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I

PREFACE
The natural science and mathematics investigate physical, chemical, biological 
phenomena and mathematical theories that strengthen our understanding of the 
natural laws. Research in mathematics and natural sciences is intended as a 
communication forum for mathematicians and scientists from natural sciences. 
This book covers various concise and informative topics in mathematics, natural 
sciences and its applications. In each chapter, the authors summarized their 
conceptual reviews of topics related to their research area. The selected chapters 
have been reviewed and approved for publication by referees. It is hoped that 
this book will be especially useful for researchers in the fields of mathematics 
and natural sciences. 

Editor

Prof. Dr. Rıdvan KARAPINAR 
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1. Introduction

Since the existence of humanity, plants have been an undeniable part of 
life. It has been used for social purposes such as skin care, hair care, 
and perfumery as well as basic needs such as nutrition, health, and 

shelter. Just like in ancient civilizations, plants are used in many fields such as 
food, medicine, cosmetics, paint, and textiles today. With the development of 
technology, the knowledge about plants has gradually increased and the plants 
have been formulated according to their content and smell and presented for 
human use. In line with this knowledge and research, there has also been a 
question mark about the harms and benefits of some synthetic ingredients and 
people have turned to natural ingredients. Plants are used in almost all cosmetic 
preparations. In this study, the stages of the plants used in cosmetic preparations, 
what properties they have, their areas of use, and their effects are mentioned.
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2. Cosmetics

Cosmetics are originating from the Greek word ‘cosmos’ meaning beautification, 
and arrangement, it has passed into the literature as the general name for all 
products and applications for hair, skin, body, and nail care over time. (Yazan, 
2010)

Cosmetic preparations have a wide range such as skin care, make-up, hair 
care, oral care, and nail care products. Many medical and non-medical procedures 
such as applications for removing hair and fluff and antiaging procedures are 
also included in the scope of cosmetics. In addition, tools such as rasp, comb, 
and makeup brush are included in cosmetics. In summary, all products, tools, 
and applications that aim to clean and beautify people are defined as cosmetics. 
The classification of cosmetic products is shown in Scheme 1.

Scheme 1. Classification of cosmetic preparations

Today, cosmetics are in every aspect of our lives. Humanity has benefited 
from cosmetics for both survival instinct and social activities. Examples of 
this are clays used for cleaning, face and body paints used by various tribes 
in their rituals, primitive tattoos, scents, and oils obtained from plants. It is 
seen that many civilizations in history used cosmetic paints for eyes and lips. 
It is known that in Ancient Egypt, eyelids were painted in different colors 
and mascara was made with lamb’s black. In addition to ancient Egypt, the 
use of mascara is also found in Mediterranean societies, ancient Greece, and 
the Vikings. In Anatolian civilizations, henna was widely used for dyeing 
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purposes. In addition, ointments and oils were used for many purposes, 
especially religious rituals. For example, various ointments were applied by 
priests on sacred statues. Apart from religious purposes, the use of vegetable 
and animal oils and ointments was quite common. It has been used for sun 
protection, cleaning, deodorant, perfume, and hair care. In hair care, many 
ingredients such as henna, milk, clay, and vegetable oils are used. For 
example, besides henna, different plants have also been used in hair care and 
coloring. As examples of these plants, cranberry, green parts of a walnut plant, 
onion peel, German chamomile, castor saffron, and black okra were widely 
used. To get rid of unwanted hair, tweezers made of pumice stone, wax, and 
seashells have been used throughout history, and the colors of the hairs have 
been tried to lighten with saffron. In oral care, toothpaste made from miswak, 
carbonate, soda, and volcanic rocks was used. Today, it is seen that almost the 
same cosmetic applications have become more common and modern thanks 
to various plants and chemical ingredients and technology that has developed 
over time.

3. Uses of Plants in Cosmetics Preparations

Plants have had an important place in cosmetics throughout history. With the 
development of technology, many synthetic components have been used as raw 
materials in the cosmetic industry. Natural cosmetics have become popular in 
recent years as a result of both the sensitivity of some skins to these synthetic 
components and the theories put forward as a result of some research that 
synthetic substances may pose a risk. (Francombe, 2019)

Plants are preferred in cosmetics due to their low toxicity and wide range 
of effects. The cosmetic effects of plants are not limited to just beautification. 
Plants are also used in cosmetics for many purposes such as antifungal, 
antioxidant, antimicrobial, anti-inflammatory, and as an aid in the treatment of 
some skin diseases.

3.1 Plants with antimicrobial effect: Evergreen (Helichrysum IItalicum), 
Anatolian sage (Salvia fruticosa), elderberry (Sambucus nigra), sugar 
grass (Stevia spp.), rose (Rosa damascena Mill.)

3.2 Plants with antifungal effect: Vetiver (Chrysopogon zizanioides), 
pelargonium (Pelargonium graveolens), lemon thyme (Thymus sp.), 
myrtle (Myrtus communis). (Hasdemir, 2016)
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3.3 Plants with antioxidant effects: Passionflower (Passiflora edulis), rosemary 
(Rosmarinus officinalis), turmeric (Curcuma longa), ginseng, eucalyptus 
(Eucalyptus globulus L.), thyme (Thymus), sesame (Sesamum indicum), 
mentha (Lamiaceae). (Yaşa, 2020; Yaşa, 2012; Yılmazoğlu, et al., 2022, 
Yaşa, 2019 and Onar, 2007)

3.4 Plants with anti-inflammatory effects: Evergreen (Helichrysum ittalicum), 
ginkgo biloba, green tea (Camellia sinensis), echinacea (Echinacea 
Angustifolia), turmeric (Curcuma longa), ginseng.

3.5 Plants with antiaging effects: Annatto (Bixa Orellana L.), ginkgo biloba, 
chamomile (Anthemis nobilis L.), soy (Glycine max), ginseng, nightshade 
(Oenothera biennis), sea buckthorn (Hippophae rhamnoides), evergreen 
(Helichrysum italicum).

3.6 Plants with antiperspirant and deodorant effects: Neem (Azadirachta 
indica), red sage (salvia miltiorrhiza), sandalwood (Santalum album).

3.7 Plants with a protective effect from sun rays: Sesame (Sesamum indicum), 
coconut (Cocos nucifera), olive (Olea europaea), sunflower (Helianthus 
annuus), and aloe vera.

3.8 Plants used in humidifiers:
 Occlusives: Grape (Vitis vinifera), almond (Prunus dulcis), avocado (Persea 

Americana), sesame (Sesamum indicum), karite (Vitellaria paradoxa), 
sunflower (Helianthus annuus), coconut (Cocos nucifera).

 Humectants: Oat (Avena sativa L.).
 Emollients: Argan (Argania Spinosa), coconut (Cocos nucifera), jojoba 

(Simmondsia Chinensis), aloe vera.
3.9 Plants used as colorants: Henna (Cinchona Pubescen), saffron (Crocus 

sativus).
3.10 Plants with exfoliant properties: Grapefruit (Citrus paradisi), apricot 

(Prunus armeniaca), cucumber, papaya (Carica papaya), rosehip (Rosa 
canina), cranberry (Cornus mas), green tea (Camellia sinensis), tomato 
(Cymphomandra betaceae).

3.11 Plants with astringent effect: Witch hazel (Hamamelis virginiana), 
evergreen (Helichrysum ittalicum), cucumber (Cucumis sativus), 
chamomile (Matricaria recutita, Anthemis nobilis), birch (Betula 
pendula).

3.12 Plants used in skin whiteners: Coriander (Coriandrum sativum), licorice 
root (Glycyrrhiza glabra), arbutus (Arbutus undeo), bearberry (Vaccinium 
arctostaphylos).
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3.13 Plants with restorative properties: Gotu kola (Centella asiatica), olive 
(Olea europaea), horse chestnut (Aesculus Hippocastanum).

3.14 Plants with soothing properties: Calendula (Calendula officinalis), ginkgo 
biloba, birchwort (Stellaria media), chamomile (Matricaria recutita, 
Anthemis nobilis), birch (Betula pendula), bozo (Marrubium vulgare).

3.15 Plants used in hair products: Coconut (Cocos nucifera), olive (Olea 
europaea), witch hazel (Hamamelis virginiana), avocado (Persea 
americana), jojoba (Simmondsia chinensis), chamomile (Matricaria 
recutita, Anthemis nobilis), birch (Betula) pendula), scarab (Prunella 
vulgaris), castor oil (Ricinus communis).

3.16 Plants used in oral care: Miswak (Salvadora Persica).
3.17 Plants used in nail care: Apricot (Prunus armeniaca).

Flowers, roots, leaves, fruits, seeds, lumberjack parts, and stems of plants are 
used as raw materials in cosmetic preparations.

4. Plants With The Potential For Cosmetic Effect and Their Intended 
Use

4.1 Aloe Vera (Aloe Barbadensis Miller): The gel part obtained from its 
leaves is frequently used in the cosmetic industry. It has a refreshing and 
moisturizing effect on the skin. It is also effective in skin regeneration. 
The amino acids in the gel part have a softening effect on the skin. It is 
effective in tightening the pores with its zinc content (Yadav, 2017). The 
sterols in their content play an anti-inflammatory role. In addition, thanks 
to cinnamic acid esters, it protects against UV rays and thus it can be said 
that it has an antiaging effect. It is used in many products such as creams, 
lotions, cleansers, after-sun products, and hair products.

4.2 Oats (Avena sativa L.): Compounds obtained from oats are used in 
cosmetics as antioxidants, skin texture improvers, moisture retainers, and 
plumper. Due to its niacin content, it is used in products that are effective 
in skin whitening. It is also known to have cleansing and antiseborrheic 
properties. It is used in cleansing, skin tone-equalizing masks, and creams. 
(Hart, 1998)

4.3 Birch (Betula pendula): It has soothing and emollient properties. It can be 
used as a hair lightener in hair products. Extracts of its leaves are used in 
hair products against dandruff. (Germano, 2012)
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4.4 Calendula (Calendula officinalis L.): Fixed oils obtained from its flowers 
and seeds and plant extract obtained from the whole plant are used in 
moisturizing creams as soothing, cell renewal, and softener. Thanks to its 
anti-inflammatory properties, it can be applied topically in acne treatments. 
(Silva, 2021)

4.5 Green Tea (Camellia sinensis): It is the most well-known and widely 
used antioxidant plant among people. The polyphenolic substances 
in their content give the plant antioxidant properties. The plant 
extract is used in cosmetic preparations. The catechins in its leaves 
protect the skin from the damage of UV rays. (Ergin, 2022) It is also 
used in hair products to treat baldness and dandruff. (Nualsri et al., 
2016)

4.6 Papaya (Carica papaya): Thanks to the papain enzyme in its content, it 
exfoliates the skin. It has acne treatment, anti-aging, and lightening effects 
(Aravind et al., 2013). The vitamins A, E, and C in their content give the 
plant strong antioxidant properties (Üstündağ Okur et al., 2020).

4.7 Cucumber (Cucumis sativus L.): Substances obtained from its fruit are used 
as skin regenerative and healing. It is also safe to use in baby products and 
around the eyes. It is also known to be an antioxidant and pore tightening 
(Fiume et al., 2014).

4.8 Turmeric (Curcuma longa L.): Its active ingredient, curcumin, is a 
polyphenol with antioxidant and anti-inflammatory properties and is 
frequently used in cosmetics. (Gopinath, 2017)

4.9 Carrot (Darucus carota L.): It is an antioxidant-rich in beta carotene, 
vitamin C, and vitamin A content. It can renew and moisturize the skin. It 
is also found in some tanning oils.

4.10 Ginkgo Biloba: İçeriğindeki flavonoidler ve terpenoidler sayesinde kan 
dolaşımını hızlandırır ve yaşlanmayı geciktirici, antioksidan ve iltihap 
önleyici özellikleriyle cildi korur. It makes the skin look firmer and younger 
by reducing the appearance of wrinkles and fine lines. It is also known to 
increase collagen production in the skin and protect the skin against UVA 
and UVB (Arora et al., 2019).

4.11 Laurel (Laurus nobilis L.): The essential and fixed oil obtained from its 
leaves is used in the cosmetic industry. It has antioxidant and antifungal 
properties. It is frequently used in hair products. (Kıvrak, 2017)

4.12 Lavender (Lavandula sp.): Its essential oil and hydrosol are used as 
anti-acne in the cosmetic industry thanks to their antibacterial and anti-
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inflammatory properties. Thanks to its pleasant smell, it is frequently used 
in perfumery. Since it is antimicrobial, it can be used as a preservative in 
cosmetic preparations. (Yusufoğlu, 2004)

4.13 Black Mulberry (Morus nigra L.): Thanks to its rich content of polyphenols, 
flavonoids, and anthocyanins, its antioxidant properties are very strong. 
Since it is antibacterial, it is used in skin products against acne. In a study, 
it was reported that it can also be UVA and UVB protective. (Üstündağ 
Okur et al., 2019)

4.14 Thyme (Origanum sp.): It has been mentioned that it can be used on skin 
spots and as an anti-aging agent. (Laothaweerungsawat, 2020)

4.15 Almond (Prunus dulcis): Fixed oil is commonly used in hair products to 
provide rapid growth, shine, and softness. It has two forms, sweet and bitter. 
The most commonly used form is sweet almond oil. It has skin softening 
and mild occlusive properties. Thanks to this feature, it is frequently used 
in humidifiers as it increases the flexibility of the stratum corneum. It is 
found in soaps used for acne treatment (Fisher, 1983).

4.16 Pomegranate (Punica granatum): Azad et al. (2016) stated in a study that 
pomegranate-based products have positive moisturizing and skin whitening 
effects. The extract obtained from the juice, seed, and peel of the fruit is 
an antioxidant thanks to the phenolic components in its content. It has 
an anti-inflammatory effect. It is used as a softener in manicure products 
(Üstündağ Okur et al., 2019).

4.17 Cocoa (Theobroma cacao L.): The fixed oil obtained from the kernel of 
the plant is solid at room temperature. It has soothing and moisturizing 
properties for dry skin. It is used as a moisturizer and shines enhancer in 
hair care products. It has antioxidant properties. It is also frequently used 
in perfumery due to its pleasant smell (Üstündağ Okur et al., 2019).

4.18 Milk Thistle (Silybum marianum): It has antioxidant, protective against sun-
induced skin damage, anti-acne, anti-inflammatory, and skin lightening effects. 
Its antioxidant effect is ten times higher than vitamin E. It has been reported to 
be effective against malady and rosacea disorders (Arora et al., 2019).

4.19 Rosehip (Rosa canina): Cold pressed fixed oil obtained from its seed 
is used very often in skin care preparations. Pure rosehip oil contains 
tretinoin and retinoic acid (vitamin A). These ingredients help regenerate 
the skin and improve skin tissues. It also contains natural antioxidant 
vitamin E. Studies conducted by Concepcion and Missouri Universities 
have proven that rosehip oil is effective in removing wrinkles and stretch 
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marks, preventing premature aging, and contributing to the equalization of 
skin tone. It has also been stated that it removes the effects of photoaging 
(Koraç, 2011).

4.20 Grape (Vitis vinifera L.): Rich in quercetin. This antioxidant substance 
has a stronger effect than vitamins E and C. Flavonoids such as quercetin, 
resveratrol, melatonin, and procyanidin in its content are used in the 
treatment of undesirable conditions caused by problems such as premature 
aging, photoaging, and acne. (Belsito, 2012)

4.21 Ginseng (Panax ginseng): Its active ingredient, ginsenoside, is known to 
have antioxidant, antiaging, and anti-inflammatory properties. Thanks to 
this ingredient, is used in anti-aging face creams. It has been stated to 
be supportive in the removal of damage caused by UV rays and in the 
production of collagen. (Park, 2015)

4.22 Avocado (Persea americana): Rich in vitamins E and D, beta carotene, 
protein, fatty acids, and lecithin. It is added to the formulation for skin 
protective properties. It is also frequently used in hair products due to its 
moisturizing and softening effect. (Gümüştepe, 2022)

4.23 Soy (Glycine max): It is known that soy is an anti-inflammatory, collagen 
enhancer, skin tone equalizer, and agent for reducing pigmentation and 
other photoaging effects. Thanks to the phytochemicals in its content, it 
delays hair growth by reducing the size of hair follicles (Waqas et al., 
2015).

4.24 Chamomile (Anthemis nobilis L.): It has a soothing and antioxidant effect. 
It is known to delay the signs of photoaging. Due to its distinctive smell, 
it is used in perfumes and aromatherapy oils. It is also frequently used in 
hair products with its lightening and brightening properties. (Johnson et 
al., 2017)

4.25 Jojoba (Simmondsia chinensis): The fixed oil obtained from its seeds 
is used as a moisturizer in skin care products. Due to its similarity with 
human sebum, it is used as a natural pH balancer and skin healer. Since its 
refined state is odorless, it is also used in perfumes. It is also used in hair 
products as a moisturizer and shiner. (Meyer et al., 2008)

4.26 Witch Hazel (Hamamelis virginiana): It is widely used in the treatment 
of acne and blackheads, burns, wounds, insect bites, and diaper rash. It is 
found in tonics as a traditional astringent (Cherney, 2019).

4.27 Comfrey (Sympytum officinale): Its active ingredient, allantoin, is 
antiseptic and anti-inflammatory. It is skin regenerating and soothing. It is 
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known to be good for acne and rosacea disorders. It also moisturizes the 
skin, exfoliates dead skin cells, and ensures the development of new skin 
cells. (Dawid-Pać, 2013)

4.28 Rosemary (Rosemarinus officinalis): It is used in anti-aging and cellulite 
removal products due to its exfoliant feature. Due to its collagen production 
and nourishing properties, it keeps the skin tight and reduces the appearance 
of fine lines. (González-Minero et al., 2020)

4.29 Olive (Olea europaea): A standard olive extract is contained high levels of 
polyphenols and hydroxytyrosol. Thanks to these ingredients, it has a great 
effect on skin whitening and delaying the effects of aging. It is effective in 
inflammation and healing wounds (Lueder et al., 2011).

4.30 Sunflower (Helianthus annuus): It is used in dermatology for two main 
reasons. The first is that it is an effective, low-cost, and natural alternative, 
and the second is that it contains lipids similar to stratum corneum lipids. 
It is mostly used to moisturize the skin and strengthen the skin barrier. Its 
antioxidant value is high (Stoia and Oancea, 2015).

4.31 Coriander (Coriandrum sativa): It has antioxidant, and antimicrobial 
properties. Its essential oil and its main component, linalool, are important 
ingredients used in perfumes and cosmetics (İnan et al., 2014).

4.32 Rose (Rosa damascene mill.): It is used in the cosmetic industry for 
skin moisturizing, reducing scars and cracks, acne control, reducing 
skin pigmentation, delaying wrinkles, and as an antioxidant. It is used in 
aromatherapy processes and perfumery due to its pleasant smell. Both oil 
and hydrosol are used effectively in cosmetics (Ahmed et al., 2019).

4.33 Amla (Emblica officinalis): C vitamini açısından çok zengindir. 
Şampuanlarda kuru meyve tozu kullanılır. Saç bakım ürünlerinde yaygın 
olarak kullanılmaktadır (Sharma ve ark., 2003).

4.34 Neem (Azadirachta indica): Its leaves can be used as a mask to remove 
acne. Vitamin E, which is high in its leaves, moisturizes the skin. It has 
antibacterial and antifungal content and neem extract is used as a sedative 
in many cosmetic products. (Baby et al., 2022)

4.35 Coconut (Cocos nucifera): Coconut oil contains glycerides. It has skin 
smoothing and moisturizing properties. It is frequently used in moisturizers 
because it has a high absorption capacity by the skin, renews the natural 
oil of the skin, and adds shine to the skin. It also slows down the effects 
of aging. When applied to wet hair, it reduces protein loss in the hair. 
Therefore, it is used in hair products. (Te, 2014)
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4.36 Castor oil (Ricinus communis): Effective against skin infections and 
burns, acne, dry skin, stretch marks, and age spots and wounds. It contains 
undecylenic acid, which has bactericidal and disinfectant properties. 
For this reason, it is an effective treatment for athlete’s foot, ulcers, and 
chronic itching. The ricin and ricinoleic acid, which have antibacterial, and 
antifungal, properties in the oil, protect the hair and scalp. For this reason, 
castor oil prevents dandruff and helps nourish dry hair. It is also used in the 
treatment of wrinkles as it increases the production of collagen and elastin. 
(Maduri et al., 2017)

4.37 Apricot (Prunus armeniaca): It is a natural exfoliant. The granules of the 
peel of the fruit bean are used in peelings to remove dead skin cells and 
black. However, it is not recommended for sensitive skin as it is very 
abrasive. Apricot kernel oil moisturizes dry skin and protects against 
blemishes, fine lines, wrinkles, and the side effects of aging. It is also used 
in nail care products. (Karataş, 2020)

4.38 Henna (Lawsonia descended): It is a plant that is generally used in Asia to 
dye hair, hands, and feet. It has antioxidant, antifungal, and antibacterial 
properties. It is effective in healing wounds. It has also been used in the 
treatment of infectious diseases by humanity throughout history (Sharma 
et al., 2016).

4.39 Garlic (Allium sativum): It has antimicrobial, antiaging, anti-inflammatory, 
and antifungal properties. It is also effective in skin healing. It is used 
topically in creams, balms, and gels. It is added to hair products for hair 
growth and hair regrowth effect. (Aburjai, 2003)

5. Herbs Used in Perfumery

Perfume is created by mixing the oils obtained from medicinal aromatic plants 
in certain proportions and making them permanent by taking them into alcohol 
(Göktaş and Gıdık, 2019). The perfume pyramid was created by William 
Poucher (1891 – 1988) according to the evaporation coefficient of fragrances 
in the 1920s. (Baydar, 2020, Yaşa, 2020). In this pyramid, three ‘notes’, which 
are the volatility time of fragrances, are indicated. Fragrances with the highest 
volatility and which are immediately noticeable after the application of the 
perfume is called ‘top notes’, scents that indicate the characteristic smell of 
the perfume are called ‘middle notes, and odors with the most permanence 
are called ‘bottom notes. Top Notes: Bergamot, basil, lime, mint, eucalyptus, 
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orange, chamomile, and ginger essences are the most used top notesMiddle 
Notes: Rose, jasmine, iris, rosemary, fennel, lemon balm, clary sage, lavender, 
mimosa, lilac, and pelargonium are the most used middle notes. Base Notes: 
Sandalwood, cinnamon, dairy, cedar, labdanum, patchouli, vetiver, vanilla and 
ylang ylang essences, resins such as labdanum and olibanum, animal secretions 
such as amber, musk, civet, castorium, and beeswax, and some lichen and moss 
extracts are the best notes. are the most used base notes (Baydar, 2020).

6. Conclusion

Plants are used in almost all cosmetic products. These products are used by all 
people regardless of gender and age. In the light of the scientific data examined 
in this study, how the plants that are widely used in the cosmetic industry are 
obtained and their usage purposes are revealed. The data included in the study 
show that many plants have antioxidant, anti-inflammatory, antimicrobial, 
and antibacterial effects. Therefore, it is an integral and valuable part of the 
cosmetics industry.
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1. Introduction

The pyrimidine ring is the most common heterocyclic ring system in 
nature. 
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           Figure 1. Pyrimidine and Purine Ring System
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Important system containing a pyrimidine ring is the purine system. Purines, 
which participate in many reactions by taking place in the DNA and RNA ring, 
consist of fused imidazole and pyrimidine rings. Figure 1 shows the purine and 
pyrimidine ring system. The structures of Vitamin B1 (thiamine), riboflavin and 
folic acid molecules, which are other important compounds with a pyrimidine 
ring, are shown in figure 2. 
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Figure 2. Important organic molecules containing a pyrimidine ring.

Uracil, thymine and cytosine, which are found in nucleic acids that constitute 
the essence of life, can be given as examples of pyrimidine derivatives. 
Thymine and cytosine, whose chemical structure is given in Figure 3, are 
included in the DNA structure. Uracil and cytosine are included in the RNA 
structure. 
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NO

O

CH3

Thymine
(2-oxy-4-oxy)5 methyl pyrimidine

N
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Uracil
(2-oxy-4-oxy) pyrimidine

Figure 3. Pyrimidine ring compounds found in DNA and RNA structure.

Purines form various important biochemicals such as ATP, GTP, NADH, 
coenzyme A. In many studies, it has been determined that contains pyrimidine 
and purines ring system show antibacterial (David et al., 2014: 3), antifungal 
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(Sharma et al., 2014: 202784), antimalarial (Sun et al., 2011: 16), antiviral 
(Iman et al., 2020: 67), antiparasitic (Bautaleb-Charki et al., 2009: 3) and 
anticancer activity (Tylinska et al., 2021: 22). In these studies, especially the 
new pyrimidine system compounds synthesized as anticancer agents show 
promising results.

The main material of our study is a Schiff base. There are two main 
stages in the synthesis of Schiff bases obtained from the reaction of 
carbonyl compounds and primary amines. In the first step, a carboxyl amine 
intermediate is formed from the carbonyl group and the primary amine 
condensation, in the final step, Schiff base is formed from the dehydration 
of the intermediate.

Schiff bases are in the group of compounds that are frequently 
synthesized in chemistry. Because these types of compounds have been 
extensively researched in terms of many properties and they are bioactive 
compounds. Schiff bases are versatile pharmacophores due to the imine group 
in their structure (Kajal et al., 2013:1). That’s why it has so many features. 
Schiff bases were reported to possess antimicrobial activity (Saroya et al., 
2022: 48), antihyperlipidemic activity (Hassan et al., 2022: 355), antidiabetic, 
antioxidant and anti-Inflammatory activity (Chauhan et al., 2022: 1), 
antimalarial (Harpstrite et al., 2008: 4), antiviral (Kumar et al., 2010: 45),  
antiparasitic (Adams et al., 2015: 44),  and anticancer activity (Al-Aghbari et 
al., 2019: 7).

Schiff bases play a vital role in coordination chemistry. Schiff base ligands 
are compounds that can coordinate with almost all metal ions (Pervaiz et al., 
2022: 137).

In this study, synthesis, purification and characterization of new Schiff 
bases bearing pyrimidine ring were performed. The structure of compound 
(2) was confirmed by IR, 1H NMR and 13C NMR techniques. Optimization of 
the synthesized compound was performed using the B3LYP method with the 
basis set of 6-31G (d,p) and 6-311G (d,p). From this point of view, theoretical 
1H NMR calculations were made with both base sets. The obtained data were 
compared with the experimental results and graphs were drawn. In addition, the 
electron density distribution of the molecule was determined by drawing the 
ESP map.

The synthesis scheme for compound (2) is given in scheme 1.



20    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

O

N

N

H3C

S

NH2 C C

CH3

+

N

N S

N C
H

C

CH3

HC
H3C

H3C

H3C

O

O

H HC

(E)-(1-(2-methyl-3-phenylallylideneamino)-2-thioxo-4-p-tolyl-1,2-dihydropyrimidin-5-yl)(p-
tolyl)methanone (2)

(1-amino-2-thioxo-4-p-tolyl-1,2-dihydropyrimidin-5-yl)(p-
tolyl)methanone (1)

2-methyl-3-phenylacrylaldehyde

Scheme 1. Synthesis of compound (2)

2. Experimental

2.1.	 Reagents	and	materials	

The starting material was synthesized in accordance with the literature and the 
same devices were used for the identification of the compounds. (Aslan and 
Önal, 2013: 23).

3. Synthesis 

Compounds (1) and (2-methyl-3-phenylacrylaldehyde) (1 mmol) were dissolved 
in ethyl alcohol. A catalytic amount of p-toluenesulfonic acid was added to the 
solution as a catalyst. It was boiled for 12 hours. The solvent was removed. 
(2) crystallized in ethyl alcohol. The structure of the compound was confirmed 
by nuclear magnetic resonance and FT-IR. The synthesis scheme is given in 
Scheme 1.

3.1. (E)-(1-(2-methyl-3-phenylallylideneamino)-2-thioxo-4-p-tolyl-1,2-
dihydropyrimidin-5-yl)(p-tolyl)methanone(2)

The results of the synthesized Schiff base collected by characterization 
techniques are listed below.. Yield: 53%; m.p.: 183-192 oC; color: yellow. 1H 
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NMR (400 MHz, DMSO-d6) δ (ppm) = 10.69 (s, 1H, -CH), 9.59 (s, 1H, -CH), 
7.71 (s, 1H, -CH), 7.70 – 5.80 (m, 13H, Ar-H), 2.50 – 1.99 (s, 9H, -CH3 ). 
13C NMR (100 MHz, DMSO-d6): d (ppm) = 197.13 (Ph-C=O), 168.30, 150.87, 
144.77, 140.32, 139.35, 130.54, 129.91, 129.66, 129.46, 129.29, 129.22, 129.15, 
128.85, 128.62, 128.24, 128.01, 125.87, 113.47 (Ar-C), 21.45 and 21.14 (-CH3). 
IR: υ = 3013.1 (aromatic C-H), 1648.0 (C=O), 1570.9, 1514.8 (C=N and C=C), 
and 767.8 cm-1 (pyrimidine ring). C29H17N3SO (455 g/mol)

4. Results and Discussion

The Schiff base compound was prepared and characterization was done. The 
C=O absorption band was observed at 1648.0 cm-1. The -N=CH bond proton 
of Schiff base at 10.69 ppm confirms the formation of the azomethine bond 
between the aromatic aldehyde and the compound (1) (Tanak et al., 2014: 118), 
(Uluçam et al., 2021: 1230). For (2), the proton signal for -CH in the pyrimidine 
ring was detected at δ 7.71 ppm. Aromatic protons were observed as multiplets 
between 7.70 and 5.80 ppm. Also, methyl protons were observed at 2.50 – 1.99 
ppm.The data obtained as a result of the analyzes fully confirmed the structure 
of Schiff base. 

4.1.	 Theoretical	and	experimental1 H	NMR	calculations

The proton values obtained from the experimentally obtained 1H NMR graph 
were compared with the proton values calculated with the B3LYP/6-31G 
(d,p) and B3LYP/6-311G (d,p) sets. Graphs were drawn and R2 values were 
calculated. It was determined that B3LYP/6-311G (d,p) gave the best correlation 
with experimental data. The resulting graphics are shown in Figure 4.

a b

Figure 4. Correlation graphs plotted with sets of a. B3LYP/6-31G (d,p) and b. 
B3LYP/6-311G (d,p) between experimental and calculated 1H NMR protons.
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4.2.	 ESP	map

The ESP map gives valuable information about the electron distribution on 
the molecule. In general, the red regions indicate where electron abundance is 
present. These maps are instructive for the complex compounds to be synthesized 
in the continuation of our study. In the map, it is seen that there is electron 
density on the sulfur attached to the benzene ring, the N=CH group and the 
carbonyl group attached to the pyrimidine ring. ESP map drawn with the help of 
the Gaussian program is given in figure 5.

Figure 5. The ESP map of (2)

5. Conclusion

(2) was synthesized starting from compound (1). Compound (2) was characterized 
by spectroscopic methods and analytical techniques. It was optimized, theoretical 
1H NMR calculations were performed and the ESP map was drawn.
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1. Introduction

Having two nitrogen atoms at position of 1 and 3 in an unsaturated six 
membered ring, pyrimidines are of significant classes of heterocyclic 
compounds. Pyrimidine derivatives display broad range of biological 

activities like anti-microbial (Patel, Desai, Desai, & Chikhalia, 2006) anti-
tuberculosis (Ballell, Field, Chung, & Young, 2007), anti-bacterial (Elhossini, 
Fadda, & Khodeir, 1991), anti-inflammatory (Alfayomy et al., 2021), anti-
cancer (Abbas, Matada, Dhiwar, Patel, & Devasahayam, 2021) and anti-
HIV (human immunodeficiency virus) (Fujiwara, Nakajima, Ueda, Fujita, & 
Kawakami, 2008) activity. Therefore, during the past few decades, various 
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studies have been reported on synthesis, and biological application of this 
class of organic compounds. Pyrimidine-based molecules have been utilized a 
promising building block for drug development. There are many commercially 
available pyrimidine-containing drugs at market (Sahu & Siddiqui, 2016). 
N-Aminopyrimidine derivatives, on the other hand, appear to be an appealed 
starting compound in synthetic organic chemistry, since various reactions of 
N-aminopyrimidine incorporated molecules have been reported recently. 
Theoretical and experimental comparisons of pyrimidine derivatives were 
become popular nowadays (Aslan, Akkoc, & Kokbudak, 2020; Kokbudak, 
Akkoc, Karata, Tuzun, & Aslan, 2022; Kokbudak, Asian, & Akkoc, 2020; 
Kokbudak, Saracoglu, et al., 2020).
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Figure 1. Some commercially available pyrimidine-containing drugs at market.

Having an imine (–C=N–) group, Schiff bases, discovered by Hugo Schiff by 
condensation of primary amines with aldehydes or ketones in 1884, compose 
an important class of broadly used organic molecules (Cimerman, Miljanic, & 
Galic, 2000; Schiff, 1864). Schiff bases show various biological activities such 
anti-dyslipidemia (Sashidhara et al., 2009), anti-inflammatory (Nithinchandra, 
Kalluraya, Aamir, & Shabaraya, 2012), , anti-microbial (Cui et al., 2022), anti-
tubercular (Mennuru, Dugasani, & Suggala, 2021), antitumor (Hasi et al., 2022; 
Kumar & Aravindakshan, 2022), and anti-depressant (Santilli, Kim, Fieber, & 
Wanser, 1974) activities., Schiff bases are also used as pigments (Bonvicini 
et al., 2016), dyes (Ghosh, Pathak, & Ghorai, 2019; Luthi, Forero Cortes, 
Prescimone, Constable, & Housecroft, 2020) and catalysts (Bovand, Kargar, & 
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Fallah-Mehrjardi, 2022) apart from biological activities. They also have been 
used as precursors to formulate novel biologically active molecules.

In this study, new pyrimidine incorporated Schiff bases was designed 
and synthesized. At first, synthesis of N-aminopyrimidine (1) was done. New 
Schiff base, (E)-1-((2,6-dichlorobenzylidene)amino)-5-(4-methylbenzoyl)-4-
(p-tolyl)pyrimidin-2(1H)-one, (2), was obtained by the condensation reaction 
of N-aminopyrimidine (1) and 2,6-dichlorobenzaldehyde in acidic condition. In 
order to ensure exact structural characterization of (2), 1H NMR, 13C NMR, IR 
spectrums, and elemental analysis were done.

Molecular modeling studies for compounds that are synthesized and can 
be drug candidates have been frequently applied recently. In addition to the 
experimental studies of the new Schiff-based compound synthesized in this 
study, Density Functional Theory (DFT) and molecular docking studies were 
examined by theoretical approaches in silico. 

Considering the pyrimidine containing drugs presented in Figure 1, the 
proteins with which the drugs interact were obtained from the protein database 
and their binding modes were analyzed. Compound 2 was interacted with the 
studied crystal structures in silico approach. The effectiveness of compound 2 
according to these interactions is discussed as a result of theoretical calculations. 
The interactions and binding modes of compound 2 were determined by 
molecular docking. In addition, the free energy, HOMO, LUMO and ΔEGap 
values were calculated of compound 2 using the DFT method (Çöl, Bozbey, 
Türkmenoğlu, & Uysal, 2022; Kökbudak, Türkmenoğlu, & Akkoç, 2022).

