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SUMMARY 

Piper nigrum L. is one of the economically and medicinally important plant species 

which belong to family Piperaceae. P. nigrum is cultivated throughout the world for its 

fruits (peppercorn), which is usually dried and used as a spice and for seasoning. Its 

global demand varies from 271×10
3
-355×10

3
 tons per year. Besides economical 

importance, P. nigrum is also used for medicinal properties due to the presence of the 

biologically active piperine. Piperine is the active principle of this species and its daily 

consumption in human diets ranges from 0.3 to 0.54 mg-person
-1

-day
-1

. Conventionally, 

P. nigrum is propagated through seed and stem cuttings. But seeds loose their viability 

when stored for longer period. Therefore, high sterility and recalcitrant seed 

germination are the limiting factor to large scale cultivation of this species. In large 

scale cultivation, stem cutting is limited by low number of individuals obtained from a 

single plant, requires enough stocks of stem cuttings and high labor inputs. The other 

limiting factors include, plant aging, different diseases and poor management practices. 

In this regard, in vitro tissue culture techniques have proven to be very promising. Plant 

cell, tissue and organ culture is an attractive technique which produce true-to-type and 

genetically stable clones in short span of time by passing conventional methods and 

seasonal variation.  

During the present research work, an effort has been made to develop an efficient and 

feasible system for rapid multiplication and healthy plantlets production of P. nigrum 

which can be successfully used in large scale commercial multiplication. In the first 

experiment, micropropagation protocol has been optimized from leaf explants of potted 

plants of P. nigrum. Suitable leaf portions were placed onto Murashige and Skoog 

(MS) medium for callus induction. MS-medium containing 6-benzyladenine (BA) 

alone (0.5 mg l
-1

; 93%) or BA (1.5 mg l
-1

) in combination with α-naphthalene acetic 

acid (NAA; 1.0 mg l
-1

; 90%) produced good quantity of callus cultures for shoot 

organogenesis. Consistent shoot production (85%) from callus cultures was observed 

on medium containing BA (1.0 mg l
-1

) and gibberellic acid (GA3) with optimum 

number of shoots per explant and mean shoot length. In this experiment, BA has been 

found to be the most efficient plant growth regulator for callus induction and shoot 

regeneration in P. nigrum. Among different concentrations of Indole butyric acid (IBA) 

used, 2.0 mg l
-1

 has been found the best PGR for root induction (89%), mean root 



SUMMARY  

 

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum   xiii 

length (11.5 mm) and number of roots per shoot (7.8). After optimization of protocol 

for regeneration, different in vitro culture extracts were tested for DPPH and 

antimicrobial potential. Higher DPPH activity was observed in in-vitro regenerated 

shoots compared to calli and plantlets of P. nigrum. These in vitro cultures were 

extracted with hexane, ethanol and chloroform solvents for antimicrobial activities. All 

the crude extracts showed good activities against bacterial strains compared to Candida 

albicans. The antimicrobial results have shown that in vitro culture extracts are nearly 

as effective as standard antibiotics. Hexane extract of callus cultures showed 22 mm 

zone of inhibition against Bacillus cereus. Similarly, hexane extracts of in vitro 

regenerated shoots showed highest activity (24.3 mm) against Bacillus cereus. Hexane 

extracts of commercially available peppercorn also exhibited activities (26 mm) against 

Bacillus cereus. Antimicrobial studies demonstrate that the extracts of P. nigrum have 

great potential as antibacterial compounds against microorganisms. My results revealed 

that most of the crude extracts of callus culture, in vitro shoots and peppercorn have 

demonstrated maximum activities against Bacillus cereus which proposes potential 

application of P. nigrum in foods to increase their shelf life.  

In the second experiment, improved regeneration system and consistent production of 

piperine for fingerprinting and quality control has been optimized from leaf explants of 

seed derived plants of P. nigrum. Seed germination has been observed on MS-medium 

containing 0.5 mg l
-1

 of GA3 at 32°C. Leaf explants has been inoculated on MS-

medium under modified photoperiod (reverse; 16hD/8hL) for higher biomass and 

piperine production. More than 90% callus cultures has been observed on medium 

containing thidiazuron (TDZ; 4.0 mg l
-1

) and BA (1.5 mg l
-1

) under the influence of 

reverse photoperiod. Under normal photoperiod (16hL/8hD), 90% callus induction 

response has been observed after 4 weeks of inoculation of leaf portions on medium 

containing combination of BA (1.0 mg l
-1

) and GA3 (0.5 mg l
-1

). These callus cultures 

were subsequently used for shoot regeneration. During shoot organogenesis, 1.5 mg l
-1

