicidal activity
against A. aegypti (Rosa et al. 2012). The different compounds that extraction from
cultural filter of the endophyte fungus Claviceps purpurea impacted on Aphis gos-
sypii Glover (Cotton aphid) and they were caused mortality rates more than 90%
(Shi et al. 2013).

9.3.8 Mycotoxins

The synthetic of Datura stramonium L. could induce the dormant gene in Alternaria
sp. to produce mycotoxin comprising alternariol, altenusin, 30-hydroxyalternariol-
5-O-methyl ether, tenuazonic acid, alternariol-5-O-methyl ether, and altertoxin II
(Sun et al. 2012). The strain MAFF744001 of Fusarium oxysporum f. sp. congluti-
nans of Datura stramonium L. could produce fusaric acid by promoting the dor-
mant gene and using the chemical epigenetic modifiers (Chen et al. 2013).
Chaetomium globosum produced five mycotoxins comprising chaetoglobosins A,
G, V, Vb, and C (Li et al. 2014a, b).

9.3.9 Enzymes

Endophytic fungi can secrete many enzymes. Endophytic fungi of five medicinal
plants secreted five enzymes amylase, cellulase, protease, lipase, and xylanase
(Bhagobaty and Joshi 2012). Penicillium sp. nirjan22 of Centella asiatica secreted
cellulase enzyme (Devi et al. 2012). The two enzymes of amylase and lipases were
detected in culture of Geotrichum sp. (Mbouobda et al. 2014). Endophytic fungi
were isolated from Bauhinia forficata showing proteolytic activity, lipolytic activ-
ity, and positivity with cellulase and xylanase (Bezerra et al. 2015). Three endo-
phytic fungi of Asclepias sinaica such as Penicillium chrysogenum Pc_25, Alternaria
alternata Aa_27, and sterile hyphae Sh_26 were secreted by some extracellular
enzymes comprising amylase, tyrosinase, pectinase, gelatinase, cellulase, and xyla-
nase (Fouda et al. 2015). Many endophytic fungi of six wild medicinal plants could
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secrete four extracellular enzymes comprising cellulase, amylase, asparaginase, and
pectinase (Uzma et al. 2016). Many extracellular enzymes such as amylase, cellu-
lase, pectinase, and protease were detected in crude extracted from various endo-
phytic fungi (Alberto et al. 2016). Aspergillus niger secreted several secondary
compounds including (1) oxalic acid, (2) isobutyl propyl ester, (3)
cyclohexanecarboxaldehyde,3,3-dimethyl-5-oxo-, (4) 9-octadecenoic acid (Z)-, and
(5) tetradecanoic acid, 12-methyl-, methylester (Toghueo et al. 2016a).

In addition, several of endophytic fungi isolation from the flower of Cymbidium
aloifolium L. produced many extracellular enzymes including amylase, laccase,
lipase, and phosphatase but more endophytic isolated of root same the host plant
producing three extracellular enzymes comprising protease, cellulase, and pectinase
(Shubha and Srinivas 2017). Endophytic fungi of three medicinal plants were able
to secrete extracellular enzymes including amylase, laccase, cellulase, and lipase
(Toghueo et al. 2017). Several species of Endophytic fungi that isolated of the
medicinal plant Azadirachta indica secreting many enzymes but different among
species included (1) detected in the crude extract of Alternaria sp. five enzymes as
amylase, laccase, cellulase, tyrosinase, xylanase but two enzymes of Alternaria sp.
such as asparaginase and cellulase. (2) Aspergillus flavus produced three enzymes
such as amylase, xylanase, and cellulase. (3) Cladosporium sp. produced two
enzymes such as amylase and cellulase. (4) Colletotrichum truncatum secreted two
enzymes as cellulase and tyrosinase. (5) Fusarium sp. and Penicillium sp. could
produce only one enzyme cellulase (Taware et al. 2017). Endophyte Alternaria
alternata RSF-6L was able to protect Solanum nigrum from the damages of oxida-
tive stress that happens by accumulation of cadmium (CD) through reduction in
activities of polyphenol peroxidase (PPO) and peroxidase (POD) with increased
activity of catalase (CAT) (Khan et al. 2017b).