2. Experimental

2.1.	 Reagents	and	materials	

Synthesis of reagent (1) was done accordingly previous method (Zülbiye 
Önal & İsmail Yıldırım, 2007). IR analysis was performed by The Shimadzu 
Model 8400 FT-IR spectrophotometer. Melting point (m.p.) was monitored by 
Electrothermal 9100 digital melting point device. NMR spectra analyzes were 
done by The Bruker brand 400MHz spectrophotometer. 

2.2.	 Synthesis	of	Schiff	base	(2)

In 10 mL ethyl alcohol, compound (1) (1 mmol) was dissolved and, with catalytic 
amount of p-toluene sulfonic acid, 1.2 mmol of 2,6-dichlorobenzaldehyde put 
into the solution. The reaction, at first, was refluxed for 6 hours and then stirred at 
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room temperature for 12 hours. Then, ethyl alcohol was evaporated, and diethyl 
ether was added and stirred at room temperature for a night. Then, filtrated, and 
recrystallized in ethyl alcohol. The structure of compound (2) was ratified by 1H 
NMR, 13C NMR and IR spectrums and elemental analysis. 
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Scheme 1. Synthesis of compound 2.

2.3.	 (E)-1-((2,6-dichlorobenzylidene)amino)-5-(4-methylbenzoyl)-4-(p-tolyl)
pyrimidin-2(1H)-one,	(2)

Yellow solid, yield: 55%; m.p.: 187-188 oC. 1H NMR (400 MHz, DMSO-d6) 
δ (ppm) = 9.70 (s, 1H), 8.62 (s, 1H), 8.24 – 8.05 (m, 1H), 7.80 (dd, J = 10.9, 
7.3 Hz, 2H), 7.55 (d, J = 2.9 Hz, 2H), 7.39 (d, J = 7.8 Hz, 2H), 7.27 (d, J = 7.6 
Hz, 2H), 7.16 (d, J = 7.4 Hz, 2H), 2.30 (d, J = 26.9 Hz, 6H). 13C NMR (100 
MHz, DMSO-d6): d (ppm) = 191.63, 170.83, 164.06, 151.79, 149.48, 144.65, 
141.41, 134.79, 134.67, 134.38, 134.05, 131.73, 130.46, 129.78, 129.38, 129.22, 
128.95, 128.82, 126.01, 116.34, 21.65, 21.40. IR: υ = 3158.1 (aromatic C-H), 
1930.3 (aliphatic C-H), 1673.4-1651.5 (C=O), 1602.2, 1560.1 (C=N and C=C). 
Anal. Calcd. for C26H19Cl2N3O2 (476.353): C, 65.56; H, 4.02; Cl, 14.60; N, 8.82. 
Found: C, 65.30; H, 4.17; Cl, 14.60; N, 8.60.

2.4.	 Computational	Studies

2.4.1.	Density-Functional	Theory	(DFT)	Calculations

For computational analyzes, Gaussian’09 (Frisch et al., 2009) package program 
was used and applied in this study (Aydin, Türkmenoğlu, & Kökbudak, 2022). 
HOMO, LUMO, ΔEGap energy values were determined using the B3LYP/6 -31 
G method of DFT (Çöl et al., 2022; Frisch et al., 2009; Kökbudak et al., 2022).

2.4.2.	Molecular	Docking	

The same procedural steps (Aydin et al., 2022; Kökbudak et al., 2022; Merde et 
al., 2022; Türkmenoğlu, 2022) were applied to the Schrödinger 2021-2 software 
(Schrödinger Release 2021-2: Glide) in all molecular docking analyzes.
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In silico approach, crystal structures (PDB Ids: 2W0S (Caillat et al., 
2008), 7E2Y (Xu et al., 2021), 6ELI (Boyer et al., 2018), 2NO0 (Sabini, 
Hazra, Konrad, & Lavie, 2007), 5HPW (Singh et al., 2015), 1OHW 
(Storici et al., 2004)) provided from protein databases were interacted with 
compound 2 via molecular docking method. Before this interaction, firstly, 
compound 2 was prepared with the “LigPrep wizard” (Schrödinger Release 
2021-2: LigPrep) of the Schrödinger 2021-2 program. Then, the crystal 
structures that were examined from the protein database were arranged 
with the “Protein preparation wizard” (Schrödinger Release 2021-2: Protein 
Preparation Wizard; Epik) of the Schrödinger 2021-2 software. Molecular 
docking studies were applied to calculate the parameters and define the active 
binding site (Kuzu, Hepokur, Turkmenoglu, Burmaoglu, & Algul, 2022). As 
in previous studies, Schrödinger 2021-2 software was operated to investigate 
binding modes of compound 2 (Kökbudak et al., 2022; Kuzu et al., 2022; 
Merde et al., 2022; Türkmenoğlu, 2022). Schrödinger’s Prime MM/GBSA 
(Schrödinger Release 2021-2: Prime) wizard was used to calculate the 
binding energies of the ligand with the receptor. It was applied to the crystal 
structures in Table 2 to determine the ΔGBind energy values of compound 2 
with different receptors.

3. Results and Discussion

3.1.	 Characterization	of	2	

Via reaction of furan-2,3-dione derivative and benzylidenesemicarbazide 
derivative, the reagent required in this study (1) was synthesized (Zülbiye Önal 
& İsmail Yıldırım, 2007). The new Schiff base (2) was prepared in moderate 
yield (55%) from the reaction of 2,6-dichlorobenzaldehyde with compound (1) 
in Scheme 1. The compound (2) was purified by recrystallization. The N=CH 
proton signal was seen to resonate at δ 9.70 ppm in the downfield area on 1H 
NMR spectrum which confirms the formation of imine group between compound 
1 with aromatic aldehyde. CH proton in pyrimidine ring was observed at δ 
8.62 ppm as singlet signal for 2. Eleven aromatic protons were resonated as 
a multiplet in between δ 8.24 and 7.16 ppm. At δ 191.63 ppm, signal of the 
benzoyl carbon was obtained in 13C NMR. Thanks to all mentioned data, the 
structure of Schiff base has been fully confirmed (Experimental Section). In 
the IR spectrum of 2, the C=O stretching bands were seen between 1673.4 and 
1651.5 cm-1. 
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3.2.	 Computational	Studies

3.2.1.	Density-functional	theory	(DFT)	Calculations

The computational calculations of compound 2 was optimized with the B3LYP/6-
31G DFT method to elucidate its chemical and electronic properties. With the 
determined frontier molecular orbital energies, the molecule’s chemically active 
sites can be determined. The chemical states of molecules can be explained by 
electrons’ particular movement from one energy state to another. The frontier 
molecular orbitals of compound 2 are shown in Figure 2, and the ΔEGap value 
was calculated as 4.0757 eV. ΔEGap determined by DFT calculations reflects the 
activity and stability of the compound in chemical reactions.

Figure 2. ΔEGap energy value and HOMO-LUMO representation of compound 2.

3.2.2.	 Molecular	Docking	Studies

Considering drugs containing pyrimidine rings that affect different diseases, 
crystal structures that interact with these drugs have been determined from the 
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literature. With these determined crystal structures, compound 2 was interacted 
in molecular docking, respectively. As a result of this interaction, either the 
active amino acid residues and the parameter values in the active site of the 
molecule were determined and presented.

The parameter values of compound 2 investigated against different crystal 
structures via in silico approaches are given in Table 1. These values evaluated 
for each crystal structure in Table 1 one by one. First of all, as the interaction 
results of 2W0S crystal structure, where Brivudine is effective, and compound 
2. The docking score value is -4.703, the free binding energy is -56.27 kcal/
mol, the Glide emodel is -59.644 kcal/mol, and the Glide energy value is 
-39.497 kcal/mol. In Table 1, the most striking crystal structure was the 6ELI 
crystal structure, which interacted with the drug Rilpivirine. When the binding 
parameter values in Table 1 of the complex structure formed between 6ELI-
compound 2 are analyzed, the ΔGBind value is found -91.00 kcal/mol, while 
the docking score value is -11.178 kcal/mol. According to these values, the 
theoretical effectiveness of compound 2 can be mentioned.

Table 1. Binding parameter values of compound 
2 interacting with different crystal structures in molecular docking.

PDB ID Docking Score XP Gscore ΔGBind Glide energy Glide emodel

2W0S -4.703 -4.703 -56.27 -39.497 -59.644

7E2Y -4.955 -4.955 -76.77 -49.512 -70.057

6ELI -11.178 -11.178 -91.00 -55.430 -83.844

2NO0 -5.859 -5.859 -42.31 -25.459 -12.485

5HPW -1.097 -1.097 -70.49 -52.473 -78.439

1OHW -5.736 -5.736 -68.75 -45.512 -54.933

Binding parameter values for other crystal structures are also shown in Table 
1. In addition to the binding parameter values, amino acids in the binding site 
are also important in molecular docking. 2D interaction diagram of compound 2 
with 2W0S is shown in Figure 3 firstly. In Figure 3, a hydrogen bond interaction 
with Asn37, a π-cation interaction with Arg41, and a π-π piling coaction with 
Phe68 between 2W0S and compound 2 was determined In Figure 3, while 
the 2D interaction diagram of 7E2Y and compound 2 is presented, it has been 
determined that there is both cation-π interaction and π-π and interaction with 
Lys191.
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Figure 3. 2D interaction diagrams of compound 
2 with crystal structures PDB:2W0S and PDB:7E2Y.

Interaction diagram of both 6ELI and 2NO0 crystal structures with compound 2 
is presented in Figure 4. Interaction between 6ELI and compound 2 is examined, 
and it’s concluded that compound 2 gets connected to 6ELI by a π-π stacking, 
a hydrogen bond with the Lys101 amino acid residue. It also is fully docked in 
the active pocket site. At the analysis of the other crystal structure in Figure 
4, 2NO0, with compound 2 a cation-π interaction with the Arg192 amino acid 
residue was shown.

Figure 4. 2D interaction diagrams of compound 2 
with crystal structures PDB:6ELI and PDB:2NO0.
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Finally, in Figure 5, at left, the interaction of compound 2 with 5HPW, 
and at right, the interaction of 1OHW with compound 2 was presented. 
According to diagram between compound 2 and 5HPW crystal structure, 
Hem610 and π-π stacking interaction was emerged. In the 2D interaction 
diagram between 1OHW and compound 2, the presence of cation-π 
interaction with Arg445, Arg430 and His44, π-π interaction with His44, 
-H bond with Gly438, halogen bond interactions with Ala42, His44 were 
determined.

Figure 5. 2D interaction diagrams of compound 
2 with crystal structures PDB:5HPW and PDB:1OHW.

4. Conclusion

To conclude, a novel benzylideneamino-pyrimidin-2(1H)-one derivative (2), 
including imine (–C=N–) group, was synthesized by using 1-aminopyrimidin-
2(1H)-one derivative (1) as reagent. Characterization of the new compound was 
done through spectroscopic and analytic techniques. 

The structure of the newly synthesized compound 2 was investigated 
by molecular modeling methods such as molecular docking and DFT. As 
a results of molecular docking, the binding modes of drugs containing 
pyrimidine rings with proteins with which they interact were determined 
According to the interaction results in the binding site and the binding 
parameter values in the molecular docking the efficacy of compound 2 can 
be mentioned.
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Multicomponent reactions (MCRs), which enable multistep synthesis 
to be conducted in a single procedural step to produce novel and 
highly functionalized organic molecules and biologically active 

heterocyclic compounds from straightforward and easily accessible starting 
materials are currently becoming valuable synthetic strategies in modern 
organic and medicinal chemistry. These reactions have the potential to lead to 
efficient, secure, cost-effective, high-yield, environmentally friendly processes 
and to decrease the production of chemical waste (Liu et al., 2015). One of the 
most significant synthetic processes for forming carbon-carbon bonds is the 
Mannich reaction. In the essential C-C bond-forming stages of the synthesis of 
several types of natural and bioactive compounds, the Mannich condensation 
process has been extensively utilized (Madar et al., 2018; Yaşa and Demir, 
2019a; Olyaei et al., 2020). The simplest way to make Mannich bases is by 
direct condensation of structurally varied substrates containing at least one 
acidic hydrogen atom, aldehydes, and amines (Han et al., 2020). Under acid 
catalysis, this multi-component reaction typically takes place (Davanagere 
et al., 2021; Yaşa, 2020; Tong et al., 2018). A three-component condensation 
reaction known as the Mannich aminoalkylation reaction normally involves an 
amine or ammonia, formaldehyde, and an α-H atom close to a carbonyl group. 
This reaction has great potential for synthetic and pharmaceutical chemistry 
(Guang et al., 2016; Jo et al., 2018)and has recently drawn a lot of interest in 
pesticide chemistry as well (Zhang et al., 2018). Mannich bases are excellent 
for enhancing the hydrophilic qualities, chemical stability, and bioavailability 
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of medicines (Biersack et al., 2018; Tao et al. 2019). Industrial manufacturing 
of atropine and fluoxetine has used the ketonic Mannich reaction (Davis et al., 
2009]. Betti base, a type of Mannich base, is specifically a phenolic Mannich 
base. Mario Betti created and published the first versions in the early 20th century 
(Betti, 1906). Betti bases can be used as fluorescent probes (Gangopadhyay and 
Mahapatra, 2019), asymmetric catalytic ligands (Ding et al., 2019) and other 
things. 

The synthesis of bioactive coumarin derivatives has been approached 
in a variety of ways (Sangshetti et al., 2015; Sahoo et al., 2021).  Coumarins, 
which are widely used natural compounds, are members of the benzopyrone 
family. Many of these substances have a variety of therapeutic effects, including 
anti-inflammatory, anti-fungal, and antibacterial characteristics. The anticancer 
properties of coumarin and its derivatives include activity against leukemia, 
prostate, renal, breast, laryngeal, lung, colon, CNS, and malignant melanoma 
(Mohammed and Ahamed, 2022). Mannich bases play a crucial role in the 
creation of anti-inflammatory, antimicrobial, antimalarial, anticancer, and anti-
microbial medicines. They are also  employed in the paper, recycling, and 
petroleum industries (Yaşa et al., 2019b).

In one study, 3-substituted coumarin mannich bases were synthesized 
in the presence of a nanocatalyst, hexamethylene tetraamine propyl silane 
functionalized nanoclinoptilolite (NCP@SiO3 PrHMTA). High yields and high 
purity were obtained with this non-toxic, low cost, reusable nanocatalyst (Fig.1) 
(Niyazi et al., 2022).

O

OH

O

N
H

R

R:  H, p-Cl, p-OCH3, p-CH3
       p-NO2, m-Cl, m-OCH3
     m-CH3, o-NO2, o-OH, o-Cl

Figure 1: 3-Substituted aminocoumarins 
in presence NCP@SiO3 PrHMTA catalyst

In another study, some coumarin mannich bases were synthesized and their 
anticancer activities were examined. However, these coumarin mannich bases 
did not show good activity (Fig. 2) (Frasinyuk et al., 2022).
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                        1,3,3-trimethyl-6-azabicyclo	                                                     
                            [3.2.1]oct-6-yl      	4-methylthiazol-2-yl

Figure 2: Synthesized coumarin Mannich bases

In 2021, the Mannich bases of 7-hydroxy-4-methyl and 6,7-dihydroxy-4-
methylcoumarins, which can be considered as anticancer pharmacophores, were 
synthesized (Fig. 3) (Sergio Durand-Niconoff  et al., 2021).
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Figure 3: Mannich bases of 7-hydroxy 
-4-methyl and 6,7-dihydroxy-4-methylcoumarins

Total of 22 coumarin ketonic Mannich bases and Betti bases were synthesized 
by Gao et al. and tested for their ability to reduce inflammation. Using DFT 
calculations of the atomic charge distribution, the regioselectivity on 3-acetyl-
7-hydroxycoumarin was examined, and the VDD approach was used to identify 
the potential reactive site. In both NO release and TNF-α generation models, the 
Mannich bases demonstrated far more potent anti-inflammatory effect than the 
analogous Betti bases (Fig. 4) (Gao et al., 2021).
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Figure 4: Mannich bases and Betti bases of 3-acetyl-7-hydroxycoumarin

The MAO-B inhibitory activity and MAO-A/MAO-B inhibitory selectivity have 
been shown to be modulated by substitutions at position C3 of the coumarin nucleus 
(Matos et al., 2012).  Additionally, coumarins, particularly 7-hydroxycoumarins, 
may serve as a basis for the development of anti-inflammatory drugs (Grover 
and Jachak, 2015; Chen et al., 2017). In this study, seventeen coumarin mannich 
bases were synthesized based on 3-acetyl-7-hydroxy coumarin and their activities 
against Parkinson’s disease were investigated. Among those synthesized, the 
3-(3-(dimethylamino)propanoyl)-7-hydroxy-5-methyl-2H-chromen-2-one 
hydrochloride derivative has both the strongest hMAO-B inhibitory effect and 
the strongest anti-inflammatory effect (Fig. 5) (Tao et al., 2019).
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      N(CH2)4, N(CH2)4O R: N(CH3)2, N(CH2)4,

      N(CH2)4O

Figure 5: Coumarin Mannich bases synthesized by Tao et al.

In another study, seven benzoxazine derivatives, which are Mannich bases of 
7-hydroxy coumarin, were synthesized and their structures were elucidated (Fig. 
6) (Ali-Asgari et al., 2017).
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Figure  6: Synthesized benzoxazines derivatives

In another study; Some 3-arylcoumarin aminomethyl derivatives were synthesized 
for use in hetero-Diels-Alder reactions (Fig. 7) (Kostyantyn et al., 2016). 
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R: CH3    Ar: 4-CH3C6H4

Figure 7: Synthesized 3-arylcoumarin aminomethyl derivatives

In this study, 7-hydroxy-8-substituted coumarin derivatives known as coumarin 
Mannich bases were synthesized, and their antiplatelet, antithrombotic, 
antiinflammatory, and antioxidant activities were examined. Compound 3 was 
discovered to have strong antithrombotic properties. The most effective PDE3 
inhibitor, on par with the selective MERCK1 inhibitor, was discovered to be 
compound 9 (Fig. 8) (Kontogiorgis et al., 2015).

O OHO

N
R2

R1

3; R: -CH2CH2CH2CH2CH2-
9; R: -CH2CH2OCH2CH2-

Figure 8: Coumarin mannich bases with the 
most activity synthesized by Kontogiorgis et al.
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In other study, 8-substituted esculetin Mannich bases were synthesized and 
evaluated their anti-tumour activities. The assay results showed that most of 
the synthesized compounds displayed better antiproliferative activity than 
Esculetin. (Fig. 9) (Wang et al.,2015).
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Figure 9: Synthesized 8-substituted Esculetin Mannich bases

In a study by Begum et al., ten new coumarin mannich bases were synthesized 
and their biological activities were examined. It has been reported that the 
synthesized 8-substituted coumarin mannich bases have both ulcerogenic 
activity and anti-inflammatory activity (Fig. 10) (Begum et al., 2015).
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Figure 10: Synthesized 8-substituted coumarin mannich bases

In this study, 10 coumarin mannich bases were synthesized from 7-hydroxy 
coumarin and their structures were elucidated (Fig. 11) (Mostafavi et al., 2013).

O

N

O O

R
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      C6H5-, C6H5CH2-, n-C3H7- , n-C4H9-, s-C4H9-, n-C6H13

1-10

Figure 11: Synthesized mannich bases from 7-hydroxy coumarin
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In another study, a series of 3-substituted aminophenyl-4-hydroxycoumarins were 
synthesized  using ionic liquid by the Mannich reaction and their antibacterial 
activities were examined against B.subtilis, Bacillus.sp, E. coli and P.putida. 
It was stated that most of the synthesized compounds had good antibacterial 
activity (Fig 12) (Onkara et al., 2013). The anilinocoumarin derivatives are also 
hepatitis C virus inhibitors (Peng et al., 2013).
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Figure 12: 3-substituted aminophenyl-4-hydroxycoumarins

In this study, the structures of a series of Mannich bases synthesized from 
3-acetylcoumarin were elucidated, and it was stated that two of them (a and c) 
were promising agents in terms of analgesic and antipyretic effects (Fig. 13) 
(Bolakatti et al., 2008).
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Figure 13: Synthesized 3-(β-N-substituted 
amino propanoyl)-(2H) chromen-2-ones
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In another study, Mannich bases and derivatives (A-F) of 7-hydroxy coumarins 
were synthesized. Their effects against Flaviviridae were studied (Fig. 14) 
(Mazzei et al., 2008).
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Figure 14: Synthesized Mannich bases 
and derivatives (A-F) of 7-hydroxy coumarins

In the present study, they measured the levels of H2O2 in cellular models of 
Aβ toxicities. All the compounds showed subpar ROS scavenger performance.
(Fig.15) (Kontogiorgis  et al., 2007). 
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Figure 15: Coumarin Mannich bases

A number of coumarin Mannich base compounds were created and tested for 
their capacity to inhibit in vitro lipoxygenase as well as their anti-inflammatory 
and antioxidant properties. According to reports, compound 4 exhibits the most 
activity (Fig. 16) (Kontogiorgis and Hadjipavlou-Litina, 2005).
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Figure 16:  Synthesized coumarin mannich bases by Kontogiorgis et al.
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This study involved the synthesis of a few new coumarin mannich bases, 
and it was found that coumarins with an 8-(1-(3,4,5-trimethoxyphenyl)
tetrahydroisoquinolinyl)methyl substituent generated a structure that was ideal 
for the creation of new anti-arrhythmic drugs (Fig.17) (Lipeeva et al., 2019).
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Figure 17: The best coumarin Mannich base for anti-arrhythmic effect
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1. Introduction

Chemical substance is defined as any material having a specific chemical 
composition (Hill et al., 2005, p.45-46). Every year, 400 million tons 
of chemical substances are produced worldwide and supplied to several 

industries for utilization. The first thing that springs to mind when speaking about 
chemical substances is the fields of utilization such as laboratories and industries. 
People are exposed to the harmful effects of these substances while working with 
these chemicals in experimental procedures in laboratories, in the manufacturing 
phase in industries, and in other areas of industry (Coşkunses, 2008, p. 10).

In health and research laboratories, hazardous substances, such as chemicals 
and biological agents that have the potential to harm human and environmental 
health are employed. While these materials are beneficial to laboratory studies, 
they may unintentionally harm the people and the environment that come into 
contact with them.During the usage, transportation, and storage of chemical 
substances, laboratory staff members are exposed to these chemicals in some 
way. These chemicals, which have different contents, have a wide variety of 
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physical, chemical, toxicological properties and physiological effects. The 
detrimental effects of chemical substances can be more or less. While some 
chemicals pose serious problems with a single exposure, some chemical 
substances require repeated exposures to have a toxic effect. The risk of toxic 
effect is related to both the degree of exposure, as well as the inherent toxicity of 
a chemical. The dose, route, duration, and frequency of exposure all determine 
the extent of exposure. Therefore, it is critical to know the risks that a chemical 
may pose and to develop the measures to be taken accordingly before being 
exposed to that chemical substance (The Natıonal Academies Press). 

It poses a genetic risk in exposed organisms, particularly by the induction of 
mutations, which is the initial stage in the carcinogenesis of a series of chemical, 
physical, and biological agents. Genotoxicity refers to adisruptive or destructive 
impact on a genetic material (DNA and RNA). Mutagens showing genotoxic 
effects are referred to as genotoxins.Genotoxins can be either a chemical substance 
or radiation. Genotoxins can have carcinogenic, mutagenic or teratogenic effects. 
However, genotoxic substances generally lead to mutation in various body 
systems and cells due to their mutagenic effects. Aside from cancer, the resultant 
mutations cause many diseases (Savale, 2018; Saks et al., 2017). 

Genotoxicity studies are composed of in-vivo and in-vitro tests for the 
identification of chemical substances or compounds that may damage genetic 
material directly or indirectly. To determine the genotoxic and carcinogenic 
effects of chemical substances, genotoxicity tests are commonly applied. 
Bacterial Ames test, comet assay, cytogenetic tests (micronucleus and 
chromosomal aberration), and sister chromatid exchange are commonly applied 
genotoxicity tests to identify genotoxicity (Saks et al., 2017; De Flora &Izzotti, 
2007; Dussinska et al., 2012, p. 63-83). 

The aim of this study is to investigate the genotoxic effects of some 
chemicals used in the laboratory. 

2. Some of the Chemicals Utilized in Laboratory Studies and 
Genotoxicity Studies in Respect Thereof:

Formaldehyde: It is an organic compound and the simplest form of the 
aldehyde group. At room temperature, it is a colorless gas with a strong odor. 
It is generally utilized to produce formaldehyde resins, chipboard, paper, and 
urea-formaldehyde foam. Formaldehyde is also frequently used to preserve 
tissues in histology and pathology laboratories in healthcare institutions. The 
formalin form, which contains 37% to 50% formaldehyde, is preferred for 
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this purpose. Exposure to this aldehyde group takes place in occupational 
environments. Gaseous formaldehyde decomposes in the atmosphere, resulting 
from a reaction with hydroxyl radicals formed by photochemical reactions. Even 
at low concentrations, formaldehyde is a very strong cross-bonding agent. The 
carbonyl atom is the electrophilic zone of formaldehyde, which allows it to 
react readily with the nucleophilic zones of proteins and DNA. Genotoxicity 
is very important for human health  due to the risk of carcinogenicity 
(Abdollahi&Hosseini, 2014; Costa et al., 2008). 

Various research methods have attempted to reveal the genotoxicity of 
formaldehyde. The genotoxic effect has been demonstrated repeatedly with studies 
in mammalian cell cultures (including humans) and in the first contact areas of 
experimental animals (Casanova et al., 1994; Lu  et al., 2010; Schmid & Speit, 
2007). The first changes in DNA following formaldehyde exposure have been 
reported to be in DNA-protein crosslinks (Heck & Casonova, 2004). The changes 
in this area have been reported to cease DNA replication and induce other genotoxic 
effects such as micronucleus and sister chromatid exchange ( Merk & Speit, 1998). 
The frequency of chromosomal abnormalities increased and the mitotic index 
decreased in bone marrow cells of rats exposed to formaldehyde in a study that 
evaluated the systemic genotoxicity of formaldehyde. The comet assay found that 
there were high-frequency chromosomal aberrations, which were accompanied by 
high DNA damage levels (Gomaa et al., 2012). The air that was inhaled by a group 
of laboratory workers was analyzed using cytogenetic tests (micronucleus (MN) 
and sister chromatid exchange (SCE) and the comet assay method, considering the 
exposure duration in a different study conducted to evaluate the genetic effects of 
long-term occupational formaldehyde exposure. The average formaldehyde level 
that this group was exposed to was determined to be 0.44 ppm (0.04-1.58) based 
on air measurements. They concluded that this figure surpassed the ceiling limit 
of 0.3 ppm, determined by the American Conference of Governmental Industrial 
Hygienists. As a result of this study, it was identified that DNA and chromosomes 
got damaged in the peripheral lymphocytes of laboratory workers who were 
exposed to formaldehyde, and there were significant increases in all tests when 
compared to the control group (Table 1) (Costa et al., 2008). A different study 
that investigated the occupational exposure to formaldehyde, on the other hand, 
reported no statistically significant increase in genotoxicity test results (Table 2). 
However, the concentration rate of formaldehyde detected in the air in this study 
was reported to be below the ceiling limit value (0.3 ppm), determined by the 
American Conference of Governmental Industrial Hygienists (Pala et al., 2008).
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Table 1: MN, SCE, and Comet Assay Results 
in the Populations Investigated (Costa et al, 2008).

Mean MN ± SE Mean SCE±SE
Control 3.27± 0.69 (0-17) 4.49±0.16 (3.10-3.06)
Exposure 5.47±0.76 (1-17) 6.13±0.29 (3.64-8.80)

Table 2: Estimation of the Effect of Exposure 
to Formaldehyde (FA) on Biomarkers (Pala et al., 2008).

Biomarkers Exposure to FA Mean 
Value

95% Confidence
Interval

p-Value

Micronucleus Low<26mg/m3

High>=26mg/m3

1
1.43

-
0.26-7.81

-
0.676

Chromosomal 
Aberration

Low<26mg/m3

High>=26mg/m3

1
0.83

-
0.42-1.64

-
0.588

Sister
chromatid Exchange

Low<26mg/m3

High>=26mg/m3

1
0.81

-
0.56-1.18

-
0.274

Xylene: It is an aromatic hydrocarbon that is commonly utilized in the printing, 
rubber, paint, leather, and chemical industries. In histology laboratories, xylene 
is commonly used for tissue processing, staining, and cap shifting, as well as in 
endodontic treatments in dentistry. People who come into touch with xylene on a 
routine basis at work are exposed to high levels of xylene. Xylene can seep into the 
soil, surface water, or groundwater and linger there for months or longer before being 
transformed into other chemicals. However, since it evaporates easily, most of it 
penetrates into the air and is degraded by sunlight into less harmful chemicals. Most 
people begin to smell xylene in the air between 0.08–3.7 ppm (parts per million) 
and taste it from 0.53–1.8 ppm in the water (U.S Department of Health and Human 
Services, 1993; Kanyala et al., 2010; Mohammadyan, &  Baharfar, 2015).

The Environmental Protection Agency (EPA) has classified xylene as a 
hazardous air pollutant (EPA, 2012). Those who work in pathology laboratories 
are the ones who are most exposed to this chemical. The Occupational Safety 
and Health Administration of the United States Ministry of Labor has established 
that the maximum exposure duration for xylene is 8 hours, with an exposure 
level of 100 ppm (OSHA, 2005). When the studies on xylene were reviewed, 
the results of xylene genotoxicity in the studies conducted before 2000 were 
observed to be generally negative for genotoxicity. However, the results of 
studies conducted after 2000 to investigate the genotoxicity of xylene alone or 
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in a combination were determined to be positive. Studies conducted before 2000 
reported that xylene exhibited no mutagenic effect in bacterial test systems with 
Salmonella typhimurium (Bos et al., 1981;  Florin et al., 1980; NTP, 1986) and 
Escherichia coli (McCarrol et al., 1981) as well as cultured rat lymphoma cells 
(Litton Bionetics, 1978). It was reported to induce no chromosomal aberrations 
or sister chromatid exchange in Chinese hamster ovary cells or cultured human 
lymphocytes (Anderson et al., 1990; Gerner-Smidt & Friederich, 1978). A 
different study demonstratedthat it did not induce micronucleus formation or 
chromosomal aberrations in rat bone marrow cells (Mohtashamipur et al., 1985). 

Among studies conducted after 2000: a study by Singh et al., reported 
that these substances boosted the induction of oxidative stress markers and the 
formation of ROS on the hsp70, hsp83, hsp60, and hsp26 genes in Drosophila, 
which were exposed to benzene, toluene, and xylene, as well as their combinations 
(Singh et al., 2009). In another study, Singh et al., revealed that these substances 
significantly elevated the apoptotic indicators and genotoxicity depending 
on concentration and time (Singh et al., 2011). In the study conducted by Al- 
Ghamdi et al., to investigate the effect of toluene and p-xylene, it was argued 
that p-xylene significantly induced DNA fragmentation and p-xylene caused 
more DNA damage compared to toluene (Figure: 1), (Al-Ghamdi et al., 2004). 
A different study reported that there were DNA damages, such as single and 
double-strand fractures and oxidative DNA base modification in DNA treated 
with benzene, m-xylene, o-xylene and p-xylene (Chen et al., 2008). 

Figure 1: DNA Fragmentation Quantified by ELISA (Al-Ghamdi et al., 2004).
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Acetone: Acetone, also known as dimethyl formaldehyde, dimethyl ketone, 
ketone propane, methyl ketone, 2-propanone, andpyroacetic ether, is a clear, 
colorless volatile liquid with an aromatic odor.It has a high vapor pressure. 
Acetone is highly flammable and likely to pose a fire hazard. At a temperature of 
20oC, it is completely miscible with water. It also dissolves in compounds such 
as benzene, ethanol, and most oils. Acetone is utilized as achemical intermediate 
in both chemical and pharmaceutical applications. It is commonly used in paints 
and coatings, cleaning products, personal care products, and industrial products 
such as plastics. Acetone can be used for fixation in histochemistry laboratories 
(ACGIH, 2012; Garcia-Garza et al., 2020; CDR, 2016).

In vitro genotoxicity studies conducted on acetone generally produced 
negative results in genotoxicity tests. Accordingly, it was concluded that 
acetone had no genotoxic or mutagenic effect. People who have been exposed 
to acetone for an extended period of time in occupational settings were 
determined to have no permanent complaints. However, the studies indicate 
that acetone can be hazardous due to its ability to amplify the toxic effects 
of other volatile substances (Kalapos, 2014). A study, in which the SOS 
chromotest method was used to investigate the toxicity and genotoxicity of 
organic solvents (acetone tetrachloride, dichloromethane, dimethyl sulfoxide, 
ethanol, ether, and methanol), reported that acetone, dichloromethane, and 
methanol had no toxic or genotoxic effect on Escherichia coli (Quintero et al., 
2012). Another study, where 46 chemicals were investigated in terms of their 
ability to induce sister chromatid exchanges and chromosomal aberrations in 
cultured Chinese hamster ovary (CHO) cells, demonstrated that acetone had 
no inducing effect in both the presence or absence of metabolic activation 
(Loveday et al., 1990). Different studies reported that acetone did not induce 
sister chromatid exchange and chromosomal aberrations in the absence of 
metabolic activation in human and non-human cell types ( Preston et al., 1981; 
Tucker et al., 1993; Latt et al., 1981). Two studies have been conducted on 
occupational exposure to acetone. One of them compared the genotoxicities in 
Brazilian shoe workers who were exposed to solvent-based and water-based 
adhesive. The study revealed that solvent-based adhesives contain acetone, 
methyl ethyl ketone, n-hexane, and large amounts of toluene. The results of 
the study reported that the genetic damage in workers who used solvent-based 
adhesives is higher than that of those who work with water-based adhesives 
(Heuser et al., 2005).The other study used the comet assay to assess DNA 
damage in shoe workers who were exposed to toluene and other organic 
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solvents (acetone, benzene, ethyl acetate, diisocyanate). This study revealed 
no significant difference in the comet assay, eventhough blood and urine tests 
of people who were exposed to organic solvents differed from those who were 
not (Pitark et al., 1999). 

Mercury: It is a toxic metal that is commonly found in nature. Mercury is 
a chemical that is commonly utilized in laboratories. Elemental mercury, in 
particular, has been utilized in schools to demonstrate the concept of density. 
Many people remember mercury beads rolling around on the table and 
playing with them. The level of toxicity varies depending on the mercury’s 
form, dosage, and rate of exposure. There are significant discussions about 
the clinical significance of exposure to various forms of mercury (Bernhoft, 
2012).

