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Abstract 

There is very urgent urge which has to give more attention and that is the complexities of women‟s life in different 

cultures and social values and their struggle under the unfair mechanism of screwed society which is very nicely 

presented in the works of Anita Nair. Anita Nair paints her women as they are, with their defenses down, ready to 

open their heart to other women. The predicament of her characters is covered with a faint existential hue. They 

struggle for freedom, are aware of their absurd situation, feel stifled in it and try to find an answer  to the very 

mystery of their existence  in a society that does not understands them .They all finally come  to their conclusions 

and feel at peace with themselves and their worlds.  

The present research paper is an attempt to portray the woman of modern and current modern India as characterized 

in the novel „Ladies Coupe‟ By Anita Nair who is devoted to raise feminist and social issues. 

Key words: Social Justice, feminism, gender inequality, tradition, modernity. 

 

Introduction:  

           Feminism is perhaps the most powerful movement that cleaned literary world in the second half of the 

twentieth century. It has been expressed differently in different parts of the world, and within India, by different 

women depending upon their class, background and the level of consciousness and understanding. Main focus of 

feminism stands for liberation and liberation of women from all forms of domination by the state, by society and by 

men. Anita Nair thoroughly testifies all the above-mentioned elements in her novels. Feminism is a progressive 

ideology, a mission and a movement that champions male and female equity. Feminism in India is not an artificial or 

duplicate of the west and feminist is not an anti-marriage, anti-men movement imported from the outside or any 

anti-social act which is against the society, but it is an art and science of the development of women in various 

challenging environment, it is fight for the existence of the women for the freedom and equal human rights. 

Feminism is a philosophy and an undertaking for ending all forms of domination. It is not against family and 

marriage. It is all about transforming these institutions to weed out their integral injustices. Indian feminism has thus 

its own elements and character which are developed as the times have passed with the more experience.  (htt31) 

The present research work attempts to explore and analysis of Anita Nair’s ‘Ladies Coupe’     

 

Aims and objectives  

1. To study critically Anita Nair‟s novel „Ladies Coupe‟ 

2.To Study the women characters portrayed by Anita Nair from feminist perspective. 
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Research   methodology 

The researcher has applied the following methods for her research paper 

1.  It is one of the descriptive, exploratory and interpretative by nature 

2. The study material comprises the collection and thorough primary analysis of primary and secondary sources. 

i.e. Research papers, articles, literary reviews, journals etc. 

As far as the research paper is concerned, the researcher has selected   a novel by   Anita Nair „Ladies Coupe‟ for her 

research paper. All her novels mainly deal with the experiences of the women protagonists, who face traumatic 

situations in their family life. Subjugation of women in the predominantly patriarchal family life in India, 

Lesbianism, and rape   are some of the issues she has projected in her fiction. Her Fiction mainly presents the ethos 

of the middle class Indian life. 

                 The men and women in their fiction are influenced by the modernity. In an urban middle class life women 

find themselves entrapped in a male dominated world. They are assigned a secondary position in the family as a 

result of social customs and traditional values assigned to an ideal womanhood. .In a family life, essentially in India, 

a woman is forced to occupy secondary status even if she is an earning member of the family. It is not her feminity, 

but age old social traditions and the control of education by men which are the factors contributing to the 

subjugation of women in their family life and the society in general.  

                  As per researcher in this novel, Anita Nair, the writer, mainly concentrated on a question through her 

protagonist, Akhila, is it possible for any women to stay single and be happy, or does she have to be dependent on 

any one for her identity?. Different solutions are provided by the women with whom she met in her journey on the 

train in the novel „The Ladies Coupe‟. Janki, the oldest woman in the group, from her experience from life, 

demonstrate the need of man, the husband, in woman‟s life. She is among those women who is taken care by their 

husband and then, after him, by their son. In Manu Smriti believes in this saying that a „Woman is looked after first 

by the father, second then by the husband and after the death of the husband, at last by the son, and so she doesn‟t 

need freedom‟. This is what Janki says (Nair, 2001): I am a woman who has always been looked after first there 

were my father and my brother, then my Husband. When my husband is gone, there will be my son, waiting 

to take off from where his father left off. Women like me end up being… fragile LC-(22)  (Nair) 

                  Even Sheela, a teen age girl is sensitive enough to understand her grandma‟s desire to be well dressed 

even in her death, as she believed that a woman has to be physically attractive  (htt30) Sheela understands the wishes 

of her grandmother, and in spite of the displeasure of her father and others, she dresses up the body of her 

grandmother. Sheela, through her action challenges male-controlled authority, and from her grandmother‟s example 

she learns that she has to look after her own wishes and pleasures in her life. 

              Margarate Shanti is presented as another victim of patriarchy. Her autocratic husband willfully frustrates 

her carrier by restraining her down to a job in the school and her household duties. He even makes her abort her 

child for his own pleasure. Margarate is given a secondary treatment in the presence of others. Being a modern 

woman and scholar in chemistry, she finds a way to escape the dictatorship of her husband, Paulraj. She starts 

feeding him rich food, which eventually deals his activity turning him into a fat, lazy man. 

               As per the researcher who has experienced gender inequality is a characteristic phenomenon everywhere 

and it is more observed in India. As the old customs and belief, the wife must try to please her husband and obey his 

wishes. Indian women, whose minds are influenced by the ancient traditions and myths like sati, savitri, cannot 

easily think of divorce. A divorced woman is looked down upon though she is not at fault. The narratives of Prabha 

Devi, Janki show how the birth of a girl child is glared upon by the father, which is the result of social practices in 

the Indian community especially in the middle-class families.  (htt32) 

                   Marikolanthu in „Ladies Coupe‟ is an example of socially disregarded woman right from her teenage 

stage. She has to be a maidservant in the Chettiar House where she is maltreated by Murugan a male member of the 

aristocratic family. She is sexually exploited by the landlord and has also lesbian relationship with the lady of the 

house. Anita Nair presents her as a woman who finally arises as a strong woman and takes care of her unlawful son, 

who otherwise would have no future. Anita Nair has represented women from different social sections, but has 

shown how women everywhere are dominated and even maltreated in the Indian family life. Marikolanthu is 

sidelined not only as a woman, but also one who belongs to low section of the society. For no fault of her she is 

obsessed away from the Chettiar House. Her desire to learn further is overwhelmed, and even her brothers criticize 

and blame her. 

                      Karpagam is represented as a strong woman determined for achieving self-recognition in a male-

controlled social organization. She is a widow but contrasting other widows she applies the kumkum and wears 

colorful clothes. She is a bold woman, who disrupts the chain of patriarchy when she says, 
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 I don’t care what my family or anyone thinks. I am who I am. And I have as much right as anyone else to live 

as I choose. Tell me didn’t we as young girls wear colorful clothes and jewelry and a bottu? It has nothing to 

do whether the girl is married or not and whether her husband is alive or dead. Who made these laws 

anyway? Some man who couldn’t bear the thought that in spites of his death, his wife continued to be 

attractive to other men’’ (LC-202)  (Nair, Ladies Coupe) 

                      Karpagam after the death of her husband did not lose hopes in her life she continued to fight for her 

rights in the society and was very brave in solving her own problem patiently. Even after facing such tough situation 

by Karpagam still she was happy and this was the most motivating factor for Akhila, who permitted her family to be 

dependent upon her for the expense, paying very less attention towards her own life. Karpagam advises Akhila to, 

“--- live alone Build a life for yourself where your needs come first. Tell your family to go to hell or Whatever 

(LC-202) (Nair, Ladies Coupe) 

Akhila absorbs from Karpagam the way to tackle the any tough situation coming in the way of her life, which 

guided Akhila in her future course of life. It was after this motivation by the Karpagam which helps her to take her 

long journey to Kanyakumari and met a variety of women in the Ladies Coupe. 

 

Conclusion  

      The stories of women in „Ladies Coupe‟ demonstrate how women in every section of the Indian society are 

demoted and even troubled by the male dominated society. 

              As far as Anita Nair‟s Novel „Ladies Coupe‟ is concerned   researcher has observed in Anita Nair‟s novel 

„Ladies Coupe‟ that she has projected all her women characters revolt against the tradition destined old mode of life 

and try to rise above the male domination. As per researcher Anita Nair traces a variety of aspects related to 

feminism, deriving out of the family life of India. Gender inequality is one of the features, in „Ladies Coupe‟ 

             The stories of women as illustrated  in Anita Nair‟s „Ladies Coupe‟ illustrate how women in every strata of 

the Indian society are marginalized and even oppressed by the patriarchal set up of the society. Even a woman who 

earns for livelihood of the family is subjected to the patriarchal norms 

            Though Anita Nair vary in her narrative techniques, and attitude towards feminism but her novel is centered 

on family and finally the idea of  her protagonists journey from „tradition to modernity who questions their existence  

in patriarchy and break the social order and make a silent war against it and succeed in keeping themselves within 

social conventions. The prominent thing is that her women at least realize that they are in dominance.   
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A B S T R A C T 
 
An efficient and convenient method has been developed for the synthesis of 2-
amino-5-oxo-4-phenyl-4, 5-dihydropyrano[3,2-c]chromene-3-carbonitrile 
derivatives from a one-pot multi-component reaction between 4-hydroxy-2H-
chromen-2-one. Aromatic aldehydes and malononitrile were catalyzed by 
DTP/SiO2 as an efficient and reusable heterogeneous catalyst. The current 
method provides advantages over reported method viz simple operational 
procedure, easy isolation and recyclability of the catalyst, environmental benign, 
reduced reaction time and superior yield. 
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Introduction 

ilica-supported DTP/SiO2 is simple to 
prepare and shows good acidic 
characteristics. The acidic properties of 
DTP/SiO2 can be controlled by 

activation temperature and have shown 
significant catalytic activity [1]. 
DTP/SiO2exhibits efficient heterogeneous 
catalytic properties for the synthesis of a wide 
variety of important organic building blocks 
such as α-aminophosphonate [2]. Moreover, it 
is successfully employed as catalyst for the 
many organic transformations via C-H 
activation and functionalization of nitrogen-
containing aromatic heterocycles [3, 4], Fries 
rearrangement [5], Friedel-Crafts benzylation 
of anisole [6].  

The pyrans are considered as an important 
building block for the synthesis of several 
natural products [7] and photochromic 
materials [8]. The heterocyclic entities 
containing pyrans ring show many medicinal 
and pharmacological properties and are 
involved in may biochemical reactions [8]. 
Furthermore, pyrans serve as important 
synthetic intermediates for the synthesis of 
biologically important compounds such as 
pyrano-pyridines [9], poly-azanaphthalenes 
[10], pyrano[2-c]pyrimidines [11], and pyridin-
2-ones [12]. Hence, the synthesis of hetrocyclic 
compounds containing pyran nucleus has 
attracted the attention of many synthetic and 
medicinal chemists. Moreover, the heterocyclic 
compounds containingpyrano[3,2-c]chromene 
nucleus is a class of important heterocycle with 
broad spectrum of biological activities [13] 
involving spasmolytic, diuretic, anti-coagulant, 
anti-cancer and anti-anaphylactic activity [14]. 
The chromene building block with fused ring 
system has proved to expand the biological 
spectrum with superior anti-bacterial profile 
against numerous microbes such as bacteria 
and fungi [15]. The fused chromene containing 
heterocycles has shown the excellent biological 
properties vizantiproliferative [16], 
sexpheromonal [17], mutagenicitical [18], anti-
tumor [19], anti-viral [20]and CNS depressant 
activities [21].  

There are many methods available in the 
literature for the synthesis of 
dihydropyrano[3,2-c]chromene compounds via 
one-pot multi-component reaction (MCR) 
between 4-hydroxycoumarin with aldehydes 
and malononitriles such as H6P2W18O62/18H2O 
[22], sodium dodecyl sulfate (SDS) [23], DBU  
[24], Tetrabutylammonium bromide (TBAB) 
under solvent-free and in aqueous condition 
[25], ionic liquid [26], sulfonic acid 
functionalized silica (SiO2PrSO3H) [27], 
poly(N,N'-dibromo-N-ethyl-benzene-1,3-
disulfonamide) [PBBS] and N,N,N',N'-
tetrabromobenzene-1,3-disulfonamide 
[TBBDA] [28], trisodium citrate[29], Biguanide-
functionalized Fe3O4/SiO2magnetic 
nanoparticles [30], inorganic-organic hybrid 
magnetic nanocatalyst Fe2O3 [31] Ru(II) 
phosphine complexes [32], Silica-bonded n-
propylpiperazine sodiumn-propionate [33],  2-
hydroxyethylammonium formate (ionic liquid) 
[34], bleaching earth clay [35] etc. However, 
these reported methods have been found to be 
inadequate in terms of longer reaction time, 
lower practical yields, ease of handling of 
hazardous chemicals, isolation of the product, 
lack of catalytic reusability etc. Taking into 
account the limitation of the reported methods, 
we can still have a scope to develop new 
method for the synthesis of dihydropyrano[3,2-
c]chromene derivatives. To address the 
shortcomings of reported methods, herein we 
reported DTP/SiO2 as efficient, recyclable 
heterogeneous catalysts for the synthesis of 
dihydropyrano[3,2-c]chromene derivatives.  

Experimental 

General 

All the physical constants were recorded in an 
open capillary tube and were uncorrected. The 
reagents, chemicals and solvents used were of 
synthetic grades and were used as obtained. 
The reactions were monitored by thin-layer 
chromatography on precoated sheets of 
alumina gel-G (Merk, Germany) using iodine 
vapours and or UV light for detection. The Infra-
Red (IR) spectra were recorded on Schimadzu 
Spectrophotometer (KBr pellets). 1H NMR 
(300MHz) and 13C NMR (100 MHz) spectra 
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were recorded in DMSO-d6 or CDCl3 using TMS 
an internal standard with an Avance 
spectrometer (Bruker, Germany). Mass spectra 
were determined on an EI-Schimadzu QP 2010+ 
GCMS system. 

2.1. General procedure for the synthesis of 2-
amino-5-oxo-4-phenyl-4,5-dihydropyrano[3,2-
c]chromene-3-carbonitrile derivatives 4:  

A mixture of 4-hydroxy-2H-chromen-2-one 1 (1 
mol), aldehyde (2a–2n) (1.1 mol), malononitrile 
3 (1.1 mmol), and DTP/SiO2 (20 wt %) in DMF 
(10 mL) was heated to 60°C with stirring about 
30-50 Minute (Table 2). The progress of 
reaction was checked by TLC. After completing 
the conversion of reactant into product (by 
TLC), the catalyst was filtered off and reaction 
mixture was allowed to cool at room 
temperature. To this cooled mixture, ice cold 
water (50 mL) was added and stirred 
mechanically for 5-10 min. The solid was 
separated out, filtered and recrystallized from 
ethanol to afford the pure products 4 a-n.  

2.1.1.Product 4a: Pale yellow powder; 
(purified by recrystallization with ethanol); IR 
(KBr) cm-1: 3323, 3204, 2195, 1720, 1668, 
1601, 1519, 1381, 1264, 1143, 1048, 761, 481; 
1H NMR (300 MHz, DMSO-d6 TMS) δ ppm; 4.40 
(1H, s, pyran-CH), 7.21-7.30 (5H, m, arom.), 
7.36 (2H, s, NH2), 7.40-7.48 (2H, m, arom.), 7.69 
(1H, t, J = 7.2 Hz, arom.), 7.86 (1H, d,  J = 7.2 Hz, 
arom); 13C NMR (100 MHz, DMSO-d6, TMS) δ 
ppm; 37.1, 57.9, 103.8, 112.9, 116.6, 
119.2,122.5, 124.7, 127.2, 127.7, 128.6, 133.0, 
143.4, 152.2, 153.5, 158.1, 159.6. 

2.1.2. Product 4b: Grayish solid; (purified by 
recrystallization with ethanol); IR (KBr) cm-1: 
3319, 3310, 3195, 2196, 1718, 1676, 1608, 
1377, 1057, 954, 757, 506; 1H NMR (300 MHz, 
DMSO-d6 TMS) δ ppm; 2.21 (3H, s, CH3), 4.36 
(1H, s, CH), 7.05-7.11 (4H, m, arom.), 7.34 (2H, 
s, NH2), 7.39-7.47 (2H, m, arom.), 7.66 (1H, t,  J = 
9.0 Hz, arom.), 7.86 (1H, d, J = 9.0 Hz, arom.);  
13C NMR (100 MHz, DMSO-d6, TMS) δ ppm; 
20.7, 36.7, 58.2, 104.2, 113.1, 116.6, 117.8, 
119.3, 122.5, 124.7, 127.6, 129.1, 132.9, 136.3, 
140.5, 152.2, 153.3, 158.0, 159.6.  

2.1.3. Product 4c: White solid; (purified by 
recrystallization with ethanol); IR (KBr) cm-1: 

3370, 3290, 3182, 2191, 1709, 1671, 1605, 
1571, 1507, 1459, 1379, 1319, 1251, 1178, 
1111, 1052, 1026, 951, 834, 756, 564, 529;  ; 1H 
NMR (300 MHz, DMSO-d6 TMS) δ ppm;  3.68 
(3H, s, OCH3), 4.35 (1H, s, CH), 6.82  (2H, d,  J = 
8.4 Hz, arom.), 7.13  (2H, d, J = 8.4 Hz, arom.), 
7.33 (2H, s, NH2), 7.38-7.47 (1H, m, arom.),7.63-
7.69 (1H, m, arom.), 7.84 (1H, dd,  J = 7.5 Hz, J = 
1.2 Hz, arom.), 7.93  (1H, d,  J = 9.0 Hz, arom.);  
13C NMR (100 MHz, DMSO-d6, TMS) δ ppm; 
36.2, 55.1, 58.4, 104.3, 114.0, 115.3, 116.6, 
119.4, 122.5, 124.8, 128.8, 132.9, 133.5, 135.5, 
152.2, 153.1, 158.0, 159.6, 160.5. 

2.1.4. Product 4e: Light yellow colored solid; 
(purified by recrystallization with ethanol); IR 
(KBr) cm-1: 3402, 3323, 3204, 2197, 1714, 
1670, 1604, 1509, 1379, 1264, 1143, 1047, 761, 
481;  ; 1H NMR (300 MHz, DMSO-d6 TMS) δ 
ppm ; 4.46 (1H, s, CH), 7.23 (2H, d,  J = 8.4 Hz, 
arom.), 7.43-7.50 (6H, m, NH2 + arom.), 7.68-
7.72 (1H, m, arom.), 7.88 (1H, d, J = 7.2 Hz, 
arom.);  13C NMR (100 MHz, DMSO-d6, TMS) δ 
ppm; 36.4, 57.7, 103.6, 113.1, 116.6, 119.1, 
122.6, 124.8,128.6, 129.6, 131.7, 133.1, 142.4, 
152.3, 153.6, 158.1, 159.7.  

2.1.5. Product 4f: Yellow colored solid;  
(purified by recrystallization with ethanol); IR 
(KBr) cm-1: 3385, 3305, 3188, 2191, 1712, 
1674, 1606, 1375, 1060, 759, 510;  ; 1H NMR 
(300 MHz, DMSO-d6 TMS) δ ppm; 5.12 (1H, s, 
CH), 7.17-7.23 (3H, m, NH2 + arom.), 7.34 (3H, t,  
J = 8.7 Hz, arom.), 7.46 (4H, t, J = 10.1 Hz, arom); 
13C NMR (100 MHz, DMSO-d6, TMS) δ ppm; 
37.0, 56.6, 116.5, 116.9, 119.5, 120.7, 124.8, 
125.1, 125.8, 129.8, 130.4, 131.9, 134.5, 142.5, 
150.3, 154.1, 159.0. 

2.1.6. Product 4j: Yellow colored solid; 
(purified by recrystallization with ethanol); IR 
(KBr) cm-1: 3390, 3212, 3179, 2197, 1662, 
1575, 1465, 1409, 1260, 1227, 746, 548; 1H 
NMR (300 MHz, DMSO-d6 TMS) δ ppm: 4.64 
(1H, s, CH), 7.44 (2H, t,  J = 7.5 Hz, arom.), 7.49-
7.54 (2H, m, arom.), 7.57 (2H, s, NH2), 7.69 (1H, 
t,  J = 7.5 Hz, arom.), 7.87 (1H, d, J = 7.5 Hz, 
arom.), 8.14 (2H, d,  J = 8.4 Hz, arom.); 13C NMR 
(100 MHz, DMSO-d6, TMS) δ ppm; 22.3, 36.9, 
43.9, 56.9, 102.9, 113.0, 116.7, 118.9, 122.7, 
123.8, 124.8, 129.2, 133.2, 146.7, 150.8, 152.4, 
154.0, 158.1, 159.6. 
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2.1.7. Product 4k: Yellow colored solid; 
(purified by recrystallization with ethanol); IR 
(KBr) cm-1;  3382, 3235,3179, 2193, 1728, 
1663, 1600, 1416, 1298, 1173, 1119, 1010, 753, 
472;  1H NMR  (300 MHz, DMSO-d6 TMS) δ 
ppm: 4.69 (1H, s, CH), 7.42 (1H, d,  J = 8.7 Hz, 
arom.), 7.48 (1H, d,  J = 7.8 Hz, arom.), 7.52 (2H, 
s, NH2), 7.59 (1H, t,  J = 7.8 Hz, arom.), 7.68 (1H, 
dt, J = 8.0 Hz, J = 8.0 Hz, J = 1.4 Hz, arom.), 7.76 
(1H, t, J = 7.8 Hz, arom.), 7.87 (1H, d, J =7.2 Hz, 
arom.), 8.08 (2H, d,  J = 7.8 Hz, arom.), 13C NMR 
(100 MHz, DMSO-d6, TMS) δ ppm; 22.3, 36.8, 
43.9, 57.1, 103.0, 113.0, 116.7, 119.0, 122.5, 
124.8, 130.2, 133.2, 134.8, 145.6, 148.0, 152.4, 
154.0, 158.3, 159.7. 

Result and Discussion 

To pursue our work towards the development 
of efficient methods for the synthesis of 
important heterocyclic compounds adopting 
MCRs [35], herein we became interested in 
developing an environmental friendly method 
involving use of DTP/SiO2 as an efficient, 
recyclable heterogenous catalyst for the 
synthesis of 2-amino-5-oxo-4-phenyl-4, 5-
dihydropyrano[3,2-c]chromene-3-carbonitrile 
derivatives through a one-pot multi-component 

condensation reaction of 4-hydroxyquinolin-
2(1H)-one, aldehydes, and malononitrile. By a 
preliminary experiment, we found that this 
three-component condensation reaction 
catalyzed by DTP/SiO2 worked very well. 
Hence, inspired by the preliminaryexperiments, 
herein we have reported an efficient one-pot 
multi-component synthesis of 2-amino-5-oxo-4-
phenyl-4, 5-dihydropyrano [3,2-c] chromene-3-
carbonitrile derivatives in excellent yields 
(Scheme 1). 

O

CN

CN

CHO

O

DTP/SiO2

OH

O
O

CN

NH2

O

R

R
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Scheme 1. Synthetic route of 2-amino-5-oxo-4-
phenyl-4, 5-dihydropyrano[3,2-c]chromene-3-
carbonitrile derivatives 

Initially, we investigated the three-
component condensation reaction of 4-
hydroxy-2H-chromen-2-one 1, benzaldehyde 
2a, and malononitrile 3 in the presence of 
various catalyst; the results are tabulated in 
Table 1. 

Table 1. Comparison of catalytic activity of various catalysts for synthesis of pyrano[3,2-
c]chromene-3-carbonitrile derivatives 

Entry Solvent Catalyst Yield% 
1 Methanol DTP/SiO2 60 
2 Ethanol DTP/SiO2 64 
3 DCM DTP/SiO2 70 
4 Acetonitrile DTP/SiO2 75 
5 DMF DTP/SiO2 94 
6 Water DTP/SiO2 N R 
7 DMF 20%DTP/SiO2 94 
8 DMF 30%DTP/SiO2 94 

aIsolated yields 

In order to optimize the reaction condition 
viz. catalyst loading and solvent, a model 
reaction was studied by varying the range of 
solvents including polar and non-polar solvents. 
In order to find out the appropriate solvent for 
the synthesis, the model reaction was carried 
out by using solvents such as methanol, ethanol, 
dichloromethane (DCM), acetonitrile, 
Dimethylformamide (DMF). However, the DMF 
solvent gave the preferred pyrano[3,2-

c]chromene-3-carbonitrile product in good 
yield (Table 1, entry 8), whereas methanol, 
ethanol, DCM and acetonitrile, respectively gave 
moderate yield (Table 1, entries 1–4). The 
formation of the preferred product was not 
observed using water as the solvent (Table 1, 
entry 6). This indicates that the solvent plays a 
key role in the activity and performance of the 
catalyst. The above observations indicate the 
reaction using polar protic solvent that shows 
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an astonishing effect on the yield of the product. 
Thus, with the reaction in the presence of polar 
protic solvent, there was a negligible possibility 
for the substrate to come in contact with 
catalyst therefore, the yield of the product was 
found to be low, and reaction in polar aprotic 
solvent showed the highest yield. The 
promising results were observed using DMF as 
a solvent over a DTP/SiO2 catalyst, which 
allowed us to further optimize the DTP/SiO2 
catalyst loading. The results in Table 1 (entry 7) 
reveal that the catalyst with 20 mole % of 
DTP/SiO2 loading is excellent. Considering the 
catalyst using 30 mole % DTP/SiO2 tested, there 
was no considerable rise in the yield of the 
product (Table 1, entry 8). The optimized 
reaction condition for the given reaction was 

found to be using 20 mole% DTP/SiO2 in DMF 
solvent. These results motivated us to explore 
the scope of the pyrano[3,2-c]chromene-3-
carbonitrile derivatives synthesis from 
substituted 4-hydroxyquinolin-2(1H)-one, 
aldehydes, and malononitrile in the presence of 
a DTP/SiO2 catalyst at optimized reaction 
conditions.  

A series of aromatic aldehydes were selected 
to undergo the condensation in the presence of 
DTP/SiO2 catalyst. As shown in Table 2, 
aromatic aldehydes 2 carrying either electron-
donating or electron-withdrawing substituent 
reacted efficiently and gave excellent yields 
(Table 2, entries 1–14). The possible 
mechanism is depicted in scheme 2 in the 
supplementary file. 

Table 2. DTP/SiO2 catalyzed synthesis of pyrano[3,2-c]chromene-3-carbonitrile derivatives 

O

CN

CN

CHO

O

DTP/SiO2

OH

O
O

CN

NH2

O

R

R

1 2a-n 3

4a-n

DMF

 

Product Ar Time (Min) 
Yielda (%) 

Found(Reported) 
MP◦C Found(Reported) 

4a C6H52a 30 94 (10) 254-256 (253-255)[31] 
4b 4-CH3C6H4 2b 32 92 (80) 210-220 (219-220) [32] 
4c 4-CH3O-C6H4 2c 35 90 (78) 220-222 (220-222) [31] 
4d 4-F-C6H4 2d 30 95 (96) 260—262 (260-262) [26] 
4e 4-Cl-C6H4 2e 35 92 (88) 257--259 (256-258)[27] 
4f 4-Br-C6H4 2f 35 91(80) 247-248 (247-249)[23] 
4g 3-CH3O-4-HOC6H3 2g 30 94 228-230 
4h 4-OH-C6H4 2h 30 87 258-260 
4i 3-OH-C6H4 2i 30 89 263-265 
4j 4-NO2-C6H4 2j 40 90 (85) 177-179 (177-178)[32] 
4k 3-NO2-C6H4 2k 45 87 (84) 257-258 (257-258) [31] 
4l 2-Cl-C6H4 2l 45 93 (84) 262-263 (263-266 [23] 

4m 2,4-Cl2C6H3 2m 45 90 (86) 256-258 (255-257) [22] 
4n 2-OH-C6H4 2n 40 88 280-282 

aIsolated yields.

Therefore, the nature of the substituents 
attached to the aromatic ring did not show a 
significant effect in this conversion. The 
experimental operations involved efficient, eco-
friendly, convenient, rapid properties and 
showed the ability to endure a variety of 
electron releasing and electron-withdrawing 

functional groups, such as methoxyl, nitro, 
hydroxyl, and halides. The recycling experiment 
revealed that the catalyst could be recycled for 
next 4-5 times without further purification of 
the catalyst. And it was observed that there was 
no significant loss in the yield of the product 
(Table-3).
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Table 3. Catalytic activity of DTP/SiO2. 