9.3.10 Different Compounds Used in Various Fields

Some endophytic fungi produce compounds that can be used in different fields. Cui
et al. (2012) found Ginkgolide B was extracted from Fusarium oxysporum. The
phenolic and antioxidant were produced by Aspergillus awamori (Nath et al. 2013).
Endophytic fungi can produce several phytochemicals that can be used in industry,
pharmacy, agriculture, etc. Devi et al. (2012) detected several phytochemical com-
pounds including cardiac glycosides, flavonoids, steroids, alkaloids, phenolic com-
pounds, tannins, and phenolic compounds in crude extract of Penicillium sp. Also,
Fusarium isolate Pg27 produced saponins (Wu et al. 2013). Fusarium sp. produced
two alkaloid compounds like its host plant (Fritillaria unibracteata var. wabensis)
such as peimisine and peiminine (Pan et al. 2014). Endophytic fungi of Nothophoma
multilocularis of medicinal plant Rhazya stricta could produce many compounds
including di-n-octyl phthalate, 2-allyl-3,4-dimethoxybenzaldehyde, maltol, cetene,
1-tetradecene, E-15-heptadecenal, 2,5-cyclohexadien-1-one, 1-octadecene, diethyl-
dithiophosphinic acid, and phenol, 2,4-di-t-butyl-6-nitrophenol (Abdel-Wahab et al.
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2017). Geotrichum sp. of plant Lantana camara produced the tannin and cardiac
glycoside compounds (Mbouobda et al. 2014). Two endophytic fungi such as
Endomelanconiopsis endophytica and Diaporthe cf. mayteni were able to antago-
nistic Trypanosoma cruzi (Protozoan parasite) by producing trypanocidal that is
high effecting on amastigote forms (Ferreira et al. 2015). Many endophyte fungi
isolated from Helicteres isora L. showed a positive reaction with some phytochemi-
cals such as tannins, phenolics, carbohydrate compounds, and alkaloids (Pai and
Chandra 2017). Endophytic fungi such as Setosphaeria rostrata secreted three new
thiodiketopiperazine derivatives, (1) rostratazine A, (2) rostratazine C, and (3)
rostratazine B, along with (4) exserohilone and (5) boydine A (Centko et al. 2017).

9.4 The Role of Endophyte Fungi in Control of the Plant
Pathogens

Endophytic fungi have the ability to confront the plant pathogens by inhibiting the
mycelium growth directly and indirectly. The ability of endophytic fungi in the
biocontrol of plant pathogens is very interesting as they decrease the residue of
pesticides and other synthetic chemicals (Al-Ani 2017b, 2018a, b). The contamina-
tion with many dangerous chemicals inside of medicinal herbs is mention by review
of Tripathy et al. (2015) found several toxic heavy metals including Cd, As, Pb and
Cr; persistent pesticides, particularly organochlorine, mycotoxins, organophosphates,
fumigants, and polycyclic aromatic hydrocarbons. Also, the secondary compounds
of endophytic fungi could enhance the resistance of medicinal plants against abiotic
and biotic stresses such plant pathogens (Chowdhary et al. 2012). Directly, some
endophytic fungi attack the plant pathogens through confronting in dual culture test
and are able to inhibit the mycelium growth of plant pathogens by direct contact.
The direct effect meaning a mycoparasitism that it fungus can contact and penetrate
the hyphae for another fungus and kill it. Indirectly, the fungus can inhibit the
growth of another fungus without direct contact including (1) producing the antibi-
otics such as enzymes and volatile and nonvolatile compounds and (2) inducing the
defense of plants against plant pathogens.