In 1970, Skerfing et al., conducted the first in vivo study to investigate 
the genotoxic effects of mercury. This study reported a statistically significant 
correlation between the frequency of cells that contained chromosome 
breakages and the mercury concentration (Figure 2), (Skerfving et al., 1970). 
Later, in the 1970s and 1980s, some studies were carried out to ascertain 
whether or not mercury exposure caused DNA damage utilizing chromosomal 
aberration, micronucleus, and sister chromatid exchange test methods. 
Queiroz et al., determined a substantial rise in the percentage of micronuclei in 
lymphocytes from workerswho were chronically exposed to mercury at levels 
considered biologically safe for populations (Queiroz et al., 1998). Cebulska-
Wasilewska et al., conducted another study that investigated the genotoxic 
effects of occupational exposure to mercury. And they argued in their study 
that occupational exposure to mercury did not directly cause genotoxic 
damage, but rather affected the DNA repair mechanism (Table 3). (Cebulska-
Wasilewska et al., 2005).In their study, Crespo-Lopez et al.,demonstrated 
for the first time that methyl mercury exposure had a genotoxic effect on 
cellsof the central nervous system (Crespo-López et al., 2007). Exposure 
to low concentrations of mercury organic compounds has been reported to 
induce more genotoxic modifications than exposure to inorganic compounds. 
Many toxicity mechanisms are based on the effect of mercury on chemical 
groups in different structures of a living organism. Therefore, mercury and 
its compounds directly affect DNA and lead to formation of free radicals, 
oxidative stress, and genotoxicity by inhibiting mitotic spindle formation 
(Crespo-López et al., 2009).
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Figure 2: Mitotic Lymphocytes in Blood Cultures (chromatid break, 
dicentric chromosome and translocations) (Skerfving et al., 1970).

Table 3: Expression of Genotoxicity in Lymphocytes of Workers 
Who were Occupationally Exposed to Mercury, 

as well as Matched Controls (Cebulska-Wasilewska et al., 2005).

Biomarker Controls Workers

Mean ±SD Mean ±SD

TDNA 4.86 ±1.68 4.70 ±0.9 >0.05

TM 0.70 ±0.22 0.68 ±0.32 >0.05

TL 12.25 ±2.81 9.8 ±2.60 <0.05

TAbFx102 1.93 ±1.34 5.30 ±3.28 0.05

HFC(%) 6.10 ±7.00 8.76 ±5.90 >0.05

PRI 2.44 ±0.16 2.47 ±0.13 >0.05

CSAX102 0.34 ±0.79 1.45 ±1.30 <0.000

AbC(%) 2.07 ±1.51 4.92 ±2.79 <0.000

SCE/cell 7.11 ±1.35 7.49 ±1.14 >0.05
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TDNA: Tail DNA, TM: tail moment, TL: tail length, TAbF: total chromatid 
and chromosome aberrations, CSA: the frequency of chromosomal aberrations, 
AbC (%): the percentage of abnormal cells, SCE: sister chromatid exchanges, 
HCF (%): the percentage of cells indicating sister chromatid number, PRI: 
proliferation index ratio 

Hydrogen peroxide: Hydrogen peroxide composes the simplest form of 
the peroxide group. At room temperature, it acts as a colorless liquid. The 
atmosphere contains a small amount of hydrogen peroxide. Hydrogen in the 
air is unstable and can break into oxygen and water through heat release. It is 
commonly utilized as a chemical intermediate in the paper and textile industries, 
as well as in dentistry as a bleaching agent (Abdollahi, 2014). 

Hydrogen peroxide is a natural source of oxidative stress in cells that 
causes a number of DNA lesions, particularly single and double-strand 
breaks. Hydrogen peroxide has no direct interaction with DNA but leads to the 
hydroxyl radical, which generates single and double-strand breaks, as well as 
abasic regions (Halliwell &Aruoma, 1991; Hoffmann et al., 1984; Friedberg 
et al., 1995). The Fenton reaction transforms it into hydroxyl radicals in the 
presence of transition ions such as hydrogen peroxide and iron (Collins, 
1999). The damage by these radicals is known as oxidative DNA damage. 
Oxidative damage takes a hand in the etiology of many human diseases, 
such as muscle degeneration, cancer, coronary heart disease, and biological 
processes like ageing (Benhusein et al., 2010; Jaruga & Dizdaroglu, 1996).A 
study investigating the genotoxic effect of hydrogen peroxide on human 
hepatoma cells using the comet assay was investigated reported that hydrogen 
peroxide is a typical inducer of DNA damage. This study also discovered that 
the damage in HepG2 cellsincreased depending on the hydrogen peroxide 
concentration and incubation time. (Fig. 3), (Benhusein et al., 2010). 
Furthermore, the comet assay method was used in another study to determine 
that hydrogen peroxide caused extensive DNA damage in HaCat cells and 
induced G2/M block at the mitotic cyclin B1 restriction point (Thorn et al., 
2001).
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Figure 3: Demonstration of the Degrees of DNA Damage After Exposure to 
Hydrogen Peroxide by the Comet Assay (Benhusein et al., 2010).

Hydrogen sulfide: At low concentrations, hydrogen sulfide (H2S) is a 
hazardous, colorless, flammable gas with a distinct rotten egg odor. Exposure to 
500 ppm and high concentrations of hydrogen sulfide can result in irreversible 
health problems as well as death within minutes (Adeniyi et al., 2020).

Hydrogen sulfide (H2S) is a highly toxic gas that ranks second, following 
carbon monoxide in the list of gases that cause death by inhalation. Workers 
are exposed to hydrogen sulfide in laboratories, agriculture, sewage treatment 
plants, and oil refineries (Jiang et al., 2016). There is little information on the 
extent of DNA damage induced byhydrogen sulfide, its role as a mutagen, 
or its function in chromosomalinstability. There are evidence that hydrogen 
sulfide causes DNA damage through oxidative stress. A study using the Comet 
test found that hydrogen sulfide induced genotoxicity in small intestinal 
epithelial cells and this chemical inhibited DNA repair (Attene-Ramos et 
al., 2006).Hydrogen sulfide was identified to cause nucleobase damage in 
the study conducted in Chinese hamster ovary cells (Attene-Ramos et al., 
2007). It was reported that there was a significant increase in micronuclei in 
cultured human lung fibroblasts, which would support DNA damage based on 
H2S (Baskar et al., 2007). It was found in a different study, investigating the 
chemical mechanism of DNA damage induced by H2S, that single-stranded 
DNA cleavage is generated by the micromolar concentrations of H2S (Marjorie 
et al., 2012).
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Ammonium hydroxide: It is an aqueous ammonia solution that turns into gas 
at room temperature conditions (URL1). A limited number of studies have been 
conducted on ammonia genotoxicity. A study conducted on workers who were 
exposed to ammonia reported that exposure raised the frequency of chromosomal 
aberration and sister chromatid exchange and had genotoxic potential. A study 
that used the RAPD test method to investigate the genotoxic effect of ammonia 
on Oreochromis niloticus demonstrated that some genes were susceptible to 
DNA damage and mutation that are induced by ammonia (Abumourad et al., 
2012).

Formic acid: It is a chemical substance having strong acidic and reducing 
characteristics. It is used in agriculture, food, pharmaceutical, and textile 
industries. Formic acid is an air and water pollutant. Furthermore, it is a toxic 
metabolite that results in metabolic acidosis in methanol intoxication (Rumayor 
et al., 2018; Zhu et al., 2010).

Formic acid, a common metabolite of methanol, formaldehyde, and 
acetone, is commonly used as a food preservative (Aksu Kılıçle et al., 2016), 
a pH adjuster in cosmetic products (Nair, 1997),and in pathology laboratories 
for decalcification (Brown et al., 2002). There is relatively limited literature 
information on the effect of exposure to formic acid. No evidence of 
mutagenicity of formic acid was identified in the sister chromatid exchange 
(SCE) test made utilizing Salmonella typhimurium strains; TA100, TA1535, 
TA97, and TA98. However, a study that examined the induction of sex-
linked recessive lethal mutations, and a different study conducted through 
the chromosomal aberration test reported that it displayed mutagenicity 
(Morita et al., 1990; Tephly, 1991). The study that investigated the cytotoxic 
and genotoxic effects of formic acid on in vitro human lymphocytes, 
displayed a statistically significant correlation between in vitro formic acid 
concentration and chromosomal aberrations such as necrotic cells, apoptotic 
cells, and the frequency of micronuclei (Figure: 4, Figure: 5), (Aksu Kılıçle 
et al., 2016).
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Figure 4: A. Metaphase Plate Obtained from a Normal Individual. B.  
Metaphase Plate Obtained from Culture Treated with 0.8 mM Formic Acid. C. 
Metaphase Plate Obtained From Culture Treated with 0.5 mM Formic Acid. 
a. Chromosome Combination, b. Chromosome Breakage D. Metaphase Plate 
Obtained from Culture Treated with 0.4 mM Formic Acid. a. Chromosome 

Combination, c. Chromatid Break, d. Chromatid Combination (×1000, Bar: 10 
µm) (Aksu Kılıçle et al., 2016).

Figure 5: Formic Acid Micronucleus Creations Applied at Different Doses 
in Lymphocyte Culture. A. Binucleated Cell in Which Normal Cytokinesis 
is Inhibited. B. Binucleated Cell that Contains One Micronucleus Inhibited 

Cytokinesis. C. Uninucleated Cell that Contains Two Micronuclei Inhibiting 
Cytokinesis. D. Binucleated Cell that Contains Two Micronuclei Inhibiting 

Cytokinesis. E. A Multi-Micronucleated Cell in Which Cytokinesis is Inhibited 
and Undergoes Apoptosis. F. An Apoptotic Cell. G. Necrotic Cell, having 

Pale Cytoplasm, Numerous Small Vacuoles, and Deformed Cytoplasmic and 
Nuclear Membranes (Aksu Kılıçle et al., 2016).
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Ethanol: Organic solvents, such as ethanol, dimethylformamide, and acetone are 
chemicals, having strong solubility properties, which are utilized in laboratories 
to dissolve hydrophobic compounds (Jamalzadeh et al., 2016).

Many studies have been conducted to evaluate the genotoxicity of ethanol. 
However, when the study results are compared, contradictory findings were 
noticed. Most of the researchers argue that the DNA damage induced by ethanol 
is attributable to acetaldehyde, and that ethanol is otherwise not genotoxic. 
However, some results for DNA damage suggested that ethanol itself is genotoxic 
(Balsiak et al., 2000). The study conducted with the micronucleus test method 
determined that both ethanol and acetaldehyde are genotoxic, but acetaldehyde 
caused DNA damage at much lower doses than ethanol (Kayani & Parry, 2010). 
Ishikawa et al., on the other hand, argued in their study that ethanol may have 
stronger genotoxicity than acetaldehyde (Ishiwa et al., 2006). Although ethanol-
induced DNA fragmentation and cell death were displayed in rat thymocytes in 
vitro (Figure 6), (Ewald & Shao, 1993),a different study stated that ethanol did 
not induce apoptosis (Table 4), (Kayani & Parry, 2010).

Figure 6: Dose-Dependent Effect of Ethanol and CD3 mAb on Thymocyte 
Apoptosis. (A): DNA Degradation, (B): Percentage of CD4+CD8+ Cells 

(Ewald & Shao, 1993).
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Table 4: Induction and Characterization of Micronucleus, Apoptosis and 
Necrosis in MCL-5 after Exposure to Ethanol (Kayani & Parry, 2010)

Dose  
(% v/v)   

Number 
of cells 
scored CBPI

%

Cytostasis     

BN 
cells 
with 
MN

Apoptosis 

(%)

Necrosis 

(%)

Relative proportions of 
kinetochore positive and 

kinetochore negative 
micronuclei (100MN)

K+ K-

00 4538 1.51 - 0.99 2.12 5.30 0.52 0.48

0.1 4664 1.51 0 1.35 1.69 7.10* nt nt

0.2 4855 1.48 5.88 1.35 2.26 7.58* nt nt

0.4 5678 1.40 21.57 2.30* 1.43 5.10 0.74 0.26

0.8 5643 1.27 47.06 2.47* 1.69 6.76 0.80 0.20

1.0 5480 1.28 45.10 3.31* 1.87 7.31 0.87 0.13

2.0 4711 1.14 72.55 5.35* 1.06 54.51** 0.92 0.08

CBPI: Cytokinesis blocked proliferation index, % MNB: frequencies of 
binucleated cells with micronuclei, nt: not tested, MN: micronucleus, K+: 
kinetochore positive, K-: kinetochore negative

*Significant increase in MN induction P < 0.05 compared with control 
cultures

** Significant increase in MN induction P < 0.01 compared with control 
cultures.

Glutaraldehyde: It is a colorless liquid with a strong odor. It’s commonly 
utilized for cold sterilization in a variety of medical, scientific, and industrial 
applications. In electron microscopy, it is also utilized as a stabilizer (Stonehill 
et al., 1963; Jr et al.,1992).

Many medical and industrial fields extensively utilize glutaraldehyde. 
Exposure to this chemical is usually by inhalation (Takigawa & Endo, 
2006). Although its genotoxic effect has been extensively tested in vivo and 
in vitro, the relevant literature yields contradictory results. The inability to 
find pure glutaraldehyde, as well as different concentration ratios used in the 
studies, may be reason behind why the study’s results are inconsistent. The 
results of in vitro studies, particularly with mammalian cells, were observed 
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to be inconsistent in the literature reviews (Slesinski et al., 1983; Vergnes 
&Ballantyne, 2002; G.St.Clair et al., 1991; Galloway et al., 1985). Some 
researchers have concluded that the genotoxicity of glutaraldehyde is similar 
to the genotoxicity of formaldehyde (FA). However, some researchers believe 
that a well-known DNA-protein crosslinker does not present conclusive 
evidence on genetic toxicity. A study with human lymphocytes reported that 
glutaraldehyde exerted cross-linking and strand break effects (Frenzilli et 
al., 2000). In a study utilizing the alkaline elution test, glutaraldehyde was 
reported to induce DNA–protein cross-links in the human TK6 cell line at a 
range from 1 to 25 µM (Figure 7) (G.St.Clair et al., 1991).A different study 
utilizing the same test method suggested that there was no increase in DNA-
protein cross-links induced by glutaraldehyde (Table 5) (89). It was reported 
in a study evaluating the mutagenicity of glutaraldehyde that it exhibited a 
cytotoxicity effect even at micromolar concentrations (Vergnes &Ballantyne, 
2002). 

Figure 7: Demonstration of DNA-Protein Crosslinking 
in Glutaraldehyde-Treated TK6 Lymphoblasts 

by an Alkaline Elution Assay (G.St.Clair et al., 1991).
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Table 5: In vivo DNA Damage/Synthesis/Repair Studies 
in Rats with Glutaraldehyde (Zeiger et al., 2005).

Species
strain

Tissue 
examined       

Endpoint Route Conc. 
(%)

Dosing 
protocol

Response HTD
/LED

Reference

Sprague-
Dawley 
rats 
(male)

Testes 
(mixed 
cell 
pop.)

DNA 
cross-
links

Gavage 50 0, 37, and 
110 µl/kg 
sampled at 
2, 6, and   
24 h. 0, 18, 
and 
55 µl/kg 
5 days; 
sampled at 
2 h

- 110 µl/kg 
 x1; 55 µl/
kg  
x 5

(Frenzilli 
et al., 
2000)

Sprague- 
Dawley 
rats 
(male)

Testes 
(mixed 
cell 
pop.)

DNA  
strand-
breaks

Gavage 50 0, 37, and 
110 µl/kg 
sampled at 
2, 6, and   
24 h. 0, 18, 
and 
55 µl/kg  
5 days;
sampled at 2 h

- 110 µl/kg 
 x1; 55 µl/
kg  
x 5

(EPA, 
1991)

3. Conclusions

Today, we are exposed to chemicals in every aspect of our lives, from the food we 
eat to the air we breathe and the water we drink. However, occupational settings 
are the most common areas where people are exposed to multiple chemical or 
physical agents at higher concentrations. It is very important to identify the risks 
of exposure to chemicals on human and environmental health, and many studies 
have been conducted for this purpose. The results of this review clearly indicated 
that formaldehyde, mercury, hydrogen peroxide, hydrogen sulfide, ammonia and 
formic acid used in laboratory environments exhibited genotoxic effects. Taking 
the necessary precautions in the environments where employees are exposed to 
these chemicals, considering the exposure duration, it is of prime importance for 
employee health. In the literature reviews, acetone is shown to be negative in 
genotoxicity tests, but it amplifies the toxic effect of other volatile gases. When 
examining the ethanol study data, there are conflicting results regarding the study 
findings. Similarly, different results have been determined, which are assumed 
to be attributable to the use of glutaraldehyde at different concentrations in the 
studies. The literature review on xylene determined that the studies conducted 
before 2000 presented negative results for genotoxicity, but positive results were 
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reported by studies after 2000. Given the severity of the damage that chemical 
substances may inflict, it appears that more comprehensive studies are required to 
uncover the effects of chemicals whose genotoxic effects have not yet been fully 
identified. Accordingly, we believe that the ceiling limit should be established 
for the workplaces and that any necessary measures should be taken to prevent 
the environmental and employee health from being adversely affected. 
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1. Current state of the art in the field of modern biotechnology
approaches for climate change mitigation

Turkey is highly vulnerable to climate change because of its geographical 
location and is faced with an observed warming trend in temperatures by 
now; increased period of heavy rains, flood and drought (Anonymous, 2020). 

The results of the greenhouse gas (GHG) inventory showed that, total GHG 
emissions per capita was 4 tonnes CO2 eq. in 1990 while it was calculated at 6.4 
tonnes CO2 eq/capita in 2018 and 6.1 tonnes CO2 eq/ capita in 2019.Total GHG 
emissions (CO2-equivalent,) increased in 2018 by 137.5% compared to 1990 
and 10.2% compared to 2015 raised to 520.9 Mt. However, in 2019 decreased 
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by 3.1% compared to the previous year. Energy sector accounted for the largest 
share of GHG emissions by 71.6%. 

Depending on these facts, Turkey’s national vision within the scope 
of climate change according to Strategy Plan is, “to become a country fully 
integrating climate change related objectives into its development policies, 
disseminating energy efficiency, increasing the use of clean and renewable 
energy resources, actively participating in the efforts for tackling climate change 
within its special circumstances and providing its citizens with a high quality of 
life and welfare with low carbon intensity” (Anonymous, 2009).

Turkey’s Eleventh Development Plan (2019-2023) highlights the critical 
importance of environmental issues, including climate change as: “in line 
with the developing country status of our country, Turkey is pursuing a policy 
aimed at promoting green growth and limiting the rising trend of emissions, 
while efforts for adaptation to climate change remain important” (Anonymous, 
2020).  

Turkey became a party to United Nation Framework Convention on 
Climate Change (UNFCCC) on 24 May 2004 and ratified the Kyoto Protocol on 
26 August 2009. Furthermore, as a candidate member to the EU, Turkey aims to 
complete the full harmonization to the EU acquis. Turkey submitted an Intended 
Nationally Determined Contribution (INDC) that includes an economy-wide 
emission reduction of up to 21% in 2030 compared to a business-as-usual 
situation (UN, 2015). When INDC is examined from the point of the sectors, 
given policies to reach targets within this document will possibly be achieved 
thru modern biotechnological approaches, such as: 

i. Increasing the possibilities of using solid wastes more for the production
of climate friendly fuels as an alternative to fossil fuels for suitable sub-
sectors in the industry sector;

ii. Implementing sustainable transportation approaches in urban areas;
iii. Dissemination of green buildings for lessening energy demand and energy

efficiency and ensure local energy production
iv. Rehabilitating the pasture lands in the agricultural sector and supporting

minimum earth ploughing methods, decreasing electricity transmission
and distribution losses in the energy sector to 15% in the year 2030;

v. Use of methane gas obtained from sanitary landfills
vi. Increasing the carbon sequestration areas such as forestry for climate

change mitigating measures (Talu and Kocaman, 2019).
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To achieve INDC target, one of the most important policy documents is 
National Climate Change Action Plan (NACCP) of Turkey. In line with OECD 
recommendations Ministry is working on a new National Climate Change 
Action Plan (NACCP) with sector specific targets and monitoring mechanisms 
and aims to complete it by 2023. Transition to renewable energy is targeted to 
reduce the amount of greenhouse gases emitted into the atmosphere, particularly 
by increasing production capacity through energy production, bioenergy, solar, 
and wind energy, as well as by more effectively utilizing hydroelectric and 
geothermal energy potential (OECD, 2019). Regarding climate change, even 
though the use of natural gas in power generation will be reduced due to the 
expansion of renewable energy sources and nuclear power, the rise in coal-fired 
generation (measured in absolute terms rather than as a percentage) runs the risk 
of nullifying some of these advantages.

Specifically, General Directorate of Agricultural Research and Policies 
(TAGEM) of the Ministry of Agriculture and Forestry developed the National 
Electric Tractor Prototype to reduce CO2 emissions from tractors and fuel oil 
consumption. Additionally, R&D studies in the field are ongoing to prevent CO2 
emissions originating from agriculture. 

There are a few doctoral thesis studies and pilot scale projects using 
modern biotechnology for industrial and agricultural purposes such as; 
INDEPENDENT project (Integrated Biorefinery Concept for Bio-economy 
Driven Development).  It is coordinated by Boğaziçi University to produce 
items and technologies which are based on the bio-economic growth model and 
algae-based natural substances are used instead of fossil sources (Anonymous, 
2018a). 

Even biotechnological approaches contributed positively by mitigating the 
impact of climate change through greenhouse gas reduction as explained above 
and similar pilot studies/projects, they still are in the phase of pilot projects (not 
implementation) and the number of such projects are very limited. 

Along this line, adaptation and mitigation scenarios mostly involve 
conventional techniques for reductions in the concentrations of greenhouse 
gases, either by reducing their sources or by increasing their sinks. However, 
modern biotechnology including areas such as pharmacy, medicine, agriculture, 
food industry and climate change is of increasing interest in Turkey as well as 
elsewhere in the world. There exist valuable efforts of different stakeholders, but 
there is no structured strategic path associated with integration of biotechnology 
for climate change policies and activities (Arslanhan, 2012). 
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1.2.	 Biotechnological	Approaches	for	Reduction	GHGs	emission

1.2.1.	Carbon	sequestration

Genetically modified organisms sequester millions of tons of atmospheric 
carbon dioxide. When Turkey’s policies/applications are examined: 
Ministry of Agriculture is the competent authority to take measures 
about GMOs and authorized. Cartagena Protocol on Biosafety for the 
use of GMO crops, prepared by the United Nations, was put into force 
in 2004 in Turkey. Then, based on this protocol “Regulation of Import, 
Processing, Export and Control Genetically Modified Food and Feed” has 
been published in 2009 aiming to ensure human, animal and plant health, 
the environment and to prevent biological diversity and the scientific 
applications that have the potential to harm human health is not allowed. 
Accordingly, GM food and feed import, marketing, registration, export 
and transit contrary to the requirements for the purpose of processing and 
consumption is prohibited. When the Biosafety Law came into force in 
2010, only, a total of 36 varieties, 10 of which were genetically modified 
soybeans and 26 corn varieties, were allowed to be imported for feed 
purposes until January 2018 only (Anonymous, 2018b; Anonymous, 
2020). Actually, according to this law, GMOs production are not allowed 
in Turkey. Contrary to the false claims in the public, cultivation of GM 
products is not allowed also. 

However, if modern biotechnological methods are used in positive 
aspects in terms of GMOs, they offer great benefits to climate change 
challenges. Lack of information on this issue can be resulted with the loss 
of the existing opportunities (Kızılaslan and Yılmaz, 2013).  Additionally, 
The Ministry of Environment, Urbanization and Climate Change issued the 
“By-law on Monitoring of GHG Emissions” in April 2012. This By-law was 
supported with the “Communiqué on Monitoring and Reporting of GHG 
Emissions” (July 2014) and the “Communiqué on Verification of GHG 
Reports and Accreditation of Verification Bodies” (April 2015). Regarding 
Carbon Capture and Storage Directive (2009/31/EC) Turkey have agreed 
to coordinate their research and innovation activities on carbon capture, 
utilisation and storage in the frame of the European Strategic Energy 
Technology Plan (Anonymous, 2019), but has not started any action 
 yet. 
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1.2.2.	Use	of	sustainable	farming

In order to ensure efficient use of inputs such as water, land, seeds, fertilizer, 
and pesticides in light of climate change, agricultural policies outlined in 
the National Climate Change Strategy Paper focus on capacity building, 
conservation of natural resources, and planning processes for development 
and use of advanced technologies. To improve the ability of agricultural 
systems to adjust to climatic limits in this situation, the Ministry of Agriculture 
and Forestry has adopted a number of steps. While some of these behaviors 
have direct effects on climate change issues, others have more indirect ones. 
In order to ensure efficient use of inputs such as water, land, seeds, fertilizer, 
and pesticides in light of climate change, agricultural policies outlined in 
the National Climate Change Strategy Paper focus on capacity building, 
conservation of natural resources, and planning processes for development 
and use of advanced technologies. To improve the ability of agricultural 
systems to adjust to climatic limits in this situation, the Ministry of Agriculture 
and Forestry has adopted a number of steps. Some of these steps are directly 
related with climate change matters while some have indirect consequences. 
These actions can be considered in categories of institutional arrangements 
and program development. The most immediate effect of climate change on 
structures is drought, and a significant structural step has been taken to handle 
it by creating a “Agricultural Drought Management Board” coordinated 
by the Ministry of Agriculture and Forestry. These include support for the 
following: 

- using seeds of a certified quality;
- sudden, intense droughts and other catastrophes,
- the conservation of water and land resources,
- using alternative sources of energy,
- Organic farming,
- pasture conservation and restoration,
- the use of services for soil and water analysis, as well as investments

in cutting-edge irrigation equipment, reduced-tillage techniques, and
agricultural insurance programs.

Düşünceli et al. (2010) stated that, “These tools have been shown to be 
particularly effective in reducing farming systems’ vulnerability to climate 



84    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

change through use of the instruments. Some of these programs are planned to 
reduce greenhouse gas emissions brought on by agriculture. Other initiatives 
help make these activities a reality in addition to the programs that are directly 
tied to the problems with climate change. The “Agro Ecological Zoning 
Project,” which was just established, will help crop production planning in this 
regard by ensuring more efficient use of resources and, as a result, improving 
farming systems to be more climate change resilient.Within the scope of the 
Turkish climate change strategy 2010-2023 (Anonymous, 2009), prepared in 
coordination with the Ministry of Environment, Urbanization and Climate 
Change, the targets planned to be realized in agriculture for sustainable farming 
in the short term are as follows:

- Limiting emissions by using modern techniques for irrigation, soil
cultivation, pesticide use and rational fertilizer use will be promoted,

- Supporting and disseminating organic agriculture and drought-tolerant
plant species and certified seed production,

- Supporting producers financially and technically to take measures that
save on irrigation water use and reduce costs in irrigation investments,
and to encourage the establishment of modern in-field pressure irrigation
systems,

- Carrying out technical and financial studies on land consolidation in order
to facilitate in-field agricultural services.

- The measures planned in the medium term are as follows:
- Implementation of crisis management based on agricultural drought

forecasting,
- By developing classification standards for the protection, improvement

and efficient use of land and land, monitoring applications and using the
land taking into account skill classes; protection of the land from erosion
by taking necessary measures in land used outside the land skill classes
under the current conditions and irreversible,

- Effective implementation of the Land Protection and Land Law; effective
implementation of legal regulations for the protection and development of
meadow and pasture areas,

- Application of fertilization based on soil analysis conditions in order to
reduce the negative effects of climate change on soil and water resources
and to ensure conscious use of chemical fertilizers,

- Development of techniques to increase carbon attitude in the soil,
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- Dissemination of agricultural biomass and agricultural forestry activities
as an energy source,

- Selection of appropriate feeding methods in livestock, fertilizer management
and dissemination of good drainage conditions in paddy farming in order
to reduce CH4 emissions from agricultural activities,

- Accelerating R&D efforts to support the fight against drought,

The long-term applications are as follows:

- Establishing a central geographic information system for all land use
classes in our country in order to prepare the Greenhouse Gas Inventory
and National Inventory Report in accordance with the IPCC guidelines
and developing a monitoring model based on residential maps and satellite
data for the calculation of changes between land classes,

- Taking measures to reduce urbanization pressure on rural and natural areas
(Anonymous, 2020).

2. Status of contemporary biotech practices and national peculiarities
in identifying new key skills and competencies and their actual
uptake by various industrial sectors.

When Turkey’s current status are examined in terms of biotechnology sector; it 
is possible to classify the stakeholders under four sub-headings: 

· Biotechnology companies operating in Technology Development Zones
(TDZ)s,

· Universities with undergraduate and/or graduate departments
· Public institutions research centres
· Private sector R&D centres

Those stakeholders operate under four sectors; food industry, industrial 
production, health, agriculture and environment sector (Baybura, 2019). As 
can be seen Figure 1., 37.2% of enterprises engaged in biotechnology work 
for human health (other therapeutics, artificial substrates, diagnostics and drug 
delivery technology etc.) while 33.6% of them for agricultural biotechnology 
and 26.7% of them for environment as of 2019. 
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Figure 1. Proportions of enterprises active in 
biotechnology-by-biotechnology applications (%), 2019 (TUİK, 2021)

When the enterprises active in biotechnology using at least one biotechnology 
technique by size groups were examined; it was seen that 274 enterprises had 
1-9 employees, 51 enterprises had 10-49 employees. 19 enterprises in both size
groups engaged in biotechnology activities for the enterprises with 50-249 and
250 or more employees in 2019 (Table 1) (TUİK, 2021).

Table 1. Biotechnology enterprises by size

No of Enterprises No of Employees
274 1-9
51 10-49
19 50-249
19 250 or more

The education level of the biotechnology employees in 2019 can be seen from 
Figure 2. It could be concluded that; 43.8 % of the employees have M.Sc and Ph. 
D degrees which is actually very high ratio compared to other sectors. Totally 
almost % 80 of the graduated from universities (TUİK, 2021). Nevertheless, 
difficulty in “access to skilled human resources” in biotechnology is stated as an 
important barrier for biotechnology R&D activities (Baybura, 2019).  
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Figure 2. The education level of the 
biotechnology employees in 2019 (TUİK, 2021).

2.1.	 University	–	business	interrelations

In terms of national policies and development plans; Article 416.2 of the 11. 
Development Plan (2019-2023) it is stated that: “Studies carried out in research 
institutes primarily on animal and plant breeding, biotechnology and biodiversity 
conservation areas will be supported within the framework of public, university 
and private sector cooperation.” Turkish Climate Change Action Plan (2011-
2023) also mention the necessity of joint efforts of all parties such as the public 
sector, private sector, universities and NGOs for effective climate change 
adaptation Anonymous, 2020). 

The first of the “soft adaptation measures” to be implemented in the 
process of planning for climate change adaptation would be to increase 
academic initiatives, research and development efforts, and the hunt for novel 
technologies.

The University – business interrelations in terms of “biotechnology” are 
examined (Baybura, 2019) and it is indicated that; in general, the cooperation 
level of the companies with the university is found to be 3.66; and the cooperation 
of companies operating in the biotechnology sector with universities has been 
found to be 4.49. 
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Figure 3. University-Biotechnology Sector Interrelations*(Baybura, 2019)

* The level of cooperation is low” as the result is
 closes to 1 and “high” as it closes to 7. 

This strong cooperation among universities and biotechnology sector found 
in this study also supported by the Figure 4 below that shows the location of 
stakeholders. 

Figure 4. Biotechnology Ecosystem Map (Baybura, 2019)

Companies operating in the biotechnology sector are concentrated in the three 
biggest cities. One of the reasons for this concentration can be explained as, the 
universities in Izmir, Istanbul and Ankara are well-established, big universities 
are working in the biotechnology sector and that the relevant techno parks 
(TTOs) are located within these universities. This situation obviously shows the 
University-business interrelation (Figure 3) (Baybura, 2019).

2.1.1.	 Tools	for	University-business	collaborations:	

A web portal has been established by the Ministry of Science, Industry and 
Technology with participation of all relevant stakeholders (esp. TTOs of 
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Universities) to interact, access information in the field of biotechnology. 
However, priority has given to medicine industry-university collaboration. 

Companies actively working on R&D and technology transfer activities in 
the field of industrial and agricultural biotechnology are supported via national/
internationally funded projects such as; Cofund on Biotechnologies (CoBioTech) 
project supported by the European Commission within the scope of Horizon 
2020. Projects submitted in the field of biotechnology are evaluated in their 
priority area and additional support is given to these projects by TUBITAK (The 
Scientific and Technological Research Council of Turkey) (TUBITAK, 2021).

In summary, establishment of TTOs in universities and Turkey’s intention 
to focus on biotechnology in several scientific areas are opportunities whereas 
insufficient number of universities / regional research centres is constraints.

2.2.	 New	skills	and	competencies	needed	to	reflect	the	contemporary	biotech	
practices:	acceptance	by	various	industrial	sectors

Actually, biotechnology companies in Turkey, especially for environmental 
applications, import developed technologies instead of their own R &D activities. 
According to the SWOT analysis conducted in Biotechnology Strategic Plan 
and Action Plan (2015- 2018); currently there is a lack of qualified manpower to 
conduct scientific research in biotechnology, lack of human resource planning 
for the production of products that will create added value for climate change 
adaptation and lack of support for basic sciences that are critical for the 
development of biotechnology (Anonymous, 2015).

Specifically, according to the Türker (2008), “Turkey has to take advantage 
of its potential in producing bioenergy through processing industrial wastewaters, 
animal manure, and agricultural wastes, which are increasingly used in biogas 
and bioenergy production in developed and developing countries. Although 
industrial wastewaters, especially originating from food industry, are somewhat 
used in biogas production in Turkey, the use of animal manure, and household and 
agricultural waste is relatively limited, which can offer a big potential for biogas 
and bioenergy production. The annual potential for biogas production in Turkey 
is equivalent to 2.5 million tons of coal production. If organic household and 
industrial waste are added to animal manure this potential might even increase 
more. Turkey seems to be not fully taking advantage of its biogas potential.”

Additionally, nanotechnologies and biomaterials can be used in the 
construction industry to lessen earthquake damage because the majority of Turkish 
terrain is thought to be earthquake-vulnerable. This could be a crucial topic of 
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study for Turkish biotechnology companies. (Dundar and Akbarova, 2011). It 
could not be expected to progress in biotechnology unless researchers who will 
reveal innovative ideas, managers who will deal with the business dimension of 
biotechnology, and intermediate technicians who will manufacture products are 
trained.

Along this line, new skills and competencies needed might be summarized 
as; 
· Produces original ideas in the field by following studies conducted

worldwide.
· Works on the development of new biotechnological methods.
· Trained / qualified personnel to control the quality of R & D and

production processes of technological products to be used in the field of
health

· Be able to use the biotechnological methods for the identification of
the cause of problems in many areas such as agriculture, health and
environment

· Uses the biotechnological methods to solve the problems in many areas
such as agriculture, health and environment.

