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Abstract: Bryophytes contain a variety of bioactive metabolites, but studies about the anti-inflammatory
effect of bryophytes are meager. Therefore, the present study aimed to compare the anti-inflammatory
effect of methanol extract of Marchantia polymorpha L. (liverwort) and Racomitrium canescens (Racomitrium
moss) in lipopolysaccharide (LPS)-induced HaCaT cells. To evaluate the anti-inflammatory effect
of liverwort and Racomitrium moss, the levels of nitric oxide (NO) production and the mRNA
expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2) and tumor necrosis
factor-α (TNF-α), and interleukin (IL)-6 and IL-1β in LPS-induced HaCaT cells were measured.
The methanol extract of liverwort and Racomitrium moss significantly decreased LPS-induced NO
production in HaCaT cells. When compared with Racomitrium moss extract, pre-treatment with
methanol extract of liverwort markedly inhibited the expression of iNOS, COX-2, IL-6, and IL-1β at
the concentration of 100 µg/mL with the exception of TNF-α. Further, liverwort extract markedly
attenuated the production of TNF-α, IL-6, and IL-1β in the culture medium. In addition, ethyl acetate
and butanol fractions obtained from the methanol extract of liverwort showed remarkable inhibitory
activity against the production of NO in LPS-stimulated HaCaT cells. The LC-MS data revealed the
presence of bisbibenzyl types of bioactive components in the methanol extract of liverwort. These
data demonstrate that liverwort extract exhibits effective inhibitory activity against the production
of inflammatory mediators in LPS-induced HaCaT cells and may be useful for the treatment of
inflammation-mediated diseases.

Keywords: liverwort; Marchantia polymorpha; Racomitrium canescens; anti-inflammatory; nitric oxide;
HaCaT cell

1. Introduction

The human epidermis, mainly comprised of keratinocytes (about 95%), is a principal
portion of the skin’s immune system. Keratinocytes provide the first line of defense against
various external harmful agents, such as microorganisms and toxic chemicals [1,2]. In the
inflamed skin, keratinocytes play an important role in the structural integrity of skin and
the inflammatory responses by producing various pro-inflammatory cytokines such as
interleukin-6 (IL-6), IL-1β, tumor necrosis factor-α (TNF-α), inducible nitric oxide syn-
thase (iNOS) derived nitric oxide (NO), and cyclooxygenase-2 (COX-2) prostaglandins [3].
Cytokines are the most important contributors in the regulation of the immune system.
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Although cytokines and other mediators contribute to normal homeostatic mechanisms in
the skin, overproduction of pro-inflammatory mediators may lead to various inflammatory
diseases [4]. Hence, the suppression of pro-inflammatory mediators may play a key role in
the treatment of inflammation-mediated skin diseases.

Many synthetic drugs have shown an appreciable anti-inflammatory effect but they
have certain side effects, including gastric bleeding and ulceration [5]. Therefore, there
is a growing trend to develop safer natural products for the treatment of inflammation-
mediated diseases. Lipopolysaccharides (LPS), the major component of the Gram-negative
bacterial cell wall, are one of the most powerful stimulators of the production of pro-
inflammatory cytokines [6]. The HaCaT cell line is routinely employed to confirm the
effects of drugs on epidermal inflammation. Hence, the inhibition of pro-inflammatory
mediator’s production in LPS-stimulated HaCaT cells is a potential way to screen the
anti-inflammatory effect of extracts/compounds.

In the plant kingdom, bryophytes are the second most diverse group of terres-
trial plants after angiosperms with about 25,000 species found throughout the world.
Bryophytes are classified into mosses, liverworts, and hornworts [7]. They contain a variety
of biologically active components such as fatty acids, terpenoids, flavonoids, and
polyphenols [7–9]. In traditional systems of medicine, bryophyte plants have been used
to cure various ailments in India, China, and North America, including burns, external
wounds, snake bites, pulmonary tuberculosis, cardiovascular diseases, bone fractures,
hepatic disorders, and skin diseases [10].

Mosses are the largest group of bryophytes, playing a significant role in the ecosystem
of terrestrial biodiversity. Traditionally, mosses have been used to treat wounds, burns, and
other diseases. In these, the genus Racomitrium (Grimmiaceae) is an important component
of various terrestrial ecosystems [11]. Racomitrium canescens (Hedw.) Brid. (Racomitrium
moss) is widely distributed from the northern temperate to arctic zones (Figure 1). How-
ever, only a few studies have been conducted on this genus, especially from a taxonomic
point of view [11]. Liverworts are the second important group of bryophytes, containing
about 6000 species, and are considered to be the oldest aquatic-terrestrial plants [12,13].
Liverworts mainly contain volatile components (terpenoids) in addition to a wide variety
of other bioactive components. In particular, some terpenoid compounds such as the
pinguisane group of sesquiterpenoids and the sacculatane group of diterpenoids are not
identified in other plant species [14]. Marchantia is one of the important genera in the
family of Marchantiaceae. The common liverwort Marchantia polymorpha L. (liverwort) is
mainly found in temperate regions (Figure 1) [15]. This plant has been traditionally used
to treat boils, fractures, poisonous snakebites, abscesses, wounds, and hepatic disorders.
Liverwort has also been used as a diuretic agent in European countries [10,16,17]. The
extracts and compounds isolated from liverwort exhibited various biological activities
such as antimicrobial [17,18], antioxidant [19], anti-inflammatory [20] activities, and cyto-
toxic potential against cancer cell lines [21]. However, there has been no study in relation
to the anti-inflammatory potential of liverwort and Racomitrium moss in LPS-induced
HaCaT cells.

Based on the highly acclaimed properties of liverwort and Racomitrium moss, we in-
vestigated the anti-inflammatory effects of methanol extract of liverwort and Racomitrium
moss by measuring its ability to inhibit NO production and mRNA expression of iNOS,
COX-2, TNF-α, IL-6, and IL-1β in LPS-stimulated HaCaT cells.
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Figure 1. Morphology of liverwort and Racomitrium moss.

2. Results and Discussion
2.1. The Effect of Extract on the Viability of HaCaT Cells

Keratinocytes, a major part of epidermal cells, play an important role in the patho-
genesis of inflammatory skin lesions by producing pro-inflammatory mediators [22,23].
First, we determined the viability of HaCaT cells in the presence of methanol extracts of
liverwort and Racomitrium moss for 24 h to evaluate their possible cytotoxic effect. For this
purpose, the HaCaT cells were incubated with different concentrations of methanol extracts
of liverwort and Racomitrium moss. After the treatment, the survival of HaCaT cells was
not significantly affected by 24 h incubation with up to 100 µg/mL concentration of both
the extracts (cell viability > 90%) (Figure 2). Therefore, non-toxic concentrations of liverwort
and Racomitrium moss extracts up to 100 µg/mL were used for further experiments.
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Figure 2. The effect of methanol extract of liverwort and Racomitrium moss on the cell viability
of HaCaT cells. Values are mean of three replicate determinations (n = 3) ± standard deviation.
* p < 0.05, *** p < 0.001 vs. 1% MeOH alone.

2.2. Inhibition of Nitric Oxide Production in LPS-Stimulated HaCaT Cells

It is well established that LPS can lead to the release of various pro-inflammatory
cytokines, including adhesion molecules such as nitric oxide (NO) [24]. Under normal
physiological conditions, NO regulates many biological functions such as host defense,
platelet aggregation, vasoregulation, and neurotransmission. However, excessive produc-
tion of NO and other inflammatory mediators is linked with the development of many
diseases [25]. Hence, we determined the inhibitory effect of the methanol extract of liv-
erwort and Racomitrium moss on NO production in LPS-induced HaCaT cells (Figure 3).

Plants 2021, 10, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 3. Inhibitory effect of methanol extract of liverwort and Racomitrium moss on NO produc-
tion by LPS-stimulated HaCaT cells. Values are mean of three replicate determinations (n = 3) ± 
standard deviation. ### p < 0.001 vs. 1% MeOH alone, *** p < 0.001 vs. LPS alone. 

2.3. The Effect of Extracts on mRNA Expression of iNOS, COX-2, TNF-α, IL-6, and IL-1β 
We also analyzed the mRNA expression of iNOS, COX-2, TNF-α, IL-6, and IL-1β in 

LPS-stimulated HaCaT cells using RT-PCR in order to confirm the inhibitory effects of 
methanol extracts of liverwort and Racomitrium moss on pro-inflammatory mediators. 
HaCaT cells were pre-treated with two different concentrations of extracts (30 and 100 
µg/mL) to determine the mRNA expression of pro-inflammatory mediators stimulated by 
LPS. Treatment with LPS alone (1 µg/mL) significantly upregulated the mRNA expression 
of iNOS, COX-2, TNF-α, IL-6, and IL-1β in HaCaT cells (Figures 4 and 5). On the other 
hand, pre-treatment with methanol extract of liverwort (at 100 µg/mL) significantly (p < 
0.001) suppressed the mRNA expression of iNOS, COX-2, IL-6, and IL-1β in LPS-stimu-
lated HaCaT cells when compared to that of Racomitrium moss extract. However, there 
was no significant downregulation of mRNA expression of TNF-α. Further, Racomitrium 
moss extract did not show significant downregulation of mRNA expression of COX-2. 
These data suggest that the methanol extract of liverwort and Racomitrium moss effec-
tively reduced the nitrite accumulation by downregulating the mRNA expression of these 
pro-inflammatory mediators. 

The iNOS and COX-2 and their reaction products are highly connected with inflam-
matory diseases [30]. Previous studies demonstrated that plant extracts/compounds can 
selectively suppress the expression of iNOS and COX-2. In addition, a strong correlation 
between NO production and iNOS expression was observed, as shown by other authors 
[31,32]. The present study also proved that the methanol extract of liverwort remarkably 
suppressed the expression of iNOS and COX-2 in LPS-stimulated HaCaT cells. Similarly, 
dollabellane- and ent-kaurane-type diterpenoids isolated from Chinese liverwort, 
Lepidozia reptans, effectively attenuated the mRNA expression of IL-6, IL-β, IL-α, TNF-α, 
and COX-2 in LPS-stimulated RAW264.7 cells [28]. 

In LPS-stimulated cell lines, nuclear factor kappa B (NF-κB) is an important transcrip-
tion factor in the expression of iNOS and COX-2 genes [33,34]. In LPS-induced human 
keratinocyte HaCaT cells, He et al. [35] found that feruloylserotonin suppressed the toll-
like receptor (TLR4)/NF-κB pathway and promoted the translocation of Nuclear factor-
erythroid 2 related factor 2 (Nrf2). The chloroform fraction of Carpinus tschonoskii inhibited 
the protein and mRNA of chemokine in HaCaT cells by downregulating STAT1 in the 
IFN-γ signaling pathway [36]. Another study indicated that peat moss extracts induced 

Figure 3. Inhibitory effect of methanol extract of liverwort and Racomitrium moss on NO production
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To accomplish this experiment, HaCaT cells were activated by LPS, and the production
of NO was measured as nitrite concentration in the cell culture supernatant. The LPS treat-
ment (1 µg/mL) significantly increased NO production by HaCaT cells by accumulating
a higher level of nitrite (24.24 µM). To determine the effect of liverwort and Racomitrium
moss extracts on NO production, cells were simultaneously treated with 1 µg/mL LPS and
two different concentrations of extracts (30 and 100 µg/mL). When compared to the un-
treated control, the cells pre-treated with methanol extracts of liverwort and Racomitrium
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moss significantly (p < 0.001) decreased the production of NO in the medium to 6.99 and
11.61 µM, respectively, at the concentration of 100 µg/mL (Figure 3). The inhibitory effect
of liverwort and Racomitrium moss extracts on NO production was not owing to the
damage of cells (viability > 90%) as measured in the MTT cell viability assay. There has
been no study on the inhibitory effect of moss or liverworts on NO production in HaCaT
cells. However, these results were comparable with those previously obtained by other
researchers on RAW 264.7 cells. In LPS-induced RAW 264.7 cells, compounds isolated from
liverworts such as Mastigophora diclados [26], Porella densifolia [27], Lepidozia reptans [28],
and Jamesoniella autumnalis [29] showed a potent inhibitory effect on the production of NO.

2.3. The Effect of Extracts on mRNA Expression of iNOS, COX-2, TNF-α, IL-6, and IL-1β

We also analyzed the mRNA expression of iNOS, COX-2, TNF-α, IL-6, and IL-1β in
LPS-stimulated HaCaT cells using RT-PCR in order to confirm the inhibitory effects of
methanol extracts of liverwort and Racomitrium moss on pro-inflammatory mediators. Ha-
CaT cells were pre-treated with two different concentrations of extracts (30 and 100 µg/mL)
to determine the mRNA expression of pro-inflammatory mediators stimulated by LPS.
Treatment with LPS alone (1 µg/mL) significantly upregulated the mRNA expression of
iNOS, COX-2, TNF-α, IL-6, and IL-1β in HaCaT cells (Figures 4 and 5). On the other hand,
pre-treatment with methanol extract of liverwort (at 100 µg/mL) significantly (p < 0.001)
suppressed the mRNA expression of iNOS, COX-2, IL-6, and IL-1β in LPS-stimulated
HaCaT cells when compared to that of Racomitrium moss extract. However, there was
no significant downregulation of mRNA expression of TNF-α. Further, Racomitrium
moss extract did not show significant downregulation of mRNA expression of COX-2.
These data suggest that the methanol extract of liverwort and Racomitrium moss effec-
tively reduced the nitrite accumulation by downregulating the mRNA expression of these
pro-inflammatory mediators.

The iNOS and COX-2 and their reaction products are highly connected with inflam-
matory diseases [30]. Previous studies demonstrated that plant extracts/compounds can
selectively suppress the expression of iNOS and COX-2. In addition, a strong correla-
tion between NO production and iNOS expression was observed, as shown by other
authors [31,32]. The present study also proved that the methanol extract of liverwort
remarkably suppressed the expression of iNOS and COX-2 in LPS-stimulated HaCaT cells.
Similarly, dollabellane- and ent-kaurane-type diterpenoids isolated from Chinese liverwort,
Lepidozia reptans, effectively attenuated the mRNA expression of IL-6, IL-β, IL-α, TNF-α,
and COX-2 in LPS-stimulated RAW264.7 cells [28].

In LPS-stimulated cell lines, nuclear factor kappa B (NF-κB) is an important tran-
scription factor in the expression of iNOS and COX-2 genes [33,34]. In LPS-induced
human keratinocyte HaCaT cells, He et al. [35] found that feruloylserotonin suppressed
the toll-like receptor (TLR4)/NF-κB pathway and promoted the translocation of Nuclear
factor-erythroid 2 related factor 2 (Nrf2). The chloroform fraction of Carpinus tschonoskii
inhibited the protein and mRNA of chemokine in HaCaT cells by downregulating STAT1
in the IFN-γ signaling pathway [36]. Another study indicated that peat moss extracts
induced the sequestration of NF-κB in the cytoplasm by inhibiting the degradation of
IκBα in the LPS-stimulated RAW 264.7 cells. Further, peat moss extracts suppressed the
activation of MAPKs and facilitated the activation of Nrf2, and enhanced heme oxygenase-1
(HO-1) expression [30]. A study indicated that miR-127 is involved in the inhibitory effect
of Schisandrin A on LPS-induced inflammation injury in HaCaT cells via inactivating
p38MAPK/ ERK and JNK signaling pathways [37]. It can be observed that downregulation
of the NF-κB and MAPK pathways play a crucial role in the regulation of pro-inflammatory
mediators. The suppression of NO production and the downregulation of mRNA expres-
sion of various pro-inflammatory mediators are effective therapeutic approaches to block
the potentially harmful production of pro-inflammatory mediators by keratinocytes [38].
Moreover, the results of the present study throw some light on the inhibitory effect of
liverworts on the production of pro-inflammatory mediators in HaCaT cells.
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2.4. The Effect of Extracts on the Production of TNF-α, IL-16, and IL-1β

As shown in Figure 6, the production of TNF-α (4528 pg/mL), IL-6 (808 pg/mL),
and IL-1β (306 pg/mL) were enhanced by the LPS treatment. However, LPS-induced
production of TNF-α (1867 pg/mL), IL-6 (29 pg/mL), and IL-1β (40 pg/mL) in HaCaT
cells were effectively suppressed upon the treatment of methanol extract of liverwort (at
100 µg/mL) than Racomitrium moss extract. Further, Racomitrium moss extract did not
show any significant effect on the production of TNF-α. These data indicated that methanol
extracts of liverwort and Racomitrium moss could protect HaCaT cells against LPS-induced
cell injury.
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2.5. The Effect of Fractions of Liverwort on Nitric Oxide Production

In the cell viability assay, butanol fraction obtained from the methanol extract of
liverwort exhibited no cytotoxicity effect against HaCaT cells at 100 µg/mL. Moreover,
ethyl acetate fraction showed a low cytotoxic effect at 100 µg/mL. However, hexane,
chloroform, and water fractions significantly reduced the cell viability (absorbance < 0.7)
at the concentration of 100 µg/mL (Figure 7). Hence, ethyl acetate and butanol fractions
were selected for further NO production assay. The cells pretreated with ethyl acetate and
butanol fractions significantly (p < 0.001) inhibited the production of NO in a concentration-
dependent manner by reducing the level of nitrite in the medium (Figure 8). Further
studies in connection with the isolation of bioactive components from these fractions are
under progress.

Plants 2021, 10, x FOR PEER REVIEW 9 of 17 
 

 

 
(c) 

Figure 6. The effect of methanol extract of liverwort and Racomitrium moss on the level of TNF-α, 
IL-6, and IL-1β in the culture medium of LPS-stimulated HaCaT cells. (a) the level of TNF-α; (b) the 
level of IL-6; (c) the level of IL-1β. Values are mean of three replicate determinations (n = 3) ± stand-
ard deviation. ### p < 0.001 vs. 1% MeOH alone, ** p < 0.01, *** p < 0.001 vs. LPS alone. 

2.5. The Effect of Fractions of Liverwort on Nitric Oxide Production 
In the cell viability assay, butanol fraction obtained from the methanol extract of liv-

erwort exhibited no cytotoxicity effect against HaCaT cells at 100 µg/mL. Moreover, ethyl 
acetate fraction showed a low cytotoxic effect at 100 µg/mL. However, hexane, chloro-
form, and water fractions significantly reduced the cell viability (absorbance <0.7) at the 
concentration of 100 µg/mL (Figure 7). Hence, ethyl acetate and butanol fractions were 
selected for further NO production assay. The cells pretreated with ethyl acetate and bu-
tanol fractions significantly (p < 0.001) inhibited the production of NO in a concentration-
dependent manner by reducing the level of nitrite in the medium (Figure 8). Further stud-
ies in connection with the isolation of bioactive components from these fractions are under 
progress. 

 
Figure 7. The effect of different fractions (at 100 µg/mL) obtained from methanol extract of liverwort 
on the cell viability of HaCaT Cells. CON, control; Hex, hexane fraction; CHCl3, chloroform fraction; 
EA, ethyl acetate fraction; BuOH, butanol fraction; DW, water fraction. Values are mean of three 
replicate determinations (n = 3) ± standard deviation. ### p < 0.001 vs. 1% MeOH alone. 

Figure 7. The effect of different fractions (at 100 µg/mL) obtained from methanol extract of liverwort
on the cell viability of HaCaT Cells. CON, control; Hex, hexane fraction; CHCl3, chloroform fraction;
EA, ethyl acetate fraction; BuOH, butanol fraction; DW, water fraction. Values are mean of three
replicate determinations (n = 3) ± standard deviation. ### p < 0.001 vs. 1% MeOH alone.



Plants 2021, 10, 2075 10 of 17Plants 2021, 10, x FOR PEER REVIEW 10 of 17 
 

 

0 0 30 50 100 30 50 100
0

20

40

60

80

NO
 p

ro
du

ct
io

n 
(µ

M
)

µg/mL

LPS  (1 µg/mL)

EA BuOH

***

*** ***

***

###

***

***

 
Figure 8. Inhibitory effect of ethyl acetate and butanol fractions of methanol extract of liverwort on 
NO production by LPS-stimulated HaCaT cells. EA, ethyl acetate fraction; BuOH, butanol fraction; 
Values are mean of three replicate determinations (n = 3) ± standard deviation. ### p < 0.001 vs. 1% 
MeOH alone, *** p < 0.001 vs. LPS alone. 

2.6. Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis of Methanol Extracts 
It was reported that liverworts are an exceptionally rich source of terpenoids, partic-

ularly sesqui- and diterpenoids [39]. Tosun et al. [13] also stated that the sesquiterpene-
group components are partially responsible for the anti-inflammatory and antinociceptive 
properties of different liverworts. However, bryophytes contain a variety of other second-
ary metabolites with potent biological properties. The methanol extracts of liverwort and 
Racomitrium moss were subjected to LC-MS analysis (Figures 9 and 10). The molecular 
mass and fragments of the identified compounds in the methanol extracts of liverwort 
and Racomitrium moss are presented in Table 1. Eleven components were identified from 
the methanol extract of liverwort and four components were identified from the methanol 
extract of Racomitrium moss. In positive mode ionization, the mass data show a similar 
fragmentation profile with m/z at 543, 527, and 381, which is correlated to pinoresinol-di-
O-β-D-glucopyranoside (Figure 11) [40]. Pinoresinol-di-O-β-D-glucopyranoside exhibited 
remarkable inhibitory activity against the production of PGE2 in LPS-induced RAW264.7 
cells [41]. In methanol extract of liverwort, peak 9 shows m/z at 439, 331, and 226; this 
compound could be identified as marchantin G [42]. The peak 3 at m/z at 423, 411, and 213 
and the peak 8 m/z at 479, 239, and 211 represent unidentified bisbibenzyls (Figure 11) 
[43,44]. In addition, peak 2 from Racomitrium moss shows m/z at 931, 767, and 753 corre-
sponding to dioscoreside A [45]. 

Figure 8. Inhibitory effect of ethyl acetate and butanol fractions of methanol extract of liverwort on
NO production by LPS-stimulated HaCaT cells. EA, ethyl acetate fraction; BuOH, butanol fraction;
Values are mean of three replicate determinations (n = 3) ± standard deviation. ### p < 0.001 vs.
1% MeOH alone, *** p < 0.001 vs. LPS alone.

2.6. Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis of Methanol Extracts

It was reported that liverworts are an exceptionally rich source of terpenoids, particu-
larly sesqui- and diterpenoids [39]. Tosun et al. [13] also stated that the sesquiterpene-group
components are partially responsible for the anti-inflammatory and antinociceptive prop-
erties of different liverworts. However, bryophytes contain a variety of other secondary
metabolites with potent biological properties. The methanol extracts of liverwort and
Racomitrium moss were subjected to LC-MS analysis (Figures 9 and 10). The molecular
mass and fragments of the identified compounds in the methanol extracts of liverwort and
Racomitrium moss are presented in Table 1. Eleven components were identified from the
methanol extract of liverwort and four components were identified from the methanol
extract of Racomitrium moss. In positive mode ionization, the mass data show a similar
fragmentation profile with m/z at 543, 527, and 381, which is correlated to pinoresinol-di-O-
β-D-glucopyranoside (Figure 11) [40]. Pinoresinol-di-O-β-D-glucopyranoside exhibited
remarkable inhibitory activity against the production of PGE2 in LPS-induced RAW264.7
cells [41]. In methanol extract of liverwort, peak 9 shows m/z at 439, 331, and 226; this com-
pound could be identified as marchantin G [42]. The peak 3 at m/z at 423, 411, and 213 and
the peak 8 m/z at 479, 239, and 211 represent unidentified bisbibenzyls (Figure 11) [43,44].
In addition, peak 2 from Racomitrium moss shows m/z at 931, 767, and 753 corresponding
to dioscoreside A [45].

The LC-MS data indicated that the methanol extract of liverwort mainly contains the
bisbibenzyl group of components. They are aromatic compounds and have one or two
diaryl ether or biphenyl bonds mainly found in liverworts, including Riccardia, Marchan-
tia, Plagiochila, etc. [46]. Previously, seven confirmed bisbibenzyls and twelve uncon-
firmed bisbibenzyl components were detected in the ethanol extract of M. polymorpha [44].
Sabovljević et al. [42] studied the comparison of LC-MS analysis of methanol extracts from
natural and cultured liverwort. The results indicated the presence of marchantin A in both
natural and cultured liverwort. On the other hand, marchantin E, G, and/or C, and de-
hydromarchantin A were found only in the cultured liverwort. Harinantenaina et al. [46]
investigated the inhibitory effect of nineteen bisbibenzyls on NO production in LPS-
stimulated RAW 264.7 cells. Among the tested components, marchantin A exhibited
strong inhibitory activity against NO production and mRNA expression of iNOS. Previous
studies demonstrate that the presence of bisbibenzyl-type components in the methanol
extract of liverwort may be responsible for its anti-inflammatory activity.
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Table 1. Identification of chemical constituents from methanol extracts of liverwort and Racomitrium moss by LC-MS.

Peak Tentative Identification Retention Time (min) Molecular Mass (Da) Fragments (m/z) References

Liverwort

1 Pinoresinol-di-O-β-D-
glucopyranoside 1.59 705 707, 543, 527, 381, 365 [40]

2 Unknown 1.78 517 826, 625, 517, 381, 204 -
3 Unconfirmed bisbibenzyl 15.05 421 463, 423, 411, 309, 213 [43]
4 Unknown 16.90 447 621, 447, 271, 145 -
5 Unknown 19.90 674 970, 806, 772, 674, 597 -
6 Unknown 21.46 565 903, 858, 565, 431, 322, -
7 Unknown 22.68 658 917, 833, 658, 483, 158 -
8 Unconfirmed bisbibenzyl 25.03 424 479, 452, 417, 239, 142 [44]
9 Marchantin G 27.13 454 493, 439, 331, 313, 226 [42]

10 Unconfirmed bisbibenzyl 28.22 454 463, 458, 333, 224, 197 [44]
11 Unknown 36.88 599 975, 907, 599, 256, 157 -
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Table 1. Cont.

Peak Tentative Identification Retention Time (min) Molecular Mass (Da) Fragments (m/z) References

Racomitrium moss

1 Pinoresinol-di-O-β-D-
glucopyranoside 1.58 705 707, 543, 527, 381, 365 [40]

2 Dioscoreside A 7.94 784 931, 793, 767, 753, 268 [45]
3 Unknown 25.75 748 748, 657, 603, 505, 411 -
4 Unknown 33.09 518 518, 497, 263, 215, 205 -
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3. Materials and Methods
3.1. Sample Collection

M. polymorpha and R. canescens samples were collected from Songjung-ri, Jinbu-Myeon,
Pyeongchang, in Korea during October 2020 (Figure 1). Collected samples were kept in
a 4 ◦C freezer and transported to the laboratory. The soil and plant debris in the samples
was removed by washing in running tap water. The samples were authenticated and
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deposited in the Herbarium, National Institute of Biological Resources (NIBR), Korea, with
voucher numbers NIBRMS 0000107499 and NIBRMS 0000107500, respectively.

3.2. Preparation of Methanol Extract

Plant samples were dried at room temperature, pulverized using a grinder (HANIL
HMF-3260S, Hanil Electric Co., Seoul, Korea) up to 0.6 mm. One kilogram of powdered
leaves was extracted twice with 4-L of methanol per extraction for 2 days and filtered. The
combined filtrates were concentrated using a rotary vacuum evaporator at 40 ◦C (EYELA
NE-1101, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) and the concentrate was dissolved with
50 mL of distilled water. Then the extract was dried using a freeze dryer (FD5505, ILSHIN
BIOBASE, Dongduchon, Korea). The obtained extracts of liverwort and Racomitrium moss
were dissolved and diluted to 10 mg/mL in methanol as a stock solution.

3.3. Cell Culture

HaCaT cells (human epidermal fibroblast) were provided by the Food Chemistry
laboratory at Kangwon National University (Prof. Lee). Cell culture medium was used
in Dulbecco’s Modified Eagle’s Medium (DMEM) with 100 units/milliliter penicillin-
streptomycin (P/S) and 10% fetal bovine serum (FBS) [47]. Thereafter, the cells were
cultured at 37 ◦C and 5% CO2, followed by subculture every three days, respectively.

3.4. Cell Viability Analysis

Cell viability was estimated for cytotoxicity of methanol extract of liverwort and
Racomitrium moss using the MTT assay. Cultured cells were treated with methanol extract
of liverwort and Racomitrium moss at 12.5–100 µg/mL for 24 h. After incubation with MTT
solution diluted 10:1 (5 mg/mL in PBS) at 37 ◦C for 4 h, purple formazan was formed in
the cells. The solution in each well was completely removed and then the purple formazan
crystals were dissolved in DMSO and isopropyl alcohol at 1:1 (100 µL/well). The optical
density was measured at 540 nm using a SpectraMax 190 Microplate Reader (Molecular
Devices, San Jose, CA, USA).

3.5. Measurement of Nitric Oxide

HaCaT cells were pre-treated with methanol extract of liverwort and Racomitrium
moss at 30 and 100 µg/mL for 1 h, followed by stimulation with LPS (1 µg/mL) for
24 h. Nitrite accumulation in the culture medium as an indicator of NO production was
measured using Griess reagent [48]. The culture supernatant (100 µL) was mixed with
100 µL of Griess reagent (equal volumes of 1% (w/v) sulfanilamide in 0.1% (w/v) naphthyl
ethylenediamine-HCl and 5% (v/v) phosphoric acid) for 10 min [47]. The optical density
was measured at 540 nm using a SpectraMax 190 Microplate Reader (Molecular Devices,
San Jose, CA, USA). The amount of nitrite in the medium was determined with reference
to a sodium nitrite (NaNO2) standard curve.

3.6. RNA Isolation and Real Time-Polymerase Chain Reaction (RT-PCR)

RT-PCR was used to estimate the mRNA expression of iNOS, COX-2, TNF-α, IL-6, and
IL-1β. Total RNA was extracted from HaCaT cells using RNAiso PLUS. Total RNA (1 µg)
was used to generate cDNA by reverse transcription using All-in-One First-Strand cDNA
Synthesis SuperMix [49]. The synthesized cDNA was used as a template for qRT-PCR
using QuantStudio 3 (Applied Biosystems, Foster City, CA, USA) system with FG POWER
SYBR Green PCR master mix and gene-specific primers (Table 2) [47]. A dissociation curve
analysis of iNOS, COX-2, TNF-α, IL-6, IL-1β, and β-actin showed a single peak. Expression
levels of target genes were quantified from duplicate measurements and normalized with
the 2−∆∆CT method relative to β-actin.
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Table 2. Primer sequences used for quantitative real-time PCR analysis.

Target Gene Primer Sequence

iNOS
Forward 5′-CATTGATCTCCGTGACAGCC-3′

Reverse 5′-CATGCTACTGGAGGTGGGTG-3′

COX-2
Forward 5′-GCAGCCATTTCCTTCTCTCC-3′

Reverse 5′-TGCTGTACAAGCAGTGGCAA-3′

TNF-α
Forward 5′-CTG ATG AGA GGG AGG CCA TT-3′

Reverse 5′- AGC ACA GAA AGC ATG ATC CG-3′

IL-6
Forward 5′-AAGTGCATCATCGTTGTTCATACA-3′

Reverse 5′-GAGGATACCACTCCCAACAGACC-3′

IL-1β
Forward 5′-TCGTTGCTTGGTTCTCCTTG-3′

Reverse 5′-ACCTGCTGGTGTGTGACGTT-3′

β-actin
Forward 5′-TCAGCAATGCCTGGGTACAT-3′

Reverse 5′-ATCACTATTGGCAACGAGCG-3′

3.7. Enzyme-Linked Immunosorbent Assay (ELISA)

HaCaT cells were pre-treated with methanol extract of liverwort and Racomitrium
moss at 30 and 100 µg/mL for 4 h and then treated with LPS (1 µg/mL) for an ad-
ditional 20 h. The supernatants were collected and analyzed for the levels of TNF-α,
IL-6, and IL-1β (Invitrogen, Carlsbad, CA, USA) using ELISA kits according to the
manufacturer’s protocol.

3.8. Fractionation of Methanol Extract of Liver Wort and Nitric Oxide Measurement

The methanol extract of liverwort was prepared as mentioned in Section 2.2. The
crude methanol extract was suspended in deionized water and the aqueous solution was
sequentially partitioned with hexane, chloroform (CHCl3), ethyl acetate (EA), butanol
(BuOH). The obtained fractions, in addition to the aqueous solution, that remained after
the extraction were filtered and concentrated and dried under vacuum. The crude fractions
were used for the assessment of cell viability and nitric oxide production assay using
HaCaT cells.

3.9. Liquid Chromatography-Mass Spectrometry (LCMS) Analysis of Methanol Extracts

The chemical profile of methanol extracts from liverwort and Racomitrium moss was
identified by LC-MS method using the instrument Waters auto-purification system with
Waters 3100 single mass system (Waters, USA). The LC system was connected to 3100 single
mass (100–1000 m/z) and 2998 Photodiode Array Detector (230–600 nm). Analyte separa-
tion was performed on a SunFire C18 (150 mm × 4.6 mm × 5 mm) with a gradient mobile
phase consisting of 0.1% trifluoroacetic acid in water (solvent A) and acetonitrile (solvent
B). The compositions of mobile phases consisted of the following multistep linear gradient:
0–10 min, 10% B and 90% A; 10–20 min, 20% B and 80% A; 20–30 min, 30% B and 70%
A; 30–40 min, 50 % B and 50% A; 40–50 min, 70% B and 30% A. The flow rate was set at
1 mL/min. The sample injection volume was 10 µL. All chromatographic procedures were
performed at ambient temperature and the corresponding peaks from the LC-MS analysis
of all the samples were identified by comparison with the literature.