 

and 2.0 mg l
-1

 of the IBA have found the best PGRs for shoot regeneration (80%) from 

callus cultures under reverse photoperiod. However, in normal photoperiod, 100% 

shoot regeneration potential has been observed on medium containing TDZ (1.5 mg l
-1

) 

or IBA (1.5 mg l
-1

). Higher root induction (95%) has been observed under reverse 

photoperiod as compared to normal (88%) on medium containing IBA alone. IBA 
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alone has been found the best plant growth regulator for root organogenesis in P. 

nigrum.  

Callus cultures, in vitro regenerated shoots and plantlets were used for enzymatic 

studies [Superoxide dismutase (SOD), Peroxidase (POD), Catalase (CAT) and 

Ascorbate peroxidase (APX)]. The SOD activity increases from callus culture to 

plantlet development. Highest activity was observed in plantlet and lowest activity was 

recorded in callus cultures under reverse photoperiod. However, highest POD was 

observed in callus cultures compared to plantlets. Similarly highest activity of CAT 

was observed in callus than in vitro shoots and plantlets under reverse photoperiod. The 

activity of APX increases from callus to plantlet development and thus highest activity 

was observed in regenerated plantlets. Under normal photoperiod, the highest activity 

of SOD was observed in plantlets than callus cultures and in vitro shoots. But POD, 

CAT and APX activities were found higher in callus cultures compared to in vitro 

shoots and plantlets. The regenerated tissues were also used for antioxidant activities 

(DPPH, PMo, ABTS and Fe+2 chelating activity) determination. Under normal 

photoperiod, higher DPPH (1, 1-diphenyl-2-picrylhydrazyl) and PMo 

(phosphomolybdenum) activities were observed in normal photoperiod compared to 

tissues generated under reverse photoperiod. However, ABTS 2, 20-azinobis-(3-

ethylbenzothiazoneline-6-sulphonic acid) and Fe+2 (iron chelating activity) activities 

were found higher in regenerated tissues incubated under reverse (16hD/8hL) 

photoperiod compared to normal.  

Callus accumulated threonine (THR) in higher quantities (C4H9NO3 =3.715%) than 

serine (SER; C3H7NO3 =3.574%) and arginine (ARG; C6H14N4O2 =2.092%) under light 

photoperiod. Callus culture under 16hD/8hL photoperiod also showed higher 

accumulation of THR (2.0%), SER (2.4%), leucine (LEU; 1.0%) and ARG (1.007%) 

but in lower quantities compared to tissues incubated under light photoperiod. In vitro 

grown shoots showed the best potential for THR (C4H9NO3 =4.978%) accumulation. 

Similarly like callus culture, shoots also accumulated suitable amount of SER 

(C3H7NO3 =3.154%) under light photoperiod. However, regenerated shoots 

accumulated THR (2.33%), SER (1.98%), lysine (LYS; 1.01%) and ARG (1.11%) 

under reverse photoperiod (16hD/8hL) but in lower amount compared to regenerated 

shoots incubated under 16hL/8hD photoperiod. In vitro grown plantlets showed the best 
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potential for THR (C4H9NO3 =3.022%) and SER (C3H7NO3 =2.704%) accumulation 

under 16hL/8hD. But in vitro plantlets incubated under reverse photoperiod showed 

lower accumulation of THR (1.22%), SER (1.0%) and tyrosine (TYR; 1.09%) than 

normal photoperiod. Peppercorn showed the lowest potential for amino acids 

accumulation but ARG (C6H14N4O2 =4.494%) production was higher than other in 

vitro cultures.  

Total phenolic and flavonoid contents were also determined in callus, in vitro shoots 

and plantlets in order to study the effect of normal and reverse photoperiods on these 

contents. The highest Total phenolic content (TPC; 9.91 mg/g-DW) and flavonoid 

content (7.38 mg/g-DW) were observed in callus cultures incubated under normal 

photoperiod (16hL/8hD) as compared to other tissues and 16hD/8hL photoperiod. The 

quantification of main secondary metabolite has been carried out in dried callus, in 

vitro shoots, in vitro plantlets, acclimated plantlets and peppercorn through High 

Performance Liquid Chromatography (HPLC). An efficient and reliable HPLC protocol 

for quality control and fingerprint analysis of piperine in different regenerated tissues of 

P. nigrum with all required parameters has been developed. A significant quantity of 

piperine (4.16 mg/g-DW) was detected under 16hL/8hD photoperiod compared to 

16hD/8hL (2.2 mg/g-DW), which was comparative to other reports available. The in 

vitro regeneration system and HPLC-based fingerprint analysis established here 

brought a novel approach to quality control of in vitro regenerated tissues of P. nigrum 

producing metabolites of interest with substantial applications for commercial purposes 

and germplasm conservation.  