· Having the ability to identify, model, store data and solve the problems
related to bioinformatics and climate change

· Monitoring and controlling experience on imported GMOs and the
products derived from them in any industrial product (e.g. using soybean
oil to be obtained as a result of crushing imported genetically modified
soybean in industrial productions such as ‘polish, varnish, resin, plastic,
soap, chemical, rubber’, biodiesel production)

3. Alignment with national/EU HE priorities: existing education
curricula integrating modern biotechnology tools / educational needs

3.1.	 Teaching	strategies	in	Biotechnology	and	Education	4.0.	

When Turkey’s education strategies are examined, the education in general 
is between 2.0 and 3.0. However, leaps to 3.0 and 4.0 in Turkey should be 
initiated together from pre-school to higher education institutions. In order to 
meet the emerging needs in route to Education 4.0 and not to stay behind the 
century, Turkey has to reconstruct the education systems and trying to integrate 
technological developments into education programmes.
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3.1.1.	Modern	Biotechnology	in	the	educational	programmes

Training institutions

There are short courses and certificate programmes organized by the universities, 
public research institutes and the private sector in the area of biotechnology 
in Turkey. TUBITAK (Scientific and Technical Council of Turkey) Marmara 
Research Centre houses the Research Institute for Genetic Engineering and 
Biotechnology (RIGEB) with six units; Molecular Immunology, Structural 
Biology, Plant Molecular Biology, Molecular Oncology, Viral Oncology 
and Transgenic Animal Laboratory. This institute organizes short courses for 
researchers from various parts of Turkey. Biotechnology Research Institutes which 
are part of Universities also organize training programmes as condensed courses 
or workshops. Istanbul University Biotechnology and Genetic Engineering 
Research and Applications Centre (BIYOGEM) is one such institute that was 
founded in 1993 (Severcan, et al., 2000). Although in METU and BILKENT 
Universities there are also very active in organising courses on modern methods 
of biotechnology. Ege University EU Centre of Excellence - BIOACE, Ankara 
and Çukurova Universities Biotechnology Application and Research Centres 
and Hacettepe University BioMedical Technologies Central – BIYOMEDTEK 
are well-known centres about biotechnology. According to the strategic plans 
of Turkish Biotechnology (2015-2018), certificate programs are planned for the 
training of qualified personnel in the research and development and production 
processes of biotechnology. From undergraduate education in universities, 
“researcher” career planning will be carried out. Mutual cooperation agreements 
will be made with research centres and universities abroad and the education of 
graduate and doctoral students will be supported (Anonymous, 2015).

Degree programme – BSc / MSc

Education in biotechnology in Turkey is quite new at undergraduate level. 
Biotechnology departments are taken place under the Faculty of Sciences. In 
Turkey, there are a rising number of universities that include biotechnology in their 
other degree programs. Unfortunately, when compared to other European nations, 
it is still low. Most of them started to accept students after 2014. The education of 
modern biotechnology takes places under Biotechnology Departments. 

When the higher education trainings in “biotechnology” in TR were 
examined, they are appeared under two different headings. Directly related ones 
and indirectly related departments. There exist “Biotechnology departments”, 
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that are generally under the Faculties of Science.  Only  seven undergraduate 
programmes (6 public and one private) are found at a total of 207 universities. 
The education language of Turkish-German University of the program is in 
English and German. Others are; 

Agricultural biotechnology,
Bioengineering,
Biomedical engineering,
Biosystems engineering,
Genetics and Bioengineering, 
Chemical-biological engineering,
Medical engineering undergraduate programs.

Within these programs, the Department of Bioengineering was established for the 
first time in Turkey in 2000, within Ege University, Faculty of Engineering. The 
aim of the bioengineering undergraduate program is to train bioengineers with 
very good basic knowledge in the fields of bioengineering and biotechnology, 
who can follow universal developments in scientific methods and principles, 
who are researchers, producers, entrepreneurs, who have strong interdisciplinary 
communication, who have developed problem solving skills, who have ethical 
values and to bring academicians to scientific life (Baybura, 2019). Ten 
universities have “Agricultural Biotechnology” departments in Agriculture 
Faculties in Turkey. The number of biotechnology related departments in Turkey 
was summarized in Figure 5. 

Figure 5. Biotechnology related departments 
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Doctoral Degree

In order to answer the needs for people with doctoral degree in prioritized fields 
in Turkey, The Council of Higher Education (CoHE) is going to give doctoral 
scholarship to 2000 doctoral students in 100 thematic fields in state universities. 
Under 100/2000 CoHE Doctoral Scholarship Project, so as to meet the need 
for human resource with doctoral degree, produce qualitative information in 
prioritized fields, support students who are studying in doctoral degrees at 
state universities, during CoHE history Doctoral Scholarships will be given for 
the first time. Most of the 100 priority areas are directly/indirectly related to 
biotechnology and its applications for climate change; Smart and Innovative 
Materials; Plant Genetics and Agricultural Biotechnology (including Seed 
Research and Vaccine Technology); Bioinformatics-Biostatistics; Biosafety; 
Biomaterials and Tissue Engineering; Biomedical Technology and Equipment 
(Design / Production / Supply), Food Production and Consumption Chains, 
Climate Change (Council of Higher Education). 

4. Conclusion

Turkey is highly vulnerable to climate change and is already faced with an 
observed warming trend in temperatures, increased incidence of sudden rains, 
flood and drought (Anonymous, 2020). 

Major impacts of climate change that have been observed in Turkey could 
be summarized as: 
- Turkey has experienced an increase in temperature over the past 42 years.

In comparison to other seasons, summer temperatures have been found to
increase at faster rates. The duration of warm periods has also increased.
Mountain glaciers have been shown to retreat by about 10 meters every
year during the past 50 to 60 years.

- Over the past 40 years, the peak run-off of snow-fed rivers has changed to
a week earlier than usual.
Sea levels have increased. (IPM and WWF, 2015).

- Climate crisis’s effects have cost to Turkey 1,9 billion dollars between
1998-2017.

GHGs concentration increased 137.5 % between 1990 to 2018 and energy sector 
accounted for the largest share of GHG emissions by 71.6%. That means, current 
practices and technologies, conventional methods, especially for energy sector 



94    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

will most likely to insufficient or inadequate to achieve the ambitious objectives 
set by Turkey to tackle climate change. In fact, Turkey submitted an Intended 
Nationally Determined Contribution (INDC) as emission reduction of up to 21 
% in 2030 compared to a business-as-usual situation. 

Although, Turkey’s Eleventh Development Plan (2019-2023) highlights 
the critical importance of environmental issues, including climate change; 
policies/legislations/strategies especially on modern biotechnology, molecular 
biology and agriculture, which has an important place in the reduction of climate 
change impacts in Turkey, are very limited. Dündar and Akbarova (2011) said 
that, “Turkey still lags behind because of the lack of major funding to establish 
needed infrastructure and facilities; a national strategy for biotechnology and its 
applications; experienced scientists. As a result, many research conducted in 
different universities cannot meet the needs of Turkey.” However, university-
business collaboration is quite strong in the area of biotechnology but mostly 
focused on DNA/RNA studies, health and pharmaceuticals not in climate change 
actions. 

At this point, lagging behind developed countries in terms of 
biotechnological research and applications, it is important to determine a policy 
for the coming period in Turkey. If modern biotechnological methods are used 
in positive aspects, they offer great benefits to science and humanity (Kızılaslan 
and Yılmaz, 2013).

Similarly, OECD (OECD, 2019) suggests to Strengthen the policy 
framework for eco-innovation by increasing spending on environmental R&D, 
supporting technology demonstration and commercialisation for Turkey. This 
need is also supported by the SWOT analysis conducted through Turkey’s 
Biotechnology Strategy and Action Plan (2015-2018) as; 
· Majority of studies in the biotechnology sector remain in conventional

biotechnological applications;
· Priority areas in biotechnology have not been determined according to the

needs
· Training programs are insufficient
· Provision of expert / mentor / consultancy is needed by start-up companies

(Anonymous, 2015).

However, a mutually beneficial green transformation agenda appears to be a 
new positive agenda item between the EU and Turkey. Therefore, a new growth 
strategy is needed for Turkey to jump start job creation anyway. A green 
transformation program in Turkey, comprising energy transition and efficiency, 
digital transformation and smart, sustainable cities, working together with the 
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Micropropagation of geophytes (Bulbous-tuberous-rhizome plants)

In general, plants with food storing underground stems (rhizomes) are called 
geophytes and most of the geophytes are included in the Liliaceae, Iridaceae 
and Amaryllidaceae family. Recent studies in Turkey showed the existence 

of 688 geophyte species which compose more than 6% of the total flora in our 
country (Mathew and Baytop, 1984; Özhatay, 2003; Kamenetsky and Okubo, 
2013; Sagıroglu 2020).

Geophytes are used in the food and medicine industry and also as 
ornamental plants. Ornamental geophytes are often used as bulbs, cut flowers 
and potted flowers or garden plants. The importance of geophytes is increasing 
economically in the world and in our country. The return of the ornamental 
plants industry in the world is more than $ 50 billion per year and the value 
of flower bulbs is about $ 900 million (De Groot, 1998). Flower bulbs sold 
in Turkey are generally collected from nature. The value of geophytes 
export of in our country is approximately $ 2 million per year (Yazgan et 
al., 2005). However, uprooting from nature endangered the extinction of 
endemic and rare species; thus, the removal of bulbs of these species and the 
trade were prohibited. On the other hand, some geophytes such as Galanthus 
nivalis, Muscari azurea and Scilla mischtschenkoana either cannot produce 
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seeds or produce few seeds and sister onion production is also very limited 
(Van Leeuwen and Van der Weijden, 1997). In many geophyte species (as 
in Sternbergia fisheriana), a plant grown from seed takes an average of 5 
years to be able to flower (Arslan et al., 2002). Therefore, studies on rapid 
propagation of geophytes with alternative methods (tissue culture and field 
culture) have gained importance. Therefore, studies on rapid propagation 
of geophytes with alternative methods (tissue culture and field culture) 
have gained importance. In vitro studies in geophytes are carried out for 
clonal propagation, hybridization, disease control and secondary metabolite 
production (Takai et al., 1993). 

Clonal propagation of geophytes by traditional methods is performed 
in some species belonging to genera such as Arum, Lilium, Sternbergia, 
Leucojum, Galanthus, Fritillaria and Cyclamen in our country (Anonymous, 
2003). However, problems that restrict success and are difficult to solve are 
encountered in traditional propagation methods. For example, many producers 
in Mordoğan gave up the producing daffodil which ranks fourth in the 
production of cut flowers in Turkey due to recent infection of nematode in 
production areas and the onions (Uzmay et al., 2001). In such cases, plant 
materials that are free from diseases and pests and resistant should be provided 
to the producers as soon as possible. Researches on micropropagation methods 
of aforementioned exported species are being carried out in the research 
laboratories of universities. 

In addition, foundation of some commercial laboratories to produce 
geophytes is a pleasing and promising progress. For example, total of 800,000 
seedlings of different species that are free from disease, bacteria and viruses can 
be produced annually in an ornamental plant tissue culture laboratory founded 
in 2001.

The specialized rhizomes of geophytes are called onion, corm, tuber, 
tuberous stem and pseudobulb according to their morphological characteristics. 
Onion and corm body types are given in Figures 1.1 and 1.2, and the decisive 
characters and sample species of these specialized structures are given in Table 
1.2.
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Figure 1. In saffron (Crocus sativus) plant, the stem with corm: a) fibrous 
cover; b) below- the corm of the previous year, above- new (offspring) corm; 
c) nodes on the corm (shoot eyes); d) new shoots emerging from nodes on the 

corm; e) longitudinal section of the saffron body (cormun).

Figure 2. Onion body of Sternbergia candida: a) Membrane cover; b) 
Longitudinal section of the onion; c) Onion double scales leaf explant.
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Stages in micropropagation of geophytes 

Breeding	plant	selection	and	culture	preparation	stage	(Stage	0)

Microbial contamination is one of the main problems encountered in the 
micropropagation of geophytes. Since the underground organs (onion scale 
leaves, corm, tuber and rhizome) of plants are used as explants, the contamination 
rate is very high. Therefore, the plant material to be used as explants should 
carefully be taken out from the soil without physical damage. In addition, care 
should be taken that the collected materials do not carry any signs of disease 
(stains, discoloration, and galleries). 

The geophytes to be used in micropropagation must have reached a 
certain size and must be in the appropriate physiological stage. Physiologically, 
geophytes of certain maturity are more suitable for rapid propagation. Leaf 
tissue of the donor plant in Ornitagalum maculatum was reported to be suitable 
for rapid reproduction during the first flowering period (Rensburg et al., 1988). 
In addition, geophytes used as explant source should be stored in cold before 
being cultured to prevent dormancy during in vitro.  Pre-chill (storing at 4 °C) 
treatment for 8 weeks in garlic stem disc explants increased the shoot formation 
4-5 times (Ayabe and Sumi, 1998). Duration and temperature of pre-chill 
effective for some geophytes are given in Table 2.
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Table 2. Pre-chill temperatures and times applied in micropropagation of geophytes

Species Treatment Reference

F. cirrhosa          4 ºC for 3 mounts Chang  et al., 2020.

F. meleagris 4-15 ºC fo 6 weeks Petrić et al.,2013

F. thunbergii 10 ºC for 6 weeks Paek and Murthy, 2002.

Saffron 15 ºC at dark for 1-3 weeks
4 ºC for   3 mounts  

Bhagyalakshmi, 1999.
 Sharafi et al., 2017

Garlic 4 ºC for 8 weeks Ayabe and Sumi, 1998.

L. longiflorum               2 ºC for 6 weeks                               Stimart and Ascher, 1978.

L. nepalense                 4 ºC  for 8 weeks                              Wawrosch et al., 2001.

L. speciosum              Storage at -1 C, thawing at 5 ºC Gerrits et al., 1998.

Initiation to culture (Stage I)

Selection	of	Explant

The explants taken from various parts of plants such as onion scales, stem 
nodes, leaves, mature seed, thin cell layers, root parts and immature embryo 
are used in the micropropagation of geophytes (Mirici et al., 2005). However, 
growth potential ratios recorded in onion explants are generally higher than that 
of the root, stem and leaf explants (Zaidi N et al., 2000). Different parts of 
the same plant tissue can also exhibit different growth potential ratios. Hosoki 
and Asahira (1980) reported that different explants may contain different 
endogenous hormones, and indicated that the differentiation in outer leaves of 
Lilium daviaii bulbs is lower than the middle and inner leaves. Regeneration 
potentials of explant types through somatic embryogenesis and organogenesis 
also differ (Table 3). The highest somatic embryogenesis ratio was obtained in 
explant types (22% and 31% in first and second group explant types, respectively) 
from above-ground parts. The highest direct organogenesis ratio was recorded 
in the third and fourth group explants (29% and 33%, respectively) such as 
onion scale leaves and meristematic region, basal plate, and tuber pieces. The 
highest indirect organogenesis ratio was observed in the second and third group 
of explants (26% and 31%, respectively) such as stem, flower parts, and onion 
scale leaves (Table 3).

Onion double scaly leaf explant is a very advantageous explant for rapid 
propagation in geophytes of the Hippeastrum, Narcissus and Amaryllidaceae 
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families. Thirty to sixty onion double scaly leaf explants can be obtained from 
a large onion. This type of explant consists of two onion scales and a piece of 
basal plate (Figure 2c) (Zaidi et al., 2000).

The growth of onions produced in vitro is also related to the size of the 
explant. Large explants cause the formation of large onions The researchers 
further indicated that growth of onions stopped when the onions formed after 5-6 
weeks were separated from the explant and placed in the same nutrient medium. 
In addition, the contact surface of the explant with the nutrient medium plays a 
significant role in onion weight. (Gerrits et al., 1997).

Table 3. The ability of different explant types (%) used  
in geophytes (based on 29 species) to demonstrate  

somatic embryogenesis and organogenesis (Zaidi et al., 2000).

Explant Somatic 
embryogenesis

Direct 
organogenesis

Indirect 
organogenesis

Above ground parts
1. Shoot tip, axillary bud 22 10 17
2. Stem, flower stalk, 
flower parts, flower bud, 
carpel, anther, embryo

31 14 26

Below ground parts

3. Main onion fleshy 
leaves, onion scale leaves, 
leaf base

15 29 31

4. Meristematic zone, 
double onion scaly leaves, 
basal plate, tuber pieces, 
shoot base

15 33 12

5. Shallot, false onion 8 14 12
6. Root 8 --- ---

Surface Disinfection

Surface disinfestation of geophytes is carried out in several stages. In some cases, 
heat can be applied to the onion or tubers for preliminary surface disinfection. For 
this, onions or tubers are soaked in 40-60 ºC hot water for 10-60 minutes. This 
practice can harm the plant. This damage depends on the physiological condition 
(bulb size, moisture, condition of the outer shell, temperature conditions during 
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growth, age and dormancy level of the plant) and genetic characteristics of the 
plant. Dormant organs (seeds, buds, bulbs, corms and tubers) are more resistant 
to extreme climatic conditions. Dormant Gladiolus cores are reported to be more 
resistant to high temperature application than non-dormant cores (Baker and 
Philips, 1962).

Ninety percent clean explants can be obtained by soaking crinum lilies 
bulbs under 50 ºC hot water for 1 hour in preliminary surface disinfection 
(Ulrich et al., 1999). The contamination ratio in lilium speciosum onions has 
been reduced from 50% to 5% with the following hot water application (Gerrits 
et al., 1998).

- Roots and brown outer skins of onions subjected to pre-chilling at 5 C are 
cleaned,  

- The sample is kept in a hot water bath at 40 ºC for 1 hour and left to dry 
overnight, 

- For surface sterilization, the sample is washed in 1% (w/v) NaOCl solution 
for 30 minutes and rinsed 3 times with 10 d sterile pure. 

Contamination can be overcome more easily if explants taken from aboveground 
parts (especially flower stalks, flower parts and embryos) are used as the 
explant source of geophytes (Ziv, Lilien-Kipnis, 2000; Mirici et al., 2005).  In 
addition, the use of sugar-free nutrient media (photoautotrophic) minimizes 
the contamination risk in culture (Kozai, 1991). The contamination problem 
(25%) reported in orchid cultures containing sucrose (3%) could be completely 
eliminated by removing sugar from the nutrient medium (Martin and Pradeep, 
2003).

Preliminary	environments

Various essential nutrient media such as MS, B5, AZ, LS, Nitsch and Nel are 
used in the micropropagation of geophytes (Table 4). The composition of the 
nutrient medium used is one of the most important factors determining the 
success in many studies. For example, the regeneration rate in different nutrient 
environments can vary between 5.2 and 75%. The results recorded for in vitro 
culture of geophytes in MS medium were more successful compared to many 
other nutrient media in terms of both organogenesis and somatic embryogenesis 
(Zaidi et al., 2000).
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Table 4. The application frequency (%) of some culture media 
used in micropropagation studies of geophytes  

(based on 29 species) (taken from Zaidi et al., 2000).

Nutrient medium Somatic 
embryogenesis

Direct
organogenesis

Indirect
organogenesis

MS (Murashige and Skoog, 
1962)

75.0 68.4 69.2

B5 (Gamborg et al., 1968) 8.3 10.5 ----

BDS (Dunstan and Short, 
1977)

8.3 ---- 23.0

AZ (Abo-El-Nil and Zetter, 
1976)

---- ---- 3.0

LS (Linsmaier and Skoog, 
1965)

---- 5.2 ----

Nitsch (Nitsch and Nitsch, 
1965)

---- 5.2 ----

Nel (Nel, 1981) ---- 5.2 8.8

Higher regeneration can be achieved when agar is added as a solidifier to the 
nutrient medium in the micropropagation of geophytes (Zaidi et al., 2000). 
However, in some cases, vitrification and necrosis problems were reported in 
cultures grown in vitro due to the agar used in the solidification of the medium 
(Pasqualetto et al., 1986, Pierik et al., 1997). Each plant species and each 
development process requires its own choice of agar, whereas many researchers 
and commercial micropropagation laboratories generally prefer an agar that 
meets most of their demands (Scholten and Pierik, 1998). The effect of seven 
different agar brands on in vitro onion formation and onion weight in Lily is 
given in Table 1.6. The studies carried out indicated that the quality of agar used 
in Allium porum ‘strata’ is effective in axillary shoot formation, shoot length, 
weight and regeneration percentage (Pierik and Ruibin, 1973). Similar positive 
effects of agar quality in Hyacinthus orientalis ‘Pink Pearl’ were reported on 
adventitious onion formation, and the number of new shoots, roots and onions 
(Dunstan and Short, 1979).

Sucrose, which is used as a carbon source in the primary nutrient 
environment, is generally used at 3% in the micropropagation of geophytes. 
However, high concentrations of sucrose (6%) increase onion formation (tulips 
and snowdrops) and onion weight in some geophytes (Hyacinth and Narcissus) 



108    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

(Rice et al., 1983; Taeb and Alderson, 1990; Squires et al., 1991; Bach 1992; 
Tıpırdamaz et al., 1999).

Table 5. The effects of agar types used in the solidification of the culture 
medium on the number of onion and onion weight formed from lily onion 

scale explants (Scholten and Pierik, 1998).

Agar brand                        Number of onions/explants      Onion weight (mg) 

1. Merck 1614                                            5.3                                  449

2. Daishin                                                   4.9                                  450

3. Difco Bacto                                            5.3                                  406

4. MC 29 (Lab M, UK)                              4.0                                  299

5. BD (Becton Dickinson) grade A            3.2                                  120

6. BD granulated                                        4.1                                  237 

7. BD purified                                            4.8                                   471

Environmental	factors

The light intensity on the culture racks is usually between 30-40 µmol m-2 
s-1 due to the fluorescent lamps used in the micropropagation of geophytes. 
In in vitro shallot production studies on geophytes carried out under lightless 
environment as in nature revealed that the weight of onions formed in the dark 
was higher, but more shallot was formed in the light environment (Lehsem et al., 
1982; Niimi, 1985). Different light spectra (white, green, yellow, red, blue and 
UV) were used in leaf explants of Hyacinthus orientalis and the highest onion 
formation was recorded under red light. Two different photoperiodic lighting 
regimes (16/8 and 12/12 hrs light/darkness) are used in the micropropagation of 
geophytes. The temperature of the growth chamber is usually set around 20-24 
ºC.

Propagation	Stage	(Stage	II)

In the micropropagation of geophytes, combinations of growth regulators such 
as 2,4-D, NAA, kinetin and BAP added to the nutrient medium in different doses 
promote both organogenesis and somatic embryogenesis. In addition, two-stage 
nutrient media are used in the propagation of many geophytes. Adenine, GA3 
and Ascorbic acid, which are not used in the starting medium, are added to the 
second culture medium (Tables 6 and 7) (Zaidi et al., 2000; Mirici et al., 2005). 
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The shoots formed in vitro do not form onions before they reach a certain size. 
For example, studies showed that shoots less than 4 mm in Lachenalia do not 
form bulbs (Slabbert and Niederwieser, 1999).

Tablo 6: Effective usage amounts of some growth regulators added to 
initial and secondary nutrient media for somatic embryogenesis induction in 

geophytes (based on 29 species) (Zaidi et al., 2000).

Growth regulator
Efficient amount used (mg/L)

Initial culture medium Secondary culture 
medium

IAA

2,4-D

NAA

pCPA

Pic

BAP

Kin.

2-iP

TIBA

GA3

Ade.

Ascorbic acid

CH

---

0.1 - 6

0.075 - 10

2

0.75

2

0.1 - 1.0

0.1

---

---

---

---

250

1.75-2

---

---

---

0.75

1 - 10

0.2 - 2

---

2 - 4 µM

1.0

100

100

---

IAA: Indole Acetic acid; 2,4-D: 2,4-Dichlorophenoxyacetic acid; NAA: 
Naphthalene acetic acid; pCPA: Para chlorophenoxy acetic acid; Pic: Picloram; 
BAP: Benzyl aminopurine; Kin: Kinetin; 2-iP: Isopentenyl adenine; TIBA: 
Tertiary Indole butyric acid; GA3: Gibberellic acid; Ade: Adenin sulphate; CH: 
Casein hydrolysate; 
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Table 7. Efficient application amount of some growth regulators 
added to initial and secondary nutrient media for organogenesis  

in geophytes (based on 29 species) (Zaidi et al., 2000).

Growth regulator
Efficient application amount (mg/L) 

Initial culture medium Secondary culture medium

IAA

2,4-D

NAA

pCPA

Pic.

Kin.

BAP

2-iP

GA3

CH

Ade.

CM

Ascorbic acid

Sucrose

---

0.5 -  5.0

0.01 - 10

2

0.75

0.1 - 4

0.1 - 16

0.1

---

90 - 250

62.5

% 2

---

% 5

1.75 - 2

0.5 - 2

0.01 - 2.5

---

0.75

0.5 - 2.0

0.5 - 4.0

---

0.1

100.0

---

% 2

100

% 5-7

Rooting	(Stage	III)

Active carbon is generally used together with growth regulators such as 
IBA, NAA and IAA in rooting of onions formed in vitro (Bacchetta et 
al., 2003; Mirici et al., 2005). The use of KNA provided better results in 
some geophytes such as Kardelen than other auxins and the use of high 
concentration of sucrose (6%) as the carbon source in the nutrient medium 
increases the root formation twice (Tipırdamaz et al., 1999; Arslan et al., 
2002). In addition, the effect of subculture number is important in ensuring 
an adequate rooting and generally, rooting increases as the number of 
subcultures increases. Baktır et al. (2003) reported the rooting after four 
subcultures of miszambac as 40%.  
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Acclimatization	to	the	External	Environment	(Stage	IV)

Plants propagated in vitro continue to grow after removing from the 
culture and placed under suitable environmental conditions. However, 
the dormancy of onion obtained from the micropropagation of geophytes 
must be eliminated to ensure growth continue. Therefore, unlike other in 
vitro propagated plants, the bulbs are post-treated before transferring to the 
external environment. This stage can also be considered as a separate stage 
(Van der Linde, 1992). Cold application at this stage is performed to break 
the dormancy of onions harvested from in vitro. The cold application in 
many bulbous plants by storing at 5 ºC for 4-5 weeks provided elimination 
of dormancy at 100% (De Hertogh, 1974; Stimart et al., 1982; Paek and 
Murthy, 2002; Mirici et al., 2005).After the cold application, the onions are 
transferred into a mixture of compost, vermiculite and perlite (1:1:1) (Nayak 
et al., 1997; Paek and Murthy 2002). The onions formed in vitro need to be 
acclimated to the external environment only when they reach a certain size. 
The survival and flowering rates of bulbs that have reached a sufficient size 
are higher than those of small bulbs. Paek and Murthy, (2002) reported that 
the survival rate of Fritillaria thunbergii onions with a diameter of 5 mm 
was 17.6%, while the rate was 54-86% for the onions with a diameter of 6-10 
mm and 100% for the onions larger than 10 mm. Similarly, the survival rate 
of onions with a diameter of 1-3 mm in Lachenalia in vitro after transferring 
to the soil was recorded as 49-61%, while the survival rate of onions with a 
diameter of 4-10 mm was 74-98% (Slabbert et al., 1999). Similar to the other 
micro propagated plants, shallots transferred to external conditions must first 
be kept at high humidity (90%) and low light intensity. Then, the humidity 
should be lowered gradually and the light intensity should be increased. 
High soil moisture encourages the development of diseases; therefore, care 
should be given not to increase the humidity more than what is necessary 
(Kamerman, 1986). 

Plant tissue culture technology enables to propagate endemic and 
endangered species in a very short time; thus, they can be transferred back to 
the nature and taken under protection. Successful results have been obtained 
from in vitro propagation studies on geophytes such as Sternbergia fisheriana, 
Sternbergia candida, Muscari muscarimi (Figure 3 and Figure 4), Galanthus 
ikariae and Leucojum aestivum (Tıpırdamaz et al., 1999; Arslan et al., 2003; 
Karaoğlu, 2004; Mirici et al., 2005). 
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Figure 3. Shallot formation from immature embryos of Musari muscarimi, which 
is endemic and threatened with extinction: Shallot development from immature 

embryo explants of Musari muscarimi 6 weeks (a) and 8 months (b) after starting 
the culture; c) Rooting the developing shallot; d) Appearance of in vitro produced 
Musari muscarimi shallot 2 months after transplanting into pots (Arslan, 2005).

Figure 4. Shallot formation from immature embryo and onion fleshy leaves of 
Sternbergia candida, which is endemic and endangered. Shallot development 

from immature embryos 2 weeks (a), 5 months (b) and 1 year after the 
initiation of the culture (c); Shallot growth from onion fleshy leaves 6 weeks 

(d and e) and 5 months after the initiation of the culture (g); Plant growth from 
shallot transferred to pots (h) (Arslan, 2002). 
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In addition to conserving and returning back to the nature, significant 
economic gain is also possible by producing high amounts of endemic and 
endangered species in a short time, similar to many other species of economic 
importance. The in vitro subculture period for geophytes is generally short; 
therefore, large amounts of onions can be produced within a year. For example, 
when onion scaly leaves were used as an explant, 1.2 x1010 onions were 
produced in a year from L. Speciosum, 3.2 x1012 onions were produced from L. 
Auratum and over 500.000 onions were produced from L. candidum (Takayama 
and Misava, 1982; Baktır, 2003). In addition, virus-free stock plants of many 
species such as Lilium, Hyacinths, Narsissue and Gladiolusthe can be obtained 
by using the temperature and tissue culture methods together; thus, the onion 
production can be achieved using the virus-free stock plants (Lawson, 1990). 
Micropropagation protocols of some geophytes are given in Annex 8.2.
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1. Introduction

High Performance Liquid Chromatography (HPLC) is a generally used 
chromatography technique for the identification, characterization and 
purification of molecules. The widespread use of this chromatography 

technique in all stages of studies in the field of pharmaceutical industry and 
biotechnology, from research to quality-control and approval stage, has led to 
an increase in the knowledge on this subject day by day (Malviya, Bansal, Pal, 
& Sharma, 2010). Today, HPLC; It is the main chromatographic technique used 
in the analysis of molecules in different groups such as proteins, amino acids, 
peptides, carbohydrates, lipids and nucleic acids. HPLC technique has a very 
important place in obtaining a pure chemical compound from natural sources. 
There are very few competing technologies that can replace this technique in the 
near future (Tuncer, 2008). The biggest advantage of the HPLC technique is the 
rapid separation of the components in the mixture. A separation process that took 
hours with other chromatographic methods was reduced to minutes with HPLC. 
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Among the advantages that make HPLC the most widely used technique among 
chromatographic methods are its high resolution, high sensitivity, repeatability, 
high recovery, accuracy, automation, and long-term reuse of stainless steel 
columns (Tuncer, 2008). 

Identifying active ingredients from complex mixtures isn’ t easy. Bioassay 
guided fractionation is as follows (Hostettmann, Wolfender, & Terreaux, 2001).

·	 Separation with batch biological tests to identify whether complex mixtures 
have bioactivity,

·	 Extraction using different solvents following the activity evaluation,
·	 Determining whether the separated active ingredients are of sufficient 

purity following batch analysis using various techniques (preparative 
HPLC, silica column chromatography and high speed countercurrent 
chromatography),

·	 Structural characterization of active ingredients using different 
spectroscopic techniques (X-ray diffraction methods, UV, MS, IR, 1D and 
2D NMR),

·	 Pharmacological and toxicological tests (Robards, 2003).

This separation of complex mixtures can cause loss of activity in the purification 
and isolation process. In addition, this method is time-consuming and expensive 
(Hostettmann, Wolfender, & Terreaux, 2001).

The determination of bioactive components from complex mixtures is a 
topic that has attracted the most attention recently. With on-line HPLC, post-
column biochemical methods and parallel chemical analysis, biologically active 
components are determined without the need for laborious purification and 
separation (Shi, et al., 2009).

The challenges faced in modern drug discovery have paved the way for 
new technological advances in the discovery of natural product-based bioactive 
compounds. In this sense, HPLC-coupled spectroscopy has had a great impact 
and has provided a great deal of structural information about the component 
found in the extract. However, there is still an urgent need for more effective and 
faster strategies to track bioactivity (Potterat & Hamburger, 2013).

Many innovative technologies for the identification of bioactive 
components from complex mixtures have been proposed and implemented since 
the discovery of high-resolution screening (HRS) in the early 1990s. The latest 
developments are examined in terms of their applicability to natural product-
based drug discovery (Potterat & Hamburger, 2006).
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A more effective approach is needed in the search for new active ingredients 
from complex mixtures. Recent advances in chromatography-based combined 
techniques [HPLC-NMR, HPLC-tandem MS(MS)2 and HPLC-DAD] allow 
the identification of large numbers of new compounds from complex mixtures. 
On-line post-column biochemical methods are effective in determining 
bioactivity associated with peaks in chromatograms (Brinkman & Wilson, 2007).

2. Importance of Natural Products in Drug Research

Natural products have a very important place in pharmaceutical research from 
past to present and will continue to have an important place in the production 
of new generation drugs in the future. The discovery of new drugs from nature 
is very important in the isolation process because of the complex structure of 
most molecules and the difficulty of obtaining them by synthesis. The chemical 
structures of natural bioactive compounds vary because they are species-specific. 
About 35% of these molecules come directly from natural products, according 
to an investigation that analyzed new chemical compounds considered as drugs 
in recent years. Apart from that, a significant portion of synthetic drugs are 
inspired by natural scaffolds (Cragg & Newman, 2012). 

Bioactive compounds have been isolated from many different natural 
sources, from marine organisms (Maier, et al., 2001) to microbes (Strobel, 
2002). However, only a very small fraction of these organisms have been 
studied. Nature provides unique chemical compound compared to synthesized 
libraries. Given this fact, it is likely that nature will continue to provide us with 
potential new active pharmaceutical ingredients (Butler & Buss, 2006).

3. Hyphenated Techniques

Natural products have been the basis of traditional medicine for many years 
and continue to contribute to new drug inventions (Lachance, Wetzel, Kumar, 
& Waldmann, 2012) We see the clearest evidence of the importance of natural 
products in drug discovery in the areas of anti-cancer (Mann, 2002), antibiotics 
(Butler & Cooper, 2011) and therapeutics (Butler & Buss, 2006).

Natural products have been the building blocks of many effective medicines 
since ancient times and still remain an intriguing option for the discovery of 
drug active ingredient, which are largely hidden due to the chemical diversity in 
their structure (Butler, 2004).

In recent years, HPLC technique has become the most successful technique 
for bioactive compound analysis from natural products. With the concerted 
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use of HPLC-NMR, -MS and -DAD and improved column performance, has 
opened new opportunities for the identification of secondary metabolites from 
natural products. Therefore, the development of on-line post-column analyzes 
for HPLC peaks providing bioactivity data is a particularly attractive strategy. 
Much of the progress in this area has been made by Irth and colleagues, who 
use the term “high-resolution screening” (HRS) to identify this approach. Many 
different assay formats have been developed that can be applied to a wide variety 
of protein targets (Potterat & Hamburger, 2013).

In natural product research, the determination of bioactive compounds 
from complex mixtures has been a topic of interest recently (Smith , 2002). 
Hyphenated techniques combine chromatographic and detection techniques 
to take advantage of both. Spectroscopy generates selective information for 
identification using library spectra or standards. Chromatography produces 
high purity fractions of chemical components present in a mixture. Hirschfeld 
introduced the term “hyphenation” to denote the on-line combination of one 
or more spectroscopic detection techniques and a separation technique (Wilson 
& Brinkman, 2003). Developed from the combination of the spectroscopic 
detection technique and the separation technique, this technique is now known 
as the hyphenated technique.

Hyphenated techniques are called high-resolution screening methods 
(HRS), which enable faster detection of bioactive compounds. Natural product 
research today is unthinkable without the use of high resolution screening 
techniques such as HPLC which is a widely used chromatography technique 
for the identification, characterization and purification of molecules. However, 
advances in hyphenation of spectroscopy and chromatography, in particular 
HPLC coupled with mass spectrometers (MS), diode array spectrophotometer 
(DAD) or nuclear magnetic resonance (NMR) spectrometers  offer the potential 
for the identification of unknowns quickly without the need for burdensome 
purification and next separations (Wolfender, Queiroz, & Hostettmann, 2006).