3.10. Statistical Analysis

All data analyses were done using GraphPad Prism Version 8.0 (GraphPad, La Jolla,
CA, USA). The values expressed were means of three replicate determinations ± SD. All
results were analyzed using the Student–Newman–Keuls test for multiple comparisons
after analyzed with a one-way analysis of variance (ANOVA). Statistical significance was
set at p < 0.05.
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4. Conclusions

The data of the present study demonstrate that the methanol extract of liverwort effec-
tively inhibited the mRNA expression (except TNF-α) and production of pro-inflammatory
mediators in LPS-stimulated HaCaT cells when compared with Racomitrium moss extract.
It could be concluded that the methanol extract of liverwort is a potential candidate for the
development of an anti-inflammatory drug against inflammation-mediated skin diseases.
Further isolation of biologically active metabolites from ethyl acetate and butanol fractions
and elucidation of their anti-inflammatory mechanism(s) are required to facilitate the
development of therapeutic agents for inflammation-mediated skin diseases.

Author Contributions: Conceptualization, S.K.; methodology, S.J.P., M.H., T.-H.K.; formal analysis,
S.-Y.K. and M.H.; investigation, S.-Y.K., T.-H.K. and M.H.; resources, K.Y.L. and S.H.H.; data curation,
M.H., S.-Y.K.; writing—original draft preparation, K.S.; writing—review and editing, S.K. and K.S.;
supervision, S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article.

Acknowledgments: The authors would like to express thanks to Min Ha Kim and Jin Seok Kim at
the National Institute of Biological Resources, Korea, for authenticating the bryophyte samples. This
work was supported by the Korean Ministry of Environment (Grant no. 2018002270002).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kim, H.; Han, T.H.; Lee, S.G. Anti-inflammatory activity of a water extract of Acorus calamus L. leaves on keratinocytes HaCaT

cells. J. Ethnopharmacol. 2009, 122, 129–156. [CrossRef] [PubMed]
2. Cho, S.H.; Kim, H.S.; Lee, W.; Han, E.J.; Kim, S.Y.; Fernando, I.P.S.; Ahn, G.; Kim, K.N. Eckol from Ecklonia cava ameliorates

TNF-α/IFN-γ-induced inflammatory responses via regulating MAPKs and NF-κB signaling pathway in HaCaT cells. Int.
Immunopharmacol. 2020, 82, 106146. [CrossRef] [PubMed]
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Moringa concanensis Nimmo (Moringaceae) belongs to the same family of M. oleifera (miracle tree) and is a medicinal plant
traditionally used by Indians to treat various ailments related to diabetes, tumours, in�ammation, and blood pressure. Despite its
versatility, thephotoprotectivepropertiesof theplant remainunclear.�isstudyrevealed theUV-protectivepropertiesof itsmethanol
bark extract and respective subfractions, chloroform, hexane, and ethyl acetate through total phenolic and �avonoid content (TPC&
TFC), antioxidant (DPPH), sun protecting factor (SPF) value, andUVabsorption spectra analysis.�is study also investigated on the
inhibitory e�ect of the tested samples on collagenases and elastase, which are well-known for their role in the skin.�e cytotoxic and
H2O2 scavengingproperties ofM.concanensis in3T3-L1 cellswere explored. Finally, thephytochemical pro�lingof the active fraction
was conducted throughUPLC-QTOF/MSanalysis.Among the tested fractions, the chloroform fractionofM.concanensis showed the
highest TPC (30.92± 0.71mg GAE/DW), TFC (29.05± 0.09mg QE/DW), and antioxidant properties (IC50-6.616± 1.90 μgml−1).
Additionally, chloroformfractiondemonstrated thehighest SPFvalue, 10.46at 200 μgml−1, compared to theother tested fractions.All
the fractions showed a broad absorption spectrum covering both UVA and UVB ranges.�e chloroform fraction ofM. concanensis
also showed collagenase (50%) and elastase (IC50-2.95± 1.23 μgml−1) inhibition properties similar to the positive control. Cytotoxic
results revealed that the chloroform fraction ofM. concanensis prevented theH2O2-induced oxidative damage in 3T3-L1 cells even at
lower concentrations (1.56 μgml−1). UPLC-QTOF/MS analysis tentatively identi�ed the presence of bioactive �avonoids and
phenolics such as astragalin, quercetin, isoquercetin, and ca�eic acid in the active fraction of M. concanensis bark. Overall, it is
suggested that the chloroform fractionofM.concanensisbarkhas thepotency tobeused as anactive ingredient in sunscreenproducts.

1. Introduction

In recent times, the intensity of ultraviolet (UV) radiation
reaching the earth’s surface has increased due to ozone
depletion by releasing human-made chemicals into the

atmosphere. [1]. �ree types of UV (200–400 nm) radiations
are available: UVA (320–400 nm), UVB (290–320 nm), and
UVC (200–290 nm). UV radiation-stimulated skin damage
is highly in�uenced by its wavelength, intensity, and ex-
posure time [2]. UV radiation directly interacts with the
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skin, which leads to the activation of several signaling
cascades in the skin layers. Excessive doses of UVA and UVB
rays are widely considered the leading causative agent for
sunburns, early aging, DNA damage, wrinkle formation,
oxidative stress, and skin cancer. [3]. In particular, UVA
radiation produces immediate skin pigmentation and skin
alterations related to premature aging via penetrating the
deeper layers of the skin, whereas UVB is responsible for
skin damage, including erythema and sunburn, by inducing
late pigmentation. UVB is also associated with changes in
cellular DNA and can provoke skin cancer [4]. Both rays are
capable of promoting lipid peroxidation, which is strongly
associated with the generation of reactive oxygen species
(ROS) [5]. �e excessive production of ROS leads to direct
DNA damage; stimulation of proinflammatory cytokines
such as IL-1 (interleukin-1), IL-6 (interleukin-6), and TNF-α
(tumor necrosis factor); activation of signaling pathways;
and the release of matrix metalloproteinases. Over-
expression of these biomarkers could damage the matrix
proteins such as elastin and collagen, which finally results in
phototoxic reactions such as photoallergy, photosensitivity,
photoaging, and photocarcinogenesis [6, 7].

Nowadays, sunscreen-based photoprotection is one of the
essential strategies utilized to prevent UV-induced damage
and other skin-related disorders. Sunscreens can protect the
skin from sunburn, sun allergy rash, immune suppression,
and other harmful effects induced by UV radiation. �ese
sunscreens are made up of different organic and inorganic
filters to protect the skin [3, 4]. Synthetic-based sunscreens are
now becoming a serious threat to consumers and a threat to
marine lives and the environment. A wide range of novel
hypoallergenic cosmetics has been developed using natural
products due to the adverse effect of synthetic sunscreen
ingredients. Specifically, plant-based products are in high
demand due to their myriad benefits such as antioxidant, anti-
inflammatory, and immune enhancers [3–9]. Compared to
synthetic filters, compounds, fractions, and extracts from
plant sources offer a broad range of UV absorption. Several
natural products are incorporated into sunscreen products.
Previous research reported the usage of numerous traditional
plants such as Moringa. oleifera Lam, Zanthoxylum rhetsa
(Roxb.) DC., Parentucellia latifolia Caruel, and Nephelium
lappaceum L., Camellia sinensis L. Kuntze, and other plant
extracts or fractions that are rich in polyphenols were de-
scribed to possess appreciable sunscreen properties via tar-
geting free radicals, inflammatory pathways (NF-κB, MAPK)
and cytokines, and matrix metalloproteinases (MMP1,
MMP3, MMP9, etc.) [2, 3, 6, 8, 10, 11]. �ough there are
studies that revealed the photoprotective potency of some
traditional medicinal plants, it remains limited.

Moringa concanensis Nimmo is an important traditional
medicinal plant in the family of Moringaceae mainly spotted
in the Western Ghats of India and also widely distributed in
Asian and Arab countries [12]. �is species looks almost
similar to the well-known medicinal, nutritional value species
M. oleifera. However, it has some distinct features such as
bipinnate leaves, a strong central trunk with an extremely
distinctive layer of very furrowed bark, and the petals and

sepals of the flower have green patches at the tip. Moreover,
the leaves and flowers of M. concanensis are larger compared
toM. oleifera [13]. In Indian traditional systems of medicine,
M. concanensis is mainly used to treat fertility problems. �e
leaves and bark of this species were used to treat skin tumours,
tiredness, high blood pressure, jaundice, eye problems, dia-
betes, and swellings [14] with a wide range of therapeutic
properties. Studies revealed that the ethanol extract of
M. concanensis extract exhibited hyperglycaemic activity and
showed protective activity against oxidative tissue damage in
the pancreas, liver, and kidney [15]. In this study, the pho-
toprotective properties of various solvent fractions of the
M. concanensis bark were revealed for the first time using
biochemical assays such as total phenolic (TPC) and flavonoid
content (TFC), DPPH free radical scavenging activity, SPF
value determination, and UVA/UVB absorption spectra
analysis. Moreover, the inhibitory effect of the plant extract
towards collagenase and elastase was also shown using gelatin
digestion and antielastase assay. �e cytotoxic and H2O2
damage preventive potential of the extracts and fractions were
assessed through the cell culture technique using MTTassay.
�e potential metabolites present in the active fraction re-
sponsible for the biological properties ofM. concanensis bark
were identified through UPLC-QTOF/MS analysis.

2. Materials and Methods

2.1. Chemical and Reagents. Solvents such as hexane (CAS
No. 110-54-3), chloroform (CAS No. 67-66-3), methanol
(CAS No. 67-56-1), and ethyl acetate (CAS No. 141-78-6)
used for extraction are of analytical grade obtained from
Merck Millipore (Darmstadt, Germany). Collagenase from
Clostridium histolyticum (CAS No. 9001-12-1), N-succinyl-
ala-ala-ala-p-nitroanilide (AAAPVN, CAS No. 52299-14-6),
2,2-diphenyl-1-picrylhydrazyl (DPPH, CAS, No. 1898-66-
4), gelatin (CAS No. 9000-70-8), porcine elastase (CAS No.
39445-21-1), Coomassie blue R-250 (CAS No. 6104-59-2),
ascorbic acid (AA) (CAS No. 50-81-7), epigallocatechin
gallate (EGCG, CAS No. 989-51-5), Tris-HCl (CAS No.
1185-53-1), agarose (CAS No. 9012-36-6), acetic acid (CAS
No. 64-19-7), dimethyl sulfoxide (DMSO, CAS No. 67-68-5),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, CAS No. 57360-69-7) were purchased from
Sigma-Aldrich Chemicals (St. Louis, MO, USA). Dulbecco’s
modified Eagle’s medium (DMEM, CAT No. 11-995-073),
TrypLE Express (CAT No. 12604–013), fetal bovine serum
(FBS, CAT No. 26-140-079), and penicillin/streptomycin
(CAT No. 15140–122) were purchased from Gibco (Life
Technologies, California, USA).

2.2. Samples Collection and Extraction. �e stem bark of
M. concanensiswas collected fromMadukkarai, Coimbatore,
Tamil Nadu, India. �e plant specimen was authenticated,
and plant identification certificate was given by Dr. G.V.S.
Moorthy, Head of Office, Southern Regional Centre (Letter
No. BSI/SRC/5/23/2018/Tech-437), Botanical Survey of In-
dia, Coimbatore, Tamil Nadu, India. �e Voucher specimen
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(BUH-VA-3203/2018) was submitted to the Herbarium of
Department of Botany, Bharathiar University, Coimbatore,
Tamil Nadu, India. �e crude methanolic extract (28 g) from
dried and powdered bark (600 g) of M. concanensis was
obtained using ultrasound-assisted extraction technique
according to the literature [6].

2.3. Liquid-Liquid Partitioning. Various solvent fractions of
the crude methanol extract ofM. concanensis were subjected
to liquid-liquid partitioning technique using different sol-
vents based on their polarity. Initially, 15 g of the methanol
crude extract was mixed with equal volume of hexane and
water (1 :1) and loaded into the separating funnel. After few
agitations, the hexane fraction was removed and the chlo-
roform was added to the separating funnel. �en, the same
process was repeated with ethyl acetate. Finally using
rotavapor, the resultant fractions such as hexane (3.1 g),
chloroform (6.2 g), and ethyl acetate (1.8 g) were obtained
and dried under vacuum and lyophilized [11].

2.4.TotalPhenolicContent. �e total phenolic content for all
the solvent fractions ofM. concanensis bark was determined
using the Folin–Ciocalteu method [16]. Briefly, 50 μL of the
sample (1mgml−1) in methanol was mixed with 50 μL dis-
tilled water, 50 μL of 10% Folin–Ciocalteu’s phenol reagent,
and 50 μL of 1M sodium carbonate solution in a 96-well
microwell plate and incubated for 60min at room tem-
perature without exposing it to light. Methanol was used as a
blank.�e absorbance of the reaction mixture was measured
using a microplate reader at 750 nm. �e total phenolic
content was determined through calibration curve using
gallic acid (7.81, 15.62, 31.25, 62.5, 125, 250, and
500 μgmL−1) as standard. Results are expressed as milligram
gallic acid equivalents (GAE) per gram of dry plant extract.
All tests were done in triplicates.

2.5. Total Flavonoid Content. �e total flavonoid content for
all the fractions ofM. concanensis barkwas determined using
spectrophotometric method [16]. 100 μL of the plant extract
(1mgmL−1) and standard solutions of quercetin (7.81, 15.62,
31.25, 62.5, 125, 250, and 500 μgmL−1) in methanol solution
were mixed with 100 μl of 2% AlCl3 solution. Reaction
mixtures were incubated for an hour at room temperature.
�e absorbance was measured using Tecan Infinite F200 Pro
plate reader at λmax 415 nm. Total flavonoid contents were
expressed as mg quercetin equivalent (QE) per gram of dry
plant extract. Experiments were done in triplicates.

2.6. DPPH Scavenging Activity Assay. �e crude extract and
the fractions ofM. concanensis bark were tested for their free
radical scavenging properties using DPPH free radical
scavenging assay [16, 17]. Briefly, 0.12mM DPPH in
methanol was prepared and mixed with various concen-
trations of test samples at 1 :1 ratio (100 μL). Ascorbic acid
was used as the positive control. Test samples and DPPH
solution were incubated at room temperature for 30min in
the dark. After the incubation, the absorbance value of the

mixture was recorded on a microwell plate reader at 570 nm.
�e experiment was done in triplicates. �e DPPH radical
scavenging activity was calculated using the formula:

DPPH radical scavenging activity(%)

�
Abscontrol − Abssample􏼐 􏼑􏽨 􏽩

Abscontrol( 􏼁􏼂 􏼃
× 100,

(1)

where Abscontrol is the absorbance of DPPH radical-
+methanol and Abssample is the absorbance of DPPH
radical + samples/positive control.

2.7. SPF Value Determination. �e in vitro SPF value of the
crude extract and solvent fractions of M. concanensis were
obtained by the method described in the literature [16].
Briefly, the absorbance value of the test sample (200 μgmL−1)
was determined on a UV-Visible spectrophotometer at 5 nm
intervals within the range of 290–320 nm.�e SPF value was
then calculated by using the formula:

SPF spectrophotometric � CF
320

290
x 􏽘 EE(λ)xI(λ)xAbs(λ),

(2)

where CF is the correction factor (� 10), EE (λ) is the
erythemal effect spectrum, I (λ) is the solar intensity
spectrum, Abs (λ) is the absorbance of test sample, where EE
(λ) x I(λ) are constants. Methanol was used as a blank, and
measurements were made in triplicate.

2.8. UVA/UVB Absorption Spectra. �e UV absorption
spectrum of the crude extract and solvent fractions of
M. concanensis (100 μgmL−1 in methanol) were measured
over a wavelength range of 200–400 nm on a UV-Visible
spectrophotometer using a quartz cell (1 cm). �e UV ab-
sorption spectrum of the samples tested was compared with
the positive control, epigallocatechin gallate (EGCG) pre-
pared with the same concentration.

2.9. Gelatin Digestion Assay. �e gelatin digestion assay was
done according to the method described by Santhanam et al.
[6] with slight modifications. Agarose (2%) was prepared in
a collagenase buffer (50mM Tris-HCl, 10mM CaCl2, 0.15M
NaCl, pH 7.8) and porcine gelatin (0.15%). �e mixture was
transferred into a petri dish and left at room temperature for
1 h for solidification. Later, the wells were made using a
sterile 200 μL microtip. �en, 25 μL of the samples was
incubated with 25 μL of bacterial collagenase-1
(0.1mgmL−1) for 1 h. Finally, the reaction mixture (50 μL)
was loaded into the well and further incubated overnight.
EGCG was used as a positive control. �e next day, the petri
dish was visualized by the Coomassie brilliant blue staining
method. �e degree of gelatin digestion was determined by
measuring the area of the light translucent zone formed after
destaining over a blue background.
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2.10. Antielastase Assay. �e antielastase activity of the
various solvent fractions of M. concanensis was determined
according to themethods of Santhanam et al. [6], withminor
modifications. �e assay was performed in Tris-HCl buffer
(0.2mM, pH 8.0). �e stock solution of porcine pancreatic
elastase (PE–E.C. 3.4.21.36) was dissolved in sterile water.
N-succinyl-ala-ala-ala-p-nitroanilide (AAAPVN) was dis-
solved in 1mL Tris-HCl (0.2mM) buffer (pH 8.0), and the
samples were dissolved in buffer. �en, the test samples and
elastase were incubated for 15 minutes before adding the
substrate to start the reaction. �e final reaction mixture
contains a buffer, 0.8mM AAAPVN, 50 μgmL−1 PE, and the
test samples at various test concentrations in a total volume
of 250 μL. EGCG served as the positive control while water
served as the negative control. �e absorbance value was
measured using a Tecan Infinite F200 Pro plate reader
(Tecan Group Ltd., Männedorf, Switzerland) at 410 nm.

Enzyme inhibition activity (%)

�
Abscontrol − Abssample􏼐 􏼑􏽨 􏽩

Abscontrol􏼂 􏼃
× 100.

(3)

2.11. Cell Culture. 3T3-L1 cells were maintained in complete
Dulbecco’s modified Eagle’s medium (DMEM) high-glucose
media according to the method of Raseetha et al. [18] with
slight modification.�e media were supplemented with 10%
fetal bovine serum(FBS)and5%ofpenicillin-streptomycin in
a humidified 5%CO2 incubator at 37°C. Once the cell reaches
70–80% confluence, it was utilized for seeding and treatment.

2.11.1. Cytotoxicity. Cells cytotoxicity was performed using
MTTassay based on the method described by Raseetha et al.
[18]. �e cells were seeded at a density of 1× 105 cells/well in
96-well plates. Once the cell reaches 80% confluence, the
100 μL of various concentrations of methanol extract and
solvent fractions of M. concanensis and positive control
EGCG were treated in each well. After 24 h, 20 μL of MTT
was added to the cells and it was incubated at 37°C for 4 h.
�e medium was replaced with 100 μL DMSO, and the
absorbance for each well was measured at 570 nm on Tecan
Infinite F200 Pro plate reader. Cytotoxicity assay was
conducted to determine the range of concentrations of the
active fraction. Experiments were performed in triplicates.

2.11.2. Protective Effect of Samples against H2O2-Induced
Oxidative Damage in 3T3-L1 Cells. �e protective effect of
M. concanensis fractions against H2O2 was performed
according to Chen et al. [19] with slight modification. �e
3T3-L1 cells were seeded on 96-well plates at a density of
1× 105 (in 100 μLmedium) perwell and incubated at 37°C for
24 h. Once the cell reaches the confluence, the medium was
replaced with 100 μl of samples with various concentrations
(0–100 μgmL-1) and positive control (ascorbic acid) for 18 h.
�en, the cells were treated with H2O2 (125 μM) to induce
oxidativedamage, and thedose concentrationwasfixedbased

on the current study.After 6 h, themediumwas removed, and
the cellswerewashed thricewithPBS.Next, theMTTsolution
was addedand the cellswere further incubated for 4 h. Finally,
the formazan crystals were dissolved in DMSO (100 μL per
well), and theabsorbancevaluewasmeasuredat 540 nmusing
Tecan Infinite F200 Pro plate reader [20].

2.12. Ultraperformance Liquid Chromatography Quadrupole
Time-of-Flight Mass Spectrometry (UPLC-QTOF/MS)
Analysis. Phytochemical profiling in chloroform fractions
of M. concanensis was conducted via ultraperformance
liquid chromatography (UPLC-MS) analysis. �e analysis
was carried out using Waters ACQUITY ultraperformance
LC system (Waters, Milford, MA, USA). Chromatographic
separation of the respective extract was conducted using a
selected column (ACQUITY UPLC HSS T3,
100mm× 2.1mm× 1.8m, Waters, Manchester, UK) main-
tained at 40°C. �e UPLC systems were connected to Vion
IMS QTOF detector (Waters, Milford, MA, USA). �e
mobile phases used in the analysis were 0.1% formic acid (A)
and acetonitrile (B). �e composition of mobile phases was
consisted of the following multistep linear gradient: 0min,
1% B and 99% A; 0.5min, 1% B and 99% A; 16.00min, 35% B
and 65%A; 18.00min, 100%B and 0%A; and 20.00min, 1%B
and 99% A, respectively. �e injection volume used for the
sample was 1μL while the flow rate was set at 0.6mL/min.�e
data were obtained from the UHPLC system coupled with
Vion IMS QTOF hybrid mass spectrometer from waters,
equipped with a LockSpray ion source. �e ion source was
operated in negative electrospray ionization (ESI) mode by
applying specific conditions such as the capillary voltage at
1.50 kV, reference capillary voltage at 3.00 kV, source tem-
perature at 120°C, desolvation gas temperature at 550°C,
desolvation gas flow at 800 L/h, and cone gas flow at 50 L/h,
respectively. Nitrogen (>99.5%) was used as desolvation and
cone gas. Data were acquired in high-definition MSE
(HDMSE) mode ranging between m/z 50 and 1500 at 0.1 s/
scan. Hence, two independent scans with different collision
energies (CE) were alternatively obtained during the run: a
low-energy (LE) scan at a fixed CE of 4 eV and a high-energy
(HE) scan where the CE was ramped from 10 to 40 eV. Argon
(99.999%) was used as collision-induced-dissociation (CID)
gas. Data interpretation was carried out using Waters UNIFI
Scientific Information System database. Resolved peaks were
further identified with the assistance of reported values from
previous literature and are shown in Table 1.

2.13. Statistical Analysis. All the data were represented as
mean± SD. Statistical analyses were performed using
GraphPad Prism version 5 with one-way ANOVA followed
by Dunnett’s test. p values < 0.05 were considered to be
statistically significant.

3. Results and Discussion

3.1. Total Phenolic and Flavonoid Contents. It is well
established that phenolic compounds from various plants
are strongly associated with their biological properties.
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Hence, it would be worthwhile to determine the total
phenolic and flavonoid contents in the plant extracts [10].
�e total phenolic and flavonoid contents of methanol ex-
tract and its fractions ofM. concanensis bark are presented in
Table 2. �e total phenolic (30.920± 0.71mg GAE/g DW)
and flavonoid (29.054± 0.09mg QE/g DW) contents were
found to be higher in the chloroform fraction followed by
hexane fraction. Phenolic components are regarded as
powerful antioxidants and act in redox-sensitive signaling
cascades to prevent DNA damage [11].

Data expressed as mean± SD, n� 3. Data with different
alphabet superscript letters show significant difference at
p< 0.05, among different solvents, with multiple compari-
sons (one-way ANOVA, followed by Dunnett’s test).

3.2. Antioxidant Activity of M. concanensis Bark Fractions

3.2.1. Free Radical Scavenging Assay. �e free radical scav-
enging capacity of the crude methanol extract and other
fractions of M. concanensis bark were determined using the
DPPH assay, and the results are shown in Figure 1. All the
samples exhibited varying degrees of concentration-depen-
dent DPPH radical scavenging activity. In that, the chloro-
form fraction showed the strongest DPPH radical scavenging
activity with the IC50 value of 6.616± 1.90 μgmL−1 followed by
ethyl acetate fraction (IC50�13.4± 2.22 μgmL−1) which is
comparable to the positive control, ascorbic acid (AA). Gori
et al. [22] revealed the photoprotective effect of 11 medicinal
plants Atalantia ceylanica (Arn.) Oliv, Argyreia populifolia
Choisy, Hibiscus furcatus Roxb. ex DC, Ipomoea mauritiana
Jacq, LAsia spinosa (L.) Ew, Leucas zeylanica (L.) W.T.Aiton,
Olax zeylanica Wall., Ophiorrhiza mungos Linn., Plectranthus

amboinicus (Lour.), and Mollugo cerviana (L.).Ser. where the
plant that showed high SPF values is closely related to its
antioxidant properties. Numerous studies also suggested that
the plant fraction which shows high free scavenging prop-
erties offers significant protection towards UV-induced
damage [16, 22].

3.3. Protective Effect of the M. concanensis Fractions
against UV

3.3.1. Sunscreen Protection Factor (SPF) Value. SPF value
refers to the efficacy of test samples that protects the devel-
opment of UV radiation-induced erythema [23]. It is ameasure
of UVB protection offered by sunscreen products. As the value
increases, the percentage of UVB protection increases. As
shown in Table 3, at the concentration of 200μgmL−1, the
chloroform fraction of M. concanensis bark exhibited the
highest SPF value (10.50± 0.23 with >87% of UVB protection)
compared to the other fractions such as ethyl acetate and
hexane. �e SPF value of the most active ingredient epi-
gallocatechin gallate (EGCG) from Camellia sinensis (Green

Table 1: Compounds tentatively identified in the chloroform fraction from the methanol extract of M. concanensis bark using UPLC-
QTOF/MS analysis.

Peak
no. Tentative identification Elemental

composition
Calculated m/z

[M-H]-
Observed m/z

[M-H]-
Retention

time References

1 Kaempferol-3-O-rutinoside C27H30O15 593.1507 593.1512 6.65 [21]
2 Astragalin C21H20O11 447.0927 447.0937 7.50 [21]
3 Quercetin-3-O-glucuronide C21H18O13 477.0670 477.0685 7.83 —
4 Tetra-O-galloyl-glucoside C34H28O22 787.0994 787.1005 8.11 —

5 Kaempferol-3-O-glucuronosyl
methyl ester C22H20O12 475.0876 475.0867 8.61 [21]

6 Isoquercetin C21H20O12 463.0877 463.0884 8.63 [21]
7 Caffeic acid C9H8O4 179.0344 179.0352 9.01 [21]
8 Hydroxy-methoxy-cinnamic acid C10H10O4 193.0501 193.0511 9.38 —
9 Sinapic acid C11H12O5 223.0607 223.0613 10.04 —
10 Kaempferol 3-O-arabinoside C20H18O10 417.0822 417.0844 10.40 —
11 Secoisolariciresinol C20H26O6 361.1651 361.1656 10.43 —
12 Kaempferol-3-O-rhamnoside C21H20O10 431.0978 431.0995 10.91 [21]

13 Quercetin-3-O-glucuronide-methyl-
ester C22H20O13 491.0826 491.0842 10.99 —

14 Quercetin C15H10O7 301.0348 301.0351 11.93 [21]
15 Eugenol C10H12O2 163.0759 163.0765 12.47 [21]
16 Naringenin C15H12O5 271.0607 271.0615 13.07 —
17 Trimethoxyflavone C18H16O5 311.0920 311.0929 13.32 —
18 Demethoxycurcumin C20H18O5 337.1076 337.1085 15.53 —
19 Sanleng acid C18H34O5 329.2328 329.2339 15.62 [21]
20 Licoricone C22H22O6 381.1338 381.1335 15.65 —

Table 2: Total phenolic and flavonoid contents of the methanol
extract and its fractions from the bark of M. concanensis.

Fractions Total phenolics
mg GAE/g DW

Total
flavonoids

mg QE/g DW
Methanol 9.858± 0.036d 3.655± 0.061d
Hexane 14.306± 0.073b 9.089± 0.193b
Chloroform 30.920± 0.717a 29.054± 0.099a
Ethyl acetate 12.154± 0.158c 4.055± 0.056c
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Tea) is 10.34± 0.21, which is almost like the SPF value of the
chloroform fraction of M. concanensis bark. �e literature
revealed that the seed oil fromM. concanensis could be a good
candidate for sunscreen formulation [24]. �e bark extract of
medicinal plants such as Curatella americana L andAmburana
cearensis (Allemao) A.C. Sm. showed SPF values 14.74 and
12.21 at 0.2mgmL−1 which is suggested to be the promising
source of future skin care products [25]. Similarly, the bark
extract of M. concanensis could also be utilized as one of the
encouraging ingredients in natural product sunscreen
formulation.

3.3.2. UV Absorption Spectra. UV absorption spectra of
various solvent fractions of M. concanensis and the positive
control EGCG are shown in Figure 2.�e results showed that
all the fractions of M. concanensis have a wide range of UV
absorption; however, among the other fractions, the chlo-
roform fraction of M. concanensis showed a broad spectrum
of UV absorption which covers UVA (320–400 nm), UVB
(280–320 nm), and also UVC (200–280 nm). �e positive
control EGCG showed the absorption under the UVB range
only. Similar patterns of results were observed in the active
fraction of Zanthoxylum rhetsa (Roxb.) DC. bark extract
which is suggested to be utilized in broad-spectrum sunscreen

formulations [6]. Compared to the active fraction of Z. rhetsa,
the UV absorption spectra ofM. concanensis bark are high. At
present, several studies and regulatory bodies recommend
using broad-spectrum natural sunscreen to prevent the
damages such as wrinkling and sunburns induced by both
UVA andUVB, respectively [26].�e results revealed that the
chloroform fraction of M. concanensis bark could be an
optional ingredient to be used in a natural broad-spectrum
sunscreen formulation.

3.4. Gelatin Digestion Assay. Collagenases are one of the
important matrix metalloproteinases responsible for the
breakdown of collagen present in the skin layers. Studies
revealed that continuous exposure of UV radiation could
increase the level of collagenases that might damage the
matrix proteins and cause wrinkle formation as well as lead
to premature aging [27]. �e collagenase inhibitory activity
of extract and various solvent fractions ofM. concanensis are
presented in Table 4. Compared to the extract and other
fractions, the chloroform fraction showed appreciable col-
lagenase inhibitory activity of 50% at the concentration of
200 μgmL−1 which is comparable to that of EGCG. However,
the hexane and ethyl acetate fractions exhibited a weaker
collagenase inhibition activity. Studies revealed that various
parts ofmedicinal plants such as leaves extracts (methanol) of
Aegle marmelos (L.)Correa, Acalypha indica Linn, Calotropis
gigantea (L.)W.T. Aiton, Nerium oleander L., andNyctanthes
arbor-tristis Linn and a rhizome extract of Acorus calamus.
Linn at the concentration of 1 mgmL−1 showed 50% colla-
genase inhibitory activity [28], whereas the ethyl acetate
fraction of the bark extract of Z. rhetsa showed 50% colla-
genase inhibition at the concentration of 500 μgmL−1 [6].

3.5. Antielastase. Elastase is a serine protease, responsible
for the breakdown of elastin, an important protein re-
sponsible for skin elasticity [29]. �e inhibitory activity of

Table 3:�e sun protection factor (SPF) value and UVB protection
effect of the methanol extract and its fractions from the bark of
M. concanensis.

Samples (200 μgml−1) SPF value UVB protection (%)
Methanol 4.37± 0.17∗∗∗ >75
Hexane 5.49± 0.01∗∗∗ >75
Chloroform 10.50± 0.23ns >87
Ethyl acetate 5.18± 0.01∗∗∗ >75
Epigallocatechin gallate 10.34± 0.21 >87
Data are expressed as mean± SD, n� 3. Data represent a significant difference
at (∗∗∗) p value < 0.05, among different solvent fractions compared with the
positive control (EGCG), using one-way ANOVA, followed by Dunnett’s test.
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Figure 2: UV absorption spectra of the methanol extract and its
fractions from the bark of M. concanensis. M, methanol extract; C,
chloroform extract; H, hexane extract; EGCG, epigallocatechin
gallate; EA, ethyl acetate extract (n� 3).
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Figure 1: DPPH radical scavenging activity of the methanol extract
and its fractions from the bark ofM. concanensis. AA, ascorbic acid;
M, methanol extract; H, hexane extract; C, chloroform extract; EA,
ethyl acetate extract. (n� 3).
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methanol extract and its fractions of M. concanensis on
elastase enzyme were examined. Figure 3 and Table 5
show the effect of methanol extract and its fractions of
M. concanensis bark against elastase enzyme activity.
Among different fractions tested, the chloroform frac-
tion exhibited remarkable elastase inhibition activity
with the IC50 value of 2.957 ± 1.23 μgmL−1 than the
standard EGCG (IC50-39.32 ± 1.41 μgmL−1). �ese find-
ings demonstrated that chloroform fraction of
M. concanensis may have antiaging potentials by
inhibiting elastase enzyme production and delaying the
degradation of elastin fibers. Researchers suggested that
the plant fraction that is rich in phenolics and flavonoids
is reported to possess significant antielastase activity. �e
ethyl acetate fraction of Garcinia daedalanthera Pierre.
stem bark extract possesses 43.96 ± 12.53% elastase in-
hibitory effect at the concentration of 100 ppm [30]. In
this study, the chloroform fraction of M. concanensis
bark exhibited >50% of elastase inhibitory effect at the
concentration of 31.25 μgmL−1.