O

CN

CN

CHO

NO2

O
DTP/SIO2

OH

O
O

CN

NH2

O

NO2

DMF

 
Run 1st 2nd 3rd   4th 5th 
Time (Min) 45 45 45 45 45 
Yield 87 87 86 86 86 
      

Conclusion 

In summary, we have reported a simple, rapid, 
efficient one-pot multi-component 
condensation of 4-hydroxyquinolin-2(1H)-one 
1, aldehyde 2, malononitrile 3 catalyzed by 
efficient heterogeneous catalyst DTP/SiO2 to 
offer 2-amino-5-oxo-4-phenyl-4, 5-
dihydropyrano [3,2-c] chromene-3-carbonitrile 
derivatives 4. The current method offers simple 
experimental procedure, easy isolation of 
catalyst, efficacy and reusability of the catalyst 
over the previously reported methods.  
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 The short, easy and total synthesis of Murrayanine (1),  Mukonine (2), 
carbazole alkaloids were elaborated, based on a regioselective buchwald 
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Introduction 

The carbazole alkalods  which are pharmacutical 

importance nitrogen containing heterocycle have 

been isolated from various natural sources. The 

exhaustive effort has been made toward the new 

discovery and construct of natural product. In the 

recent decade, numerous synthesis methods have 

been reported globally [1]. In the early 1982, 

Chakraborty et al. studied the roots of Murraya 

koenigii Spreng and isolated the carbazole 

alkaloids Mukoline and Mukolidine [2] (Figure 1). 

                          
Figure 1: Naturally occurring carbazoles 

 

In India, the Murraya Koenigii is the best source 

for the isolation of the carbazole alkaloids  such 

as  murrayanine which is commonly  called kadi 

patta leaf and used day to day life in kitchen [3]. 

The alkaloids display wide-ranging range of 

pharmaceutical activity such as antitumor, anti-

inflammatory, anti-histaminic, antioxidant, light 

emitting properties [4]. Because of extensive use 

of distinctive skeleton, physicochemical 

properties and pharmaceutical activities as 

mentioned above, the introduction of novel, 

simple and efficient route to prepare the 

carbazole moiety has considerable attention in 

the scientist community. The numerous synthetic 

methods are present for the preparation of 

murrayanine (1), mukonine carbazole alkaloids 

[5-6].  

The diverse synthetic reports available in the 

literature include Fischer indolization [7] the iron 

metal catalyzed oxidative coupling with 

cyclization of arylamine 

tricarbonyl(cyclohexadiene) complexes [8-9], 

oxidative cyclization in the palladium(II)-

catalyzed [10], the thermal cyclization of 1-

phenyl benzotriazole [11] cyclization of 

biarylnitrenes to carbazole [12] and some others 

methods. Recently, Banwell et al. described a new 

procedure for the preparation of Mukonine 

carbazole alkaloids with 66% yield via a Pd-

Catalyzed oxidative C-C bond formation followed 

by reductive coupling reaction [13]. Knoke et al. 

(1993) described the iron-promoted carbon-

carbon, carbon-nitrogen bond formation followed 

by synthesis of koenoline, mukoeic acid, 

murrayafoliae A, murrayanine. murrayaquinone 

A, and mukonine natural product [14]. Subha et 

al. described the novel cross coupling reaction 

followed by reductive cyclization in the presence 

of triphenylphosphine that gives a range of 

carbazole alkaloids, including mukonine, 

murrayafoline A, mukoeic acid, clauszoline K, 

koenoline, murrayanine,glycoborine, mukoline, 

glycozolicine, mukolidine,  and glycozoline 

alkaloids [15]. The natural product mukoline and 

mukolidine were produced by the reaction of 

aromatic amine with the exposure of palladium 



 Gaikwad M.V., Kamble R.D., et. al./ Chem. Methodol.  2021, 5(4) 341-347 

343 | P a g e  

 

(II) acetate and copper (II) acetate in the pivalic 

acid [16].  

As a researcher, always interested to report a 

novel methodology for the construction of 

bioactive heterocyclic compound [17-23]. In this 

paper, we have described a new method for the 

total synthesis of murrayanine (1), mukonine via 

construction of desire scaffold via Buchwald 

coupling followed by Pd(OAc)2 mediated 

oxidative coupling reaction to obtain desire 

molecule. 

Material and methods  

General  

The experiment was performed in a dry glass 

apparatus and the required raw chemicals were 

bought from the national and international 

suppliers such as Spectrochem, Aldrich, Merck, 

Fisher and used directly. The dry reaction was 

carried out in the Argon gas atmosphere. The 

progress of reaction was checked on TLC. The 

synthesized compound purification was 

performed using column chromatography with 

Silica gel (60-120 Mesh) from Aura. The solvent 

was dried over A4 molecular sieves prior to use 

and the THF was dried over Na metal. The 

tetramethylsilane (TMS) used as internal 

standard at ambient temperature for the running 

of the 1H NMR, 13C NMR spectra over a Bruker 

400, 500 MHz NMR machine.  The FT-IR spectra 

were recorded over a Bruker- Perkin-Elmer 

model 683 B or 1605 spectrophotometer and 

absorptions were expressed in cm-1. All Buchi 

501 apparatus was used for the recording of 

melting points and Boiling Points of pure 

compounds and are uncorrected. 

 

Synthesis of methyl 4-bromo-3-methoxybenzoate 

(5)  

To a solution of 4-bromo-3-methoxybenzoic acid, 

6 (1,00 g, 1 eq) in methanol (15 ml) H2SO4 (20 µL, 

0.15 eq) was added. The reaction mixture was 

blended to reflux for 5 h. After completion of the 

reaction, the solvent was removed under reduced 

pressure and the crude mass was mixed in DCM 

NaHCO3 and cold water. The organic layer was 

dried over sodium sulphate and concentrated 

under reduced pressure to afford the pure 

product 5 methyl 4-bromo-3-methoxybenzoate; 

white crystalline product, mp 54-56 °C. 

 

Methyl 3-methoxy-4-(phenylamino)benzoate (3) 

In a dry seal tube with magnetic stir bar, 

Pd2(dba)3, methyl 4-bromo-3-methoxybenzoate2 

(g, mmol), aniline ( g, mmol) was added, followed 

by xantphos (g, mmol) Cs2CO3 (g, mmol) in a  dry 

1,4-dioxane, the seal tube was then 

evacuated/backfilled with argon 3x  with stirring. 

The seal tube was stirred vigorously at 110 °C for 

48h. After completion of reaction (monitored by 

TLC), the reaction mixture was diluted with 5 ml 

ethyl acetate and filter over sintered glass funnel, 

the organic solution concentrate under vacuum 

and purified using column chromatography to 

afford white crystal with 58% yield. 
1HNMR (300MHz, CDCl3); δ: 3.88(s, 3H), 3.96 (s, 

3H), 6.54 (br, 1H), 7.06 (t, J= 7.4 Hz, 1H), 7.19-

7.26 (m, 3H), 7.34 (t, J= 8 Hz, 2H), .7.52 (d, J= 1.5 

Hz, 1H), 7.59 (dd, J= 1.4 Hz & 8.1 Hz, 1H) 
13CNMR (75 MHz, CDCl3), δ: 51.7, 55.7, 59.8, 

110.5, 110.6, 119.9, 120.8, 123.0, 123.5, 129.4, 

132.2, 140.6, 146.5, 167.1.  

 

Synthesis of methyl 1-methoxy-9H-carbazole-3-

carboxylate; Mukonine (2) 

In a dry seal tube with magnetic stir bar was 

added Pd(OAc)2  and methyl 3-methoxy-

4(phenylamino)benzoate 3 in a 1,4-dioxane  the 

seal tube was fluxed with argon 3x  with stirring. 

The seal tube was blended vigorously at 100 °C 

for 16h. The progress of reaction was checked 

using TLC and after completion of reaction the 

mixture mix with 10 mL Ethyl acetate. 

After completion of reaction (monitored by TLC), 

the reaction mixture was diluted with  10 mL 

ethyl acetate  and filter over sintered glass funnel, 

the organic solution concentrate under vacuum 

and  purified using column chromatography with 

( ethyl acetate: hexane) to afford white solid. 

Mukonine (5a):  Yield (70%), mp 194-198 °C (lit. 

4 mp 196 °C); 1H NMR (300 MHz, CDCl3): δ: 10.37 

(s, D2O exchange, 1H), 8.34 (s, 1H), 8.06 (d, J=6.2 

and washed with the saturated solution of  
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Hz, 1H), 7.61 (s, 1H), 7.51 (t, J = 9.1 Hz, J = 8.9 Hz, 

1H), 7.40 (t, J = 8.8  Hz, J = 5.8 Hz, 1H), 7.09 (t, J = 

6.2 Hz, 1H), 3.88 (s, 6H); 13CNMR (75 MHz, DMSO-

d6): 167 δ 167.89, 146.01, 139.91 132.61, 126.02, 

123.71, 123.83, 122.11, 120.22, 120.54, 116.21, 

111.45, 107.23, 55.52, 55.01; The calculated 

HRMS for the molecular formula C15H13NO3 [M+ 

H]+, 256.0968 and observed 256.0970. 

 

Synthesis of 1-methoxy-9H-carbazole-3-

carbaldehyde; Murrayanine (1) 

A solution of compound methyl 1-methoxy-9H-

carbazole-3-carboxylate 0.500 mg in a 17 mL dry 

THF at -78 °C under the argon atmosphere di-

isobutyl-aluminum hydride in THF was added 

drop wise and keep the vessel temperature below 

-65 °C. After completion of reaction, the reaction 

was quenched with 10 mL of 10% HCl, and 

extracted into 2 x 10 mL portions of ethyl acetate. 

The organic layer was also washed by using 10% 

HCl, solution and saturated sodium bicarbonate. 

The organic layer was dried over magnesium 

sulfate and concentration under reduced 

pressure gave desired 1-methoxy-9H-carbazole-

3-carbaldehyde.  Murrayanine (1): Colourless 

crystals, Yield (78%), mp 164-168 °C ; 1H NMR 

(400 MHz, DMSO) δ: 11.68 (s, 1H), 8.78 (s, 1H), 

8.20 (d, J = 7.9 Hz, 1H), 8.03 (dd, J = 8.3, 5.5 Hz, 

2H), 7.66 (d, J = 8.3 Hz, 1H), 7.53 (t, J = 7.5 Hz, 

1H), 3.95 (s, 3H).  

 

Result and Dissection  

The retrosynthesis analysis of murrayanine (1), 

mukonine (2), is shown in Figure-1. Our 

retrosynthetic analysis for the synthesis of the 

target molecule 1 murrayanine (1) and mukonine 

(2) carbazoles are expected to be obtained via 

Buchwald–Hartwig coupling followed by Pd 

catalyzed C-C coupling reaction (Scheme 2). The 

key precursor 5 has been required for the 

construction of murrayanine and mukonine 

carbazole alkaloids.   

 

 
Scheme 1:  Retro synthesis of murrayanine (1), mukonine (2), carbazole alkaloids 

 

With the help of synthetic pathway as shown in 

Scheme 2, the optimization of 1 involves carbon–

nitrogen coupling with Buchwald coupling the 

catalyzed coupling reactions of amines with 

aromatic halides followed by the C-C oxidative 

coupling cyclization of the phenyl and aryl rings 

are the key steps. We started our strategy as per 

our proposed strategy (Scheme 1). The precursor 

5 has been prepared form the etherification of 4-

bromo-3-methoxybenzoic acid in MeOH/ H+ gives 

precursor 5.  Then we moved towards the actual 

synthesis of desire precursor 3 from the 
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Buchwald coupling with 5 and amine 4 by using 

Xantphos, Cs2CO3 and Pd(tris)3 [24] under the dry 

condition. At the beginning, we performed 

Buchwald coupling reaction by using various 

bases such as K2CO2, CsCO3, KOtBu. When the 

reaction was performed with the base K2CO3 at 

100 °C to produce desired precursor, but very 

less yield, while in case of CsCO3, t-BuOK yield 

was moderate to good (Table 1).    

Table 1: Examination of the Pd-catalyzed Buchwald coupling reaction 

Sr /No Reagent Ligand Base Time Yield% 

1 Pd2(dba)3 BINAP K2CO3 24 20 

2 Pd(OAc)2 Xanphose K2CO3 24 35 

3 Pd2(dba)3 BINAP KOtBu 24 28 

4 Pd(OAc)2 Xanphose KOtBu 24 42 

5 Pd2(dba)3 BINAP Cs2CO3 24 30 

6 Pd2(dba)3 Xanphose Cs2CO3 24 69 

7 Pd(OAc)2 Xanphose Cs2CO3 24 38 

 

Based on the above observation, we decided to 

examine the synthesis intermediate 3 via   

Buchwald coupling reaction. Initially, we 

examined the Pd-catalyzed Buchwald coupling 

reaction using Ligand BINAP and Xanphose in the 

presence of base K2CO3, KOtBu, Cs2CO3 (Table 1, 

entry 1). The treatment of 5 and 4 with Pd(OAc)2 

Pd-catalyst in the presence of ligand Xanphose 

and base K2CO3, Cs2CO3 and KOtBu  with dioxane 

solvent resulted in the formation of  3 with 35%, 

38% and 42% yield (Table 1, entry 2, 4 and 7).  

 
Scheme 2: Synthesis of murrayanine (1), mukonine (2), carbazole alkaloids 

 

Based on the treatment of  5 and 4 with Pd2(dba)3
 

Pd-catalyst in the presence of ligand BINAP, 

Xanphose and base K2CO3, KOtBu, Cs2CO3   with 

dioane solvent which resulted in the formation of  

3 with 20%, 28%, 30% and 58%  yield (Table 1, 

entry 1, 3, 5 and 6) from the above result, it can 

be concluded that the Buchwald coupling 

reaction occur by using Pd2(dba)3 reagent using  

Xanphose ligand with Cs2CO3 base in a 1,4-

Dioxane solvent( table 1, entry 6). The desired 

compound 3 in our hand showed very good yield. 

Next, we embarked on the total synthesis of 

murrayanine (1) and Mukonine (2). The 

compound 3 were treated with Pd-catalyst and 

gave desired alkloids. Mukonine (2) was then 

prepared by oxidative coupling cyclization of the 
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phenyl and aryl rings of precursor 3 initiated by 

stoichiometric amount of Pd(OAc)2 [25] in acetic 

acid solvent 7. Further, Mukonine (2) was 

converted to murrayanine (1) via reduction of 

ester group to aldehyde by using DIBAL-H in THF 

solvent with 78% yield.  

Conclusion 

We have described a new and concise synthesis 

method of Murrayanine (1) and Mukonine (2), by 

using the novel approach that involves a Pd-

catalyzed Buchwald coupling followed by   

oxidative coupling cyclization of the phenyl and 

aryl rings using stoichiometric amount of 

Pd(OAc)2.  
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Abstract 
In present era, different tissue culture techniques are applied to enhance secondary metabolites 
production by triggering stress response. These stresses include application of elicitors, 
biotransformation, change in environmental conditions, change in medium constituents, precursors, etc. 
Among them, elicitors are substances that induce defense responses in plants. Elicitors are introduced 
into various organ cultures and in cell suspension cultures to increase the stress tolerance. The present 
review focuses on secondary metabolite production in plant cell suspension culture. This will help in 
conservation of rare and endangered medicinally important plants and it will also provide increased 
secondary metabolite production with less time and low cost. 
 
Keywords: Cell suspension culture, elicitor, secondary metabolite production. 
 
Introduction 
The extensive research work in the modern biological and chemical sciences have described 
the role of primary metabolites in vital life functions like cell division and growth, 
respiration, storage, and reproduction. The concept of secondary metabolite was first 
explained by Kossel [1]. He defined that secondary metabolites are opposed to primary ones. 
Later on, Czapek [2] have taken an important step and devoted an entire volume named “end 
product” to his ‘plant biochemistry’ series. As per Czapek, the secondary modification i.e. 
de-amination process in nitrogen metabolism gives rise to these end products. The secondary 
metabolites are often located at specific cell or organs and less than 1% of total carbon as 
compared to other main molecules. In the middle of 20th Century, advancement in different 
analytical techniques resulted in to identification and purification of several molecules which 
formed the basis of phyto-chemistry discipline. The paper chromatography revealed that 
some of the molecules are pigments. However, the possible role of these secondary 
metabolites in life cycle of plant is still mysterious as mentioned by Czapek as end product. 
Plant fitness is largely depending on production of secondary metabolites under 
environmental influence. Most of the secondary metabolites possesses bioactivities like 
antifungal, antibiotic, antiviral etc. Hence, they protect plant against pathogens and shows 
allelopathic effect which prevents germination of other species present in their vicinity. In 
addition, they possess UV absorbing compounds and prevents leaf damage from UV rays [3].  
The classification of plant secondary metabolites is usually based on their biosynthetic 
pathways [4]. The secondary metabolites are grouped in to four families such as alkaloids, 
phenolics, steroids and terpenes. Among these phenolic family is widespread as its 
compounds are involved lignin synthesis and ubiquitous in higher plants. The alkaloids are 
sparsely distributed in plants and are specific to genus and species. Such narrow distribution 
of secondary metabolites forms basis of chemotaxonomy and chemical ecology. Because of 
the numerous biological activities of secondary metabolites, they have been used in 
traditional medicines for centuries.  
In recent days, secondary metabolites correspond to value added products like cosmetics, 
fine chemicals or currently neutraceutics. Recent studies have well established that in 
pharmaceutical industries chemistry is said to be backbone, however about 25% molecule 
used in this industry have natural plant origin [5]. The secondary metabolite production 
requires large scale cultivation of medicinal plants. However, it is difficult to cultivate 
specific biotype away from their natural ecosystem. Sometime the common plants with 
pathogen sensitivity are unable to grow in large fields, for example anthracnose on Arnica 
montana and Hypericum perforatum. Due to this, plant cell, tissue and organ cultures 
become popular choice for production of secondary metabolites.
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Different tissue culture techniques are being used for 
increase content of secondary metabolites by application of 
elicitors, alternation in environmental conditions and 
medium constituents etc. 
 
Elicitors 
An elicitor is a substance which, when introduced in small 
concentrations to a living cell system, it initiates or triggers 
the biosynthesis of specific compounds [6]. 
 
Classification of elicitors 
Generally, elicitors are classified as physical or chemical, 
biotic or abiotic and complex or defined depending on their 
origin and molecular structure [6]. 
 
Biotic elicitors 
Biotic elicitors are molecules of either pathogen or host 
origin that can induce defense responses (such as 
phytoalexin accumulation or hypersensitive response) in 
plant tissue. Often complex biological preparations have 
been used as elicitors, where the molecular structure of the 
active ingredients is unknown. Biotic elicitors can be 
classified on the basis of their exact molecular structure as 
follows: [7, 8]. 
 
A. Proteins and glycoproteins as elicitors 
Proteins and enzymes are class of elicitors that trigger 
defense response e.g. in plant cell cultures. Cellulase causes 
rapid accumulation of phytoalexins, enhanced production of 
debneyol and capsidol in cell cultures of Nicotiana tabacum 
[9]. The glycoproteins are also involved in triggering of 
different phytoalexins in plant cell cultures. In cell cultures 
of Plantanus acerifolia, the coumarin concentration was 
increased due to application of glycoprotein in its native 
conformation extracted from a fungus Ceratocystis 
fimbriata cell suspension culture [10].  
 
B. Oligosaccharides as elicitors 
The oligosaccharides have shown to induce defense 
responses in plant cells. Like proteins, carbohydrates also 
act as chemical trigger i.e. elicitor to enhance the secondary 
metabolite production in cell suspension culture of plants. In 
Soybean cell cultures, the role of carbohydrates elicitors in 
accumulation of phytoalexin was observed [12]. The partial 
acid hydrolysis of mycelium of Phytophthora gasperma 
revealed involvement of eight oligosaccharides in 
phytoalexin production [12]. The oligosaccharides showing 
enhancement of secondary metabolites in cell cultures of 
plants are enlisted in Table 1.  
 
C. Plant hormones as elicitors 
The hormones play an important role in plant defense 
mechanism against different environmental stresses. The 
plat hormones, Jasmonic acid (JA), salicylic acid (SA), 
derivatives and analogs of SA, Brassinosteroids act as 
elicitor and accumulates specific metabolites to trigger 
defense mechanism. They upregulate expression of plethora 
of defense genes in plants. The plant resistance to bacterial, 
fungal and viral pathogens is regulated by SA [14, 15]. while 
the resistance against insects is regulated by JA [16, 17]. JA 
derived elicitation results in to enhanced synthesis of 
various proteins via octadecanoic pathway [16, 17]. 
 
Abiotic elicitors 
The abiotic elicitors have acquired less attention as 
compared to biotic elicitors [6]. They include different stress 
causing physical and chemical factors of abiotic origin like 
salt, metal etc. Treatment of rare earth metal lanthanum to 

Taxus sp. cell cultures resulted in tremendous increase in 
taxol content (280%) [18]. The other abiotic factors like 
salinity, heat, drought, mechanical wounding, UV 
irradiation also shown increased content of secondary 
metabolites in plants. For example, exposure of cell cultures 
of Vaccinium corymbosum enhanced production of non- 
volatile phenolic compounds [19]. 
 
Cell suspension cultures 
Initially, it was stated that the undifferentiated cells like 
callus or cell suspension cultures will not be able to 
synthesize secondary products [20]. However, Zenk and co-
workers demonstrated that the cell cultures of Morinda 
citrifolia yields about 2.5 g of anthraquinones [21]. This 
finding opened the door to a large community of vitro 
culturists who extensively studied the possible use of plant 
cell cultures for the production of secondary compounds of 
industrial interest (mainly pharmaceutics and dyes). For the 
establishment of in vitro cell lines promising individual 
plants are selected and callus culture established for them. 
Once calli are established then they can undergo somaclonal 
variation during subculture cycles. After a period of time 
(from several weeks to several years) genetic stability 
occurs and each callus can be considered as homogeneous 
cell aggregate, just as if it was derived from single cell 
cloning. 
When genetic stability is reached, it is necessary to screen 
the different callus lines according to their aptitudes to 
provide an efficient metabolite production. Hence, each 
callus must be assessed separately for its growth speed as 
well as intracellular and extracellular metabolite 
concentrations i.e. growth and production kinetics. This 
allows an evaluation of the productivity of each cell line 
(mg of products g-1 of cell day-1 or mg of products l-1 day-1) 
so that only the best ones will be taken to cell suspensions 
and reactor studies. The cell growth kinetics is usually in 
exponential curve; however, the secondary metabolites are 
produced during stationary or plateau phase. This meager 
production in initial stages is a result of allocation of more 
carbon for cell structure building and respiration i.e. primary 
metabolism when cells growth is very active. On the 
contrary, when cell growth reaches to stationary phase, the 
carbon flow is diverted from primary metabolism to 
secondary metabolism and enhances the process of 
secondary metabolites synthesis. During lag or log phases, 
the enzyme activities are generally absent or less but in 
plateau phase they start appearing. These observations lead 
researchers to predict possible biochemical differentiation of 
cell in plateau phase [5]. But, some secondary products like 
betalains and carotenoids are associated with growth of 
undifferentiated cells.  
The cell suspension is the best biological material to study 
biosynthetic and metabolic pathways. As compared to 
callus, the recovery of individual cells in large quantities for 
isolation of enzymes is easier [22]. The studies on 
biosynthetic pathways helps to restrict enzyme activities (or 
expression of associated genes) in synthesis of potent 
metabolites. Such restriction steps can be altered by feeding 
the cells suspension cultures with a precursor compound of 
desired product. This phenomenon also has high risk of 
activation of feedback inhibition at other places on the 
pathway [23]. Among multiple traditional strategies employed 
for increased production of secondary metabolites, the 
elicitation is one of the most successful technique. The 
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elicitor compounds impose physical or chemical stresses on 
cell suspension cultures which triggers production of stress 
induced secondary metabolites which are not produced 
under normal conditions. This elicitation of cell suspension 
cultures involves both biotic and abiotic factors. The fungal 
and bacterial attacks are most efficient to trigger elicitation 
process and increase in content of secondary metabolites. 
Immobilization is also used in liquid culture system for 
enhancing metabolite production [24]. In this technique, plant 
cells are encapsulated with polymers like alginate, 

carrageenan’s etc. which improves yield of desired 
metabolites [25]. This may be due to possible effect of 
polymers around the cell which may mimic tissue 
organization between cells. This is supposed to give rise to 
the so-called biochemical differentiation which favors the 
synthesis of secondary products [26]. The present review 
aimed to summarize information of different elicitors used 
for enhancement of secondary metabolites in cell suspension 
cultures. 

 
Table 1: List of plants and their elicitors used to enhance secondary metabolites 

 

No. Plant name Product Elicitors Reference 
1 Abrus precatorius Glycyrrhizin Aspergillus niger and Rhizopus stolonifer [27] 

2 Agrostis tenuis Jasmonic acid Fungal Elicitor [28] 

3 Ammi majus Scopoletin Enterobacter sakazaki [29] 

4 Ammi majus Coumarin Umbelliferon Phytophthora megasperma, Alternaria carthami [6] 

5 Apium graveolens Furocaumarin Sclerotinia sclerotiorum [30] 

6 Apium graveolens Furocaumarin Erwinia carotovora [31] 

7 Apium graveolens Furocaumarin UV, CuSO4 [32] 

8 Arabidopsis Indoleglucosinolates, Camalexin Thaliana fungal elicitor, Methyl Jasmonate, Salicylic 
acid 

[33] 

9 Arabidopsis thaliana Indole-glucosinolates, camalexin Erwinia carotovora [33] 

10 Arabidopsis thaliana Anthocyanin Jasmonic acid [34] 

11 Arabidopsis thaliana Indole-glucosinolates and anthocyanins Jasmonic acid [35] 

12 Arabidopsis thaliana Anthocyanins Jasmonic acid [36] 

13 Arabidopsis thaliana Aliphatic glucosinolates Jasmonic acid [37] 

14 Arabidopsis thaliana Camalexin Jasmonic acid [38] 

16 Artemisia annua Artemisinin Jasmonic acid [39] 

17 Azadirachta indica Azadirachtin Anabaena sp. and Nosto carneum [40] 

18 Azadirachta indica Azadirachtin Jasmonic acid, salicylic acid [41] 

19 Azadirachta indica Azadirachtin Cyanobacterial elicitor [42] 

20 Boswellia serrata boswellic acid PVP. Fusarium, Penicillin, Mucor sp. and yeast 
extract, NaCl, NaSO4, UV-C, light intensity 

[43] 

21 Brugmansiasu aveolens Tropane alkaloids Spodoptera frugiperda, Methyl jasmonate [44] 

22 Calendula officinalis Oleanolic acid Trichoderma viride, Pectin, Chitosen [45] 

23 Camptotheca acuminate Indol alkaloid Methyl Jasmonate [46] 

24 Carthamus tinctorius Α-tocopherol and pigment 
Trametes varsicolor, Mucor sp., Penicillium notatum, 

Rhizopus stolonifer, and Fusarium oxysporum and 
abiotic (NaCl, MgSO4, FeSO4,and FeCL3) 

[47] 

25 Catharanthus roseus 5’diesterase Alteromonas acleodii, Alginate oligomers [48] 

26 Catharanthus roseus Indol alkaloid Methyl Jasmonate [49] 

27 Citrus aurantium Chitin oligomers Chitin [50] 

28 Citrus grandis Limonene, Linalool Chitosan [51] 

29 Coleus blumei Rosmarinic acid Yeast Elicitor [52] 

30 Coleus forskolin Methyl jasmonate Forskolin [53] 

31 Cupressus lusitanica Β-thujaplicin Oligosaccharide, Methyl Jasmonate [54] 

32 Dacus carota Methoxymellein, 4-hydroxybenzoic acid Fungal elicitor [55] 

33 Datura stramonium Alkaloids (tropane) Phytopthora megasperma [56] 

34 Daucus carota Pythium aphanidermatum 6-Methoxymellein; 4-hydroxybenzoic acid [56] 

35 Daucus carota Furocaumarin Unknown [57] 

36 Digitalis lanata Flavonoids Copper sulphate [58] 

37 Dioscorea zingiberensis Diosgenin Fusarium [59] 

38 Drosera burmanii Plumbagin Methyl jasmonate, yeast Extract and chitosan [60] 

39 Eschscholzia californica Benzophenanthridines, sanguinarine Methyl Jasmonate, Fungal Elicitor Puccinia [61] 

40 Eschscholzia californica Benzo-phenanthridine Fungal elicitor [62] 

41 Eschscholzia californica Alkaloids Yeast extract [63] 

42 Euphorbia pekinensis Terpenoids Fusarium [64] 

43 Eurycoma longifolia Alkaloids Chitosan, polyvinylpyrrolidone [65] 

44 Ganoderma lucidum Ganoderic acid and Ganoderma 
polysaccharides Fungal [66] 

45 Ginkgo biloba Bilobalide and ginkgolides Biotic [67] 

46 Glehnia littoralis Furanocoumerin Yeast extract [68] 

47 Glehnia littoralis Furocaumarin Pseudomonas cichorii, UV [69] 

48 Glycine max Glyceollins, Apigenin, Genistein, 
luteolin Glucan, Methyl Jasmonate [70] 

49 Glycine max Lignin Fungal Elicitor [71] 
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50 Glycyrrhiza glabra Soyasaponin, 5-deoxyflavonoid Methyl Jasmonate [72] 