4. On-line HPLC-Biochemical Detection Methods 

Biochemical detection methods (BCD) can be described as the determination 
of bioactive compounds. These methods are used for rapid identification 
of bioactive components without the need for subsequent separation and 
cumbersome purification. The success of this type of screening method can 
be attributed to its barrier to in vitro testing. Further isolation of novel target 
compounds with activity against specific disease markers is needed. To identify 
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bioactive components in natural products, we can classify biochemical detection 
methods based on affinity/activity as enzyme affinity/activity detection (EAD), 
antioxidant activity methods, receptor affinity detection (RAD), metabolite 
imaging methods (Malherbe, Beer, & Joubert, 2012).

Installations of HPLC-BCD methods vary depending on the preference 
of the relevant research group or optimization for specific purposes. However, 
there are a few basic set-up schemes that fit certain types of methods (Figure 
1-4).

Figure 1. Basic set-up diagram for HPLC-BCD  
methods (Malherbe, Beer, & Joubert, 2012)

The set-up scheme given in Figure 1 is the simplest set-up scheme used in most 
on-line antioxidant methods. The method has only one reaction spiral and no 
flow-splitter dividing the HPLC eluent. 

Figure 2. Homogeneous set-up diagram for EAD  
and RAD methods (Malherbe, Beer, & Joubert, 2012)
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Besides some on-line antioxidant methods, many EAD and RAD methods 
can be categorized as homogeneous methods and use a flow divider to split 
the HPLC eluent. Some of the stream goes directly to the BCD method, the 
rest is connected to other detectors used to detect compounds or sent to the 
waste container. Such methods also involve preincubation of HPLC eluent 
with enzymes or receptors in the incubation strand prior to substrate addition  
(Figure 2).

Figure 3. Heterogeneous set-up diagram  
for HPLC-BCD methods (Malherbe, Beer, & Joubert, 2012)

Figure 3 shows the set-up scheme used to separate bound and unbound ligands 
that need further purification steps and there is a noticeable difference in signal 
intensity.

Figure 4. Set-up scheme used in metabolite  
imaging methods (Malherbe, Beer, & Joubert, 2012)

Metabolite imaging methods use a set-up that is inserted between the auto sampler 
injector of the metabolism system and the gradient pump. This method includes 



ON-LINE HPLC-EAD METHODS IN NATURAL SOURCE DRUG RESEARCH    129

reagents coupled with BCD methods and additional pumps to the reaction spiral. 
After the sample has reacted with enzymes and cofactors, mixture is filtered 
through a filtration device and held in a solid-phase extraction column before 
separation takes place on the HPLC column (Figure 4).

Although the set-up schemes are different, solvents used in chromatography 
can rarely be compatible with biomaterials such as receptors, enzymes and 
interfere with inhibition and antioxidant reactions.

Therefore, the set-up of flow systems is to either keep the amount of 
organic solvent constant throughout the amount of reverse gradients, or keep 
the inhibitor concentration below a noticeable value during the addition of the 
buffer used as the solvent (Malherbe, Beer, & Joubert, 2012).

On-line post-column method development formats available in the 
literature, which have been made so far; radical scavengers, receptor ligands 
and enzyme inhibitors have been developed and successfully applied (Shi, et 
al., 2009). 

4.1.	 On-line	HPLC-Enzyme	Affinity	Detection	Methods	(HPLC-EAD)

Different off-line methods have been developed so far for the determination of 
enzyme activity. It is possible to adapt these relatively easy and fast methods to 
the biochemical detection methods (Shi, et al., 2009).

Ingkaninan et al. developed a BCD method to determine acetylcholinesterase 
(AChE) inhibitors from plants (Ingkaninan, et al., 2000). AChE inhibitors were 
determined by on-line, post-column colorimetric testing using Ellman’s reagent. 
The set-up is the same as the on-line antioxidant method. When the reagents 
were mixed, the yellow 5-thio-2-nitrobenzoate product was detected at 405 nm. 
The well-known galantamine inhibitor of AChE and ungiminorin, a novel AChE 
inhibitor, were determined from the alcoholic extracts of Narcissus, a bulbous 
plant species, and observed as a negative peak. Ingkaninan et al. showed that 
the set-up could not tolerate this, since almost 90% inhibition effect on enzyme 
activity when 10% acetonitrile and more than 0.25% acetic acid were used. Since 
methanol also reduces non-specific bindings, it has been shown to be relatively 
more compatible for the method developed with this enzyme (Ingkaninan, et al., 
2000).

Working with twenty-nine plant extracts from different origins, Rhee et 
al. developed a fluorometric method in FIA (Flow Injection Analysis) mode to 
identify AChE inhibitors. It was measured by a two-step assay procedure using 
fluorogenic substrates. The product of the reaction reacted with the fluorogenic 
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substrate. Enzyme activity was determined by fluorometer. Enzyme activity of 
70% was observed in the presence of 5% acetonitrile or 30% methanol (Rhee , 
Appels , Luijendijk , Irth , & Verpoorte , 2003) (Figure 5).

Figure 5. Layout of flow assay system Rhee, 
 Appels , Luijendijk , Irth  & Verpoorte , 2003)  

The colorimetric method was used in the HPLC-BCD method developed by Li 
et al. Using reverse phase HPLC and DAD, methanolic extracts of eagle tea, 
radix glycyrrhizase and  pu-erh tea were studied for α-glucosidase inhibitors. 
α-glucosidase inhibitors were identified simultaneously using ESI-MS detection. 
Substrate and enzyme were added at a ratio of 1:1 to a stream leaving the HPLC 
eluent. While 30% acetonitrile significantly inhibited the activity, methanol 
concentrations below 30% had no significant effect on the α-glucosidase enzyme 
(Li, Qian, & Li, 2010) (Figure 6). 

Figure 6. Scheme of HPLC-DAD-MS-BCD (Li, Qian, & Li, 2010)



ON-LINE HPLC-EAD METHODS IN NATURAL SOURCE DRUG RESEARCH    131

Van Elswijk et al. developed a fluorescent method in on-line-BCD methods 
and determined ACE (Angiotensin Converting Enzyme) inhibitors from 
milk hydrolysates. Eluent was split into an ESI Q-TOF MS for simultaneous 
identification and quantification and a BCD method for detecting biological 
activities. A fluorogenic substrate cleavable by ACE, was used to cause an 
increase in fluorescence. Bioactive peptides showing ACE inhibitory potential 
were determined using a fluorescent detector. Identification of peptides was 
performed against a protein database and Q-TOF MS fragmentation profiles 
(van Elswijk , et al., 2003).

Kool et al. developed an enzyme affinity method with rat liver microsomes 
stimulated with β-naphtoflavone (β-NF) as a source of cytochrome P450 
1A1/1A2. The substrate, epoxyresolufin, was converted to resorufin by CYP 
1A1/1A2 and the reaction was followed by fluorescence detection. The 
concentration values required to achieve 50% inhibition (IC50) are provided. 
Among the analyzed detergents and PEG polymers, only Tween 20 and 80 
showed no inhibition on the activity of microsomes. It has been shown that it 
can be used in HPLC separation when methanol is at 3-6% and acetonitrile is 
1-3%. Optimization of the method was performed in FIA mode using known 
ligands (Kool J. , et al., 2005). Other developed HPLC-EAD methods are given 
in Table 1.
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Table 1. Developed HPLC-EAD methods (Malherbe, Beer, & Joubert, 2012)

EAD methods Detection Ref.

Acetylcholinesterase 
inhibitors

UV-Vis, 405 nm
FL, λex 406nm, 
λem 505 nm
ESI-MS

(Ingkaninan, et al., 2000)
(Rhee , Appels , Luijendijk , Irth , & 
Verpoorte , 2003)
(Marques, et al., 2010)
(de Jong, Derks, Bruyneel, Niessen, & 
Irth, 2006)

α-Glucosidase inhibitors UV-Vis, 405 nm
(Li, Qian, & Li, 2010)
(Li, Zhao, & Yang, 2011)

Angiotensin I 
converting enzyme

FL, λex 320 nm, 
λem 420 nm

(van Elswijk , et al., 2003)

Liver cytochrome P450 
ligands

FL, λex 530 nm, 
λem 586 nm
FL, λex 530 nm, 
λem 590 nm
FL, λex 530 nm, 
λem 580 nm

(Kool J. , et al., 2005)
(Kool J. , et al., 2007)
(Jeurissen, et al., 2007)
(Reinen, Ferman, Vottero, Vermeulen, 
& Commandeur, 2011)

Glutathione-S-
transferase inhibitors

FL, λex 290 nm, 
λem 465 nm

(Kool, et al., 2007)
(Schebb, et al., 2009)

Serine protease 
inhibitors

FL, λex 342 nm, 
λem 440 nm

(Schebb, et al., 2008)

HIV-protease inhibitor
FL, λex 340 nm, 
λem 490 nm

(Hirata, Ariese, Gooijer, & Irth, 2003)
(Hirata, Chung, Ariese, Irth, & Gooijer, 
2005)

Phosphodiesterase 
inhibitors

FL, λex 280 nm, 
λem 460 nm

(Schenk, et al., 2003)

Kinase/phosphatase 
inhibitors

FL, λex 425 nm, 
λem 464 nm

(Schenk, et al., 2003)

MAP-kinase inhibitors
FL, λex 355 ±4 
nm,
λem 405 ±5 nm

(Falck, et al., 2010)

5. Conclusion

Many innovative approaches have been designed and implemented in recent 
years to monitor bioactivity in complex mixtures. The vast majority of chemical 
scaffolds found in natural products have potentially significant biological 
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activities. However, because natural products contain a wide variety of 
compounds in their structure, a number of unknown active compounds coexist 
with inactive compounds.

On-line HPLC applications offer significant advantages in the determination 
of bioactive components from natural products. Hyphenated techniques have 
been developed and successfully identified bioactive components from complex 
mixtures. HPLC was combined with the on-line sensitivity and high selectivity 
of BCD using different detectors including NMR, UV, MS and FL. The on-line, 
post-column BCD methods combine HPLC with the high sensitivity and 
selectivity of BCD principles. The wide variety of BCD methods developed 
to date enable rapid screening and identification of bioactive compounds from 
complex mixtures without the need for prior purification. With such methods, 
researchers can identify new bioactive compounds from complex mixtures in a 
single HPLC run, accelerating the discovery of new drugs from natural sources. 

References

Brinkman, U., & Wilson, I. (2007). Hype and hypernation: multiple hyphenation 
of column liquid chromatography and spectroscopy. TrAC Trends in 
Analytical Chemistry, 26(9), 847-854.

Butler, M. (2004). The role of natural product chemistry in drug discovery. J Nat 
Prod, 67(12), 2141-2153.

Butler, M., & Buss, A. (2006). Natural products-the future scaffolds for novel 
antibiotics? Biochem Pharmacol, 71(7), 919-929.

Butler, M., & Cooper, M. (2011). Antibiotics in the clinical pipeline in 2011. The 
Journal of Antibiotics, 64(6), 413-425.

Cragg, G., & Newman, D. (2012). Natural products as sources of new drugs 
over the 30 years from 1981 to 2010. J. Nat. Prod., 75(3), 311-335.

de Jong, C., Derks, R., Bruyneel, B., Niessen, W., & Irth, H. (2006). High-
performance liquid chromatography-mass spectrometry-based 
acetylcholinesterase assay for the screening of inhibitors in natural extracts. 
J. Chromatogr. A, 1112, 303-310.

Falck, D., de Vlieger, J., Niessen, W., Kool, J., Honing, M., Giera, M., & Irth, H. 
(2010). Development of an online p38α mitogen-activated protein kinase 
binding assay and integration of LC-HR-MS. Anal. Bioanal. Chem., 398, 
1771–1780.

Hirata, J., Ariese, F., Gooijer, C., & Irth, H. (2003). Continuous-flow protease assay 
based on fluorescence resonance energy transfer. Anal. Chim. Acta, 478, 1–10.



134    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

Hirata, J., Chung, L., Ariese, F., Irth, H., & Gooijer, C. (2005). Coupling of 
size-exclusion chromatography to a continuous assay for subtilisin using 
a fluorescence resonance energy transfer peptide substrate: Testing of two 
standard inhibitors. J. Chromatogr. A, 1081, 140–144.

Hostettmann, K., Wolfender, J.-L., & Terreaux, C. (2001). Modern screening 
techniques for plant extracts. Pharm Biol., 39(1), 18-32.

Ingkaninan, K., de Best , C., van der Heijden, R., Hofte , A., Karabatak , B., Irth 
, H., . . . Verpoorte , R. (2000). High-performance liquid chromatography 
with on-line coupled UV, mass spectrometric and biochemical detection 
for identification of acetylcholinesterase inhibitors from natural products. 
J Chromatogr A, 872(1-2), 61-73.

Ingkaninan, K., Hazekamp, A., de Best, C., Irth, H., Tjaden, U., van der Heijden, 
R., . . . Verpoorte, R. (2000). The application of hplc with on-line coupled 
UV/MS−biochemical detection for isolation of an acetylcholinesterase 
inhibitor from narcissus ‘sir winston churchill’. Journal of Natural 
Products, 63(6), 803-806.

Jeurissen, S., Claassen, F., Havlik, J., Bouwmans, E., Cnubben, N., Sudhölter, 
E., . . . van Beek, T. (2007). Development of an on-line high performance 
liquid chromatography detection system for human cytochrome P450 1A2 
inhibitors in extracts of natural products. J. Chromatogr. A, 1141, 81-89.

Kool, J., Eggink, M., van Rossum, H., van Liempd, S., van Elswijk, v. D., Irth, H., 
. . . Vermeulen, N. (2007). Online biochemical detection of glutathione-S-
transferase P1-specific inhibitors in complex mixtures. J. Biomol. Screen., 
12, 396-405.

Kool, J., van Liempd , S., Ramautar , R., Schenk , T., Meerman , J., Irth , H., 
. . . Vermeulen , N. (2005). Development of a novel cytochrome p450 
bioaffinity detection system coupled online to gradient reversed-phase 
high-performance liquid chromatography. J Biomol Screen, 10(5), 427-436.

Kool, J., van Liempd, S., van Rossum, H., van Elswijk, D., Irth, H., Commandeur, 
J., & Vermeulen, N. (2007). Development of three parallel cytochrome 
P450 enzyme affinity detection systems coupled on-line to gradient high-
performance liquid chromatography. Drug Metab. Dispos., 35, 640-648.

Lachance, H., Wetzel, S., Kumar, K., & Waldmann, H. (2012). Charting, 
navigating, and populating natural product chemical space for drug 
discovery. J Med Chem, 55(13), 5989-6001.

Li, D.-Q., Qian, Z.-M., & Li, S.-P. (2010). Inhibition of three selected beverage 
extracts on α-glucosidase and rapid identification of their active compounds 



ON-LINE HPLC-EAD METHODS IN NATURAL SOURCE DRUG RESEARCH    135

using HPLC-DAD-MS/MS and biochemical detection. J. Agric. Food 
Chem., 58(11), 6608-6613.

Li, S., Zhao, Y., & Yang, B. (2011). Strategies for quality control of Chinese 
medicines. J. Pharm. Biomed. Anal., 55, 802-809.

Maier, M., Roccatagliata, A., Kuriss, A., Chludil, H., Seldes, A., Pujol, C., & 
Damonte, E. (2001). Two new cytotoxic and virucidal trisulfated triterpene 
glycosides from the antarctic sea cucumber Staurocucumis liouvillei. 
Journal of Natural Products, 64(6), 732-736.

Malherbe, C., Beer, D., & Joubert, E. (2012). Development of on-line high 
performance liquid chromatography (HPLC)-biochemical detection 
methods as tools in the identification of bioactives. Int. J. Mol. Sci., 13(3), 
3101-3133.

Malviya, R., Bansal, V., Pal, O., & Sharma, P. (2010). High performance liquid 
chromatography: A short review. Journal of Global Pharma Technology, 
2(5), 22-26.

Mann, J. (2002). Natural products in cancer chemotherapy: past, present and 
future. Nat Rev Cancer, 2(2), 143-148.

Marques, L., Kool, J., de Kanter, F., Lingeman, H., Niessen, W., & Irth, H. 
(2010). Production and on-line acetylcholinesterase bioactivity profiling 
of chemical and biological degradation products of tacrine. J. Pharm. 
Biomed. Anal., 53, 609-616.

Potterat, O., & Hamburger, M. (2006). Natural Products in Drug Discovery 
- Concepts and Approaches for Tracking Bioactivity. Current Organic 
Chemistry, 10(8), 899-920.

Potterat, O., & Hamburger, M. (2013). Concepts and technologies for tracking 
bioactive compounds in natural product extracts: generation of libraries, 
and hyphenation of analytical processes with bioassays. Nat. Prod. Rep., 
30(4), 546-64.

Reinen, J., Ferman, S., Vottero, E., Vermeulen, N., & Commandeur, J. (2011). 
Application of a fluorescence-based continuous-flow bioassay to screen 
for diversity of cytochrome P450 BM3 mutant libraries. J. Biomol. Screen., 
16, 239–250.

Rhee , I., Appels , N., Luijendijk , T., Irth , H., & Verpoorte , R. (2003). 
Determining acetylcholinesterase inhibitory activity in plant extracts using 
a fluorimetric flow assay. Phytochem Anal., 14(3), 145-149.

Robards, K. (2003). Strategies for the determination of bioactive phenols in plants, 
fruit and vegetables. Journal of Chromatography A, 1000(1), 657-691.



136    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

Schebb, N., Faber, H., Maul, R., Heus, F., Kool, J., Irth, H., & Karst, U. 
(2009). Analysis of glutathione adducts of patulin by means of liquid 
chromatography (HPLC) with biochemical detection (BCD) and 
electrospray ionization tandem mass spectrometry (ESI-MS/MS). Anal. 
Bioanal. Chem., 394, 1361–1373.

Schebb, N., Heus, F., Saenger, T., Karst, U., Irth, H., & Kool, J. (2008). 
Development of a countergradient parking system for gradient liquid 
chromatography with online biochemical detection of serine protease 
inhibitors. Anal. Chem., 80, 6764–6772.

Schenk, T., Appels, N., van Elswijk, D., Irth, H., Tjaden, U., & van der Greef, 
J. (2003). A generic assay for phosphate-consuming or -releasing enzymes 
coupled on-line to liquid chromatography for lead finding in natural 
products. Anal. Biochem., 316, 118–126.

Schenk, T., Breel, G., Koevoets, P., van den Berg, S., Hogenboom, A., Irth, H., 
. . . van der Greef, J. (2003). Screening of natural products extracts for 
the presence of phosphodiesterase inhibitors using liquid chromatography 
coupled online to parallel biochemical detection and chemical 
characterization. J. Biomol. Screen., 8, 421–429.

Shi, S.-Y., Zhou, H.-H., Zhang, Y.-P., Jiang, X.-Y., Chen, X.-Q., & Huang, K.-L. 
(2009). Coupling HPLC to on-line, post-column (bio)chemical assays for 
high-resolution screening of bioactive compounds from complex mixtures. 
Trends in Analytical Chemistry, 28(7), 865-877.

Shi, S.-Y., Zhou, H.-H., Zhang, Y.-P., Jiang, X.-Y., Chen, X.-Q., & Huang, K.-L. 
(2009). Coupling HPLC to on-line, post-column (bio)chemical assays for 
high-resolution screening of bioactive compounds from complex mixtures. 
Trends in Analytical Chemistry, 28(7), 865-877.

Smith , A. (2002). Screening for drug discovery: The leading question. Nature, 
418, 453-455.

Strobel, G. (2002). Rainforest endophytes and bioactive products. Critical 
Reviews in Biotechnology, 22(4), 315-333.

Tuncer, M. (2008). Protein saflaştırma 1: Kromatografik teknikler. Mersin 
Üniversitesi Yayınları.

van Elswijk , D., Diefenbach , O., van der Berg , S., Irth , H., Tjaden , U., & van 
der Greef , J. (2003). Rapid detection and identification of angiotensin-
converting enzyme inhibitors by on-line liquid chromatography-
biochemical detection, coupled to electrospray mass spectrometry. J 
Chromatogr A., 1020(1), 45-58.



ON-LINE HPLC-EAD METHODS IN NATURAL SOURCE DRUG RESEARCH    137

Wilson, I., & Brinkman, U. (2003). Hyphenation and hypernation the practice 
and prospects of multiple hyphenation. J Chromatogr A, 1000(1-2), 325-
356.

Wolfender, J.-L., Queiroz, E., & Hostettmann, K. (2006). The importance of 
hyphenated techniques in the discovery of new lead compounds from 
nature. Expert Opinion on Drug Discovery, 1(3), 237-260.





139

C H A P T E R  I X

SOME BOUNDS ON ARITHMETIC-
GEOMETRIC INDEX
Mustafa ŞIKŞAK1 & Gülistan KAYA GÖK2

1(Graduate Student), Mathematics Department, 
Graduate Education Institute, Hakkari University,  

Turkey, 211411004@hakkari.edu.tr 
ORCID: 0000-0003-3387-4508 

(Corresponding Author)

2(Assistant Professor), Mathematics Education Department, 
Education Faculty, Hakkari University,  

Turkey, gulistankayagok@hakkari.edu.tr  
ORCID: 0000-0001-9059-1606. 

1. Introduction

Graph theory emerged when Leonhard Euler, who was looking for a 
solution to a simple question, found a solution to the “seven bridges 
of Königsberg” question. Graph Theory is frequently used in the 

departments of Mathematics, Physics, Chemistry and Computer. One of the 
important application areas of graph theory is chemical applications. Studies 
with indexes in graph theory are used in chemistry. In chemical graph theory, 
a graph is used to show a molecule by atoms as the vertices of the graph and 
molecular bonds as the edges of the graph. Various properties of atoms and 
molecules, their modelling and theory are obtained with the help of graphs. 
In addition, many constant numbers use in the classification of atoms and 
molecules, such as the weight of a molecule, boiling and melting points, atomic 
Radius and chemical combinations are expressed with mathematical formulas. 
In this paper, the Arithmetic-geometric index, which is one of the indexes that 
form the basis of chemical use, will be examined.
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The Arithmetic-geometric index was first defined by Rachanna 
Ramachandra Kanabur in 2015. The Arithmetic-geometric index is an index 
that is defined depending on the degrees of the graph and found with the help 
of adjacent edges. Many articles in the literature try to develop mathematical 
methods for indexes using graph theory. It can be applied to the arithmetic-
geometric index by analyzing the literature and analyzing many methods used. 
Finding the limit for an index is of great importance in determining the structure 
of the molecule. In this paper, firstly, it will be tried to find the limits for the 
Arithmetic-geometric index. Secondly, the Arithmetic-geometric index will be 
related to different indexes depending on the degrees of the graph. The largest 
eigenvalue of the Arithmetic-geometric matrix is called the spectral radius. To 
bound the spectral radius is to bound the energy of the Arithmetic-geometric 
index. Finally, bounds to the spectral radius of the Arithmetic-geometric index 
will be found.

As a result of the studies to be done, it is expected that sharper boundaries 
will be created for the Arithmetic-geometric index compared to the articles 
published previously. In the study, it is aimed to gain important values by giving 
a different perspective to the arithmetic-geometric index.

2. Preliminaries

In this section, some basic definitions and lemmas related to graph theory are 
given.
Definition 2.1. Let ( ) 1 2{ , ,  , }nV G v v v= ¼  and E(G) be defined as the set of 
vertices and the set of edges between vertices, respectively. Graphs consist of 
vertices and edges between vertices. The ordered pair G= (V(G), E(G)) is called 
a graph.

Definition 2.2. The number of vertices of a graph is denoted by n and the number 
of edges by m. The number of sides connected to n vertices in the graph G= (V, 
E) is represented by the degree of n vertex, di. The largest and smallest degrees 
of a graph are defined as ∆(G), δ(G), respectively. 

Definition 2.3. If there is at least one edge between any i and j points of G = (V, 
E), it is called adjacent to i and j points and is denoted by ~i j . The Arithmetic-
geometric index is based on the degrees di and dj of the adjacent vertices i and j 
( ~ )i j  in a G graph.
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Definition 2.4. A graph that has at most one edge between any two points and 
does not contain a loop is called a simple graph.

Definition 2.5. A graph with a path between any two points is called a connected 
graph.

Definition 2.6. If there is an edge between any two points of the simple graph G, 
n points, this graph is called a complete graph and is denoted by Kn.

Definition 2.7. Let G be a graph with n nodes. The adjacency matrix of G is 
( )  ( )ij n nA G a ´=  and its elements are defined

1; ~
0;  ij

i j
a

otherwise
ì

= í
î

where the adjacency matrix is a real symmetric matrix.

Definition 2.8. Let G be a graph with n nodes. The Arithmetic-geometric 
adjacency matrix Aag(G) is defined as

( ) ( )         ~   
2

         0   

i j

ij i j

d d
i j

g  d d
inotherwise

+ì
ï= í
ï
î

where Aag (G) = (gij).

Definition 2.9. The eigenvalues of the Arithmetic-geometric matrix agA (G) are 
ordered as 1 2  n

ag ag agp p p³ ³ ¼³ . Since this matrix is a real symmetric matrix, 

all its eigenvalues are real. 1
agp  is called as the spectral radius of Arithmetic-

geometric matrix. 

Definition 2.10. The Arithmetic-geometric index is defined as follows:

( )  
2i j

i j

v v i j

d d
AG AG G

d d
+

= =å

where di is the degree of i.
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Example 2.1. Let G be a graph with 7 vertices and 8 edges.

Definition 2.11. Some degree based topological indices are defined as follows:

The Sombor index: ( )
( )

2 2

 

 
i j

i j
v v E G

SO SO G d d
Î

= = +å .

The Randic index: ( )
 ( )

1

i jv v E G i j

R R G
d dÎ

= = å .

Forgotten index:  ( ) 2 2

 ( )i j

i j
v v E G

F F G d d
Î

= = +å .

The Second Zagreb index: ( )2 2
 ( )

 
i j

i j
v v E G

M M G d d
Î

= = å .

Lemma 2.1. (Chebyshev’s inequality) 

Let 1 2 na a a³ ³ ¼³  and 1 2 nb b b³ ³ ¼³ be real numbers. Then
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1 1 1

n n n

i i i i
i i i

n a b a b
= = =

æ öæ ö
³ ç ÷ç ÷

è øè ø
å å å

with equality holding if and only if 1 2 na a a= = ¼ =  and 1 2 nb b b= = ¼ = .

Lemma 2.2. If S is an   n x n  real symmetric matrix with 1 2 nl ³ l ³ ¼³ l , then 

for any 0 nx R¹ Î

1S £ lT Tx x x x .

Equality holds if and only if x is an eigenvector of S corresponding to 1l .
Lemma 2.3. (P. Schweitzer)  
If ai is real numbers such that 0 im a M£ £ £  for i= 1,2,…,n, then

( )2

1 1

1 1 1
4

n n

i
i i i

M n
a

n n a Mm= =

+æ öæ ö
£ç ÷ç ÷

è øè ø
å å


with equality holding if and only if 1 2 na a a= = ¼ = .

3. Some Bounds for Arithmetic-Geometric Index

In this section, different bounds are given for Arithmetic-Geometric index in 
terms of nodes and degrees. Also, some connections are established between 
different topological indices.

Theorem 3.1. Let G be a graph with n vertices. Let d and D be the minimum 
degree and the maximum degree, respectively. Then,

Proof. Let i ia d=  and .idd £ £ D  Using Lemma 3, the following 
inequality is haven
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It gets,

By the definition of Arithmetic-Geometric index,

Hence,

Example 3.1. Theorem 3.1 is exemplified to the following:
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Theorem 3.2. Let G be a graph with n and let D be the largest degree, then

where SO(G) is the Sombor index and R(G) is the Randic index of G.

Proof. It is known that y yx x

y x y x

d dd d
d d d d

+ ³ + . Hence,

If the sum symbol is applied, then



146    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

Using the Lemma 1, the above expression is obtained as the following.

By the help of Randic index and Sombor index, it shows that

Hence,

If the inequality (*) is continued in a different way, it is seen that

By the definition of Sombor index, the inequality is obtained as ( )
2

SO G m . 

Hence,
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Example 3.2. Theorem 3.2 is exemplified below:

Theorem 3.3. Let G be a graph and n be the number of vertices. Then,
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Proof 3.3. Let x = ( )1 2, ,. . . , T
nx x x  be a unit vector in nR . Applying Lemma 2, 

the inequality  ( )(1) t
ag agx A G xr ³  can be written. Thus, 

The spectral radius of Arithmetic-Geometric matrix is found as

Because of Lemma 1, the inequality can separate as the following:

Let put the vector x = (
1 1 1, , ,

T

x
n n n

æ ö
= ¼ç ÷

è ø
in the above inequality, so

( )( ) ( )(1) .t
ag ag

SO G mm m x A G x
n

r ³ ³

Hence,
( )(1) .
 ag

SO G
n

r ³
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Example 3.3. For Theorem 3.3, 

4. Conclusion

Arithmetic-Geometric index is one of the degree based topological indices. 
Arithmetic-Geometric index gives Chemical graph theory a different perspective. 
In the first part of this study, it is obtained a bound by establishing relations 
between the largest and smallest degrees of the Arithmetic-geometric index. In 
the second part, a bound is found between Arithmetic-Geometric index, Randic 
index and Sombor index. Finally, it is established a bound for the spectral radius 
of Arithmetic-geometric matrix.
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1. Introduction

Data envelopment analysis is a technique that evaluates the performance 
of decision-making units. Since the emergence of DEA (Charnes et 
al.,1978), it has been widely used in many fields and various models 

have been proposed. However, an important issue that is still not resolved in the 
literature is how the input and output variables used in the model are selected. 
Since the selection of input and output variables is done before starting the 
analysis, every researcher wants to know how the input and output variables 
are selected (Peyrache et al., 2020). Therefore, in addition to the selection 
of the DEA model, the selection of appropriate input and output variables 
is an important part that researchers should keep in mind (Luo et al. (2012). 
In addition, the input and output variables used in the analysis are extremely 
important in determining the efficiency score. Because the efficiency score 
depends on these variables (Wong, 2021). A DMU is ranked as fully efficient 
if and only if the performance of other DMUs does not show that some of its 
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inputs or outputs can be improved without worsening some of its other inputs 
or outputs. While evaluating the effectiveness of decision-making units, there 
should be a certain ratio between decision-making units and inputs and outputs. 
If the number of inputs and outputs is high, many decision-making units will 
be effective. Therefore, this will affect the reliability. There is a rule of this 
selection that expresses the relation between the number of DMUs and the 
number of performance measures n ≥ max {3(m + s), m × s} (Toloo et al. 
2015). In some cases, the decision maker may want to evaluate the efficiency 
of a small number of decision-making units by using specially selective input 
and output variables. The main idea of this study is to propose a method for 
dealing with variable selective measurements. It should be remembered that in 
some cases, special inputs and outputs must be included in the evaluation for 
the manager’s concern to be realized. This condition is examined, and models 
for it are created.

It was first introduced to DEA variable selection by Li et al. (2017) using 
AIC. To select the variable set with robustness and the least redundancy, they 
proposed a different approach based on the concept of AIC and demonstrated 
the robustness and discrimination power of the approach. However, no research 
has ever applied alternative Bayesian information criteria to make the variable 
selection in the energy efficiency evaluation background. Bollen et al. (2012) 
introduced two alternatives of BIC to better approximate the Bayes factors for 
improving the selection of optimal models. First, Information Matrix-Based 
Bayesian Information Criteria (IBIC) incorporates two additional terms into 
BIC. Second, Scaled Unit Information Prior Bayesian Information Criteria 
(SPBIC) uses scaled unit information prior instead of unit information prior 
as a response to the arguments of Weakliem (1999). Weakliem argued that the 
assumption of unit information before jq  in deriving BIC was unreal and the 
penalty of BIC was so abundant that it tended to select an oversimplified model. 
Bollen et al. (2012) showed that IBIC and SPBIC in general had higher accuracy 
ratios in selecting the true model than BIC in small samples (Lin et al., 2017). 
This paper introduces the AIC, BIC, SPBIC, and IBIC rules to select the best 
model specification in the context of DEA. The criterion of evaluation is that 
the small the information criteria value the model gets the better performance 
the model is. Even though these criteria can be directly applied to DEA to select 
an optimal model, to our knowledge, no studies have simultaneously compared 
the behaviors of all these criteria in DEA and a systematic investigation of their 
relative performances is still needed.
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2. Literature on Variables Selection in DEA
In general, When DEA literature handle, the input, and output variables as 
“givens” then go on to deal with the analysis in many studies. However, how 
to choose the correct input and output combination has attracted only a little 
attention. Various methods of variable selection approach are mainly based on 
experts’ opinions and similar studies in the literature. However, sometimes the 
analyst is not sure about considering some other variables. At this stage, several 
alternative methods are frequently used for variable selection. The first of these 
is a stepwise variable selection approach. The second is variable selection 
based on game theory and the third is Principal Component Analysis (PCA). In 
literature, there are many studies about input-output selection. In this section, 
we introduce some studies that we benefit from in this study.