3.6. Cytotoxicity of M. concanensis Fractions in Cell Culture
(3T3-L1 Cell Lines)

3.6.1. MTT Assay. Cytotoxic effect of various solvent frac-
tions ofM. concanensiswas tested in 3T3-L1 cells with a wide
range of concentration (0–500 μgmL−1). Results revealed that
all the fractions ofM. concanensis bark except the chloroform
fraction were nontoxic to the cells up to 250 μgmL−1. How-
ever, the chloroform fraction ofM. cocanensiswas toxic to the
cells at the concentration >25 μgmL−1, where it showed the
strongest cytotoxic activity against 3T3-L1 cells by reducing
the cell viability to 16.5% at the concentration of 62.5 μgmL−1,
Figure 4.�is is the first study to reveal the cytotoxic effect of
various solvent fractions of M. concanensis bark against the
preadipocyte cells. Previously, the ethanol extract of the leaves
ofM. concanensiswas also reported to be nontoxic to 3T3-L1
adipocytes up to 100 μgmL−1 until 24 h of treatment [15].
Balamurugan et al. [31] tested the crude ethanol extract of
M. concanensis leaves and bark against HepG2 cell lines and
revealed that both parts ofM. concanensis strongly inhibit the
growth of cancerous cells in a dose-dependent manner. In
another study, the methanolic root bark extract of
M. concanensis was found to be toxic against HepG2 cells,

whereas it does not induce toxic effect against A549 and HT-
29 cell line which demonstrates its selective cytotoxicity [21].
In this study, the crude methanol extract of M. concanensis
bark does not induce any toxicity against 3T3-L1 cells up to
500 μgmL−1.SincetheothersolventfractionsofM.concanensis
bark have toxic effect >250 μgmL−1 and the chloroform
fractionhas toxiceffect>25 μgmL−1,onanaverage,wereduced
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Figure 3: Antielastase activity of the methanol extract and its
fractions from the bark of M. concanensis. Data are expressed as
mean± SD, n� 3.

Table 5: IC50 values of elastase inhibition activity of the methanol
extract and its fractions from the bark of M. concanensis.

Samples IC50 (μgmL−1)
EGCG 39.32± 1.41
Methanol 88.53± 1.95∗∗
Hexane 78.11± 1.72∗
Chloroform 2.957± 1.23∗∗
Ethyl acetate 176.7± 2.20∗∗∗

Data expressed as mean± SD, n� 3. Data represent significant differences at
p value < 0.05, among different solvent fractions compared with the positive
control (EGCG), using one-way ANOVA, followed by Dunnett’s test.
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Figure 4: Cytotoxic effect of the methanol extract and various
solvent fractions of M. concanensis bark treated with 3T3 mouse
fibroblasts for 24 h data expressed as mean± SD, n� 3.

Table 4: Gelatin digestion activity of the methanol extract and its
fractions from the bark of M. concanensis.

Samples
(200 μgmL−1)

Zone inhibition
(mm)

Enzyme inhibition
(%)

Control 20± 0.81 0
EGCG 10± 0.47∗∗∗ 50
Chloroform 10± 1.24∗∗∗ 50
Hexane 16± 0.47∗∗∗ 20
Ethyl acetate 16± 0.47∗∗∗ 20
Methanol 18± 0.81 10
Data are expressed as mean± SD, n� 3. Data represent significant differ-
ences at (∗∗∗) p value < 0.05, among different solvent fractions compared
with negative control (water), using one-way ANOVA, followed by
Dunnett’s test.
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the concentration range of all the extracts/fractions to
0–100 μgmL−1 for further assay.

3.6.2. H2O2-Induced Damage. �e protective effect of var-
ious solvent fractions of M. concanensis bark against H2O2-
induced oxidative damage in 3T3-L1 was determined and
shown in Figure 5. From the results, it has been clear that the
H2O2 (125 μM) reduced the viability of cells to 15.35% after
6 h of treatment, whereas the cells pretreated with various
solvent fractions of M. concanensis bark prevented the cells
from oxidative damage. However, the level of protection by
each fraction varies and it depends on the concentration and
constituents present in each sample.�e chloroform fraction
of M. concanensis bark offers significant protection against
H2O2-induced damage even at low concentration, where the
viability of cells treated with 1.56 μgmL−1 protects 56% of
cells which was comparable to that of positive control, AA
(cell viability—57%). As the concentration increases, up to
12.5 μgmL−1, the chloroform fraction prevented the cells up
to 72% where AA prevented up to 69%. However, at the
concentration of 25 μgmL−1 and above, the viability of cells
treated with chloroform fraction got drastically reduced.
�is might be due to the overdose of chemical constituents
present in it. Similar patterns of results were obtained in the
cytotoxicity assay, and at low concentration (<15 μgmL−1),
the chloroform fraction was nontoxic to 3T3-L1 cells. As the
concentration increases, the chloroform fraction is toxic. As
reported, the extracts and fractions of various parts of
M. concanensis are cytotoxic to different cancer cell lines like
HepG2 [31, 32], and the chloroform fraction of
M. concanensis bark could offer a significant cytotoxic effect

in other cancerous cell lines. Further research is needed to
evaluate the selective cytotoxic effect of chloroform fraction
of M. concanensis bark.

From this study, it has been evident that compared to
other fractions, the chloroform fraction of M. concanensis
bark has a high sunscreen protection factor value, broad-
spectrum UV absorption, appreciable DPPH scavenging,
anticollagenase, antielastase, high phenolic, and high fla-
vonoid content. Additionally, it also prevents the H2O2-
induced oxidative damage in 3T3-L1 cells which was
comparable to that of positive control, AA.

3.7. UPLC-QTOF/MS Analysis. From this study, it has been
identified that thechloroformfraction is thebioactive fraction
ofM. concanensis bark. UPLC-QTOF/MS analysis was found
to be a convenient method to determine the presence of
possiblephytoconstituents in the studied fraction through the
exact mass detection. Polyphenolic compounds such as
phenolic acids and flavonoids are naturally abundant and
commonly found in the genus Moringa. Bioactive flavonols
such as quercetin, hyperoside, astragalin, isoquercetin,
kaempferol-3-O-rutinoside, and rutin were reported previ-
ously in this genus especially in the species,Moringa oleifera
[20]. In this study, 20 different phytoconstituents were
identified in the chloroform fraction obtained from the
methanol extract ofM. concanensis bark usingUPLC-QTOF/
MS analysis, Table 1.�e result indicated that the chloroform
fraction contains a complex mixture of bioactive tentative
annotated phenolics such as kaempferol-3-O-rutinoside,
astragalin, quercetin-3-O-glucuronide, kaempferol 3-O-
glucuronopyranosyl methyl ester, isoquercetin, kaempferol-
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Figure 5: Protective effect of various solvent fractions of M. concanensis bark against H2O2-induced oxidative damage in 3T3-L1 cells
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3-O-arabinoside, kaempferol-3-O-rhamnoside, quercetin-3-
O-glucuronide-methyl ester, eugenol, quercetin, and caffeic
acid. �e assignations were carried out on a prediction basis
anddetailedphytochemistry studies required tobecarriedout
on this species for the affirmation of the presence of the
predicted metabolites in the studied fraction/extract in the
future. �is comprehensive phytochemical profiling analysis
has revealed the structural diversity of phenolics and their
similar structural patterns as well as the biological potency of
the studied fractions.

Moreover, the findings are in agreement with the results
obtained from the total phenolic and total flavonoids
evaluation conducted on the respective fractions. �e ex-
istence of flavonoids, especially flavonols, could possibly be
the main contributors to photoprotective properties espe-
cially in collagenase and elastase inhibitory activities through
a synergistic effect [33]. Furthermore, the presence of car-
bonyl and hydroxyl moieties in the main scaffold of the
flavonols might be played the role in giving the inhibitory
effects which allow them to bind to metalloenzymes like
collagenase and elastase that could alter or inhibit metabolic
pathways [34]. However, further studies are required in
relation to the detailed identification and isolation of bio-
active metabolites from the bark ofM. concanensis as well as
molecular mechanisms of their photoprotective potentials.

4. Conclusion

In summary, the result obtained from the phytochemical
analysis showed that chloroform fractions ofM. concanensis
have the highest DPPH, TPC, and TFC values. �e pho-
toprotective study also demonstrated a high SPF value for
chloroform fractions and gave the same UVB protection as
its positive control, EGCG. Besides that, the chloroform
fractions have a much broader spectrum of UV absorption
that covers both UVA and UVB when compared to others.
�e inhibitory effect ofM. concanensis chloroform fractions
towards elastase and collagenase proved that the plant ex-
tract has potential biological properties that can reduce the
breakdown of collagen and elastin within the skin. In vitro
study showed that some of the fractions possessed low
cytotoxicity towards the 3T3-L1 cell line even at higher
concentrations (methanol, hexane, and ethyl acetate).
However, chloroform fractions obtained from the plant
extract exhibit high cytotoxic activity even at lower con-
centrations (ranging from 31.25 to 500 μgmL−1). All the
fractions displayed protective effect against H2O2-induced
oxidative damage in 3T3-L1 cells, with methanol, hexane,
and ethyl acetate having a higher cell viability percentage
even at higher concentrations (50 and 100 μgmL−1). Various
metabolites especially bioactive flavonols that were tenta-
tively identified using UPLC-QTOF/MS analysis might be
the source for the high photoprotective activity. Based on
these results, M. concanensis has the potential to be a new
applicant as an active component in pharmaceutical and
cosmetics formulation. However, detailed preclinical re-
search is needed to demonstrate the individual or synergistic
effect of the bioactive components involved in the photo-
protective mechanism of M. concanensis.
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Macrotyloma uniflorum (Lam.) Verdc. 
is a hardy pulse crop of the Fabaceae family 
cultivated mostly in the southern region 
especially Tamil Nadu, Andhra Pradesh, and     
Karnataka, and also in some parts of 
Maharashtra and Madhya Pradesh. It has been 
an important fodder crop since the beginning of 
agriculture in many parts of South Asia 
(Murphy and Fuller  2017). It is the most 
widely recovered pulse crop from the 
prehistoric or early historic sites in India and is 
also an underutilized and unexplored food 
legume (Reddy et al. 2008). Due to the many 
desirable characters such as tolerance to 
drought, salinity, and heavy metals, horse gram 
is considered as a potential crop for enhancing 
tolerance in cultivated crops (Reddy et al. 
2008). Moreover, this species exhibits many 
medicinal properties such as antioxidant and 
antimicrobial activities and is also known to be 
effective in the dissolution and dislocation of 
kidney stones (Kawsar et al. 2008). 

Macrotyloma uniflorum (Lam.) Verdc. 
have wide adaptability and thrives well under 
adverse climatic conditions and in poor soil 
(Bolbhat and Dhumal 2010). In the alarming 
environmental distress due to global warming 
and water scarcity, this crop can be considered 

as a future crop due to its high nutritional value 
and  be t te r  adaptabi l i ty  to  adverse  
environmental conditions. High-yielding and 
disease-resistant plant varieties can be 
developed through plant tissue culture (Kawsar 
et al. 2008). Hence this research is aimed to 
establish a suitable regeneration protocol and 
culture condition, which can be used in horse 
gram to make superior varieties adverse to the 
environmental conditions.

Tissue culture allows the production 
and propagation of genetically homogeneous, 
disease-free plant material (Chatenet et al. 
2001). Plant tissue culture represents the most 
promising areas of application at present time 
and giving an outlook into the future. It is also 
essential to have sufficient mother culture and 
reduce the number of subcultures to avoid 
variation and plan the production of plants 
according to the demand. The in vitro culture 
has a unique has a role in sustainable and 
competitive agriculture and has been 
successfully applied in plant breeding for the 
rapid introduction of improved plants and it has 
become an integral part of plant breeding 
(Hussain et al. 2012). 

In horse gram, shoot formation may 
occur as a result directly of explants without 

The present research was performed to develop an indirect organogenesis protocol in Macrotyloma uniflorum via callus by 
using cotyledon and epicotyledon explants. Cotyledon explants were produce the best result on MS medium supplemented with 3.0 
mg/L BAP. The maximum percentage (97%) of regeneration was obtained with the combination of BAP+GA  (2.0+1.0 mg/L) from 3

cotyledon explants. Well established root system was developed from regenerated shoot lets in the medium combination with 
BAP+NAA (1.0+1.0 mg/L). Cotyledon explants were showed more responsible than epicotyledon in terms of callus induction and 
plant regeneration. This in vitro, developed plant lets were successfully acclimatized to the pots and established in the green house. 
This standardized in vitro regeneration system will facilitate further to development of a reliable procedure to accomplish genetic 
manipulation in this genus.

Keywords: Cotyledon, Callus induction, Epicotyledon, Indirect organogenesis, Regeneration
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callus formation (Tejavathi and Nijalingappa, 
1989) or from somatic embryos formed at the 
ends of leaf and immature cotyledon derived 
callus (Mohamed et al. 2004, 2005). In 
previous indirect organogenesis studies, 
multiple shoots regenerated from the callus 
which developed by shoot tip and cotyledonary 
node explants (Tejavathi et al. 2010). In this 
present study, plant regeneration was 
successfully established by indirect 
organogenesis with more number of shoots 
from callus which derived from cotyledon and 
epicotyledon explants.

MATERIALS AND METHODS

 Surface Sterilization:  Seeds (variety. Paiyur-
2) were procured from Tamil Nadu Agriculture 
University (TNAU) regional research station, 
Dharmapuri, Tamil Nadu, India. The seeds 
were initially rinsed with running tap water for 
3 min and rinsed with 3% sodium hypochlorite 
for 5 min. Later, the seeds were rinsed with 
distilled water thrice for 5 min, followed by 
rinsing with 70% ethanol for 2 min. The excess 
ethanol traces were removed by rinsing in 
distilled water thrice for 5 min. The seeds were 
then treated with 0.1% mercuric chloride (w/v) 
for 3 min and thoroughly washed the seeds 
three to five times with sterile double distilled 
water. The surface-sterilized seeds were 
inoculated in humidified tissue paper with 
sterilized petriplates and incubated at 16/8 hrs 
light condition for germination (25 ± 2°C with 
50 μmol m−2 s−1). 

Selection of explant and callus initiation: 
Cotyledon and epicotyls were separated from 
three days old germinated seedlings. The 
cotyledon explants (0.8 - 1.0 cm) were excised 
by removing the cotyledons. Epicotyls were cut 
into pieces of approximately 1cm. MS 
(Murashige and Skoog, 1962) basal medium 
was used for callus induction. The nutrient 
medium consists of inorganic nutrients, carbon 
sources, vitamins, iron, and amino acids 
essential for the development of callus. 

The explants such as cotyledon and 

epicotyls were inoculated on MS medium 
containing different concentrations of plant 
growth regulators, such as 1.0-5.0 mg/L 6-
Benzylaminopurine (BAP), 0.25-1.25mg/L 
Thidiazurone (TDZ), and the combination of 
1.0-5.0 mg/L (BAP) and 0.5 mg/L TDZ for 
testing the best combination for callus 
induction. Thirty explants in triplicates were 
used in each experiment for callogenesis. The 
number of explants that formed callus and its 
response was recorded at regular intervals. 
Callus was sub-cultured regularly every 2 
weeks. 

Regeneration from callus: After 20 days, the 
embryonic callus was subcultured on shoot 
induction medium (SIM) in the culture tubes 
containing MS salts and vitamins, sucrose 
along with various concentrations of 
cytokinins such as (BAP) 0.5 – 4.0mg/L with 6-
(γ, γ-Dimethylallylamino) purine (2iP) 0.25 - 
3.3mg/L, (BAP), 0.5 - 4.0 mg/L with Picloram 
(PIC) 0.25 –3.0mg/L and (BAP) 0.5 – 4.0 with 
Gibberellic acid (GA ) 2.5 – 3.0mg/L were 3

used. Individual elongated shoots from 
cotyledonary and epicotyl explants were 
cultured a root induction medium comprising 
MS salts, vitamins, and sucrose along with 
various concentrations of Naphthalene acetic 
acid (NAA) 0.5-4.0mg/L, (BAP) 0.1 with 
(NAA) 0.5 – 2.5 mg/L and (BAP) 1.0 with 
Dichlorophenoxy acetic acid (2,4-D) 0.5 to 2.5 
mg/L to optimize the ideal concentration for 
root induction. 

In vitro grown healthy regenerated 
plants were washed thoroughly to remove 
adhered media and then transferred to small 
plastic cups containing a mixture of autoclaved 
sand, soil, and vermiculite (1:1:1). The potted 
plants were covered with transparent polythene 
bags with a minute puncture and were grown in 
a growth chamber at 25 ± 2ºC with 85% relative 
humidity for 2-3 weeks. The plants were 
irrigated once in 2 days. Upon new leaf growth, 
the plantlets were transferred to polythene bags 
and maintained in the greenhouse. 

The analysis of variance (ANOVA) 
appropriate for the design was carried out to 
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detect the significance of differences among 
the treatment means. The data were statistically 
analyzed by the DMRT (Duncan's Multiple 
Range Test) (Harter, 1960) at p<0.05 
significant level.

Histological studies: The callus was fixed in 
formalin, acetic acid and ethanol (FAA) in the 
ratio 1:1:9. After 24 hrs of fixing, the specimens 
were dehydrated in tertiary butyl alcohol as 
given by Sass, (1940). The paraffin-embedded 
specimens were sectioned with the help of the 
Rotary Microtome. The thickness of the 
sections was set to 10-12 µm. Dewaxing of the 
sections was carried out by customary 
procedure (Johnsen, 1940). The sections were 
stained with toluidine blue as per the method of 
O'Brien et al. (1964). For studying the stomatal 
morphology, venation pattern, and trichome 
distribution, parenchymal section (the section 
has taken parallel to the surface of the leaf) as 
well as clearing of the leaf with 5% sodium 
hydroxide or epidermal peeling by partial 
maceration employing Jeffrey's maceration 
fluid (Sass, 1940) were prepared. Glycerine 
mounted temporary preparations were made 
for macerated/cleared materials. Powdered 
materials of different parts were cleared with 
NaOH and mounted in a glycerine medium 
after staining, followed by different cell 
components were studied and measured.

RESULTS AND DISCUSSION

An efficient regeneration protocol of 
M. uniflorum has been successfully established 
using cotyledon and epicotyls explants. Based 
on Varisai Mohamed et al. (2005) report on 
cotyledon explants, the present study 
demonstrated and produced more shoots using 
cotyledon and epicotyls explants. Although, 
various sources of explants have been reported 
for regeneration, so far there is no report for 
regeneration from epicotyls explants. 
Cytokinins are necessary for plant cell 
division, induction of adventitious bud 
formation, and growth of lateral buds in the cell 
cycle control (Gatcia Arias et al. 2010). (BAP) 
is among the most widely used cytokinins for 
in vitro callus induction in a wide range of plant 
species. In the present study, successful 
induction of potentially organogenic callus 
from cotyledon and epicotyls was achieved 
using (BAP) 3.0 mg/L with 91% callus of 0.52 
mg in weight from cotyledon explants (Fig 1)  
and 79.33% callus of 0.44 mg in weights from 
epicotyl explants (Fig 2). 

T h e  c a l l u s e s  a r e  o f  v a r i e d  
morphologies, cotyledon-derived callus was 
compact and greenish-white whereas the 
epicotyl-derived callus is greenish-white with 
friable nature (Table 1). The fresh friable callus 
weighs 0.32 mg was observed in 0.12 µM (2,4-

Karthika Palanisamy, Vasanth Krishnan and Dhandapani Gurusamy

Table1: Effect of Cytokinins on callus induction of cotyledon and epicotyledon explants of M. uniflorum paiyur-2 
variety seeds 

GW-C-Greenish white compact, G-C- Greenish compact, YW-C-Yellowish white compact, Y-F-Yellowish friable, YG-Yellowish green friable, G-
F-Greenish friable, WF-Whitish friable, GW-F-Greenish white friable, YW-F-Yellowish white friable. For each treatment, 50 explants were used and 
repeated three times. Values represent the means ± standard error. Mean values followed by the same letters within a column are not significantly 
different according to Duncan's multiple range test at 5% level.
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Explants Cotyledon Epicotyledon 
Plant Growth 

Regulators 
(mg/L) 

Initiation of 
Callus (Days) 

Percentage of Callus 
Response (%) 

Callus Fresh 
Weight (mg) 

Callus 
Type 

Initiation of 
Callus (Days) 

Percentage of Callus 
Response (%) 

Callus Fresh 
Weight (mg) 

Callus 
Type 

B
A

P

1.0 14 64.4±1.29f 70.00±3.05cd GW-C 15 62.3±1.85c 58.3±1.45c W-F 
2.0 11 75.2±0.92c 73.66±0.33b GW-C 15 73.67±2.02b 67±1b GW-F 
3.0 9 91.0 ±0.71a 82.66±4.05a GW-C 11 79.33±1.76a 74.67±1.45a GW-F 
4.0 9 80.6±0.51b 78.33±1.45b G-C 13 70.33±1.45b 65.67±0.33a GW-F 
5.0 12 76±1.05c 69.33±2.84cde G-C 16 63.67±0.67c 61.34±0.89c GW-F 

T
D

Z

0.25 14 72.6±1.44c 61.33±0.88def YW-C 14 70±1.25b 62±0.58b YW-F 
0.50 10 78.8±0.38b 66.33±3.52bc YW-C 12 74.67±0.89a 68.67±0.89bc YW-F 
0.75 13 68.2±1.02ef 58.00±1.15def Y-F 15 65.35±1.45c 57.67±2.60a YW-F 

1.0 13 65.8±0.73fg 56.66±1.20efg Y-F 16 59.67±0.89d 54.33±1.76ab W-F 

1.25 15 56.2±0.58h 54.66±1.76fg Y-F 16 53.67±1.45e 59.67±0.89c W-F 

B
A

P
+

T
D

Z

1.0±0.5 12 46±0.71j 47.33±1.45h YG-F 12 57.66±1.45d 51.33±0.89c GW-F 
2.0±0.5 14 53.2±0.80i 49.33±2.40gh G-F 12 62.67±1.20bc 56.33±0.89bc GW-F 
3.0±0.5 10 72.8±0.86d 63.33±0.88cde YG-F 10 68.67±0.89a 60±1.00a GW-F 
4.0±0.5 13 69.6±0.51e 60.00±0.57cdef G-F 14 65.33±0.67b 57.33±1.45bc GW-F 
5.0±0.5 12 63.8±1.36g 51.00±0.57gh G-F 15 61.33±.089c 53.33±0.89a G-F 

 



D) (Tejavathi et al. 2010) and nature is found to 
be closely linked to the obtained greenish-
white friable calli of cotyledon explants (4.5 
µM NAA and 10 µM Zeatin) in another study 
(Mohamed et al. 2004, Zambre et al. 1988). 

There are no reports on efficient plant 
regeneration from epicotyls explants of 
Macrotyloma uniflorum. In Arachis hypogea, 
90.4 % callus induction was observed with 
epicotyl-explants in the combination of 0.2 
mg/L (NAA) with 0.5 mg/L Kinetin from 
(Venkatachalam et al. 1998).

Various horse gram explants that have 
been used to regenerate plants via 
organogenesis such as shoot tip (Tejavathi and 
Nijalingappa 1989), shoot apices and 
cotyledonary node (Tejavathi et al. 2009), 
cotyledon (Varisai Mohamed 2005), leaf 

(Mohamed et al. 2004) and seeds (Amal et al. 
2020). But the present study showed a 
differential response from the explants tested 
from paiyur -2 variety of horse gram using 
cotyledon and epicotyl explants. 

Recently, Verma et al. (2011) reported 
differential shoot development response based 
on the concentration of (TDZ) used in the 
culture medium. Thus, both (BAP) and (TDZ) 
are effective cytokinin for shoot organogenesis 
in horse gram. In the present study, BAP 
showed effective shoot responses with 
cotyledon and epicotyls explants was tested 
(Table 2). 

In line with our results, similar results 
were obtained for best shoot regeneration from 

Table 2: Effect of different concentrations and combinations of BAP on shoot regeneration from cotyledon and epicotyls 

Indirect organogenesis and regeneration of Macrotyloma uniflorum

For each treatment, 50 shoots initiated on callus were used and repeated three times. Values represent the means ± standard error. Mean values 
followed by the same letters with in a column are not significantly different according to Duncan's multiple range test at 5% level.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Table 3: Effect of auxins on root induction with different growth regulators and concentration from elongated in vitro 
shoots on callus derived cotyledon and epicotyl explants 

For each treatment, 50 elongated shoots were used and repeated three times. Values represent the means ± standard error. Mean values followed by the 
same letters within a column are not significantly different according to Duncan's multiple range test at 5% level.
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Explants Cotyledon Epicotyledon 

Plant Growth 
Regulators 

(mg/L) 

Initiation 
Days 

Percentage of 
Responses (%) 

Mean Number 
of Shoots 

Shoot Length 
(cm) 

Initiation 
Days 

Percentage of 
Responses (%) 

Mean Number of 
Shoots 

Shoot 
Length 

(cm) 

B
A

P
+

2i
P

0.5 + 0.25 13 54.00±3.77efg 7.66±0.33fgh 2.07±0.22ef 12 58.67±0.67c 9.67±0.89bc 1.27±0.15d 

1.0 + 0.5 13 61.25±4.40cdef 12.67±1.00ab 2.93±0.52cde 09 61±0.57b 3.67±0.67b 1.93±0.09c 
2.0 + 1.0 13 67.50±3.65bc 17.33±1.45efgh 4.10±0.21b 07 63.67±1.33a 15.33±0.88a 3.3±0.17a 
3.0 + 2.0 17 55.00±4.22cdefg 8.00±1.15b 3.83±0.20bc 11 57±1.15c 10.67±0.89c 2.63±0.13b 

4.0 + 3.0 17 47.50±5.26fg 2.66±0.33fgh 3.20±0.31bcd 11 54.67±0.88d 7.33±0.89bc 1.6±0.17cd 

B
A

P
+

P
ic

lo
ra

m

  0.5 + 0.25 11 66.75±4.97cdefg 15.33±1.45efgh 2.10±0.21ef 16 63.33±0.89b 11±100b 1.2±0.11c 
1.0 + 0.5 9 72.50±5.59cde 18.67±0.88cd 2.77±0.26de 12 68±0.57a 14.67±0.89a 1.93±0.08b 
2.0 + 1.0 12 61.25±3.98defg 11.67±1.45c 3.43±0.23bcd 12 62.69±0.89c 10±1.00c 2.8±0.15a 
3.0 + 2.0 11 53.00±4.62efg 4.00±1.00ab 2.77±0.15de 15 58.67±0.33bc 7.66±0.89bc 1.07±0.07c 
4.0 + 3.0 8 49.00±5.00g 3.33±0.33hi 1.83±0.18f 17 55.33±0.89d 5.67±0.89c 1.86±0.08b 

B
A

P
+

G
A

3

0.5 + 0.25 8 67.50±3.65bc 17.00±1.15ab 3.96±0.88b 12 74.67±1.45c 17±0.57b 3.1±0.20b 
1.0 + 0.5 8 83.00±4.19a 26.00±0.57a 5.13±0.27a 14 77±1.15a 19.33±0.89a 4.23±0.14a 
2.0 + 1.0 10 76.25±3.72ab 21.33+1.20ab 4.06±0.39b 12 72.33±1.2b 15.38±0.33b 3.4±0.20b 
3.0 + 2.0 7 65.00±4.22bcd 16.33±1.45c 3.26±0.39bcd 12 61.33±0.66c 9.33±0.89c 2.5±0.23c 
4.0 + 3.0 10 61.25±3.98cdef 11.67±0.88cd 2.8±0.23de 11 58.33±0.89d 5.67±0.89d 1.87±0.08d 

 

Explants Cotyledon Epicotyledon 

Plant Growth 
Regulators 

(mg/L) 

Initiation 
Days 

Percentage of 
Responses (%) 

Mean Number of 
Roots 

Root Length 
(cm) 

Initiation 
Days 

Percentage of 
Responses (%) 

Mean 
Number of 

Roots 

Root Length 
(cm) 

N
A

A

0.5 15 59.00±5.77bcd 4.20±1.00abcd 4.56±0.42bcde 24 59.83±1.01b 2.33±0.33b 3.07±0.18c 

1.0 18 68.33±3.33ab 5.66±0.57abc 5.43±0.29b 21 65±0.87a 5.6±0.33a 4.77±0.15a 
2.0 18 65.00±0.00bcd 4.33±1.20abcd 4.63±0.29bcde 21 63.33±0.89b 4±0b 3.73±0.20b 
3.0 16 57.66±3.33cd 3.00±1.52bcd 3.76±0.31defg 23 52±0.58c 3.33±0.33b 2.8±0.15a 
4.0 15 52.00±5.77de 2.43±0.33d 2.96±0.14fg 23 20.33±1.45d 1±0c 1.53±0.14d 

B
A

P
+

N
A

A

1.0+0.5 15 61.00±0.00bcd 4.00±1.15abc 4.10±0.66cdef 21 66.67±0.88b 4.67±0.89b 2.9±0.15d 

1.0+1.0 17 73.33±3.33a 7.00±1.00a 7.40±0.32a 22 69.67±0.88a 5.67±0.33a 6.33±0.08a 

1.0+1.5 16 68.33±3.33bcd 6.0±0.88abcd 5.03±0.18bcd 21 57.83±0.60c 3.67±0.33a 5.43±0.17b 

1.0+2.0 16 67.00±5.77bc 5.66±0.57ab 4.50±0.40bcde 21 42.33±0.89d 2.66±0.33b 4.43±0.18c 

1.0+2.5 13 57.66 ± 6.66cd 3.00±1.73bcd 3.56±0.38efg 18 31.67±0.89e 1.85±0.58c 3.13±0.09d 

B
A

P
+

2
,4

-D

1.0+0.5 22 52.00 ± 5.77f 2.33±0.33cd 2.60±0.30g 19 52.5±0.76e 1.33±0.33d 1.67±0.19d 

1.0+1.0 22 59.33 ± 5.77ef 3.33±1.20abcd 3.90±0.37cdef 19 57±0.58d 2±0.00c 3.23±0.78c 

1.0+1.5 24 71.00 ± 0.00bcd 5.00±0.57abc 4.13±0.63cdef 22 68.83±0.44c 4.53±0.33b 3.9±00.06a 
1.0+2.0 21 67.55±0.00bc 4.66±0.88abcd 5.13±0.35bc 24 65.5±0.76a 3±0.00a 3.2±0.11b 
1.0+2.5 21 64.66 ± 3.53cd 3.66±0.66abcd 3.40±0.30efg 20 60.5±1.26b 2.60±0.33b 2.33±0.09c 



the callus of P. vulgaris on medium 
supplemented with 5.0 mg/L of (BAP). Also, 
other reports affirm that (BAP) is effective for 
shoot induction in P. vulgaris (Arellano et al. 
2009,  Mukeshimana et al.  2013).

When 0.5 mg (TDZ) were used alone in 
the MS medium, 0.66 mg of callus fresh weight 
was observed within 10 days and when (TDZ) 
is used with a combination of (BAP), the shoot 
formation is observed from callus. Collado et 
al., 2013 report that the highest callus weight 
was observed within 21 days in the 
concentration of 0.04 mg/L (TDZ) with 
Gamborg B5 medium. But unfortunately, the 
callus was turned dark brown when the same 
concentration of hormone was used for shoots 
induction from callus.

Shoot Regeneration and Elongation: Callus 
cultured on multiple shoots induction medium 
containing (BAP+GA ) 1.0+0.5 mg/L) started 3

to produce adventitious shoot bud formation 
along with small nodules on organogenic callus 
pieces of cotyledon explants within 28 days and 
epicotyledon explants within 31 days. The light 
green areas of the calli were most competent for 
adventitious shoot bud differentiation. A 
cluster of shoot primordia formed in the nodule 
area and leaf-like structures emerged from the 
shoot primordia. Maximum shoots of 26 with 
an average length of 5.13cm and regeneration 
response of 83% was observed from callus of 
cotyledon explants and 19 shoots with an 
average length of 4.23cm and regeneration 
response of 77% were observed with epicotyls 
explants supplemented with (BAP+GA ) 3

Figure 1 (A-F): - Indirect organogenesis of Horse gram, 
Macrotyloma uniflorum Var. Paiyur- B. using cotyledon 
explants A. Cotyledon explants prepared from in vitro 
raised seedlings 2) Nodular and green compact callus 
induction on MS medium BAP (3.0 mg/L) C. 
Adventitious shoot bud formation on organogenic callus
D. Proliferation of multiple shoots in BAP+GA3 
(1.0+0.5 mg/L) E. Regenerated shoots produce roots in 
BAP + NAA (0.2+1.0 mg/L)  F.  Hardened plants

Figure 2 (A-F):-  Indirect organogenesis of Horse gram, 
Macrotyloma uniflorum Var. Paiyur-2 using epicotyl 
explants A. Epicotyl explants from in vitro germinated 
seeds B. Callus production from Epicotyl explants C. 
Differentiation of induced callus tissue into multiple 
shoot buds D. Proliferation of multiple shoot buds E. 
Elongated shoot buds produced root system  F. In vitro 
grown seedlings established in the pot

A
B

C D

E F

A B

C D

E F
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1.0+0.5 mg/L (Table 2). However, as the 
concentrations of both BAP and GA3 
increased, the regeneration efficiency was 
decreased gradually. The present study 
reported more efficient and producible 
outcomes when compared to similar studies 

reported earlier (Tejavathi et al. 2010; 
Venkatachalam et al.1988).

It is suggested that (GA ) along with the 3

cytokinin stimulates the development of shoot 
primordial induced by (BAP) (Ghulam et al. 
2017). Adding GA  to (BAP) containing media 3

at any concentration has been reported to 
improve  the  f requency of  somat ic  
embryogenesis (Li et al. 2002). GA  stimulates 3

the production of numerous enzymes, notably 
α-amylase, in germinating cereal grains. 
Besides, (GA ) Gibberellic acids promote seed 3

germination in some species that otherwise 
require cold stratification and/or light for 
inducing seed germination (Davies, 1995). 
Experimental results suggest that the 
Gibberellin Responsive gene (HvGR) 
(Localized to pockets of subepidermal cells 
from where shoot primordial originate) is 
responsible for (GA ) induced shoot induction. 3

(HvGR) shows a high level of expression in the 
regeneration stage of the initiated shoots where 
the signal was localized primarily in the 
developing shoot primordial (Seong et al. 
2004). 