51 Gossypium arboretum Gossypol Jasmonic acid [73] 

52 Gymnema sylvestre Gymnemic acid Aspergillus niger [74] 

53 Helianthus tuberosa Insulin Aspergillu sniger and Saccharomyces cerevisiae;  

54 Hyoscyamus muticus Solavetivone, rishitin, lubimin, 
Scopolamine Salicylic acid [76] 

55 Linum album Podophyllotoxin Ag, Pb, Cd, Yeast [77] 

56 Lithospermum erythrorthizon Shikonin, Rosmarinic acid Polysaccharides, fungal elicitor, Methyl Jasmonate [78, 79] 

57 Lycopersicon esculentum Scopoletin Fungal elicitor, Methyl Jasmonate [61] 

58 Medicago truncatula Beta-amyrin Yeast elicitor [80] 

59 Morinda citrifolia Anthraquinone Chitin, Pectine [81] 

60 Nicotiana attenuata Volatile terpenes Jasmonic acid [82] 

61 Nicotiana benthamiana Nicotine Jasmonic acid [83] 

62 Nicotiana plumbaginifolia Nicotine Cellulase, Methyl Jasmonate [84] 

63 Nicotiana tabacum Capsidiol, Debneyol, Scopolatin, 
Nicotine Cryptogein [85] 

64 Nicotiana tabacum Sesquiterpenecyclise, Chitinase, 
Proteinase inhibitor Algal Elicitor [86] 

65 Nicotiana tabacum Nicotine Jasmonic acid [87] 

66 Nicotiana tabacum Phenylpropanoids Jasmonic acid [88] 

67 Nicotiana tabacum Capsidol Fungal elicitor [89] 

68 Oryza sativa Momilactones, Sakuranetin, 
Phytocassans N-acetylachitoheptaose, Methyl Jasmonate 

[90, 91] 

 

69 Panax ginseng Saponins Low energy ultrasound [92] 

70 Panax ginseng Saponin Oligogalacturonic acid Low energy ultra sound [93, 94] 

71 Panax ginseng Ginsenosides Methyl Jasmonate [95] 

72 Panax ginseng Saponin Chitosan [94] 

73 Papaver somniferum Sanguinarine Methyl jasmonate, Phenidone, Fungal elicitor [96] 

74 Pastinaca sativa Furocaumarin Ceratocystis fimbriata [97] 

75 Pastinaca sativa Furocaumarin Phomacompanata [98] 

76 Phaseolus vulgaris Phaseolin Fungal elicitor [99] 

77 Pinelli aternata Alkaloids Pseudomonas sp., Enterobacter sp. [100] 

78 Pinustaeda Flavonoids and isoprenoids Jasmonic acid [101] 

79 Psoralea cinerea Furocaumarin CuSO4 [102] 

80 Rhodiola sachalinensis Salidroside Aspergillus niger [103] 

81 Rubia tinctorum Anthraquinone Fungal polysaccharides, Salicylic acid, Gibbrelic acid [104] 

82 Ruta graveolens Furocaumarin UV, Rhodotula rubra [105] 

83 Ruta graveolens Furocaumarin NaCl [106] 

84 Salvia miltiorrhiza Ditepenoidtanshinones Yeast elicitor [107] 

85 Silybum marianum Silymarin Yeast extract [108] 

86 Solanum tuberosum Hydroxy-cinnamoyltyramins Phytophthora infestans [109] 

87 Taxus baccata Taxol Vanadyl sulphate [110] 

88 Taxus chinensis Trifluoroethyl salicylate Taxuyunnanine C (Tc) [111] 

89 Taxus chinensis Taxol Fungal elicitation [112] 

90 Taxus chinensis Taxol Nitric oxide [113] 

91 Taxus chinensis Taxane Methyl jasmonate, Salicylic acid [114] 

92 Taxus unnanensis Taxane Oligogalacturonides [115] 

93 Vaccinium corymbosum Nonvolatile phenolic compounds UV B radiation [19] 

94 Vanilla planifolia Vanillin Acetone dried red (Beetperoxidase) [116] 

95 Vitis vinifera Stilbene, resveratrol, Anthocyanins Methyl Jasmonate, Ethylene [117] 

96 Vitis vinifera Anthocyanin Salicylic acid, Abscisic acid, Jasmonic acid, Manitol [118] 

97 Eschscholzia Californica Macarpine Salicylic Acid [119] 

98 Lithospermum erythrorhizon Rosmarinic acid Yeast extract, Methyl jasmonate [120] 

99 Taxus chinensis Paclitaxel Chitosan [121] 

 
Conclusion 
Plants are well known source of pharmaceuticals but due to 
low yield, they are not economically feasible. In 
biodiversity conservation point of view, it is necessary to 
avoid destruction of medicinally important plants. To 
overcome these obstacles, cell suspension culture is one of 
the potential in vitro tissue culture techniques to get these 
metabolites in less time and high amount. In addition, it is 
proving that applications of biotic and abiotic elicitors can  
enhance production of these metabolites. Elicitation in 
plants has opened up opportunities for better understanding 
of the pathways leading to the production of novel plant 

metabolite and overproduction of defense compounds useful 
in the protection against plant pathogens. However, the 
mechanism involved in elicitation process is not yet fully 
understood. To unravel the potential elicitation process, the 
future efforts must consider all the aspects of biochemistry, 
molecular biology, microbiology, phytochemistry, 
pharmacognosy, and fermentation technology associated 
with secondary metabolite production. 
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ABSTRACT 
 

Mungbean is one of the commercially valuable pulse crops. Time-dependent biochemical modulations 

in the mungbean varieties PKV AKM 12-28 and VBN (Gg)3 exposed to 75, 100, and 125 mM NaCl 

were estimated, and the results were concluded through multivariate modeling. The cluster analysis gave 

two fairly distinct clusters that had similar biochemical responses. Results on the principal component 

analysis suggested that protein content (PC), total phenolic content (TPC), total flavonoid content 

(TFC), DPPH radical scavenging activity, ABTS radical scavenging activity, proline content (PRC), 

total free amino acid (TFAA) content, and malondialdehyde (MDA) contents were dominant traits in the 

shoot as compared to the root. These can be taken as the primary indicators to assess the effect of salt 

stress on mungbean varieties. The discriminant analysis had identified TFC, MDA, and total sugar 

content (TSC) as discriminating variables between the roots and shoots. Further, MDA and TFC were 

identified as discriminating variables under different salt concentrations, and TSC was identified as a 

discriminating variable at different exposure durations. Discriminant partial least squares analysis 

further identified optimum biochemical modulations in the shoots of PKV AKM 12-28 and 75 mM 

NaCl. The salt treatment produced a strong biochemical modulation after 30 and 45 days, which helped 

plants survive under salt stress. The multivariate approaches efficiently interpreted time-dependent 

biochemical modulations in shoots and roots of mungbean varieties under salt stress. 
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1 Introduction  

Soil salinity as abiotic stress has affected over one billion hectares 

of the global arable land. Such landmasses are increasing annually 

by 10% due to natural causes and human-made causes such as 

substandard agricultural practices like improper irrigation and the 

extensive use of chemicals (Shrivastava & Kumar 2015; 

Soltabayeva et al., 2021). According to one estimate, salinity-

affected soil is equivalent to more than 6% of the global landmass 

(Ding et al., 2018). The soil salinity is usually caused by excess 

sodium and chloride ions (Fall et al., 2018). Salinity reduces the 

growth and development of crops due to ionic, osmotic, and 

oxidative stresses (Arzani & Ashraf 2016; Abid et al., 2020). 

Salinity is known to affect many essential cellular and metabolic 

processes adversely. 

Mungbean, Vigna radiata (L.) R. Wilczek (Fabaceae) is an 

important dietary pulse crop. It is commonly cultivated worldwide 

and in several Indian states like Maharashtra, Rajasthan, Andhra 

Pradesh, Madhya Pradesh, and Orissa (Ram & Singh, 1993). In 

India, 3.45 million hectares were under mungbean cultivation 

during the twelfth plan (2012-2017), which gave 1.59 million tons 

of produce (Kumar & Pandey, 2018). It is a significant source of 

proteins, vitamins, antioxidants, and minerals (Nair et al., 2019). It 

is also used as green manure, fodder, and in pharmaceuticals and 

cosmetics industries (Tang et al., 2014). However, soil salinity 

affects its physiology and biochemistry culminating in retarding its 

growth, development, and production (Saha et al., 2010; Ghosh et 

al., 2011; Ghosh et al., 2015; Sehrawat et al., 2019). 

 The effects of NaCl stress on plant metabolism are generally 

studied by monitoring the variations or changes in the plant’s 

biochemical responses (Ghosh et al., 2015; Sehrawat et al., 2015; 

Muchate et al., 2016; Kalaria, 2017; Shelke et al., 2017; 

Rahneshan et al., 2018). However, it becomes challenging to 

interpret and to draw conclusions from the complicated nature of 

biochemical responses and their interrelationships through the 

conventional approach. Moreover, the conventional approach can 

only provide quantitative data characteristics. However, it cannot 

determine conceptual descriptions and underlying reasons for 

dependencies among data attributes  (Michalski & Kaufman, 

1998). Cluster analysis (CA), principal component analysis (PCA), 

discriminant analysis (DA), discriminant partial least squares 

(DPLS), and Pearson’s multiple correlation analysis (MCA) are 

statistical tools that are used to analyze and interpret complex 

datasets accurately (Simeonov et al., 2003; Singh et al., 2004; 

Sinha et al., 2009a; Sinha et al., 2009b; Shelke et al., 2017; 

Mundada et al., 2020). These methods can adequately analyze, 

interpret, and draw conclusions from complex interrelationships 

among attributes used in different environmental, biological, 

chemical, and ecotoxicological studies (Mujunen et al., 1998; 

Singh et al., 2004; Sinha et al., 2009a; Sinha et al., 2009b; 

Chunthaburee et al., 2015; Sarabi et al., 2016; Shelke et al., 2017; 

Mundada et al., 2020). In the present study, the effects of NaCl 

stress on the biochemical responses in mungbean varieties were 

investigated through multivariate techniques (CA, DA, PCA, 

DPLS, and MCA) to interpret the results and the complex 

relationships among many such attributes. 

2 Materials and methods  

2.1 Plant materials, growth, and salt treatment  

Certified and healthy seeds of mungbean varieties PKU-AKM 12-

28 and VBN (Gg)3 were procured from Pulses Research Unit, Dr. 

Panjabrao Deshmukh Krishi Vidyapeeth, Akola, and National 

Pulses Research Centre, Tamil Nadu Agricultural University, 

Tamil Nadu, respectively. Plants were grown in the Botanical 

garden of the Modern College of Arts, Science and Commerce, 

Shivajinagar, Pune- 5. The potting mixture was prepared from the 

sandy clay loam soil collected from the village Charholi in the 

district Pune (MS). Plants were grown in non-perforated plastic 

pots of 35 cm × 20 cm size. Each pot contained a 15 kg mixture of 

soil and farmyard manure in a 3:1 ratio.  

Fifteen seeds of each variety were sown per pot. Thinning of plants 

was done after fifteen days of sowing to maintain five plants per 

pot. The salinity stress was given to these 15 day-old seedlings 

through Hoagland nutrient medium Hoagland & Arnon (1950) 

containing 0, 75, 100, and 125 mM NaCl (equivalent to 0.3, 7, 8, 

and 9 dsm
-2 

EC, respectively). Three hundred ml respective 

solution was added to each pot on every alternate day to maintain 

the potting mixture's desired EC until the experiments were 

concluded. Each treatment was replicated in three pots. Data was 

collected, /analyses were performed on two plants per pot after 15, 

30, and 45 days of salt stress treatments. 

2.2 Biochemical analysis 

All the biochemical parameters were estimated 

spectrophotometrically on a microprocessor-based UV–Vis 

spectrophotometer (Bioera, India). 

2.2.1 Protein content (PC)  

Lowery et al.’s (1951) method with the Bovine serum albumin 

(BSA) as a standard protein was used to estimate proteins. The 

suspension of one gram tissue homogenized in 3 ml of 100 mM 

potassium phosphate buffer was centrifuged at 15000 rpm for 20 

min at four ºC. The supernatant was used for protein estimation, 

and the intensity of blue color developed was measured at 550 nm. 

2.2.2 Malondialdehyde (MDA) content 

MDA content was estimated by Heath & Packer's (1968) method. 

One gram plant material was homogenized and mixed with 2 ml of 
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20 % trichloroacetic acid containing 0.5 % thiobarbituric acid. This 

mixture in 3 ml of 0.1 % trichloroacetic acid was centrifuged at 

5000 rpm. Two ml of the supernatant was incubated for 30 minutes 

at 95 °C, and the absorbance was read at 532 nm. The absorbance 

was also recorded at 600 nm to subtract nonspecific absorption. 

MDA content  (nmol/g dry weight)= 

               [(A532 - A600) × total volume(ml) ×1000] 

[Extinction coefficient ×sample volume(ml)] × Weight of plant tissue (g) 

Where, extinction coefficient = 155  

2.2.3 Extraction of total phenolics, flavonoids, and antioxidants 

The extract was prepared by refluxing 40 mg of dried plant 

material in 5 ml of 80 % methanol for one hr. The extract was 

filtered through Whatman no. 1 filter paper fitted on the Buchner 

funnel, and the filtrate was evaporated to dryness. The residue was 

dissolved in 10 ml 80 % methanol. 

2.2.3.1 Estimation of total phenolics (TPC) 

Total phenolics were estimated by Swain & Hillis’ (1959) method. 

Half ml of the extract was evaporated to dryness, and the residue 

was dissolved in 0.5 ml distilled water, to which 0.5 ml of Folin-

Ciocalteu Phenol reagent was added. After 5 minutes, 1 ml of a 

saturated sodium carbonate solution was added to this mixture and 

incubated for one h at room temperature. The absorbance was read 

at 760 nm. Gallic acid was used as a standard phenol.  

2.2.3.2 Estimation of total flavonoids (TFC) 

Total flavonoids were estimated by the Balbaa et al. (1974) 

method. Half ml of extract was evaporated to dryness, and the 

residue was dissolved in 1 ml 0.1 M methanolic aluminium 

chloride. The yellow color developed was read at 420 nm. Rutin 

was used as a standard flavonoid. 

2.2.3.3 DPPH radical scavenging assay 

A method by Blois (1958) was used to quantify antioxidants. A 

mixture of 200 µl extract and 1 ml DPPH (0.1 mM) was incubated 

in the dark for 30 min, after which its absorbance was recorded at 

517 nm. The following formula was used to calculate the 

percentage radical scavenging potential. 

      RSA (%) = (Abs control - Abs sample /Abs control) × 100 

2.2.3.4 ABTS radical scavenging assay 

The method of Roberta et al. (1999) was followed for this assay. 

Two hundred µl extract was added to 1 ml of ABTS reagent (a 

mixture of equal volumes of 7 mM ABTS and 2.45 mM potassium 

persulphate incubated in the dark for 16 h at room temperature). 

After 10 min of incubation, the reaction mixture’s absorbance was 

read at 734 nm. The following formula was used to calculate the 

percentage of radical scavenging activity 

RSA (%) = (Acontrol - Asample /Acontrol) × 100 

2.2.4 Total proline content (PRC) 

Proline content was estimated by Bates et al.'s (1973) method. 

Fifty mg of dry tissue sample was homogenized in 4 ml of 3 % 

sulfosalicylic acid, and the mixture was centrifuged at 3,000 rpm 

for 20 min, and the supernatant was collected. A mixture of 1 ml 

each of supernatant, ninhydrin, and glacial acetic acid was 

incubated in a boiling water bath for one h. The reaction was 

terminated by placing the test tubes in an ice bath.  Four ml of 

toluene was added to the above mixture. The intensity of red color 

was read at 520 nm against toluene blank. 

2.2.5 Total free amino acid content (TFAA) 

Total amino acid content was estimated by Lee & Takahashi's 

(1966) method. One hundred mg tissue was homogenized in 3 ml 

of 80 % methanol. The homogenate refluxed for two h in a water 

bath was centrifuged, and the supernatant was collected. The 

residue was once again extracted with 3 ml of 80% methanol and 

centrifuged. The supernatants were pooled for further use. The 

mixture was evaporated in a water bath, and the residue was 

dissolved in 3.0 ml of 10% isopropyl alcohol. Two hundred µl of 

this sample was added to 3.8 ml of ninhydrin-citrate-glycerol 

reagent (a mixture of 1 ml of 1% ninhydrin in 0.5 M citrate buffer 

(pH 5.5), 2.4 ml glycerol, and 0.4 ml 0.5 M citrate buffer) and 

boiled for 12 min. The absorbance of the mixture was read at 570 

nm. Glycine was used as a standard amino acid. 

2.2.6 Total sugars content (TSC) 

Total sugar content was estimated by Scott & Melvin's (1953) 

method. Twenty mg dry material was added in 1.25 ml 2.5 N HCl 

and incubated in a hot water bath for one h. Pinches of Na2CO3 

were added to neutralize the acid, and the volume was adjusted to 

25 ml with distilled water. To 1 ml of this solution, 4 ml of 

anthrone reagent was added and incubated in a hot water bath for 

8-10 min. After cooling the contents to room temperature, the 

intensity of the dark green color developed was measured at 630 

nm. D-glucose was used as standard sugar. 

2.3 Statistical analyses 

All the experiments were performed in triplicates and with a 

completely randomized block design (CRD). The data were 

presented as mean±SD. The root and shoot biochemical datasets 

for chemometric modeling consisted of nine variables subjected to 
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multivariate modeling. Multivariate modeling of these variables 

was performed through principal component analysis (PCA) and 

hierarchical cluster analysis (HCA) by using the PAST statistical 

package. The discriminant analysis (DA) was performed on the 

dataset by Statistica V 10.0 software by using the standard, 

forward stepwise and, backward stepwise modes. The 

dissimilarity-based partial least square analysis (DPLS) was 

performed in XL-Stat statistical software (Wunderlin et al., 2001; 

Singh et al., 2004; Sinha et al., 2009a; Sinha et al., 2009b). The 

correlations between the NaCl stressed plants' biochemical 

parameters at different NaCl concentrations and exposure 

durations were determined through Pearson's correlation method in 

SPPS statistical software version 20 (Chunthaburee et al., 2015; 

Shelke et al., 2017).  

3 Results 

Biochemical changes induced by NaCl concentrations and the 

exposure durations in the roots and shoots of PKU-AKM 12-28 

and VBN (Gg)3 are presented in Tables 1 and 2. Cluster analysis 

(CA) was used to detect changes in the biochemical responses 

induced by NaCl stress. CA produced a dendrogram (Figure 1), 

where all the twelve combinations (four levels of NaCl 

concentrations and three exposure durations) for root and shoot 

tissues of PKU-AKM 12-28 and VBN (Gg)3 were grouped into 

two statistically significant clusters (susceptible and resistant). 

These were further divided into two subgroups (shoot and root) 

since the samples within these groups had similar characteristics 

concerning biochemical and physiological responses. Thus, the 

differences in the responses in root and shoots tissues of PKU-

AKM 12-28 and VBN (Gg)3 under NaCl stress were observed. It 

also distinguished varieties based on the tolerance level. 

The normalized dataset (combined roots and shoots) was subjected 

to the PCA analysis to evaluate  (i) interactions between plant and 

NaCl stress, (ii) differential responses in root and shoot tissues 

subjected to different levels of NaCl stress, (iii) relationships 

among variables, and d. factors affecting these variables. The first 

three significant principal components (PCs) of PCA indicated 

92.37% of the total variance. Figure 2 illustrates the loadings and 

scores of the first two PCs (PC1 vs. PC2). The first Two PCs 

represent 84.56% of the total variance and reflected the main 

groupings in the data set. The PC1 is determined mainly by PC, 

TPC, TFC, DPPH, ABTS, PRC, and TFAA with strong positive 

loadings, whereas in PC2, MDA alone showed high positive 

loading.  

Differences between the responses in root and shoot tissues are 

presented in the plot’s scores and were grouped into two distinct 

clusters.  It may be noted that the shoot tissues differentiated 

prominently in terms of PC, TPC, TFC, DPPH, ABTS, PRC, and 

TFAA and MDA. It shows variations and differences in responses 

of root and shoot tissues of mungbean varieties on the dominance 

of the biochemical and physiological variables at all NaCl 

concentrations and exposure durations. The root and shoot tissues 

of the same variety or the same tissues of different varieties 

showed different response patterns. The shoot and root tissues of 

PKU-AKM 12-28 variety had high scores with PC1 compared to 

VBN (Gg)3, which indicates its high tolerance level to salinity 

stress.

 
Figure 1 Dendrogram showing clustering of root and shoot tissue biochemical samples of the NaCl stressed plants of mungbean 

varieties 
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Table 1 Effects of NaCl stress on biochemical parameters in shoot tissue of Vigna radiata varieties PKU AKM 12-28 and VBN (Gg)3 

variety 
NaCl 

(mM) 

Exposure 

duration 

(days) 

Coding 
Protein content 

(mg gm
-1

 FW) 

MDA content 

(nmol gm
-1

 DW) 

Total phenolic 

content 

(mg gm
-1

 DW) 

Total 

flavonoid 

content 

(mggm
-1

 

DW) 

DPPH-RSA 

(Inhibition %) 

ABTS-RSA 

(Inhibition 

%) 

Proline 

content 

(µmol gm
-1

 

DW) 

Total sugar 

content (mg 

gm
-1

 DW) 

Total free amino 

acid content 

(µmol gm
-1

 FW) 

PKU AKM  

12-28 
0 15 PSC0E1 4.74 ± 0.40 170.32 ± 1.86 45.98 ± 1.55 5.72 ± 0.59 41.26 ± 2.13 42.44 ± 1.74 16.21 ± 1.08 91.63 ± 2.35 12.50 ± 0.73 

  
30 PSC0E2 5.59 ± 0.34 180.65 ± 4.59 51.03 ± 0.99 8.47 ± 0.64 58.54 ± 1.27 63.18 ± 1.21 24.20 ± 1.91 116.14 ± 2.65 13.80 ± 0.89 

  
45 PSC0E3 6.62 ± 0.36 189.76 ± 3.15 55.60 ± 0.96 10.14 ± 1.07 72.09 ± 1.16 79.65 ± 1.16 34.49 ± 2.21 157.21 ± 2.96 16.03 ± 0.07 

 
75 15 PSC1E1 5.57 ± 0.26 185.46 ± 5.57 59.84 ± 2.49 6.93 ± 0.43 5368 ± 2.02 57.56 ± 0.58 19.91 ± 1.41 117.49 ± 2.04 12.45 ± 0.89 

  
30 PSC1E2 6.08 ± 0.14 220.04 ± 2.93 66.67 ± 1.59 10.65 ± 0.33 64.85 ± 1.88 76.16 ± 1.74 29.00 ± 1.99 141.48 ± 2.91 14.99 ± 0.70 

  
45 PSC1E3 8.31 ± 0.90 250.32 ± 5.95 73.98 ± 1.56 13.40 ± 0.78 83.66 ± 0.78 90.31 ± 2.04 51.30 ± 1.28 202.95 ± 5.36 21.56 ± 1.60 

 
100 15 PSC2E1 6.98 ± 0.42 213.33 ± 6.87 51.25 ± 1.13 6.53 ± 0.31 46.40 ± 2.37 47.67 ± 2.10 22.06 ± 1.74 129.18 ± 2.95 15.26 ± 0.96 

  
30 PSC2E2 7.04 ± 0.13 244.82 ± 9.38 57.19 ± 1.19 8.88 ± 0.46 50.97 ± 0.92 55.04 ± 1.34 24.56 ± 1.44 164.62 ± 1.94 17.21 ± 0.49 

  
45 PSC2E3 7.53 ± 0.26 273.20 ± 7.75 65.27 ± 1.42 10.62 ± 1.03 61.53 ± 3.89 67.83 ± 1.46 21.17 ± 1.58 236.06 ± 2.61 18.54 ± 0.98 

 
125 15 PSC3E1 4.47 ± 0.23 236.22 ±12.17 38.82 ± 1.56 6.55 ± 0.40 38.07 ± 1.22 42.25 ± 1.68 24.14 ± 1.77 139.89 ± 1.37 10.42 ± 0.66 

  
30 PSC3E2 7.86 ± 0.28 259.44 ± 6.74 45.92 ± 1.45 8.02 ± 0.31 43.16 ± 2.49 49.61 ± 1.46 12.86 ± 1.35 201.84 ± 2.96 19.60 ± 0.60 

  
45 PSC3E3 5.51 ± 0.63 282.67 ± 9.92 37.27 ± 1.53 6.11 ± 0.43 31.88 ± 3.23 46.32 ± 2.62 9.16 ± 1.37 255.22 ± 3.68 12.48 ± 1.07 

VBN (Gg)3 0 15 VSC0E1 4.54 ± 0.23 172.22 ± 9.12 44.17 ± 2.06 5.67 ± 0.60 38.96 ± 1.95 39.34 ± 2.93 19.83 ± 1.43 97.25 ± 2.78 11.30 ± 0.76 

  
30 VSC0E2 4.92 ± 0.25 172.56 ± 5.27 48.35 ± 1.04 7.77 ± 0.39 56.47 ± 1.70 53.49 ± 2.33 27.34 ± 0.95 123.03 ± 3.74 13.30 ± 0.85 

  
45 VSC0E3 5.88 ± 0.27 181.68 ± 7.74 58.19 ± 0.96 9.37 ± 1.01 75.04 ± 0.61 82.75 ± 3.20 30.83 ± 1.59 166.32 ± 3.06 14.45 ± 0.70 

 
75 15 VSC1E1 3.45 ± 0.31 215.91 ±14.98 44.08 ± 0.10 6.45 ± 0.59 38.15 ± 1.58 41.47 ± 2.62 3.41 ± 0.98 109.20 ± 2.50 8.31 ± 0.41 

  
30 VSC1E2 5.00 ± 0.13 246.02 ± 4.51 53.88 ± 1.50 9.75 ± 0.33 49.19 ± 0.92 64.73 ± 0.89 21.28 ± 1.45 130.63 ± 1.96 12.48 ± 0.77 

  
45 VSC1E3 5.65 ± 0.20 270.62 ± 6.05 49.29 ± 1.05 8.31 ± 0.44 57.61 ± 4.33 70.93 ± 2.66 9.56 ± 2.25 178.97 ± 3.41 14.34 ± 0.70 

 
100 15 VSC2E1 3.71 ± 0.34 246.19 ± 3.61 36.02 ± 1.60 5.05 ± 0.21 35.48 ± 2.26 37.79 ± 1.74 3.24 ± 1.00 87.74 ± 2.49 7.56 ± 1.41 

  
30 VSC2E2 4.56 ± 0.21 277.85 ± 6.45 45.97 ± 0.85 6.51 ± 0.31 42.60 ± 1.04 56.98 ± 1.16 4.23 ± 1.01 121.67 ± 1.76 11.22 ± 0.47 

  
45 VSC2E3 4.56 ± 0.19 300.39 ±10.73 42.32 ± 1.96 6.69 ± 1.06 36.69 ± 4.44 42.05 ± 3.20 5.02 ± 0.34 141.75 ± 2.61 11.10 ± 0.56 

 
125 15 VSC3E1 2.03 ± 0.17 262.54 ± 3.15 19.93 ± 1.39 3.63 ± 0.49 17.31 ± 2.43 27.71 ± 1.78 3.63 ± 0.22 62.65 ± 1.72 7.28 ± 0.46 

  
30 VSC3E2 3.53 ± 0.38 302.62 ± 6.37 29.31 ± 0.96 5.51 ± 0.42 36.41 ± 4.68 36.82 ± 4.12 1.46 ± 0.59 89.33 ± 2.07 10.55 ± 0.30 

  
45 VSC3E3 3.07 ± 0.28 336.00 ± 9.85 23.29 ± 1.24 4.51 ± 0.28 23.30 ± 0.97 27.33 ± 4.07 1.25 ± 0.14 126.20 ± 4.58 7.53 ± 0.58 

Values represent mean±SD 
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Table 2 Effects of NaCl stress on physiological and biochemical parameters in root tissue of Vigna radiata varieties PKU AKM 12-28 and VBN (Gg)3 

variety 
NaCl 

(mM) 

Exposure 

duration 

(days) 

Coding 
Protein content 

(mg gm
-1

 FW) 

MDA content 

(nmol gm
-1

 

DW) 

Total 

phenolic 

content 

(mg gm
-1

 

DW) 

Total 

flavonoid 

content 

(mggm
-1

 DW) 

DPPH-RSA 

(Inhibition %) 

ABTS-RSA 

(Inhibition %) 

Proline 

content (µmol 

gm
-1

 DW) 

Total sugar 

content (mg 

gm
-1

 DW) 

Total free 

amino acid 

content (µmol 

gm
-1

 FW) 

PKU AKM  

12-28 
0 15 PRC0E1 1.95 ± 0.16 78.11 ± 5.20 17.92 ± 0.45 1.11 ± 0.128 16.63 ± 1.88 21.71 ± 2.62 4.62 ± 0.67 118.21 ± 2.06 4.25 ± 0.13 