Models used in DEA include input and output variables and assumptions 
of returns to scale. So the model specification is very important. That is, 
producing outputs using inputs will result in reliable efficiency scores. 
Sirvent et al. (2005) experimentally investigated the performance of various 
statistical tests that can be used for the selection of variables in DEA models. 
As a result of the study, they decided to prefer tests based on ECM (efficiency 
contribution measure). As the number of input and output variables used in 
the analysis increases, the model weights used in inputs and outputs are less 
constrained. That is, the size of the linear programming solution space becomes 
very large and the DEA results become little distinctive. However, there is no 
clear information on how to limit the number of variables. As a solution, it is 
recommended to perform a correlation analysis between variables and to look 
at the changes in productivity as variables are added and removed from DEA 
models. As part of these approaches, the selection of variables to be included 
or excluded from the model can be done by applying statistical techniques. 
Wagner & Shimshak (2007) developed an algorithm for a stepwise approach 
to the variable selection process. The method measures the effect of variables 
directly on productivity by considering their average changes as variables are 
added or removed from the analysis. That is, it is aimed to produce a DEA 
model that includes the variables that have the greatest impact on the outcome. 
Nataraja & Johnson (2011) discussed the four most widely-used approaches to 
guide variable specification in DEA. They analyzed Efficiency Contribution 
Measure (ECM), Principal Component Analysis (PCA-DEA), a regression-
based test, and bootstrapping for variable selection via Monte Carlo simulations 
to determine each approach’s advantages and disadvantages. In addition to 
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choosing the variables to be included in the model, Luo et al. (2012)  proposed 
a new method that decides which variables will be inputs and which variables 
will be outputs. The new method is based on the concept of cash value added 
(CVA). The relevant variables are decided by considering their effects on the 
cash flow of the decision-making unit. Any variable is selected as output if it has 
a positive effect on cash flow or as an input variable otherwise. Madhanagopal 
& Chandrasekaran (2014) used a Genetic Algorithm (GA) as a search procedure 
to select the best subset of variables that contribute more to evaluating DMU 
efficiency. According to some statistical and empirical results, there should be a 
balance between the number of DMUs and the number of performance metrics. 
However, in some cases, the number of performance measurements is relatively 
large compared to the number of DMUs. These issues lead us to choose some 
inputs and outputs in a way that produces acceptable results. Li et al. (2017) 
propose an alternative approach that filters out appropriate sets of input and 
output variables for evaluation via Akaike’s Information Criteria Rules (AIC). 
This method focuses primarily on assessing the importance of a subset of the 
original variables, rather than testing the marginal effects of variables individually 
in many other methods. Alpay & Hayat (2017) proposed a copula approach to 
determine input/output variables, it is important to note especially when there is 
no prior information on variable selection. Copula functions are used to model 
the structure of dependencies between variables. Fernandez-Palacin et al. (2018) 
propose a new internal metric-based method that evaluates the contribution 
of each variable in computing the efficiency score of the DMU for variable 
selection in DEA. To apply the proposed method, the algorithm maximizes the 
load of the variables that contribute the least to the calculation of the efficiency 
value and redistributes the weights of the variables without changing the 
DMU efficiency value. If the weights have been redistributed and the lower 
contribution does not reach the previously given critical value, the variable with 
the smallest contribution is removed from the model, thus solving the DEA 
again. The algorithm stops when all variables reach the given contribution load 
of DEA, or until no more variables can be removed. Subramanyam et al. (2020) 
propose an improved stepwise method to identify important and unimportant 
input and output variables by reducing the iterative process in the stepwise 
method. The statistical significance of input and output variables is assessed 
using statistical methods such as least significant difference (LSD) and Welch’s 
statistics. Peyrache et al. (2020) introduce cardinality constraints directly into 
DEA programs to automatically select relevant inputs and outputs without prior 
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statistical analysis, heuristic decision-making, or expert judgment. The choice 
of variables is obtained by solving a Mixed Integer Linear Program (MILP) 
specifying the maximum number of variables to use. Benítez-Peña et al. (2020) 
proposed an integrative approach to feature (input and output) selection in DEA. 
The DEA model is enriched with zero-one decision variables modeling the 
selection of features, yielding a Mixed Integer Linear Programming formulation. 
This single-model approach can handle different objective functions as well as 
constraints to incorporate desirable properties from a real-world application. 
The dimensionality problem arises when a limited number of observations are 
used to estimate a high-dimensional frontier, in particular, by DEA. Lee & Cai 
(2020) conducted a data generating process to argue the typical “rule of thumb” 
used in DEA. They proposed a Least Absolute Shrinkage and Selection Operator 
(LASSO) variable selection technique and combine it in a sign-constrained 
convex nonparametric least squares, which can be regarded as a DEA estimator. 
Kumar et al. (2021) developed a feature selection-based DEA model to calculate 
the efficiencies. The model combines feature selection methodology with the 
traditional DEA. The model helps in solving the problems associated with the 
selection of appropriate input and output features as well as the time-dependent 
data points which usually have a lagged effect. In DEA modeling applications, 
analysts typically experience difficulty in choosing variables when the number 
of variables is greater than the number of DMUs. Deng et al. (2021) developed a 
method to facilitate the variable selection in DEA using entropy theory to avoid 
information redundancy. 

3. Variable selection via information criteria in DEA

In a DEA model, each input or output variable is assigned a weight, and the 
relative efficiency of each decision-making unit (DMU) is defined as the ratio of 
the weighted sum of its outputs to the weighted sum of its inputs. The essence of 
the DEA method is to allow each DMU to be evaluated to maximize its relative 
efficiency by arbitrarily choosing its weights based on a set of constraints that 
all DMUs are not more efficient than 1. When a DMU has an efficiency score of 
1, it is defined as DEA (weak) efficiency.

Suppose there are n independent DMUs, and each 
{ }( 1,2, , )jDMU  j N nÎ = ¼  consumes an inputs { }( 1,2, , )'

ijx i A aÎ = ¼  to 

generate s outputs { }( 1,2, , )'
rjy r S sÎ = ¼ . Where 'A  and 'S  is subscript set 

of input data set A and output dataset S, respectively. The efficiecny rating for 
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any given 0DMU  can be computed using the following Equation (1) traditional 
DEA model:

      ( )0 0
1

  ,
s

r r
r

E A S max y
=

= må  (1)

         s.t. 
1 1

0,  
s a

r rj i ij
r i

y v x j N
= =

m - £ " Îå å    

               0
1

1
a

i i
i

v x
=

=å   

                ' ', 0,  ,   i r iv A r Sm ³ " Î Î   

Here, rm  and iv  are unknown multipliers respectively attached to rth output and 
ith input, and 0 ( , )E A S  is the optimal efficiency for 0DMU  considering input 
data set A and output data set S. (Charnes et al. 1978; Banker et al. 1984). 

3.1.	 Akaike	Information	Criteria	(AIC)

AIC is a basic criterion for ranking possible statistical models for data and 
can be used as a decision strategy for selecting the best distribution fit for a 
subset of data at each general location (Basak, 2002). Let us consider the DEA 
specification, which consists of the input variable set P and output set Q (Li et 
al., 2017), the estimator by AIC as Equation (2):

 AIC(P, Q) = −2 ln[MLE(P, Q)] + 2(|P| + |Q|) (2)

Here, ln [MLE(P, Q)] is the natural logarithmic transformation of maximum 
likelihood estimate (MLE) based upon the model, and |P| and |Q| are denoted as 
the numbers of variables in P and Q respectively. It is proposed by Akaike to 
compute AIC estimators of all possible DEA model specifications AIC (P, Q), 
"P Ì A, Q Ì S, and select the model specification satisfying AIC(P, Q) as 
the preferred model as Equation(3) : 

  AIC(P, Q) = −2 ln[MLE(P, Q)] + 2(|P| + |Q|) (3)

3.2.	 Bayesian	Information	Criteria	(BIC)

BIC is a criterion proposed by Schwarz (1978) to measure the goodness of fit 
of statistical models. An advantage of BIC is that it does not require specifying 
a prior and can be easily computed from the standard output of most statistical 
packages (Bollen et al., 2014). Prior probabilities and sample information 
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represent the posterior probabilities in BIC, and researchers should strive to 
avoid overfitting. Therefore, the preferred model should be the one with the 
smallest BIC value (Xie, Li et al., 2021). The estimators of the input set P and 
the output set Q based on BIC are shown as Equation (4): 

 BIC(P, Q) = −2 ln[MLE(P, Q)] + (|P| + |Q|) ln(n) (4)

where ln[MLE(K, L)] denotes the natural logarithmic transformation of 
maximum likelihood estimation. |P| and |Q| represent the number of variables 
in subsets P and Q. (|P|+ |Q|) ln(n) can be understood as the penalty term of 
variable selection. The BIC expression is the possibility of a penalty. 

3.3.	 Scaled	Unit	Information	Prior	Bayesian	Information	Criteria	(SPBIC)

SPBIC uses zero-centered normal priors for the parameters in the model. 
Therefore, SPBIC chooses a variance that maximizes the probability density 
in ML parameter estimates compared to BIC’s previous use of unit information 

(Bollen et al., 2012). For models, 1M  and 2M  where ( )o kI q  is the observed 

information matrix evaluated at kq  and *q  is the prior mean for model k.  The 
SPBIC is given by Equation (5):

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )
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2 1 2 1

* * * *
2 2 2 2 2 1 1 1 1 1
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 (5)

3.4.	 Information	Matrix	–	Based	Bayesian	Information	Criteria	(IBIC)

Bollen et al. (2012) proposed the IBIC, which retains additional terms from the 
basis for several approximations of the Bayes factor. In brief, a second-order 
Taylor expansion of the ( )klogP Y|M  around the ML estimator kq  leads to the 

expression in Equation (6) where ( )kl q  is the log-likelihood function, ( )E kI q  

is the expected information matrix, dk is the number of parameters of the model,  
O(N–1/2) is the approximation error, and N is the sample size.  For models M2 and 
M1 and multiplying by 2, the IBIC is given by Equation (6):
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( ) ( ) ( ) ( ) ( )2 1 2 1 2 12
2 E E
NIBIC l l d d log log I log Iæ öé ù= q - q - - - q + qç ÷ë û pè ø

 (6)

4. An Application 

The application part considers a case study about the evaluation of energy 
efficiency. The dataset is related to Turkish electricity distribution firms. There 
are two input-three output variables and ten decision-making units in this data 
set. The description of the dataset is shown in Table 1 and the full dataset is 
given in Table 2.

Table 1: Explanation of Input-Output Variables

Variable Description

x1 Input1

x2 Input2

y1 Output1

y2 Output2

y3 Output3

Table 2: Data Set for Energy Efficiency Evaluation

x1 x2 y1 y2 y3

525 13319 3600 31536 4732112

948 29354 30138 108415 3969789

806 40292 23377 82288 3505182

668 28551 26339 52195 2971756

649 24358 28237 59606 2893903

1444 6749 2225 21717 2676318

418 18044 8089 50351 1941193

523 47972 2912 79561 1889687

754 18673 12556 79300 1884597

507 19233 17206 63279 1778772
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Table 3: Descriptive Statistics for Data Set

Variable Min Max Mean SD

x1 418 1444 724.2 299.2003

x2 6749 47972 24654.5 12398.76

y1 2225 30138 15467.9 11049.47

y2 21717 108415 62824.8 25726.79

y3 1778772 4732112 2824331 1005183
Table 3 the descriptive statistics for each input-output variable. Descriptive 
measures are minimum (Min), maximum (Max), mean and standard deviation 
values.

Table 4: Correlation Matrix for The Data Set

 x1 x2 y1 y2 y3

x1 1 0.0303 0.1879 0.1758 0.4061

x2 0.0303 1 0.4788 0.8303 0.0788

y1 0.1879 0.4788 1 0.5273 0.3212

y2 0.1758 0.8303 0.5273 1 -0.0182

y3 0.4061 0.0788 0.3212 -0.0182 1

The correlation matrix of input-output variables is given in Table 4. Spearman 
correlation coefficients are considered for checking the relationships among 
variables. According to correlation matrix results, there is a positive relationship 
among input-output variables.

The assumption about the number of units and variables is not satisfied. 
Because of this reason, some input-output variables should be excluded with 
a proper selection approach. We constructed the regression models for each 
combination of input-output variables to select the optimal subset. The response 
variable is considered as the efficiency scores obtained from the combination 
of input-output variables. The optimal input-output set is determined via 
minimized information criteria value of the quantile regression model. We used 
four information criteria such as AIC, BIC, IBIC, and SPBIC respectively. The 
minimum information criterion valued quantile regression model is preferred 
for the selection task. 
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Table 5: Information Criterion Values  
for Each Combination of Input-Output Variables

x1 x2 y1 y2 y3 AIC BIC IBIC SPBIC

1 0 1 0 0 -17.957 -17.352 25.767 -6.992

0 1 1 0 0 -13.705 -13.099 35.933 -4.160

1 1 1 0 0 -26.785 -25.877 45.377 -7.082

1 0 0 1 0 -11.478 -10.873 28.888 -5.519

0 1 0 1 0 -20.688 -20.083 33.421 -7.405

1 1 0 1 0 -12.221 -11.314 60.101 7.748

1 0 1 1 0 -30.120 -29.212 38.863 -9.290

0 1 1 1 0 -16.534 -15.626 50.187 -4.681

1 1 1 1 0 -38.451 -37.241 68.945 3.416

1 0 0 0 1 -18.215 -17.609 38.709 -3.431

0 1 0 0 1 -7.353 -6.748 49.151 -2.101

1 1 0 0 1 -6.649 -5.741 63.927 1.914

1 0 1 0 1 -20.842 -19.935 45.695 -9.758

0 1 1 0 1 -19.872 -18.964 52.974 -9.961

1 1 1 0 1 -34.727 -33.517 76.218 2.461

1 0 0 1 1 -18.248 -17.340 48.277 -8.900

0 1 0 1 1 -16.655 -15.747 56.696 -7.864

1 1 0 1 1 -19.088 -17.878 82.261 8.386

1 0 1 1 1 -43.547 -42.337 88.856 10.524

0 1 1 1 1 -22.222 -21.012 83.041 -1.978

1 1 1 1 1 -49.446 -47.933 454.984 359.503

In Table 5, the information criterion values are presented for each combination 
of the variables for AIC, BIC, IBIC, and SPBIC. According to the results, IBIC 
and SPBIC select more parsimonious input-output sets when compared with 
AIC and BIC. The results of IBIC and SPBIC provide to satisfy the assumption 
about the number of the units in DEA while AIC and BIC do not satisfy. AIC 
and BIC select five variables and the assumption are not provided. This finding 
indicates the advantage of IBIC and SPBIC because these criteria enable to 
construction of theoretically correct DEA models due to satisfying the required 
condition. 
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5. Conclusion and Discussion

DEA is a major technique to perform efficiency analysis. It is crucial to reduce 
the number of variables in DEA for obtaining more discriminative results and 
satisfy the assumption about the number of variables. Regression analysis 
has become a common way to handle variable selection problems in DEA. 
Linear regression analysis is not appropriate because the efficiency scores vary 
between [0,1]. Due to this reason, we used quantile regression analysis. While 
implementing the quantile regression, each combination of the input-output 
variables was considered to decide which input-output combination is the most 
suitable. This procedure is based on the information criteria. The model which 
owns the minimum valued-information criteria provided the most preferable 
input-output variables in quantile regression models.

In this paper, we adopted Bayesian-based two alternative information 
criteria within quantile regression analysis for the input-output selection task in 
DEA. We conducted a case study on the energy efficiency subject. Our dataset 
did not satisfy the DEA assumption because the number of variables is higher 
than the units relatively. We applied a variable selection approach to the energy 
efficiency evaluation dataset and we obtained striking results. Our empirical 
findings demonstrated that classical information criteria (AIC, BIC) could 
not reduce well the number of variables as well as IBIC and SPBIC.  DEA 
assumption requirement is not ensured with AIC and BIC-based selected input-
output variables. IBIC and SPBIC produced simpler models so the selected 
number of variables satisfied DEA conditions.

In further studies, we plan to use alternative regression techniques which are 
concordant with the distribution of the efficiency scores. Also, we will consider 
alternative information criteria for input-output selection. We aim to hybridize 
the regression methods and information criteria to improve the performance of 
the input-output selection task in efficiency analysis.
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1. Introduction

Often, classical distributions could not perform well in modeling 
some real data. Especially in data sets with heavy tails and extreme 
values, modeling successes remain low. In order to overcome this 

situation, some authors have proposed modeling with new distributions that are 
transformed, composited and mixed. Some of the studies carried out especially 
for modeling loss data can be summarized as follows:

Cooray and Ananda (2005) and Scollnik (2007) introduce to composite 
lognormal-Pareto distribution for modelling loss data. Although the problem of 
these two studies seems to be common, they differ in terms of the composite 
models considered. Teodorescu and Vernic (2006) proposes Exponential-Pareto 
composite model to analyze heavy tailed insurance claims data. Cooray (2009) 
introduces Weibull-Pareto composite model. Nadarajah and Bakar (2014) proposes 
new composite models based on the lognormal distribution. Bakar et al. (2015) 
develops new composite models based on the Weibull distribution for heavy 
tailed insurance loss data. Miljkovic and Grün (2016) proposes finite mixture 
models to analyze Danish fire losses. Especially their lognormal mixtue is quite 
successful in the modeling. Grün and Miljkovic (2019) provides comprehensive 
analysis of composite loss models on the Danish fire losses data set.

First, the Exponential- Fréchet distribution is proposed in addition to the 
composite distributions used in the literature to model heavy-tailed datasets. 
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In order to obtain the parameter estimates of the proposed model according to 
the Maximum Likelihood (ML) method, constrained nonlinear optimization 
techniques are used.

Secondly, it is mentioned that exponentiated-exponential distributions with 
larger power parameter can be used in modeling heavy-tailed data. Considering 
the exponentiated models of the Lomax (Pareto Type II) and Fréchet distributions, 
the modeling performances are examined on the real loss data set according to 
certain criteria.

2. Materials and methods

According to Foss et al. (2011), the heavy-tailed distribution can be defined as 
follows:

The distribution of a non-negative valued random variable X with 
distribution function F is said to have a heavy tail if the limiting behavior of etx 
Pr(X > x) as x goes to infinity is infinite for all t > 0.

According to Embrechts et al. (2013), Pareto, Log-normal, Cauchy, log-
Cauchy and Fréchet distributions can be given as examples of heavy-tailed 
distributions.

Composite distributions suggested by the Cooray and Ananda (2005) for 
modeling heavy-tailed data can also yield successful results.

Generally, a light-tailed distribution and a heavy-tailed distribution are 
soldered together to form a composite distribution. A composite distribution 
is essentially a spliced function based on some special condition. There are 
many studies and various models in this field, some of which are given in the 
introduction. However, let’s start with the work of Cooray and Ananda (2005) 
who gave the first idea:

Let f1 be a light-tailed probability density function (pdf), and f2 a heavy-
tailed pdf. Then, the pdf of the composite distribution with a treshold parameter 
q  is defined as

(1)

Here c is normalizing constant. 
Continuity and differentiability conditions at the threshold point q , 

respectively are 1 2 ( )   ( )f fq = q  and 1 2'  ( )  '  ( )f fq = q . Let F1 be the cumulative 
distribution functions (cdf) of f1 and let F2 be the cdf of f2. Normalizing constant 
c is given by
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(2)

Hence, the cdf of composite distribution is defined by

(3)

Finally, let’s talk about why exponentiated distributions are used to model 
loss data. Adding a exponentiation parameter to a distribution makes it more 
flexible to analyzing data. This extra parameter appears as a shape parameter. 
The Exponentiated distribution is defined as F g , where F is a baseline cdf and 
g  an exponentiation parameter with 0g > . Essentially, when g  is a positive 
integer, F g  is the cdf of the maximum of a random sample 1 2, , , X X X g  with 
size g  drawn from a population whose cdf is F. In other words, F g  is the cdf 
of 1 2{ , , , }max X X X g . For further discussion see Al-Hussaini and Ahsanullah 
(2015). The exponentiated distribution will have a heavier tail than a baseline 
distribution when g  takes large values, whether or not the baseline distribution 
itself is heavy-tailed. Based on this idea, the success of modeling loss data is 
investigated by considering the exponentiated models of the Lomax (or Pareto 
Type II) and Fréchet distributions, known as heavy-tailed distributions.

3. Results and discussions

This section is organized as follows: This section is organized as follows: 
Subsection 3.1 includes a brief revisiting of the composite Exponential-Pareto 
model proposed by Teodorescu and Vernic (2006). Then it is suggested that 
another form of likelihood function to obtain ML estimates of threshold 
parameter. In subsection 3.2 the Exponential-Fréchet composite distribution is 
proposed. Constrained optimization technique is used to obtain ML estimates 
of model parameters. Exponentiated-Lomax and Exponentiated- Fréchet 
distributions are given in subsection 3.3. The results of the application carried 
out on a Danish fire losses data are presented in section 4.

3.1.	The	composite	exponential-Pareto	model

Let X be the random variable (r.v.) with pdf given in (1) where f1(x) represents 
the pdf of exponential distribution, and f2(x)  the pdf of Pareto distribution. 
According to that,
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(4)

(5)

From the first condition (continuity) the equality becomes as

and the second condition (differentiability) yields as

If both equations are solved simultaneously, the following equation is obtained:

When this equation is solved numerically, 0.35a =  is obtained. In this case, the 
pdf of the exponential Pareto composite namely, EP-C distribution denoted by 
(1) is given by

(6)

Let F1(x) and F2(x) represent the cdf of the exponential and Pareto distributions, 
respectively. Then,

Using the eq. (3) the cdf of EP-Comp distribution is 

(7)

3.1.1.	Maximum	likelihood	estimate	of	the	parameter	of	EP-C	distribution

The support of the EP-C distribution depends upon the parameter q . Therefore, 
classical analytical operations can not be used to find the ML estimates of q . By 
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defining an indicator function, the support of the distribution is parameter free. 
Accordingly, the pdf EP Cf -  given by (6) is rewritten as

(8)

Let 1 2, , , nX X X  be a random sample from a population with pdf given by (8). 
Then the log-likelihood function   is

(9)

Using derivative-free optimization algorithms (like Nelder-Mead method) the 
q  value that maximizes   will be the ML estimate.

3.2.	 Composite	exponential-	Fréchet	model

Instead of 2f  given by equation (5) in subsection 3.1, the Fréchet distribution 
is considered which is known as another heavy-tailed distribution and keeps 

1f  
the same. Hence, 2f  is 

(10)

When the continuity and differentiability conditions are examined together, the 
following system of equations is obtained.
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This system of equations cannot be solved as easily as in EP-C. Furthermore, 
a condition derived from the second equation on the treshold parameter q  is 

1/

1

llæ öq > ç ÷+ lè ø
. The pdf of exponential- Fréchet composite distribution, namely 

EF Cf -
 is 

(11)

Here, the normalizing constant c is obtained by using (2) as

Note that the cdf of Fréchet distribution is  

(12)

and the cdf of EF-C distribution is 

(13)

3.2.1.	Maximum	likelihood	estimates	of	the	parameters	of	EF-C	distribution

With similar thinking in Subsection 3.1.1, the log-likelihood function of the 
EF-C distribution by n-observations with the help of equation (11) is
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(14)

The q  and l  values that maximize this likelihood function are obtained by 
solving the following nonlinear constrained optimization problem:

3.3.	 Exponentiated	Lomax	distribution

Since the support set of the Pareto distribution is larger than q , another type of 
Pareto distribution with support over the entire positive real set is considered. 
This distribution is known in the literature as the Pareto Type II or Lomax 
distribution. For further discussion on this distribution see Giles et al. (2013). 

The pdf and the cdf of Lomax (L) distribution are given by

(15)
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(16)

Exponentiated Lomax (Exp-L) distribution is an extension of Lomax distribution. 
It is defined by exponentiating the Lomax distribution to positive real valued 
power parameter g .

The corresponding pdf and cdf of Exp-L distribution are defined as:

(17)

(18)

3.3.1.	Maximum	likelihood	estimates	of	the	parameters	of	Exp-L	distribution

Based on the random samples 1 2, , , nX X X  from the population whose pdf is 
given with (18), the log-likelihood function for the parameters ,g a , and s  of 
the Exp-L distribution is

(19)

The first order partial derivatives of (19) with respect to ,g a , and s  are as 
follows:
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(20)

(21)

(22)

The maximum likelihood estimates of the parameters ,g a , and s  can be obtained 
by solving equations (20)-(22) after equating them to zero. The solution of three 
equations above does not have a closed form therefore numerical techniques 
such as Newton–Raphson method can be used to solve the above system of 
equations, see Salem (2014).

3.4.	 Exponentiated	Fréchet	distribution

An exponentiated Fréchet distribution determined by the large exponentiation 
parameter may be heavier-tailed than its baseline distribution. For this reason, 
the exponentiation parameter is added to the already heavy-tailed Fréchet 
distribution and the Exp-F distribution is obtained. 

Considering equations (10) and (12), the relevant pdf and cdf are as follows:

(23)

(24)
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Kotz and Nadarajah (2000) can be shown as a reference where both application 
areas are given and some of Exp-F distribution features are introduced.

3.4.1.	Maximum	likelihood	estimates	of	the	parameters	of	Exp-F	distribution

The log-likelihood for a random sample 1 2, , , nX X X  from (24) is:

(25)

The first order partial derivatives of (25) with respect to g  and l  are as follows:

(26)

(27)

Equating these two expressions (26) and (27) to zero and solving them 
simultaneously yields the ML estimates of the g  and l .

The survival-function-based version of this Exp-F distribution has been 
studied in detail by Nadarajah and Kotz (2003).

4. Application 

In this section, an illustration on the applicability of proposed exponential 
Fréchet composite (EF-C), exponentiated Lomax (Exp-L) and exponentiated 
Fréchet (Exp-F) distributions is given by considering Danish fire losses data set 
used by different researchers because of the well-known Danish fire insurance 
losses having high heaviness at its tail.
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To compare the distributions some criteria such as Akaike information 
criterion (AIC) and Kolmogorov-Simirnov (K-S) statistics are considered. The 
better-fitted distribution corresponds to smaller AIC, and KS values. These 
values are calculated from the following equations:

where k is the number of parameters, n is the sample size and LL is the maximized 
value of the log-likelihood function under the considered model.

Kolmogorov Simirnov Statistics (KS)

where ( )nF x  denotes the empirical distribution based on ordered sampling from 
hypothetical distribution.

The fitting results of models are summarized in Table 1. Here, Table1 also 
includes fitting results of baseline models (Lomax and Fréchet), and exponential 
Pareto composite model of Teodorescu and Vernic (2006) to make a comparison.

Table 1. Fitting results of model

Model Parameter Estimates AIC K-S

Lomax (L)
 5.1694a =

11. 03ˆ 90s =
10108 0.2901

Fréchet (F) 1. 42ˆ 76l = 8940.2 0.2580

Exp-Pareto-Comp. (EP-C) 2. 99ˆ 21q = 11765 0.3322

Exp- Fréchet – Comp. (EF-C)

0. 90ˆ 53q =

0. 99ˆ 85l =

0. 64ˆ 73b =

11640 0.3924

Exponentiated Lomax (Exp-L)

34. 00ˆ 50g =

 3.0135a =

0. 67ˆ 64s =

8205.8 0.0603

Exponentiated Fréchet (Exp-F)
2. 00ˆ 08g =

 2.0103l =
7937.7 0.0481
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According to Table1, Exp-F distribution gives the best fit to Danish fire losses 
data in three models. Right after this distribution, as the second competitor, it 
can be said that the Exp-L distribution fits well. According to K-S and AIC 
criteria, the EF-C distribution is the model that gave the worst fit.

5. Conclusion

Exponentiating of distributions known as heavy-tailed distributions can be 
more successful in modeling heavy-tailed data than other distributions in the 
literature because exponentiation parameter adds more flexibility to the shape of 
the baseline distribution. This is demonstrated both analytically and practically 
on a sample heavy-tailed dataset.

Notice that the estimation of the exponentiation parameter of the Exp-L 
distribution in the application data is quite large. As a result, the Lomax 
distribution, which is the baseline distribution, is not very successful in modeling 
the data on its own, while its exponentiated version shows better modeling 
success. Similar result to the Exp-L distribution is also obtained for the Exp-F 
distribution. However, the estimation of the exponentiation parameter of the 
Exp-F distribution for this sample data set is not very large. This may be due 
to the fact that the Fréchet distribution is a heavier-tailed distribution than the 
Lomax distribution.

By considering mixed models of exponentiated heavy-tailed distributions, 
the modeling success can be examined for future studies.
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1. Introduction

This work is inspired by the “quadratic rank transmutation map (QRTM)” 
proposed by Shaw and Buckley (2007).  The mapping is given as

    (1.1)

where   [0,1]uÎ  and   [ 1,1]lÎ - . Many distributions have been derived using this 
transmutation. Such that Abd El Hady (2014) proposes a new modification of 
the Weibull distribution based on exponentiated QRTM. Alizadeh et al. (2017) 
generates family of distribution by considering exponentiated distribution. 
Merovci (2013) proposes a new distribution by considering the exponentiated 
exponential distribution. Eltehiwy and Ashour (2013) introduces transmuted-
exponentiated-modified-Weibull distribution. Ashour and Eltehiwy (2013) 
introduces transmuted-exponentiated-Lomax distribution. Mansour et al. (2015) 
introduces a new “transmutation map” with two parameters. Mansour and 
Mohamed (2015) introduces a new Lindley distribution by addresing the work 
of Mansour et al. (2015). Das and Barman (2015) introduces a generalization of 
QRTM by considering sum of k-dimensional vector of transmutation parameters. 
There are two similar studies, which are the generalized transmuted G family 
by Nofal et al. (2017) and generalized transmuted-Weibull distribution by Nofal 
and El Gebaly (2017). Also, by taking into account recent works, Saboor et al. 
(2019) introduces a transmuted generalized Gamma distribution.
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In this study, a new “polynomial rank transmutation” is proposed 
additionally to Shaw and Buckley (2009). As the parameter set is still quite 
complex, a new “cubic rank transmutation” is introduced based on the failure 
distributions of 3-component systems is introduced. Statistical and reliability 
properties of the “cubic rank transmuted” distribution are examined in general. 
In particular, some “mathematical” and “statistical” properties are examined by 
considering the baseline distribution as exponential. In order to demonstrate the 
success of the proposed model, two practical examples are included at the end 
of the study.

2. Motivation

Shaw and Buckley (2009) proposes “polynomial rank transmutation map” 
to demonstrate Skew-kurtotic transmutations. Figure 3 of Shaw and Buckley 
(2009) indicates that admissible parameter region. On the other hand, the points 
on Figure 5 of Shaw and Buckley (2009) show some special cases related to 
distributions of order statistics up to 3-sized sample. This present work is aimed 
to suggest a new “polynomial rank transmutation” with more simple structure 
according to its parameter region. Let G(u) stand for the “polynomial rank 
transmutation” defined on [0, 1].

   (2.1)

Then, with (0)  0G =  and (1) 1 G = . Note that, 1l  and 2l  are the transmutation 
parameters. Parameter region will be defined with following discussion.  Since  
G should be non-decreasing, non-negativity of the first derivative of G will be 
examined.  Thus, the parameter region can be stated.  Note that, g stands for the 
first derivative of (2.1). Then, 

  (2.2)

Hence, ( )1 2 10, , 1  0g l l = + l ³  and ( )1 2 1 21, , 1  0 g l l = - l -l ³ both requires 
that

    (2.3)
 Considering both inequalities simultaneously 2  2l £  is clearly obtained.  

By taking into account eq.  (2.2), it is seen clearly that 1 2( , , )g u l l  is a 
concave function for 2 (0, 2]l Î . 1 2( , , )g u l l  will take non-negative values 
when the inequalities in (2.3) are hold. For 2  0l £ , the sufficient conditions on 
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non- negativity of 1 2( , , )g u l l  will be investigated. In this case, convexity of 

1 2( , , )g u l l   requires that it has a minimum point. If this minimum point lies the 
interval (0,1 ) , ( )1 2, , 0g u l l ³  holds at that point. Accordingly, the minimum 
point is obtained by taking the derivative of the eq. (2.2) and equating it to zero 
as follows:
   (2.4)

Then, the value of 1 2( , , )g u l l  at *u  must satisfy

   (2.5)

Note that the value of the numerator in (2.5) is non-positive.  Considering the 
numerator in (2.5) as a function of 1l , and equating it to zero, the roots of the 
statement are given by

   (2.6)

Here, the condition 24- £ l  must also occur in order for the roots to be real 
valued. Thus, under the condition 24 0- £ l < , Lower and upper bounds for 1l  
are obtained as follows:

   (2.7)

For these bounds, the numerator in (2.5) has a negative sign. The range of 1l  
is as in (2.7) for [ )4, 0l Î - . However, the minimum value of the lower bound 
in (2.7) can be 1- , while the maximum value of the upper bound can be 3. As 
a result, the range of 1l  is [ 1, 3]- . Thus, combining these results, the parameter 
region for 1 2( , )l l  can be drawed as in the Figure 1.

Figure 1. Region of the parameter set (shaded regions)
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Considering the discussions so far and Figure 1, it can be said that it is possible 
to generate many cubic distributions from equation (2.1) with the baseline 
distribution F. Now, let’s see what known distributions occur when the pair 
( )2 1,l l  takes integer values (see Table 1).

 Table 1. Some generated distributions for integer valued parameters.

2l 1l
Some Generated 
Distributions 2l 1l

Some Generated 
Distributions

−4 2 3 24 6 3F F F- + −1 0 3 2F F F- +

−3 0 3 23 3F F F- + −1 1 3 22 2F F F- +

−3 1 3 23 4 2F F F- + −1 2 3 2 *3 3F F F- +  

−3 2 3 23 5 3F F F- + 0 −1 2*F

−3 3 3 23 6 4F F F- + 0 0 *F

−2 0 3 22 2F F F- + 0 1 22 –F F *

−2 1 3 22 3 2F F F- + 1 −1 2 32F F- *

−2 2 3 22 4 3F F F- + 1 0 2 3F F F+ - *

−1 −1 3*F 2 −1 2 33  2F F- *

The starred distributions in Table 1 are some well-known failure distributions. 
Accordingly, the relevant explanations are as follows:

Let X1, X2 and X3 are the random sample  from the population F. Let Xr:3  
be the corresponding rth order statistic. When the table is checked from top 
to bottom in order, starred distributions respectively indicate as the failure 
distributions of the lifetimes of three-component parallel system (3-out-of-1 
system) and  three-component series system (3-out-of-3 system) and the 
lifetimes of { }{ }1 2 3max ,min , X X X  and { }{ }1 2 3min ,max , X X X  (these are 
another three- component systems) and three-component system (3-out-of-2 
system). On the other hand, the remaining distributions respectively indicate the 
failure distribution of the lifetime of the two-component parallel system, namely 
distribution of { }2:2 1 2 max , X X X=  and the failure distribution of the lifetime of 
the two-component series system, namely distribution of { }1:2 1 2min , X X X= . 
Needless to add, the starred F shows the failure distribution of the lifetime of the 
single component.
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In this case, in addition to the distributions produced by the “quadratic 
transmutation”, more informative distribution functions occur. However, the set 
of the transformation parameters of the proposed “cubic transmutation” is still 
complicated.

To overcome this problem, the concept of the signature of the reliability 
of the coherent system is recommended. (see, Eryilmaz (2014), Franko et al. 
(2015)).  Following discussion are come up with inspired by both works of 
Shaw and Buckley (2007) and Yilmaz et al. (2015).

and

,

where F(t) indicates the failure distribution of the component lifetime, 
namely, 1 ( ) ( )Pr X t F t£ = . Hence there exists a stochastic ordering relation 

such as 1:2 2:2 st stX X X  . In this case, these three failure distributions can be 

ordered as ( ) ( ) ( ) ( )2 2 2F t F t F t F t£ £ - . From the latter inequality, ( )F t  is 
represented by a convex combination of ( ) ( )22F t F t-  and ( )2F t  where the 

value of the combination parameter is 1
2

. On the other hand, it is possible to 

obtain many distributions besides F. Let G stand for the distribution obtained by 
this convex combination. Then, for [ ]0,1 dÎ , we have

   (2.8)

By taking 1
2
+ l

d =  to attain “quadratic rank transmutation”. Now, the new 

parameter l  takes the values in [ ]1,1 - . As can be seen immediately, 0l =  
corresponds to 1d = . In eq. (2.8), substituting d  by l , we have

   (2.9)

The above expression is the “quadratic rank transmutation” proposed by 
Shaw and Buckley (2007). Now, similarly, below discussion is concentrated on 
3-component systems. Let X1, X2 and X3 be independent random variables from 
F. Let Fr:3  be the distribution of the rth order statistics. Then we have
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   (2.10)

  (2.11)

  (2.12)

According to Yilmaz et al. (2015), the properties 3:3 2:3 1:3F F F£ £  and 

3:3 2:3 1:3
1 1 1
3 3 3

F F F F= + + . It can be seen that, F is a convex combination of 1:3F , 

2:3F  and 3:3F . On the other hand, there is also an ordering for F such that 

3:3 1:3   F F F£ £ . If 2:3F  is also included in this ordering, we have 3:3 2:3 1:3F F F F£ £ £  

for 1
2

F ³  and for 1
2

F < , 3:3 2:3 1:3F F F F£ £ £ . Hence, a convex combination 

can be suggested to cover both ordering situations. So, it is aimed to determine 
exactly where F is. In this case, the following convex combination is obtained 
by 1:3F  and 2:3F , called as *G . 