In the third experiment, synergistic combination of selected polyamines and TDZ with 

other PGRs has been applied in order to improve micropropagation and to enhance the 

production of piperine. Improved micropropagation system has been developed from 

leaf explants obtained from in vitro regenerated shoot. In this experiment, highest callus 

induction (73.19%) has been observed when explants were incubated on medium 

containing combination of BA (2.0 mg l
-1

) and TDZ (2.0 mg l
-1

) after 28-days. The 

synergistic effect of Spermidine (SPD; 2.0 mg l
-1

) and TDZ (2.0 mg l
-1

) was found to be 

the best combination in enhancing shoot regeneration (75.09%), shoot length (mean of 

1.93 cm) and number of shoots per explant (6.48). Best rooting (<80%) with 4.64 cm 

mean root length and 6.09 roots per plantlet was obtained by treating in vitro shoots 
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with 2.0 mg l
-1

 of the IBA in the half MS medium. After shoot multiplication, in vitro 

shoots were collected from selected treatments and dried for piperine determination 

through HPLC. Maximum of 18.3±1.70 mg/g-DW piperine content was detected in 

shoots treated with Putrescine (PUT) and TDZ (1.5 mg l
-1

) as compared to control 

(10.5±1.50 mg/g-DW). After piperine quantification, powder piperine was extracted 

from different in vitro regenerated tissues. The powder piperine was subjected to 

crystallization for 24 hrs by using acetone. The process of crystallization successfully 

completed after 24 hrs incubation. Scanning electron micrographs were taken after 6, 

12, 18 and 24 hrs of crystallization. The effect of synergistic combination of 

polyamines and TDZ with other PGRs on crystal morphology and chemical structure 

has been confirmed by using X-ray diffraction (XRD) and Fourier transform infrared 

(FTIR). No significant change was observed in piperine crystal morphology and 

chemical structure. It has been concluded from this experiment that polyamines and 

TDZ have positive role on piperine production in P. nigrum. 
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1. GENERAL INTRODUCTION 

 

1.1 PIPER NIGRUM L.; AN IMPORTANT MEDICINAL AND ECONOMICAL 

PLANT: 

Black pepper (Piper nigrum) is a perennial climbing vine and a well known spice. It 

belongs to family Piperaceae and is native to India. The word pepper is derived from 

the Sanskrit word pippali meaning berry, mentioned in 1000 BC old Sanskrit literature. 

This specie is mainly cultivated in Vietnam, Brazil, India, Indonesia and Malaysia for 

obtaining either black or white peppercorn (Hussain et al., 2011; Tiinga et al., 2012; 

Srinivasan, 2007; Nair and Gupta, 2003; Bhat et al., 1995). There are more than 700 

species in the genus Piper but three species including P. nigrum, P. longum and P. 

betle are medicinally and economical important (Bhat et al., 1995; Parmar et al., 1997). 

This species shows restricted growth to specific environmental and soil conditions and 

is found in huge altitudinal diversity. It is considered as black gold, and its importance 

can be judged from the big volume of its international trade (Srinivasan, 2007). This 

has been a major item of trade between India and Europe for centuries and is one of the 

major foreign exchange earners for India (Mathews and Rao, 1984). 

Both raw and product forms of Piper species have high commercial, economical and 

medicinal importance. The commercial products of black pepper are mainly pepper oil, 

cookies, crackers, tea, perfumes, candy, sweets (resin) and sausage preservation 

(Nelson and Eger, 2011). The major producers of black pepper in 2012 are Vietnam 

(120,000/133,000mt), India (44,000/50,000mt), Brazil (35,000/38,000mt), Indonesia 

(26,500/30,500mt), Malaysia (10,000/12,000mt), Srilanka (9,000/11,000mt), and China 

(21,000/22,000mt) (www.nedspice.com). In 2012 the major consumers markets were 

Asia Pacific (44%), North America (22%), Europe (22%), South and Central America 

(4%), Middle East (4%) and Africa (4%) (http://www.astaspice.org). Generally the 

consumption of black pepper worldwide is increased by 3% per annum and the 

production versus consumption is about 20, 000mt (http://www.astaspice.org). The 

price of black pepper increased from US$ 2000 per ton in 2007 to approximately US$ 

8000 per ton in 2012 and the expected global demand is likely to reach up to 350,000 

tons by the year of 2015 (www.nedspice.com). 