  
30 PRC0E2 3.01 ± 0.13 80.86 ± 4.17 32.39 ± 2.05 1.21 ± 0.138 30.87 ± 2.25 43.80 ± 2.62 22.63 ± 1.75 135.49 ± 2.52 5.28 ± 0.09 

  
45 PRC0E3 3.84 ± 0.34 76.73 ± 7.30 46.01 ± 1.36 1.58 ± 0.060 76.70 ± 2.32 88.18 ± 1.46 35.49 ± 1.50 145.54 ± 1.39 5.75 ± 0.34 

 
75 15 PRC1E1 2.50 ± 0.27 77.76 ± 8.66 24.16 ± 2.07 1.49 ± 0.058 23.54 ± 1.16 29.84 ± 1.46 8.69 ± 0.98 131.58 ± 2.00 4.70 ± 0.14 

  
30 PRC1E2 3.29 ± 0.17 82.58 ± 1.79 54.02 ± 1.24 1.75 ± 0.078 56.39 ± 3.22 61.43 ± 3.20 25.07 ± 2.48 151.32 ± 3.04 5.39 ± 0.21 

  
45 PRC1E3 3.63 ± 0.17 86.37 ± 5.11 57.47 ± 2.03 2.08 ± 0.147 64.97 ± 1.62 72.87 ± 0.89 48.55 ± 2.11 213.01 ± 2.98 6.44 ± 0.21 

 
100 15 PRC2E1 3.01 ± 0.20 86.71 ± 2.73 32.65 ± 1.76 1.84 ± 0.080 32.04 ± 2.91 43.02 ± 1.74 4.48 ± 1.13 136.02 ± 2.62 5.31 ± 0.23 

  
30 PRC2E2 3.11 ± 0.10 98.75 ± 2.60 52.65 ± 1.10 1.84 ± 0.091 55.02 ± 1.15 57.17 ± 0.89 24.62 ± 1.03 184.58 ± 2.29 6.05 ± 0.18 

  
45 PRC2E3 2.17 ± 0.18 115.96 ± 2.19 46.91 ± 1.56 1.51 ± 0.012 52.39 ± 1.29 57.75 ± 1.46 66.59 ± 3.57 234.05 ± 3.26 4.49 ± 0.18 

 
125 15 PRC3E1 1.18 ± 0.11 98.41 ± 2.60 20.44 ± 1.41 0.95 ± 0.111 21.60 ± 2.03 24.03 ± 2.75 3.01 ± 0.48 132.15 ± 1.95 2.59 ± 0.22 

  
30 PRC3E2 2.77 ± 0.20 112.52 ± 5.75 36.88 ± 1.79 1.32 ± 0.102 41.59 ± 1.17 47.29 ± 3.78 34.72 ± 1.95 228.16 ± 3.62 4.92 ± 0.09 

  
45 PRC3E3 2.06 ± 0.13 

132..82 ± 

2.92 
32.48 ± 1.54 1.13 ± 0.209 36.41 ± 4.79 40.70 ± 2.66 16.71 ± 0.90 254.23 ± 4.08 3.84 ± 0.16 

VBN (Gg)3 0 15 VRC0E1 1.95 ± 0.21 76.04 ± 3.15 15.73 ± 1.52 1.00 ± 0.116 13.96 ± 4.31 28.88 ± 2.93 4.74 ± 1.49 108.29 ± 0.87 3.81 ± 0.50 

  
30 VRC0E2 2.55 ± 0.32 87.74 ± 6.77 35.46 ± 1.27 1.43 ± 0.079 33.17 ± 1.15 47.87 ± 1.46 25.61 ± 2.31 124.32 ± 3.24 5.17 ± 0.18 

  
45 VRC0E3 3.44 ± 0.31 81.20 ± 1.46 43.37 ± 1.32 1.74 ± 0.105 71.64 ± 1.94 84.30 ± 1.74 34.56 ± 0.88 153.90 ± 2.62 5.59 ± 0.26 

 
75 15 VRC1E1 1.79 ± 0.11 94.97 ± 1.03 19.72 ± 1.31 0.42 ± 0.030 20.63 ± 2.25 20.74 ± 2.93 2.40 ± 0.47 130.16 ± 2.22 3.81 ± 0.26 

  
30 VRC1E2 2.68 ± 0.21 105.29 ± 6.28 35.47 ± 1.03 0.82 ± 0.101 42.39 ± 1.58 45.54 ± 1.21 20.17 ± 1.42 120.42 ± 2.75 4.70 ± 0.26 

  
45 VRC1E3 2.97 ± 0.16 133.85 ± 4.38 38.71 ± 1.38 1.34 ± 0.071 51.78 ± 1.89 57.75 ± 4.36 24.20 ± 1.34 161.28 ± 1.70 4.93 ± 0.19 

 
100 15 VRC2E1 1.60 ± 0.16 102.19 ± 2.73 26.59 ± 0.92 0.77 ± 0.050 27.55 ± 4.13 32.36 ± 2.04 0.99 ± 0.10 92.87 ± 3.86 3.14 ± 0.20 

  
30 VRC2E2 2.02 ± 0.16 137.63 ± 3.63 28.68 ± 0.41 0.84 ± 0.025 32.89 ± 2.44 39.73 ± 0.34 17.48 ± 0.81 105.13 ± 3.63 4.14 ± 0.14 

  
45 VRC2E3 1.35 ± 0.12 154.84 ± 8.03 31.31 ± 1.27 0.86 ± 0.120 39.04 ± 1.29 44.19 ± 1.16 7.38 ± 0.67 134.33 ± 3.11 3.87 ± 0.12 

 
125 15 VRC3E1 0.90 ± 0.11 127.31 ± 4.65 16.61 ± 0.81 0.53 ± 0.056 19.90 ± 1.75 22.29 ± 2.62 0.56 ± 0.11 71.64 ± 2.62 1.78 ± 0.09 

  
30 VRC3E2 1.67 ± 0.09 152.09 ± 5.30 23.15 ± 1.03 0.81 ± 0.075 25.77 ± 1.52 31.59 ± 3.78 11.56 ± 1.23 97.47 ± 2.60 3.32 ± 0.22 

  
45 VRC3E3 1.08 ± 0.11 185.46 ± 1.46 19.29 ± 1.26 0.66 ± 0.053 21.84 ± 5.04 26.55 ± 2.42 7.29 ± 1.11 112.95 ± 2.66 2.26 ± 0.24 

Values represent mean±SD 



 

 
Journal of Experimental Biology and Agricultural Sciences  
http://www.jebas.org 

 
 
 

158                                    Mankar et al. 

 

 

 

 

 

 

  

 
Figure 2 PCA scores and loadings of the first two PCs obtained from the shoot and root biochemical dataset of mungbean varieties 

 

      

 
Figure 3 Box whisker plots-Variation in root and shoot biochemical samples a) MDA b) TFC c) TSC 
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Figure 4 Box whisker plots-Variation induced by NaCl concentrations on biochemical samples a) MDA b) TFC 

 

 
                            Figure 5 Box whisker plots-Variation induced by NaCl exposure duration in TSC 

 

                 
Figure 6 DPLS a) loadings and b) scores of the first two components obtained for the combined root and shoot data set (Where, 

Root_1: Root of PKU-AKM 12-28; Shoot_1: Shoot of PKU-AKM 12-28; Root_2: Root of VBN(Gg)3; Shoot_2: Shoot of 

VBN(Gg)3) 
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                                                                a)      

 
Linear Discriminant Functions for Groups 

 
Coefficients

a 

 
Shoot Root 

Standard DA mode 
  

PC 3.9285 0.7262 

MDA 0.2779 0.1041 

TPC 0.5569 0.4586 

TFC 1.0462 -2.6927 

DPPH 0.0017 -0.0002 

ABTS -0.1135 0.1292 

PRC -0.1019 -0.1783 

TSC -0.0931 0.0238 

TFAA 0.2407 0.1149 

Constant -52.9722 -16.1920 

Forward DA mode 
  

TFC 1.6812 -2.1738 

MDA 0.2663 0.1021 

TSC -0.0839 0.0220 

PC 4.9181 1.6464 

ABTS 0.0524 0.2196 

TFAA 0.2320 0.1003 

DPPH 0.0028 0.0007 

Constant -49.4559 -13.4974 

Backward DA mode 
  

MDA 0.1942 0.05870 

TFC 4.1359 -0.09097 

TSC -0.0276 0.06046 

Constant -37.3836 -8.15575 
a
Discriminant function coefficient for shoot and root

 

 

 

Table 3 a) Classification functions and b) Classification matrix for discriminant analysis of variation between the root–shoot biochemical samples of the mungbean 

varieties under salinity 

b) 

Monitoring groups Correct assignations % Groups assigned by DA 

  
Shoot Root 

Standard DA mode 
   

Shoot 100.0000 24 0 

Root 100.0000 0 24 

Total 100.0000 24 24 

Forward DA mode 
   

Shoot 100.0000 24 0 

Root 100.0000 0 24 

Total 100.0000 24 24 

Backward DA mode 
  

Shoot 100.0000 24 0 

Root 100.0000 0 24 

Total 100.0000 24 24 
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  Table 4 a) Classification functions and b) classification matrix for discriminant analysis of variation between NaCl concentrations and biochemical samples of the mungbean 

varieties under salinity 

a)                                                                                                                                 

 

Linear Discriminant Functions for Groups 

 

 
Coefficients

a 

   

 
C0 C1 C2 C3 

Standard DA mode 
    

PC -2.6069 -2.4868 -2.7521 -2.7702 

MDA 0.0853 0.1172 0.1500 0.1700 

TPC 0.7307 1.1376 1.1772 0.7568 

TFC -3.9099 -4.1047 -5.2000 -4.8061 

DPPH -0.2536 -0.2759 -0.2375 -0.0705 

ABTS 0.2991 0.1840 0.1018 -0.0001 

PRC -0.2070 -0.3020 -0.2950 -0.2032 

TSC 0.0317 0.0563 0.0675 0.0959 

TFAA 1.4351 0.6108 1.0152 1.0674 

Constant -16.1155 -24.3347 -28.5462 -26.5231 

Forward DA mode 
    

TPC 0.5963 0.9971 1.0462 0.6854 

MDA 0.0902 0.1221 0.1550 0.1737 

TFC -3.4560 -3.6579 -4.7333 -4.4051 

TSC 0.0343 0.0597 0.0694 0.0931 

ABTS 0.0934 -0.0364 -0.0939 -0.0776 

TFAA 0.3196 -0.4594 -0.1570 -0.0825 

PRC -0.2028 -0.3006 -0.2884 -0.1840 

Constant -15.4720 -23.6481 -27.9147 -26.1477 

Backward DA mode 
    

MDA 0.03423 0.05008 0.07686 0.10176 

TFC -0.23513 -0.45302 -0.97984 -1.47946 

Constant -3.05324 -4.29882 -6.47752 -9.48695 
a
Discriminant function coefficient for different concentrations of NaCl 

      b) 

Monitoring groups Correct assignations % Groups assigned by DA 

 
  

C0 C1 C2 C3 

Standard DA mode 
     

C0 91.6667 11 1 0 0 

C1 50.0000 2 6 3 1 

C2 75.0000 0 2 9 1 

C3 100.0000 0 0 0 12 

Total 79.1667 13 9 12 14 

Forward DA mode 
     

C0 83.3333 10 2 0 0 

C1 50.0000 2 6 3 1 

C2 75.0000 0 2 9 1 

C3 100.0000 0 0 0 12 

Total 77.0833 12 10 12 14 

Backward DA mode 
   

C0 83.33334 10 2 0 0 

C1 16.66667 5 2 5 0 

C2 33.33333 2 2 4 4 

C3 50.00000 0 1 5 6 

Total 45.83333 17 7 14 10 
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Table 5 a) Classification functions and b) classification matrix for discriminant analysis of variation between NaCl exposure duration and biochemical samples of the 

mungbean varieties under salinity 

 

a)  

 
Linear Discriminant Functions for Groups 

 
Coefficients

a 

  

   

 
E1 E2 E3 

Standard  DA mode 
   

PC -6.6606 -9.7591 -11.0212 

MDA 0.1627 0.2068 0.2558 

TPC 0.1025 0.0418 -0.3390 

TFC -4.8394 -6.1462 -6.2375 

DPPH 0.0960 0.1013 0.4313 

ABTS 0.7033 0.9848 1.1109 

PRC -0.1350 -0.1026 -0.1049 

TSC 0.1374 0.1757 0.2517 

TFAA 2.6701 3.9021 3.8457 

Constant -26.6541 -42.9207 -64.1950 

Forward DA mode 
   

TSC 0.1505 0.1946 0.2714 

ABTS 0.4540 0.6400 0.7656 

TPC -0.1978 -0.3131 -0.6998 

MDA 0.1090 0.1399 0.1869 

PC -4.4178 -5.7326 -7.2157 

DPPH 0.1748 0.2485 0.5769 

Constant -18.1337 -30.3862 -51.1537 

Backward DA mode 
   

TSC 0.07841 0.09983 0.1283 

Constant -5.40130 -8.07316 -12.6247 
a
Discriminant function coefficient for different Exposure time to NaCl 

 

b) 

Monitoring groups Correct assignations % Groups assigned by DA 

  
E1 E2 E3 

Standard DA mode 
    

E1 87.50000 14 2 0 

E2 81.25000 1 13 2 

E3 87.50000 0 2 14 

Total 85.41666 15 17 16 

Forward DA mode 
    

E1 81.25000 13 3 0 

E2 68.75000 3 11 2 

E3 87.50000 0 2 14 

Total 79.16666 16 16 16 

Backward DA mode  
   

E1 62.50000 10 6 0 

E2 25.00000 8 4 4 

E3 56.25000 1 6 9 

Total 47.91667 19 16 13 
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Discriminant analysis (DA) was used to investigate further 

NaCl-stress-induced variations in biochemical parameters in 

the root and shoot tissues.  The entire data set was divided into 

two groups (shoot and root), and linear DA was performed. 

Tables 3a and 3b shows the DFs and CMs generated from DA. 

The standard, forward, and backward stepwise DA modes 

constructed DFs, including all 9, 7, and 3 parameters, 

respectively, and depicted the corresponding CMs assigning 

100% cases correctly. Forward stepwise DA showed that TFC, 

MDA, TSC, PC, ABTS, TFAA, and DPPH were followed by 

three variables - TFC, MDA, TSC in the backward stepwise 

DA with the same number of correct assignations by the DA 

mode. Thus, the DA results suggest that TFC, MDA, TSC are 

the most significant parameters to distinguish between two 

plant tissues (roots and shoots) exposed to NaCl stress. It 

further suggests that these parameters account for most of the 

expected variations in the biochemical parameters. The TFC, 

MDA, and TSC play a crucial role in the classification of the 

two clusters. Both CA and DA identified significant 

differences in root and shoot responses concerning biochemical 

changes in the mungbean varieties exposed to NaCl stress. DA 

identified the presence of significant differences between the 

root and shoot responses expressed in terms of discriminating 

variables (TFC, MDA, and TSC). As identified by DA, box and 

whisker plots of selected parameters showing shoot and root 

responses are given in Figure 3a-3c. TFC and MDA showed 

variations in root and shoot tissues under salinity. However, 

TSC did not change much in root and shoot. 

Table 6 Pearson’s correlation in the physiological and biochemical parameters in the roots and shoots of the NaCl exposed plants of Vigna radiata 

 
SPC 

SMD

A 

STP

C 
STFC 

SDP

PH 

SABT

S 

SPR

C 
STSC 

STF

AA 
RPC 

RSM

DA 

RTP

C 
RTFC 

RDP

PH 

RAB

TS 

RPR

C 

RTS

C 

RTF

AA 

SPC 
 

1 
                 

SMDA 
 

-.140 1 
                

STPC 
 

.813
**

 -.423
*
 1 

               

STFC 
 

.833
**

 -.194 
.897

*

*
 

1 
              

SDPPH 
 

.028 -.240 .212 -.044 1 
             

SABTS 
 

.739
**

 -.305 
.873

*

*
 

.925
**

 .056 1 
            

SPRC 
 

.766
**

 
-

.536
**

 

.797
*

*
 

.814
**

 .053 .776
**

 1 
           

STSC 
 

.686
**

 .249 .470
*
 .584

**
 -.100 .512

*
 .347 1 

          

STFAA 
 

.810
**

 .035 
.640

*

*
 

.665
**

 .004 .606
**

 .493
*
 .610

**
 1 

         

RPC 
 

.758
**

 -.452
*
 

.810
*

*
 

.809
**

 .050 .873
**

 
.761

*

*
 

.419
*
 

.610
*

*
 

1 
        

RSMDA 
 

-.388 .925
**

 

-

.614
*

*
 

-.415
*
 -.217 -.461

*
 

-

.696
*

*
 

.070 -.225 

-

.580
*

*
 

1 
       

RTPC 
 

.797
**

 -.022 
.783

*

*
 

.895
**

 -.137 .834
**

 
.679

*

*
 

.644
**

 
.639

*

*
 

.799
*

*
 

-.251 1 
      

RTFC 
 

.847
**

 -.353 
.806

*

*
 

.737
**

 .143 .745
**

 
.813

*

*
 

.517
**

 
.633

*

*
 

.835
*

*
 

-

.515
**

 

.803
*

*
 

1 
     

RDPPH 
 

.669
**

 -.032 
.666

*

*
 

.824
**

 -.160 .858
**

 
.619

*

*
 

.607
**

 
.605

*

*
 

.785
*

*
 

-.200 
.906

*

*
 

.698
**

 1 
    

RABTS 
 

.677
**

 -.151 
.680

*

*
 

.813
**

 -.153 .873
**

 
.677

*

*
 

.560
**

 
.560

*

*
 

.833
*

*
 

-.277 
.877

*

*
 

.743
**

 
.977

*

*
 

1 
   

RPRC 
 

.747
**

 .014 
.686

*

*
 

.831
**

 -.119 .760
**
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*

*
 

.724
**

 
.617

*

*
 

.615
*

*
 

-.149 
.800

*

*
 

.627
**

 
.765

*

*
 

.765
*

*
 

1 
  

RTSC 
 

.740
**

 .144 .503
*
 .574

**
 -.054 .459

*
 .371 .958

**
 

.667
*

*
 

.440
*
 -.056 

.626
*

*
 

.552
**

 
.523

*

*
 

.476
*
 

.698
*

*
 

1 
 

RTFAA 
 

.808
**

 -.444
*
 

.874
*

*
 

.821
**

 .067 .831
**

 
.752

*

*
 

.441
*
 

.597
*

*
 

.949
*

*
 

-

.569
**

 

.809
*

*
 

.852
**

 
.725

*

*
 

.770
*

*
 

.626
*

*
 

.488
*
 1 

**. Correlation is significant at p= 0.01 (2-tailed); *. Correlation is significant at p= 0.05 (2-tailed). 

Where, SPC: proteins content in shoot , SMDA: malondialdehyde content in shoot, STPC: total phenolics content in shoot, STFC: total flavonoids content in shoot, 

SDPPH: 2,2-Diphenyl-1-picrylhydrazyl-Radicle scavenging activity in shoot, SABTS: (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))- Radicle scavenging 

activity in shoot: SPRC: total proline content in shoot, STSC: total sugars content in shoot, STFAA: total free amino acid content in shoot, RPC: proteins content in 

root , RMDA: malondialdehyde content in root, RTPC: total phenolics content in root, RTFC: total flavonoids content in root, RDPPH: 2,2-Diphenyl-1-

picrylhydrazyl-Radicle scavenging activity in root, RABTS: (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))- Radicle scavenging activity in root: RPRC: 

total proline content in root, RTSC: total sugars content in root, RTFAA: total free amino acid content in root, 
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The effect of salt stress on the mungbean varieties was studied 

through DA performed on measured variables. The category 

variables (Y) were the four NaCl concentrations to which 

mungbean varieties were exposed. Table 4a shows the DFs and 

CMs obtained from modes of DA, viz., standard, forward stepwise, 

and backward stepwise. These DA modes constructed DFs, 

including all nine and two parameters, respectively, and rendered 

the corresponding CMs (Table 4b), assigning 79.17%, 77.08%, and 

45.83% cases correctly. This result on DA suggests that MDA and 

TFC were significant parameters to differentiate the four sets of the 

plant responses corresponding to four NaCl concentrations. As 

identified by DA, box and whisker plots of selected parameters 

showing different NaCl concentration responses are given in 

Figure 4a-b. TFC and MDA showed variations in biochemical 

changes under salinity at different NaCl concentrations. 

The effect of salt stress exposure duration in the mungbean 

varieties was also studied through DA performed on measured 

     
Figure 7 DPLS a) loadings and b) scores of the first two components obtained for concentrations of NaCl (Where, C1- 0 mM NaCl; 

C2- 75 mM NaCl; C3- 100 mM NaCl; C4- 125 mM NaCl) 

 

         
Figure 8 DPLS a) loadings and b) scores of the first two components obtained for NaCl exposure duration (Where, E1- 15 days; E2- 

30 days; E3- 45 days of exposure period after salt treatment ) 
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variables. The category variables (Y) were the three exposure 

duration (E1, E2, and E3). The DA in standard and forward 

stepwise modes constructed DFs that included all 9 and 7 and 1 

parameters for E1, E2, and E3, respectively (Table 5a), and 

produced corresponding CMs (Table 5b) assigning 85.41%, 79.16, 

and 47.91% cases correctly. Thus, the DA results revealed that 

TSC (Figure 5) is the most critical parameter to discriminate 

between the three sets of exposure durations. 

Differences in responses of the NaCl-stressed mungbean varieties' 

root and shoot tissues were also studied through DPLS. The Score 

and loadings plots of the first two components (Figure 6a and 6b) 

illustrate the distribution pattern of response variables in the two 

sample groups. The PC, MDA, TFC, TPC, and TFAA dominated 

in the shoot compared to root in both verities. DPPH and ABTS 

activity are more dominated in shoot than the root of PKU-AKM 

12-28 and root and shoot of VBN (Gg)3. PRC and TSC are more 

dominated in shoot and root of PKU-AKM 12-28. PC, TFC, TPC, 

DPPH, ABTS, and TFA were dominant in root and shoot of PKU-

AKM 12-28 compared to VBN (Gg)3. However, MDA was more 

dominated in root and shoot of VBN (Gg)3 compared to (PKU-

AKM 12-28). 

The effect of NaCl concentrations on mungbean varieties was also 

studied through DPLS performed on measured variables. The score 

and loadings plot of the first two components are presented in 

Figure 7a and 7b. At higher NaCl concentration (C4=125 mM), 

PC, TPC, TFC, DPPH, ABTS, PRC, and TFAA showed more 

decline, and the MDA was increased more as compared to that 

observed at all other concentrations. At 75 mM (C2), PC, TPC, 

TFC, DPPH, ABTS, TSC, TFAA dominated more as compared to 

C1 (control), C3 (100 mM), and C4. Further, the effect of exposure 

durations on mungbean varieties’ responses was also studied 

through DPLS performed on measured variables. The score and 

loadings plots of the first two components are presented in Figure 

8a and 8b. These results suggest that at low exposure duration E1 

(15 days), biochemical parameters are least affected. With 

increased exposure duration, parameters were affected more 

prominently at E2 (30 days) and E3 (45 days). The parameters 

were greatly influenced at E3 compared to E2. 

It was observed that MDA variations were negatively correlated 

with all other parameters except PRC and TSC under salt stress. 

Variations in shoot MDA was positively correlated with root MDA 

(r=0.92
**

). High (r=0.90
**

) positive correlation was observed in 

variations among shoot TPC, TFC, DPPH, and ABTS. Moreover, 

nearly 70 to 80% positive correlation was observed among root 

and shoot TPC, TFC, DPPH, and ABTS. Variation in shoot PRC 

was positively correlated with root TFC (r=0.81
**

). Variation in 

shoot and root TSC was positively correlated (r=0.96
**

) with each 

other. Furthermore, PC in the root was positively correlated with 

TFAA in the root (r=0.94
**

). TPC in the root was positively 

correlated with DDPH in the root (r=0.90
**

). Finally, DPPH and 

ABTS activities in the root showed (r=0.97
**

) a positive correlation 

with each other (Table 6).  

4 Discussion 

Salt stress affects the growth, development, and production of 

crops through osmotic and ionic stress (Liang et al., 2017; Zelm et 

al., 2020). In India, Mungbean is an economically important and 

significant dietary pulse crop cultivated, which is also susceptible 

to salt stress (Ghosh et al., 2015; Sehrawat et al., 2019). In the last 

decades, its production is reduced due to its susceptibility to 

different environmental stresses at different stages of its life cycle 

(Sehrawat et al., 2015). Soil salinity is one of the major stresses 

that has severely reduced its growth and global yield. Salt stress 

equivalent to 50 mM NaCl can cause a more than 60% reduction in 

the yield (Abd-Alla et al., 1998). Salinity alters biochemical 

processes such as protein synthesis (Alharby et al., 2019). lipid 

formation in plasma membranes (Datir et al., 2020), levels of 

secondary metabolites like phenolics and flavonoids (Isah, 2019),  

and antioxidant defense mechanism to scavenge reactive oxygen 

species (Taïbi et al., 2016) and synthesis of osmoprotectants like 

proline, amino acids, and sugars (Gupta & Huang 2014; Yang et 

al., 2020). Therefore, the current study examined PC, MDA, TPC, 

TFC, DPPH, ABTS, PRC, TSC, TFAA under 0, 75, 100 and 125 

mM NaCl stress. Varieties of crops like soybean (Shelke et al., 

2017), rice (Chunthaburee et al., 2015), and watermelon (Sarabi et 

al., 2016) showed different biochemical responses under salinity 

stress. Hence, in the present investigation, we compared the effects 

of salt stress in two mungbean varieties PKV AKM 12-28 and 

VBN (Gg)3. 

HCA is an unsupervised pattern identification method that exposes 

the underlying behavior or intrinsic structure of datasets without 

any a priori assumption about the dataset to classify or separate 

objects of the system into different clusters or categories based on 

its similarity or nearness (Singh et al., 2004; Sinha et al., 2009a; 

Sinha et al., 2009b; Shelke et al., 2017; Pongprayoon et al., 2019; 

Dehnavi et al., 2020). It is the most common approach in which 

clusters are formed sequentially by pairing most similar objects 

and forming higher clusters. The similarity between the two 

samples is given by Euclidean distance, and this ‘distance’ is 

calculated based on the ‘difference’ between the analytical values 

of the two samples (Otto, 1998). HCA was performed to uncover 

similarities or dissimilarities in the root and shoot responses based 

on the biochemical and physiological changes under salinity. 

The CA results suggest a diverse response to salinity stress at the 

variety level, as evident from the separate clusters of PKU AKM 

12-28 and VBN (Gg)3. These findings agree with previous studies 

in Sorghum (Dehnavi et al., 2020) and rice (Chunthaburee et al., 

2015). Thus, at the same stress level, shoot and root tissues may 
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show entirely different responses. The plants take up NaCl through 

their root system and translocate it to the shoot. Therefore, roots 

play a crucial role in the salt tolerance of plants since they are the 

first point of contact that controls the uptake and translocation of 

salts and nutrients. Despite the direct exposure of the roots to the 

saline environment, their growth is less affected due to salt than 

that of the shoots (Munns & Tester, 2002). The NaCl concentration 

gradient along the plant axis may induce different biochemical and 

physiological responses in root and shoot tissues.    

In the PCA analysis of a combined dataset of root and shoot, a 

close association of PC, TPC, TFC, DPPH, ABTS, PRC, and 

TFAA was observed in PC1, which is indicative of enhanced 

synthesis of proteins, amino acids, osmoprotectants such as 

proline, antioxidant compounds and secondary metabolites to 

counteract NaCl stress. The protein content is considered one of 

the critical indicators under stress in plants since it increases under 

salinity due to enhanced activity of detoxification pathways 

(Alharby et al., 2019). Protein content in plants increased under 

salinity due to an increase in the proteins involved in 

photosynthetic pathways, osmolyte synthesis pathways, ROS 

scavenging mechanisms, carbohydrate, and energy metabolism 

(Arif et al., 2020). The phenolics are one of the main groups of 

secondary metabolites. They function to protect plants against UV 

light, defense against pathogens, and pigmentation to attract 

pollinators and protect from ROS. Phenolics accumulate in plants 

under various environmental stresses, such as salt stress (Isah, 

2019; Khare et al., 2020). Chutipaijit et al. (2009) have reported 

increased flavonoid content under salt stress in salt-tolerant rice 

cultivar compared to the salt-sensitive one. Antioxidant defense 

mechanism plays a vital role under salinity. It protects plants from 

oxidative damage of biomolecules like DNA (Kaur et al., 2014). 

Our observation of an increase in phenolics and flavonoids under 

salinity is supported by Valifard et al. (2014) and Bistgani et al. 

(2019). The proline is also increased under salinity for scavenging 

ROS, maintaining membrane integrity, osmotic adjustment, and 

stabilizing protein complexes (Muchate et al., 2016; Abid et al., 

2020). These results are in line with those reported by Shahid et al. 