   (2.13)

where [ ]1 0,1d Î . Now, let’s write a convex combination between G* and F3:3. 
Denoting this convex combination by G, we have 
   (2.14)

where [ ]2 0,1d Î . Combining with the equations (2.13) and (2.14), we obtain G 
as 
   (2.15)

If the notation F is used for the representation of Fr:3, and rearranging with 
respect to polynomial degree of F, the following expression is obtained: 

  (2.16)

Undoubtedly, G is a distribution function. However, reparameterization is made 
on the model in order to achieve the similar structure of the “quadratic rank 
transmutation”. Now, by taking üw À  and 2 2 1 2w = d - d d , eq. (2.16) can be 
rewritten as follows: 

   (2.17)
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where [ ]1 2, 0,1w w Î . In eq. (2.17), by the reparametrizing as 1
1

1
3

w + l
=  and 

2
2

1
3

w + l
= , we have 

   (2.18)

where [ ]1 2, 1,2l l Î - . Since 2 1 2w wd = + , the parameter set is also constrained 

by the condition 1 2 1l + l £ . Consequently, the parameter set of 1l  and 2l  is 
presented in a simpler form than the parameter region given in Figure 1. This 
transmutation defined in eq. (2.18) is called as “cubic rank transmutation” and 
transformed distribution G is named as CRT-F.

As can be seen immediately, CRT-F defines a “quadratic rank transmuted” 
distribution at 2 0l = , and 1 2 0l = l =  gives the baseline distribution F. For 
this reason, CRT-F can be seen as a generalized form of QRT. The parameter set 
of 1l  and 2l , which is defined as ( ) [ ]{ }1 2 1 2 1 2, : , 1,2 , 1l l l l Î - l + l £  can be 
figure out in Figure 2.

Figure 2. The parameter set of CRT-F (shaded region)

Now, if the integer values of 1l  and 2l  are taking into account, the generated 
distribution functions can be determined by the Table 2.
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Table 2. Identifications of CRT-F distribution for integer valued 1l  and 2l

1l 2l CRT-F  Identification  

-1 -1 3F  Distribution of 3:3X   

-1 0 2F  Distribution of 2:2X   

-1 1 2 32F F-  Distribution of { }{ }1 2 3, ,max X min X X   

-1 2 2 33 2F F-  Distribution of 2:3X   

0 -1 3 2F F F- +  
1:3 3:3

1 2 
3 3

F F+
 

0 0 F  Baseline Distribution  

0 1 2 3F F F+ -  Distribution of { }{ }1 2 3, ,min X max X X   

1 -1 3 22 2F F F- +  
 

1:3 3:3
2 1
3 3

F F+
 

1 0 22F F- Distribution of 1:2X   

2 -1 3 23 3F F F- +  Distribution of 1:3X   

Table 2 shows that Table 1 of Shaw and Buckley (2009) is covered by CRT-F. 
Note that, by taking into account the parameter set of (2.18), the distribution 

family CRT-F is different as compared with other two families proposed by 
Granzotto et al. (2017) and Rahman et al. (2018).

2.1.	 Probability	density	function	of	CRT	random	variable

From using the equations (2.18) and (2.15) the probability density function (pdf) 
of the CRT random variable is given by

  (2.19)

2.2.	 Moment	generating	function	of	CRT	random	variable

By using the eq. (2.19) the moment generating function (mgf) of the CRT 
random variable can be obtained as
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   (2.20)

and kth raw moments of CRT random variable can be obtained as 
  (2.21)

2.3.	 Survival	function	of	CRT	random	variable

The survival function obtained from (2.18) is given by

  (2.22)

2.4.	 Hazard	rate	function	of	CRT	random	variable

Using the equations (2.19) and (2.22) the hazard rate function (hrf) of CRT-F is

  (2.23)

 with ( ) ( ) ( )10 1 0G Fr r= + l  and ( ) ( )G Fr r¥ = ¥ .

Following proposition and theorem provide monotonicity properties of the hrf 
of CRT random variable.

Proposition 2.1. The following requirements relate to the monotonicity property 
of ( )G tr  according to the baseline hrf.

(a) If rF(t) increases in t with ( ) 0d f t
dt

³ , and 1 2, 0l l ³ , rG(t) increases in t.

(b) If rF(t) increases in t with ( ) 0d f t
dt

³ , and 2 0l <  and 1 22l ³ -l , rG(t) 

increases in t.

(c) If rF(t) increases in t with ( ) 0d f t
dt

£ , and 2 0l ³  and 1 22l £ - l , rG(t)  

increases in t. 
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(d) If rF(t) increases in t with ( ) 0d f t
dt

£ , and 2 0l £  and 1 22l £ - -l , rG(t)

increases in t.
(e) If rF(t) decreases in t, and 20.5 0- £ l £  and 2 1 22 2- l £ l £ - l , rG(t)

decreases in t.

Proof. From (2.23) hrf of G(t) can be written as
(2.24)

The first derivation of rG(t) depends on both the derivation of hrf of the baseline 
distribution and the second derivation of ( ) ( )( )2

1 21log F t F t- - l - l . Hence,
the second derivative of the RHS statement in (2.24) is given by 

(2.25)

(a) Positivity of (26) is provided. Hence G is also an IHR (Increasing
hazard rate) distribution. Monotonicity is satisfied. 

(b) Positivity of first summand in (2.25) is satisfied with 1 22l ³ - l .
Besides, the fact that positivity of the second summand depends on positivity of 
the expression ( ) ( )22

2 1 2 1 22 1 2u u ul - l - l + l + l  where [ ]0,1u Î . Expanding

this statement as 2 2 2
2 1 2 1 22 2 2u ul + l l + l + l , then this statement is a convex 

function of u on (0, 1). In this case, positivity of the value of the function at 
the minimum point is sufficient for the second summand to be positive. This 

function reaches the minimum value of 
2
1

22
2

l
l + at 1

22
*u l

= -
l

. Therefore, it is 

ensured that the minimum value is positive as long as the condition 2
1 24l ³ - l

is satisfied. Combining this condition with 1 22l ³ - l , the result should not be

1 0l < . Hence, 1 22 ,2é ùl Î -lë û  is provided.
(c)-(d) Proofs are similar to (b) 
(e) Negativity of first summand in (2.25) is satisfied with 1 22l ³ - l

Furthermore, negativity of the second summand depends on negativity of 
the endpoints of the function ( ) 2 2 2

2 1 2 1 22 2 2u u ur = l + l l + l + l , [ ]0,1u Î

since ( )ur  is a convex function of u. Here, both ( ) 2
1 20 2 0r = l + l £  and 

( ) 2 2
2 1 2 1 21 2 2 2 0r = l + l l + l + l £  must be satisfied. This results yields that 

first condition is 1 22l £ - l  and the second is ( )1 2 2 20 2£ l £ -l + -l + l .

.
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By combining these conditions with 1 22l ³ - l , bounds for 1l  can be 

achieved as { } ( ){ }2 1 2 2 2 20, 2 2 , 2max min- l £ l £ - l -l + -l + l  and then 

2 1 22 2- l £ l £ - l  is provided.  

The following theorem relates to the monotonicity of the hrf according to 

1l  and 2l .

Theorem 2.2.  is a nondecreasing function in 1l  and 2l . Here  is a 

parameter set and defined by ( ) [ ]{ }1 2 1 2 1 2, , : , , 1,2 , 1 kq l l Î l l Î - l + l £ .

Proof. From the last equality in (2.23) the sign of  is related to the sign 

of ( )1 2,
j

¶
y l l

¶l
 for 1,2j =  where ( ) 1 2

1 2 2
1 2

2,
1

u
u u

æ öl + l
y l l = ç ÷- l - lè ø

. Hence, we 

have the following expressions:

and

Following theorem is about stochastic, hazard rate and likelihood ratio orderings 
between CRT random variable, T and the baseline random variable, X.

Theorem 2.3. Following orderings hold by T and X according to transmutation 
parameters 1 l  and 2l .

(a) 2 0l £  and [ ]1 2 0,1l + l Î  or 2 0l >  and 1 0l > Þ  T is stochastically 

smaller than X, i.e., stT X£ ,

(b) 2 0l £  and 1 0l £  or 2 0l >  and [ )1 2 2,0l + l Î -  Þ  X is stochastically 

smaller than T, i.e., stX T£ ,

(c) 2 0l £  and 1 22l ³ - l  or 2 0l >  and 1 0l > Þ  T is smaller than X in the 
hazard rate order, i.e., hrT X£ ,
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(d) 2 0l £  and 1 0l £  or 2 0l >  and 1 22l < - l Þ  hrX T£ , 

(e) 2 0l £  and 1 2l £ l  or 2
10,
2

æ ùl Îç úè û
 and 1 22l < - l Þ  X is smaller than T in 

the likelihood ratio order, i.e., lrX T£ ,

(f) 2 0l ³  and 1 2l ³ l  or 2 0l <  and 1 22l > - l Þ  lrT X£ . 

Proof. (a) From the equation (2.22) the sign of 1 2ul + l  indicates this ordering 
is valid or not. Hence, for 2 0l £  positivity of 1 2ul + l  which depends on 

1 2 0l + l ³  guarantiates F G³ . For 2 0l > , positivity of 1 2ul + l  implies 

1 0l > . This case quarantiates also F G³ . 

(b) For 2 0l £  negativity of 1 2ul + l  which depends on 1 0l £  guarantiates 
F G£ . For 2 0l > , negativity of 1 2ul + l  implies 1 2 0l + l < . This case 
quarantiates also F G£ . 

(c) From the equation (2.24), the sign of 1 22 ul + l  indicates this ordering 
is valid or not. For 2 0l £  positivity of 1 22 ul + l  which depends on 

1 22l ³ - l  i.e. [ ]1 2 2 ,1l + l Î -l  guarantiates G Fr r³ . For 2 0l > , 

positivity of 1 22 ul + l  implies 1 0l > . This case quarantiates also G Fr r³ . 
(d) Proof is similar to (c). 

(e) From the equation (20), monotonicity of 
( )
( )

g t
f t

 can be determined 

by checking of the sign of 2 1 23 ul - l - l . For 2 0l £  positivity of 

2 1 23 ul - l - l  which depends on 2 1l ³ l  guarantiates that ( )
( )

g t
f t

 is 

an increasing function in t. Similarly, for the case 2 0l > , 1 22l < - l  

guarantiates increasingness of 
( )
( )

g t
f t

. 

(f) Proof is similar to (e). 

3. Generating a random number from CRT distribution

In order to generate a random number from CRT-F, let us recall that CRT-F is 
represented by a mixed distribution as in eq. (2.15). Here mixing components 
are lifetime distribution of 3-out- of-3-system, lifetime distribution of 2-out-of-
3-system and lifetime distribution of 1-out-of-3-system, respectively.  Mixing 
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weights are respectively 11
3

+ l  , 21
3

+ l  and ( )1 21
3

- l + l
 where [ ]1 2, 1,2l l Î -  

and [ ]1 2 2,1l + l Î - . According to this, following steps are suggested to generate 
a random number from CRT-F: 

Step1: Three random numbers X1, X2, X3 are independently generated 
from the baseline distribution F.  

Step2. The random number U is generated from the uniform 
distribution on (0, 1).

Step3:
If 11

3
U + l

£ , a random number T from G is { }1 2 3, ,min X X X .

Step4:
If 1 22

3
U + l + l

£ , 

T is { } { } { }{ }1 2 1 3 2 3, , , , ,max min X X min X X min X X , 
otherwise 
T is { }1 2 3, ,max X X X . 

The following section includes studies on the special case of an exponential 
distribution considered as the baseline distribution. Pdf, mgf, raw moments, 
expected value, variance, skewness and kurtosis are examined. Some reliability 
characteristics of CRT-E distribution such as survival, hrf rate and mean residual 
life functions are discussed. Maximum likelihood estimation process and 
Expectation-Maximization (EM) algorithm are proposed for the estimations of 
the parameters of the CRT-E distribution.

4. Special case: exponential baseline

In this section, exponential distribution is assumed that the baseline distribution 
for cubic transformation. A brief description of this special distribution, the 
graphs of the pdf and the hrf are given.

4.1.	 Pdf	of	CRT-E	random	variable

Let us take the baseline distribution as ( ) 1 , 0,  0tF t e t-q= - > q > . Then, using 
(2.19) we have the pdf of CRT-E distribution as follows:

(4.1)
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where, [ ]1 2 1 20,  , 1,2 , 1q > l l Î - l + l £ . The latter impression above says that 
the pdf can be expressed as the arbitrary sums of the exponential pdfs with the 
parameters ,2q q  and 3q . A random variable T having the above pdf is called 
as CRT-E random variable. Figure 3 illustrates shapes of the pdf of a CRT-E 
random variable for the selected values of the parameters 1l  and 2l  for 1q = .

Figure 3. Some possible shapes of pdf of CRT-E random variable for 1q =

4.2.	 Moment	generating	function	and	raw	moments	of	CRT-E	random	variable

Using the form of the pdf given in (4.1), the mgf and kth raw moments 
respectively are as follows:

(4.2)

4.3.	 Expected	value,	variance,	skewness	and	kurtosis	of	CRT-E	random	variable

First moment can be obtained by using (4.2) as
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When 1 2
2
3

l < - l , CRT-E random variable has more long life expectancy than 

the exponential random variable. The variance of CRT-E random variable can 
be obtained as 

Furthermore, by using some algebraic operations, ( )Var T  lies in an 

interval 2 2

1 53[ , ]
9 36q q .

Now, the skewness coefficient of the CRT-E will be compared with the 
exponential distribution. The coefficient of the skewness of the exponential 
distribution is 2g = , and the skewness coefficient of the CRT-E is obtained as 
follows: 

The lower and upper bounds for CRT E-g  can be obtained as 1.3610 4.0549CRT E-£ g £  
4.0549 by taking into account critical points ( ) ( )1 2, 0.5697, 1l l = - -  and 

( ) ( )1 2, 1.8809, 1l l = - . Acoording to this bound, CRT-E is a positively skewed 
distribution. CRT-E is both positive and negative skewed relative to exponential 
distribution. The coefficient of the kurtosis of CRT-E can be given as 

Accordingly, lower bound is 6.0017CRT E-k =  for ( ) ( )1 2, 0.4108, 1l l = - -  and 
upper bound is 33.1793CRT E-k =  for ( ) ( )1 2, 1.9209, 1l l = - . Since the kurtosis 
coefficient of the exponential distribution is 9, the CRT-E distribution exhibits 
sometimes a tinner tailed distribution, and sometimes a fatter tailed distribution 
according to exponential distribution.

4.4.	 Survival,	hazard	rate	and	mean	residual	life	functions	of	CRT-E	random	
variable

From the equation (2.22), the survival function of the CRT-E random variable 
is obtained as
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where, [ ]1 2 1 20,  , 1,2 , 1q > l l Î - l + l £ . Using the equation (2.23) the hrf of 
CRT-E is given by

Figure 4 indicates some possible shapes of the hrf of the CRT-E random variable 
with respect to some values of the parameters 1l  and 2l  for 1q = .

Figure 4. Some possible shapes of the hrf of CRT-E random variable for 1.q =

Other important characteristic of the lifetime random variable is the mean 
residual life function (mrl) which is defined by

The mrl function for the CRT-E random variable is given as

with 1( )tlim m t®¥ =
q

.
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4.5.	 MLE	of	the	parameters	of	the	CRT-E	distribution	

Let 1 2, , , nt t t  be a random sample of size n from CRT-E distribution. Log-
likelihood function of CRT-E can be written with respect to the parameter set 
( )1 2, ,l l q  as follows:

We have to maximize   with the constraints 1 2 1l + l £  and [ ]1 2, 1,2l l Î - . 
Accordingly, partial derivatives of   on 1 2,l l  and q  can be given by

The maximum likelihood estimations of ( )1 2, ,q l l  is obtained by equating 
these equations to zero, and solving this nonlinear system of equations. It is 
usually more convenient to use constrained nonlinear optimization algorithms 
to maximize the log-likelihood function numerically.

4.6.	 EM	 algorithm	 for	 the	 estimations	 of	 the	 parameters	 of	 the	 CRT-E	
distribution

According to equation (2.19), pdf of CRT-E random variable can be written as

  (4.3)
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where ir ’s are positive and 1 2 3 1r + r + r = , and ( ) ( )2
1 ; 3 ( ; ) ;f t F t f tq = q q , 

( ) ( ) ( )2 ; 6 ( ; ) 1 ( ; ) ;f t F t F t f tq = q - q q , ( ) ( ) ( )2
3 ; 3 1 ( ; ) ;f t F t f tq = - q q .

The constrained log likelihood function can be written with respect to the 
parameter set ( )1 2 3, , ,r r r q  as follows:

Accordingly, equating the partial derivatives of   on 1 2 3, ,r r r , ne = and q  to zero, 
we have

The first three equations respectively are multiplied by mr , (m = 1,2,3) and then 
ne =  is obtained by summing up them. The probability that the jth observation 



MIXTURES OF THE K-OUT-OF-3 SYSTEMS    197

comes from the mth component is denoted by 
( )

( ) ( )
1 2 3

;
; , , ,
m m j

j mj

f t
P m t P

g t
r q

= =
q r r r

 

and taking into account fourth equation above we have

In this case, the fifth equation becomes as follows: 

	(4.4)

 Now, we find the respective derivative expressions as follows:

If these equations are written in the expression (4.4), we get the following 
equation

  (4.5)

Iterative procedure starts with setting initials (0)
1r , (0)

2r  and (0)q . (0)
mjP  is 

calculated according to the given initials. Then, new (1)
1r  and (1)

2r  are calculated. 
(1)q  is solved from the eq. (31) by using (0)

mjP . Thus, ( )(1)
1 2 3, , ,r r r q  is 

obtained. According to the iteratively obtained parameter set ( )(1)
1 2 3, , ,r r r q , 

(1)
mjP  is calculated. Using the new recurrence value for the parameter set, 

( )(2)
1 2 3, , ,r r r q  is obtained. These operations will continue until the difference 

( ) ( 1)k k --   is smaller than the desired value 0z > . Thus, cubic transmutation 
parameters are estimates as 3 1, 2ˆ  1,ˆ

m m ml = r - =  and 3 1 2
ˆ ˆ ˆ1l = - l - l .
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5. Real data applications

In this section, modeling success of the CRT-E distribution is considered 
primarily by exponential distribution and quadratic transmuted exponential 
distribution (Data Set 1). Additionally, comparisons are made with the 
appropriate distributions obtained by considering the application section of 
Matlab distribution fitting (Data Set 2). Moreover, modeling examples in the 
literature are compared with CRT-E for both data sets. Using ML estimates of 
the model parameters, the results of Kolmogorov Simirnov goodness-of -fit test 
and the Akaike Information Criterion (AIC) are calculated to make a comparison 
of modeling performance of the CRT-E.

Data Set 1. (Coal mine accidents data) This data set is obtained by Maguire 
et al. (1952). Adamidis and Loukas (1998) and Kuş (2007) use this data set 
to measure modeling success in their studies. There are many studies similar 
to these studies in the literature. They suggest to use Exponential-Geometric 
(EG) (K-S= 0.0761) and Exponential-Poisson (EP) (K-S= 0.0625) distributions, 
respectively. Besides this, Yilmaz et al. (2016a) uses this data set to illustrate 
modeling succes of two-component-mixed-exponential distribution (2MED) 
(K-S=0.0578). According to Table 3, CRT-E distribution has the best fit amongst 
the other distributions (including the EG, EP and 2MED).

Table 3. ML estimates, K-S statistics and AIC values for Exponential,  
T-E and CRT-E Distributions (Coal Mine Accidents Data)

Model
Parameter 

Estimations
K-S (p value) AIC

Exponential 0. 42ˆ 00q = 0.0906 (0.3129 1415.6

Transmuted- Exponential
0. 28ˆ 00q =

0. 22ˆ 67l =
0.0627 (0.7603) 1412.2

CRT-E

0. 19ˆ 00q =

1 1. 48ˆ 75l = 0.0574 (0.8449) 1411.3
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Data Set 2. (Wheaton river flood data) This data set is analyzed by Choulakian 
and Stephens (2001). Later on, Beta-Pareto (BP) distribution is applied 
to these data by Akinsete et al. (2008). Bourguignon et al. (2013) propose 
Kumaraswamy Pareto (Kw-P) distribution. Merovci and Puka (2014) makes a 
comparison between Pareto (P) and transmuted-Pareto (TP) distribution. They 
showed that better model is the transmuted-Pareto distribution. Tahir et al. 
(2016) proposes Weibull-Pareto (WP) distribution and made a comparison with 
Beta-Exponentiated-Pareto (BEP) distribution. Nasiru and Luguterah (2015) 
proposes a different type of Weibull-Pareto (NWP) distribution. Exponential-
Modified- Discrete-Lindley (EMDL) distribution (K-S= 0.1162 , AIC= 507.6 ) is 
applied to these data by Yilmaz et al. (2016b). We fit data to CRT-E, Transmuted-
Exponential distributions and additionally Dagum and Weibull distributions. 
According to the model selection criteria (AIC) tabulated in Table 4, CRT-E 
takes the first place amongst 5 proposed models.

Table 4. ML estimates, K-S statistics and AIC values for Dagum, Weibull, 
Exponential, T-E and CRT-E Distributions (Wheaton River Flood Data)

Model Parameter Estimations K-S (p value) AIC

Dagum 

q̂ = 30.2023

4. 39ˆ 79a =

0. 65ˆ 12k =

0.1107 (0.317) 508.390

Weibull
q̂ = 11.6322

0. 12ˆ 90b =
0.1050 (0.377) 506.996

Exponential 0. 19ˆ 08q =
0.1422 (0.098) 506.260

Transmuted-
Exponential

0. 55ˆ 07q =

0. 68ˆ 16l =
0.1310 (0.155) 507.930

CRT-E

0. 45ˆ 09q =

1 0. 56ˆ 38l =

2 1. 00ˆ 00l = -

0.0740 (0.610) 503.750
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6. Conclusion

In this study, a new version of “polynomial rank transmutation” is proposed. 
Immediately after this proposal, a “new cubic rank transmutation” is introduced 
with the simpler paremeter space. The pdf and hrf of the CRT-F are obtained. 
Based on order statistic, the moments and the mgf are derived. CRT-F has an 
increasing, a decreasing, and non-monotonic hrf for lifetime data. Stochastic, 
hazard rate and likelihood ratio orderings are investigated between the CRT-F 
and its baseline distribution. A simple algorithm is detailed to generate a random 
number from CRT-F. Specially, the corresponding analytical shapes of the pdf 
and hrf of the CRT-E are obtained. The explicit expressions for the moments 
and the mgf are also derived. Some discussions on expected value, variance, 
the coefficients of skewness and kurtosis of CRT-E with respect to exponential 
distribution are given. The method of MLE and EM algorithm to estimate 
parameters of CRT-E are also discussed. The usefulness of the new model is 
illustrated by two applications of real data using MLE. Based on goodness-
of-fit measure and AIC, it is concluded that the CRT-E distribution provides 
best fits to the coal mine accidents data and Wheaton river flood data compared 
with other alternatives. It can be said that the proposed “cubic transmuted” 
distribution family will be succesfully used on the analysis of real data with 
wider applications.
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1. Introduction

Assessing the process capability and performance is very important 
topic in industrial areas. Process capability indices (PCIs) are widely 
used tools in order to measure the capability and performance of a 

process within specifications called as lower specification limits (L), upper 
specification limits (U) and target value (T). For this purpose, the first PCI is 
introduced by (Juran, 1974). Assuming the process distribution is normal with 
process mean μ and process standard deviation σ, several PCIs are developed, 
such as pC , pkC , pmkC  and pmC ; see (Kane, 1986; Chan et al., 1988; Pearn et 
al., 1992). Mentioned PCIs are compared by Choi & Owen (2019). However, 
many industrial processes follow non-normal distributions. For this reason, PCIs 
developed under normality assumption do not perform well, see (Gunter, 1989). 
Therefore, the generalization of PCIs for non-normal process is suggested by 
(Clements, 1989; Constable & Hobbs, 1992; Pearn et al., 2014; Chen et al., 
2019; Mukherjee & Singh, 1997). Recently, Maiti et al. (2010) define a new 
generalized process capability index pykC  that can be used for normal, non-
normal, continuous and discrete quality characteristics. As stated in Maiti et al., 
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(2010), almost all the popular indices are directly or indirectly related with pykC
. This index is simple and comfortable to be used by practitioners and defined as: 

 (1)

where F(.) and em  denote the cdf and median of the process distribution, 

respectively. Here, ( ) ( )( )
2e

F L F UF +
m = , i.e., ( ) ( ) 1F L F U+ = , The lower 1a

-th and the upper 2a -th percentage point of process distribution is determined as 

1 ( )P X LDLa = <   and 2 ( )P X UDLa = > , respectively. LDL and UDL denote 
the lower and upper desired limits, respectively.

Point estimation and construction confidence intervals (CIs) for PCIs 
are two common techniques used to assess process capability in the literature, 
see (Chen et al., 2019). Researchers have developed various point estimation 
methods for PCIs, such as (Pearn & Chen, 2002; (Pearn & Chen, 1997; Pear 
et al., 1998; Pearn and Chen, 2002). Hsiang & Taguchi (1985) introduce the 
construction of confidence limits for PCIs. Then, several authors have studied 
on construction of confidence intervals for non-normal process distributions, 
see (Peng, 2010a; Peng, 2010b; Leiva et al., 2014; Chou et al., 1990; Franklin & 
Gary , 1991; Kashif et al., 2010., 2010; (Kashif et al., 2017; Weber et al., 2016; 
Rao et al., 2016; Dey et al., 2018;  Dey & Saha, 2019).

For estimating the parameters of a process distribution, the most frequently 
used estimation method is well-known maximum likelihood (ML) methodology, 
see (Mukherjee & Singh, 1997; Maiti et al., 2010;  Rao et al., 2016; Dey et al., 
2018; Saha et al., 2018). However, ML methodology doesn’t perform well in 
some cases, especially, in the case of small samples and presence of outliers. 
Therefore, researchers use other estimation methods to estimate parameters of 
process distributions and propose PCIs by using estimated parameters, such as 
(Dey & Saha, 2019; Saha et al., 2018; Jabbari Nooghabi, 2020; Gedik Balay, 
2021).

In this paper, we propose ˆ
pykC  based on ML, least squares (LS), weighted 

least squares (WLS), Anderson Darling (AD) and Right-tail Anderson-Darling 
(RAD), Cramèr-von-Mises estimators (CVM) and maximum product of spacing 
(MPS) estimators for parameters of Lomax distribution. Then we compare their 
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performances in terms of bias and mean squared error (MSE) criteria. Further, 
three bootstrap confidence intervals (BCIs), namely standard bootstrap (SB), 
percentile bootstrap (PB) and bias-corrected percentile bootstrap (BCPB) are 
considered for obtaining CIs of pykC based on proposed estimators. We also 
compare coverage probabilities (CP) and average lengths (AL) of them.

To the best of our knowledge, there is no study on pykC  obtained using ML, 
LS, WLS, AD, RAD, CVM and MPS estimators and three bootstrap CIs based 
on them, when the process distribution is Lomax. The reason why we use Lomax 
distribution as the process distribution is that it can be used quite widely applied 
in variety of context, see ( Giles et al. , 2013). It is originally introduced by 
Lomax (1954) for modeling business failure data. However Lomax distribution 
has also been studied for reliability modelling and life testing, see (Hassan & 
Al-Ghamdi, 2009; Hu & .Gui, 2020; Mahmoud et al, 2014). It has also been used 
in economics, actuarial science, bio-science and engineering, see (Holland et al., 
2006). Bryson (1974) suggest that Lomax distribution is a very good alternative 
to exponential distribution when the data are heavy tailed. As far as we know, 
although Lomax distribution gains more attention from researchers, when the 
underlying distribution is Lomax, the PCI pykC  has not been studied.

 The probability density function (pdf) and the cdf of Lomax distribution 
are defined as follows: 

and

respectively. The PCI pykC  for Lomax distribution is 

The estimators of parameters of Lomax distribution to be studied herein 
are defined in the following sections. 
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It should be stated that to the best of our knowledge, this is the first study 
considering ML, LS, WLS, AD, RAD, CVM and MPS estimation of pykC  for 
Lomax distribution and three BCIs based on them. 

The rest of this paper is organized as follows: In Section 2, we develop 
estimators of pykC  for Lomax distribution using different estimation methods. 
In Section 3, BCIs (SB, PB and BCPB) are discussed for ˆ

pykC . Monte Carlo 
simulation study is performed to compare the performance of the proposed 
estimators of pykC  in terms of bias and MSE criteria in Section 4. Further, 
we compare performances of BCIs based on ˆ

pykC  obtained using mentioned 
estimation methods via simulation study in Section 4. In Section 5, we give 
two real data examples for illustrative purposes. Finally, concluding remarks are 
given in Section 6.

2. Different estimation methods of the Cpyk

In this section, we describe seven different estimators, namely, ML, LS, WLS, 
AD, RAD, CVM and MPS to obtain the estimators of parameters of Lomax 
distribution and the corresponding estimator of pykC . 

2.1.	 Maximum	likelihood	estimator

In this section we consider the ML estimate of pykC . First, the ML estimates of 

parameters of Lomax distribution are obtained. Let 1 2, ,..., ny y y  be a random 
sample from Lomax distribution with β and λ parameters. Then the log-
likelihood function is 

By taking derivatives of (5) with respect to parameters of interest, the likelihood 
equations are derived as 

The above likelihood equations have no closed form of solutions, we need to 
use an iterative methods to get the ML estimates of b  and l . We use optim() 
function in the R software to solve nonlinear functions.
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The ML-based pykC is obtained by substituting the ML estimators of 

parameters of Lomax distribution, (1)b̂  and (1)l̂ , in (4) as 

 

2.2.	 Least	squares	estimator

Let (1) (2) ( )... nx x x< < <  be the order statistics of a random sample from Lomax 
distribution. The LS estimators of the parameters β and λ are obtained by 
minimizing the following function with respect to the parameters of interest, see 
(Swain et al., 1988). 

 

Here (.)F  is the cdf of Lomax given in (3). LS estimators of β and λ can be also 
obtained by solving 

where, 

and 

It is obvious that, since equations given in (10) include nonlinear functions, 
numerical methods should be performed to obtain LS estimators of β and λ. 
Substituting the LS estimators of β and λ, say ( )2b̂  and ( )2l̂  in equation (4), we 
can get the estimator of pykC  as 



208    RECENT RESEARCHES AND REVIEWS IN MATHEMATICS AND NATURAL SCIENCE

2.3.	 Weighted	least	squares	estimator

The WLS estimators of the parameters β and λ are obtained by minimizing the 
following function: 

where iw  denotes the weight and computed by

The WLS estimators of β and λ are obtained by solving the following nonlinear 
equations: 

respectively. Here 1L and 2L  are given in (11) and (12), respectively. It is 
clear that WLS estimators should also be obtained using numerical methods, 
since equations given in (15) cannot be solved explicitly. Substituting the WLS 
estimators of β and λ, say ( )3b̂  and ( )3l̂  in equation (4), we can get the estimator 
of pykC  as 
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2.4.	 Anderson	Darling	estimators

The AD estimators ( )4b̂  and ( )4l̂  of β and λ are obtained by minimizing the 
following equation with respect to the parameters of interest, see (Anderson 
T.W. & Darling, 1952). 

where j=n-i+1. The AD estimators of β and λ are also obtained by solving the 
following nonlinear equations 

respectively. Here, 1L  and 2L are given in (11) and (12). Nonlinear equations 
given in (18) can be solved by using numerical methods. Substituting the AD 
estimators ( )4b̂  and ( )4l̂  in equation (4), we can get the estimator of pykC  as 

2.5.	 Right-tail	Anderson-Darling	estimator

The RAD esimators ( )5b̂  and ( )5l̂  of the parameters β and λ are obtained by 
minimizing following equation with respect to parameters of interest. 

The RAD estimators of β and λ  are also obtained by solving the following 
nonlinear equations:
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where 1L  and 2L  are same as given in (11) and (12), respectively. Substituting 
the RAD estimators ( )5b̂  and ( )5l̂  in equation (4), we can get the estimator of 

pykC  as 

2.6.	 Cramér-von	Mises	estimators

CVM estimators of the parameters of Lomax distribution, ( )6b̂  and ( )6l̂ , are 
obtained by minimizing the following equation with respect to the parameters β 
and λ, respectively, see (MacDonald , 1971). 

To obtain the CVM estimators of the parameters, we can also solve the following 
equations by using numerical methods. 

Here, 1L  and 2L are given in (11) and (12). Substituting the CVM estimators 
( )6b̂ and ( )6l̂  in equation (4), we can get the estimator of pykC  as 
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2.7.	 Maximum	product	of	spacings	estimator

The MPS estimation method is introduced by Cheng & Amin (1979) and 
Ranneby (1984). The MPS estimator is obtained by maximizing the geometric 
mean of spacing defined as 

Where (0)( ; , ) 0F x b l =  and ( 1)( ; , ) 1nF x + b l = . Then, the MPS estimators of 

parameters β and λ, say ( )7b̂ and ( )7l̂ are obtained by maximizing the following 
function: 

After taking partial derivatives of MPS  function with respect to β and λ, 
following nonlinear equations are obtained as 

where 1L  and 2L  are defined in equations (11) and (12), respectively. 
Substituting the MPS estimators in (4), we can get the estimator of pykC  as 

3. Bootstrap confidence intervals

In this section, we discuss SB, PB and BCPB for constructing BCIs of pyk  
based on proposed estimators. The bootstrap method is introduced by Efron 
& Tibshirani (1986). BCIs have been widely used to obtain CIs for PCIs, for 
example see, (Choi & Bai , 1996;  Franklin L. A., 1992; Dey et al., 2017; Park 
et al., 2020). 
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Let 1 2, ,..., nx x x  be a sample of size m taken from a process. The bootstrap 
procedure can be defined as follows:  

• A bootstrap sample, * * *
1 2, ,..., nx x x  of size n is chosen from an original 

sample with replacement. 

• Calculate ˆ
pykC  from a new bootstrap sample, say *(1)ˆ

pykC . 

• Repeat this process B times and obtain *(1) *(2) *( )ˆ ˆ ˆ, ..., B
pyk pyk pykC C C . 

It should be noted that a minimum B=1000 bootstrap samples are needed for 
obtaining reliable CI estimates, see (Efron & Tibshirani, 1986).

3.1.	 Standard	bootstrap	(SB)	confidence	interval

Let *(1)ˆ
pykC  is the j-th bootstrap estimate of pykC . The sample mean and sample 

standard deviation of { *( )ˆ j
pykC ; j=1,2,…,B} are computed as

and 

respectively. The 100(1-α)% CI for pykC  is given by 

Here /2za is the (1-α/2)% -th quantile of the standard normal distribution. 