The fruits and other parts of this specie is not only used as a food supplement but also 

used for different medicinal purposes. It contains anti-apoptotic (Pathak and 

http://www.nedspice.com/
http://www.astaspice.org/
http://www.astaspice.org/
http://www.nedspice.com/
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Khandlewal, 2007a), antibacterial (Erturk, 2006), anti-colon toxin (Srinivasan, 2007), 

an antidepressant (Li et al., 2007), antidiarrhoeal (Kumar et al., 2007), anti-

inflammatory (Gulcin, 2005), antimutagenic (El-Hamss et al., 2003), antioxidant 

(Pathak and Khandlewal, 2007b), immuno-modulatory (Sunila and Kuttan, 2004), 

antispermatogenic (Mishra and Singh, 2009), antithyroid (Panda and Kar, 2003), 

antitumor (Sunila and Kuttan, 2004), insecticidal (Scott et al., 2008) and pesticidal 

activities (Awoyinka et al., 2006). It is also used to treat asthma, chronic indigestion, 

colon toxins, obesity, sinus, congestion, fever, cold extremities, colic, gastric ailments 

and diarrhea (Ao et al., 1998). The medicinal efficiency of black pepper is due to the 

presence of piperine (Govindarajan, 1977; Srinivasan, 2007). Upon oral administration, 

piperine activates pancreas, intestine and gall bladder to produce digestive enzymes 

which help in food assimilation (Platel and Srinivasan, 1996; Bhat and Chandrasekhara, 

1987). Recently, it has been reported that piperine is effective for mood and cognitive 

disorder, and now-a-days used as a bio-availability enhancer, when used in 

combination with other active compounds (Bhardwaj et al., 2007; Wattanathorn et al., 

2008). 

1.1.1 Traditional propagation methods 

Different propagation strategies have been used to increase the healthy biomass of this 

important species. But the conserved germplasms of this species in native repositories 

is under serious threat from different biotic and abiotic stresses. Conventionally, this 

species are propagated through seeds and stem cutting (Ravindran et al., 2000). P. 

nigrum is a perennial climbing vine which needs support (standards) for fruit 

production (Susan et al., 2008). For climbing vine both living and non living standards 

are used, but for successful establishment, the non living standards are preferred for 

higher productivity. All established plants of P. nigrum produced seeds but due to short 

viability and high sterility the production is cumbersome, uncertain and yield only as 

few heterogeneous progenies. Fresh seeds can easily germinate but lost viability and 

moisture contents during storage (Ravindran et al., 2000). Therefore, recalcitrant seed 

germination is the limiting factor to large scale cultivation of this species. Similarly 

seeds tend to produce dioecious progenies but favorable and preferred hermaphrodite 

cultivars can be obtained from vegetative propagation (Bavappa and Gurusinghe, 

1978). Therefore, this plant is propagated through cutting with 2-6 nodes and 4 leaves 
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for nursery production and field plantation (Sivaraman, 1988). Micropropagated shoot 

tips of mature vine and seedling are also used for plantlets production (Methews and 

Rao, 1984; Philip et al., 1992). Vegetative propagation is also limited by the low 

number of individuals obtained from a single plant, requires enough stocks of stem 

cuttings and high labor inputs. For the last few years’ substantial degree of decline has 

been noticed in production due to plant aging and multi pathogenic attacks like 

mycoplasma, bacteria, virus, fungus and pests (Abbasi et al. 2010; Phillip et al., 1992). 

Extensive variation among cultivars, high heterozygosity, polyploidy and dioecious 

nature hampers the breeding improvement in this species (Mathew et al., 2001). In this 

regard, in vitro tissue culture techniques have proven to be very valuable alternative. 

1.1.2 In vitro techniques for mass propagation 

In vitro techniques bypass conventional methods and rapidly produce identical 

progenies of many medicinal and economical plant species (Hu and Wang, 1983). In 

vitro culture and regeneration is an alternative method to the traditional propagation of 

plants that are less responsive to be cloned by conventional means (Sajc et al., 2000). 