(2013) and Verma et al. (2018), who have demonstrated an 

increase in the amino acid contents in various pea and ber cultivars 

subjected to salt stress, respectively. The elevated levels of amino 

acids reduced the damages caused by salinity stress (Ashraf & 

Harris 2004). The PC2 is positively correlated with MDA, which 

supports earlier work of Sairam et al. (2002), Ashraf and Ali 

(2008), and Datir et al. (2020), which showed increased plasma 

membrane lipid peroxidation under salinity. The score plot of the 

first two principal components (PC1 and PC2) of the combined 

dataset (shoot and root) reflect the pattern of variations and 

differences in root and shoot tissue in terms of biochemical 

parameters over the entire salinity stress used in the experiments. 

In our study, the shoot's MDA content was elevated more in VBN 

(Gg)3 than PKU AKM 12-28 at 30 and 45 days of exposure to 

NaCl. The salinity elevates MDA levels due to the excessive 

generation of free radicals, which disrupts cellular functioning, 

affects lipid metabolism, cell membrane properties, and ion 

transport (Nigam & Schewe 2000; Alzahib et al., 2021). Further, 

Bor et al. (2003), Chaparzadeh et al. (2004), Shi et al. (2007),  

Datir et al. (2020), and  Alzahib et al. (2021) have also observed 

salinity elevated MDA levels in beet, marigold, cucumber, wheat, 

and tomato respectively. At lower salinity levels, the PKU AKM 

12-28 showed higher protein content, which tended to decline with 

increasing salinity. On the contrary, the protein content in VBN 

(Gg)3 decreased at every salinity level.  These results are 

supported by the observations of Gomathi et al. (2013 ) and 

Mohammad et al. (2019). These studies reported increased protein 

content under salinity in rice and Tagetes minuta, respectively, due 

to differential accumulation of proteins and enhanced expression of 

polypeptides.  

The accumulation of the phenolics and flavonoids was induced at a 

lower salinity level (75 mM). However, their levels declined at 

moderate and high salinity levels (100 and 125 mM). Salinity-

induced oxidative damage may occur through generating excess 

reactive oxygen species (ROS) that can attack DNA, proteins, 

lipids, and carbohydrates. The ROS may occur in non-radical 

forms (
1
O2 and H2O2) as well as free radical forms (OH•, O2•

−
, 

RO•, and HO2•) (Gill & Tuteja, 2010). Plants produce antioxidant 

phenolic compounds such as phenolics and flavonoids to eliminate 

these ROS (Navarro et al., 2006; Petridis et al., 2012; Isah, 2019). 

However, the accumulation of phenolics under salinity stress may 

vary in different varieties of the same plant, as Hichem et al. 

(2009) showed in maize and Ghosh et al. (2011) in rice. The 

present investigation corroborates these observations since the 

phenolic compounds were induced more in PKU AKM 12-28 

compared to VBN (Gg)3. The mungbean showed a relative 

tolerance to 75 mM NaCl stress by increasing phenolic and 

flavonoid levels. With the increase in salinity level, the imbalance 

between ROS generation and antioxidants synthesis reduced the 

efficiency to scavenge ROS. The flavonoids can function as 

antioxidants under environmental stresses, including salinity (Babu 

et al., 2003; Tattini et al., 2006; Agati et al., 2012; Babaei et al., 

2020). We observed that the change in antioxidant potential was 

almost similar to the changes in TPC. It indicates a close 

relationship between phenolics compounds levels and the 

antioxidant potential (Huang et al., 2006; Ben Taârit et al., 2012; 

Khare et al., 2020). The results of the present investigation are in 

line with those in buckwheat sprout (Lim et al., 2012), maize 

(Hichem et al., 2009), and few Chinese medicinal plants (Wong et 

al., 2006).  A significant correlation was reported between the 

phenolic content and antioxidant capacity in these plants as well. 

The DA results indicate TFC, MDA, and TSC to be the most 

significant parameters to discriminate between two different plant 
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tissues (shoot and root) under the same salt stress. These account 

for most of the variations in biochemical changes studied in the 

present investigation. MDA and TFC are significant parameters to 

differentiate four sets of plant responses corresponding to four 

concentrations of NaCl. These results also reveal the TSC as the 

most critical parameter to discriminate among the three levels of 

stress exposure durations.  

DPLS models the relationship between the independent variable 

(X) and dependent variable (Y) simultaneously to identify latent 

variables (LVs) in X that will predict the latent variables in Y. To 

verify variables and directions in multivariate space, discriminant 

partial-least square (DPLS) analysis is used. It enables the 

determination of variables and directions in multivariate space, 

which discriminate against the known classes in the calibration set. 

The DPLS was applied to study the differences in the shoot and 

root tissues' responses under salt stress in mungbean plants. The 

DPLS grouped shoot and root tissues separately in different 

quadrants of loading plots, indicating dominant parameters in both 

groups. The PC, MDA, TFC, TPC, and TFAA were dominant in 

the shoot compared to the root. Variations in the dominance of 

parameters in shoot and root tissues at the variety level were also 

observed. DPLS analysis-inferred differences between root and 

shoot tissues' responses under salt stress were as per expected 

lines. The PC, TPC, TFC, DPPH, ABTS, TSC, TFAA are 

relatively more dominant at a lower salt concentration (75 mM) 

than moderate (100 mM) and higher (125 mM) salt concentrations. 

All the parameters are affected by salt stress given for longer 

durations. Multiple correlation analysis showed that the variation 

in most of the biochemical and physiological parameters in shoot 

and root positively correlated with each other except MDA 

content, which correlated negatively. The application of a 

multivariate modeling technique to analyze the effects of salt stress 

on biochemical attributes in the root and shoot tissues of two 

varieties of mungbean demonstrated the grouping of variables and 

their interrelationship between shoot and root tissues and identified 

significant variables responsible for differential behavior.  

5 Conclusion 

Multivariate modeling (CA, DA, PCA, DPLS, and MCA) was 

performed to investigate the effects of NaCl stress and subsequent 

biochemical changes measured in the mungbean varieties PKU-

AKM 12-28 and VBN(Gg)3. This technique provided information 

on the differential pattern for changes in biochemical parameters in 

the root and shoot tissues of mungbean. This modeling approach 

further identified significant biochemical parameters responsible 

for discrimination between shoot and root sensitivity to salt stress. 

This analysis revealed variation patterns in biochemical responses 

and their interdependence under salinity stress. It also revealed the 

degree of salt-stress tolerance and suggested VBN(Gg)3 as salt 

susceptible and PKU-AKM 12-28 as salt-tolerant variety. The 

multivariate modeling approach can interpret results and 

successfully elaborate the biochemical information from a 

biological system and the complex relationships among many such 

attributes in plants.  
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A B S T R A C T   

Phellinus badius is one of the medicinal mushrooms used as folk medicine in Western Ghats of India. Traditionally, 
the P. badius is used in the treatment of diabetes, diarrhea, arthritis, toothaches, as well as tongue and throat 
related ailments. Therefore, we investigated the hypoglycemic and anticataract activity of P. badius crude exo
polysaccharides (EPS) in streptozotocin (STZ) induced diabetic rats and Goat eye lens, respectively. The EPS 
obtained from the submerged mycelial culture of P. badius was used for the bioactivity studies. Among various 
concentrations of EPS administered to diabetic rats, 400 mg/kg dose showed significant hypoglycemic effects, 
such as the reduction in blood glucose (37.2 %) and increase in body weight (47.4 %) as compared to the control 
groups. Furthermore, reduction in triglycerides (23.4 %), cholesterol (23.4 %), as well as decrease in the ac
tivities of aspartate aminotransferase (33.8 %) and alanine aminotransferase (31.9 %) were also observed. The 
crude EPS retarded the progression of lens opacification and reduced the risk of cataract formation in sugar 
administered goat eye lenses. The results suggest that the crude EPS obtained from P. badius mycelia can be 
considered as a potential source for hypoglycemia and cataractogenesis. The LC/MS analysis revealed the 
metabolic profile of the crude EPS, which could be further evaluated based on bioassay guided fractionation to 
identity and characterize the active ingredients.   

1. Introduction 

Mushrooms are a part of traditional medicine in Asian countries 
since time immemorable, especially basidiomycetes, having diverse 
nutritional, medicinal and pharmacological properties (Nakamura et al., 
2004). Various medicinal mushroom, their parts, cellular components 
and mushroom-derived secondary metabolites are reported for bioactive 
properties, such as immunomodulatory, anticancer, hepatoprotective, 
antidiabetic, hypolipidemic, etc., and are therefore explored for their 
pharmaceutical applicability (Liu et al., 2019; Rathore et al., 2019; 
Smith, Rowan, & Sullivan, 2002; Valverde et al., 2015; Wasser, 2002). 

Phellinus is one such genus of medicinal mushrooms belonging to the 
family Hymenochaetaceae. Vaidya and Bhor (1991) have reviewed 
‘Phellinus’ and suggested that as many as twelve species of this poroid 
genus which are used in ayurvedic and traditional medicine. The fruiting 
bodies and exopolysaccharides (EPS) derived from Phellinus species have 
shown to have bioactive properties and are therefore explored for their 
pharmaceutical relevance (Hwang et al., 2007; Wang et al., 2015). For 
instance, they are used to treat allergy, arthritis, diarrhea, diabetes, 
hepatic disorders, toothaches and other throat-related issues (Kim, 
Yang, Hur, Das, Yun, Choi, & Song, et al., 2001, 2003, 2010; Sonawane 
et al., 2013; Zhu et al., 2008). Similarly, several studies demonstrated 
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the hypoglycemic potential of EPS obtained from medicinal mushrooms 
such as Lentinus edodes, Agrocybe cylindracea, Auricularia polytricha, 
Cordyceps militaris, P. linteus, Cordyceps sinensis, P. baumii, and Tremella 
fuciformis (Yamac et al., 2009). However, few species belonging to the 
genus Phellinus still need a scientific evidence to be used for their EPS for 
pharmaceutical evaluations. Among them is a medicinal mushroom 
P. badius found in the western ghats of India. The fruiting body of 
P. badius is widely used by the tribal and traditional practitioners for 
tooth-, tongue-, throat-related ailments, excess salivation in infants and 
diarrhea (Sonawane et al., 2013; Vaidya & Lamrood, 2000). 

Globally, diabetes mellitus is one of the most common health crisis 
arising from fluctuation in blood glucose levels. At present, about 5–10 
% of the world population is suffering from diabetes, and the number is 
increasing by 3 % annually (Zhang et al., 2017). Diabetes mellitus is 
symptomized by progressive destruction of β-cells and subsequent 
impairment in insulin secretion. Macrophages present such β-cells to 
specific auto-antigens of CD4+ Th cells, which is generally considered as 
an onset of autoimmune diabetes (McDevitt, 2001). Various drugs are 
available to treat diabetes and the complications arising from it 
(Katarzyna et al., 2019). However these drugs have a range of 
side-effects associated them, and hence, it is essential to search for 
natural alternatives with little or no side-effects. Among many natural 
sources, use of medicinal mushroom could be an effective option. Owing 
to the hypoglycemic potential of exopolysaccharides (EPS) of medicinal 
mushrooms, there is an exponential increase in the interest toward them 
(Kim., Lim., Joo., Kim., Hwang, Choi., & Yun et al., 2005; Rosado et al., 
2003; Xiao et al., 2004). Furthermore, reports also suggest that EPS can 
alleviated the side-effects of hyperglycemia such as cataractogenesis, 
which is a prime secondary complication of diabetes (Javadi & 
Zarei-Ghanavati, 2008). Therefore, cataract remains a leading cause of 
visual disability and blindness in diabetic patients. Biochemical changes 
in cataract include, loss of glutathione, protein thiol, ATP, impaired 
ionic equilibrium, altered mitotic rate, modification of protein and in
crease in unfolded polypeptides. Aging is another factor responsible for 
cataractogenesis and is followed by excess alcohol consumption, 
smoking, inappropriate diet, steroids, exposure to ultraviolet light, hy
pertension, etc. (McCarty & Taylor, 1996). In hyperglycemia, there is a 
marked increase in cellular and tissue glucose levels where the influx is 
independent of insulin, which includes lens, retina, kidney and periph
eral nerves. 

As per the traditional claims and previous reports on medicinal 
mushrooms, we aim to investigate the hypoglycemic and anticataract 
potential of P. badius mycelia derived crude EPS in Streptozotocin (STZ)- 
induced diabetic rats and goat eye lenses, respectively. 

2. Material and methods 

2.1. Culture of P. badius 

The basidiocarps of P. badius were collected from the western ghats 
of Maharashtra, India. The P. badius culture was established on Petri 
plates containing potato dextrose agar (PDA) and was incubated at 27 ±
2 ◦C. The P. badius culture was then authenticated from and submitted to 
Microbial Type Culture Collection, Chandigarh, India with accession no. 
MTCC8449. The acclimatization of P. badius for submerged culture and 
scale-up was performed as per the procedure of Hwang et al. (2005) with 
slight modifications. 

Briefly, the P. badius submerged culture was established in potato 
dextrose broth (PDB) (pH 5) and was kept at 28 ± 2 ◦C on an incubator 
shaker at 120 rpm for 14 days. Further to optimize the growth and 
maintenance, the mycelia from the 14 days old submerged culture (100 
ml) was homogenized and inoculated in PMP medium (PDB 24 g/L, malt 
extract 10 g/L, peptone 1 g/l). The culture (pH 5) was incubated at 28 ±
2 ◦C on an incubator shaker at 120 rpm for 5 days. After acclimatization, 
the scale-up of submerged culture for EPS production was performed in 
stirred tank fermenter (5 L) with glucose 4 %, polypeptone 0.3 %, yeast 

extract 0.3 %, KH2PO4 0.05 % and Na2HPO4 0.05 %. The pH and tem
perature were maintained at 5.5 and 27 ± 2 ◦C, respectively. We further 
analyzed the influence of different temperature (20, 23, 26, 29, 32, 35 
◦C) and pH (4, 5, 6, 7, 8) conditions to maximize the yield of mycelia and 
exopolysaccharides stirred tank fermenter. 

2.2. Separation of exopolysaccharides 

The culture broth was filtered through Whatmann filter paper no. 2. 
The filtrate was mixed with 90 % ethanol in a ratio 1:4 (v/v) and the 
mixture was kept idle at 4 ◦C. The mixture was centrifuged at 10,000 
rpm for 20 min and the pellet was mixed in distilled water followed by 
dialysis (MW cutoff, 8,000–14,000 Da) against distilled water. After 
dialysis, the dialyzed extract was centrifuge at 10,000 rpm for 10 min. 
The pelleted precipitate was freeze-dried and used as aqueous crude EPS 
for bioactivity studies. 

2.3. Hypoglycemic activity 

2.3.1. Animal studies 
Animal studies were carried out at the National Toxicology Center 

(NTC), Pune, India. All the experiments were approved by the Institu
tional Animal ethical committee (IAEC). Wistar male rats (200 ± 20 g) 
were housed at NTC in controlled conditions. The temperature and 
humidity were maintained at 24 ± 2 ◦C and 60 ± 5%, respectively under 
12 h light/dark period. The rats were fed with pelleted diet (Amrut rats 
pellet diet, India) and water throughout the experiment. 

2.3.2. Induction of experimental diabetes mellitus 
All the rats were subjected to overnight fasting and were made dia

betic by injecting Streptozotocin (STZ) (Sigma, India) intraperitoneally. 
STZ was prepared by dissolving in 0.01 M citrate buffer (pH 4.5) at a 
dose of 50 mg/kg (Bolkent et al., 2000; Kim, Yang, Hur, et al., 2001). 
Blood glucose level was determined by glucometer (Contour TS) after 
48 h of injection. Rats with blood glucose level >300 mg/dl were 
considered as diabetic and used for further study. Rats were randomly 
divided into six treatments with eight rats in each treatment, i.e. normal 
control (NC), diabetic control (DC); STZ + EPS 50 mg/kg, STZ + EPS 
100 mg/kg, STZ + EPS 200 mg/kg and STZ + EPS 400 mg/kg. Rats were 
administered oral zoned dose for 14 days. 

2.3.3. Biochemical assay 
The blood samples of the test rats were collected and treated with 

EDTA (0.1 M) as an anticoagulant. The blood plasma was separated by 
centrifuging at 3,000 rpm for 10 min. Plasma triglycerides and choles
terol levels were determined by colorimetry-based enzyme assay kits 
(Merck. India). The alanine aminotransferase and aspartate amino
transferase levels were also determined using enzyme kits (Merck, India) 
based on the Reitman-Frankel method (Reitman & Frankel, 1957). Blood 
urea nitrogen (BUN) and albumin levels (ALB) were analyzed by using 
diagnostic kits (Merck Bioline RX Ltd.). 

2.4. Anticataract activity 

2.4.1. Collection of goat lenses and cataractogenesis 
The anticataract activity was performed as per the procedure of 

Ganeshpurkar et al. (2011). Briefly, goat eyes were collected from a local 
slaughter house with prior approval from IAEC. The eyeballs obtained 
from a 6 months old male goat were transported to the laboratory in 
freezing conditions. The eyeballs were dissected by anterior approach 
and lenses were isolated within an hour of sacrificing animals. The 
lenses were rinsed with physiological saline and incubated at 37 ◦C in 
sterile culture media supplemented with antibiotics (100 μg/ml strep
tomycin and penicillin), which was filtered through 0.2 μ membrane 
filters (Millipore, India) (Suryanarayana et al., 2004; Zigler & Hess, 
1985). Two pairs of lenses were incubated separately in 5 ml sterile 
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medium with either control (5.5 mM glucose) or test sample (100 mM 
glucose) and incubated at 37 ◦C for 12 days. To maintain the viability of 
lenses, the spent sterile medium was replenished with fresh medium 
aseptically after a regular interval of 48 h. P. badius crude EPS (1 mg/ml) 
was added to the medium when used along with the supra-physiological 
concentration of glucose i.e. 100 mM. Lenses incubated with 5.5 mM 
glucose (physiological concentration) served as control. The lenses were 
observed for haziness, opacities, intumescences, disruption and other 
morphological changes on everyday basis. After 10 days of incubation, 
lenses were removed and wet weight was recorded. Further, the lenses 
were homogenized in a buffer containing 25 mM Tris, 100 mM NaCl, 0.5 
mM EDTA and 0.01 % NaN3 at pH 8.0. The homogenate was centrifuged 
at 10,000 rpm at 4 ◦C for 30 min. The soluble fraction of the lens ho
mogenate was stored at - 40 ◦C for further analysis. 

2.4.2. Total protein and soluble protein estimation 
The soluble fraction of the lens homogenate was used in protein 

estimation. The precipitated protein was dissolved in sodium hydroxide 
and aliquots were used for the estimation of total proteins. The ho
mogenate prepared in double-distilled water supernatant was used in 
the estimation of soluble fractions of protein. The protein content was 
determined by the method of Lowry et al. (1951) using bovine serum 
albumin as the standard. 

2.4.3. Estimation of malondialdehyde (MDA) 
Lens homogenate MDA was estimated as TBA reactive substances 

(Bhuyan et al., 1981). Briefly, to 0.1 ml total protein, 1 ml of 20 % TCA 
was added and this homogenate was heated at 90 ◦C for 20 min. An 
aliquot of 1 ml supernatant was mixed with 0.5 ml of 0.5 % (w/v) TBA 
and boiled for 30 min, following which it was brought to room tem
perature and absorbance of pink-colored product was measured at 532 
nm. The 1, 1, 3, 3-tetraethoxypropane (20 nmol/ml) was used as 
standard. 

2.4.4. Protein carbonyl estimation 
The measurement of protein carbonyl was carried out according to 

Uchida et al. (1988) . Briefly, 0.5 ml (0.5 mg) lens protein sample was 
incubated with 0.5 ml of 0.1 % of 2,4 dinitrophenylhydrazine (DNPH) in 
2 N HCl for 1 h. After an hour, 0.5 ml of 20 % TCA was added and the 
precipitated proteins were washed three times with 1:1 ethanol/ethyl 
acetate. Finally, the precipitate was solubilized in a buffer containing 
133 mM Tris, 13 mM EDTA buffer (pH 7.4) containing 8 M urea. 
Absorbance was recorded at 365 nm. The concentration of carbonyl 
groups was calculated using 365 nm = 21 mM− 1 cm− 1 as the extinction 
coefficient for aliphatic hydrazones. Protein content was estimated as 
per Lowry et al. (1951) using bovine serum albumin as a standard. 

2.4.5. AGE fluorescence 
Advanced glycation end product (AGE) fluorescence was measured 

in soluble protein 0.15 mg/ml protein in 0.05 M sodium phosphate 
buffer (pH 7.4). The fluorescence emissions were recorded from 400 - 
500 nm with excitation at 370 nm as described by Monnier and Cerami 
(1981), on a RF-5301 spectrofluorometer (Shimadzu, Osaka, Japan). 

2.4.6. Estimation of glycated proteins 
In this study, 3 mg/ml of glycated lens protein was loaded on the 

phenyl boronate affinity column (7 × 1 cm) equilibrated with 5 column 
volumes of equilibration buffer (0.25 M ammonium acetate buffer (pH 
8.5) containing 0.05 M MgCl2. The unbound fraction of non-glycated 
proteins were washed with equilibration buffer. The bound glycated 
lens proteins were eluted using elution buffer (0.1 M Tris HCl, pH 7.5 
containing 0.2 M sorbitol) with a flow rate of 0.3 ml/min (Fujita et al., 
1998). The protein content in each fraction was determined spectro
photometrically by recording absorbance at 280 nm against distilled 
water as blank. 

2.5. LC/MS analysis 

LC/MS was performed to identify some of the dominant compounds 
present in the crude aqueous EPS. Briefly, the crude EPS obtained from 
mycelial culture of P. badius were mixed in 95 % methanol and the 
mixture was filtered through Whatman filter paper no. 1 pre-wetted in 
95% methanol. The resultant filtrate was aliquoted after passing it 
through 0.2 μ membrane filters (Millipore, India). The bioactive com
pounds were then identified by performing Q-TOF LC/MS analysis of 
aliquoted crude EPS on Agilent Accurate-Mass 6200 Series TOF LC/MS 
systems (Agilent Santa Clara, California). The mass spectrometer was 
coupled to HPLC equipped with UV–vis detector. The compounds were 
separated using Zorbax SB C18 rapid resolution column (4.6 mm × 150 
mm, 3.5 particle size). The solvent systems used were, formic acid 
(0.1%, v/v) (Solvent A), 90 % acetonitrile + 0.1 % formic acid (Solvent 
B). A gradient was used for solvent B at a 2–30 min of total run time. The 
flow rate was maintained at 0.3 ml/min with an initial injection volume 
of 3 μl/min. The ESI parameters both negative and positive ion mode 
with mass range 125–1000 m/z, spray voltage 1 kV, gas temperature 
250 ◦C, gas flow 13 L/min, nebulizer 35 psi and mass were analyzed 
using Agilent technologies Mass-Hunter software. 

2.6. Statistical analysis 

The result analysis for statistical significance of eight replicates was 
done by one-way analysis of variance (ANOVA) test using the SPSS 
statistical program. The data was expressed as mean ± Standard Devi
ation (SD). Group means were compared by Duncan’s multiple range 
tests at p < 0.05 significance level. 

3. Results 

3.1. Optimization and establishment of P. badius submerged culture 

The pure culture of P. badius was sequentially acclimatized before 
optimization for scaled-up in stirred tank fermenters. Different physio
logical conditions, such as series of temperature and pH regimes were 
tried to maximize the biomass and EPS yield. The progressive increase in 
mycelial biomass and EPS content was recorded at regular intervals for a 
growth period of 24 days (Fig. 1). About 2.7 g/l EPS was obtained from 
8.2 g/l mycelial biomass on 24 days. The analyzed data under various 
temperature and pH conditions demonstrate that the maximum growth 
of mycelial biomass and EPS was achieved at pH 5 (Fig. 2a) and 26 ◦C 
(Fig. 2b). The fermenter runs at 26 ◦C temperature yield 2 g/l EPS from 
5.2 g/l mycelial biomass while fermenter runs at 5.0 pH yield 1.8 g/l EPS 
from 6.7 g/l mycelial biomass. 

3.2. Hypoglycemic activity 

The effect of crude aqueous EPS on the blood glucose level and other 
related parameters were observed in streptozotocin induced diabetic 
rats over a period of 14 days. 

3.2.1. Blood glucose level 
In this test, a continuous increase in blood glucose level was observed 

in STZ treated control rat group during the entire experimental duration 
(Fig. 3). However, the rat groups which were administrated with various 
concentrations of crude EPS showed a concentration depended reduc
tion in blood glucose level as compared to the diabetic control group. 
The groups that received high concentrations of EPS such as 200 mg/kg 
and 400 mg/kg showed a significant reduction in blood glucose level by 
27.5 % and 37.2 % respectively. 

3.2.2. Food intake and body weight gain 
The effect of PBE on the food intake and body weight gain in STZ- 

induced diabetic rats is presented in Fig. 4. A significant difference in 

H. Sonawane et al.                                                                                                                                                                                                                             



Bioactive Carbohydrates and Dietary Fibre 24 (2020) 100241

4

food intake and body weight gain was observed between diabetic rat 
groups (DC – STZ-induced diabetic rats; and STZ + EPS – EPS admin
istered diabetic rats) and normal control group (NC). The food intake of 
the DC increased by 12.34 %, whereas body weight gain was reduced by 
55 % as compared to NC (Fig. 4). However, STZ + EPS group (50, 100, 
200 and 400 mg/kg EPS) showed decrease in food intake, which was 
27.2, 27.6, 15.9 and 21.5 % lower respectively than DC. Hence, EPS 50 

and 100 mg/kg dose selected to be the most effective dose to control 
food intake in diabetic rats. Furthermore, a significant difference was 
observed in the body weights of STZ + EPS group as compared to DC and 
NC (Fig. 4). However, no significant difference between the body 
weights of STZ + EPS rats were observed. The STZ + EPS group showed 
a progressive increase of 47.4 % in body weight gain compared to DC 
(Fig. 4). 

Fig. 1. Accumulation of mycelial biomass and exopolysaccharides (EPS) (g/l) in the submerged culture of Phellinus badius with respect to the number of days.  

Fig. 2. Effect of (a) pH, and (b) temperature on the mycelial biomass and exopolysaccharides. (EPS) production in submerged culture of Phellinus badius.  
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3.2.3. Triglyceride and cholesterol level 
The triglyceride (39.4%) and cholesterol (29.8%) levels were 

significantly increased in DC compared to the normal control (Fig. 5). 
However, the plasma triglyceride level was markedly reduced in 50, 200 
and 400 mg/kg EPS administered rats. Furthermore, the rats belonging 
to STZ + EPS groups significant and concentration dependent decrease 
in cholesterol levels as compared to NC and DC. In comparison to DC, the 
STZ + EPS (400 mg/kg) group showed 23.4 % and 27.9 % reduction in 
triglyceride and cholesterol levels respectively (Fig. 5). 

3.2.4. Aspartate aminotransferase (AST) and alanine aminotransferase 
(ALT) 

The crude EPS on the plasma AST and ALT activities in STZ-induced 
diabetic rats is shown in Fig. 6. A significant difference in both AST and 
ALT activities was observed between DC and NC. For instance, the AST 
and ALT activities of the DC increased by 50.1 % and 39.6 % compared 
to NC. Furthermore, a concentration dependent decline AST activity was 
observed in the STZ + EPS groups. However, maximum reduction in AST 
and ALT activities were observed in STZ + EPS (400 mg/kg) group, 

Fig. 3. Blood glucose levels of rats with no diabetes (normal control - NC), streptozotocin (STZ) induced diabetic rats (diabetic control - DC) and streptozotocin 
induced diabetic rats injected with various concentrations of Phellinus badius crude EPS i.e. (50, 100, 200 and 400 mg/kg EPS). 

Fig. 4. The food intake and body weight gain in the rats with no diabetes (normal control - NC), streptozotocin (STZ) induced diabetic rats (diabetic control - DC) and 
streptozotocin induced diabetic rats injected with various concentrations of Phellinus badius crude EPS i.e. (50, 100, 200 and 400 mg/kg EPS). Values are means ± S. 
D., where n = 8, p < 0.05. 
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which was 33.8 % and 31.9 % respectively compared to DC. 

3.2.5. Blood urea nitrogen (BUN) and albumin (ALB) levels 
As shown in Table 1, the BUN and ALB levels of DC increased by 55.5 

% and 23.1 % respectively, compared to NC. There was a significant 
difference between the BUN levels of DC and NC. Furthermore, the BUN 
levels for all the STZ + EPS groups showed a declining trend as 
compared to DC. Interestingly, a marked reduction of 51.4 % in the BUN 
level was observed in STZ + EPS (200 mg/kg) group, which was close to 

NC. Although there was a difference in the level of ALB in DC and NC, 
the STZ + EPS groups did not show any significant difference as 
compared to DC or among themselves. 