Shoot regeneration was also induced 
from cotyledon and nodal explants for six 
cultivars from other regions of the world 
(Hamdy and Hattori, 2006a, b). The percentage 
of adventitious shoot development was varied 
from 0-55.1% depending on the cultivar, type 
and concentration of growth regulators 
(Hamdy and Hattori 2006a).  Edyta et al. 
(2012) reported along with (NAA) and (BAP) 
supplementation of (GA ) was increases the 3

callus viability and shoot regeneration by 
independent of genotype and tannin content, in 
contrast to other reports (Hamdy and Hattori, 
2006, Bahget et al. 2008). 

Rooting and Acclimatization: The 
recalcitrant nature of legumes to rooting in 
culture conditions has limited the successful 
application of any biotechnological 
approaches for crop improvement. The auxins 
(2,4-D) and (NAA) at various concentrations 
are commonly used to induce rooting from the 

Indirect organogenesis and regeneration of Macrotyloma uniflorum

Figure 3( A-F):-- Histological section of Horse gram, 
Macrotyloma uniflorum Var. Paiyur-2 regenerating 
callus showing initial development of shoot buds A. T.S 
of shoot apex of young shoots developed by the callus. 
B. T.S of callus showing vascular cylinder and axillary 
formed in the axil of a leaf. C.  Callus masses from 
which a shoot complex develops. D. L.S of shoot 
complex formed from the callus. E. L.S of young shoot, 
with shoot apex and leaf primordia. F. T.S of young 
leaves produced by the callus. Abbreviations: LPm-Leaf 
Primordia; Pet-Petiole; Sh-Shoot Primordia; VS-
Vascular Strand; Ca-Callus; Lf-Leaf; Ax-Axis of the 
Shoot; MS-Main Shoot; SAp-Shoot Apex; MT- 
Mesophyll Tissue; UEp-Upper Epidermis; LEp-Lower 
Epidermis; LM-Leaf Margin; Ylf- Young Leaf

A B

C

D

E F
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explants in both in vitro and in vivo cultures. 
Rooting is much favored when auxins are used 
along with cytokinins whereas 73.33% (Table 
3) root formation (7 roots of 7.40cm length) 
was observed in the callus derived from 
cotyledon explants and in the case of epicotyl 
derived callus, 69.67% root formation was 
observed with 5.67 roots of 6.33cm in length 
when treated with 1.0mg/L of (BAP) and 
1.0mg/L (NAA) within 17 and 22 days after 
exposure to rooting medium, respectively. 

Regeneration of shoots from both 
cotyledon and epicotyls was found to occur via 
the indirect organogenesis method. It is 
noteworthy that  more  shoots  were  
differentiated on the cotyledon-derived callus 
compare to the epicotyl-derived callus. It 
indicates that lower cytokinin concentrations 
and a significantly higher amount of auxin ratio 
were suitable for root induction. The well-
rooted plantlets were transferred to plastic cups 
containing sterile sand, soil, and vermiculite 
(1:1:1 v/v/v). 84% percent of the plantlets that 
survived during acclimatization and 
acclimatized plants (Fig 1&2(6) were 
transferred to the greenhouse. The regenerated 
plants did not show detectable variation in 
morphological or growth characteristics 
compared to the parent plant. Whereas reports 
show that about 60% of survival plants were 
achieved using soil:sand:manure (1:1:1) 
(Tejavathi et al. 2010) and about 55% of 
survival plants were achieved using 
Vermiculite: sand and red soil mixture (1:1:1) 
was tested (Mohamed et al.  2005).

In vitro induction of organogenesis 
depends on the endogenous concentration of 
plant growth regulators, their distribution in the 
cultured tissue, and interaction with an 
exogenously supplied growth regulator. 
Efficient (83%) shoot organogenesis was 
observed using (BAP) in combination with 
(GA ) from cotyledon derived callus as the 3

similar effect of this combination was noted 
previously (Ananthakrishnan et al.  2003).

To date, there are reports available on 

the culture of horse gram with various explants 
derived from the reliable protocol for mass 
multiplication of plantlets (Tejavathi et al., 
2010). It has been suggested that the tissue 
culture of legumes from cotyledon explants 
has been regarded as a good explants source. In 
this study, were successfully produced from 
the embryogenic callus of M. uniflorum from 
cotyledon and epicotyl explants in the indirect 
organogenesis method.

The explants (young petals and leaves) 
carrying different sets of epigenetic regulators 
will probably decide the regeneration 
conditions (for example, exogenous amino 
acids and plant growth regulators in media) 
and affect the regeneration outcomes (for 
example, cytosine methylation variation in 
regenerates) by mediating responses to 
external stimuli and initiating epigenetic 
alterations that influence adaptation to stresses 
(Miguel and Marum 2011). 

With proper selection of explants and 
optimization of the culture medium and 
hormones, in vitro micropropagation of this 
plant can be carried out successfully. The 
media described in this paper for horse gram 
regeneration was independent of the genotype.

Histo log ica l  s tud ies :  His to log ica l  
observations revealed that the origin of shoot 
buds directly from the cultures of cotyledon 
and epicotyls raised on (MS+BAP) 3.0 µM. As 
the callus grows, it produces small shoots at 
several points of the callus. The shoot 
primordial has shoot apex with young leaf 
primordial. The leaf primordia are curved with 
shortleaf lamina. The mature leaf produced a 
well-developed lamina with homogenous 
mesophyll tissue and lateral veins. The callus 
has a well-differentiated vascular cylinder with 
xylem and phloem. When the shoot develops 
from the callus, the vascular traces originate 
from the main vascular cylinder of the callus 
and enter into the shoot axis. From the shoot 
axis, the vascular traces enter into the leaves to 
form the veins. The young leaves have a small 
collateral vascular bundle and wide 
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parenchymatous shows ground parenchyma 
cells. Small non-glandular trichomes are 
common in the outer (lower) surface of the 
lamina. The shoot apical meristem has 
cytoplasmic callus forming lateral initials of 
leaf primordial and it was grow into mature 
leaves which possess district midrib and lateral 
veins, young leaves are folded into V- or U-
shaped outline (Fig 3). 

CONCLUSION

This study developed an efficient and 
reproducible regeneration protocol via indirect 
organogenesis from the cotyledon and epicotyl 
explants of horse gram, var. paiyur-2. Freshly 
collected seeds are optimal for callus formation 
without affecting the regeneration capability of 
calli with anatomical proof. The formation of 
calli strongly determines the explant's type and 
seed age.  The number of shoots per callus was 
dependent on both the concentration of (BAP) 
used during callus proliferation and the 
combina t ion  of  (BAP)  wi th  (GA )  3

concentration used for shoot formation and 
elongation. The regeneration frequency that we 
reported is high when compared with the 
results obtained in the previous studies. The 
present study concluded that established 
protocol applies to two different explants and 
may therefore be used to regenerate other 
genotypes. The results presented here are 
expected to be helpful for genetic 
transformation study to improve the traits of 
the cultivars. 
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Abstract
Pandanus canaranus is an endemic medicinal plant that has been used for traditional medicines and many pharmaceuti-
cal applications. The current study is the first report for a development of efficient protocol for in vitro regeneration by 
direct or indirect organogenesis, which is necessary for the conservation of this important medicinal plant species. In the 
current study, we standardize the culture medium supplemented with different plant growth regulators (PGRs) of various 
concentrations using shoot tip, leaf, shoot and root meristematic explants. The shoot and root meristematic explants did 
not produce any callus whereas, leaf explants initiated callus combination with 1.5 mgl−1 of each 2ip + BAP PGRs. But, 
there was no further development and the callus was also browned in each and every subculture on same combination of the 
medium contains PGRs. After various PGRs and different concentration tested, cytokinin and auxins were influenced and 
showed multiple shoots formation from the shoot tip explants. The maximum number of multiple shoots and shoot length 
(elongation) were observed with 4 mgl−1 2ip and 3 mgl−1 of each BAP + GA3, respectively. Further, maximum number of 
root induction/development from elongated shoots were observed in the MS medium supplemented with 3 mgl−1 IBA. As 
per our knowledge and references, current study is the first report of successful development and establishment of in vitro 
regeneration in P. canaranus.

Keywords  Pandanus canaranus · Endemic · Medicinal plant · Regeneration · Acclimatization

Abbreviations
PGRs	� Plant growth regulators
MS	� Murashige and Skoog
BAP	� 6-Benzylaminopurine
2ip	� Isopentenyl adenine
GA3	� Gibberellic acid
IBA	� Indole-3-butyric acid
NAA	� Naphthalene acetic acid
Z	� Zeatin
ANOVA	� Analyze of variance

Introduction

Pandanus canaranus belongs to the family Pandanaceae. 
The plants primarily grow in Alappuzha, Pathanamthitta, 
Palakkad, Kannur, Kozhikkode, Wayanad districts in Kerala, 
India (Sasidharan 2004). More than seven hundred species 
of Pandanus genus were reported and distributed in sub-
tropical and tropical regions; approximately 30–40 species 
are known to occur in India (Charterjee and Pakrashi 2001; 
Jose et al. 2016). This plant is also called as “pandan” and is 
native to Asia and tropical regions of Australia. The leaves 
are commonly used for Southeast Asian food preparation 
(Thomson et al. 2006). The five cultivated species, such as 
P. tectorius, P. amaryllyfolius, P. utilis, P. boninesis and P. 
pygmaeus are used for commercial purposes (Stone 1974). 
Though, a majority of species are spiny, some spineless gar-
den varieties have been reported. Moreover, P. leram acts 
as barrier against encroachment of the sea and thus pro-
tects human settlements along the coast lines (Panda et al. 
2000). Previous studies also discovered that coastal vegeta-
tions can play a considerable role in reducing the kinetic 
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energy from a potential tsunami (Mascarenhas and Jayaku-
mar 2008; Thuy et al. 2012). This species is widely planted 
in seashores for tsunami force mitigation (Paterson 2008). 
Anthropogenic destruction of Pandanus plants from its usual 
habitats along rivers, sea shores, and land water bodies and 
their substitution with concrete, stone or other structures is 
among the major reasons for slow decline of screw pines 
(Raina et al. 2004; Jose et al. 2016). It is important that 
we replenish these bio resources via technical intervention 
due to the challenges involved. Simultaneously, particular 
consideration has to be accorded to the very slow growing 
nature and to the actuality that there is shrinkage of suit-
able costal area with the specific microclimatic environment 
required for growth (Jose et al. 2016). The Pandanus genus 
has a lot of natural product which is used for a flavoring and 
food preparation (Son 2019). The leaves and fruits from this 
family are used to treat cold/flu, hepatitis, asthma, boils, and 
cancer, (Meilleur et al. 1997) and fruits are staple foods in 
Micronesia include the Marshall Islands, Federated States 
of Micronesia and Kiribati provide that up to 50% of energy 
intake, the main staple food in Nauru (Kayser 2002). Adults 
regularly consume 20–50 keys every day during the main 
fruiting seasons (Englberger 2003; Adkar and Bhaskar 
2014). Especially, P. tectorius fruits have 60–70% of poly-
phenols were proved and valuable for human health (Wu 
et al. 2019).

This plant can be regenerated through growth and devel-
opment of existing axillary and apical shoots or apical mer-
istems or regeneration of adventitious shoots. The adventi-
tious buds and shoots are formed de novo and meristem start 
from explants. Micropropagation has become a significant 
part of the possible propagation of several plants system 
(Razdan 2003; Iliev et al. 2010). The mass propagation of 
homogeneous, healthy plants through tissue culture is the 
only viable technique for production of huge numbers of 
cloned plants in a short time (Amoo et al. 2012). Conven-
tional propagation is not always sufficient to produce large 
pool of plants to be used for germplasm conservation during 
reintroduction (Behera et al. 2018). However, so far only few 
studies are available on in vitro propagation in Pandanus 

species. Therefore, the present study is aimed to investigate 
the effects of various concentrations of plant growth regula-
tors (PGRs), on in vitro organogenesis from various explants 
to establish a suitable and reproducible protocol for in vitro 
development of P. canaranus.

Materials and methods

Explant preparation and surface sterilization

The plants were initially collected from Nilgiri district, 
Gudalur village, Tamil Nadu and established in the green 
house, Department of Botany, Bharathiar University Coim-
batore, Tamil Nadu, India. The plant specimen was referred 
and authenticated by Botanical Survey of India (Identifica-
tion No: BSI/SRC/5/23/2016/Tech/1788), Southern region 
of Coimbatore. The leaf and shoot tip (Fig. 1) explants were 
used for surface sterilization by washing using running tap 
water for 20 min followed by 2% sodium hypochlorite for 
5 min. Further, sterilized with 70% ethanol for 10 min and 
treated with 0.2% mercuric chloride (HgCl2) for 10 min. 
Finally, the explants were washed 2 or 3 times in sterile 
double distilled water following which, the surface steri-
lized explants were inoculated to medium supplemented 
with various growth regulator combinations under aseptic 
conditions.

Media and culture condition

Murashige and Skoog (1962) medium was supplemented 
with 30 gl−1 sucrose and solidified with 0.8% agar. The pH 
of the medium was adjusted to 5.8 and then autoclaved at 
121 °C for 15 min. Thermo-liable growth regulators were 
added to the post autoclaved media and distributed in to 
test tubes or tissue culture jars under aseptic conditions. 
The explants inoculated in culture tubes were incubated at 
25 ± 2 °C under 16 h light and 8 h dark conditions; irradi-
ance was provided by cool white fluorescence light (Philips, 
India).

Fig. 1   Pandanus canaranus 
habitat and explants used for the 
in vitro culture. a, b Well estab-
lished plants in the university 
campus, c, d shoot tip explants
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Callus induction

The leaf segments, about 5–8 mm in length were excised 
to employ as explants for callus formation (Fig. 2). Various 
concentrations and combinations of cytokines and auxins 
were used such as, BAP (1.0–5.0 mgl−1), BAP + 2ip, (0.5–2.5 
mgl−1), BAP + Z (1.0–5.0 mgl−1) and BAP + Z + NAA 
(1.0–4.0 mgl−1) were tested for the induction of different 
types of callus and the frequency (%) of callus induction 
was measured.

Shoot regeneration

Shoot tip explants (Fig. 3) were grown on MS medium sup-
plemented with various growth regulators with different 
concentrations used for direct organogenesis such as, 2ip 
(1.0–7.0 mgl−1) and 1–5 mgl−1 of each Z, BAP, BAP + NAA, 
BAP + Z, BAP + 2ip for shoot organogenesis. After 25 days 
post inoculation of the explants, shoot tips were subcultured 
in to fresh media, followed by two more rounds of subcul-
ture until a multiple healthy shoots were obtained. The per-
cent of shoot organogenesis and average number of shoots 
per explant was recorded. The regenerated and multiplied 
shoots were transferred to shoot elongation medium contain-
ing 1.0–5.0 mgl−1 of each GA3 alone and in combination 
with BAP.

Root formation

The elongated shoots (3–5 cm long) were subcultured in 
the medium supplemented with 1.0–5.0 mgl−1 of NAA and 
IBA for adventitious rooting development. The number and 
length of the roots was observed followed by calculation of 
percent root formation.

Acclimatization

The plantlets regenerated through direct organogenesis from 
shoot tip explants were gently washed with sterile distilled 
water to eliminate the adhering agar. Moreover, the plant-
lets were once again washed with half strength MS medium 
without any hormones and transferred to the plastic pots 
containing a soilrite for a week in the culture room for ini-
tial acclimatization. Thereafter, the acclimatized plants were 
transferred to plastic pots containing red soil: vermicompost: 
sandy soil (1:1:1 ratio) in the greenhouse to establish com-
plete plants.

Statistical analysis

All the experiments were performed thrice with 10 repli-
cates for each experiment and the results were analyzed by 
one-way ANOVA to calculate the significance of differ-
ence among the treatment means compared using Duncan’s 

Fig. 2   In direct organogenesis of P. canaranus using leaf explants. a, b Leaf explants, c, d initiation of callus, e phenolic compounds segregation

Fig. 3   Direct organogenesis of P. canaranus using shoot tip explants. 
a Shoot tip explants inoculated in the culture medium. b, c Multi-
plication, regeneration and elongation of shoots, d, e initiation and 

development of root system from elongated shoots, f well established 
plantlets, g plantlets transferred to pots for acclimatization
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Multiple Range Test (DMRT) at P < 0.05% level using by 
IBM SPSS 20 software.

Result and discussion

Effect of plant growth regulators on callus induction

Of the P. canaranus leaf explants inoculated in MS-medium 
supplemented with different combination and concentra-
tion of plant growth regulators, callus induction was higher 
(57.33%) with a combination of 1.5 mgl−1 of each BAP and 
2ip hormones. White friable callus was observed within 
45 days after inoculation of leaf explant with the above 
hormonal combination (Table 1 and Fig. 2). While other 
combinations, such as BAP + Zeatin showed between 29.99 
and 35% white friable callus inductions with 1–5 mgl−1 of 
each hormones were tested and also duration of the callus 
induction increased from 45 to 60 days. The 1.0–4.0 mgl−1 
of BAP alone tested showed 26.00–32.75% white friable cal-
lus induction within 60 days. Further, BAP + NAA + Zeatin 
(each 1.0–4.0 mgl−1) combination tested showed higher per-
cent (37.25%) white friable callus induction with 4 mgl−1 of 
each hormone tested, while other concentrations reduced the 
callus induction from 37.25 to 21.70% at 50 days post inocu-
lation of the explants. All three different hormone concentra-
tions and combinations tested showed white friable callus 
whereas, the explants inoculated with kinetin alone did not 
respond to any callus induction even after 60 days of culture 
with 1.0–5.0 mgl−1 hormones tested (Table 1). However, 
the callus initiated from the leaf explants did not develop 
and produced mature calluses and organogenesis. Because, 
the leaf explants released phenolics that exudate to medium 
even with repeated subculture to fresh medium. In previous 
study reported that P. canaranus leaves were observed as 
rich of secondary metabolites such as flavonoids, phenols 
and tannin (Balamurugan et al. 2020). In addition to that, the 
shoot and root meristem (Table S1 & Fig. S1) were tested 
for culturing in the medium supplemented with 1.0–5.0 
mgl−1 of each combination with BAP + Zeatin, BAP + 2ip, 
BAP + NAA + Zeatin and 0.5–2.5 mgl−1 of 2,4-D alone. 
With these hormonal combinations and concentrations tested 
by using shoot and root meristem, none of them induced or 
responded any callus even at 60 days post culture and con-
sequently, the explants were secreted phenolics contents to 
the medium (Table S1 & Fig. S1).

Generally, auxins are necessary for callus induction and 
proliferation, while redifferentiation of callus and forma-
tion of organized structure is brought about with a com-
bination of both cytokinins and auxins (Wang et al. 2008; 
Dhir et al. 2014). Several other studies have demonstrated 

that the MS-medium is one of the best medium for cal-
lus initiation and plant regenerations (Chaudhury and Qu 
2000; Jain et al. 2005; Zhang et al. 2007). PGRs play an 
important role in the induction and development of callus 
from explants. The 2,4-D was induced high level of cal-
lus initiation in some grass species (Li et al. 2006). Fur-
ther, combination of BA with 2,4-D, NAA and IBA, were 
effectively induce the callus formation in Gleditsia caspica 
(Zarinjoei et al. 2014). A research study by Wakte et al 
(2009) observed and demonstrated that, 2,4-D induced 
fragile callus from lateral bud explant of P. amaryllifolius.

Table 1   Effect of different concentration of plant growth regulators 
on callus induction from leaf explants

WF white friable callus
Values are represented as means ± standard error (SE) of triplicate 
determinations and experiments with 10 replicates
Means significantly different to DMRT at (P ≤ 0.05)
a No respond

PGRs (mgl−1) Number 
of days

Callus induction (%) Callus type 
and colour

Control 60 a a

BAP Z
 1 1 60 29.66 ± 1.04f WF
 2 2 32.33 ± 0.76ef WF
 3 3 35.00 ± 0.50de WF
 4 4 40.00 ± 2.17 cd WF
 5 5 34.66 ± 0.28de WF

BAP 2ip
 0.5 0.5 45 35.00 ± 1.80de WF
 1 1 43.33 ± 0.76 cd WF
 1.5 1.5 57.33 ± 0.57a WF
 2 2 51.00 ± 2.02b WF
 2.5 2.5 45.33 ± 1.52c WF

BAP
 1 60 26.00 ± 2.91 fg WF
 2 32.75 ± 2.28ef WF
 3 30.25 ± 3.68efg WF
 4 26.00 ± 2.04 fg WF

BAP Z NAA
 1 1 1 50 21.50 ± 4.62 g WF
 2 2 2 33.50 ± 0.64e WF
 3 3 3 36.50 ± 0.64d WF
 4 4 4 37.25 ± 0.47d WF

Kinetin
 1 60 a a

 2 a a

 3 a a

 4 a a

 5 a a
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Effect of plant growth regulators on shoot induction 
and elongation

Direct organogenesis is regarded as one of the most reliable 
method for clonal propagation as it upholds genetic homog-
eny among progenies. Various concentrations of cytokinins 
and auxins were tested for shoot induction using shoot bud 
explants. Explants inoculated with 1.0–7.0 mgl−1 2ip showed 
3.75–12.25 shoots per explant. Further, maximum number 
of shoots per explant were observed using with 4 mgl−1 
2ip at 75 days post inoculation of the explants (Table 2 and 
Fig. 3). Followed by, explants inoculated with 1.0–5.0 mgl−1 

of BAP showed 2.25–5.50 shoots per explant at 95 days post 
incubation and maximum number of shoots were observed 
with 4 mgl−1 BAP. In medium exposed with Zeatin showed 
2.75–8.25 shoots per explant at 95 days post incubation and 
maximum number of shoots was observed with 4 mgl−1 Zea-
tin (Table 2). In addition to that, explants exposed to 1.0–5.0 
mgl−1 of BAP + Zeatin medium showed 2.0–5.0 shoots per 
explant at 90 days post incubation and maximum number of 
shoots was observed with 2 mgl−1 of each BAP and Zeatin 
tested. Finally, the explants exposed with 1.0–5.0 mgl−1 of 
each BAP and 2ip combination showed 5.0–10.75 shoots 
per explant at 85 days post culture and maximum number of 
shoots were obtained with 3 mgl−1 of each BAP and 2ip used 
(Table 2). In conclusion, the present study showed variation 
in the response of explants with different growth regulators 
and results showed that 4 mgl−1 of 2ip alone tested induced 
and developed good multiple microshoots.

For shoot elongation, regenerated shoots were subcul-
tured into MS medium supplemented with 3 mgl−1 of BAP 
and GA3 and a showed maximum shoot elongation (6.0 cm) 
at 40 days post culture (Table 3). Further, the length of the 
shoot elongation was reduced from 6.0 to 3.25 cm when 
the concentration of the both hormones were increased or 
decreased. While, GA3 alone was tested, the maximum shoot 
elongation was observed at 3.75 cm 40 days post culture 
(Table 3). Cytokinins have a positive effect for axillary bud 
proliferation and coefficients of axillary shoots. Jana and 
Shekhawat (2011a, b) and Balamurugan et al. (2019) already 
reports the mass multiplication of Gloriosa superba using 
leave explants through in vitro culture technique. When 
increased, the concentration of cytokinins also increased 

Table 2   Effect of different growth regulators on shoot induction from 
shoot tip explants

Values are represented as means ± standard error (SE) of triplicate 
determinations and experiments with 10 replicates. Means signifi-
cantly different to DMRT at (P ≤ 0.05)

PGRs (mgl−1) Number of days Number of shoots

Control 95 00
2ip
 1 75 3.75 ± 0.25hi

 2 5.00 ± 0.40efg

 3 8.00 ± 0.40c

 4 12.25 ± 0.47a

 5 10.00 ± 0.40b

 6 7.25 ± 0.47 cd

7  4.00 ± 0.40gh

BAP
 1 95 2.25 ± 0.25jk

 2 3.00 ± 0.40hij

 3 4.50 ± 0.28gh

 4 5.50 ± 0.28ef

 5 2.74 ± 0.25j

Z
 1 95 2.75 ± 0.28j

 2 4.00 ± 0.40gh

 3 5.50 ± 0.28ef

 4 8.25 ± 0.47c

 5 7.00 ± 0.40d

BAP Z
 1 1 90 2.50 ± 0.28j

 2 2 5.00 ± 0.40efg

 3 3 3.50 ± 0.28hi

 4 4 2.50 ± 0.28j

 5 5 2.00 ± 0.40jk

BAP 2ip
 1 1 85 5.25 ± 0.47ef

 2 2 8.00 ± 0.40c

 3 3 10.75 ± 0.47b

 4 4 6.25 ± 0.25de

 5 5 5.00 ± 0.40efg

Table 3   Effect of shoot elongation with different growth regulators 
from in vitro generated shoots

Values are represented as means ± standard error (SE) of triplicate 
determinations and experiments with 10 replicates
Means significantly different to DMRT at (P ≤ 0.05)

PGRs (mgl−1) Number of days Shoots length (cm)

Control 40 00
GA3

 1 40 2.00 ± 0.40e

 2 3.75 ± 0.47bc

 3 3.25 ± 0.25bcd

 4 2.50 ± 0.28cde

 5 2.25 ± 0.25de

BAP GA3

 1 1 0 3.50 ± 0.28bc

 2 2 4.00 ± 0.40bc

 3 3 6.00 ± 0.70a

 4 4 4.25 ± 0.47b

 5 5 3.25 ± 0.75b
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the number of shoots (Liang et al. 2020). The lower con-
centration of auxin and cytokinin promoted the morpho-
genic response exhibit a synergistic effect. Recently, in vitro 
regeneration by using shoot tip explants exposed to MS 
medium containing cytokinins (BA, mT, or Kn) and auxins 
(NAA, IAA) in different concentrations and combinations 
showed stimulatory effect on the regeneration in Pterocar-
pus marsupium (Ahmad et al. 2020). The tender leaf seg-
ments inoculated on MS media supplemented with differ-
ent concentrations of 2,4-D exhibited differential responses 
in callus initiation in Phoenix dactylifera L. (Kurup et al. 
2014). The multiple shoot bud proliferation was observed 
with 0.022 mM of BA tested with stepwise sub-culture of P. 
amaryllifolius (Gangopadhyay et al. 2004). The broad range 
of BAP and NAA are mainly suitable media composition 
for shoot growth and development was reported (Tripathi 
et al. 2018).

There are few reports on micropropagation of Stevia 
plantlets with different explants used for direct and indi-
rect regenerations (Mathur et al. 2017). The number of 
shoots increased when increasing the BAP and constant 
level of Kinetin concentration, further there was insignifi-
cant changes of shoot proliferation with increased Kinetin 
level and study showed that differential responses with each 
cytokinine was tested in P. amaryllifolius (Thimmaraju et al. 
2005). Organogenesis is a complex morphogenetic process 
that involves the formation of monopolar structures of cer-
tain appearance to shoots or roots. Sometimes, cytokinins 
combined with auxins induced the in-vitro shoot organogen-
esis (Saxena et al. 1992). The absence of any kind of growth 
regulator did not produce any shoot proliferation (Dhir and 
Shekhawat 2014a, b). In Gloriosa superba, desirable shoot 
regeneration was observed from corm buds calluses in half 
strength MS medium supplemented with minor concentra-
tion and combination of cytokinins. But shoot initiation was 
decreased, while concentration of cytokines was increased 
(Arumugam and Gopinath 2012). Indirect regeneration 
methods often lead to the somaclonal variation and direct 
regeneration is essential to obtain the true type of plants 
(Ahmad and Anis 2005). The shoot apex explant is an excel-
lent choice for plant regeneration in monocots (Ceasar and 
Ignacimuthu 2010; Ramakrishnan et al. 2013) and induced 
multiple buds when culturing medium was supplemented 
with 2ip (Sharmin et al. 2013). While different explants were 
tested for shoot induction, highest shoots responses were 
observed with transverse thin cell layer segments then com-
pared to shoot apical meristem and nodal explants supple-
mented with various BAP, NAA and kinetin concentrations 
in Boerhaavia difusa (Pandey et al. 2019).

Various concentrations and combinations of BA and Kin 
were tested (0.05–0.54 µM) for multiple shoots emergence 
using shoot tip explants in Ceropegia bulbosa (Dhir and 
Shekhawat 2014a, b). In the current study, similar results 

were observed with multiple shoots induction in the same 
medium supplemented with 2ip followed by shoot elonga-
tion after induction with 0.5–3.0 mgl−1 of GA3 (Jose et al. 
2016).

Effect of plant growth regulators on root induction

To induce roots from elongated shoots, 1.0–5.0 mgl−1 of NAA 
and IBA were tested individually and results showed maxi-
mum root formation (5.75 roots/shoot) with 3 mgl−1 NAA 
used at 35 days post culture, but, only 2.62 cm in length of 
roots was observed (Table 4 & Fig. 3f). When the concen-
tration of the NAA was increased or decreased, the number 
and length of the roots formation was reduced. Maximum 
number of roots (3.25 roots/shoot) was showed with medium 
contains 3 mgl−1 of IBA and increased the length of roots 
with 4.75 cm at 35 days post culture. In our current study 
showed that, IBA induced less number of shoots (3.25) when 
compared to NAA (5.75). The length of roots (4.75 cm) was 
increased when culturing the explants on medium supple-
mented with IBA (Table 4). Generally, root formation and 
developments is very hard and difficult in these plants. The 
induction of healthy roots was observed when the shoots were 
inoculated in full strength medium with or without auxin sup-
plements. Out of the two auxins used for root induction, IBA 
has induced healthier roots, increased in length and is most 
suitable for the species. The acclimatized plantlets have been 
successfully established in the green house or field condition 
and more than 85.3% of transformed plants survived (Table 5). 
All plants were healthy; grow vigorously and are morphologi-
cally similar to in vivo plants. Past studies have shown that, 

Table 4   Effect of root induction with different growth regulators and 
concentration from elongated in vitro shoots

Values are represented as means ± standard error (SE) of triplicate 
determinations and experiments with 10 replicates
Means significantly different to DMRT at (P ≤ 0.05)

PGRs (mgl−1) Number of 
days

Number of roots 
initiation

Roots length (cm)

Control 35 0.5 ± 0.28e 0.87 ± 0.23e

IBA
1 2.25 ± 0.25 cd 3.25 ± 0.25bc

2 3.00 ± 0.40bc 4.00 ± 0.40ab

3 35 3.25 ± 0.25bc 4.75 ± 0.47a

4 2.25 ± 0.28 cd 2.50 ± 0.28 cd

5 1.75 ± 0.25d 2.50 ± 0.64 cd

NAA
1 3.25 ± 0.25bc 1.50 ± 0.28de

2 4.00 ± 0.40b 2.00 ± 0.40de

3 35 5.75 ± 0.47a 2.62 ± 0.37 cd

4 4.00 ± 0.40b 2.50 ± 0.28 cd

5 2.50 ± 0.28 cd 2.25 ± 0.25 cd
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using half strength medium with reduced sucrose level and 
higher percent agar in P. amaryllifolius resulted spontaneous 
development of root formation (Thimmaraju et al. 2005). Root 
induction was observed on half-strength MS-medium supple-
mented with 0.5 mgl−1 NAA in Jatropha curcas (Astha et al. 
2006). The effective root formation was showed in Catharan-
thus roseus when the combination of IBA and BA were used 
(Junaid et al. 2007). In Acorus calamus, shoots induction was 
increased when the auxiliary bud explants were cultured in the 
medium contain Kinetin and also IBA induced and developed 
healthy roots (Sharma and Sharma 2017).

IBA was more effective for root induction than IAA (Jana 
and Shekhawat 2011a, b). Higher concentrations of NAA 
or IBA induced more number of roots in Scaevola seri-
cea (Liang et al. 2020). Salvadora persica showed highest 
percentage of root induction in half strength MS-medium 
supplemented with 3.0 mgl−1 IBA (Mathur et al. 2002a, b). 
A single white stilt root was produced when shoots were 
cultured in the semi-solid charcoal medium supported with 
filter paper wraps; thick roots were also observed to develop 
when increasing the agar concentration. Screw pines were 
transferred to polybags containing sand soil and cow dung 
(2:1) kept in a shade house conditions for acclimatization 
with regular irrigations (Jose et al. 2016). In Azadirachta 
indica, 80–83.5% of plantlets survived and were transferred 
to the pots for hardening and final transfer to field condi-
tions (Shekhawat et al. 2009). 60–70% of in vitro developed 
Salvadora persica plantlets were successfully transplanted 
to garden followed by establishment in natural conditions 
(Mathur et al. 2002a, b). Growing large number of Pandanus 
species in the coastal area should improve the coastal veg-
etation and reduced the tsunami energy and other natural 
calamities in the coastal zone (Tsuji et al. 1995; Lynett et al. 
2003; Danielsen et al. 2005).

Conclusion

An efficient regeneration and reliable in vitro protocol for 
clonal propagation of shoot tip explants of P. canaranus was 
successfully developed. This is the first report of an in vitro 

regenerated protocol for this species. This reproducible 
protocol has been efficiently adopted for mass production 
of clonally uniform plantlets. Furthermore, development 
of complete plantlets by indirect organogenesis from leaf, 
shoot and root meristem needs to be studied by optimizing 
the culture medium, growth hormones and various other fac-
tors that will influence the efficient regeneration.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42535-​021-​00218-w.
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ABSTRACT 

 

Zinc oxide (ZnO) has special physical and chemical characteristics which enable it to be utilized in 

numerous applications including electronics, sunscreens, pigments, and most notably in biomedical 

applications. Nanoemulsions containing zinc oxide nanoparticles (ZnO NPs) are progressively sought-

after as an active component in cosmetic formulations and are used in sunscreens, moisturizers, and 

antiaging products. Zinc paste bandages including Unna boot consist of open wove cotton gauze treated 

with ZnO paste are now common medicaments for leg ulcers. The damaged and broken skins are 

vulnerable to ZnO NPs uptake. This being the case, ZnO NPs on the skin surface can affect the 

functions of surrounding cells in numerous ways by penetrating into the skin cells. This could exert 

toxicity effects on the skin cells over time depending on the concentration and site of ZnO NPs 

exposure. This review brings together some findings regarding the toxicity of ZnO NPs on human skin 

dermal cells and thus in turn enlightens the safer usage of ZnO NPs in skin care applications. 
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1 Introduction  

Richard Feynman, the Nobel Prize winner in 1959, was the 

foremost to foresee the advent of modern technology that might 

work with materials on just a range of 1–100 nm. 