9.4.1 The Direct Antagonistic

Paecilomyces lilacinus, Penicillium sp., and Pen. copticola were highly antagonistic
in different media against Trichothecium roseum and Botrytis cinerea (Kusari et al.
2013). Three endophyte fungi Alternaria, Fusarium, and Cladosporium inhibited
the growth of two plant pathogens such as Phytophthora cactorum and Phy. capsici
and showed very efficacy in a confrontation by testing in the dual culture (Michalczyk
etal. 2015). The isolate Trichoderma atroviride from the medicinal plant Terminalia
catappa inhibited the spore germination and mycelium growth of Fusarium solani
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cause root rot disease for common bean (Phaseolus vulgaris L.) and the detection
was execution by two methods such as 1. spore-spore confrontation and 2. dualcul-
ture (Toghueo et al. 2016b). The Trichoderma gamsii strain YIM PH30019 of the
root of medicinal plant Panax notoginseng root was affected on four phytopatho-
genic of P. notoginseng including (A) Epicocum nigrum, (B) Scytalidium lignicola,
(C) Phoma herbarum, and (D) Fusarium flocciferum by producing the mycoparasit-
ism (Chen et al. 2016a). The two species of endophytic fungi Rhexocercosporidium
sp. and Fusarium solani inhibited three plant fungal pathogens F. solani,
Colletotrichum gloeosporioides, and Alternaria panax using the coculture method
(Yao et al. 2017). Endophyte fungi isolated from the medicinal plant Oroxylum
indicum showed antagonistic activity against four plant fungal pathogens including
Alternaria alternata, Pyricularia oryzae, Colletotrichum capsici, and Rhizoctonia
solani using the dual culture test (Das and Narzary 2017).

9.4.2 The Indirect Antagonistic

The indirect antagonistic is the very interesting method to inhibit the growth of
plant pathogens by different tests. Endophytic fungi of the medicinal plants are
showing the high inhibition against many plant fungal pathogens through using two
methods: (1) producing the antibiotics and (2) inducing plant defenses, as follows.

9.4.2.1 Antibiotics

Many endophyte fungi can secrete a lot of bioactive compounds and enzymes hav-
ing the inhibition activity against the plant pathogens. Muscodor tigerii produced
volatile compounds such as 4-octadecylmorpholine, 1-tetradecanamine N,
N-dimethyl, and 1,2-benzenedicarboxylic acid, mono(2-ethylhexyl) ester that
affected Cercospora beticola and Alternaria alternata (Saxena et al. 2015). The
GBA strain of Muscodor albus inhibited many plant fungal pathogens such as
Pythium ultimum, Phytophthora cinnamomi, Geotrichum candidum, Verticillium
dahliae, Cercospora beticola, Sclerotinia sclerotiorum, Botrytis cinerea, Fusarium
solani, and Rhizoctonia solani by producing the volatile compounds (Banerjee et al.
2010). Chaetomium globosum produced a gliotoxin compound as anti-
phytopathogenic fungi (Li et al. 2011c). The crude extract of some Fusarium iso-
lates such as Fusarium spp., F. solani, and F. oxysporum was inhibited by three
Colletotrichum species such as C. acutatum, C. fragariae, and C. gloeosporioides
(Rosa et al. 2012). The growth inhibition of two important pathogens such Pythium
(Pythium oligandrum FCO11, P. ultimum FC036, P. aphanidermatum FC001) and
Phytophthora (Phytophthora cryptogea FC509, P. cactorum FC514, and P. infes-
tans DJF21) were significant after treatment with the endophytic fungi Pestalotiopsis
sp. (Kharwar et al. 2012).
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In addition, the chaetoglobosin A compounds of Chaetomium globosum showed
high antifungal activity against two plant pathogens such as Coniothyrium diplodi-
ella and Rhizopus stolonifer (Zhang et al. 2013). Colletotrichum truncatum EF13
showed high efficacy in growth inhibition of two plant pathogens comprising
Sclerotinia sclerotiorum and Fusarium oxysporum (Kumar and Kaushik 2013). The
culture filter of Fusarium isolate Pg27 and Aspergillus protuberus isolate Pg30
affected the growth of Rhizoctonia solani (Wu et al. 2013). The culture filter
of Chaetomium globosum CDW7 was showing antifungal activity against three
phytopathogenic fungi in vitro including Fusarium graminearum, Phytophthora
capsici, and Sclerotinia sclerotiorum by producing 1,2-benzenedicerboxaldehyde-
3,4,5-trihydroxy-6-methyl compounds (flavipin) (Xiao et al. 2013). Also, the endo-
phytic fungi can serve the medicinal plants by protecting them against the plant
pathogens. The CDW?7 strain affected Fusarium head blight disease that led to a
curative efficacy at 48.8% and a protective efficacy at 54.9% (Xiao et al. 2013). The
media broth of CDW?7 strain diluted threefold could inhibit the conidia germination
and the growth of mycelium completely of F. graminearum in vitro (Xiao et al.
2013). The fermentation broth of Fusarium solani T-7 affected the growth of five
phytopathogens including (A) F oxysporum of tomato, (B) F. graminearum of
wheat, (C) Venturia inaequalis of pear, and (D) Cytospora mandshurica and (F)
Colletotrichum gloeosporioides of apple (Shimo et al. 2013). Some endophytic
fungi produced antifungal compounds against Colletotrichum gloeosporioides and
Rhizoctonia cerealis (Zhang et al. 2015).