3.2.6. Rat body organ weight 
The variation in the body organ weight of all the experimental 

groups are presented in Fig. 7. There were no significant differences 
recorded in the weight of spleen, kidney and lung in between the studied 
groups. However, the weight of heart, liver and pancreas were increased 

Fig. 5. The levels of plasma triglycerides and cholesterol in the rats with no diabetes (normal control - NC), streptozotocin (STZ) induced diabetic rats (diabetic 
control - DC) and streptozotocin induced diabetic rats injected with various concentrations of Phellinus badius crude EPS i.e. (50, 100, 200 and 400 mg/kg EPS). 
Values are means ± S.D, where n = 8, p < 0.05. 

Fig. 6. The activities of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in the rats with no diabetes (normal control - NC), streptozotocin (STZ) 
induced diabetic rats (diabetic control - DC) and streptozotocin induced diabetic rats injected with various concentrations of Phellinus badius crude EPS i.e. (50, 100, 
200 and 400 mg/kg EPS). Values are means ± S.D, where n = 8, p < 0.05. 
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and/or decreased in the DC as compared to the NC. The weight of heart, 
liver and pancreas of DC increased by 10.1 %, 10.8 % and 45.6 % 
respectively, as compared to NC. Two STZ + EPS groups administered 
with 100 and 200 mg/kg EPS showed reduction in heart weight by 32.8 
% and 37.7 % respectively, as compared to DC. Furthermore, the STZ +
EPS group administered with 100 mg/kg EPS showed a decrease in the 
weight of liver and pancreas by 46.8 % and 43.9 % respectively, as 
compared to DC. Generally, a similar trend was followed in almost all 
STZ + EPS groups, i.e. reduction in body organ weight at low concen
tration of EPS (50 and 100 mg/kg EPS) and an increase at higher con
centrations (200 and 400 mg/kg). Unlike other experiments, the 
administration of higher concentration of EPS i.e. 400 mg/kg did not 
show any significant effect on the body organ weight as compared to DC. 

3.3. Effect of crude P. badius EPS against cataractogenesis 

The goat eye lenses were used to examine the effect against cata
ractogenesis and related parameters. 

3.3.1. Lens morphology 
The goat eye lenses incubated with physiological (5.5 mM glucose), 

supra-physiological concentration (100 mM glucose) and test sample i.e. 
(100 mM glucose + EPS) are presented in Fig. 8. Photographic exami
nation suggests that the lenses kept at physiological concentration of 
glucose did not show any visual change throughout the experiment 
(Fig. 8a). Lenses incubated with supra-physiological concentration of 
glucose showed varying degree of cataractogenic changes, such as 
complete opacification after 10 days (Fig. 8b). However, the lenses 
treated with crude EPS showed a decline in the progression of lens 
opacification (Fig. 8c). 

3.3.2. Lens total protein and total soluble protein 
The homogenate of the lenses treated with 100 mM glucose showed 

significant reduction in total protein and total soluble protein as 
compared to lenses treated with 5 mM glucose (Table 2). However, the 
homogenate of the lenses treated with 100 mM glucose and crude EPS 
retained the total protein and total soluble protein concentration at 
significantly higher levels i.e. 36.3 % and 15.8 % respectively, as 
compared to the homogenate of the lenses treated with only 100 mM 
glucose. 

3.3.3. Lipid peroxidation and protein carbonyl 
The variation in the levels of lipid peroxidation and protein carbonyl 

of the control and test sample are given in Table 2. Lipid peroxidation 
measured in terms of malondialdehyde (MDA) levels showed a signifi
cant increase in MDA (40 %) of homogenate of the lenses treated with 
100 mM glucose as compared to homogenate of lenses treated with 5 
mM glucose. However, the homogenate of the lenses treated with 100 
mM glucose and crude EPS showed a decrease of only 25 % in MDA 
levels as compared to the control i.e. 5 mM glucose. Likewise, signifi
cantly increased in protein carbonyl was observed in lenses incubated 
with 100 mM glucose i.e. 81.3 % as compared to the control lenses. 
Whereas the homogenate of the lenses treated with both 100 mM 
glucose and crude EPS showed significant decrease in MDA i.e. 76.4 % as 
compared to the 100 mM which was insignificant from the control i.e. 5 
mM glucose treatment. 

3.3.4. AGE fluorescence and glycated protein 
The advanced glycation end product (AGE) fluorescence of control 

and test lenses are shown in Fig. 9. The test sample i.e. 100 mM glucose 
and crude EPS treated lenses showed a decreased in AGE fluorescence as 
compared to lenses treated with only 100 mM glucose. Furthermore, 
when soluble lens proteins from the lenses treated with 100 mM glucose 
were subjected to phenyl boronate affinity column (strong affinity to
wards glycated proteins), the column retained 30 % of the soluble lens 
proteins. However, the glycated proteins retained by phenyl boronate 
affinity column from the soluble proteins of the lenses treated with 100 
mM glucose and crude EPS were negligible as compared to that of the 
glycated protein retained by the column with the soluble protein of 
lenses incubated with only 100 mM glucose (Fig. 10). 

3.4. LC/MS profile of P. badius crude EPS 

The LC/MS profiling of P. badius crude EPS showed the presence of 
some well-characterized bioactive compounds (Table 3). Some of the 
dominant compounds identified are arecoline, gliquidone, indole-3- 
carboxylic acid, thymoquinone, hydrocodone, naloxone, maprotiline, 
khivorin, artemisinin, dihydroartemisinin, anastrozole, flutamide, dil
tiazem, capsaicin and naphthalene dihydrodiol. In addition, other 

Table 1 
The blood urea nitrogen (BUN), and albumin (ALB) levels of control (NC), 
streptozotocin (DC) and streptozotocin (STZ) + P. badius crude exopoly
saccharides (EPS) treated rats.  

Animals group BUN (mg/dl) ALB (g/dl) 

NC 15.87 ± 1.09e 3.56 ± 0.21c 

DC 35.67 ± 1.53a 4.63 ± 0.25a 

STZ þ EPS 50 mg/kg 24.00 ± 1.0b 4.58 ± 0.10a 

STZ þ EPS 100 mg/kg 21.33 ± 1.53c 4.32 ± 0.10a 

STZ þ EPS 200 mg/kg 17.33 ± 1.53d 4.19 ± 0.06ab 

STZ þ EPS 400 mg/kg 22.33 ± 3.21b 4.20 ± 0.10ab 

Values are means ± S.D, where n = 8, p < 0.05. 

Fig. 7. The body organ weight/100 g of rats with no diabetes (normal control - NC), streptozotocin (STZ) induced diabetic rats (diabetic control - DC) and 
streptozotocin induced diabetic rats injected with various concentrations of Phellinus badius crude EPS i.e. (50, 100, 200 and 400 mg/kg EPS). Values are means ± S. 
D, where n = 8, p < 0.05. Values are means ± S.D, where n = 8, p < 0.05. 
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compounds with potential bioactivities were also reported, for instance, 
indospicine, tropine, sulfabenzamide, o-hydroxyaniline, etc. (Table 3). 

4. Discussion 

P. badius is a medicinal mushroom widely used as folk medicine in 

western ghats of Maharashtra, India. The fruiting body of P. badius is 
reported to have antioxidant, antifungal and glucose lowering proper
ties, however, very less is known about the exopolysaccharides (EPS) by 
the mycelial biomass (Sonawane et al., 2013). Also, though the fruiting 
body has bioactivities and is traditionally used, it is not feasible to 
employ it for pharmaceutical and industrial application owing to the 
complicated extraction process and nonuniformity in the extracted 
chemical compounds. Therefore, it is more reasonable to use EPS ob
tained in vitro grown P. badius mycelial biomass than the fruiting body of 
mushrooms. Hence, to investigate the traditional claims of the glucose 
lowering potential, we investigated the hypoglycemic and anticataract 
activity of EPS obtained from in vitro culture of submerged P. badius 
mycelia. Initially we analyzed the influence of physiological conditions 
such as temperature and pH on the growth and yield of P. badius 
mycelial biomass and exopolysaccharide (EPS) respectively for a period 
of 24 days. As reported in other studies, these parameters greatly 
influenced the growth in mycelial biomass and EPS yield (Kim, Lim, 
et al., 2005; Park et al., 2001; Xiao et al., 2004). The temperature (26 ◦C) 
and pH (5) that gave maximum output can be correlated to the average 
annual temperature of western ghats i.e. 20 ◦C to 26 ◦C, and the pH is 
close to the physiological pH of higher plants on which it grows i.e. 5.5 
to 6.5. 

Fig. 8. Goat eye lenses treated with (a) Control (5 mM glucose), (b) 100 mM glucose, and (c) 100 mM glucose + crude EPS under in vitro conditions.  

Table 2 
The total protein, total soluble protein, MDA and protein carbonyl content of 
Goat eye lenses treated with either glucose (5 mM and 100 mM) or glucose (100 
mM) and P. badius crude exopolysaccharides (EPS).  

Treatment Total 
protein (μg/ 
ml) 

Total soluble 
protein (μg/ 
ml) 

MDA 
(μM/g) 

Protein carbonyl 
(nM/mg protein) 

Control (5 mM 
glucose) 

192.2 ± 6.4a 96.3 ± 5.2a 0.36 ±
0.01c 

3.4 ± 0.6b 

100 mM 
glucose 

112.7 ± 8.2c 71.2 ± 3.6c 0.6 ±
0.04a 

18.2 ± 2.8a 

100 mM 
glucose þ
EPS 

176.8 ±
7.7b 

84.6 ± 2.4b 0.45 ±
0.01b 

4.3 ± 2b 

Values are means ± S.D, where n = 8, p < 0.05. 

Fig. 9. Advanced glycation end product (AGE) fluorescence of the soluble protein of goat eye lenses treated with (a) Control (5 mM glucose), (b) 100 mM glucose, 
and (c) 100 mM glucose + crude EPS (Test) under in vitro conditions. 
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After optimizing the physiological parameters, the crude EPS was 
isolated from the mycelial biomass of P. badius and were used for 
bioactivity studies. The EPS derived from medicinal mushrooms such as 
Lentinus edodes, Tremella fuciformis, Coprinus comatus, Lenzites betulina, 
Cerrena unicolor and many others have been studied for their hypogly
cemic potential (Cho et al., 2007; Hwang et al., 2005; Yamac et al., 
2009; Yang et al., 2002). Moreover, EPS from one of the closely related 
species to P. badius i.e. P. baumii is also reported to have hypoglycemic 
activity (Hwang et al., 2005). Furthermore, the EPS from their fruiting 
bodies or in vitro cultured mycelial biomass also alleviated the side ef
fects associated hyperglycemia. Therefore, some of these mushrooms 
and their EPS were regarded as ideal choices for their pharmaceutical 
evaluation to treat hyperglycemia (Yamac et al., 2009). In our study, a 
broad spectrum antibiotic Streptozotocin (N-nitroso derivative of 
glucosamine) was used to inhibited insulin secretion by selective 
destruction of β-cells of islets of Langerhans and artificially induce hy
perglycemia in rats i.e. type-I diabetes mellitus. The diabetic rats 
initially showed an increase in food intake of diabetic rats was a result of 
insulin deficiency and decreased muscle tissue sensitivity to insulin. 
Also, decrease in weight was observed which may be due to the damage 
caused to the muscle and adipose tissue by the decline in insulin level 
(Chen et al., 2018; Liu et al., 2019). Further, these diabetic rats were 
given different doses of aqueous crude EPS (50, 100, 200, 400 mg/kg i.e. 
EPS/wt. of rats). 

The crude EPS injection to the diabetic rats resulted in a significant 
decrease in the blood glucose level (Fig. 3), and its side-effects in a 
concentration dependent manner. As discussed earlier regarding the 
selective destruction of β-cells by STZ, we can assume that P. badius 
mycelia derived EPS could play a crucial in repairing the damaged 
β-cells and promoting insulin secretion, thereby reducing the blood 
glucose level. Gray and Flatt (1998) suggested that the extract of Agar
icus campestris fruiting body could reduce diabetes by regulating plasma 
glucose levels. Other possible mechanism for EPS might be increase 
blood glucose utilization by stimulating pancreas and promoting insulin 
secretion. Zhang and Lin (2004), observed that polysaccharides derived 
Ganoderma lucidum could promote the insulin release from the pancre
atic islets by facilitating Ca2+ inflow to the pancreatic h-cells. 

The blood glucose-lowering effect of crude EPS showed a direct 
correlation to the behavioral, physiological and molecular changes in 
the diabetic rats. For instance, reduction in food intake and increase in 
overall body weight (Fig. 4). Also, the level of plasma cholesterol and 
triglycerides, and the activities of AST and ALT enzymes also showed a 
decline as compared to DC (Figs. 5 and 6). Similar results were observed 

with the EPS of P. baumii (Hwang et al., 2005), suggesting that com
pounds in EPS can influence the food intake and body weight ratio. 
Numerous other reports suggest that the EPS administration to diabetic 
rats can influence the food utilization efficiency and body weight ratio 
(Furuse et al., 1993; Hwang et al., 2005; Kiho et al., 2001; Kim, Yang, 
Jeong, Hur, Das, Yun, Choi, Lee, & Song et al., 2001; Yang et al., 2002). 
The reduction in plasma cholesterol and triglycerides, and rise in the 
activities of AST and ALT may be the result of liver damage and related 
metabolic changes caused by STZ. The EPS could also exert hep
atoprotective effect and reduce the high-fat-emission by liver as evi
denced from the study performed on the EPS of Termitomyces 
albuminosus (Zhao et al., 2017). There was no clear distinction between 
the body organ weight of EPS administered rats, however, a trend was 
followed i.e. decrease at lower (50 and 100 mg/kg) and increase at 
higher (200 and 400 mg/kg) EPS concentrations (Fig. 7). 

The BUN level is indicative of the normal functioning of the kidneys 
and liver. The BUN concentration of EPS treated diabetic rats showed a 
significant decrease as compared to diabetic rats (Table 1). Reduction in 
the BUN level suggests a corrective role of EPS towards kidney and liver 
functioning (Yang et al., 2002). However, not much variation was 
observed in the ALB levels of EPS treated and diabetic rats (Table 1). 

For the first time we report in vitro anticataract activity of EPS ob
tained from P. badius mycelia. The lenses incubated with supra- 
physiological glucose concentration and EPS showed a decrease in the 
level of total protein and total soluble protein as compared to control 
lenses (Table 2). It is reported that during cataractogenesis large amount 
of soluble proteins are converted to insoluble proteins (Aziz et al., 2015). 
However, decrease in soluble protein was significantly prevented in the 
lenses incubated in the medium containing EPS. Furthermore, the rise in 
MDA and protein carbonyl content was significantly reduced in the EPS 
treated lenses (Table 2). The level of MDA and protein carbonyl are 
considered as markers for oxidative stress. Thus, the decrease in MDA 
and carbonyl protein level suggest that EPS inhibits oxidative stress 
(Uchida et al., 1998). 

The reduction in the characteristic fluorescence of AGE suggests that 
EPS interferes in the process of glycation as well as the formation of AGE 
(Fig. 9), suggesting the antiglycation potential of EPS. The excess of 
glucose results in protein glycation, which can be measured as AGE 
fluorescence. Also, the level of total glycated proteins measured using 
phenyl boronate affinity column chromatography showed that the EPS 
has protected the lens proteins from excess glycation (Fig. 10). Incuba
tion of goat lenses with supra-physiological concentrations of glucose 
(100 mM) led to the loss in the transparency, however, the treatment of 

Fig. 10. Phenyl boronate affinity chromatogram of soluble protein from the lenses cultured with glucose applied to column. Control (5 mM glucose), 100 mM 
glucose and 100 mM glucose + EPS. 
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EPS (0.5 mg/ml) preserved the transparency and protected the lenses 
from supra-physiological concentration of glucose. This result indicates 
a positive effect of the EPS on the cataractous lenses. 

In addition to the above findings, the LC/MS of crude EPS showed the 
presence of arecoline, gliquidone, indole-3-carboxylic acid, thymoqui
none, hydrocodone, maprotiline, artemisinin, dihydroartemisinin, 
anastrozole, dextroamphetamine, capsaicin, and naphthalene dihy
drodiol as predominant ones. These compounds are well-documented 
and known for their blood glucose regulatory activity (Bule, Nikfar, 
Amini, & Abdollahi, 2019; Choudhary et al., 2011; Guo et al., 2018; 
Kevin & Alvin, 2013; Malaisse, 2006; Meng et al., 2019; Saha et al., 
2015; Suresh et al., 2012; Tigran et al., 2019; Zhang et al., 2017). The 
compound naphthalene dihydrodiol is also reported to reduce cata
ractogenesis (Xu et al., 1992). Therefore, the presence of these com
pounds in the EPS supports hypoglycemic and anticataract activity 
shown by the EPS of P. badius. 

Moreover, some of the compounds are also reported to have phar
macological potentials such as cardio-protection, anti-parasitic, anti- 
inflammatory, anticancer, hepatoprotection, anti-microbial, antide
pressant, antimalarial, antitumor, antiviral, antifungal, antiarthritic, 
and hypolipidemic (Liu et al., 2016; Goyal et al., 2017; Meng et al., 

Table 3 
Compounds identified by LC/MS profiling of P. badius crude exopolysaccharides.  

Compound name RT Mass Formula DB diff 
(ppm) 

Norcotinine 0.805 162.0745 C9 H10 
N2 O 

29.62 

Sulfabenzamide 0.817 276.0551 C13 H12 
N2 O3 S 

6.5 

4-Hydroxybenzyl cyanide 0.978 133.0516 C8 H7 N 
O 

8.58 

L-2-Aminoadipic acid 1.092 161.0678 C6 H11 
N O4 

6.05 

Tropine 1.119 141.1144 C8 H15 
N O 

6.95 

L-Homophenylalanine 1.212 179.0935 C10 H13 
N O2 

6.19 

Neuraminic acid 1.217 267.0954 C9 H17 
N O8 

0.12 

Indospicine 1.269 173.1154 C7 H15 
N3 O2 

6.17 

4-(3-Pyridyl)-3-butenoic acid 1.301 163.0624 C9 H9 N 
O2 

5.9 

o-Hydroxyaniline 1.402 109.0545 C6 H7 N 
O 

− 16.17 

Arecoline 1.514 155.0955 C8 H13 
N O2 

− 5.91 

9-amino-nonanoic acid 1.751 173.1403 C9 H19 
N O2 

7.53 

2-Methylene-5-(2,5- 
Dioxotetrahydrofuran-3-YL)- 
6-oxo-10,10-Dimethylbicyclo 
[7: 2: 0]Undecane 

2.836 304.1639 C18 H24 
O4 

11.7 

13-amino-tridecanoic acid 3.205 229.2027 C13 H27 
N O2 

6.34 

Gliquidone 3.742 527.2001 C27 H33 
N3 O6 S 

16.93 

Indole-3-carboxylic acid 3.898 161.0467 C9 H7 N 
O2 

5.94 

p-Hydroxymethylphenidate 3.979 249.1373 C14 H19 
N O3 

− 3.33 

4-(3-Pyridyl)-3-butenoic acid 4.102 163.0624 C9 H9 N 
O2 

5.98 

Letrozole 4.746 285.0989 C17 H11 
N5 

8.85 

4-Hydroxyquinazoline 4.82 146.0471 C8 H6 
N2 O 

6.46 

Naphthalene dihydrodiol 4.916 162.0672 C10 H10 
O2 

5.72 

Meperidine N-oxide 5.211 263.1529 C15 H21 
N O3 

− 2.8 

Thymoquinone 5.269 164.0829 C10 H12 
O2 

5.22 

hydrocodone 5.287 299.1505 C18 H21 
N O3 

5.57 

Naloxone 5.421 327.1459 C19 H21 
N O4 

3.48 

Maprotiline 5.422 277.1893 C20 H23 
N 

− 22.68 

Khivorin 5.855 586.2728 C32 H42 
O10 

8.59 

Artemisinin 5.857 282.1453 C15 H22 
O5 

5.1 

5,7,9,11,13- 
tetradecapentaenoic acid 

5.859 218.1297 C14 H18 
O2 

4.33 

Tegaserod 6.066 301.1872 C16 H23 
N5 O 

10 

Anastrozole 6.203 293.1638 C17 H19 
N5 

0.82 

Oxyquinoline 6.461 145.0521 C9 H7 N 
O 

4.8 

Dihydroartemisinin 6.589 284.1611 C15 H24 
O5 

4.48 

amiloxate 6.589 248.1403 C15 H20 
O3 

3.74 

3,6,8-dodecatrien-1-ol 6.589 180.153 C12 H20 
O 

− 8.71 

Nabumetone alcohol 6.589 230.1297 4.18  

Table 3 (continued ) 

Compound name RT Mass Formula DB diff 
(ppm) 

C15 H18 
O2 

1H-1,2,4-Triazole-1-propanoic 
acid, 4,5-dihydro-3- (1- 
hydroxyethyl)-5-oxo-4-(2- 
phenoxyethyl)- 

7.234 321.1311 C15 H19 
N3 O5 

4.16 

Metaxalone 7.343 221.1046 C12 H15 
N O3 

2.8 

Methsuximide 7.347 203.0939 C12 H13 
N O2 

3.56 

Spaglumic Acid 7.376 304.0908 C11 H16 
N2 O8 

− 0.57 

Flutamide 7.379 276.0665 C11 H11 
F3 N2 O3 

20.61 

Matricin 7.425 306.1434 C17 H22 
O5 

10.82 

Naloxol 7.482 329.1628 C19 H23 
N O4 

− 0.21 

6beta-Naltrexol 7.596 343.1769 C20 H25 
N O4 

4.27 

Diltiazem 7.606 414.1553 C22 H26 
N2 O4 S 

14.62 

Capsaicin 7.719 305.2 C18 H27 
N O3 

− 3 

Helenine 9.226 232.1451 C15 H20 
O2 

5.32 

gamma glutamyl ornithine 9.39 261.1357 C10 H19 
N3 O5 

− 12.44 

Dihydrodeoxystreptomycin 10.127 567.2863 C21 H41 
N7 O11 

0.19 

Sulfamethazine 11.098 278.085 C12 H14 
N4 O2 S 

− 4.52 

Homatropine 11.385 275.1506 C16 H21 
N O3 

5.48 

2R-aminohexadecanoic acid 15.597 271.2494 C16 H33 
N O2 

6.37 

3-Deoxo-3beta- 
Acetoxydeoxydihydroge 
Dunin 

19.283 512.2779 C30 H40 
O7 

− 1.01 

12beta-Hydroxy-3-oxo- 
5betacholan-24-oic Acid 

20.795 390.275 C24 H38 
O4 

5.25 

Anhydroeschscholtzxanthin 22.781 530.397 C40 H50 − 10.82 
levmetamfetamine 26.517 149.1194 C10 H15 

N 
6.91 

Dextroamphetamine 26.518 135.104 C9 H13 
N 

5.65 

2,4,6-Trimethylacetophenone 
imine 

26.522 161.1194 C11 H15 
N 

6.48  
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2019; Guo et al., 2018; Suresh et al., 2012; Sharma, Vij, & Sharma, 
2013). Therefore, further bioassay guided fractionation is required to 
identify the active ingredients of EPS that are responsible for the hy
poglycemic and anticataract activity. P. badius might become a multi
potential and promising natural alternative to treat diabetes mellitus 
and cataractogenesis. 

This study shows that P. badius have the potential to work as a hy
poglycemic agent. The viscosity of EPS may delay carbohydrate ab
sorption and improving the control of hyperglycemia, hyperinsulinemia, 
impaired glucose and insulin resistance in diabetic mice (Hwang et al., 
2007; Kim, Kim, Choi, & Lee et al., 2005). Exopolysaccharides can 
restore the immune-modulative imbalance caused by diabetes or it may 
even increase the activities of hepatic glucokinase, hexokinase, and 
glucose-6-phosphate dehydrogenase (Zhang & Lin, 2004). The no vari
ances in. 

5. Conclusion 

Our study suggests that P. badius EPS plays a crucial role in blood 
sugar regulation and against cataractogenesis in diabetic rat and goat 
eye lenses, respectively. The result encourages us to believe that the in 
vitro culture of P. badius mycelia can become a potential source of hy
poglycemic and anticataract agents in the future. However, as revealed 
by LC/MS analysis we need further study to identify the active fractions 
or pure compounds responsible for the bioactivities. 
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Let G be a connected graph with minimum degree at least n and let h be an integer
such that 0 ≤ h < n. The conditional h-edge (h-vertex) cut of G is defined as a set F of
edges (vertices) of G whose removal disconnects G leaving behind components of minimum
degree at least h. The characterization of a minimum h-vertex cut of the n-dimensional
hypercube Qn is known. In this paper, we characterize a minimum h-edge cut of Qn. Also,
we obtain a sharp lower bound on the number of vertices of an h-edge cut of Qn and obtain
some consequences.

Keywords: Hypercube; conditional connectivity; edge cut.

1. Introduction

An interconnection network with high fault tolerance capacity is preferable for prac-

tical implementation. The fault tolerance capacity of the given network is closely

related to the connectivity of the underlying graph. Harary [5] introduced the con-

cept of conditional edge (vertex)-connectivity, which measures the fault tolerance

capacity of a network more accurately. Let h, n be integers such that 0 ≤ h < n

and G be a connected graph with minimum degree at least n. An h-edge (h-vertex)

cut of graph G is a set F of edges (vertices) of G such that the graph G − F is

disconnected and each component of it has minimum degree at least h. The con-

ditional h-edge (h-vertex) connectivity of G is denoted as λh(G) (kh(G)) and is

the minimum cardinality |F | of an h-edge (h-vertex) cut F of G. Clearly, h = 0

gives traditional connectivities. The conditional connectivities for various networks

have been studied in the literature, see [8,9,11–13,15]. These connectivities are also

known as Rg-connectivities [14].

The Cartesian product of two graphs G1 = (V1, E1) and G2 = (V2, E2) is denoted

byG1�G2. It is the graph with vertex set V1×V2 and edge set {(x1, y1)(x2, y2) : x1 =
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x2 and y1y2 ∈ E2, or y1 = y2 and x1x2 ∈ E1}. Let n be a positive integer. The

n-dimensional hypercube, denoted by Qn, is the Cartesian product of n copies of

the complete graph K2. It is an n-regular, n-connected graph having 2n vertices and

n2n−1 edges. The hypercube network is one of the most widely used interconnection

networks due to its beautiful properties [7] such as regularity, high connectivity,

vertex-transitivity, low dimension, recursive structure etc.

For the hypercube Qn, the conditional h-vertex connectivity and conditional h-

edge connectivity are determined by Oh and Choi [9], and Xu [13], respectively and

both the connectivities are equal to (n−h)2h. These connectivities are also obtained

for some hypercube variants such as augmented cubes [12], hypercube-like networks

[8, 15] and multidimensional tori [11].

The problem of characterizing a minimum h-vertex cut S of the hypercube Qn

is considered in [6, 10, 14]. Usually, such characterization is given by characterizing

a smallest component (i.e. a component with a minimum number of vertices) of

the graph Qn − S. It seems that a smallest component of Qn − S is isomorphic

to Qh. Ramras [10] proved that this holds when h = 0 while Latifi [6] proved it for

1 ≤ h ≤ [n/2]. However, Yang and Meng [14] established that the case h = n− 3 is

an exception.

Theorem 1.1 ([14]) Let h, n be integers with 1 ≤ h ≤ n− 2 and S be a minimum

h-vertex cut of Qn and Y be a smallest component of Qn − S. Then

(i) Y is isomorphic to Qh if h ≤ n− 4 and n ≥ 5, or h = n− 2 and n ≥ 3;

(ii) Y is isomorphic to Qh or Qh−1�K1,4 if h = n− 3 and n ≥ 4.

In this paper, we characterize a minimum h-edge cut F of the hypercube Qn.

Note that an (h + 1)-edge cut of Qn is also an h-edge cut. However, we see that

this does not hold for minimum h-edge cuts except for h = n − 2. We characterize

a smallest component of Qn−F in the following theorem. Note that the hypercube

Q0 of dimension zero is a graph consisting of only one vertex and no edge.

Theorem 1.2. For integers h, n with 0 ≤ h ≤ n − 1, let F be a minimum h-edge

cut in the hypercube Qn and Y be a smallest component of Qn − F. Then

(i) Y is isomorphic to Qh if 0 ≤ h ≤ n− 3 and n ≥ 3, or h = n− 1 and n ≥ 1;

(ii) Y is isomorphic to Qh or Qh+1 if h = n− 2 and n ≥ 2.

We prove this theorem in Sec. 2. In Sec. 3, we obtain a sharp lower bound on the

number of vertices of an h-edge cut of Qn and prove some interesting consequences

of this result about removable regular subgraphs.

2. Minimum h-Edge Cut

In this section, we prove Theorem 1.2.