Nanotechnology's true promise lies in the potential for 

manipulating materials at the same unimaginably small scale 

(Tocco et al., 2012). The reverberations that nanotechnology has in 

our lives at this moment in time are mountainous. Current 

implementations contribute to the instigation of devices, systems, 

and structures that are capable of revolutionizing medical 

therapeutics and diagnostics which have yet to be seen 

(Rajeshkumar et al., 2019). According to a study from the 

Consumer Product Inventory of Nanotechnology, silver 

nanoparticles (Ag NPs) are the most commonly used nanomaterials 

as they are present in 435 (24%) consumer products on the market 

(Therapeutic Goods Administration, 2006; Vance et al., 2015; 

Zhang et al., 2016). 

 

Most of the metal nanoparticles (MNPs) such as copper oxide, 

magnesium oxide, silver, and zinc oxide nanoparticles exhibit 

antimicrobial properties that have been imparted into the 

packaging to kill harmful microorganisms (Makhlouf &Tiginyanu, 

2011). In this regard, antimicrobial MNPs have positive results in 

hindering food deterioration as well as prolonging food’s shelf life 

because of the intrinsic physicochemical properties of inorganic 

MNPs which enable the unrestrained development of reactive 

oxygen species (ROS) that primes to oxidative stress and ensuing 

cell damage (Fu et al., 2014). Given their low toxicity, price, and 

ultraviolet barrier properties, zinc oxide nanoparticles (ZnO NPs) 

are favored over Ag NPs (Chaudhry et al., 2008; Llorens et al., 

2012). Drug delivery has drawn awareness of researchers and 

pharmaceutical companies that nano-mediated systems could 

constitute an acceptable exchange therapy for conventional drugs 

since they can provide a more impactful drug build-up in the site of 

infection with reduced side effects (Grumezescu, 2016). 

2 Zinc Oxide Nanoparticles 

Since the early 1960s, ZnO has been synthesized in thin films to be 

used as catalysts, sensors, and transducers. Due to its distinctive 

and precise properties, ZnO has attracted attention for a broad 

array of applications like those of electrical conductors, optical 

(pigment applications), and thermal since it is stable at 

temperatures more than 1800°C (Moezzi et al., 2012). Zinc oxide 

nanoparticles (ZnO NPs) are also known as oxydatum, ketozinc, 

permanent white, zincioxicum, and oxozinc (AZoNano, 2013). 

ZnO NPs have inherent qualities determined primarily by size, 

crystallinity, composition, and morphology. Their characteristics, 

such as morphological, chemical, and mechanical features, alter 

concerning the nanometer level. In addition to the stated 

properties, ZnO NPs also have a high electrochemical coupling  

coefficient, high chemical stability, and high photostability 

(Kołodziejczak-Radzimska & Jesionowski, 2014). Not only ZnO 

NPs work as credible physical ultraviolet A (320-400 nm) as well 

as ultraviolet B (290-320 nm) filters (Nohynek et al., 2007; 

Zvyagin et al., 2008) that are present in sunscreens to shield users 

from the damaging outcomes of UV rays (Maverakis et al., 2010; 

Djearamane et al., 2019), it also reduces the reliance on 

systemically absorbable chemical sunscreen agents (Gonzalez et 

al., 2006). These formulations aimed to shield the skin from sun-

induced erythema, decrease photoaging as well as possibly 

decrease the likelihood of skin cancer (Holmes et al., 2016) by 

lingering at or close by the surface of the skin because there is no 

reasoning for their entry into the skin (Gamer et al., 2006; Cross et 

al., 2007). However, contact with ZnO NPs through the usage of 

consumer products and also through occupational and 

environmental exposure might bring health hazards to humans. 

3 Toxicity of ZnO NPs on Skin Cells 

The skin as the body's key defence organ is well equipped to halt 

the penetration of materials through its surface (Lin et al., 2015). 

Mammalian skin is divided into many layers: stratum corneum 

(SC), epidermis, dermis, and subcutaneous layer. SC is the 

barricade that limits the penetration rate of many topically applied 

materials (Schaefer et al., 2003). Nanomaterials including nano-

emulsions made up of oils, emulsifiers and aqueous vehicles are 

being processed to create a stable network of nano sized globules 

that are increasingly popular in cosmetics and medicine (Nohynek 

et al., 2007). For instance, the Nano Gel platform developed by 

Tri-K Industries presents a simplistic production process for 

refined nanoemulsion products that prevents transepidermal water 

loss (TEWL) and enables it suitable for many applications 

including anti-aging products, moisturizers, and sunscreens 

(Müller et al., 2002). 

Zinc is an essential micronutrient for human health (Rostan et al., 

2002). Zinc has a prominent part in influencing each stage of the 

wound alleviating phase; from membrane restoration, oxidative 

stress, coagulation, inflammation, and immune response, tissue re-

epithelialization, angiogenesis, to scarring (Sekhon & Sen Gupta, 

2017). Zinc is particularly essential to the skin (Rostan et al., 2002) 

because the skin contains high zinc in the epidermis (Gupta et al., 

2014). Because of its multitude in the epidermis, a slight zinc 

inadequacy can lead to coarsened skin and hinder the curing of 

wounds (Lansdown et al., 2007). Unna boot bandages of zinc paste 

comprised of open wove cotton gauze infused with ZnO paste 

persist as the traditional procedure for leg ulcers (Williams, 1999). 

Numerous factors possibly influence the absorption of ZnO NPs 

into the skin following its superficial application. Firstly, the 

surface area to volume ratio increases with smaller NP’s that 

enhances the reactivity of NPs with penetration capacity into the 
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skin. The amount of cellular uptake of NPs increases with the 

decrease of size as the submicron ZnO or ZnO microparticles 

penetrate slower than ZnO NPs (He et al., 2010; Reed et al., 2012). 

Secondly, the type of zinc ion formed following ZnO dissolution 

and then readiness to penetrate into the skin cells is pH-dependent. 

The rate of dissolution of ZnO into Zn
2+ 

is faster at lower pH (Han 

et al., 2010; Bian et al., 2011). Thirdly, high pH (>9) or low pH 

(<3) damages human skin integrity which brings the risk of NPs 

entry into the skin cells (Holmes et al., 2016). Fourthly, the 

capability of zinc ions and ZnO to traverse the SC is reliant on the 

essence of their engagement with the SC (Hostynek, 2003). The 

noticeably elevated uptake of Zn in human skin at lower pH 

occurred because human SC is semipermeable for cations as Zn is 

in the cationic form at lower pH (LareseFilon et al., 2011). Lastly, 

in the topical formulations, zinc absorption into the skin cells is 

determined by the concentration of zinc present in the topically 

applied substance (Zhong, 2004). 

The controversy regarding the safety of ZnO to humans began in 

the late 1990s when ZnO had been utilized for obstructing UV 

radiation in sunscreens. Studies indicated that ZnO NPs cannot 

cross the skin barrier, so it stays on the skin's external layer and 

therefore does not cause toxicity (Klingshirn, 2007; Moezzi et al., 

2012). Furthermore, ZnO NPs pooled on the exterior of skin and 

inside the skin furrows through the intact epidermis have not been 

reported to penetrate or cause cellular toxicity. Mohammed et al. 

(2019) also concluded the safe use of sunscreen products. 

However, the dermal absorption of  ZnO has been documented 

with a ZnO cream (Triple Treatment, Smith & Nephew, Hull, UK) 

administered on the forearm for a duration of 3 hours (Gorodetsky 

et al., 1999). Another report showed low zinc ion uptake by skin in 

normozincemic humans through topical ZnO (Hostýnek et al., 

1993). When the superficial keratinocytes are shed off naturally, 

the zinc ion in the epidermal keratin will be gone while a portion 

of zinc entering deeper skin layers will then be taken up into the 

circulatory system (Lansdown et al., 2007). Although topically 

spread ZnO does not enter the viable epidermis, ZnO hydrolyzes 

on the skin superficial, which raises the zinc ion concentration in 

SC and the epidermis, thus in the systemic circulation as well as in 

urine (Holmes et al., 2016). It has been mentioned that little 

quantities of zinc from ZnO do get absorbed through the human 

skin (Hayden et al., 1997). Zyyagin et al. (2008) demonstrated that 

the caprylic capric triglycerides formulation of ZnO NPs 

encouraged the passive diffusion of NPs through the lipophilic 

intercellular passage. This passage depicts the fundamental 

transdermal penetration pathway. ZnO NPs mineral constituents 

are found on the skin barrier as well as in the region of desquaming 

corne ocytes is shown by electron micrographs of human skin 

(Zvyagin et al., 2008; Espitia et al., 2012). At lower pH, more ZnO 

undergoes acid-catalyzed hydrolysis to liberate zinc ions. Zn
2+

will 

be the main ion in the solution and that zinc ion penetrates the SC 

and thence into the viable epidermis (Bian et al., 2011). An 

insoluble precipitate forms at pH 9 as the zinc is in the Zn(OH)2(s) 

form because of the existence of a zero charge point at around pH 

9.4. Hence, the amount of zinc ions accessible to pass through the 

skin is lesser at higher pH due to a decrease in Zn(OH)
+
 ions 

dissolution (Holmes et al., 2016). The uncertainty now is if the rise 

in free zinc may affect the intracellular zinc homeostasis. Studies 

on the toxicity of skin cells by differing labile zinc concentrations 

are doubtful. It turned out to be that the viability of human skin 

fibroblasts with the company from oxidative stress from UVB as 

well as UVA radiation has been assisted with the rise in 

intracellular zinc (Richard et al., 1993). 

The clinical relevance of the transdermal route in alleviating the 

symptoms of zinc deficiency is uncertain. After covering the 

extensive skin areas using topical ZnO in petrolatum, neither 

Morgan et al. (1980) nor Derry et al. (1983) managed to track an 

elevated serum zinc level. Systemic zinc uptake by topical zinc is 

significantly enhanced in the absence of a skin barrier. Following 

the usage of ZnO-medicated adhesive dressing, serum zinc 

concentration elevated was reported among the victims of 

substantial partial-thickness as well as a full-thickness burn injury. 

There were no substantial variations in serum zinc among ZnO-

treated and control-treated patients with small wounds about 10cm
2
 

(Lansdown et al., 2007). Skin diseases like psoriasis vulgaris 

produce hyperkeratosis that might end in reduced topically applied 

substance uptake (Korting et al., 1990). This is reasoned by the 

thickening of the epidermis as a result of inflamed skin which 

ultimately enhances the skin as a barricade (Walker et al., 2003). 

Other skin diseases such as eczema and podoconiosis 

(elephantiasis) with rupture in the SC permit the penetration of 

topically applied substances as the reduction in the barrier capacity 

of the skin (Korting et al., 1990). Hence, the studies have 

confirmed that the damaged skin is susceptible to ZnO uptake 

(Williams, 1999, Walker et al., 2003, Lansdown et al., 2007). 

Earlier studies reported that exogenous zinc ions are useful as they 

can avoid herpes infections (Read et al., 2019) and serve to shield 

the skin as an antioxidant (Prasad, 2014). Two modes of action 

involving zinc ions applied topically as an antioxidant was 

suggested. Firstly, Zn
2+ 

substitutes Fe
2+

 and Cu
2+

 on cell 

membranes along with proteins. Secondly, Zn
2+

 might stimulate 

metallothione in forming a zinc-thiolate moiety that operates as a 

chelating agent for damaging free radicals (Rostan et al., 2002). In 

a hamster ear experiment, the topical formulation of zinc ions was 

proven to simulate metallothionein. The skin contains 

metallothionein, which will cling to additional labile zinc to ensure 

an ideal concentration of zinc ions. Small concentrations of free 

zinc originating from ZnO that enter intact skin may be 

advantageous to serve as an antioxidant (Morgan et al. 1993). 
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Besides, when ZnO NPs undergoes hydrolysis, it produces zinc 

ions and reactive oxygen species (ROS). This further activates 

different cytotoxic pathways such as intracellular calcium flux, 

plasma membrane leakage, and mitochondrial depolarization 

(George et al., 2009). 

Conclusion and Recommendation for Future Research 

From the earlier study findings, it is evident that ZnO NPs do not 

penetrate the intact healthy skin and therefore do not cause toxicity 

effect. On the other hand, some studies have reported the 

penetration of zinc ions through the stratum corneum of damaged 

and compromised skin. The information regarding the toxic effects 

of ZnO NPs in skin cells is scarce. Therefore, future research 

studies are needed in both in vitro and in vivo to address the dose 

and duration of exposure required causing the potential toxic 

effects of ZnO NPs upon entry into the skin cells. 
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Abstract. The two popular research of interests in graph theory are dominating set theory
and metric dimension theory. The two no tions can clearly model the real life problems and
give a breakthrough to analysing a graph representation in term of distance and domination. In
this paper, we try to combine the two concepts, it rises a new notion, namely a resolving strong
domination set. A set RD ⊂ V (H) is said to be a resolving strong domination of H if RD

satisfies two conditions, namely resolving set and strong dominating set in H . The minimum
cardinality of RD such that RD satisfies resolving set and strong dominating set is called the
resolving strong domination number of H , denoted by γrst(H). In this paper, we have obtained
the exact value of the resolving strong domination number of corona and cartesian product of
graphs, i.e. the corona and cartesian product of path and cycles.

1 Introduction

A graph (also known as an undirected graph or a simple graph to distinguish it from a multi-
graph) is a pair of H = (V,E), where V is a set of vertices (singular: vertex) and E is a set
of paired vertices with elements called edges (sometimes links or lines). In this study, we only
use a finite, simple, un-directed and connected graph. In graph H , the vertex set V represents
some elements, they could be computers, cities, bus, train, plane, etc and the edge set E repre-
sents some connection or relation between those elements. For detail definition of graph and its
elements, it can be referred to Chartrand et. al [1].

The two popular research of interests in graph are dominating set theory and metric dimension
theory. The two notions can clearly model the real life problems and give a breakthrough to
analysing a graph representation in term of distance and domination. We refer to Slater [2] for
the concept of resolving set of graph. Let H be a connected graph of order p and let W =
{v1, v2, ..., vk} be an ordered set of vertices of G. For a vertex u of G, the k-vector r(u|W ) =
(d(u, v1), d(u, v2), ..., d(u, vk)), where d(u, v) represents the distance between the vertices u and
v, is called the representation of vertices with respect to W . The set W is a resolving set for H
if r(u|W ) = r(v|W ) implies that u = v for every pair u, v of vertices of H . A resolving set of
minimum cardinality is called a minimum resolving set. The minimum cardinality of resolving
set ofH is its dimension ofH , denoted by dim(H). The concepts of resolving set and minimum
resolving set have previously appeared in the literature [2, 3].

A subset D of the vertex set V of a graph H is said to be a dominating set of H if every
vertex in D − V is adjacent to a vertex in D . The minimum cardinality of a dominating set
is called the domination number of H and is denoted by γ(H)[4]. In this paper we study a
variant of this classical notion, namely the strong domination. A set D ⊆ V is called a strong
dominating set if for every vertex v ∈ V −D, there exists a vertex u ∈ D such that uv ∈ E(H)
and deg(u) ≥ deg(v). The minimum cardinality of a strong dominating set is called the strong
domination number of H and is denoted by γst(H) [5, 6].

We initiate to study a new notion, namely the combination resolving set and strong dominat-
ing set. A set RD ⊂ V (H) is said to be a resolving strong domination of H if RD satisfies two

Administrator
Rectangle
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conditions, namely resolving set and strong dominating set in H . The minimum cardinality of
RD such that RD satisfies resolving set and strong dominating set is called the resolving strong
domination number of H , denoted by γrst(H). Dafik et al [10] have obtained the bound of the
resolving strong domination number of any graph. Furthermore, Wardani et al [7, 8, 9] have de-
termined some results on the domination number of some graphs, while Dafik et al have studied
the resolving domination number of some graphs in [10, 11].

Lemma 1.1. [10] The strong domination number of any graph H satistisfies

max{γst(H), dim(H)} ≤ γrst(H) ≤ min{γst(H) + dim(H), |V (H)| − 1}.

Now, we recall the definition of corona and cartesian product of graphs. Let H1 and H2 be
two graphs of order n and m, respectively. The corona product of graph H1 and H2, denoted
by H1 � H2 is defined as the graph obtained from H1 and H2 by taking one copy of H1 and n
copies of H2 and joining by an edge each vertex from the ith-copy of H2 with the ith-vertex of
H1. While the cartesian product of H1 and H2 denoted by H1 ×H2 is the graph of order n×m
with vertex set V (H1) × V (H2) = {(x, y)|x ∈ V (H1) and y ∈ V (H2)} such that two vertices
(x, y), (x′, y′) are adjacent if only if either x = x′ in H1 and yy′ in E(H2) or xx′ in E(H1) and
y = y′ in H2. Iswadi �et. al stated the exact value of dimension number of corona product of any
two graphs as follows.

Theorem 1.2. [12] Let G,H be connected graph, with H with order of at least 2. The dimension
number of dim(G�H) is

dim(G�H) =

{
|G|dim(H), if H contains a dominant vertex;
|G|dim(K1 +H), otherwise

From now on, we start to give our result on resolving strong domination number in the fol-
lowing sections.

2 The Resolving Strong Domination Number of Corona Product Graphs

We have obtained the resolving strong domination number of the corona product of graphs, i.e.
path and cycle, denoted by γrst(Pn � Pm).

Theorem 2.1. For every positive integer n,m ≥ 3,

γrst(Pn � Pm) = n
⌈m

2

⌉
.

Proof. Graph Pn � Pm is a connected graph with vertex set V (Pn � Pm) = {xi; 1 ≤ i ≤ n} ∪
{yij ; 1 ≤ j ≤ m, 1 ≤ i ≤ n} and edge set E(Pn�Pm) = {xixi+1; 1 ≤ i ≤ n−1}∪{yijyij+1; 1 ≤
j ≤ m−1, 1 ≤ i ≤ n}∪{xiyij ; 1 ≤ j ≤ m, 1 ≤ i ≤ n}. The cardinality of vertex set V (Pn�Pm)
is n+m and the cardinality of edge set E(Pn � Pm) is 2nm− 1.

We divide two cases to show the proof. First, determining the lower bound and upper bound
of γrst(Pn � Pm). We use Lemma 1.1 to show the lower bound of γrst(Pn � Pm), thus we have
γrst(Pn � Pm) ≥ max{γst(Pn � Pm), dim(Pn � Pm)}. Based on Theorem 1.2 we know that
dim(Pn � Pm) = n dim(K1 + Pm) = ndm2 e. It is easy to see that γst(Pn � Pm) = n. Hence, it
implies

γrst(Pn � Pm) ≥ max{γst(Pn � Pm), dim(Pn � Pm)}

= max{n, ndm2 e} = n
⌈
m
2

⌉
Furthermore, we determine the upper bound of γrst(Pn � Pm) by defining the resolving strong
dominating set RD(Pn � Pm). By considering the above vertex and edge sets, we define the
following resolving strong dominating set RD = {xi, yij ; 1 ≤ i ≤ n, 2 ≤ j ≤ m − 1 and j ≡
0(mod2)}.

Secondly, we need to show the distinction of r(u|RD) showing the distance between the
vertices u ∈ V (Pn � Pm) and v ∈ RD. They are all different and it can be shown in Table 1. It
concludes the proof. 2
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Table 1. The distinction of r(u|RD) where u ∈ V (Pn � Pm)

y4
1

x1 x2 x3 x4 xn...

y1
1 y1

3 y1
5y1

2 y1
4 y2

1 y2
4 y2

5y2
2 y2

3 y3
1 y3

2 y3
3 y3

4 y3
5 y4

2 y4
3 y4

4 y4
5

Figure 1. The illustration of the resolving strong dominating set of P4 � P5

For more detail explanation, we give an illustration of the resolving strong domination of
P4 � P5 in Figure 1. Based on the Figure 1, the resolving strong dominating set RD(P4 � P5) =

{x1, x2, x3, x4, y
1
2 , y

1
4 , y

2
2 , y

2
4 , y

3
2 , y

3
4 , y

4
2 , y

4
4}. Thus γrst(P4 � C5) = 4

⌈
5
2

⌉
= 12. We present the

r(u|RD) showing the distance between the vertices u ∈ V (P4�P5) and v ∈ RD in the following.

x1 = (0, 1, 2, 3, 1, 1, 2, 2, 3, 3, 4, 4), x2 = (1, 0, 1, 2, 2, 2, 1, 1, 2, 2, 3, 3),
x3 = (2, 1, 0, 1, 3, 3, 2, 2, 1, 1, 2, 2), x4 = (2, 1, 0, 1, 3, 3, 2, 2, 1, 1, 2, 2),
y1

1 = (1, 2, 3, 4, 1, 2, 3, 3, 4, 4, 5, 5), y1
2 = (1, 2, 3, 4, 0, 2, 3, 3, 4, 4, 5, 5),

y1
3 = (1, 2, 3, 4, 1, 1, 3, 3, 4, 4, 5, 5), y1

4 = (1, 2, 3, 4, 2, 0, 3, 3, 4, 4, 5, 5),
y1

5 = (1, 2, 3, 4, 2, 1, 3, 3, 4, 4, 5, 5), y2
1 = (2, 1, 2, 3, 3, 3, 1, 2, 3, 3, 4, 4),

y2
2 = (2, 1, 2, 3, 3, 3, 0, 2, 3, 3, 4, 4), y2

3 = (2, 1, 2, 3, 3, 3, 1, 1, 3, 3, 4, 4),
y2

4 = (2, 1, 2, 3, 3, 3, 2, 0, 3, 3, 4, 4), y2
5 = (2, 1, 2, 3, 3, 3, 2, 1, 3, 3, 4, 4),

y3
1 = (3, 2, 1, 2, 4, 4, 3, 3, 1, 2, 3, 3), y3

2 = (3, 2, 1, 2, 4, 4, 3, 3, 0, 2, 3, 3),
y3

3 = (3, 2, 1, 2, 4, 4, 3, 3, 1, 1, 3, 3), y3
4 = (3, 2, 1, 2, 4, 4, 3, 3, 2, 0, 3, 3),

y3
5 = (3, 2, 1, 2, 4, 4, 3, 3, 2, 1, 3, 3), y4

1 = (4, 3, 2, 1, 5, 5, 4, 4, 3, 3, 1, 2),
y4

2 = (4, 3, 2, 1, 5, 5, 4, 4, 3, 3, 0, 2), y4
3 = (4, 3, 2, 1, 5, 5, 4, 4, 3, 3, 1, 1),

y4
4 = (4, 3, 2, 1, 5, 5, 4, 4, 3, 3, 2, 0), y4

5 = (4, 3, 2, 1, 5, 5, 4, 4, 3, 3, 2, 1).

Theorem 2.2. For every positive integer n,m ≥ 3,

γrst(Pn � Cm) = n
⌈m

2

⌉
.

Proof. Graph Pn � Cm is a connected graph with vertex set V (Pn � Cm) = {xi; 1 ≤ i ≤ n} ∪
{yij ; 1 ≤ j ≤ m, 1 ≤ i ≤ n} and edge set E(Pn�Cm) = {xixi+1; 1 ≤ i ≤ n−1}∪{yijyij+1; 1 ≤
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j ≤ m− 1, 1 ≤ i ≤ n} ∪ {yiiyim; 1 ≤ i ≤ n} ∪ {xiyij ; 1 ≤ j ≤ m, 1 ≤ i ≤ n}. The cardinality of
vertex set V (Pn � Cm) is n+m and the cardinality of edge set E(Pn � Cm) is 2nm+ n− 1.

To prove this theorem, We divide two cases, namely determining the lower bound and upper
bound of γrst(Pn � Cm). We use Lemma 1.1 to show the lower bound of γrst(Pn � Cm), thus
we have γrst(Pn � Cm) ≥ max{γst(Pn � Cm), dim(Pn � Cm)}. Based on Theorem 1.2 we
know that dim(Pn�Cm) = n dim(K1 +Cm) = ndm2 e. It is easy to see that γst(Pn�Cm) = n.
Hence, it implies

γrst(Pn � Cm) ≥ max{γst(Pn � Cm), dim(Pn � Cm)}

= max{n, ndm2 e} = n
⌈
m
2

⌉
Furthermore, we determine the upper bound of γrst(Pn � Cm) by defining the resolving strong
dominating set RD(Pn � Cm). By considering the above vertex and edge sets, we define the
following resolving strong dominating set RD = {xi, yij ; 1 ≤ i ≤ n, 2 ≤ j ≤ m − 1 and j ≡
0(mod2)}.

Secondly, we need to show the distinction of r(u|RD) showing the distance between the
vertices u ∈ V (Pn � Cm) and v ∈ RD. They are all different and it can be shown in Table 1. It
completes the proof. 2

3 The Resolving Strong Domination Number of Cartesian Product Graphs

In this section, We show two theorems on the resolving strong domination of the cartesian prod-
uct of graphs, namely path and cycle. The definition of this graph are shown in the introduction.

Theorem 3.1. For every positive integer n,m ≥ 3 and m ≥ n,

γrst(Pn × Pm) =

{
n+ 1, if m = 3
dm3 en, otherwise

Proof. Path graph, namely Pn and Pm have vertex set V (Pn) = {u1, u2, u3, . . . , un and V (Pm) =
{v1, v2, v3, . . . , vm}, respectively. Graph Pn×Pm is a connected graph with vertex set {(u, v)|u ∈
V (Pn) and v ∈ V (Pm), such that two vertices (u1, v1), (u2, v2) are adjacent if only if either
u1 = u2 in Pn and v1v2 in E(Pm) or u1u2 in E(Pn) and v1 = v2 in Pm. We divide two cases to
show the proof.
Case 1. For m = 3.
First, determining the lower bound and upper bound of γrst(Pn×P3). We use Lemma 1.1 to show
the lower bound of γrst(Pn×P3), thus we have γrst(Pn×P3) ≥ max{γst(Pn×P3), dim(Pn×
P3)}. We know that γst(Pn × P3) = n and dim(Pn × P3) = 2. Hence, it implies

γrst(Pn × P3) ≥ max{γst(Pn × P3), dim(Pn × P3)}
= max{n, 2} = n

Furthermore, we determine the upper bound of γrst(Pn×P3) by defining the resolving strong
dominating set RD(Pn × P3). Suppose RD(Pn × P3) = {(ui, v2) : 1 ≤ i ≤ n} and we
illustrate this resolving strong dominating set in Figure 2. Based on the illustration in Figure 2,
the vertices (ui, v1) and (ui, v3) will receive the same representation for 1 ≤ i ≤ n. Hence, we
add 1 vertex to the resolving strong dominating set RD(Pn × P3), such that the representations
of vertices in V (Pn × P3) are all distinct. The resolving strong dominating set of (Pn × P3) is
RD(Pn × P3) = {(u2, v1), (ui, v2) : 1 ≤ i ≤ n}, see Figure 3 to this illustration. Based on the
Figure 3, we give the all representation of each vertex in V (Pn × P3) in the following.

(u1, v1) = (1, 1, 2, 3, ..., n− 2, n− 1, n)
(u2, v1) = (0, 2, 1, 2, ..., n− 3, n− 2, n− 1)
(u3, v1) = (1, 3, 2, 1, ..., n− 4, n− 3, n− 2)

...
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Figure 2. The illustration of the resolving strong dominating set of Pn � P3.

Figure 3. The illustration of the resolving strong dominating set of Pn � P3.

(un−1, v1) = (n− 3, n− 1, n− 2, n− 3, ..., 2, 1, 2)
(un, v1) = (n− 2, n, n− 1, n− 2, ..., 3, 2, 1)
(u1, v2) = (2, 0, 1, 2, ..., n− 3, n− 2, n− 1)
(u2, v2) = (1, 1, 0, 1, ..., n− 4, n− 3, n− 2)
(u3, v2) = (2, 2, 1, 0, ..., n− 5, n− 4, n− 3)

...
(un−1, v2) = (n− 2, n− 2, n− 3, n− 4, ..., 3, 2, 1)
(un, v2) = (n− 1, n− 1, n− 2, n− 3, ..., 2, 1, 0)

(u1, v3) = (3, 1, 2, 3, ..., n− 2, n− 1, n)
(u2, v3) = (2, 2, 1, 2, ..., n− 3, n− 2, n− 1)
(u3, v3) = (3, 3, 2, 1, ..., n− 4, n− 3, n− 2)

...
(un−1, v3) = (n− 1, n− 1, n− 2, n− 3, ..., 2, 1, 2)

(un, v3) = (n, n, n− 1, n− 2, ..., 3, 2, 1)

It It completes the proof that γrst(Pn × P3) = n+ 1 for m = 3. 2

Case 2. For m otherwise.
First, determining the lower bound and upper bound of γrst(Pn × Pm). We use Lemma 1.1
to show the lower bound of γrst(Pn × Pm), thus we have γrst(Pn × Pm) ≥ max{γst(Pn ×
Pm), dim(Pn ×Pm)}. We know that γst(Pn ×Pm) =

⌈
m
3

⌉
n and dim(Pn ×Pm) = 2. Hence, it

implies

γrst(Pn × Pm) ≥ max{γst(Pn × Pm), dim(Pn × Pm)}

= max{
⌈
m
3

⌉
n, 2} =

⌈
m
3

⌉
n

Furthermore, we determine the upper bound of γrst(Pn × Pm) by defining the resolving
strong dominating set RD(Pn × Pm). We divide three cases for defining the resolving strong
dominating set of (Pn × Pm), namely

(i) For m ≡ 0(mod), RD(Pn × Pm) = {(ul, vk) : 1 ≤ l ≤ n, 1 ≤ k ≤ m and k ≡ 2(mod 3)}

(ii) For m ≡ 2(mod), RD(Pn × Pm) = {(ul, vm−1), (ul, vk) : 1 ≤ l ≤ n, 1 ≤ k < m and k ≡
2(mod 3)}

(iii) For m ≡ 1(mod), RD(Pn × Pm) = {(ul, vm−1), (ul, vk) : 1 ≤ l ≤ n, 1 ≤ k < m −
1 and k ≡ 2(mod 3)}
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Let the representations of each vertex in V (Pn × Pm) to RD is r[(ui, vj)|RD] = (αk
l : 1 ≤ l ≤

n, 1 ≤ k ≤ m and k ≡ 2(mod 3)). αk
l is a distance of a vertex (ui, vj) ∈ V (Pn × Pm) to every

vertices in RD(Pn × Pm) by the function f : d[(ui, vj), RD(Pn × Pm)] −→ αk
l , where

αk
l =

{
l − i+ |j − k|, if i ≤ l
i− l+ |j − k|, if i > l

It easy to see that the representations of vertices in V (Pn×P3) are all distinct. It It completes
the proof that γrst(Pn × P3) =

⌈
m
3

⌉
n for m otherwise. 2

Theorem 3.2. For every positive integer n,m ≥ 3 and m ≥ n,

γrst(Pn × Cm) =

{
n+ 1, if m = 3
dm3 en, otherwise

Let Pn and Cm are path and cycle graph, respectively. The vertex set of path is V (Pn) =
{u1, u2, u3, . . . , un and vertex set of cycle is V (Cm) = {v1, v2, v3, . . . , vm}. Graph Pn × Cm is
a connected graph with vertex set {(u, v)|u ∈ V (Pn) and v ∈ V (Cm), such that two vertices
(u1, v1), (u2, v2) are adjacent if only if either u1 = u2 in Pn and v1v2 in E(Cm) or u1u2 in E(Pn)
and v1 = v2 in Cm. We divide into two cases to prove the resolving strong domination number
of Pn × Cm.
Case 1. For m = 3.
First, determining the lowerbound and upperbound of γrst(Pn×C3). We use Lemma 1.1 to show
the lowerbound of γrst(Pn×C3), thus we have γrst(Pn×C3) ≥ max{γst(Pn×C3), dim(Pn×
C3)}. We know that γst(Pn × C3) = n and dim(Pn × C3) = 2. Hence, it implies

γrst(Pn × C3) ≥ max{γst(Pn × C3), dim(Pn × C3)}
= max{n, 2} = n

Furthermore, we determine the upperbound of γrst(Pn×C3) by defining the resolving strong
dominating setRD(Pn×C3). By considering the above vertex and edge sets, we define resolving
strong dominating set RD(Pn × C3) = {(ui, v2) : 1 ≤ i ≤ n} and we illustrate this resolving
strong dominating set in Figure 4. Based on the illustration in Figure 4, the vertices (ui, v1)
and (ui, v3) will receive the same representation for 1 ≤ i ≤ n. Hence, we add 1 vertex to
the resolving strong dominating set RD(Pn × C3), such that the representations of vertices in
V (Pn×C3) are all distinct. The resolving strong dominating set of (Pn×C3) is RD(Pn×C3) =
{(u2, v1), (ui, v2) : 1 ≤ i ≤ n}, see Figure 5 to this illustration. Based on the Figure 5, we give
the all representation of each vertex in V (Pn × C3) in the following.