These techniques play an important role in propagation, conservation and improvement 

of Piper and other plant species (Bhat et al., 1995). A combination of in vitro 

propagation and cryopreservation may help in the conservation of biodiversity of 

locally used medicinal plants and spices (Fay, 1992). 

1.1.2.1 In vitro seed germination 

The viable seeds of Piper nigrum are commonly infected by different pathogens 

including bacteria, fungi, mycoplasma and virus (Philip et al., 1992). It is very difficult 

to control viral and mycoplasmal contamination because these internal pathogens are 

nearly always transferred by vegetative propagation (Philip et al., 1992). Several 

workers reported that these endogenous contaminations induced delay in response of in 

vitro cultures of P. nigrum (Mathews and Rao, 1984; Fitchet, 1990; Philip et al., 1992). 

Joseph et al. (1996) reported that these internal pathogens can be minimized, if excised 

embryos from the seeds are used for in vitro cultures establishment. Another alternative 

for minimization of these pathogens is the use of sterilization techniques. Different 

surface sterilizing agents include ethanol, mercuric chloride and sodium hypochlorite 

are used for in vitro establishment of P. nigrum Mujib (2005) reported that seeds 

sterilization with 0.1 % HgCl2 for 4 min is very effective in eliminating of several 
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contaminations. Similarly Azad et al. (2003) also reported similar concentration of 

HgCl2 for removal of contamination for 3-20 min. But Fitchet (1990) and Philip et al. 

(1992) reported that repeated surface sterilization of seeds and other explants inhibit the 

growth of bacteria but does not eliminate them completely. However, Joseph et al. 

(1996) and Nair and Gupta (2006) reported that seed germination on Schenk and 

Hildebrandt (SH) medium provide enough material for the establishment of in vitro 

cultures of P. nigrum   

1.1.2.2 Choice of explants 

The choice of appropriate explant for culture establishment varies with plant species 

and plays a key role in determining the efficiency of propagation (Abbasi et al., 2007). 

In early experiments, leaf, nodal, internodal, shoot tips, roots and seed derived plantlets 

have been used for direct and indirect regeneration of relevant Piper species (Bhat et 

al., 1995; Nazeem et al., 1992; Philip et al., 1992; Babu et al., 1993; Joseph et al., 

1996; Sujatha et al., 2003; Bhat et al., 1992; Nair and Gupta, 2005; Rout et al., 2000). 

In the literature cited the most appropriate explant for efficient and successful 

regeneration of P. nigrum are seed derived plantlets and shoot tips. But direct and 

indirect production of plantlets from mature vines of this species has been unsuccessful 

(Mathews and Rao, 1984). However, seed derived explant leads to genetic variation 

from the mother plant. The type and source of explant is very important in determining 

the morphogenetic potential, which are significantly influenced by the phytosanitary 

and physiological conditions of the donor plant (Debergh and Maene, 1981; Read, 

1988). Maintenance of the donor plants in hygienic and controlled conditions provides 

fresh, healthy and sterile explants (Sagare et al., 2001). The type, size and physiological 

age of explant are other factors which play an important role in regeneration of 

complete plantlets via callus cultures or through direct organ formation (Rout et al., 

2000). In conclusion, leaf and shoot tip explants are useful for regeneration of Piper 

species.  

1.1.2.3 Regeneration 

In vitro regeneration of P. nigrum can occur both by organogenesis and somatic 

embryogenesis (Philip et al., 1992; Joseph et al., 1996; Nair and Gupta, 2006). Both 

solid MS (Murashige and Skooge, 1962) and liquid SH media (Shchenk and 

Hildebrandt, 1972) are widely used for micropropagation of this species (Bhat et al., 
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1995; Nazeem et al., 1992; Babu et al., 1993; Sujatha et al., 2003; Bhat et al., 1992; 

Nair and Gupta, 2005). However, the use of other media such as Woody Plant Medium 

(WPM) has only been reported for the regeneration of P. barberi (Babu et al., 1996.).  