For a subgraph Y of a graph G, let EG(Y ) be the set of edges of G between Y

and G−V (Y ), that is, EG(Y ) = {xy : x ∈ V (Y ), y ∈ V (G)−V (Y )}. For a set F of

2150007-2
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edges of G, let V (F ) be the set of end vertices of edges belonging to F. Let e be any

edge of Qn. We can write Qn as Qn = Q0
n−1 ∪Q1

n−1 ∪M, where Q0
n−1 and Q1

n−1 are

vertex-disjoint copies of Qn−1 and M is the perfect matching of Qn between these

two copies with e ∈M.

The following result shows every the smallest h-regular subgraph of Qn is iso-

morphic to Qh.

Lemma 2.1 ([1]) For positive integers h, n with h < n, let Y be a subgraph of Qn

of minimum degree at least h. Then Y has at least 2h vertices. Moreover, if Y has

exactly 2h vertices, then it is isomorphic to Qh.

We also need the following results.

Lemma 2.2 ([1]) For positive integers h, n with h < n, let Y be a subgraph of

Qn isomorphic to Qh. Then any vertex of Qn, which is not in Y, has at most one

neighbour in Y.

Lemma 2.3 ([13]) For positive integers h, n with h < n, let Y be a connected

subgraph of Qn = Q0
n−1 ∪ Q1

n−1 ∪M for which EQn(Y ) is an h-edge cut of Qn. If

Yi = Qi
n−1 ∩ Y, then Yi is a subgraph of Qi

n−1 such that EQi
n−1

(Yi) is an (h− 1)-cut

of Qi
n−1 for i = 0, 1.

Lemma 2.4 ([13]) For positive integers h, n with h < n, λh(Qn) = (n− h)2h.

Thus a minimum h-edge cut of Qn has cardinality (n−h)2h. Note that λn−1(Qn) =

2n−1 = λn−2(Qn). Hence a minimum (h+ 1)-edge cut is also a minimum h-edge cut

of Qn for h = n− 2. However, this does not hold if h 6= n− 2.

In the following lemma, we provide a minimum h-edge cut of Qn.

Lemma 2.5. For integers h, n with 0 ≤ h < n, let Y be a subgraph of Qn isomor-

phic to Qh. Then the edge set EQn(Y ) is a minimum h-edge cut of Qn.

Proof. Let F = EQn(Y ). Then Qn − F is disconnected and Y is one of its compo-

nents. By Lemma 2.2, any vertex x ∈ V (Qn)− V (Y ) has at most one neighbour in

Y. Hence the minimum degree of Qn − V (Y ) is n− 1 ≥ h. This shows that F is an

h-edge cut of Qn. By Lemma 2.4, |F | = (n− h)2h = λh(Qn). Thus F is a minimum

h-edge cut of Qn.

The case h = 0 of Theorem 1.2(i) follows from the following result of Ramras [10].

Lemma 2.6 ([10]) For n ≥ 3 and h = 0, if F is a minimum h-edge cut of Qn,

then Qn − F is a disconnected graph with an isolated vertex.

We now prove Theorem 1.2.

Proof of Theorem 1.2. Suppose that F is a minimum h-edge cut of Qn and Y is

a smallest component of Qn−F. By Lemma 2.4, |F | = (n−h)2h. Then Qn−F has

2150007-3
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two components, each of minimum degree at least h. Hence, by Lemma 2.1, each

component has at least 2h vertices.

Case (i). Suppose h = n− 1.

Then each component of Qn − F has exactly 2n−1 vertices as Qn has 2n vertices.

Therefore Y is a subgraph of Qn of minimum degree at least n− 1 on 2n−1 vertices.

By Lemma 2.1, Y must be isomorphic to Qn−1.

Case (ii). Suppose 0 ≤ h ≤ n− 3 and n ≥ 3.

We proceed by induction on n. If h = 0, then Y is isomorphic to K1 = Q0 by

Lemma 2.6. Hence the result holds for h = 0 and so it holds for n = 3. Suppose

n ≥ 4 and 1 ≤ h ≤ n− 3. Assume that the result is true for the (n− 1)-dimensional

hypercube. Since the minimum degree of Y is h ≥ 1, it contains an edge, say e.

Write Qn = Q0
n−1 ∪ Q1

n−1 ∪M, where M is the perfect matching of Qn between

Q0
n−1 and Q1

n−1 containing e. Let Yi = Y ∩ Qi
n−1 and Fi = EQi

n−1
(Yi) in Qi

n−1 for

i = 0, 1.

Then both Y0 and Y1 are non-empty as e ∈M. By Lemma 2.3, Fi is an (h− 1)-

edge cut of Qi
n−1. Therefore, by Lemma 2.4, |Fi| ≥ (n−h)2h−1 for i = 0, 1. Since F0

and F1 are disjoint subsets of F, we have (n−h)2h = |F | ≥ |F0|+|F1| ≥ (n−h)2h−1+

(n − h)2h−1 = (n − h)2h. Thus we have |F0| = |F1| = (n − h)2h−1 = λh−1(Qn−1).

This shows that F = F0 ∪ F1 and so, F does not contain any edge of the matching

M. By Lemma 2.4, Fi is a minimum (h − 1)-edge cut of Qi
n−1 for i = 0, 1. Hence

Qi
n−1 − Fi has two components, one of which is Yi. Let Zi be its other component.

By induction, Yi or Zi is isomorphic to Qh−1. As Y is a smallest component of

Qn−F, we have |V (Y )| ≤ |V (Qn)|− |V (Y )| = |V (Z0)|+ |V (Z1)|. Therefore we may

assume that |V (Y0)| ≤ |V (Z0)|. Hence Y0, being a smaller component of Q0
n−1−F0,

is isomorphic to Qh−1. As the degree of each vertex of Y0 is at least h in Y, every

vertex of Y0 has a neighbour in Y1. Therefore |V (Y1)| ≥ |V (Y0)| = 2h−1. Assume that

|V (Y1)| > |V (Y0)|. Then there exists a vertex x in Y1 which has no neighbour in Y0.

However, x has a unique neighbour, say x′, in Q0
n−1. Thus x′ must be in Z0. Hence

x′ is not a vertex of Y. This shows that the edge f = xx′ of the matching M also

F0 F1

Z0

Y0

Z1

Y1

x
′

x

f

e

Q0
n−1 Q1

n−1

Fig. 1. The h-edge cut F of Qn.
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belongs to F as shown in Fig. 1, a contradiction. Thus |V (Y1)| = |V (Y0)| = 2h−1.

Since the minimum degree of Y1 is at least h − 1, Y1 is isomorphic to Qh−1 by

Lemma 2.1. It follows that Y is isomorphic to Qh.

Case (iii). Suppose h = n− 2 and n ≥ 2.

Suppose n = 2. Then h = 0 and Qn is just a 4-cycle. Obviously, any minimum edge

cut F of a 4-cycle consists of two edges that either form a matching or are incident

to a vertex. Thus the smallest component of Qn−F is K1 = Q0 or K2 = Q1. Hence

the result holds for n = 2.

Suppose n ≥ 3. Assume that the result holds for Qn−1. As in the proof of

Case (ii), split Qn along an edge e of Y as Qn = Q0
n−1∪Q1

n−1∪M. If Yi = Y ∩Qi
n−1,

then Fi = EQi
n−1

(Yi) is a minimum (n−3)-edge cut of Qi
n−1 with Yi as a component

of Qi
n−1 − Fi for i = 0, 1. Further, F = F0 ∪ F1. This implies that all neighbours

of Y0 present in Q1
n−1 are in Y1 and vice versa. Since a component of a graph is its

vertex-induced subgraph, Yi is a vertex-induced subgraph of Qi
n−1. It follows that Y1

is the subgraph of Q1
n−1 corresponding to Y0. Thus Y = Y0�K2. As Y is a smallest

component of Qn, Y0 is also a smallest component of Qn−1 − F0. By induction, Y0
is isomorphic to Qn−3 or Qn−2. Hence Y is isomorphic to Qn−3�K2 = Qn−2 or

Qn−2�K2 = Qn−1.

Corollary 2.1. For integers h, n with n ≥ 3 and 0 ≤ h ≤ n−1, let F be a minimum

h-edge cut in the hypercube Qn. Then

(i) F = EQn(Qh) if h 6= n− 2;

(ii) F = EQn(Qh) or EQn(Qh+1) if h = n− 2.

3. Removable Regular Subgraphs

In this section, we obtain a sharp lower bound on the number of vertices of an h-edge

cut of the hypercube. We prove several consequences of this result about removable

regular subgraphs.

For a subgraph Y of Qn let N [Y ] = N(Y ) ∪ V (Y ), where N(Y ) is the set of all

neighbours Y in V (Qn)− V (Y ). Ye and Liang [15] proved the following result.

Lemma 3.1 ([15]) If h, n are integers with 0 ≤ h ≤ n− 1 and Y is a subgraph of

Qn with minimum degree at least h, then |N [Y ]| ≥ 2h(n− h+ 1).

In the following theorem, we prove that 2h(n − h + 1) is also a lower bound on

the number of vertices of an h-edge cut of Qn.

Theorem 3.1. If h, n are integers with 0 ≤ h ≤ n − 1 and F is an h-edge cut of

Qn, then |V (F )| ≥ (n− h+ 1)2h.

Proof. We prove the result by induction on n. The graph Qn − F is disconnected.

Since Qn is n-connected, F consists of at least n edges and so, |V (F )| ≥ n + 1.

2150007-5



July 14, 2021 17:2 JOIN S0219265921500079 page 6

J. B. Saraf & Y. M. Borse

Hence the statement holds for h = 0. Therefore it also holds for n = 1. Suppose

1 ≤ h ≤ n− 1 and n ≥ 2. Assume that the result holds for the (n− 1)-dimensional

hypercube. Let Y be a smallest component of Qn − F. Then |V (Y )| ≤ 2n−1 as Qn

has exactly 2n verticees. Write Qn = Q0
n−1∪Q1

n−1∪M so that the perfect matching

M contains an edge e of Y. Let Yi = Y ∩ Qi
n−1 and Fi = EQi

n−1
(Yi) for i = 0, 1.

Then both Y0 and Y1 are non-empty as e ∈M. The minimum degree of Yi is at least

h − 1. As |V (Y0)| + |V (Y1)| = |V (Y )|, we have |V (Yi)| < 2n−1 and so, Yi is a non-

spanning subgraph of Qi
n−1. Hence Qi

n−1−Fi is disconnected. This shows that Fi is

an (h− 1)-edge cut of Qi
n−1 for i = 0, 1. By induction, |V (Fi)| ≥ 2h−1((n− 1) + 1−

(h− 1)) = 2h−1(n+ 1−h). Hence |V (F )| ≥ |V (F1)|+ |V (F0)| ≥ 2.2h−1(n+ 1−h) =

2h(n+ 1− h).

A subgraph H of a connected graph G is removable if G − E(H) is connected.

In particular, a cycle C in G is removable if G− E(C) is connected. The existence

of removable cycles in graphs is well studied; see [3,4]. It follows from Theorem 3.1

that every smaller regular subgraph of Qn is removable.

Corollary 3.1. For integers h, n with 1 ≤ h < n, every h-regular subgraph of Qn

with less than (h+ 1)2n−h vertices is removable.

Corollary 3.2. Every cycle of length less than 3(2n−2) in Qn is removable.

Corollary 3.3 ([1]) A non-perfect matching in Qn is removable.

Remarks. (1) The lower bound given in Theorem 3.1 is sharp as, by Lemma 2.5,

EQn(Qh) is a minimum h-edge cut of Qn with exactly (n− h+ 1)2h vertices.

(2) The upper bound given in Corollary 3.1 is sharp for h ≤ (n + 1)/2. We con-

struct an h-regular subgraph H of Qn with (h + 1)2n−h vertices that is not

removable. By writing Qn as Qn−h�Qh, we see that Qn−h�K1,h is a subgraph

of Qn consisting of h + 1 copies of the graph Qn−h, say G0, G1, . . . , Gh. We

may assume that G0 corresponds to degree h vertex and the remaining copies

correspond to the pendant vertices of K1,h. Let F be the set of all edges having

one end vertex in G0 and the other in Gi for some 1 ≤ i ≤ h. Let H0 be the

subgraph of Qn induced by the edges of F. If h ≤ (n+ 1)/2, then h− 1 ≤ n−h.
Choose an (h− 1)-regular spanning subgraph Hi of Gi for i = 1, 2, . . . , h. Then

H = H0∪H1∪H2∪· · ·∪Hh is a required subgraph. Note that for h > (n+1)/2,

the condition (h+ 1)2n−h ≥ 2h may not be satisfied for all n and so, there may

not exist an h-regular subgraph on (h+ 1)2n−h vertices by Lemma 2.1.

(3) We can easily construct an h-regular, spanning subgraph that is not removable

in Qn for 1 ≤ h ≤ n. Borse and Kandekar [2] obtained an opposite result. They

established that there exists a removable h-regular spanning subgraph of Qn for

2 ≤ h ≤ n− 2.

2150007-6
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1. Introduction

One of the feature of a good interconnection network is its high fault tolerance
capacity. Interconnection network can be modelled into a graph with the help
of which we can study many properties of the network. Connectivity of a mod-
elled graph measures the fault tolerance capacity of the interconnection network.
High fault tolerance capacity of the network plays an important role in practice.
Traditional connectivities have some limitations to measure the fault tolerance
capacity of a network accurately. In order to compute traditional edge connectiv-
ity, one allows failure of all the links incident with the same processor, practically
which is rare. One can overcome this limitation effectively by considering the
conditional connectivity of graphs introduced by Harary [6].

Let G be a connected graph with minimum degree at least k ≥ 1 and let h
be an integer such that 0 ≤ h < k. A set F of vertices (edges) of G such that
G− F is disconnected and each component of it has minimum degree at least h
is an h-vertex (edge) cut of G. The conditional h-vertex (edge) connectivity of G,
denoted by κh(G) (λh(G)), is the minimum cardinality |F | of an h-vertex(edge)
cut F of G. Clearly, h = 0 gives the traditional vertex (edge) connectivity.

Many researcher have worked on the problem of determining the conditional
connectivities for various classes of graphs and determined these parameters for
smaller values of h [4, 5, 7, 9]. Exact values of one or both conditional connec-
tivities are known for some classes of graphs. For the n-dimensional hypercube
Qn, the conditional connectivities λh and κh are same and their common value
is 2h(n − h); see [3, 7]. Li and Xu [10] proved that λh of any n-dimensional
hypercube-like network Gn is also 2h(n− h). Ye and Liang [16] established that
κh is also 2h(n−h) for some members of hypercube-like networks such as Crossed
cubes, Locally twisted cubes, Möbius cubes. Independently, Wei and Hsieh [14]
determined κh for the Locally twisted cubes. Ning [13] obtained κh for the ex-
changed crossed cubes. Both λh and κh are determined for the class of (n, k)-star
graphs by Li et al. [11].

An r-dimensional torus is the Cartesian product of r cycles. The k-ary r-cube,
denoted by Qk

r , is the Cartesian product of r cycles each of length k. In particular,
the hypercube Q2r is Q4

r . Hypercubes, k-ary r-cubes and multidimensional tori
are widely used interconnection networks; see [2, 8, 12, 15].

It is easy to see that an r-dimensional torus is a 2r-regular graph with tra-
ditional vertex connectivity and edge connectivity 2r; see [15]. In this paper, we
determine the conditional h-edge-connectivity as well as the conditional h-vertex-
connectivity of the given multidimensional torus.

By Ck we mean a cycle of length k. For integers h, r, k1, k2, . . . , kr with 0 ≤
h ≤ 2r and 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr, we define a quantity arh as follows.



On Conditional Connectivity of the Cartesian Product of ... 3

Definition 1.1.

arh =

{
2h if 0 ≤ h ≤ r,
2r−i k1k2 · · · ki if h = r + i, 1 ≤ i ≤ r.

We prove that both the conditional connectivities λh and kh are equal to
arh(2r − h) for the Cartesian product of cycles Ck1 , Ck2 , . . . , Ckr .

The following is the main theorem of the paper.

Theorem 1.2. Let h, r, k1, k2, . . . , kr be integers such that 0 ≤ h ≤ 2r − 2
and 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr and let G be the Cartesian product of the cycles
Ck1 , Ck2 , . . . , Ckr . Then λh(G) = κh(G) = arh(2r − h).

Corollary 1.3. Let h, r, k be integers such that 0 ≤ h ≤ 2r − 2, 4 ≤ k and let
Qk

r be the k-ary r-cube. Then λh(Qk
r ) = kh(Qk

r ) = arh(2r − h), where arh = 2h if
0 ≤ h ≤ r and arh = 2r−iki if h = r + i and 1 ≤ i ≤ r.

Corollary 1.4 [3, 7]. For integers h and r with 0 ≤ h ≤ 2r − 2, λh(Q2r) =
kh(Q2r) = 2h(2r − h).

The proof of our main result, Theorem 1.2 is divided into three sections. In
Section 2, we characterize the h-regular subgraph of the graph G with minimum
number of vertices and explore some of its properties. Using these properties
we determine the conditional h-vertex connectivity and the conditional h-edge
connectivity of G in Sections 3 and 4, respectively.

2. Smallest h-Regular Subgraph

In this section, we define a smallest h-regular subgraph of the Cartesian product
of r cycles and obtain some properties of it. We first introduce some notations.

For a graph K, let V (K) denote the set of all vertices of K. If H is a subgraph
K, then δ(K) is the minimum degree of K while δK(H) is the minimum degree
of H in K. The Cartesian product of two graphs H and K is a graph H�K with
vertex set V (H)× V (K). Two vertices (x, y) and (u, v) are adjacent in H�K if
and only if either x = u and y is adjacent to v in K, or y = v and x is adjacent to
u in H. The hypercube Qn is the Cartesian product of n copies of the complete
graph K2.

We use the following notations about the structure of the multidimensional
torus.

Notation.

Consider the graph G of Theorem 1.2. We have G = Ck1�Ck2� · · ·�Ckr , where
Cki is a cycle of length ki for i = 1, 2, . . . , kr and 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr. We can
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write G as G = H�Ckr , where H = Ck1�Ck2� · · ·�Ckr−1 . Label by 1, 2, . . . , kr
the vertices of the cycle Ckr so that i is adjacent to (i+1) (mod kr). Hence G can
be obtained by replacing ith vertex of Ckr by a copy H i of H and replacing edge
joining i and i+ 1 of Ckr by the perfect matching Mi between the corresponding
vertices of H i and H i+1. Thus G = H1 ∪H2 ∪ · · · ∪Hkr ∪ (M1 ∪M2 ∪ · · · ∪Mkr);
see Figure 1.

...
...

...
...

...

H1 H2 Ht Ht+1 Hkr

M1

Mkr

Mt

Figure 1. G = H�Ckr
.

Henceforth, by G we mean the graph Ck1�Ck2� · · ·�Ckr with 4 ≤ k1 ≤ k2 ≤
· · · ≤ kr, that is, the graph of Theorem 1.2.

From the following lemma, it is clear that G is a 2r-regular and 2r-connected
graph on k1k2 · · · kr vertices.

Lemma 2.1. If Gi is an mi-regular and mi-connected graph on ni vertices for
i = 1, 2, then G1�G2 is an (m1 +m2)-regular and (m1 +m2)-connected graph on
n1n2 vertices.

We now define an h-regular subgraph, denoted by W r
h , of the graph G.

Definition 2.2. For 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr and 0 ≤ h ≤ 2r, let

W r
h =

{
Qh if 0 ≤ h ≤ r,
Qr−i�Ck1�Ck2� · · ·�Cki if h = r + i and 1 ≤ i ≤ r.

In the following figure, a 2-regular subgraph W 2
2 and a 3-regular subgraph

W 2
3 of the graph C5�C5 are shown by bold lines.

It is known that a smallest h-regular subgraph of the hypercube Qn is iso-
morphic to Qh (see [1]). We prove the analogous result for the Cartesian product
of cycles. In fact, we establish that W r

h is a smallest h-regular subgraph of the
above graph G.
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r rr rr rr rr rr rr rr rr r
r rr rr rr rr rr rr rr rr rr rr rr r
r r

r rr rr rr rr rr r

r r

r rr rr rr rr rr r

r r

(a) W 2
2 (b) W 2

3

Figure 2. The subgraph W 2
2 and W 2

3 of C5�C5.

The following lemma follows from Lemma 2.1, Definition 1.1 of the number
arh and the fact that the hypercube Qn is an n-regular, n-connected graph on 2n

vertices for any integer n ≥ 0.

Lemma 2.3. The graph W r
h is h-regular and h-connected with arh vertices.

We need the following lemma that gives relations between different values
of arh.

Lemma 2.4. Let r ≥ 2 and let arh be the quantity given in Definition 1.1. Then
the following statements hold.

1. arh = 2ar−1
h−1 if 1 ≤ h ≤ 2r − 1;

2. kra
r−1
h−2 ≥ a

r
h if 2 ≤ h ≤ 2r;

3. ar−1
h ≥ arh if 0 ≤ h ≤ 2r − 2.

Proof. Recall that arh = 2h if 0 ≤ h ≤ r and arh = 2r−ik1k2 · · · ki if h = r + i
with 1 ≤ i ≤ r, where 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr.

(1) If 1 ≤ h ≤ r, then arh = 2h = 2(2h−1) = 2ar−1
h−1. For r + 1 ≤ h ≤ 2r − 1,

we have h = r + i for some 1 ≤ i ≤ r − 1. Hence h − 1 = (r − 1) + i gives
ar−1
h−1 = 2(r−1)−ik1k2 · · · ki. Therefore 2ar−1

h−1 = arh.

(2) Suppose 2 ≤ h ≤ r + 1. Then ar−1
h−2 = 2h−2, and arh = 2h if h < r + 1 and

arh = 2r−1k1 if h = r+ 1. For r+ 2 ≤ h ≤ 2r, we have h− 2 = (r− 1) + (i− 1) for
some 2 ≤ i ≤ r and so, ar−1

h−2 = 2r−ik1k2 · · · ki−1. Therefore, kra
r−1
h−2 ≥ arh in each

case as kr ≥ ki ≥ k1 ≥ 4.

(3) Note that ar−1
h = 2h for 1 ≤ h ≤ r − 1, and ar−1

h = 2(r−2)k1 for h = r =
(r − 1) + 1, and finally, ar−1

h = 2r−i−2k1k2 · · · kiki+1 for h = (r − 1) + (i+ 1) for
1 ≤ i ≤ r. Since ki+1 ≥ k1 ≥ 4, we have ar−1

h ≥ arh in all the three cases.

Lemma 2.5. Every subgraph of the graph G of minimum degree at least h has
at least arh vertices.
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Proof. The graph G is the product of r cycles. We prove the result by induction
on r. The result holds obviously for h = 0 and h = 1 and so it holds for r = 1.
Suppose r ≥ 2 and h ≥ 2. Assume that the result holds for the product of r − 1
cycles. We have G = Ck1�Ck2� · · ·�Ckr , where 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr. Write
G as G = H�Ckr , where H = Ck1�Ck2� · · ·�Ckr−1 . Then G = H1 ∪H2 ∪ · · · ∪
Hkr ∪ (M1∪M2∪· · ·∪Mkr), where H i is the copy of H corresponding to vertex i
of Ckr and Mi is the perfect matching between the corresponding vertices of H i

and H i+1.
Let K be a subgraph of G with δ(K) ≥ h. We prove that |V (K)| ≥ arh.

Clearly, K intersects at least one H i. Let Ki = K ∩H i for i = 1, 2, . . . , kr. We
have the following three cases.

(1) Suppose only one Ki is non-empty. Due to symmetry in G, we may
assume K1 is non-empty and Kj is empty for every j 6= 1. Therefore K is a
subgraph of H1 and it has minimum degree at least h in H1. Since H1 is 2(r−1)-
regular, h ≤ 2r − 2. Suppose h = 2r − 2. Then K = H1 and so, |V (K)| =
k1k2 · · · kr−1. If r = 2, then |V (K)| = k1 ≥ 4 = a22 = arh. If r ≥ 3, then |V (K)| ≥
4k1k2 · · · kr−2 = arh as kr−1 ≥ 4. If h < 2r − 2, then, by induction and Lemma
2.4(3), we have |V (K)| ≥ ar−1

h ≥ arh.
(2) Suppose Ki is non-empty for all i. Note that in the graph G, every vertex

of H i has exactly one neighbour in H i−1 and one in H i+1. Hence the minimum
degree of Ki is at least h−2. By induction, |V (Ki)| ≥ ar−1

h−2. Therefore, by Lemma
2.4(2),

|V (K)| =
∣∣V (K1

)∣∣+
∣∣V (K2

)∣∣+ · · ·+
∣∣V (Kkr

)∣∣ ≥ krar−1
h−2 ≥ a

r
h.

(3) Suppose at least two Ki are non-empty and at least one Ki is empty.
Hence, we may assume that K1 6= ∅ but Kkr = ∅. Further, we get an integer
1 < t < kr such that Kt 6= ∅ but Kt+1 = ∅. Then δ(Kj) ≥ h − 1 and so, by
induction, |V (Kj)| ≥ ar−1

h−1 for j = 1, t. Now, by Lemma 2.4(1),

|V (K)| ≥
∣∣V (K1

)∣∣+
∣∣V (Kt

)∣∣ ≥ 2ar−1
h−1 = arh.

This completes the proof.

The following result is an immediate consequence of Lemmas 2.3 and 2.5.

Corollary 2.6. W r
h is a smallest subgraph of the graph G of minimum degree at

least h.

We obtain some more properties of the subgraph W r
h of G to obtain an upper

bound on the conditional connectivity of the graph G.
First, we introduce some notations. LetK be a graph and let Y be a subgraph

of K. A neighbour of Y in K is a vertex in V (K) \V (Y ) that is adjacent to
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a vertex of Y. Let N(Y ) denote the set of all neighbours of Y in K and let
N [Y ] = N(Y ) ∪ V (Y ). Also, for a subgraph H of K, let NH(Y ) be the set of all
neighbours of Y that are present in H and let NH [Y ] = NH(Y ) ∪ V (Y ).

The following result is analogous to the result of hypercubes which states
that if K is a subgraph of the hypercube Qn isomorphic to Qh, then every vertex
of Qn which is not in K has at most one neighbour in K; see [1].

Lemma 2.7. If 0 ≤ h < 2r−1 and K is a subgraph of G isomorphic to the graph
W r

h , then every vertex of G belonging to V (G) \V (K) has at most one neighbour
in the subgraph K.

Proof. We argue by induction on r. If r = 1, then G is just a cycle and so
the result holds obviously. Suppose r ≥ 2. Assume that the result holds for the
product of any r − 1 cycles. We have G = H�Ckr . Then G = H1 ∪H2 ∪ · · · ∪
Hkr ∪ (M1∪M2∪· · ·∪Mkr), where H i is the copy of H corresponding to vertex i
of Ckr and Mi is the perfect matching between the corresponding vertices of H i

and H i+1. Since the graph W r
h is isomorphic to W r−1

h−1�K2, we may assume that

W r
h is a subgraph of H�K2 by considering W r−1

h−1 as a subgraph of H. Hence,
we may assume that K is a subgraph of H2 ∪H3 ∪M2, where M2 is the perfect
matching between H2 and H3.

Let Ki = K ∩ H i for i = 2, 3. Then Ki is isomprphic to W r−1
h−1 . Let x be

any vertex of V (G) \V (K). If x is in V (H2), then, by induction, x has at most
one neighbour in K2. Then x has no neighbour in K3 and so, it has at most
one neighbour in K. Similarly, x has at most one neighbour in K if it belongs to
V (H3). Suppose x is in Hj for some j /∈ {2, 3}. Then x has exactly one neighbour
in Hj+1 and one in Hj−1 each and no neighbour in H i for any i /∈ {j − 1, j + 1}.
This shows that x has at most one neighbour in H2 ∪ H3 and hence in K as
kr ≥ 4. This completes the proof.

Lemma 2.8. If 0 ≤ h ≤ 2r − 1 and Y = W r
h , then any vertex of G which is not

in N [Y ] has at most two neighbours in N [Y ].

Proof. We proceed by induction on r. The result holds trivially for r = 1 as G
is just a cycle in this case. Suppose r ≥ 2. Assume that the result holds for the
product of any r−1 cycles. Write G as H�Ckr , where H = Ck1�Ck2� · · ·�Ckr−1 .
Since the graph W r

h is isomorphic to W r−1
h−1�K2, we may assume that Y = W r

h

is a subgraph of H2 ∪ H3 ∪ M2. Then Y has neighbours in H1 and H4. Let
Yi = W r

h ∩H i for i = 2, 3. Let S1 = NH1(Y2), S2 = NH2 [Y2], S3 = NH3 [Y3] and
S4 = NH4(Y3). Then N [Y ] = S1 ∪ S2 ∪ S3 ∪ S4.