(u1, v1) = (1, 1, 2, 3, ..., n− 2, n− 1, n)
(u2, v1) = (0, 2, 1, 2, ..., n− 3, n− 2, n− 1)
(u3, v1) = (1, 3, 2, 1, ..., n− 4, n− 3, n− 2)

...
(un−1, v1) = (n− 3, n− 1, n− 2, n− 3, ..., 2, 1, 2)

(un, v1) = (n− 2, n, n− 1, n− 2, ..., 3, 2, 1)
(u1, v2) = (2, 0, 1, 2, ..., n− 3, n− 2, n− 1)
(u2, v2) = (1, 1, 0, 1, ..., n− 4, n− 3, n− 2)
(u3, v2) = (2, 2, 1, 0, ..., n− 5, n− 4, n− 3)

...
(un−1, v2) = (n− 2, n− 2, n− 3, n− 4, ..., 3, 2, 1)
(un, v2) = (n− 1, n− 1, n− 2, n− 3, ..., 2, 1, 0)

(u1, v3) = (2, 1, 2, 3, ..., n− 2, n− 1, n)
(u2, v3) = (1, 2, 1, 2, ..., n− 3, n− 2, n− 1)
(u3, v3) = (2, 3, 2, 1, ..., n− 4, n− 3, n− 2)
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Figure 4. The illustration of the resolving strong dominating set of Pn � C3.

Figure 5. The illustration of the resolving strong dominating set on Pn � C3.

...
(un−1, v3) = (n− 2, n− 1, n− 2, n− 3, ..., 2, 1, 2)

(un, v3) = (n− 1, n, n− 1, n− 2, ..., 3, 2, 1)

It completes the proof that γrst(Pn × P3) = n+ 1 for m = 3.2
Case 2. For m otherwise.
First, determining the lowerbound and upperbound of γrst(Pn×Cm). We use Lemma 1.1 to show
the lowerbound of γrst(Pn×Cm), thus we have γrst(Pn×Cm) ≥ max{γst(Pn×Cm), dim(Pn×
Cm)}. We know that γst(Pn × Cm) =

⌈
m
3

⌉
n and dim(Pn × Cm) = 2. Hence, it implies

γrst(Pn × Cm) ≥ max{γst(Pn × Cm), dim(Pn × Cm)}

= max{
⌈
m
3

⌉
n, 2} =

⌈
m
3

⌉
n

Furthermore, we determine the upper bound of γrst(Pn × Cm) by defining the resolving
strong dominating set RD(Pn × Cm). We divide three cases for defining the resolving strong
dominating set of (Pn × Cm), namely

(i) For m ≡ 0(mod), RD(Pn × Cm) = {(ul, vk) : 1 ≤ l ≤ n, 1 ≤ k ≤ m and k ≡ 2(mod 3)}

(ii) For m ≡ 2(mod), RD(Pn × Cm) = {(ul, vm−1), (ul, vk) : 1 ≤ l ≤ n, 1 ≤ k < m and k ≡
2(mod 3)}

(iii) For m ≡ 1(mod), RD(Pn × Cm) = {(ul, vm−1), (ul, vk) : 1 ≤ l ≤ n, 1 ≤ k < m −
1 and k ≡ 2(mod 3)}

Let the representations of each vertex in V (Pn × Cm) to RD is r[(ui, vj)|RD] = (αk
l : 1 ≤ l ≤

n, 1 ≤ k ≤ m and k ≡ 2(mod 3)). αk
l is a distance of a vertex (ui, vj) ∈ V (Pn × Cm) to every

vertices in RD(Pn × Cm) by the function f : d[(ui, vj), RD(Pn × Cm)] −→ αk
l , where
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αk
l =



l − i+ |j − k|, if i ≤ l, k < n and j < (k + n) or
k > n and j > (k + n)mod m

i− l+ |j − k|, if i > l, k < n and j < (k + n) or
k > n and j > (k + n)mod m

l − i+ 2n− |j − k| − 1, if i ≤ l, k < n and j ≥ (k + n) or
k > n and j ≤ (k + n)mod m

i− l+ 2n− |j − k| − 1, if i > l, k < n and j ≥ (k + n) or
k > n and j ≤ (k + n)mod m

It easy to see that the representations of vertices in V (Pn ×Cm) are all distinct. It completes
the proof that γrst(Pn × C3) =

⌈
m
3

⌉
n for m otherwise. 2

4 Concluding Remark

The results in this paper are finding the exact values of γrst(H), whereH are Pn�Pm, Pn�Cm,
Pn × Pm and Pn × Cm. However, to determine γrst of any graph H is considered to be an NP-
problem. Therefore we propose the following open problems.

(i) Determine γrst of any graph H apart from above investigated graphs.

(ii) Determine the sharpest lower and upper bound of γrst for any coronation and cartesian
product of graphs.

Acknowledgments

We gratefully an acknowledge the support from Combinatorics, Graph Theory, and Network
Topology (CGANT) Research Group University of Jember and Department of Mathematics,
Kongunadu Arts and Science College of year 2021.

References
[1] G. Chartrand, L. Lesniak, P. Zhang, Graphs and Digraphs, sixth ed., Taylor and Francis Group, Boca Raton,

New York

[2] P.J. Slater, Leaves of trees, Congr. Numer. 14 (1975) 549âĂŞ559.
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Abstract
The notion of neutrosophic sets facilitates the analysis of values that are unclear or indeterminate. In this
paper, we discuss the single valued neutrosophic R-dynamic vertex coloring of Cartesian product of SVNG’s
and join of SVNG’s. Further we have described the concept of single valued neutrosophic R-dynamic edge
coloring and provided some examples and theorems.
Keywords: Single Valued Neutrosophic Graph; Single Valued Neutrosophic Vertex Coloring; Single Valued
Neutrosophic R-dynamic Vertex Coloring; Single Valued Neutrosophic Edge Coloring; Single Valued Neutro-
sophic R-dynamic Edge Coloring.

1 Introduction
Rosenfeld [20], 10 years after Zadeh’s seminal study in fuzzy sets [23], was the first to develop fuzzy graphs.
Fuzzy graph theory is presently being used in a variety of domains in modern science and technology, includ-
ing information theory, neural networks, expert systems, cluster analysis, medical diagnostics, control theory,
and many others. In 2004, Munoz et al. [15] presented the fuzzy chromatic number, which was further de-
veloped in 2006 by C. Eslahchi and B. N. Onagh [11]. In 2009, S. Lavanya and R. Sattanathan [13] proposed
the idea of fuzzy total coloring for the first time. Arindam Dey and Anita Pal discussed fuzzy vertex coloring
with fuzzy graphs using the α-cut in the paper [7] in 2012. Anjaly Kishore, M.S.Sunitha, published a research
paper [4] in 2014 on strong chromatic number of fuzzy graphs.
To deal with data on membership and non-membership values, intuitionistic fuzzy sets are utilised. Kassimir
T. Atanassov [6] developed the concepts of intuitionistic fuzzy sets and intuitionistic fuzzy graphs in 1986 and
1999, respectively. Ismail and Rifayathali [12] addressed intuitionistic fuzzy graph coloring with (α, β) cuts
in 2015, while Rifayathali et al. [16] published studies on intuitionistic fuzzy coloring and strong intuitionistic
fuzzy coloring in 2017 and 2018.
The principles of membership and non-membership are insufficient to predict the result of all real-time cir-
cumstances. In situations when the vagueness or indeterminacy of a decision must be considered, intuitionistic
fuzzy logic is unsuitable to provide a solution. F. Smarandache discovered a solution as a result of this condi-
tion: ”Neutrosophic logic”. Smarandache [21] developed the concept of Neutrosophic Sets in 1998, which is a
generalised form of intuitionistic fuzzy sets that incorporates three categories of values: truth, indeterminacy,
and falsity membership values. Single-valued neutrosophic sets were studied by Wang et al. [22] in 2010. In
2015, Dhavaseelan et al. [10] introduced and discussed Strong Neutrosophic graphs, and in 2016, Akram and
Shahzadi [1-3] introduced and discussed Single Valued Neutrosophic graph definitions and operations of neu-
trosophic graphs. Broumi et al. [8, 9] expanded on their prior work with single-valued neutrosophic graphs.
Rohini et al. established the concept of single valued neutrosophic vertex coloring, single valued neutrosophic
edge coloring, and single valued neutrosophic total coloring of single valued neutrosophic graph with exam-
ples in the research publications [17, 18] published in 2019. In addition, Rohini et al. have expanded on their
work on single valued neutrosophic vertex coloring and developed the concept of single valued neutrosophic
irregular vertex coloring in [19].
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Bruce Montgomery proposed the concept of r-dynamic coloring in [14]. The r-dynamic coloring of a graph
is an appropriate coloring of the graph in which each vertex u receives min{r, d(u)} different colors from
its neighbours. In [5] we have introduced the concept of single valued neutrosophic R-dynamic vertex col-
oring and furthermore in this paper, we discuss the single valued neutrosophic R-dynamic vertex coloring
of Cartesian product of SVNG’s and join of SVNG’s. Also we have introduce the concept of single valued
neutrosophic R-dynamic edge coloring and provided some examples and theorems.

2 Preliminaries
Definition 2.1. [21] Consider S as a collection of objects(points). Then the neutrosophic set P in S is de-
scribed by truth membership function tP (s), an indeterminacy function iP (s) and a falsity membership (non-
membership) function fP (s). The mappings tP (s), iP (s) and fP (s) are real standard or non-standard subsets
of ]0−, 1+[ which means tP (s) : S →]0−, 1+[, iP (s) : S →]0−, 1+[ and fP (s) : S →]0−, 1+[. Also
0− ≤ tP (s) + iP (s) + fP (s) ≤ 3+.

Definition 2.2. [2] A Single Valued Neutrosophic Graph (SNVG) G = (C,D) is a pair consisting of
C : N → [0, 1] which is a single valued neutrosophic set on N and D : N × N → [0, 1], a single valued
neutrosophic relation on N with the following characteristics:
tD(uv) ≤ min{tC(u), tC(v)}
iD(uv) ≤ min{iC(u), iC(v)}
fD(uv) ≤ max{fC(u), fC(v)}
for all u, v ∈ N . The sets C and D are said to be single valued neutrosophic vertex set and edge set of
G respectively. The single valued neutrosophic relation D is symmetric if it satisfies tD(uv) = tD(vu),
iD(uv) = iD(vu) and fD(uv) = fD(vu) for all u, v ∈ N .

Definition 2.3. [3] A complete neutrosophic graph (CSVNG) is an SVNG G = (C,D) which complies
criteria below:
tD(uv) = min{tC(u), tC(v)}
iD(uv) = min{iC(u), iC(v)}
fD(uv) = max{fC(u), fC(v)}
for all u, v ∈ C.

Definition 2.4. [17] The collection Γ = {γ1, γ2, · · · , γp} of SVN fuzzy sets is termed as p-Single Valued
Neutrosophic Vertex Coloring(SVNVC) of SVNG G = (C,D) if the following criteria hold:
1. ∨γs(u) = C,∀u ∈ C
2. γs ∧ γt = 0
3. For each incident vertices of the edge uv of G, min{γs(tC(u)), γs(tC(v))} = 0,
min{γs(iC(u)), γs(iC(v))} = 0 and max{γs(fC(u)), γs(fC(v))} = 1, (1 ≤ s ≤ p).
This is indicated as χv(G) and is termed as the SVN chromatic number of the SVNG G.

Definition 2.5. [5] A family Γ = {γ1, γ2, · · · , γp} of SVN fuzzy sets is termed as p-Single Valued Neutro-
sophic R-dynamic Vertex Coloring (SVNRVC) of a SVNG G = (C,D) if the following criteria hold:
1. ∨γs(u) = C,∀u ∈ C
2. γs ∧ γt = 0
3. For each incident vertices of the edge uv of G, min{γs(tC(u)), γs(tC(v))} = 0,
min{γs(iC(u)), γs(iC(v))} = 0 and max{γs(fC(u)), γs(fC(v))} = 1, (1 ≤ s ≤ p).
4. Every vertex u with m number of incident edges, the corresponding incident vertices of the vertex u receives
atleast min{R,m} different members(colors) from the set Γ.
Here, 1 ≤ R ≤ M where M represents the maximum number of incident edges of the vertices of SVNG G.
The least value of p is the SVNRVC of SVNG G which is denoted as χv

R(G), is called the Single Valued
Neutrosophic R-dynamic chromatic number of the SVNG G.
Further we define Single Valued Neutrosophic dynamic chromatic number of the SVNG G, χv

2(G) by replac-
ing R = 2 in criterion 4 i.e., (4) becomes every vertex u with m number of incident edges, the corresponding
incident vertices of the vertex u receives atleast min{2,m} different members(colors) from the set Γ.

Definition 2.6. [8] Path Pm in a single valued neutrosophic graph G = (C,D) is an arrangement of distinct
vertices v1, v2, · · · , vm which complies the criteria tD(vk−1, vk) > 0, iD(vk−1, vk) > 0 and fD(vk−1, vk) >
0 for 2 ≤ k ≤ m.
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Definition 2.7. [8] A cycle Cm in a single valued neutrosophic graph G = (C,D) is a sequence of dis-
tinct vertices v1, v2, · · · , vm, v1 which satisfies the condition tD(vk−1, vk) > 0, iD(vk−1, vk) > 0 and
fD(vk−1, vk) > 0 for 2 ≤ k ≤, together with tD(v1, vm) > 0, iD(v1, vm) > 0 and fD(v1, vm) > 0.

Definition 2.8. [3] Consider G1 = (C1, D1) and G2 = (C2, D2) be two single valued neutrosophic graphs of
G∗

1 = (V1, E1) and G∗
2 = (V2, E2) respectively. Then the cartesian product G1 ×G2 is defined to be the pair

(C,D) such that
1. tC(u1, u2) = min{tC1

(u1), tC2
(u2)}

iC(u1, u2) = min{iC1
(u1), iC2

(u2)}
fC(u1, u2) = max{fC1(u1), fC2(u2)}
2. tD((u, u2)(u, v2)) = min{tC1(u), tD2(u2v2)}
iD((u, u2)(u, v2)) = min{iC1

(u), iD2
(u2v2)}

fD((u, u2)(u, v2)) = max{fC1
(u), fD2

(u2v2)} for all u ∈ V1 and for all u2v2 ∈ E2.
3. tD((u1, v), (v1, v)) = min{tD1

(u1v1), tC2
(v)}

iD((u1, v), (v1, v)) = min{iD1(u1v1), iC2(v)}
fD((u1, v), (v1, v)) = max{fD1(u1v1), fC2(v)} for all v ∈ V2 and for all u1v1 ∈ E1.

Definition 2.9. [3] Consider G1 = (C1, D1) and G2 = (C2, D2) be two single valued neutrosophic graphs of
G∗

1 = (V1, E1) and G∗
2 = (V2, E2) respectively. Then the join G1 +G2 is defined to be the pair (C,D) such

that

1.tC(u) =

 tC1
(u) if u ∈ V1 and u /∈ V2

tC2
(u) if u ∈ V2 and u /∈ V1

max{tC1(u), tC2(u)} if u ∈ V1 ∩ V2

2. iC(u) =

 iC1
(u) if u ∈ V1 and u /∈ V2

iC2(u) if u ∈ V2 and u /∈ V1

max{iC1(u), iC2(u)} if u ∈ V1 ∩ V2

3. fC(u) =

 fC1(u) if u ∈ V1 and u /∈ V2

fC2(u) if u ∈ V2 and u /∈ V1

min{fC1
(u), fC2

(u)} if u ∈ V1 ∩ V2

4. tD(uv) =


tD1(uv) if uv ∈ E1 and uv /∈ E2

tD2
(uv) if uv ∈ E2 and uv /∈ E1

max{tD1
(uv), tD2

(uv)} if uv ∈ E1 ∩ E2

min{tC1
(u), tC2

(v)} if uv ∈ E′

5. iD(uv) =


iD1

(uv) if uv ∈ E1 and uv /∈ E2

iD2
(uv) if uv ∈ E2 and uv /∈ E1

max{iD1(uv), iD2(uv)} if uv ∈ E1 ∩ E2

min{iC1
(u), iC2

(v)} if uv ∈ E′

6. fD(uv) =


fD1(uv) if uv ∈ E1 and uv /∈ E2

fD2
(uv) if uv ∈ E2 and uv /∈ E1

min{fD1
(uv), fD2

(uv)} if uv ∈ E1 ∩ E2

max{fC1
(u), fC2

(v)} if uv ∈ E′

3 Single Valued Neutrosophic Dynamic Coloring of Graphs
In this section we have determined the Single Valued Neutrosophic Dynamic Chromatic Number of some
graphs like Cartesian product of path with path, path with complete graph; join of path and path, path with
cycle and path with complete SVNG.

Theorem 3.1. Let l ≥ 2,m ≥ 2, then the single valued neutrosophic dynamic chromatic number of the
cartesian product of path Pl with path Pm is χv

2(Pl × Pm) = 4.

Proof. Consider path Pl = (C1, D1) with SVN vertex set C1 = {v1, v2, · · · , vl} and path Pm = (C2, D2)
with SVN vertex set C2 = {u1, u2, · · · , um}. Then the cartesian product of path Pl with path Pm is SVNG
Pl × Pm = (C,D) with SVN vertex set C = {(vj , uk) : 1 ≤ j ≤ l, 1 ≤ k ≤ m} and edge set defined as in
the definition 2.8.
Let Γ = {γ1, γ2, γ3, γ4} be the collection of fuzzy sets determined on vertices of Pl × Pm for R = 2 as
follows:

DOI:https://doi.org/10.54216/IJNS.160102
Received: June 07, 2021 Accepted: October 19, 2021

18



International Journal of Neutrosophic Science (IJNS) Vol. 16, No. 1, PP. 16-27, 2021

Case 1: When m ≡ 0(mod 4) and m ≡ 2(mod 4).

γ1((vj , uk)) =


(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 1(mod 4),

j ≡ 2(mod 4) and k ≡ 3(mod 4),
j ≡ 3(mod 4) and k ≡ 2(mod 4, )
j ≡ 0(mod 4) and k ≡ 0(mod 4)

(0, 0, 1) for otherwise

γ2((vj , uk)) =


(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 2(mod 4),

j ≡ 2(mod 4) and k ≡ 0(mod 4),
j ≡ 3(mod 4) and k ≡ 1(mod 4),
j ≡ 0(mod 4) and k ≡ 3(mod 4)

(0, 0, 1) for otherwise

γ3((vj , uk)) =


(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 3(mod 4),

j ≡ 2(mod 4) and k ≡ 1(mod 4),
j ≡ 3(mod 4) and k ≡ 0(mod 4),
j ≡ 0(mod 4) and k ≡ 2(mod 4)

(0, 0, 1) for otherwise

γ4((vj , uk)) =


(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 0(mod 4),

j ≡ 2(mod 4) and k ≡ 2(mod 4),
j ≡ 3(mod 4) and k ≡ 3(mod 4),
j ≡ 0(mod 4) and k ≡ 1(mod 4)

(0, 0, 1) for otherwise
Case 2 : When m ≡ 1(mod 4).

γ1((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 1(mod 4),
j ≡ 2(mod 4) and k ≡ 3(mod 4),
j ≡ 3(mod 4) and k ≡ 2(mod 4),
j ≡ 0(mod 4) and k ≡ 0(mod 4),
j ≡ 2(mod 4) and k = m

(0, 0, 1) for otherwise

γ2((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 2(mod 4),
j ≡ 2(mod 4) and k ≡ 0(mod 4),
j ≡ 3(mod 4) and k ≡ 1(mod 4),
j ≡ 0(mod 4) and k ≡ 3(mod 4),
j ≡ 0(mod 4) and k = m

(0, 0, 1) for otherwise

γ3((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 3(mod 4),
j ≡ 2(mod 4) and k ≡ 1(mod 4),
j ≡ 3(mod 4) and k ≡ 0(mod 4),
j ≡ 0(mod 4) and k ≡ 2(mod 4),
j ≡ 1(mod 4) and k = m

(0, 0, 1) for otherwise

γ4((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 0(mod 4),
j ≡ 2(mod 4) and k ≡ 2(mod 4),
j ≡ 3(mod 4) and k ≡ 3(mod 4),
j ≡ 0(mod 4) and k ≡ 1(mod 4),
j ≡ 3(mod 4) and k = m

(0, 0, 1) for otherwise
Case 3 : When m ≡ 3(mod 4).

γ1((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 1(mod 4),
j ≡ 2(mod 4) and k ≡ 3(mod 4),
j ≡ 3(mod 4) and k ≡ 2(mod 4),
j ≡ 0(mod 4) and k ≡ 0(mod 4),
j ≡ 2(mod 4) and k = m− 1,
j ≡ 0(mod 4) and k = m

(0, 0, 1) for otherwise
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γ2((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 2(mod 4),
j ≡ 2(mod 4) and k ≡ 0(mod 4),
j ≡ 3(mod 4) and k ≡ 1(mod 4),
j ≡ 0(mod 4) and k ≡ 3(mod 4),
j ≡ 0(mod 4) and k = m− 1,
j ≡ 2(mod 4) and k = m

(0, 0, 1) for otherwise

γ3((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 3(mod 4),
j ≡ 2(mod 4) and k ≡ 1(mod 4),
j ≡ 3(mod 4) and k ≡ 0(mod 4),
j ≡ 0(mod 4) and k ≡ 2(mod 4),
j ≡ 1(mod 4) and k = m− 1,
j ≡ 3(mod 4) and k = m

(0, 0, 1) for otherwise

γ4((vj , uk)) =



(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 4) and k ≡ 0(mod 4),
j ≡ 2(mod 4) and k ≡ 2(mod 4),
j ≡ 3(mod 4) and k ≡ 3(mod 4),
j ≡ 0(mod 4) and k ≡ 1(mod 4),
j ≡ 3(mod 4) and k = m− 1,
j ≡ 1(mod 4) and k = m

(0, 0, 1) for otherwise
Case 4 : For P3 × P3.

γ1((vj , uk)) =

{
(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for jk = 11, 13, 32
(0, 0, 1) for otherwise

γ2((vj , uk)) =

{
(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for jk = 12, 31, 33
(0, 0, 1) for otherwise

γ3((vj , uk)) =

{
(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for jk = 21, 23
(0, 0, 1) for otherwise

γ4((vj , uk)) =

{
(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for jk = 22
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, γ3, γ4} ensures that SVNRVC requirements are met. Families with fewer
than four points did not match our defining criteria. Hence χv

2(Pl × Pm) = 4.

Theorem 3.2. Let l ≥ 2,m ≥ 2, then the single valued neutrosophic dynamic chromatic number of the
cartesian product of path Pl with CSVNG Km is χv

2(Pl ×Km) = m.

Proof. Consider path Pl = (C1, D1) with SVN vertex set C1 = {v1, v2, · · · , vl} and CSVNG Km =
(C2, D2) with SVN vertex set C2 = {u1, u2, · · · , um}. Then the cartesian product of path Pl with CSVNG
Km is SVNG Pl ×Km = (C,D) with SVN vertex set C = {(vj , uk) : 1 ≤ j ≤ l, 1 ≤ k ≤ m} and edge set
defined as in the definition 2.8.
Let Γ = {γ1, γ2, · · · , γm} be the collection of fuzzy sets determined on vertices of Pl × Km for R = 2 as
follows:

γ1((vj , uk)) =

 (tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 2) and k = 1,
j ≡ 0(mod 2) and k = m

(0, 0, 1) for otherwise
For 2 ≤ i ≤ m,

γi((vj , uk)) =

 (tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) for j ≡ 1(mod 2) and k = i,
(tC((vj , uk)), iC((vj , uk)), fC((vj , uk)) j ≡ 0(mod 2) and k = i− 1
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, · · · , γm} ensures that SVNRVC requirements are met. Families with
fewer than m points did not match our defining criteria. Hence χv

2(Pl ×Km) = m.

Theorem 3.3. Let l ≥ 2,m ≥ 2, then the single valued neutrosophic dynamic chromatic number of the join
of path Pl with path Pm is χv

2(Pl + Pm) = 4.

Proof. Consider path Pl = (C1, D1) with SVN vertex set C1 = {v1, v2, · · · , vl} and path Pm = (C2, D2)
with SVN vertex set C2 = {u1, u2, · · · , um}. Also the vertex set of these SVNG’s are disjoint. Then the join of
path Pl with path Pm is SVNG Pl+Pm = (C,D) with SVN vertex set C = {v1, v2, · · · , vl, u1, u2, · · · , um}.
Also the membership, indeterminacy and falsity functions of the vertices of Pl + Pm is determined using the
definition in 2.9 and edge set is also determined in the same way.
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Let Γ = {γ1, γ2, γ3, γ4} be the collection of fuzzy sets determined on vertices of Pl + Pm for R = 2 as
follows:

γ1(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ2(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 0(mod 2)
(0, 0, 1) for otherwise

γ3(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ4(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k ≡ 0(mod 2)
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, · · · , γ4} ensures that SVNRVC requirements are met. Families with fewer
than four points did not match our defining criteria. Hence χv

2(Pl + Pm) = 4.

Theorem 3.4. Let l ≥ 2,m ≥ 3, then the single valued neutrosophic dynamic chromatic number of the join

of path Pl with cycle Cm is χv
2(Pl + Cm) =

{
4 when m is even
5 when m is odd

.

Proof. Consider path Pl = (C1, D1) with SVN vertex set C1 = {v1, v2, · · · , vl} and cycle Cm = (C2, D2)
with SVN vertex set C2 = {u1, u2, · · · , um}. Also the vertex set of these SVNG’s are disjoint. Then the join of
path Pl with cycle Cm is SVNG Pl+Cm = (C,D) with SVN vertex set C = {v1, v2, · · · , vl, u1, u2, · · · , um}.
Also the membership, indeterminacy and falsity functions of the vertices of Pl + Cm is determined using the
definition in 2.9 and edge set is also determined in the same way.
Case 1 : When m is even.
Let Γ = {γ1, γ2, γ3, γ4} be the collection of fuzzy sets determined on vertices of Pl + Cm for R = 2 as
follows:

γ1(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ2(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 0(mod 2)
(0, 0, 1) for otherwise

γ3(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ4(uk) =

{
(tC(uk), iC(uk), fC(uk)) for j ≡ 0(mod 2)
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, · · · , γ4} ensures that SVNRVC requirements are met. Families with fewer
than four points did not match our defining criteria.
Case 2 : When m is odd.
Let Γ = {γ1, γ2, γ3, γ4, γ5} be the collection of fuzzy sets determined on vertices of Pl + Cm for R = 2 as
follows:

γ1(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ2(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 0(mod 2)
(0, 0, 1) for otherwise

γ3(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k ≡ 1(mod 2) and k ̸= m
(0, 0, 1) for otherwise

γ4(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k ≡ 0(mod 2)
(0, 0, 1) for otherwise

γ5(uk) =

{
(tC(uk), iC(uk), fC(uk)) for k = m
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, · · · , γ5} ensures that SVNRVC requirements are met. Families with fewer
than five points did not match our defining criteria.

Hence χv
2(Pl + Cm) =

{
4 when m is even
5 when m is odd

.

Theorem 3.5. Let l ≥ 2,m ≥ 2, then the single valued neutrosophic dynamic chromatic number of the join
of path Pl with CSVNG Km is χv

2(Pl +Km) = m+ 2.

Proof. Consider path Pl = (C1, D1) with SVN vertex set C1 = {v1, v2, · · · , vl} and CSVNG Km =
(C2, D2) with SVN vertex set C2 = {u1, u2, · · · , um}. Also the vertex set of these SVNG’s are dis-
joint. Then the join of path Pl with CSVNG Km is SVNG Pl + Km = (C,D) with SVN vertex set
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C = {v1, v2, · · · , vl, u1, u2, · · · , um}. Also the membership, indeterminacy and falsity functions of the ver-
tices of Pl +Km is determined using the definition in 2.9 and edge set is also determined in the same way.
Let Γ = {γ1, γ2, · · · , γm+2} be the collection of fuzzy sets determined on vertices of Pl +Km for R = 2 as
follows:

γ1(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 1(mod 2)
(0, 0, 1) for otherwise

γ2(vj) =

{
(tC(vj), iC(vj), fC(vj)) for j ≡ 0(mod 2)
(0, 0, 1) for otherwise

For 3 ≤ k ≤ m+ 2,

γk(ui) =

{
(tC(ui), iC(ui), fC(ui)) for i = k − 2
(0, 0, 1) for otherwise

As a result, the family Γ = {γ1, γ2, · · · , γm+2} ensures that SVNRVC requirements are met. Families with
fewer than m+ 2 points did not match our defining criteria. Hence χv

2(Pl +Km) = m+ 2.

4 Single-Valued Neutrosophic Edge Coloring
Definition 4.1. [17] The collection Γ = {γ1, γ2, · · · , γp} of SVN fuzzy sets is termed as p-Single Valued
Neutrosophic Edge Coloring(SVNEC) of SVNG G = (C,D) if the following criteria hold:
1. ∨γs(uv) = D,∀uv ∈ D
2. γs ∧ γt = 0
3. For each strong edge uv of G, min{γs(tD(uv))} = 0, min{γs(iD(uv))} = 0 and max{γs(fD(uv))} = 1,
(1 ≤ s ≤ p).
This is indicated as χe(G) and is termed as the SVN edge chromatic number of the SVNG G.

Example 4.2. Consider the following SVNG G1 = (C,D) with SVN vertex set C = {v1, v2, v3, v4, v5} and
SVN edge D = {vjvk|jk = 12, 23, 34, 45, 15} with

(tC(vj), iC(vj), fC(vj)) =


(0.4, 0.2, 0.5) j = 1
(0.3, 0.4, 0.6) j = 2, 4
(0.4, 0.4, 0.7) j = 3
(0.2, 0.3, 0.8) j = 5

Figure 1: G1

(tD(vjvk), iD(vjvk), fD(vjvk)) =

 (0.3, 0.2, 0.6) jk = 12, 34
(0.2, 0.1, 0.6) jk = 23, 45
(0.2, 0.2, 0.8) jk = 15

Figure 1 depicts the SVNG G1.
Let Γ = {γ1, γ2, γ3} be collection of SVN fuzzy sets determined on D as below:

γ1(vjvk) =

{
(0.3, 0.2, 0.6) for jk = 12, 34
(0, 0, 1) for otherwise
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γ2(vjvk) =

{
(0.2, 0.1, 0.6) for jk = 23, 45
(0, 0, 1) for otherwise

γ3(vjvk) =

{
(0.2, 0.2, 0.8) for j = 15
(0, 0, 1) for otherwise

Hence the family Γ = {γ1, γ2, γ3} ensures that SVNEC requirements are met. Families with fewer than 3
points did not match our defining criteria. Hence χeG1 = 3.

Definition 4.3. The collection Γ = {γ1, γ2, · · · , γp} of SVN fuzzy sets is termed as p-Single Valued Neu-
trosophic R-dynamic Edge Coloring(SVNREC) of SVNG G = (C,D) if the following criteria hold:
1. ∨γs(uv) = D,∀uv ∈ D
2. γs ∧ γt = 0
3. For each strong edge uv of G, min{γs(tD(uv))} = 0, min{γs(iD(uv))} = 0 and max{γs(fD(uv))} = 1,
(1 ≤ s ≤ p).
4. For each edge uv with at least m number of incident edges, the corresponding edges receives at least
min{R,m} different members(colors) from the set Γ.
Here, 1 ≤ R ≤ M where M represents the maximum number of incident edges at the edges of SVNG G.
The least value of p is the SVNREC of SVNG G is denoted as χe

R(G), is called the Single Valued Neutrosophic
R-dynamic edge chromatic number of the SVNG G.

Example 4.4. Consider the following SVNG G2 = (C,D) with SVN vertex set C = {v1, v2, v3, v4, v5, v6}
and SVN edge D = {vjvk|jk = 12, 23, 24, 34, 45, 56, 15, 16} with

(tC(vj), iC(vj), fC(vj)) =


(0.5, 0.3, 0.4) j = 1, 4
(0.7, 0.6, 0.8) j = 2
(0.8, 0.4, 0.6) j = 3, 6
(0.6, 0.5, 0.7) j = 5

Figure 2: G2

(tD(vjvk), iD(vjvk), fD(vjvk)) =


(0.5, 0.3, 0.8) jk = 12
(0.4, 0.2, 0.7) jk = 24, 56
(0.5, 0.2, 0.6) jk = 34, 15, 16
(0.7, 0.4, 0.8) jk = 23
(0.5, 0.1, 0.7) jk = 45

Figure 2 depicts the SVNG G2.
Here M = 4 so 1 ≤ R ≤ 4.
For 1 ≤ R ≤ 2 let Γ = {γ1, γ2, γ3} be collection of SVN fuzzy sets determined on D as below:

γ1(vjvk) =


(0.5, 0.3, 0.8) for jk = 12
(0.4, 0.2, 0.7) for jk = 56
(0.5, 0.2, 0.6) for jk = 34
(0, 0, 1) for otherwise

γ2(vjvk) =


(0.5, 0.2, 0.6) for jk = 16
(0.7, 0.4, 0.8) for jk = 23
(0.5, 0.1, 0.7) for jk = 45
(0, 0, 1) for otherwise
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γ3(vjvk) =

 (0.4, 0.2, 0.7) for jk = 24
(0.5, 0.2, 0.6) for jk = 15
(0, 0, 1) for otherwise

Hence the family Γ = {γ1, γ2, γ3} ensures that SVNREC requirements are met. Families with fewer than 3
points did not match our defining criteria. Hence χe

RG2 = 3.
For R = 3 let Γ = {γ1, γ2, γ3, γ4} be collection of SVN fuzzy sets determined on D as below:

γ1(vjvk) =

{
(0.5, 0.2, 0.6) for jk = 34, 16
(0, 0, 1) for otherwise

γ2(vjvk) =

{
(0.4, 0.2, 0.7) for jk = 24, 56
(0, 0, 1) for otherwise

γ3(vjvk) =

 (0.7, 0.4, 0.8) for jk = 23
(0.5, 0.2, 0.6) for jk = 15
(0, 0, 1) for otherwise

γ4(vjvk) =

 (0.5, 0.3, 0.8) for jk = 12
(0.5, 0.1, 0.7) for jk = 45
(0, 0, 1) for otherwise

Hence the family Γ = {γ1, γ2, γ3, γ4} ensures that SVNREC requirements are met. Families with fewer than
4 points did not match our defining criteria. Hence χe

3G2 = 4.
For R = 4 let Γ = {γ1, γ2, · · · , γ6} be collection of SVN fuzzy sets determined on D as below:

γ1(vjvk) =

{
(0.5, 0.3, 0.8) for jk = 12
(0, 0, 1) for otherwise

γ2(vjvk) =

{
(0.5, 0.2, 0.6) for jk = 34, 16
(0, 0, 1) for otherwise

γ3(vjvk) =

{
(0.4, 0.2, 0.7) for jk = 24
(0, 0, 1) for otherwise

γ4(vjvk) =

{
(0.5, 0.2, 0.6) for jk = 15
(0, 0, 1) for otherwise

γ5(vjvk) =

 (0.7, 0.4, 0.8) for jk = 23
(0.4, 0.2, 0.7) for jk = 56
(0, 0, 1) for otherwise

γ6(vjvk) =

{
(0.5, 0.1, 0.7) for jk = 45
(0, 0, 1) for otherwise

Hence the family Γ = {γ1, γ2, γ3, · · · , γ6} ensures that SVNREC requirements are met. Families with fewer
than 6 points did not match our defining criteria. Hence χe

4G2 = 6.