Interestingly, 7. gamsii YIM PH30019 produced many volatile compounds com-
prising dimethyl disulfide, dibenzofuran, methanethiol, and ketones that might be
very effective in the growth inhibition of plant fungal pathogens (Chen et al. 2016a).
The endophytic fungus of Penicillium chermesinum was showing high efficacy in
effect on the growth of three plant fungal pathogens including Fusarium oxyspo-
rum, F. graminearum, and F. culmorum (Mishra et al. 2016). Three endophyte fungi
such as Colletotrichum karstii, Corynespora cassiicola, and Diaporthe actinidiae
were showing high efficacy to inhibit the growth of plant pathogen Rhizoctonia
solani but showed low effectivity on two plant pathogens such as Fusarium oxyspo-
rum and Sclerotinia sclerotiorum (Liu et al. 2016). The 28 strains of endophyte
fungus Chaetomium globosum were able to control the plant pathogens such as
Fusarium oxysporum f. sp. niveum by using the bioactive antifungal compounds
(Pan et al. 2016). Trichoderma koningiopsis QA-3 affected on eight plant fungal
pathogens by producing seven antifungal compounds comprising Ceratobasidium
cornigerum, Fusarium oxysporum, F. graminearum, Colletotrichum gloeosporioi-
des Penz, Penicillium digitatum, Physalospora piricola Nose, Valsa mali, and
Bipolaris sorokiniana (Shi et al. 2017). The crude extract of Cladosporium oxyspo-
rum isolate PH30409 and Trichoderma koningiopsis isolate PH30441 showed high
effectivity on the growth of five plant fungal pathogens causing root rot disease
including Fusarium oxysporum, F. solani, Phoma herbarum, Mycocentrospora ace-
rina, and Alternaria panax (Zhang et al. 2017). Trichoderma polysporum secreted
the antimicrobial metabolite against five plant fungal pathogens of ginseng includ-
ing Alternaria panax, Cylindrocarpon destructans, Botrytis cinerea, Rhizoctonia
solani, and Pythium sp. (Park et al. 2017).
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9.4.2.2 Induced the Plant Defense

Endophyte fungi of the medicinal plants can produce some compounds or enzymes
that are inducing the defense activity in the host plant against the plant pathogens.
The endophytic fungi Gilmaniella sp. AL12 was induced the plant defense by acting
a jasmonic acid as a complementary of downstream signaling molecule at H,O,-
and NO- mediated the accumulate of volatile oil and interaction with the SA signal-
ing pathway (Ren and Dai 2012). Endophytic fungi could act the plant defenses
against plant pathogens in the medicinal plants (Gautam 2014). The Dzf17 strain of
Fusarium oxysporum produced two oligosaccharides (EOS and WOS) that induced
three defense-related enzymes including polyphenoloxidase (PPO), phenylalanine
ammonia lyase (PAL), and peroxidase (POD) in the host plant Dioscorea zingibe-
rensis (Li et al. 2014a, b).

9.5 The Effect of Endophyte Fungi on the Plant Chemistry

The medicinal plants are exposed to endophytic microbes such as fungi being very
normal. Fungi is everywhere around the medicinal plants. Endophytic fungi are very
useful for the medicinal plants. The phenolic and flavonoid compounds were chang-
ing in total contents that are different according to type and quantity of endophyte
fungi (Huang et al. 2008). The 643 samples of 20 medicinal plants produced many
pharmaceutical compounds that also were produced by the endophyte fungi (Khan
et al. 2010). The synthesis bases of bioactive compounds in the medicinal plants
from the genetic and biochemical were reflecting the biocenotic interactions between
the associated endophyte fungi and the host plants (Nicoletti and Fiorentino 2015).
The endophytic fungi Gilmaniella sp. AL12 of a medicinal plant Atractylodes
lancea could improve the quality o