Let x ∈ V (G) \N [Y ]. Then x is a vertex of Hj for some j. If j > 4, then x
has at most two neighbours in the set V (H1) ∪ V (H2) ∪ V (H3) ∪ V (H4) and so
in its subset N [Y ]. Suppose j ∈ {1, 2, 3, 4}. Then h ≤ 2r − 2 as for h = 2r − 1,
we have Y = H2 ∪H3 ∪M2 and so, N [Y ] = V (H1) ∪ V (H2) ∪ V (H3) ∪ V (H4).
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The subgraph of G induced by the set Si is isomorphic to the graph W r−1
h−1 for

i = 1, 4. If j ∈ {1, 4}, then x has at most one neighbour in S1 ∪ S4 and at most
one in V (H2)∪V (H3) by Lemma 2.7. If j = 2, then, by induction, x has at most
two neighbours in S2 and no neighbour in S1 ∪ S3 ∪ S4. Similarly, if j = 3, then
x has at most two neighbours in S3 and no neighbour in S1 ∪ S2 ∪ S4. Thus, in
any case, x has at most two neighbours in N [Y ].

Lemma 2.9. For 0 ≤ h ≤ 2r − 1, the inequality (2r − h + 1)arh ≤ k1k2 · · · kr
holds. Moreover, the inequality is strict if h < 2r − 1.

Proof. Recall that 4 ≤ k1 ≤ k2 · · · ≤ kr, and arh = 2h if h ≤ r and arh =
2(r−i)k1k2 · · · ki if h = r + i. For convenience, let L = (2r − h + 1)arh and R =
k1k2 · · · kr. Then L = 2arh = 4k1k2 · · · kr−1 ≤ R for h = 2r−1. Suppose h ≤ 2r−2.
If h = 0 or h = 1, then L < 4r ≤ R. Similarly, if 2 ≤ h ≤ r, then L < 2rarh =
2r2h ≤ 2r2r ≤ 4r ≤ R as 2r ≤ 2r. Suppose h = r + i with 1 ≤ i ≤ r − 2. Then
L = (r − i + 1)2r−ik1k2 · · · ki < 22(r−i)k1k2 · · · ki, as 2l ≤ 2l if l ≥ 1. This shows
that L ≤ 4r−ik1k2 · · · ki ≤ k1k2 · · · kr = R.

3. Conditional Vertex Connectivity

Recall from Section 2 the graph G = Ck1�Ck2� · · ·�Ckr and its h-regular sub-
graph W r

h with arh vertices, where 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr. In this section, we
prove that the conditional h-vertex connectivity κh(G) the graph G is (2r−h)arh.
Using Lemmas 2.7, 2.8 and 2.9, it easily follows that κh(G) ≤ (2r − h)arh.

Lemma 3.1. If 0 ≤ h ≤ 2r − 2, then κh(G) ≤ (2r − h)arh.

Proof. We have G = Ck1�Ck2� · · ·�Ckr . We simply denote the subgraph W r
h of

G by Y. Then |V (Y )| = arh. Since G is 2r-regular and Y is h-regular, every vertex
of Y has 2r − h neighbours in the G − V (Y ). By Lemma 2.7, |N(Y )| = (2r −
h)|V (Y )| = (2r−h)arh. This gives |N [Y ]| = |V (Y )∪N(Y )| = |V (Y )|+ |N(Y )| =
(2r − h + 1)arh. Therefore, by Lemma 2.9, |N [Y ]| < k1k2 · · · kr = |V (G)|. Hence
V (G) \N [Y ] is a non-empty set and by Lemma 2.8, every member of this set
has at most two neighbours in N [Y ]. Consequently, the minimum degree of the
subgraph of G induced by this set is at least 2r − 2 ≥ h. Already, the minimum
degree of the graph Y is h. Hence the graph G−N(Y ) is disconnected and every
component of it has minimum degree at least h. Thus N(Y ) is an h-vertex cut
of G. Therefore κh(G) ≤ |N(Y )| = (2r − h)arh.

To prove the reverse inequality for κh(G), we obtain the following lemma.

Lemma 3.2. If 0 ≤ h ≤ 2r−1 and Y is a subgraph of the graph G with minimum
degree at least h, then |N [Y ]| ≥ arh(2r − h+ 1).
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Proof. If N [Y ] = V (G), then the result follows obviously from Lemma 2.9.
Suppose N [Y ] 6= V (G). We prove the result by induction on r. Since G is 2r-
regular, all 2r neighbours of any vertex of Y belong to the set N [Y ]. Hence
|N [Y ]| ≥ 2r + 1. Therefore the result holds for h = 0. Also, the result trivially
follows for r = 1 and h = 1 as in this case G is a cycle of length k1 ≥ 4, Y is a
path on at least two vertices and a11 = 2.

Suppose r ≥ 2 and h ≥ 1. Assume that the result holds for a graph that is
the product of r − 1 cycles. Let G = Ck1�Ck2� · · ·�Ckr . Then G = H�Ckr ,
where H = Ck1�Ck2� · · ·�Ckr−1 . Then G contains kr vertex-disjoint copies
H1, H2, . . . ,Hkr of H. Then every vertex of H i has one neighbour in H i−1 and
H i+1, where the addition and subtraction in the superscript is carried out mod-
ulo kr. Let Y be a subgraph of G with δ(Y ) ≥ h and N [Y ] 6= V (G). Then Y
intersects at least one copy of H i. Let Yi = Y ∩H i for i = 1, 2, . . . , kr.

Case 1. Yi 6= ∅ for only one value of i. Without loss of generality we may
assume that only Y1 is non-empty. Then Y = Y1 is contained in the graph H1.
Since H1 is (2r − 2)-regular, h ≤ 2r − 2. Also, the minimum degree of Y in
H1 is at least h. Hence, by Lemma 2.5, Y has at least ar−1

h vertices. We have
N [Y ] = NH1 [Y ] ∪ NHkr (Y ) ∪ NH2(Y ). If h = 2r − 2, then Y = H1 and so,
N [Y ] = V (H1) ∪ V (H2) ∪ V (Hkr). Therefore

|N [Y ]| ≥ 3
∣∣V (H1

)∣∣ = 3k1k2 · · · kr−1 ≥ 12k1k2 · · · kr−2 = (2r − h+ 1)arh.

Suppose 0 ≤ h ≤ 2r−3 = 2(r−1)−1. Then, by induction, |NH1 [Y ]| ≥ ar−1
h (2r−

h− 1). As |NHkr (Y )| = |NH2(Y )| = |V (Y )| ≥ ar−1
h , by Lemma 2.4(3) we have

|N [Y ]| ≥ ar−1
h (2r − h− 1) + 2ar−1

h = (2r − h+ 1)ar−1
h ≥ (2r − h+ 1)arh.

Case 2. Yi 6= ∅ for all i = 1, 2, . . . , kr. In this case, N [Y ] ⊇ NH1 [Y1] ∪
NH2 [Y2] ∪ · · · ∪ NHkr [Ykr ]. If h = 1, then δHi(Yi) ≥ 0 and so, by induction,
|NHi [Yi]| ≥ ar−1

0 (2(r − 1)− 0 + 1) = 2r − 1 implying

|N [Y ]| ≥
∣∣NH1 [Y1]

∣∣+
∣∣NH2 [Y2]

∣∣+ · · ·+
∣∣NHkr [Ykr ]

∣∣
≥ kr(2r − 1) ≥ 8r − 4 ≥ 4r ≥ ar1(2r) = arh(2r − h+ 1).

Suppose h ≥ 2. Then δHi(Yi) ≥ h− 2 ≥ 0 and so, by induction, |NHi [Yi]| ≥
ar−1
h−2(2r − h+ 1) for all i. Therefore, by Lemma 2.4(2),

|N [Y ]| ≥
∣∣NH1 [Y1]

∣∣+
∣∣NH2 [Y2]

∣∣+ · · ·+
∣∣NHkr [Ykr ]

∣∣
≥ kra

r−1
h−2(2r − h+ 1) ≥ arh(2r − h+ 1).

Case 3. Yi 6= ∅ for more than one but not all values of i. Without loss of
generality, we may assume that Y1 is non-empty but Ykr is empty. Let t be
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the largest integer such that Yt is non-empty. Then 1 < t < kr; see Figure 3.
Suppose that h = 2r − 1. Then Y1 = H1 and Yt = Ht. Hence N [Y ] ⊇ V (H1) ∪
V (H2) ∪ V (Ht) ∪ V (Ht+1) ∪ V (Hkr). Since kr ≥ 4, t 6= 2 or t + 1 6= kr and
|V (H1)| = |V (H i)| for all i > 1. By Lemma 2.9,

|N [Y ]| ≥ 4
∣∣V (H1

)∣∣ = 4|V (H)| ≥ 4k1k2 · · · kr−1 = (2r − h+ 1)arh.

...
...

...
...

...

�
�
�
�
�
�
�
�
�
�
�
�Y1 Y2 Yt

H1 H2 Ht Ht+1 Hkr

Figure 3. The graph G with Yj = ∅ for t < j ≤ kr.

Suppose that 0 ≤ h ≤ 2r − 2. The graph Yi has |V (Yi)| neighbours in H i−1

and H i+1 for i = 1, t. Therefore |N [Y ]| ≥ |NH1 [Y1]|+|NHt [Yt]|+|V (Y1)|+|V (Yt)|.
If i ∈ {1, t}, then δHi(Yi) ≥ h− 1 and so, by induction, |NHi [Yi]| ≥ ar−1

h−1(2r− h).

Also, by Lemma 2.5, |V (Yi)| ≥ ar−1
h−1. Hence, by Lemma 2.4(1), we have

|N [Y ]| ≥ 2ar−1
h−1(2r − h) + 2ar−1

h−1 = arh(2r − h) + arh = arh(2r − h+ 1).

Thus |N [Y ]| ≥ arh(2r − h+ 1) in each case. This completes the proof.

Proposition 3.3. If 0 ≤ h ≤ 2r − 2 and S is an h-vertex cut of the graph G,
then |S| ≥ arh(2r − h).

Proof. We argue by induction on r. Suppose h = 0. Then S is a traditional
vertex cut of G. Therefore |S| ≥ 2r = ar0(2r− 0) as G is 2r-connected by Lemma
2.1. Hence the result holds for h = 0 and so for r = 1. Suppose r ≥ 2 and
h ≥ 1. Assume that the result is true for the Cartesian product of r − 1 cycles,
each of length at least 4. Let G = Ck1�Ck2� · · ·�Ckr . Then G = H�Ckr , where
H = Ck1�Ck2� · · ·�Ckr−1 . Then G is obtained by replacing ith vertex of Ckr by
the copy H i of H and replacing each edge Ckr by the matching between the two
copies of H i corresponding to the end vertices of that edge.



On Conditional Connectivity of the Cartesian Product of ... 11

As S is an h-vertex cut of G, the graph G − S is disconnected and each
component of it has minimum degree h. Let Y be a subgraph of G−S consisting
of at least one but not all components of G − S and let Z be the subgraph
consisting of the remaining components. Thus G − S = Y ∪ Z and further,
δ(Y ) ≥ h and δ(Z) ≥ h. As S is a cut, N(Y ) ⊆ S and N(Z) ⊆ S and so,
|S| ≥ |N(Y )| and |S| ≥ |N(Z)|. Note that Y and Z each intersects H i for at
least one i. Let Si = S∩V (H i), Yi = Y ∩V (H i) and Zi = Z ∩V (H i). Depending
upon the nature of Y and Z, the proof is divided into several cases.

Case 1. Suppose Yi 6= ∅ for only one i. Without loss of generality, we may
assume that only Y1 is non-empty. Then Y = Y1 is contained in H1. Therefore
δH1(Y ) ≥ h − 1. As H1 is (2r − 2)-regular, 0 ≤ h ≤ 2r − 2. If h = 2r − 2, then
Y = H1, N(Y ) = V (Hkr) ∪ V (H2) and therefore,

|S| ≥ |N(Y )| =
∣∣V (Hkr

)∣∣+
∣∣V (H2

)∣∣ = 2k1k2 · · · kr−2kr−1

≥ 8k1k2 · · · kr−2 = arh(2r − h).

Suppose 0 ≤ h ≤ 2r − 3 = 2(r − 1)− 1. The graph Y has |V (Y )| neighbours
in each of Hkr and H2. Therefore |N(Y )| = |NH1(Y )| + |V (Y )| + |V (Y )| =
|NH1 [Y ]|+ |V (Y )|. By Lemmas 2.4(3), 2.5 and 3.2,

|S| ≥ |N(Y )| ≥ ar−1
h (2r − h− 1) + ar−1

h = ar−1
h (2r − h) ≥ arh(2r − h).

Case 2. Suppose Yi 6= ∅ for more than one but not all values of i. Without loss
of generality, we may assume that Y1 is non-empty but Ykr is empty. Suppose
there is an integer t with 1 < t < kr such that Yt is non-empty. Note that
δH1(Y1) ≥ h−1. Further, the set Skr contains all |V (Y1)| neighbours of Y1 present
in Hkr and S1 contains the set NH1(Y1) of neighbours of Y1 in H1. Therefore, by
Lemma 3.2,

|S1 ∪ Skr | ≥
∣∣NH1(Y1)

∣∣+ |V (Y1)| =
∣∣NH1 [Y1]

∣∣ ≥ (2r − h)ar−1
h−1.

Suppose Yi is empty for more than one values of i. Suppose Ykr−1 is empty. Then
we can choose t so that Yt+1 is empty. Then δHt(Yt) ≥ h− 1. The set S contains
|NH1(Y1)| neighbours of Yt present in Ht and the |V (Yt)| neighbours of Yt that
are present in Ht+1. Thus, by Lemmas 2.4(1) and 3.2,

|S| ≥
∣∣S1 ∪ Skr ∣∣+

∣∣NHt(Yt)
∣∣+
∣∣V (Yt)

∣∣ ≥ (2r − h)ar−1
h−1 +

∣∣NHt [Yt]
∣∣

≥ 2(2r − h)ar−1
h−1 ≥ a

r
h(2r − h).

Similarly, if Ykr−1 is non-empty, then we can choose t so that Yt−1 is empty and
so, in this case S contains NHt(Yt) and NHt−1(Yt) implying |S| ≥ arh(2r − h).

Suppose Yi is non-empty for all 1 ≤ i ≤ kr − 1. Here we calculate |Si| by
using Lemma 3.2 or induction. To use induction, we need to consider the nature
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of the graph Z also. If Zi 6= ∅ for only one value of i, then result follows from
Case 1. Suppose Zi 6= ∅ for more than one values of i. If Zi = ∅ for at least two
values of i, then the result follows from the above paragraph by replacing Y with
Z. It remains to consider the two subcases depending on whether Zi is empty for
exactly one value of i or no value of i.

Subcase 1. Zi = ∅ for exactly one value of i. We have two subcases depending
on i = kr or i < kr.

(i) Suppose Zkr is empty. Then Zj is non-empty like Yj for 1 ≤ j < kr;
Figure 4(a). Suppose h = 1. Then δHi(Yi) ≥ 0 and δHi(Zi) ≥ 0 for all i. Hence
|S1∪Skr | ≥ (2r− 1)ar−1

0 = (2r− 1) and by induction, |Si| ≥ (2(r− 1)− 0)ar−1
0 =

2r − 2 for i ∈ {2, 3, . . . , kr − 1}. Therefore, as S = S1 ∪ S2 ∪ · · · ∪ Skr , we have

|S| = (|S1 ∪ Skr |) +

kr−1∑
i=2

|Si| ≥ (2r − 1) +

kr−1∑
i=2

(2r − 2)

= (2r − 1) + (2r − 2)(kr − 2) ≥ 2(2r − 1) = (2r − h)arh.

Suppose h ≥ 2. Since Ykr and Zkr are empty, δHkr−1(Ykr−1) ≥ h − 1 > h − 2
and δHkr−1(Zkr−1) ≥ h − 1 > h − 2. Thus Skr−1 is an (h − 2)-cut in Hkr−1.
For i ∈ {2, 3, . . . , kr − 2}, as both Yi and Zi are non-empty subgraphs of H i of
minimum degree at least h− 2, Si is an (h− 2)-cut in H i. Hence, by induction,
|Si| ≥ (2r − h)ar−1

h−2 for i ∈ {2, 3, . . . , kr − 1}. Therefore

|S| = (|S1 ∪ Skr |) +

kr−1∑
i=2

|Si| ≥ (2r − h)ar−1
h−1 +

kr−1∑
i=2

(2r − h)ar−1
h−2

= (2r − h)ar−1
h−1 + (kr − 2)(2r − h)ar−1

h−2

≥ (2r − h)ar−1
h−1 +

kr
2
ar−1
h−2(2r − h)...............(since kr ≥ 4)

≥ (2r − h)ar−1
h−1 +

1

2
arh(2r − h)....................(by Lemma 2.4(2))

= (2r − h)ar−1
h−1 + ar−1

h−1(2r − h)...................(by Lemma 2.4(1))

= 2ar−1
h−1(2r − h)

= arh(2r − h)...............................................(by Lemma 2.4(1)).

(ii) Suppose Zkr is non-empty. Then Zl is empty for some l with 1 ≤ l < kr
and Zj is non-empty for every j 6= l; see Figure 4(b). Then the minimum degree
of Zl+1 is at least h− 1 in H l+1. Also, the neighbours of Zl+1 present in H i are
contained in Si for i = l, l + 1. Hence |Sl ∪ Sl+1| ≥ |NHl+1 [Zl+1]| ≥ ar−1

h−1(2r − h)
by Lemma 3.2. Thus, if l /∈ {1, kr − 1}, then

|S| ≥ |S1 ∪ Skr |+ |Sl ∪ Sl+1| ≥ 2ar−1
h−1(2r − h) = arh(2r − h).
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Y1 Y1Y2 Y2Yi

Zi

YlYi+1 Yl+1

Z1 Z1Z2 Z2Zi+1 Zl+1 Zkr

H1 H1H2 H2H i H lH i+1 H l+1Hkr Hkr

(a) Zkr = ∅. (b) Zl = ∅ for some l < kr.

Figure 4. The graph G with Ykr
= ∅.

Suppose l = 1. Then by using similar arguments, we see that S1 ∪ S2 ⊇
NH2(Z2) ∪NH1(Z2) and Skr ∪ Skr−1 ⊇ NHkr−1(Ykr−1) ∪NHkr (Ykr−1). Hence

|S| ≥ |S1 ∪ S2|+
∣∣Skr−1 ∪ Skr

∣∣ ≥ 2ar−1
h−1(2r − h) = arh(2r − h).

Similarly, for l = kr − 1,

|S| ≥ |S1 ∪ Skr |+
∣∣Skr−2 ∪ Skr−1

∣∣ ≥ 2ar−1
h−1(2r − h) = arh(2r − h).

Subcase 2. Suppose that Zi 6= ∅ for i = 1, 2, . . . , kr. Then |S1 ∪ Skr | ≥
ar−1
h−1(2r − h) and |Si| ≥ (2r − h)ar−1

h−2 for i ∈ {2, 3, . . . , kr−1}. As in Subcase 1(i),
we have |S| ≥ arh(2r − h).

Case 3. Suppose Yi 6= ∅ for i = 1, 2, . . . , kr. If Z does not intersect H i for
some i, then the result follows by replacing Y by Z in Case 1 and Case 2. Suppose
that Z intersects H i for all i = 1, 2, . . . , kr. If h = 1, then the minimum degree
of Yi and Zi is at least 0 and so, by induction, |Si| ≥ ar−1

0 (2(r− 1)− 0) = 2r− 2,
also as r ≥ 2 implies

|S| =

kr∑
i=1

|Si| ≥
kr∑
i=1

(2r − 2) = kr(2r − 2) ≥ 4(2r − 2)

= 8(r − 1) > 2(2r − 1) = ar1(2r − 1).

Suppose h ≥ 2. The minimum degree of Yi and Zi is at least h−2 ≥ 0. This shows
that Si is an (h− 2)-vertex cut of the graph H i for i = 1, 2, . . . , kr. Therefore, by
induction and by Lemma 2.4(2), we have

|S| =
kr∑
i=1

|Si| ≥
kr∑
i=1

ar−1
h−2(2r − h) = kra

r−1
h−2(2r − h) ≥ arh(2r − h).

Thus |S| ≥ arh(2r − h) in all the above cases. This completes the proof.
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Corollary 3.4. For the graph G of Theorem 1.2, κh(G) = arh(2r − h).

Proof. By Lemma 3.1, κh(G) ≤ arh(2r − h). Since κh(G) is the cardinality of
a smallest h-vertex cut of G, by Proposition 3.3, κh(G) ≥ arh(2r − h). Hence
κh(G) = arh(2r − h).

4. Conditional Edge Connectivity

In this section, we prove that the conditional edge connectivity λh(G) of the
graph G of Theorem 1.2 is same as its conditional vertex connectivity κh(G).

Recall that G = Ck1�Ck2� · · ·�Ckr with 4 ≤ k1 ≤ k2 ≤ · · · ≤ kr and W r
h is

an h-regular subgraph of G with arh vertices. We get an upper bound for λh(G)
from the set of edges of G each of which has exactly one end vertex in W r

h . For
such edge sets we introduce the following notation. For a subgraph K of a graph
H, let

EH(K) = {xy : x ∈ V (K) and y ∈ V (H) \V (K)}.

Lemma 4.1. For 0 ≤ h ≤ 2r − 1, λh(G) ≤ (2r − h)arh.

Proof. Let K = W r
h . Then K is h-regular and G is 2r-regular. Hence |EG(K)| =

(2r−h)|V (K)| and G−EG(K) is disconnected with K as one of its components.
By Lemma 2.7, the minimum degree of every component of G − EG(K) other
than K is at least 2r − 1 ≥ h. Therefore EG(K) contains an h-edge cut of G.
This shows that λh(G) ≤ |EG(K)| = (2r − h)arh.

Lemma 4.2. For a subgraph Y of G of minimum degree at least h, |V (Y )| +
|EG(Y )| ≥ arh(2r − h+ 1).

Proof. If Y spans G, then |V (Y )| = k1k2 · · · kr ≥ arh(2r− h+ 1) by Lemma 2.9.
Suppose Y is not a spanning subgraph of G. Since for every x in N(Y ) there is a
vertex y of Y adjacent to x so that the edge xy belongs to the edge set EG(Y ).
This implies that |EG(Y )| ≥ |N(Y )|. Hence, by Lemma 3.2, |V (Y )|+ |EG(Y )| ≥
|N [Y ]| ≥ arh(2r − h+ 1).

Using this lemma we now obtain the reverse inequality for λh(G).

Proposition 4.3. Let F be an h-edge cut of the graph G. Then |F | ≥ arh(2r−h).

Proof. Since the graph G is 2r-regular, 0 ≤ h ≤ 2r. The result holds obviously
for h = 2r. Suppose h = 0. Then F is a set of edges G such that G − F is
a disconnected graph. It follows from Lemma 2.1 that G is 2r-edge connected
and so, |F | ≥ 2r = ar0(2r − 0). Thus the result holds for h = 0 also. Suppose
1 ≤ h ≤ 2r−1. We prove the result by induction on r. The result follows trivially



On Conditional Connectivity of the Cartesian Product of ... 15

for r = 1. Suppose r ≥ 2. Assume that the result holds for the product of r − 1
cycles. Let F be an h-edge cut of G. Then G − F is disconnected and every
component of it has minimum degree at least h.

Let Y be a subgraph of G−F consisting of at least one but not all components
of G−F and let Z be the subgraph consisting of the remaining components. Then
Y and Z are vertex disjoint subgraphs of G − F of minimum degree at least h
and their union is G−F. Note that F contains both edge sets EG(Y ) and EG(Z).
Hence |F | ≥ |EG(Y )| and |F | ≥ |EG(Z)|.

Write G as H�Ckr , where H = Ck1�Ck2� · · ·�Ckr−1 . Then G is obtained by
replacing vertex i of the cycle Ckr by a copyH i ofH and replacing the edge joining
i and i + 1 (mod kr) by the perfect matching Mi between the corresponding
vertices of H i and H i+1 (mod kr). Then Y intersects at least one H i. Similarly, Z
intersects at least one H i. Let Yi = Y ∩H i and Zi = Z ∩H i for i = 1, 2, . . . , kr.

For a subgraph K of G, let Mi(K) be the set of all edges in the matching Mi

each having exactly one end vertex in K.

Case 1. Suppose Yi 6= ∅ for only one value of i. Without loss of generality,
we may assume that Yi is non-empty for only i = 1. Then Y is contained in the
graph H1 and δH1(Y ) ≥ h. Since H1 is (2r−2)-regular, h ≤ 2r−2. If h = 2r−2,
then Y = H1 and so, |EG(Y )| = |M1| + |Mkr | = 2|V (H1)| = 2k1k2 · · · kr−1. As
4 ≤ kr−1, we have

arh(2r − h) = 2arh2(2r−(r−2)k1k2 · · · kr−2) = 2(4k1k2 · · · kr−2)

≤ 2k1k2 · · · kr−2kr−1 = |EG(Y )| ≤ |F |.

Suppose h < 2r − 2. Then EG(Y ) ⊇ EH1(Y ) ∪M1(Y ) ∪Mkr(Y ). As |M1(Y )| =
|Mkr(Y )| = |V (Y )|, by Lemmas 2.4(3), 2.5 and 4.2, we have

|EG(Y )| ≥
(∣∣EH1(Y )

∣∣+ |V (Y )|
)

+ |V (Y )| ≥ ar−1
h (2r − h− 1) + ar−1

h

= ar−1
h (2r − h) ≥ arh(2r − h).

Case 2. Suppose Yi 6= ∅ for more than one but not all values of i. Without
loss of generality, we may assume that Y1 is non-empty but Ykr is empty. Let
t be the largest integer such that Yt is non-empty. Then 1 < t < kr. The
minimum degree of Yi in H i is at least h − 1 for i = 1, t. The graph Y1 has
|V (Y1)| neighbours in Hkr and Yt has |V (Yt)| neighbours in Ht+1. Hence EG(Y ) ⊇
EH1(Y1) ∪ EHt(Yt) ∪Mkr(Y1) ∪Mt(Yt).

Suppose h = 2r− 1. Then Yj = Hj for j = 1, t giving Mkr(Y1) = Mkr(H1) =
Mkr and Mt(Yt) = Mt(H

t) = Mt. Hence

arh(2r − h) = arh = 2k1k2 · · · kr−1 = |V (H1)|+ |V (Ht)|

= |Mkr |+ |Mt| ≤ |EG(Y )| ≤ |F |.
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Suppose h ≤ 2r − 2. Then h− 1 ≤ 2r − 3 and so, by Lemmas 4.2 and 2.4(1),

|F | ≥ |EG(Y )| ≥
(∣∣EH1(Y1)

∣∣+ |V (Y1)|
)

+
(∣∣EHt(Yt)

∣∣+ |V (Yt)|
)

≥ 2ar−1
h−1(2r − h) = (2r − h)arh.

Case 3. Suppose Yi 6= ∅ for all i = 1, 2, . . . , kr. If the graph Z does not
intersect H i for some i, then the result follows easily by replacing Y by Z in Case
1 and Case 2. Suppose Z intersects H i for all i = 1, 2, . . . , kr. Suppose h = 1. As
r ≥ 2, δ(Yi) ≥ 0 and δ(Zi) ≥ 0, by induction, we have

|EG(Y )| =

kr∑
i=1

|EHi(Yi)| ≥
kr∑
i=1

(2r − 2) ≥ kr(2r − 2)

≥ 4(2r − 2) = 8(r − 1) > 2(2r − 1) = ar1(2r − 1).

Suppose h ≥ 2. The minimum degree of Yi and Zi is at least h−2 ≥ 0. Therefore
the edge set EHi(Yi) is an (h − 2)-edge cut of H i. By induction, |EHi(Yi)| ≥
ar−1
h−2(2r − h) for i = 1, 2, . . . , kr. By Lemma 2.4(2),

|F | ≥ |EG(Y )| =
kr∑
i=1

|EHi(Yi)| ≥
kr∑
i=1

ar−1
h−2(2r − h)

≥ kra
r−1
h−2(2r − h) ≥ arh(2r − h).

This completes the proof.

Corollary 4.4. For the graph G of Theorem 1.2, λh(G) = arh(2r − h) = κh(G).

Proof. By Proposition 4.3, λh(G) ≥ arh(2r − h) and by Lemma 4.1, λh(G) ≤
arh(2r − h). Hence λh(G) = arh(2r − h) = κh(G) by Corollary 3.4.

This completes the proof of Theorem 1.2.

It is worth mentioning that the edge connectivity part of Theorem 1.2 proves
that the following conjecture of Xu [7] holds for the classes of multidimensional
tori and k-ary r-cubes.

Conjecture 4.5. Let k, h be two non-negative integers and G be a connected
graph with minimum degree at least k and ah(G) be the minimum cardinality
of a vertex set of an h-regular subgraph of G. If λh(G) exists, then λh(G) ≤
ah(G)(k − h).

Concluding Remarks.

We determine the conditional h-vertex connectivity and the conditional h-edge
connectivity of a multidimensional torus G which is the Cartesian product of r
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cycles each of length at least four, for all possible values of h. We first characterize
the h-regular subgraph of G with minimum number of vertices and then establish
that both these conditional connectivities of G are equal to (2r − h) times the
number of vertices of this subgraph.
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