Thus χe
R(G2) =

 3 for 1 ≤ R ≤ 2
4 for R = 3
6 for R = 4

Theorem 4.5. Let n ≥ 3, Pl be a path graph then χe
R(Pl) =

{
2 for R = 1
3 for R = 2

Proof. Let the SVN vertex set of Pl be C = {u1, u2, · · · , ul} and SVN edge set be D = {uj−1uj : 2 ≤ j ≤
l}. For the path graph Pl, 1 ≤ R ≤ 2.
Let Γ = {γ1, γ2} be collection of fuzzy sets determined on edges for R = 1 as follows:

γ1(uj−1uj) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is even
(0, 0, 1) for otherwise

γ2(uj−1uj) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is odd
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2} ensures that SVNREC requirements are met. Families with fewer than 2 points
did not match our defining criteria. Hence χe

R(Pl) = 2.
When R = 2, let Γ = {γ1, γ2, γ3} be collection of fuzzy sets determined on edges as follows:

γ1(uj−1uj) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 2(mod 3)
(0, 0, 1) for otherwise

γ2(uj−1uj) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 0(mod 3)
(0, 0, 1) for otherwise

γ3(uj−1uj) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 1(mod 3)
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2, γ3} ensures that SVNREC requirements are met. Families with fewer than 3
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points did not match our defining criteria. Thus χe
2(Pl) = 3.

Hence χe
R(Pl) =

{
2 for R = 1
3 for R = 2

Theorem 4.6. Let l ≥ 3, Cl be a cycle then χe
R(Cl) =


2 for R = 1 and l is even
3 for R = 1 and l is odd
5 for R = 2 and l = 5
3 for R = 2 and l = 3n
4 for R = 2 and otherwise

Proof. Let the SVN vertex set of Cl be C = {u1, u2, · · · , ul} and SVN edge set be D = {uj−1uj , u1l : 2 ≤
j ≤ l}. For the path graph Cl, 1 ≤ R ≤ 2.
Case 1 : When R = 1 and l is even.
Let Γ = {γ1, γ2} be collection of fuzzy sets determined on edges for R = 1 as follows:

γ1(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is even
(0, 0, 1) for otherwise

γ2(ukuh) =

 (tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is odd
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 1l
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2} ensures that SVNREC requirements are met. Families with fewer than 2 points
did not match our defining criteria. Hence χe

1(Cl) = 2.
Case 2 : When R = 1 and l is odd.
Let Γ = {γ1, γ2} be collection of fuzzy sets determined on edges for R = 1 as follows:

γ1(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is even
(0, 0, 1) for otherwise

γ2(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j is odd
(0, 0, 1) for otherwise

γ3(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 1l
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2, γ3} ensures that SVNREC requirements are met. Families with fewer than 3
points did not match our defining criteria. Hence χe

1(Cl) = 3.
Case 3 : When R = 2 and l = 5.
Let Γ = {γ1, γ2, γ3, γ4, γ5} be a family of fuzzy sets determined on edges for R = 2 as follows:

γ1(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 12
(0, 0, 1) for otherwise

γ2(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 23
(0, 0, 1) for otherwise

γ3(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 34
(0, 0, 1) for otherwise

γ4(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 45
(0, 0, 1) for otherwise

γ5(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 15
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2, γ3, γ4, γ5} ensures that SVNREC requirements are met. Families with fewer
than 5 points did not match our defining criteria. Hence χe

2(Cl) = 5.
Case 4 : When R = 2 and l = 3n, n = 1, 2, · · · .
Let Γ = {γ1, γ2, γ3} be a family of fuzzy sets determined on edges as follows:

γ1(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 2(mod 3)
(0, 0, 1) for otherwise

γ2(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 0(mod 3)
(0, 0, 1) for otherwise

γ3(ukuh) =

 (tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 1(mod 3)
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 1l
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2, γ3} ensures that SVNREC requirements are met. Families with fewer than 3
points did not match our defining criteria. Hence χe

2(Cl) = 3 for l = 3n.
Case 5 : When R = 2 and otherwise.
Let Γ = {γ1, γ2, γ3, γ4} be a family of fuzzy sets determined on edges as follows:
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When l = 3n+ 1, n = 1, 2, · · · .

γ1(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 2(mod 3)
(0, 0, 1) for otherwise

γ2(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 0(mod 3)
(0, 0, 1) for otherwise

γ3(ukuh) =

{
(tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 1(mod 3)
(0, 0, 1) for otherwise

γ4(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 1l
(0, 0, 1) for otherwise

When l = 3n+ 2, n = 1, 2, · · ·

γ1(ukuh) =

 (tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 2(mod 3)
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = (l − 2)(l − 1)
(0, 0, 1) for otherwise

γ2(ukuh) =

 (tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 0(mod 3)
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = (l − 3)(l − 2)
(0, 0, 1) for otherwise

γ3(ukuh) =

 (tD(uj−1uj), iD(uj−1uj), fD(uj−1uj)) for j ≡ 1(mod 3)
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = 1l
(0, 0, 1) for otherwise

γ4(ukuh) =

{
(tD(ukuh), iD(ukuh), fD(ukuh)) for kh = (l − 4)(l − 3), (l − 1)l
(0, 0, 1) for otherwise

Thus the family Γ = {γ1, γ2, γ3, γ4} ensures that SVNREC requirements are met. Families with fewer than 4
points did not match our defining criteria. Thus χv

2(Cl) = 4 when otherwise.

5 Conclusions
In this paper we have analysed about the single valued neutrosophic R-dynamic vertex coloring of Cartesian
product of SVNG’s and join of SVNG’s. Also we have amalgamated the idea of Single Valued Neutrosophic
edge Coloring and r-dynamic coloring to introduce a new concept Single Valued Neutrosophic R-dynamic
Edge Coloring (SVNREC). We have defined the new coloring and provided some examples.
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Abstract: An r-dynamic coloring of a graph G is a proper coloring of G such that every vertex
in V (G) has neighbors in at least min{d(v), r} different color classes. The r-dynamic chromatic
number of graph G denoted as χr(G), is the least k such that G has a coloring. In this paper
we obtain the r-dynamic chromatic number of the central graph, middle graph, total graph, line
graph, para-line graph and sub-division graph of the comb graph Pn�K1 denoted byC(Pn�K1),
M(Pn �K1), T (Pn �K1), L(Pn �K1), P (Pn �K1) and S(Pn �K1) respectively by finding
the upper bound and lower bound for the r-dynamic chromatic number of the Comb graph.
Keywords: r-dynamic coloring, Comb graph, Central graph, Middle graph, Total graph, Line
graph, Sub-division graph, Para-line graph.
2020 Mathematics Subject Classification: 05C15, 05C75.

1 Introduction

In this paper, all graphs are simple and finite. For a graph G, let δ(G) and ∆(G) denote
the minimum and maximum degree of G. The r-dynamic coloring was first introduced by
Montgomery [10]. An r-dynamic coloring of a graph is a map c from V (G) to the set of colors
such that:
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(i) if uv ∈ E(G), then c(u) 6= c(v), and

(ii) for each vertex v ∈ V (G), |c(N(v))| ≥ min {d(v), r},

where N(v) denotes the set of all vertices adjacent to v and d(v) its degree and r is a positive
integer. The first condition characterizes proper coloring and it is called the adjacency condition
and second condition is the r-adjacency condition. The r-dynamic chromatic number of a graph
G is denoted by χr(G), is the minimum k such that G admits such a proper k-coloring. The
1-dynamic chromatic number of a graph G is equal to its chromatic number. The 2-dynamic
chromatic number of a graph G is studied by the name dynamic chromatic number in [1–4, 7].

There are many upper bounds and lower bounds for χd(G) in terms of graph parameters.
For a graph G with ∆(G) ≥ 3, Lai et al. [7] proved that χd(G) ≤ ∆(G) + 1, except for a
cycle graph C5. An upper bound for the dynamic chromatic number of a regular graph G and
the independence number of the graph G, α(G), was introduced in [5]. In fact, it was proved
that χ2(G) ≤ χ(G) + 2 log2 α(G) + O(1). Taherkhani gave [11] an upper bound for χ2(G)

in terms of the chromatic number, the maximum degree ∆ and the minimum degree δ that is
χ2(G) − χ(G) ≤ [∆e/δ log(2e(∆2 + 1))], where G is again a d-regular graph. Li et al. proved
in [8] that in determining the value of χr(G) for planar bipartite graphs with maximum degree
at most 3 and arbitrary high girth is an NP-hard problem. Furthermore, Li and Zhou [8] showed
that to determine whether there exist a 3-dynamic coloring or not, for a claw free graph with the
maximum degree 3 is an NP-complete problem.

2 Preliminaries

Let G be a simple and finite graph with vertex V (G) and edge set E(G). The middle graph [9] of
G denoted by M(G), is defined as follows, the vertex set of M(G) is V (G)∪E(G). Two vertices
x, y of M(G) are adjacent in M(G) in case one of the following holds: (i) x, y are in E(G) and
x, y are adjacent in G. (ii) x is in V (G), y is in E(G), and x, y are incident in G.

Let G be a graph with vertex set V (G) and edge set E(G). The total graph [9] of G, denoted
by T (G), is defined in the following way. The vertex set of T (G) is V (G) ∪ E(G). Two vertices
x, y of T (G) are adjacent in T (G) in case one of the following holds: (i) x, y are in V (G) and x
is adjacent to y in G. (ii) x, y are in E(G) and x, y are adjacent in G. (iii) x is in V (G), y is in
E(G), and x, y are incident in G.

The central graph [12] C(G) of a graph G is obtained from G by adding an extra vertex on
each edge ofG, and then joining each pair of vertices of the original graph which were previously
non-adjacent.

The line graph [6] of G, denoted by L(G), is the graph whose vertex set is the edge set of G.
Two vertices of L(G) are adjacent whenever the corresponding edges of G are adjacent.

The sub-division graph S(G) is obtained simply by inserting a new vertex for each edge of G.
The line graph of a sub-division graph is the para-line graph P (G).
Let Pn be a path graph with n vertices andK1 be a complete graph with one vertex. The comb

graph Pn �K1 is defined as the corona product of path graph Pn with the complete graph K1 by
taking one copy of Pn and |V (Pn)| copies of K1 and making the ith vertex of Pn adjacent to the
ith copy of K1 where 1 ≤ i ≤ n. Comb graph has 2n vertices and 2n− 1 edges.
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Figure 1. Comb graph P7 �K1

In the following section we obtain the r-dynamic chromatic number of the central graph,
middle graph, total graph, line graph, para-line graph and sub-division graph of the comb graph
Pn � K1 denoted by C(Pn � K1), M(Pn � K1), T (Pn � K1), L(Pn � K1), P (Pn � K1) and
S(Pn �K1), respectively.

3 Main results

Lemma 3.1. χr(G) ≥ min{r,∆(G)}+ 1.

Theorem 3.2. Let n ≥ 3, C(Pn �K1) be the central graph of comb graph then

χr(C(Pn �K1)) =


n, for r = 1

2n, for 2 ≤ r ≤ ∆− 1

2n+ 3, for r = ∆

Proof. Let

V (C(Pn�K1)) = {vi : 1 ≤ i ≤ n}∪{v′

i : 1 ≤ i ≤ n−1}∪{ui : 1 ≤ i ≤ n}∪{u′

i : 1 ≤ i ≤ n}

where v
′
i and u

′
i are the vertices corresponding to the edge vivi+1 and viui of (Pn � K1),

1 ≤ i ≤ n. The maximum and minimum degrees of C(Pn �K1) are ∆(C(Pn �K1)) = 2n− 1

and δ(C(Pn �K1)) = 2. Define the mapping c : V → Z+.

Case 1: When r = 1, the r-dynamic coloring is n are as follows:

• c(vi) = i, 1 ≤ i ≤ n

• c(ui) = i, 1 ≤ i ≤ n

• c(v′
i) =

{
4, for i 6= 3, 4, 1 ≤ i ≤ n− 1

2, for i = 3, 4, 1 ≤ i ≤ n− 1

• c(u′
i) =

{
3, for i 6= 3, 1 ≤ i ≤ n

4, for i = 3, 1 ≤ i ≤ n

Hence the r-adjacency condition is fulfilled, therefore χr(C(Pn �K1)) = n for r = 1.

If χr(C(Pn �K1)) < n, then the r-adjacency condition will not be fulfilled.
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Case 2: When 2 ≤ r ≤ ∆− 1, the r-dynamic coloring is 2n are as follows:

• c(vi) = i, 1 ≤ i ≤ n

• c(ui) = i+ n, 1 ≤ i ≤ n

• c(v′
i) = i+ n, 1 ≤ i ≤ n

• c(u′
i) =

{
n, for i = 1, 1 ≤ i ≤ n− 1

i− 1, for 2 ≤ i ≤ n− 1

Hence the r-adjacency condition is fulfilled, therefore χr(C(Pn � K1)) = 2n for
2 ≤ r ≤ ∆ − 1. If χr(C(Pn � K1)) < 2n, then the r-adjacency condition will not be
fulfilled.

Case: 3 When r = ∆, the r-dynamic coloring is 2n+ 3 are as follows:

• c(vi) = i, 1 ≤ i ≤ n

• c(ui) = i+ n, 1 ≤ i ≤ n

• c(u′
i) = 2n+ 1, 1 ≤ i ≤ n

• c(v′
i) =

{
2n+ 2, for i odd
2n+ 3, for i even

Hence the r-adjacency condition is fulfilled, therefore χr(C(Pn�K1)) = 2n+3 for r = ∆.
If χr(C(Pn �K1)) < 2n+ 3, then the r-adjacency condition will not be fulfilled.

Lemma 3.3. Let n ≥ 4, M(Pn �K1) be the middle graph of comb graph then

χr(M(Pn �K1)) ≥

{
4, for 1 ≤ r ≤ 3

r + 1, for 4 ≤ r ≤ ∆

Proof. Let

V (M(Pn�K1)) = {vi : 1 ≤ i ≤ n}∪{v′

i : 1 ≤ i ≤ n−1}∪{ui : 1 ≤ i ≤ n}∪{u′

i : 1 ≤ i ≤ n}

where v′
i and u′

i are the vertices corresponding to the edge vivi+1 and viui of (Pn�K1), 1 ≤ i ≤ n.
By the definition of middle graph the vertices {v′

i, v
′
i+1, u

′
i+1, vi+1} induces a clique of order 4,

hence χr(M(Pn �K1)) ≥ 4. For 4 ≤ r ≤ ∆ by Lemma 3.1 χr(G) ≥ min{r,∆(G)}+ 1. This
concludes the proof.

Theorem 3.4. Let n ≥ 4, M(Pn � K1), then the r-dynamic chromatic number of the middle
graph of a comb graph is

χr[M(Pn �K1)] =

{
4, for 1 ≤ r ≤ 3

r + 1, for 4 ≤ r ≤ ∆
.

Proof. The maximum and minimum degrees of M(Pn � K1) are ∆(M((Pn � K1))) = 6 and
δ(M(Pn �K1)) = 2. Define the mapping c : V → Z+. We divide the proof into two cases.
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Case 1: When 1 ≤ r ≤ 3, by Lemma 3.3 the lower bound is χr(M((Pn �K1))) ≥ 4. To show
the upper bound, we use the following colorings:
• c(v1, v2, . . . , vn) = {3, 4, 3, 4, . . .}
• c(u′

1, u
′
2, . . . , u

′
n) = {4, 3, 4, 3, . . .}

• c(u1, u2, . . . , un) = 1

• c(v′
1, v

′
2, . . . , v

′
n) = {2, 1, 2, 1, . . .}

Thus we require 4 colors, that is χr(M(Pn �K1)) ≥ 4. Hence χr(M(Pn �K1)) = 4.

Case 2: When 4 ≤ r ≤ ∆ , by Lemma 3.3 the lower bound is χr(M((Pn�K1))) ≥ 4. To show
the upper bound, we use the following colorings.
Subcase (i): when r = 4, consider the coloring:

– c(v1, v2, . . . , vn) = {1, 2, 3, 1, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {3, 1, 2, 3, 1, 2, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}
Thus we require r + 1 colors when r = 4.

Subcase (ii): When r = 5, consider the coloring:
– c(v1, v2, . . . , vn) = {2, 3, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {1, 4, 1, 4, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}
Thus we require r + 1 colors when r = 5.

Subcase (iii): When r = 6, consider the coloring:
– c(v1, v2, . . . , vn) = {4, 1, 5, 2, 3, 4, 1, 5, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {2, 3, 4, 1, 5, 2, 3, 4, 1, 5, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}
Thus we require r + 1 colors when r = 6.

Now from the subcases (i), (ii) and (iii) the r-adjacency condition is fulfilled. Therefore,
χr(M(Pn �K1)) ≤ r + 1. Hence χr(M(Pn �K1)) = r + 1.

Lemma 3.5. Let n ≥ 3, T (Pn �K1) be the total graph of comb graph, then

χr(T (Pn �K1)) ≥

{
4, for 1 ≤ r ≤ 3

r + 1, for 4 ≤ r ≤ ∆
.

Proof. Let

V (T (Pn�K1)) = {vi : 1 ≤ i ≤ n}∪{v′

i : 1 ≤ i ≤ n−1}∪{ui : 1 ≤ i ≤ n}∪{u′

i : 1 ≤ i ≤ n},
where v′

i and u′
i are the vertices corresponding to the edge vivi+1 and viui of (Pn�K1), 1 ≤ i ≤ n.

By the definition of total graph the vertices {v′
i, v

′
i+1, u

′
i+1, vi+1} induce a clique of order 4,

hence χr(T (Pn �K1)) ≥ 4. For 4 ≤ r ≤ ∆ by Lemma 3.1 χr(G) ≥ min{r,∆(G)} + 1. This
concludes the proof.
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Theorem 3.6. Let n ≥ 3, T (Pn � K1) the r-dynamic chromatic number of the total graph of
comb graph is

χr(T (Pn �K1)) =

{
4, for 1 ≤ r ≤ 3

r + 1, for 4 ≤ r ≤ ∆

Proof. The maximum and minimum degrees of T (Pn � K1) are ∆(T (Pn � K1)) = 6 and
δ(T (Pn �K1)) = 2. We divide the proof into two cases. Define the mapping c : V → Z+.

Case 1: When 1 ≤ r ≤ 3, by Lemma 3.5 the lower bound is χr(T (Pn�K1)) ≥ 4. To show the
upper bound, we use the following colorings:

• c(v1, v2, . . . , vn) = {2, 3, 2, 3, . . .}

• c(u′
1, u

′
2, . . . , u

′
n) = {3, 2, 3, . . .}

• c(u1, u2, . . . , un) = {1, 4, 1, 4, . . .}

• c(v′
1, v

′
2, . . . , v

′
n) = {4, 1, 4, 1, . . .}

Thus we require 4 colors that is χr(T (Pn �K1))≤ 4. Hence χr(T (Pn �K1)) = 4.

Case 2: When 4 ≤ r ≤ ∆, by Lemma 3.5 the lower bound is χr(T (Pn�K1)) ≥ 4. To show the
upper bound, we use the following colorings:

Subcase (i): When r = 4, consider the coloring:

– c(v1, v2, . . . , vn) = {1, 2, 3, 1, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {3, 1, 2, 3, 1, 2, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}

Thus we require r + 1 colors when r = 4.

Subcase (ii): When r = 5, consider the coloring:
– c(v1, v2, . . . , vn) = {2, 3, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {1, 4, 1, 4, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}
Thus we require r + 1 colors when r = 5.

Subcase (iii): When r = 6, consider the coloring:

– c(v1, v2, . . . , vn) = {4, 1, 5, 2, 3, 4, 1, 5, 2, 3, . . .}
– c(v

′
1, v

′
2, . . . , v

′
n) = {2, 3, 4, 1, 5, 2, 3, 4, 1, 5, . . .}

– c(u
′
1, u

′
2, . . . , u

′
n) = {r, r + 1, r, r + 1, . . .}

– c(u1, u2, . . . , un) = {r + 1, r, r + 1, r, . . .}

Thus we require r + 1 colors when r = 6.

Now from the subcases (i), (ii) and (iii) the r-adjacency condition fulfilled. Therefore,
χr(T (Pn �K1)) ≤ r + 1. Hence χr(T (Pn �K1)) = r + 1.
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Lemma 3.7. Let n ≥ 4, L(Pn �K1) be the line graph of comb graph, then

χr(L(Pn �K1)) ≥


3, for 1 ≤ r ≤ 2

4, for r = 3

5, for r = 4

.

Proof. Let V (L(Pn�K1)) = e1, e2, e3, . . . , en, e
′
1, e

′
2, e

′
3, . . . , e

′
n−1. The maximum and minimum

degrees of L(Pn � K1) are ∆(L(Pn � K1)) = 4 and δ(L(Pn � K1)) = 1. For 1 ≤ r ≤ 2

by the definition of line graph the vertices ei, e
′
i, e

′
i+1 induces a clique of order 3. Hence

χr(L(Pn �K1)) ≥ 3.
For r = 3 by Lemma 3.1

χr(L(Pn �K1)) ≥ min{r,∆(L(Pn �K1)} ≥ min{3,∆(L(Pn �K1))}+ 1 = 3 + 1 = 4.

For r = 4 by Lemma 3.1

χr(L(Pn �K1)) ≥ min{r,∆(L(Pn �K1))} ≥ min{4,∆(L(Pn �K1))}+ 1 = 4 + 1 = 5.

This concludes the proof.

Theorem 3.8. Let n ≥ 4, L(Pn �K1) the r-dynamic chromatic number of a line graph of comb
graph is

χr(L(Pn �K1)) =


3, for 1 ≤ r ≤ 2

4, for r = 3

5, for r = 4

.

Proof. Define the mapping c : V → Z+. We divide the proof into three cases.
Case 1: For 1 ≤ r ≤ 2. By the Lemma 3.7 the lower bound is χr(L(Pn �K1)) ≥ 3. To show

the upper bound, we use the following colorings:
• c(e1, e2, . . . , en) = 1

• c(e′1, e
′
2, . . . , e

′
n) = {2, 3, 2, 3, . . .}

Thus we require 3 colors, that is χr(L(Pn �K1)) ≤ 3. Hence χr(L(Pn �K1)) = 3 when
1 ≤ r ≤ 2.

Case 2: For r = 3. By the Lemma 3.7 the lower bound is χr(L(Pn�K1)) ≥ 4. The r-dynamic
coloring are as follows:
• c(e1, e2, . . . , en) = {1, 3, 1, 3, . . .}

• c(e′1, e
′
2, . . . , e

′
n) = {2, 4, 2, 4, . . .}

Thus we require 4 colors, that is χr(L(Pn �K1)) ≤ 4. Hence χr(L(Pn �K1)) = 4 when
r = 3.

Case 3: For r = 4. By the Lemma 3.7 the lower bound is χr(L(Pn�K1)) ≥ 5. The r-dynamic
coloring are as follows:

• c(e1, e2, . . . , en) = {1, 3, 1, 3, . . .}

• c(e′1, e
′
2, . . . , e

′
n) = {2, 4, 5, 2, 4, 5, . . .}

Thus we require 5 colors, that is χr(L(Pn �K1)) ≤ 5. Hence χr(L(Pn �K1)) = 5 when
r = 4.
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Lemma 3.9. Let n ≥ 3, P (Pn �K1) be the para-line graph of comb graph then

χr(P (Pn �K1)) ≥

{
3, for 1 ≤ r ≤ 2

4, for r = ∆
.

Proof. Let V (P (Pn � K1)) = {ei; 1 ≤ i ≤ 2n} ∪
{
e
′
i; 1 ≤ i ≤ 2n− 2

}
, where ei is the vertex

corresponding to the edge vivi+1 and e′i is the vertex corresponding to the edge viui of (Pn� k1),
1 ≤ i ≤ n. For 1 ≤ r ≤ 2, by the definition of para-line graph the vertices e2i+2, e

′
i+1, e

′
i+2

induces a clique of order 3. Hence χr(P (Pn �K1)) ≥ 3.
For r = ∆ by Lemma 3.1 χr(L(Pn �K1)) ≥ min{r,∆(P (Pn �K1))} + 1 = 3 + 1 = 4.

Therefore χr(L(Pn �K1)) ≥ 4. This concludes the proof.

Theorem 3.10. Let n ≥ 3, P (Pn�K1) the r-dynamic chromatic number of para-line graph of a
comb graph is

χr(P (Pn �K1)) =

{
3, for 1 ≤ r ≤ 2

4, for r = ∆
.

Proof. The maximum and minimum degrees of L(Pn � K1) are ∆(L(Pn � K1)) = 3 and
δ(L(Pn �K1)) = 1. Define the mapping c : V → Z+.

Case 1: For 1 ≤ r ≤ 2. By the Lemma 3.9 the lower bound is χr(L(Pn �K1)) ≥ 3. To show
the upper bound, we assign colors as follows:

• c(e1, e2, . . . , en) = {1, 2, 1, 2, . . .}

• c(e′1, e
′
2, . . . , e

′
n) = {1, 3, 1, 3, . . .}

Thus we require 3 colors, that is χr(P (Pn �K1)) ≤ 3. Hence χr(P (Pn �K1)) = 3 when
1 ≤ r ≤ 2.

Case 2: For r = 3. By the Lemma 3.9 the lower bound is χr(P (Pn �K1)) ≥ 4. To show the
upper bound, we assign colors as follows:

• c(e1, e2, . . . , e2n−1) = {3, 1, 3, 1, . . .} and c(e2n) = 4

• c(e′1, e
′
2, . . . , e

′
n) = {1, 2, 1, 2, . . .}

Thus we require 4 colors, that is χr(P (Pn �K1)) ≤ 4. Hence χr(P (Pn �K1)) = 4 when
r = 3.

Theorem 3.11. Let n ≥ 3, and S(Pn �K1) be the sub-division graph of (Pn �K1), then

χr(S(Pn �K1)) = r + 1, 1 ≤ r ≤ 3

Proof. Let V (S(Pn � K1)) = {vi : 1 ≤ i ≤ n} ∪
{
v

′
i : 1 ≤ i ≤ n− 1

}
∪ {ui : 1 ≤ i ≤ n} ∪{

u
′
i : 1 ≤ i ≤ n

}
where v′

i and u′
i are the vertex corresponding to the edge vivi+1 and viui of

(Pn�K1), 1 ≤ i ≤ n. The maximum and minimum degrees of S(Pn�K1) are ∆(S(Pn�K1)) =

3 and δ(S(Pn�K1)) = 1. By Lemma 3.1 χr(S(Pn�K1)) ≥ min{r,∆(S(Pn�K1))}+1 = r+1,
for 1 ≤ r ≤ 3. To show the upper bound, we assign colors as follows:
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Case 1: When r = 1,

• c(v1, v2, . . . , vn) = 1

• c(v′
1, v

′
2, . . . , v

′
n) = 2

• c(u′
1, u

′
2, . . . , u

′
n) = 2

• c(u1, u2, . . . , un) = 1

Thus we require 2 colors, that is χr(S(Pn �K1)) ≤ 2. Hence χr(S(Pn �K1)) = 2 when
r = 1.

Case 2: When r = 2,

• c(v1, v2, . . . , vn) = {1, 2, 1, 2, . . .}
• c(v′

1, v
′
2, . . . , v

′
n) = 3

• c(u′
1, u

′
2, . . . , u

′
n) = {2, 1, 2, 1, . . .}

• c(u1, u2, . . . , un) = 3

Thus we require 3 colors, that is χr(S(Pn �K1)) ≤ 3. Hence χr(S(Pn �K1)) = 3 when
r = 2.

Case 3: When r = 3,

• c(v1, v2, . . . , vn) = {1, 2, 1, 2, . . .}
• c(v′

1, v
′
2, . . . , v

′
n) = {3, 4, 3, 4, . . .}

• c(u′
1, u

′
2, . . . , u

′
n) = {2, 1, 2, 1, . . .}

• c(u1, u2, . . . , un) = 4

Thus we require 4 colors, that is χr(S(Pn �K1)) ≤ 4. Hence χr(S(Pn �K1)) = 4 when
r = 3. Therefore χr(S(Pn �K1)) ≤ r + 1, 1 ≤ r ≤ 3. Hence χr(S(Pn �K1)) = r + 1,

1 ≤ r ≤ 3.

4 Conclusion

In this paper we have investigated the r-dynamic chromatic number of some operations such as
central graph, middle graph, total graph, line graph, para-line graph, and subdivision graph of
the comb graph Pn �K1. We have used the upper bound and lower bound method to obtain the
r-dynamic chromatic number. Let G be any connected graph, till now there is no sharp lower
bound for the r-dynamic chromatic number, so it is left as an open problem.
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A B S T R A C T   

Early blight caused by Alternaria solani (A.solani) is a serious disease affecting the tomato crop. 
Due to resistance built up in pathogens to fungicides, alternate methods of disease control have 
been explored. This research article details on the efficacy of whole cells of Bacillus velezensis (B. 
velezensis) NKMV-3 strain and its lipopeptide extract (LPE) against A.solani. B.velezensis NKMV-3 
strain and its LPE was spray-dried using laboratory spray dryer. The highest powder recovery 
(55%) and viability (81.5%) was achieved when spray dried with 10%MgSO4 + 10% Whey 
protein +0.1% SiO2. The stability of the spray dried whole cell tablets was observed for 180 days 
(at 4 ◦C and 37 ◦C) with a maximum cfu.g− 1 of 2.3 × 108 at 4 ◦C. The spray-dried tablets of LPE of 
B.velezensis NKMV-3 was stable for 2 years as per CIPAC guidelines with a very low degradation of 
lipopeptides namely iturin, surfactin and fengycin. Greenhouse studies also revealed that B. 
velezensis NKMV-3 tablets along with its LPE tablets showed inhibitory effects against A.solani. 
Hence, B.velezensis NKMV-3 was found to be a suitable candidate to be pursued for the devel
opment of a bio control agent against early blight of tomato.   

1. Introduction 

Early blight disease in tomatoes caused by A.solani is one of the most disastrous diseases of tomatoes leading to heavy economic 
losses of 70–80% in yield (Adhikari et al., 2017). The disease is considered to be the most devastating one, because of its significant 
cause of losses in both quantity and quality of fruit harvest. Favorable conditions for the onset of disease include warm and consistent 
moist environment which may be due to frequent rain showers or any overhead irrigation systems (Sahu et al., 2014). Major control 
measures for early blight of tomato involves the usage of synthetic fungicides. But continuous usage of fungicides may lead to 
resistance among plant pathogens (Todorova and Kozhuharova, 2010). Hence, in order to overcome this, safe and sustainable control 
measures such as use of microbial bio control agents are required. 

Bacillus spp. has been verified as a plant growth promoter and systemic resistance inducer, in addition to the production of a broad 
range of antimicrobial compounds and as competitors for growth factors with other pathogenic microbes. Rhizospheric dwelling 
bacteria play an vital role in antagonistic activity against the plant pathogens, particularly through the induction of systemic induced 
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resistance in the host (Bhattacharyya and Jha, 2012). Hence, bacterial bio control agents targeting species of Bacillus genus are po
tential candidates for development of bio control agents against various plant pathogens(Andrić et al., 2020; Shafi et al., 2017). Also, 
Bacillus based bio control agents occupy a major part in the field of commercialized biopesticides (Fravel, 2005). In our previous 
results, we have shown an antagonistic species of Bacillus namely B.velezensis NKMV-3 capable of controlling the early blight pathogen 
(A.solani) in tomato(Vignesh et al., 2022). 

Many reports have been published for the development of formulations using microbial bio control agents. The most common type 
of formulations using Bacillus spp. is either a liquid or a wettable powder formulation. Though there was bio control activity using these 
formulations, they lacked shelf-life and viability over a period of time. Further, it was also difficult for production and transportation of 
these formulations (Lee et al., 2006). Hence, the requirement for an alternate and more efficient type of formulation was the need of the 
hour. In order to overcome these drawbacks, scientists resorted to drying processes such as freeze drying and spray drying of bacteria. 
Since freeze drying was a more expensive technique due to its energy requirements, spray drying was an ideal choice (Peigh
ambardoust et al., 2011). 

Though, there were initial reports of reduction in cell viability and bio efficacy due to spray drying of bacteria (Abadias et al., 
2005), further studied provided successful methodologies using spray drying for the development of bacterial formulations which were 
shelf-stable, viable and efficacious (Prabakaran and Hoti, 2008; Yánez-Mendizábal et al., 2012). 