3.2.	 Percentile	bootstrap	(PB)	confidence	intervals

Let B=1000 ˆ
pykC  are ordered as *(1) *(2) *( )ˆ ˆ ˆ... B

pyk pyk pykC C C£ £ £ . The α level percentile 
bootstrap CI is given as 
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3.3.	 	Bias-corrected	percentile	bootstrap	(BCPB)	interval

Efron (1982) introduced a BCPB method to overcome potential bias of bootstrap 
distribution stated by Franklin & Gary (1991). 
Let order { *( )ˆ j

pykC ; j=1,2,…,B}  in ascending order and compute the following 
probabilities: 

Here, I(.) is the indicator function and ( )1
0 0z p-= F . The BCPB confidence 

interval is 

4. Simulation study

In this section, we carry out Monte-Carlo simulation study to compare the 
performance of estimators of pykC  for Lomax distribution based on seven 
different estimators (ML, LS, WLS, AD, RAD, CVM, MPS) of parameters of 
Lomax distribution in terms of bias and mean squared error (MSE) criteria. We 
also perform a simulation study to assess the performance of the proposed BCIs 
(SB, PB, BCPB) of the pykC  for Lomax distribution based on different methods 
of estimation with respect to the estimated ALs and CPs. 

 We use various sample sizes as n=20, 50, 200, 500 and parameter settings 
as (β=0.5, 2) and (λ=0.1,1,3) during simulation process. We set the lower 
and upper specification limits as 0.2 and 10.2, respectively. We also consider 

1 0.03a =  and 2 0.01a =  for for illustration similar to a number of studies in 
the literature. 

The simulations are performed using programs written in the open source 
statistical package R. All computations are done based on [[100.000/n]] Monte 
Carlo runs. Here [[.]] represents the greatest integer value function. We use 
B=1000 replicates for bootstrap procedures. 
Bias and MSE values are calculated by 

and

 
ˆ (.)E  denotes the means of the observed values. 
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Table 1. Bias and 100xMSE values of ˆ
pykC  obtained  

by using different estimation methods. pykC  are given by (1).
λ Cpyk ML LS WLS AD RAD CVM MPS

n=20, β=0.5

0.1 0.1646 Bias -0.0183 -0.0072 -0.0042 -0.0082 -0.0181 -0.0165 0.0062

MSE 4.4427 3.8587 3.9194 4.0506 4.3697 4.3613 3.6925

1 0.4192 Bias -0.0053 0.0188 0.0147 0.0081 0.0112 -0.0079 0.0044

MSE 2.8895 2.9930 2.8810 2.7930 2.9349 3.3745 2.5882

3 0.0485 Bias 0.0066 0.0052 0.0050 0.0054 0.0051 0.0063 0.0048

MSE 3.8233 3.4345 3.4382 3.5365 3.8650 4.0088 3.0817

n=20, β=2

0.1 -0.8274 Bias 0.0121 -0.0394 -0.0287 -0.0174 -0.0108 -0.0202 -0.0105

MSE 1.4462 1.9400 1.6688 1.4884 1.4514 1.7037 1.3660

1 0.4137 Bias -0.0328 0.0323 0.0263 0.0254 0.0247 0.0371 0.0238

MSE 2.8228 3.1046 3.0444 3.0284 2.8773 3.0327 2.7930

3 0.8062 Bias 0.0217 0.0462 0.0383 0.0335 0.0254 0.0253 0.0205

MSE 1.0743 1.2442 1.0928 1.0347 0.8452 0.9915 1.0133

n=50, β=0.5

0.1 0.1646 Bias -0.0117 0.0068 0.0035 0.0030 -0.0029 0.0034 0.0025

MSE 1.6487 1.6311 1.6076 1.6015 1.7789 1.7138 1.4982

1 0.4192 Bias -0.0040 0.0043 0.0021 -0.0018 0.0021 -0.0069 0.0039

MSE 1.2015 1.3038 1.2354 1.2186 1.2388 1.3826 1.1441

3 0.0485 Bias 0.0054 0.0050 0.0049 0.0052 0.0045 0.0062 0.0047

MSE 1.5629 1.5196 1.5094 1.5280 1.6330 1.6184 1.4025

n=20, β=2

0.1 -0.8274 Bias 0.0077 -0.0095 -0.0094 -0.0064 -0.0063 0.0085 -0.0060

MSE 0.6740 0.8327 0.7108 0.6844 0.6724 0.8157 0.6507

1 0.4137 Bias -0.0121 0.0112 0.0108 0.0085 0.0083 0.0125 0.0077

MSE 1.2569 1.3449 1.3140 1.3120 1.2638 1.3308 1.2392

3 0.8062 Bias 0.0129 0.0141 0.0136 0.0134 0.0129 0.0217 0.0119

MSE 0.3200 0.4066 0.3735 0.3697 0.3367 0.3742 0.3081

n=100, β=0.5

0.1 0.1646 Bias -0.0096 0.0028 0.0026 0.0017 -0.0017 -0.0025 0.0024

MSE 0.7876 0.7770 0.7715 0.7712 0.8405 0.7969 0.7462

1 0.4192 Bias -0.0014 0.0034 0.0020 0.0015 0.0016 -0.0022 0.0032

MSE 0.5733 0.6606 0.6121 0.5962 0.6013 0.6792 0.5665

3 0.0485 Bias 0.0033 0.0047 0.0043 0.0042 0.0040 0.0054 0.0045

MSE 0.7704 0.7812 0.7670 0.7650 0.8190 0.8072 0.7238
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n=100, β=2

0.1 -0.8274 Bias 0.0046 -0.0057 -0.0058 -0.0052 -0.0049 0.0050 -0.0047

MSE 0.2906 0.4398 0.3552 0.3202 0.3030 0.4429 0.3101

1 0.4137 Bias -0.0019 0.0046 0.0022 0.0036 0.0028 -0.0105 0.0021

MSE 0.6334 0.7061 0.6820 0.6751 0.6561 0.7045 0.6432

3 0.8062 Bias 0.0042 0.0054 0.0053 0.0049 0.0045 0.0089 0.0044

MSE 0.1626 0.2032 0.1871 0.1853 0.1741 0.1964 0.1784

n=200, β=0.5

0.1 0.1646 Bias -0.0087 -0.0025 -0.0017 -0.0016 -0.0015 -0.0022 -0.0020

MSE 0.4232 0.4261 0.4200 0.4199 0.4553 0.4322 0.4092

1 0.4192 Bias 0.0010 0.0031 0.0019 0.0012 0.0013 0.0021 0.0018

MSE 0.2763 0.3196 0.2937 0.2919 0.2934 0.3231 0.2771

3 0.0485 Bias 0.0026 0.0039 0.0034 0.0032 0.0029 0.0052 0.0036

MSE 0.3777 0.3879 0.3787 0.3786 0.4041 0.3943 0.3646

n=200, β=2

0.1 -0.8274 Bias 0.0028 -0.0037 -0.0039 -0.0032 -0.0032 0.0041 -0.0030

MSE 0.1361 0.2166 0.1647 0.1585 0.1498 0.2170 0.1451

1 0.4137 Bias -0.0013 0.0022 0.0018 0.0014 0.0019 -0.0092 0.0017

MSE 0.3093 0.3469 0.3319 0.3295 0.3196 0.3465 0.3124

3 0.8062 Bias 0.0018 0.0025 0.0023 0.0027 0.0022 0.0028 0.0025

MSE 0.0791 0.0972 0.0890 0.0885 0.0837 0.0954 0.0842

n=500, β=0.5

0.1 0.1646 Bias 0.0074 0.0018 0.0011 0.0011 0.0014 0.0011 0.0018

MSE 0.1588 0.1629 0.1594 0.1590 0.1719 0.1635 0.1568

1 0.4192 Bias -0.0005 0.0022 -0.0012 -0.0009 -0.0008 -0.0011 0.0013

MSE 0.1164 0.1374 0.1244 0.1239 0.1238 0.1383 0.1161

3 0.0485 Bias -0.0015 -0.0021 -0.0020 -0.0027 -0.0018 -0.0041 0.0017

MSE 0.1459 0.1527 0.1478 0.1475 0.1568 0.1537 0.1437

n=500, β=2

0.1 -0.8274 Bias 0.0012 -0.0017 -0.0018 -0.0019 -0.0019 0.0023 -0.0015

MSE 0.0584 0.0950 0.0705 0.0694 0.0647 0.0950 0.0604

1 0.4137 Bias 0.0009 0.0013 0.0016 0.0012 0.0012 0.0038 0.0011

MSE 0.1160 0.1317 0.1251 0.1247 0.1225 0.1314 0.1183

3 0.8062 Bias 0.0007 0.0020 0.0013 0.0015 0.0015 0.0013 0.0011

MSE 0.0292 0.0360 0.0328 0.0327 0.0314 0.0356 0.0306
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Table 2. Observed CP(AL) of 95% bootstrap confidence intervals of ˆ
pykC  

obtained by using different estimation methods. Cpyk are given by (1).
λ Cpyk ML LS WLS AD RAD CVM MPS

n=20, β=0.5

0.1 0.1646 SB 0.908
(0.2782)

0.918
(0.2728)

0.903
(0.2735)

0.916
(0.2721)

0.917
(0.2756)

0.910
(0.2772)

0.922
(0.2659)

PB 0.915
(0.2739)

0.914
(0.2693)

0.908
(0.2700)

0.921
(0.2685)

0.917
(0.2716)

0.920
(0.2734)

0.928
(0.2647)

BCPB 0.932
(0.2946)

0.924
(0.2698)

0.928
(0.2675)

0.923
(0.2687)

0.927
(0.2650)

0.917
(0.2740)

0.935
(0.2635)

1 0.4192 SB 0.941
(0.2678)

0.940
(0.2797)

0.932
(0.2777)

0.939
(0.2765)

0.943
(0.2735)

0.924
(0.2920)

0.947
(0.2673)

PB 0.940
(0.6353)

0.939
(0.6614)

0.941
(0.6504)

0.938
(0.6391)

0.942
(0.6305)

0.928
(0.7012)

0.946
(0.6284)

BCPB 0.948
(0.2682)

0.940
(0.2826)

0.946
(0.2812)

0.943
(0.2737)

0.947
(0.2712)

0.931
(0.3010)

0.952
(0.2663)

3 0.0485 SB 0.938
(0.2808)

0.930
(0.3066)

0.936
(0.2975)

0.941
(0.2912)

0.942
(0.2898)

0.925
(0.3322)

0.945
(0.2736)

PB 0.936
(0.2788)

0.937
(0.2953)

0.939
(0.2860)

0.935
(0.2825)

0.938
(0.2777)

0.928
(0.3106)

0.941
(0.2734)

BCPB 0.943
(0.2795)

0.933
(0.2935)

0.939
(0.2917)

0.940
(0.2899)

0.938
(0.2785)

0.926
(0.3010)

0.946
(0.2709)

n=20, β=2

0.1 0.8274 SB 0.943
(0.2808)

0.933
(0.3366)

0.934
(0.2975)

0.939
(0.2912)

0.941
(0.2898)

0.927
(0.3322)

0.947
(0.2836)

PB 0.939
(0.2788)

0.928
(0.2953)

0.931
(0.2860)

0.933
(0.2825)

0.936
(0.2777)

0.925
(0.3106)

0.943
(0.2709)

BCPB  0.946
(0.2795)

 0.936
(0.2935)

 0.937
(0.2917)

 0.938
(0.2899) 

0.941
(0.2785)

 0.928
(0.3010)

 0.948
(0.2709)

1 0.4137 SB 0.926
(0.2665)

0.913
(0.2757)

0.923
(0.2687)

0.925
(0.2663)

0.922
(0.2649)

0.920
(0.2663)

0.935
(0.2642)

PB 0.941
(0.2639)

0.924
(0.2728)

0.925
(0.2715)

0.926
(0.2733)

0.933
(0.2686)

0.917
(0.2934)

0.946
(0.2608)

BCPB 0.943
(0.2664)

0.916
(0.2742)

0.923
(0.2689)

0.917
(0.2749)

0.923
(0.2641)

0.912
(0.2951)

0.949
(0.2612)

3 0.8062 SB 0.953
(0.2087)

0.946
(0.4210)

0.948
(0.3897)

0.952
(0.4208)

0.958
(0.3783)

0.926
(0.4028)

0.962
(0.2060)

PB 0.954
(0.3594)

0.923
(0.3996)

0.943
(0.3705)

0.927
(0.3991)

0.926
(0.3608)

0.919
(0.3834)

0.957
(0.3456)

BCPB 0.931
(0.4151)

0.901
(0.4379)

0.918
(0.4056)

0.911
(0.4029)

0.907
(0.4428)

0.904
(0.4251)

0.941
(0.4027)

n=50, β=0.5

0.1 0.1646 SB 0.934
(0.2562)

0.942
(0.4942)

0.934
(0.4971)

0.933
(0.4924)

0.931
(0.5110)

0.937
(0.5092)

0.924
(0.2490)

PB 0.923
(0.2485)

0.931
(0.2544)

0.923
(0.2473)

0.927
(0.2418)

0.923
(0.2695)

0.922
(0.2488)

0.930
(0.2478)
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BCPB 0.935
(0.2860)

0.925
(0.2503)

0.926
(0.2470)

0.927
(0.2417)

0.932
(0.2406)

0.921
(0.2698)

0.941
(0.2313)

1 0.4192 SB 0.943
(0.2537)

0.942
(0.2726)

0.933
(0.2694)

0.941
(0.2553)

0.945
(0.2517)

0.928
(0.2828)

0.947
(0.2517)

PB 0.942
(0.4550)

0.941
(0.5015)

0.943
(0.4303)

0.940
(0.4153)

0.944
(0.4260)

0.932
(0.4520)

0.949
(0.4145)

BCPB 0.953
(0.2671)

0.945
(0.2785)

0.949
(0.2743)

0.948
(0.2729)

0.951
(0.2706)

0.938
(0.2945)

0.957
(0.2652)

3 0.0485 SB 0.941
(0.2741)

0.933
(0.2991)

0.938
(0.2846)

0.943
(0.2888)

0.944
(0.2854)

0.928
(0.3304)

0.947
(0.2706)

PB 0.943
(0.2735)

0.940
(0.2943)

0.942
(0.2822)

0.940
(0.2779)

0.942
(0.2750)

0.933
(0.3056)

0.947
(0.2723)

BCPB 0.946
(0.2764)

0.935
(0.2876)

0.942
(0.2831)

0.945
(0.2812)

0.941
(0.2721)

0.933
(0.2983)

0.950
(0.2682)

n=50, β=2

0.1 0.8274 SB 0.948
(0.2783)

0.938
(0.3310)

0.939
(0.3041)

0.942
(0.2905)

0.945
(0.2887)

0.932
(0.3311)

0.952
(0.2705)

PB 0.958
(0.2759)

0.933
(0.2946)

0.935
(0.2927)

0.943
(0.2947)

0.941
(0.2879)

0.929
(0.3185)

0.948
(0.2687)

BCPB 0.965
(0.2775)

0.955
(0.2791)

0.956
(0.2762)

0.942
(0.2691)

0.946
(0.2690)

0.932
(0.2937)

0.972
(0.2682)

1 0.4137 SB 0.929
(0.2461)

0.922
(0.2480)

0.926
(0.2465)

0.928
(0.2641)

0.927
(0.2632)

0.925
(0.2476)

0.932
(0.2409)

PB 0.945
(0.2607)

0.928
(0.2653)

0.930
(0.2642)

0.927
(0.2713)

0.939
(0.2618)

0.925
(0.2840)

0.948
(0.2595)

BCPB 0.951
(0.2627)

0.922
(0.2711)

0.925
(0.2611)

0.926
(0.2713)

0.935
(0.2641)

0.918
(0.2903)

0.953
(0.2615)

3 0.8062 SB 0.973
(0.2069)

0.950
(0.2497)

0.954
(0.2305)

0.958
(0.2403)

0.963
(0.2246)

0.930
(0.2429)

0.975
(0.2055)

PB 0.956
(0.2121)

0.944
(0.2419)

0.948
(0.2236)

0.939
(0.2329)

0.943
(0.2177)

0.927
(0.2346)

0.960
(0.2103)

BCPB 0.948
(0.2256)

0.926
(0.2557)

0.933
(0.2358)

0.933
(0.2293)

0.928
(0.2467)

0.915
(0.2493)

0.950
(0.2243)

n=100, β=0.5

0.1 0.1646 SB 0.949
(0.2359)

0.943
(0.3567)

0.945
(0.3559)

0.946
(0.3523)

0.939
(0.3652)

0.943
(0.3617)

0.948
(0.2412)

PB 0.953
(0.2306)

0.932
(0.2348)

0.926
(0.2341)

0.931
(0.2335)

0.927
(0.2503)

0.932
(0.2348)

0.933
(0.2340)

BCPB 0.947
(0.2198)

0.927
(0.2492)

0.924
(0.2343)

0.928
(0.2380)

0.934
(0.2340)

0.923
(0.2472)

0.943
(0.2281)

1 0.4192 SB 0.952
(0.2473)

0.948
(0.2532)

0.942
(0.2598)

0.943
(0.2515)

0.947
(0.2506)

0.937
(0.2657)

0.953
(0.2492)

PB 0.955
(0.3126)

0.943
(0.3553)

0.947
(0.3332)

0.943
(0.2998)

0.948
(0.3029)

0.938
(0.3190)

0.950
(0.2902)

BCPB 0.962
(0.2593)

0.949
(0.2717)

0.953
(0.2741)

0.951
(0.2699)

0.953
(0.2633)

0.941
(0.2895)

0.960
(0.2602)
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3 0.0485 SB 0.952
(0.2551)

0.941
(0.2865)

0.944
(0.2814)

0.945
(0.2765)

0.950
(0.2753)

0.931
(0.3244)

0.950
(0.2602)

PB 0.951
(0.2675)

0.942
(0.2894)

0.945
(0.2833)

0.947
(0.2737)

0.948
(0.2703)

0.940
(0.3045)

0.949
(0.2692)

BCPB 0.955
(0.2646)

0.939
(0.2801)

0.949
(0.2778)

0.948
(0.2785)

0.943
(0.2711)

0.936
(0.2960)

0.953
(0.2672)

n=100, β=2

0.1 0.8274 SB 0.955
(0.2660)

0.943
(0.2839)

0.945
(0.2950)

0.946
(0.2822)

0.948
(0.2757)

0.934
(0.3125)

0.954
(0.2695)

PB 0.965
(0.2017)

0.938
(0.2469)

0.943
(0.2193)

0.946
(0.2169)

0.948
(0.2121)

0.933
(0.2447)

0.955
(0.2019)

BCPB 0.982
(0.2017)

0.957
(0.2480)

0.960
(0.2405)

0.950
(0.2175)

0.952
(0.2127)

0.947
(0.2562)

0.973
(0.2092)

1 0.4137 SB 0.942
(0.2260)

0.938
(0.2366)

0.933
(0.2311)

0.937
(0.2328)

0.937
(0.2306)

0.935
(0.2368)

0.939
(0.2305)

PB 0.950
(0.2561)

0.932
(0.2583)

0.934
(0.2531)

0.938
(0.2550)

0.941
(0.2588)

0.928
(0.2807)

0.949
(0.2577)

BCPB 0.955
(0.2509)

0.933
(0.2701)

0.932
(0.2554)

0.940
(0.2673)

0.936
(0.2607)

0.923
(0.2811)

0.955
(0.2611)

3 0.8062 SB 0.979
(0.1539)

0.953
(0.1708)

0.957
(0.1614)

0.960
(0.1650)

0.967
(0.1573)

0.935
(0.1687)

0.978 
(0.1544)

PB 0.962
(0.1499)

0.944
(0.1664)

0.951
(0.1573)

0.946
(0.1608)

0.952
(0.1534)

0.948
(0.1639)

0.961
(0.1513)

BCPB 0.955
(0.1540)

0.935
(0.1711)

0.948
(0.1616)

0.945
(0.1574)

0.947
(0.1661)

0.929
(0.1695)

0.951
(0.1585)

n=200, β=0.5

0.1 0.1646 SB 0.948
(0.2465)

0.943
(0.2481)

0.936
(0.2469)

0.938
(0.2468)

0.938
(0.2553)

0.942
(0.2501)

0.945
(0.2247)

PB 0.955
(0.2513)

0.945
(0.2325)

0.944
(0.2228)

0.947
(0.2251)

0.945
(0.2236)

0.946
(0.2256)

0.947
(0.2255)

BCPB 0.948
(0.2080)

0.930
(0.2486)

0.923
(0.2324)

0.934
(0.2472)

0.935
(0.2303)

0.931
(0.2451)

0.945
(0.2164)

1 0.4192 SB 0.956
(0.2116)

0.951
(0.2274)

0.948
(0.2175)

0.945
(0.2182)

0.951
(0.2162)

0.943
(0.2586)

0.955
(0.2186)

PB 0.957
(0.2069)

0.948
(0.2225)

0.951
(0.2127)

0.945
(0.2113)

0.952
(0.2123)

0.942
(0.2242)

0.954
(0.2015)

BCPB 0.967
(0.2471)

0.951
(0.2623)

0.959
(0.2533)

0.957
(0.2616)

0.960
(0.2577)

0.946
(0.2842)

0.962
(0.2521)

3 0.0485 SB 0.954
(0.2424)

0.947
(0.2824)

0.948
(0.2731)

0.949
(0.2717)

0.952
(0.2685)

0.936
(0.3169)

0.952
(0.2403)

PB 0.958
(0.2532)

0.948
(0.2805)

0.947
(0.2747)

0.949
(0.2671)

0.953
(0.2633)

0.944
(0.2919)

0.952
(0.2465)

BCPB 0.959
(0.2376)

0.942
(0.2756)

0.951
(0.2683)

0.951
(0.2675)

0.952
(0.2638)

0.938
(0.2821)

0.955
(0.2389)
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n=200, β=2

0.1 0.8274 SB 0.963
(0.1477)

0.946
(0.1850)

0.951
(0.1806)

0.952
(0.1588)

0.959
(0.1546)

0.945
(0.1850)

0.959
(0.1542)

PB 0.976
(0.1447)

0.942
(0.1806)

0.946
(0.1568)

0.947
(0.1551)

0.952
(0.1513)

0.939
(0.1803)

0.966
(0.1498)

BCPB 0.985
(0.1438)

0.960
(0.1811)

0.963
(0.1771)

0.954
(0.1654)

0.958
(0.1513)

0.950
(0.1907)

0.975
(0.1442)

1 0.4137 SB 0.948
(0.2166)

0.939
(0.2276)

0.936
(0.2227)

0.940
(0.2230)

0.941
(0.2190)

0.939
(0.2277)

0.945
(0.2187)

PB 0.952
(0.2117)

0.935
(0.2220)

0.936
(0.2177)

0.941
(0.2180)

0.942
(0.2139)

0.930
(0.2221)

0.951
(0.2118)

BCPB 0.959
(0.2123)

0.937
(0.2229)

0.938
(0.2185)

0.946
(0.2189)

0.936
(0.2144)

0.932
(0.2230)

0.956
(0.2136)

3 0.8062 SB 0.981
(0.1088)

0.957
(0.1204)

0.963
(0.1144)

0.961
(0.1157)

0.971
(0.1118)

0.939
(0.1297)

0.980
(0.1097)

PB 0.967
(0.1062)

0.946
(0.1176)

0.956
(0.1116)

0.953
(0.1128)

0.957
(0.1092)

0.951
(0.1167)

0.964
(0.1085)

BCPB 0.963
(0.1074)

0.938
(0.1193)

0.950
(0.1133)

0.947
(0.1105)

0.956
(0.1146)

0.934
(0.1188)

0.942
(0.1095)

n=500, β=0.5

0.1 0.1646 SB 0.975
(0.1505)

0.953
(0.1609)

0.947
(0.1599)

0.955
(0.1594)

0.957
(0.1652)

0.962
(0.1614)

0.965
(0.1506)

PB 0.956
(0.1561)

0.947
(0.1574)

0.948
(0.1567)

0.952
(0.1556)

0.952
(0.1615)

0.947
(0.1579)

0.954
(0.1568)

BCPB 0.953
(0.1573)

0.942
(0.1579)

0.940
(0.1576)

0.944
(0.1559)

0.946
(0.1617)

0.937
(0.2082)

0.951
(0.1586)

1 0.4192 SB 0.963
(0.1333)

0.955
(0.1435)

0.953
(0.1371)

0.952
(0.1366)

0.958
(0.1349)

0.951
(0.1452)

0.961
(0.1345)

PB 0.968
(0.1305)

0.950
(0.1403)

0.957
(0.1342)

0.953
(0.1336)

0.960
(0.1338)

0.948
(0.1407)

0.962
(0.1303)

BCPB 0.971
(0.1306)

0.955
(0.1403)

0.962
(0.1344)

0.964
(0.1336)

0.964
(0.1340)

0.952
(0.1419)

0.966
(0.1311)

3 0.0485 SB 0.968
(0.1518)

0.950
(0.1549)

0.952
(0.1531)

0.953
(0.1523)

0.958
(0.1520)

0.947
(0.1553)

0.966
(0.1520)

PB 0.961
(0.1465)

0.950
(0.1515)

0.952
(0.1511)

0.951
(0.1496)

0.955
(0.1490)

0.949
(0.1520)

0.959
(0.1485)

BCPB 0.968
(0.1416)

0.944
(0.1516)

0.955
(0.1512)

0.957
(0.1536)

0.960
(0.1534)

0.941
(0.1553)

0.962
(0.1483)

n=500, β=2

0.1 0.8274 SB 0.971
(0.0933)

0.949
(0.1175)

0.962
(0.1111)

0.954
(0.1005)

0.964(
0.0980)

0.948
(0.1177)

0.968
(0.0945)

PB 0.983
(0.0913)

0.944
(0.1149)

0.956
(0.0989)

0.953
(0.0984)

0.959
(0.0957)

0.944
(0.1150)

0.972
(0.0976)

BCPB 0.988
(0.0904)

0.964
(0.1150)

0.967
(0.0990)

0.959
(0.1085)

0.961
(0.0959)

0.956
(0.1153)

0.977
(0.0908)
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1 0.4137 SB 0.955
(0.1374)

0.952
(0.1448)

0.952
(0.1415)

0.948
(0.1413)

0.953
(0.1396)

0.947
(0.1450)

0.951
(0.1388)

PB 0.954
(0.1344)

0.944
(0.1415)

0.946
(0.1386)

0.945
(0.1379)

0.947
(0.1364)

0.941
(0.1416)

0.953
(0.1355)

BCPB 0.963
(0.1342)

0.941
(0.1417)

0.944
(0.1389)

0.951
(0.1383)

0.942
(0.1367)

0.938
(0.1419)

0.960
(0.1358)

3 0.8062 SB 0.989
(0.0662)

0.964
(0.0760)

0.975
(0.0725)

0.972
(0.0728)

0.976
(0.0711)

0.956
(0.0779)

0.985
(0.0672)

PB 0.971
(0.0677)

0.952
(0.0742)

0.958
(0.0710)

0.955
(0.0711)

0.961
(0.0696)

0.953
(0.0741)

0.969
(0.0693)

BCPB 0.966
(0.0681)

0.940
(0.0746)

0.957
(0.0715)

0.954
(0.0699)

0.960
(0.0716)

0.945
(0.0747)

0.961
(0.0682)

In Table 1, we report bias and MSE values of ˆ
pykC  for Lomax distribution 

obtained by using mentioned estimation methods. It is observed from Table 
1 that when n=20 and 50, the MPS estimators of pykC have the smallest bias. 
However, the ML estimator of pykC  for Lomax distribution have lower bias 
values for n=100, 200 and 500. As we expect, when the sample size increases, 
bias values decrease and all the estimates have negligible bias. 

In terms of the MSE criterion, the ML estimates of pykC  is the most efficient 
estimator with the lowest MSE values for n=100, 200 and 500. It is followed by 
the MPS method in most cases. Furthermore, the MPS estimators show the best 
performance with the smallest MSE values, when  n=20 and 50 for all scenarios. It 
should be noted that the CVM estimators of pykC  for Lomax distribution show the 
worst performance with the highest bias and MSE values almost in all cases. Also 
it is clear frm Table 1 that when sample size increases, the MSE values decreases. 

Table 2 demonstrates the estimated CPs and ALs of bootsrap CIs of the 
pykC  for Lomax distribution using ML, LS, WLS, AD, RAD, CVM and MPS 

methods. The simulation results show that BCPB confidence intervals for the 
MPS estimator provides the highest CP and the smallest AL for n=20 and 50 for 
all selected parameter values. However, BCPB confidence intervals for th ML 
estimators of pykC  demonstrate the strongest performance in most of the cases 
for n=100, 200 and 500 in terms of both CP and AL criteria. 

 For n=100 and 200  when β=2 and α=3, SB confidence intervals of the 
ML estimates have the best performance with the highest CP and the smallest 
AL among the others. 

 Overall, we suggest to use the MPS method for estimating pykC  for Lomax 
distribution when the sample size is less and equal to 50. However the ML 
method is more preferable for large values of a sample size. 
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 We also may conclude that BCPB confidence intervals show overall better 
performance in terms of both CP and AL in most cases. It is also observed from 
Table 2 that as the sample size increases, CPs increase and ALs decrease for all 
BCIs. 

5. Real data analysis

In this section, two real data sets are considered for illustrative purposes. First, 
we check whether the considered data set fit the Lomax distribution by using 
well-known and widely used goodness of fit test Kolmogorov-Smirnov (KS) test 
for each estimation methods. According to KS statistics given in Table 3, we can 
say that the Lomax distribution with all proposed estimators of β and λ provides 
adequate fits to the data set I and data set II at 5% level. These observations are 
supported by Q-Q plots shown in Figure 1 and Figure 2 for data set I and data 
set II, respectively. 

Figure 1: Lomax QQ plot for the data set I.
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Figure  2: Lomax QQ plot for the data set II.

We also consider four model selection criteria called as log-likelihood (logL), 
Akaike information criterion (AIC), Bayesian information criterion (BCI), 
the root mean square error (RMSE) to determine the most efficient estimation 
method. The values of estimators of the parameters β and α, estimators of Cpyk 

based on them, -logL, AIC, BIC, RMSE and KS test statistic D values are 
reported in Table 3.
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Table  3. Estimates of the parameters  
and Cpyk, AIC, BIC,RMSE and KS statistic.  

Dataset I

Method ˆ ˆ( , )b l ˆ
pykC LogL- AIC  BIC RMSE  KS  

ML (1.52,0.60) 0.7087 18.6973  41.3946  41.9998 0.3819 0.2667 

LS (1.55,0.53) 0.7087  20.4682 44.9363  45.5415  0.4198 0.2718 
WLS (1.56,0.68) 0.6585  19.5702  43.1404 46.5299  0.3994  0.2791 
AD (1.55,0.45) 0.7266 21.8383  47.6767  48.2818 0.4427  0.2748 
RAD (1.51,0.55) 0.6788 19.9597  43.9194  44.5246  0.4076  0.2702 
CVM (1.50,0.48) 0.7235 20.9624  45.9248  46.5299  0.4261 0.2726 
MPS (1.51,0.58) 0.7094 18.3773 41.3546  41.3598  0.3857 0.2686 

 Dataset II
 ML (1.98,26.01) 0.4292 74.4338 154.5676 155.8591 0.0306 0.0751
LS (2.06,24.9) 0.3874 75.2334 154.9669 156.4583 0.0379 0.0825
WLS (2.1,24.68) 0.3725 75.1752 154.9504 156.3419 0.0376 0.0863
AD (2.13,25.27) 0.3766 75.1543 154.9985 156.3000 0.0368 0.0859
RAD (2.22,24.95) 0.3472 75.0649 154.9712 156.1212 0.0367 0.0794
CVM (2.45,22.88) 0.2420 75.1749 154.9734 156.3412 0.0781 0.1245
MPS (1.99,25.81) 0.4229 74.3996 154.4992 155.7906 0.0307 0.0714

Table  4. Width of the bootstrap CIs (SB, PB,  
BCPB) of Cpyk for data set I and data set II. 

  Widths
 ML  LS  WLS  AD  RAD  CVM  MPS 
Data set I SB 0.2765 0.3415 0.3847  0.2913 0.3212 0.3506 0.2734

PB 0.2635 0.3398  0.3623  0.2905 0.3198 0.3567  0.2613
BCPB  0.2543 0.3277 0.3564  0.2834 0.3148  0.3485 0.2477

Data set II SB 0.2342  0.2387  0.2373  0.2477  0.3472  0.2420  0.2329
PB 0.2506  0.2562  0.2666 0.2619  0.2944 0.2665  0.2436
BCPB  0.2119 0.2189 0.2397  0.2665 0.2392 0.2351 0.2108

It is clear from Table 3, values of all criteria are simillar for each estimation 
methods. However the ML and MPS have the similar fitting performance with 
the smaller with smaller model selection criteria values for each data set. 

 Data set I: The first data set is considered in (Hong et al., 2009; Wong, 
1998; Nigm & Hamdy, 1987). The data set represents length of time in years 
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for which a business operators until failure. The 10 observations are as 
follows: 

 1.01,1.05,1.08,1.14,1.28,1.30,1.33,1.43,1.59,1.62 . In the context of Cpyk, 
we take L=0.053 and U=1.2 for data set I.

 Data set II: Our second data set involves the first failure times (in months) 
of 20 electric carts used for international transportation and delivery in large 
manufacturing facility. Here we use L=0.60 and U=0.5. The data set given as 
follows is reported by Zimmer & Hubele (1998) and Saha et al. (2019)

Table 3 shows that ML and MPS estimators of Cpyk are more or less the same 
for bot data set I and data set II. Further, the widths of BCIs (SB, PB, BCPB) based 
on mentioned estimators are given in Table 4. According to Table 4 that BCPB CIs 
based on MPS estimator of Cpyk is narrowest among the others for both data sets 
and it is followed by BCPB confidence interval based on ML estimator of Cpyk. 

6. Conclusion

In this paper, we have considered estimation of generalized process capability 
Cpyk for Lomax distribution using different estimation methodologies, namely, 
ML, LS, WLS, AD, RAD, CVM and MPS. We have compared performance 
estimated Cpyk based on these methods with different sample sizes and different 
parameter values of Lomax distribution using Monte Carlo simulation study in 
terms of bias and MSE criteria. Further, we have studied on three different BCIs 
called as SB, PB and BCPB based on estimated Cpyk for Lomax distribution 
obtained by using mentioned estimation methods. We also perform simulation 
study to compare performances of BCIs. According to simulation study, as 
MPS estimator of Cpyk shows the best performance for small sample sizes, the 
ML methodology is preferable for large value of sample size among the other 
estimation methods in terms of bias and MSE criteria. 

 The performance of BCIs for estimators of Cpyk based on all mentioned 
methods are compared in terms of CP and AL through a simulation study. 
Simulation results show that, BCPB confidence intervals achieve the best 
performance among the other BCIs in terms of CP and AL in most cases. 
BCPB confidence intervals based on MPS estimators of Cpyk show the strongest 
performance for small sample sizes for all chosen unknown parameter values of 
Lomax distribution. It is also concluded that BCPB confidence intervals based 
on the ML estimates of Cpyk have better performance than the other other BCIs in 
terms of large sample sizes in most cases. Finally, two real life examples taken 
from literature are considered to support simulation results.
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