Previous results have suggested that B.velezensis strain was able to control early blight of potato (Gorai et al., 2021). Further, 
scientists were able to elucidate the inhibitory effects of volatiles produced by B. velezensis strain ZSY-1 against early blight in tomato. 
Ready to use tables from autoclaved cell free extract of B.subtilis CMs026 strain and its bio efficacy against early blight of Chinese Kale 
were also studied (Weerapol et al., 2019). 

In the current study, an antagonistic bacteria B.velezensis NKMV-3 strain and its LPE were spray-dried. The spray dried powder was 
tableted. The tablets were examined for various physio-chemical properties. The stability of the tables were also examined in this study 
followed by a preliminary greenhouse study to understand the bio efficacy of whole cell tablets and its LPE tablets against A.solani in 
tomato. 

2. Materials and methods 

2.1. Microorganism and growth conditions for endospore production and viability 

Bacillus velezensis NKMV-3 previously isolated from the rhizospheric soil of tomato plants from a tomato growing region of Tamil 
Nadu state, India was used in this study (Vignesh et al., 2022). Endospore production test was done as per Yánez-Mendizábal et al. 
(2012). Briefly, a loop full culture from an actively growing nutrient agar slant was taken and inoculated into nutrient broth amended 
with 2% Glucose. The bacteria were incubated for 48 h at 37 ◦C in a rotatory shaker with constant shaking of 130 rotations min− 1. 
Samples were drawn at 24h and 48h and subjected to heating at 80 ◦C for 12 min to kill vegetative cells and generate endospores. This 
was followed by serial dilution in water and plating on nutrient agar media from corresponding dilutions. The plates were incubated at 
30 ◦C for 48h and observed for bacterial growth. A similar set of experiment was carried out without heat treating the bacterial culture 
at 80 ◦C. The cfu.ml− 1 was compared between heat treated and untreated cultures at 24h and 48h. The study was conducted in 
triplicates. 

2.2. Spray-drying of bacteria 

Spray-drying of B.velezensis NKMV-3 was conducted using a laboratory spray dryer (Spray Mate, Jay Instruments & Systems Pvt. 
Ltd). B.velezensis NKMV-3 grown in 100 ml Nutrient Broth amended with 2% Glucose for 48h at 130 rotations min− 1 was used for 
Spray-drying. Based on literature survey, carrier materials such as maltodextrin (10% w/v), Skimmed milk powder (10% w/v) and 
whey protein (10% w/v) were used (Abadias et al., 2005; Bhagwat et al., 2020; Costa et al., 2002; Palazzini et al., 2020). 10% (w/v) 
MgSO4was used as a cell protectant and 0.1% (w/v) SiO2 was used as anticaking agent in each combination during the process of 
spray-drying. The spray-drying parameters were as follows: inlet and outlet temperatures were 140 ◦C and 65 ◦C respectively. The flow 
rate of the suspension was maintained as 300 ml/h and the atomization pressure was 1.30 kg/cm2. The spray dried powder from each 
combination was collected into sterile borosilicate bottles and placed at room temperature until further use. 

The total dry matter in the initial 48h old bacterial suspension and the final spray dried powder was calculated by placing 5 ml/0.5g 
of the suspension/powder respectively at 105 ◦C for 24 h in a hot air oven. The difference between the final weight of the spray dried 
powder and the suspended solids in the initial suspension was used to calculate the percentage of powder recovery. The experiment 
was repeated thrice. 

To determine the viability of the spray dried bacterial combinations using different carriers, the cfu.ml− 1 of the initial suspension 
and final spray-dried powder was calculated. 1 ml of the initial bacterial suspension was serially diluted and plated on nutrient agar 
medium. In case of spray dried powder, 0.1 g of the sample was rehydrated in water for 10 min and serially diluted and plated on 
nutrient agar media. The percentage of viability was calculated as below:  

% Viability = (cfu.g− 1 of final spray dried powder/cfu.ml− 1 of initial NKMV-3 Suspension) x 100                                           

The experiment was repeated thrice. 

2.3. Preparation of lipopeptide extract spray dried powder 

B.velezensis NKMV-3 was grown in nutrient broth amended with 2% glucose for 30 h at 37 ◦C in a rotatory shaker with constant 
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shaking of 130 rotations min− 1. The cells were harvested by centrifugation at 6000×g for 15 min followed by the reduction of pH of the 
cell free extract to 2.0 by the addition of 3N HCl and left for overnight precipitation at 4 ◦C. The precipitated lipopeptides was 
separated by centrifugation at 8000×g for 30 min at 4 ◦C. The pellet was dissolved in methanol and extracted thrice and evaporated 
under vacuum using a rotatory evaporator at 50 ◦C and 65 rpm (Lin et al., 2020; Zouari et al., 2016). The resulting viscous liquid was 
left for drying at 50 ◦C for 48h in a hot air oven. The dried lipopeptide extract was scrapped and stored until further use. 

Spray dried powder of lipopeptide extract was prepared using a laboratory spray dryer (Spray Mate, Jay Instruments & Systems Pvt. 
Ltd). The spray dried powder was prepared as follows: 5% (w/v) of NKMV-3 lipopeptide extract was dissolved in 20% (w/v) of 
methanol. This was followed by addition of 20% (w/v) of whey protein and 0.1% (w/v) SiO2. The remaining portion was made up with 
cell free extract of NKMV-3. The Spray-drying parameters were as follows: inlet and outlet temperatures were 140 ◦C and 65 ◦C 
respectively. The flow rate of the suspension was maintained as 300 ml/h and the atomization pressure was 1.30 kg/cm2. The spray 
dried powder was recovered and stored in borosilicate bottles at room temperature until further use. 

2.4. Preparation of tablets 

The spray dried powder of microbial sample and their derived lipopeptide extract were designed as tablets with 200 mg dose/tablet 
by direct compression and wet granulation process, respectively using an optimized formula (Table 1). The active ingredient and the 
individual excipients like sodium starch glycolate for disintegrating agent along with microcrystalline cellulose and lactose for diluents 
were passed through sieve no. 60 and triturated in a mortar. For direct compression of B.velezensis NKMV-3, 7.5% of dry corn starch as 
binder was preferred, due to hygroscopic nature of the spray dried powder and also to maintain the viability and stability of the 
bacterium. For the formulation of secondary metabolites as tablets, required amount of polyvinyl pyrrolidone dissolved in isopropyl 
alcohol was used as binder for granulation. The granules were passed through sieve no. 32 and then dried in hot air oven at 40 ◦C for 5 
min. The granules and the direct compression mixture were individually lubricated with talc and magnesium stearate (2% each) and 
then compressed as tablets using semi-automatic single punch compression machine (Khera Instruments, Mumbai) with 8 mm 
diameter concave punches and dyes. The tablets were subjected to quality control standard testing and stored in desiccator for further 
evaluation (Coelho et al., 2018; Yánez-Mendizábal et al., 2012). 

2.5. Pre-compression parameters for tableting 

The wet granules and the direct compression mixture were evaluated for pre-compression parameters such as flow property, 
density, compressibility index and Hausner ratio before the pill compression process to ensure the suitability for the material for 
punching as solid unique tablets without any issues like weight variation, capping, breaking, etc (Weerapol et al., 2019). Angle of 
repose was measured to check the flow behavior of the samples using funnel method. Each sample was allowed to freely fall through a 
funnel fixed at height of 20 cm from base, to form a symmetrical cone on a paper. The height and base (diameter) of the cone was 
measured (n = 3 trials) and the angle of repose was calculated by the formula, 

Tan θ=
Height of cone
Radius of cone 

The bulk volume of samples was noted in a measuring cylinder and the tapped volume was confirmed by placing the known 
quantity of the granules in the Tapped Density Apparatus (Lab India), which runs up and down continuously for about 500 tapping at 
the height of 3–5 inches. The bulk and tapped density of the granules was assessed from bulk and tapped volume, correlated to the total 
weight of the granules using the formulae, 

Bulk density (V0)=
Bulk Volume of granules

Weight of the sample taken  

Tapped density (Vt) =
Tapped Volume of granules
Weight of the sample taken 

These values were used to determine the compressibility nature of the materials through the compressibility index and Hausner 

Table 1 
Formulation of Tablets for of B.velezensis NKMV-3 and its LPE.  

S. No. Name of the ingredient Quantity/Tablet (mg) 

NKMV-3whole cells NKMV-3 Lipopeptide extract 

1 Active ingredient 200 200 
2 Micro crystalline cellulose 42.5 42.5 
3 Lactose 17 17 
4 Starch 22.5 – 
5 Poly vinyl pyrrolidone – 22.5 
6 Isopropyl alcohol – Quantity sufficient 
6 Sodium starch glycolate 6 6 
7 Talc 6 6 
8 Magnesium stearate 6 6  

Total weight of a tablet 300 300  
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ratio calculation. 

% Compressibility Index= 100x
V0 − Vt

V0  

Hausner Ratio=
V0
Vt  

2.6. Evaluation of tablets 

The formulated tablets were evaluated for standard quality parameters such as uniformity in dimensions and weight, hardness, 
disintegration time and friability (Ch et al., 2012). All the tablets were evaluated for diameter and thickness using a Vernier Caliper 
scale. The individual weight of tablets and their average weight deviation was calculated as the monograph standards. The hardness of 
the tablets was checked with Monsanto hardness tester. The time taken for the disintegration of the tablets was estimated in disin
tegration testing apparatus (Lab India) as per the specifications, using distilled water as media. The tablets were placed in vessels 
without disc (n = 6) and immersed and raised in the media until the tablets fragmented into pieces that passes through the mesh at the 
bottom of the vessel. Friability of the 10 tablets was evaluated using Tablet Friability Tester (Lab India), wherein the tablets were 
subjected to rolling and falling process at the optimum height of 6 cm for 100 revolutions in 4 min (25 rpm/minute). The initial and 
final weight of the tablets were considered to calculate the % friability using the formula, 

% Friability=
Initial weight − Final weight

Initial weight
x100  

2.7. Shelf-life study of tablets 

The prepared bacterial tablets were subjected to real time shelf-life studies at two pre-set temperatures namely 4 ◦C and 37 ◦C. The 
tablets were stored in airtight borosilicate screw cap containers and placed inside stability chambers (Remi, India) maintained at 4 ◦C 
and 37 ◦C with 50% RH. Triplicate samples were maintained (Meng et al., 2015). Tablets equivalent to 1g dry weight was taken at 
intervals of 30, 60, 90, 120 and 180 days from whole cell tablet formulation and serially diluted in sterile distilled water and plated on 
nutrient agar medium. The plates were incubated at 30 ◦C for 48h and observed for bacterial growth (Jayaraj et al., 2005).The number 
of bacterial colonies were counted and expressed as CFU g− 1. 

The tablets of NKMV-3 lipopeptide extracts were subjected to accelerated shelf life studies in accordance with Collaborative In
ternational Pesticides Analytical Council limited., 2000; (Yánez-Mendizábal et al., 2011). Briefly tablets were stored in airtight bo
rosilicate screw cap containers and placed inside stability chambers (Remi, India) maintained at 54◦Cand50% RH for 14 days. Samples 
were quantified through liquid chromatography as adapted from (Dhanarajan et al., 2016) for lipopeptides namely iturin, surfactin 
and fengycin. Triplicate samples were maintained for the experiment. 

2.8. Water solubility of tablets 

The dissolution capacity of both bacterial tablet and that of the lipopeptide extract of NKMV-3 was determined as follows; 250 mg 
of each tablet were suspended in 50 ml of water and stirred using a magnetic stirrer at 829 rpm. The time for complete solubility was 
calculated in seconds and expressed as dissolution time/tablet (Fritzen-Freire et al., 2012). The experiment was repeated thrice. 

2.9. Inhibitory effects of NKMV-3 lipopeptide extract tablets against A.solani 

The effect of lipopeptide extract tablets of B.velezensis NKMV-3 was evaluated for any inhibitory effect on the mycelial growth of A. 
solani. 1%, 2.5% and 5% concentrations of the lipopeptide extract tablets were added to 100 ml of Potato dextrose broth. Each flask 
was inoculated with a 5 mm disc of A.solani from an actively growing plate. The flasks were incubated at 28 ◦C in a rotatory shaker with 
constant shaking of 130 rotations min− 1 for 5 days. A control flask was maintained with only a 5 mm A.solani disc and without the 

Table 2 
Treatment details for greenhouse studies.  

Treatment No. Treatment details Dosage (g/l) 

T1 Un treated control – 
T2 NKMV-3T 1 
T3 NKMV-3T 2 
T4 NKMV-3T 3 
T5 NKMV-3 LPET 1 
T6 NKMV-3 LPET 2.5 
T7 NKMV-3 LPET 5 
T8 NKMV-3T + LPET 1g each 
T9 NKMV-3T + LPET 2g + 2.5g 
T10 NKMV-3T + LPET 3g+5g 
T11 NKMV-3T + LPET 5g+5g 
T12 Mancozeb 2g 

NKMV-3T – B.velezensis tablet 
LPET – Lipopeptide extract tablet of NKMV-3 
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addition of NKMV-3 lipopeptide extract tablet. Samples were drawn from each flask after 5 days of incubation and observed under a 
light microscope (Olympus CX 31) for any abnormalities in the hyphal structures and photographed. 

2.10. Greenhouse studies of bacterial and lipopeptide extract tablets against A.solani in tomato 

A completely randomized block designed greenhouse study was conducted to evaluate the effect of NKMV-3 and its lipopeptide 
extract tablets on tomato for the control of early blight of tomato. Twelve treatments as provided in Table 2 were evaluated. PKM-1 
variety tomato seedlings were used for the study. Thirty days old seedlings were transplanted into 5 Kg pots and used for the trial. The 
potting mixture consisted of red soil, farmyard manure and river sand in the ratio 1:2:1. 

The plants were grown for another 45 days until it reached 10–15 leaf stage. A spore suspension with min 3 × 105 conidia/ml was 
prepared from a 10 day old A.solani plate using 0.1% Tween-80 (Awan and Shoaib, 2019). In order to provide the bacterial cells time to 
establish on the leaf surface, treatments T2 to T4 were sprayed two days prior to the application of the conidial suspension. While all 
other treatments were sprayed two days after inoculation of conidial suspension. An untreated control was maintained with no 
application of conidial suspension. Plants were enclosed inside plastic covers for 48h after conidial application with a relative humidity 
of 60% to improve conditions for onset of disease. Each treatment was replicated thrice. The percentage of early blight disease severity 
was evaluated 20 days after inoculation based on the visual score of the symptoms on leaves as follows in Table 3 (Vakalounakis, 
1983): 

The percentage of early blight disease index was calculated using the above scoring of visual symptoms using the below formula 
(Pandey et al., 2003; Ravikumar et al., 2016):  

Percentage disease index = Sum of all ratings x 100 /                                                                                                           

No. of sampled leaves x maximum score in rating. 

2.11. Statistical analysis 

All data was analyzed statistically using WASP - Web Agri Stat Package 2.0 and Microsoft excel (2016), to assess statistically 
significant differences among the various treatments. 

3. Results 

3.1. Endospore production and viability of NKMV-3 

Bacillus velezensis NKMV-3 was found to produce endospores when subjected to heat treatment. The CFU ml− 1 including vegetative 
and endospore cells was 6.3 × 108 and 2.7 × 109 respectively before heat treatment at 24h and 48h after inoculation. The 
CFUml− 1gradually reduced to 2.3 × 106 and 3.3 × 108 respectively after heat treatment at 24h and 48h after inoculation respectively. 
The reduction in CFU ml− 1 was lesser in 48h old culture in comparison to 24h culture. The highest viability of cells (88.9%) was 
observed when 48h old culture was subjected to endospore formation (Table 4). 

3.2. Moisture content, percentage recovery percent, viability and survival of spray dried powder of B.velezensis NKMV-3 and its LPE 

Spray-drying of B.velezensis NKMV-3 yielded a dull white powder which was hygroscopic when exposed to air due to the presence of 
maltodextrin, skim milk or whey protein based on the composition. There was a significant influence on the usage of different carrier 
materials in the preparation of spray-dried powder of Bacillus velezensis NKMV-3. On an average, the percentage powdery recovery was 
ranging between 27 and 55%. Similarly, the moisture percentage of the spray dried powder was significantly varying between 5 and 
11% when using different carrier materials (Table 5). The maximum powder recovery was observed while using whey protein as 
carrier while the least percentage of moisture was observed when skim milk was used as the carrier. 

In order to scale up the production of B. velezensis NKMV-3, 10% MgSO4, 10% whey protein and 0.1% SiO2 was shortlisted as it 
produced the maximum powdery recovery with moderate moisture percentage (Table 5).The viability of the cells ranged from 70 to 
82% based on the carrier material. Whey protein carrier combination with 10% MgSO4 was found to have the maximum percent 
viability of 81.5, while skim milk combination with 10% MgSO4 showed the least percent viability of 70.4% (Fig. 1). 48h culture of B. 
velezensis NKMV-3 had a cfu.ml− 1 of 1.3 × 109. The survival of B.velezensis NKMV-3 was greatly influenced by various carrier materials. 
The average cfu.g− 1 when maltodextrin was used as a carrier was 1.4 × 107.Whey protein as carrier produced a slightly better cell 
survivability of 4.9 × 108 cells g− 1. Skim milk as carrier produced a viability of 2 × 107 cfu g− 1. Whey protein which was found to have 
the maximum powder recovery and viability was used for the spray-drying of the LPE of NKMV-3. The powder recovery of LPE of 

Table 3 
Scoring chart for A.solani lesions.  

Score Details 

0 No visible lesions on the leaf 
1 Up to 10% of the leaf affected 
2 11–25% of the leaf affected 
3 26–50% of the leaf is affected 
4 51–75% of the leaf is affected 
5 >75% of the leaf is affected or leaf abscised  
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NKMV-3 was 44.05% with moisture of 6.80%. 

3.3. Preparation of bacterial and NKMV-3 LPE tablets 

The spray dried samples of B.velezensis and their derived metabolites both exhibited hygroscopic nature when exposed to air. The 
secondary metabolites sample was wet granulated with PVP binder, which resulted in free-flowing granules with required flow 
behavior as confirmed by the angle of repose value 39◦. In case of the spray dried microbes, the direct compression mixture exhibited 
poor flow property due to cohesive nature of the raw materials(Al-Zoubi et al., 2021). However, addition of the lubricants improved 
the flow nature of the sample, which was manually compressed into tablets (Ch et al., 2012). The bulk and tapped density mea
surement of both the samples confirmed their optimum compressibility index and Hausner ratio that was suitable for compression of 
the materials into solid unit tablets. The results obtained are provided in Table 6 & Fig. 2. 

Table 4 
Viability of B.velezensis NKMV-3 after heat treatment for endospore formation.  

S.No Time point CFUml− 1 Before heat Treatment CFUml− 1 After heat Treatment % Viability 

1 24h 6.3 × 108(±3.1) 2.3 × 106(±1.5) 75.0 
2 48h 2.7 × 109(±1.5) 3.3 × 108(±2.5) 88.9  

Table 5 
Percentage powdery recovery and moisture with inlet and outlet temperatures during spray drying using different carrier materials Each value is a mean of three 
replications. Different letters indicate significant differences between different treatments (P < 0.05) using WASP.  

S. 
No 

Treatment details Inlet Temperature (
◦

C) Outlet Temperature (
◦

C) Powder Recovery 
(%) 

Moisture (%) 

1 NKMV-3 + 10%MgSO4 + 10% Maltodextrin +0.1% SiO2 140 65 27.32c 11.70a 

2 NKMV-3 + 10%MgSO4 + 10% Skim Milk + 0.1% SiO2 140 65 49.50b 3.70b 

3 NKMV-3 + 10%MgSO4 + 10% Whey protein +0.1% SiO2 140 65 55.33a 5.00b 

4 NKMV-3 LPE +10% Whey protein +0.1% SiO2 140 65 44.05 ± 1.63d 6.80 ± 0.38c  

Fig. 1. Cell viability of B.velezensis NKMV-3 using different carrier materials while spray-drying at 140 ◦C inlet temperature and 65 ◦C as outlet temperature. Each 
value is a mean of three replications. Significant difference between treatments (P < 0.05) using WASP. 

Table 6 
Pre-compression parameters of the granules.  

S. No. Parameters NKMV-3 whole cells NKMV-3 Lipopeptide extract 

1 Angle of repose (θ◦) 15.983 ± 1.086 39.028 ± 1.714 
2 Bulk density (g/mL) 0.298 ± 0.006 0.321 ± 0.001 
3 Tapped density (g/mL) 0.411 ± 0.010 0.403 ± 0.004 
4 Compressibility Index (%) 27.376 ± 0.892 25.474 ± 0.904 
5 Hausner Ratio 1.377 ± 0.017 1.254 ± 0.009  
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3.4. Evaluation of tablets 

The dimensions of both formulated tablets were 8.1 mm diameter and 5.1 mm thickness without any variation. The average weight 
of the tablets was about 285 mg and 297 mg for the direct compressed microbes and wet granulated metabolites, respectively. Both 
tablets were found to be within the standard narrow limits of 5% deviation of the average weight, which ensured uniform distribution 
of the active ingredients at required dose in all the tablets. The hardness of tablets containing the microbes and metabolites was found 
to be 3.5 and 4 kg/cm2respectively. This provided the optimum compression force and strength of the tablets. The disintegration time 
of 10 and 14 min for the former and later, respectively, is considered suitable due to addition of sodium starch glycolate. The friability 
of less than 0.1% in both batches of tablets signified the negligible weight loss due to crack or damage of edges (Weerapol et al., 2019). 
Further, the time to dissolve for microbial tablets was slightly less (613s) in comparison to LPE tablets (854s). The result of the study is 
shared in Table 7. 

3.5. Stability study of B. velezensis NKMV-3 and its lipopeptide extract tablets 

B. velezensis tablets prepared as described were stored at 4 ◦C and 37 ◦C. The real time stability (cfu.g− 1) data for the bacterial 
pellets was observed for 180 days on a monthly basis. Table 8 provide details of the stability at the two storage temperatures. At both 
storage temperatures, a cfu.g− 1 of x108 was achieved. Though statistically not significant, the cfu.g− 1 of the bacterial pellets was 
slightly better at 4 ◦C in comparison to stability at 37 ◦C. 

Previous studies have reported that B. velezensis NKMV-3 can produce iturin, surfactin and fengycin (Vignesh et al., 2022). LPE 
tablets of NKMV-3 was prepared as described earlier and subjected to accelerated stability study. After 14 days at 54 ◦C, iturin 
degraded by 3.98%, fengycin by 2.43% and surfactin by 3.87% (Table 9). This clearly proved that the LPE tablets were stable for 2 
years as per CIPAC guidelines. 

3.6. Inhibitory effect of NKMV-3 lipopeptide extracts tablets on A.solani 

B.velezensis NKMV-3 LPE tablets were inoculated into PDB at various concentrations along with mycelial plugs of A.solani. NKMV-3 
LPE tablets were found to be effective in at all tested dosages against A.solani producing swelling in the mycelium, leading to 
deformation of the hyphae. There was a gradual increase in the deformed hyphae as the concentration of the tablets increased from 1 to 
5%. The malformations in the hyphae are shown in Fig. 3. 

3.7. Greenhouse studies of bacterial and lipopeptide extract tablets against A.solani in tomato 

A greenhouse study was performed to evaluate the efficacy of the tablets of the bacteria and its LPE’s against A.solani in tomato. The 
percentage disease index was calculated after 20 days inoculation of the conidial suspension on the tomato plants. The results revealed 
that, the combination of LPE tablets and the bacterial tablets when used together as tank mix provided a better control of the disease in 
comparison to the stand-alone usage of either the LPE tablets or the bacterial tablets. The least PDI was obtained in the chemical 
treatment (Mancozeb) followed by combination of LPE tablets and bacterial tablets used at a dosage of 5 g/l each. The least control of 
the disease was found when the bacterial tablets were used alone at a dosage of 1 g/l. The results of the greenhouse study are presented 
in Fig. 4. 

4. Discussion 

In the present study, experiments were performed to evaluate the ability of the formation of endospores by B.velezensis NKMV-3, 
spray-drying of whole cells and its lipopeptide extracts, tableting of whole cells and its lipopeptide extract and inhibitory effect of both 
the tablets against A.solani under greenhouse conditions in tomato plants. 

Due to various reasons such as resistance to fungicides, evolution of pathogens, change in climatic conditions, a shift from chemical 
pesticides to microbial bio-fungicides has begun. Bacillus spp. are an important candidate among other genera of bacteria because they 
produce a wide array of secondary metabolites finding applications in agriculture and healthcare (Zhao et al., 2017). Ongena and 
Jacques. (2008) have reviewed the mechanisms of plant disease control by various lipopeptides produced by Bacillus spp. 

This study as described above, involves the spray-drying of antagonistic bacteria. The main criteria for a bacterium to be able to be 
spray dried are its ability to tolerate high temperatures for a certain duration of time (Golowczyc et al., 2010). Thermo tolerance for 

Fig. 2. a. Compressed tablets of B. velezensis NKMV-3 whole cells, b. Compressed tablets of LPE of B. velezensis NKMV-3.  
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Table 7 
Evaluation of the Tablets of B.velezensis NKMV-3 Whole cells and its Lipopeptide extract.  

S. No. Parameters NKMV-3 Whole cells Lipopeptide extract 

1 Average weight (mg) 285.2 ± 2.15 297.2 ± 3.12 
2 Diameter (mm) 8.1 ± 0.002 8.1 ± 0.002 
3 Thickness (mm) 5.1 ± 0.003 5.1 ± 0.003 
4 Hardness (Kg/cm2) 3.5 ± 0.1 4.33 ± 0.28 
5 Disintegration Time (min) 10 ± 1.0 14.33 ± 0.57 
6 Friability (%) 0.05 ± 0.002 0.04 ± 0.002 
7 Dissolution time (s) 613.67 ± 6.03 854.33 ± 13.58  

Table 8 
Real time shelf-life study of compressed tablets of B. velezensis spray dried powder. The values are averages of three replicates.  

Storage time (Days) Mean cfu.g− 1(x 108) 

4 ◦C 37 ◦C 

0 5.3 ± 0.58 5.3 ± 0.58 
30 4.7 ± 1.15 4.3 ± 1.53 
60 3.7 ± 0.58 3.7 ± 2.08 
90 3.3 ± 0.58 2.3 ± 0.58 
120 3.0 ± 1.00 2.0 ± 1.00 
150 2.7 ± 0.58 1.7 ± 1.15 
180 2.3 ± 1.53 1.3 ± 0.58  

Table 9 
Accelerated stability study of compressed tablets of B. velezensis LPE spray dried powder. The values are averages of three replicates.  

S.No Analysis parameter % Degradation of lipopeptides after 14 days of Accelerated stability study 

1 Iturin 3.98 ± 0.100 
2 Fengycin 2.43 ± 0.005 
3 Surfactin 3.87 ± 0.004  

Fig. 3. Effect of NKMV-3 LPE tablets against A.solani under in vitro conditions. a. Control without LPE tablets, b. LPE compressed tablets at 1% concentration against A. 
solani, c. LPE compressed tablets at 2.5% concentration against A.solani, d. LPE compressed tablets at 5% concentration against A.solani. Arrows indicate deformations 
in the mycelial structures upon exposure to NKMV-3 LPE tablets. 
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bacteria especially Bacillus spp. is achieved through the formation of specialized heat resistant vegetative structures called endospores. 
Endospores help in tiding over unfavorable conditions and may survive even over millions of years (Nicholson et al., 2000). Errington 
(2003) determined that when Bacillus spp. was exposed to 80–85 ◦C, they were able to form endospores. Our results also suggest that B. 
velezensis NKMV-3 is able to form endospores when exposed to 80 ◦C. This will enhance the viability of spores during the spray-drying 
process. 

Spray-drying of bacterial formulations was considered to be a non-viable option for producing bio control agents mainly due to the 
reduction in cell viability and lower bio efficacy among other reasons (Abadias et al., 2005). On further research and development in 
this area, success was achieved by several scientists to produce a stable and efficacious spray dried product. Prabakaran and Hoti. 
(2008) and Yánez-Mendizabal et al. (2012), were able to produce spray dried B.subtilis and B. thuringiensis var. Israelensis that was 
stable and also effective in controlling brown rot caused by Monilinia spp. in nectarines & peaches and third instars of Ades aegypti 
mosquito larvae respectively. Further, spray-drying of bacterial cells is determined by several parameters such as inlet temperature, 
outlet temperature, atomization pressure, cells protectants, carriers and others. A detailed reading of these parameters affecting the 
spray-drying process is provided by Huang et al. (2017). Of all the parameters, outlet temperature is very critical for the survival of 
spray dried cells. Zhou et al. (2008) suggested an optimal outlet temperature of not more than 65 ◦C for the spray-drying of B.thur
ingiensis. Though Palazzini et al. (2020) used a slightly lower outlet temperature of 55 ◦C for the spray-drying of B.velezensis for the 
control of Fusarium head blight in wheat, we have optimized 65 ◦C as outlet temperature for the spray-drying of B.velezensis NKMV-3 
strain which is concurrence with Zhou et al. (2008). 

Another factor critical to the success of spray-drying is the growth phase of the bacteria used for spray-drying. We have used a 48h 
old culture which is in the log phase for spray drying. This maximizes the chances of survival of cells after spray drying. Similar results 
were obtained by Yánez-Mendizábal et al. (2012) when they compared the survival percentage of 24h and 72 h B.subtilis culture after 
spray-drying. 

The current studies were conducted using a lab scale spray-dryer, hence the losses were more. A maximum powdery recovery of 
55% was achieved in this study. This in accordance with the results obtained by Costa et al. (2002). In general, there is always a 
reduction in the number of cells before and after spray drying (Palazzini et al., 2020; Yánez-Mendizábal et al., 2012). Our results also 
concurred with a reduction in cfu.g− 1 by 101–102 folds after spray drying depending on the carrier used. 

Tablet formulations of both B.velezensis NKMV-3 and its LPE were prepared from their respective spray-dried powders. All tablets so 
prepared were found acceptable to normal tableting standards. This can be used while scaling up the process for preparing commercial 
quantities of the formulation. As described by Weerapol et al. (2019) the addition of 6% Sodium starch glycolate provided the 
necessary hardness to the tablets which increased the disintegration time. The friability of less than 0.1% in both batches of tablets 
signified the negligible weight loss due to crack or damage. Since Silicon dioxide (anti caking agent) was added during the preparation 
of spray drying, it resulted in a free flowing powder (Pingali et al., 2011). 

B.velezensis has known to exhibit antagonistic activity against early blight pathogen in Potato (Gorai et al., 2021). Gao et al. (2017) 
had demonstrated that volatile compounds produced by B.velezensis strain ZSY-1 were able to control the growth of A.solani in tomato. 
Cao et al. (2018) demonstrated that lipopeptides produced by B.velezensis isolates consisting of iturin, surfactin and fengycin played 
important role in controlling plant pathogens namely Ralstonia solanacearum and Fusarium oxysporum. On similar lines, B.velezensis 
NKMV-3 strain and its lipopeptide extract (containing iturin, surfactin and fengycin) was already shown to exhibit inhibitory effect 
against A.solani in tomato (Vignesh et al., 2022). The stability of the whole cell tablets was studied at two storage temperatures (4 ◦C 
and 37 ◦C).Our results indicated that there was only a slight reduction of viable cells at 37 ◦C in comparison to 4 ◦C. These results are in 
concurrence with results obtained by Palazzini et al. (2020). Weerapol et al. (2019) studied the degradation of surfactin over a period 
of three months in tablets derived from B.subtilis strain CMs026 and reported no degradation in surfactin content when stored at 4 ◦C. 
In order to confirm the stability of LPE tablets, iturin, surfactin and fengycin were quantified through liquid chromatography after 14 

Fig. 4. Bio efficacy results of various treatments of B.velezensis NKMV-3 strain and its LPE tablets against A.solani under greenhouse conditions. Each bar represents 
average of three replicates. Different letters indicate significant differences in between treatments. (P < 0.05) according to WASP. 
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days at accelerated conditions in accordance with CIPAC guidelines. Our results showed less than 5% degradation in all three lip
opeptides analyzed, suggesting the stability of the LPE tablets. The reason for this could be that these lipopeptides are stable and not 
degraded even when autoclaved (Weerapol et al., 2019).Tablets derived from B.subtilis strains were previously used effectively for the 
control of A.solani, A. brassicicola in Chinese kale under pot conditions and for the control of damping off in tomato under greenhouse 
and field conditions. Similar experiments were conducted under greenhouse conditions to evaluate the efficacy of B.velezensis strain 
NKMV-3 against A.solani in tomato. Spray dried tablets of whole cells and LPE of B.velezensis strain NKMV-3 was effective in controlling 
A.solani in tomato. 

In conclusion, in this study, spray drying of whole cells and LPE of B.velezensis strain NKMV-3 was standardized. Addition of silicon 
dioxide to the spray dried powder provided free flow properties to it. Tablets of each, whole cells of B.velezensis NKMV 3 strain and its 
LPE were prepared using sodium starch glycolate to provide hardness. Further, tablets of whole cells of NKMV-3 were stable up to 180 
days at both 4 ◦C and 37 ◦C storage temperatures. Similarly, LPE tablets exhibited a 2-year shelf life under accelerated stability testing 
conditions. Both the tablets were found to be effective in controlling A.solani under greenhouse conditions. Hence, all the results 
indicate that B.velezensis strain NKMV-3 can be an effective bio control agent for the control of early blight in tomato. Future ex
periments should focus on the scale up of fermentation of B.velezensis strain NKMV-3 and its downstream processing for obtaining 
commercial quantities of LPE. Field trials should also be conducted to ascertain the extent of control of A.solani under field conditions. 
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