1.1.2.3.1 Shoot organogenesis 

Shoot organogenesis means the regeneration of shoots directly from differentiated 

tissues or indirectly from undifferentiated cells under in vitro conditions (Nalawade and 

Tsay, 2004). Shoot organogenesis needs several factors and biochemical processes for 

differentiation and complete organ formation (Chawla, 2000). Generally the type of 

plant growth regulators, explant types and its inoculation direction play an important 

role in regulating the differentiation process (Jones et al., 2007). Additional media 

supplements, alteration and modification also play a key role in the morphogenesis 

(Narayanaswamy, 1977). Culturing of leaf explants on MS medium containing IAA (1 

μM) in combination with BA produced whitish or green friable calli. The addition of 

silver nitrate (AgNO3; 05-15ppm) significantly influenced shoot regeneration (Sujatha 

et al., 2003). The addition of BA alone or in combination with adenosine sulphate 

(AdSO4) and IBA are effective for initial shoot proliferation but higher concentrations 

of BA (5.0 μM) reduced shoot proliferation and further growth of shoots. But higher 

concentrations of BA (5.0-10 μM) produced 40% shoots from nodal explants. 

However, the combination of BA (1.5 μM) and IBA (3.0 μM) promote shoot 

organogenesis in this specie (Philip et al., 1992). Supplementing of Kinetin (Kn) to the 

medium influenced the axillary bud proliferation but failed to induce shoot buds in P. 

nigrum (Bhat et al., 1995). However, Anand and Rao (2000) reported that the addition 

of BA and Kn to the medium produced 88% response. The BA in combination with 

activated charcoal had a significant effect on the number of shoot production. Shoot 

tips and nodal explants failed to induce shoots and bud break on cytokinin-free 

medium. But the higher concentration of BA (6.6 μM) promotes the response in both 

types of explants. The combination of Kn and IAA are also effective in shoot 

organogenesis (Rubluo and Barroso, 1992). Furthermore, direct and indirect shoot 

regeneration from leaf and stem explants are widely reported in other piper species 

such as P. attenuatum, P. betle, P. chaba, P. colubrinum and P. longum (Babu et al., 

1996; Bhat et al., 1992, 1995; Madhusudhanan and Rahiman, 2000). 
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1.1.2.3.2 Somatic embryogenesis 

Somatic embryogenesis refers to the production of a complete embryo from somatic 

cell bypassing gamete fusion. Somatic embryogenesis directly produces a large number 

of plantlets through different physiological changes which resemble zygotic embryos 

(Dudits et al., 1995). Cyclic somatic embryogenesis repeatedly produced a large 

number of embryos from a single culture of primary embryos under specific growth 

conditions (Singh and Chaturvedi, 2009). Seed derived embryos, micropylar and 

integument tissues are widely reported for induction of somatic embryogenesis in P. 

nigrum (Joseph et al., 1996; Nair and Gupta, 2003; 2005; 2006). Primary somatic 

embryos with globular, heart and torpedo shapes are reported from seed derived 

embryos on SH medium with 2, 4-D or without PGRs (Joseph et al., 1996). Nair and 

Gupta (2006) reported the induction of secondary somatic embryos from the micropylar 

tissues of germinating seedling in the absence of light on SH medium. Such somatic 

embryos are suitable for mass propagation of recalcitrant plants (Nair and Gupta, 

2006). Nalawade and Tsay (2004) reported that such in vitro systems are useful for 

production of important secondary metabolites in a short period of time for multiple 

applications. The scaling up of black pepper through cyclic secondary somatic 

embryogenesis has been described in earlier reports (Nair and Gupta, 2003; 2005; 

2006). The system of cyclic secondary somatic embryogenesis represents a permanent 

source of embryogenic materials that can be used for genetic manipulations of this crop 

(Nair and Gupta, 2005). Joseph et al. (1996) reported that liquid systems are more 

appropriate for callus induction, somatic embryos formation and plantlets development 

(8 weeks) compared to static cultures (8 months). 

1.1.2.3.3 Role of auxin and cytokinin in P. nigrum regeneration 

In earlier studies, the presence of cytokinin especially BA significantly influenced the 

regeneration of P. nigrum (Maju and Soniya, 2012; Philip et al., 1992). Chua (1981) 

observed shoot proliferation on MS medium containing varied concentrations of BA. 

Similarly, Philip et al. (1992) observed shoot multiplication on medium containing BA. 

However, the synergistic combination of auxin/cytokinin is essential for callogenesis 

and organogenesis in this species. Bhat et al. (1992) reported that BA in combination 

with IAA is important for callus induction and shoot regeneration of P. nigrum. Similar 

synergistic combination of PGRs is also reported by Sujatha et al. (2003) for green 
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friable callus induction. Anand and Rao (2000) observed 88% shoot induction response 

on medium containing BA in combination with Kn. The combination of BA and IBA 

are effective for lateral branches development (Philip et al., 1992). Recently, Maju and 

Soniya (2012) reported that BA in combination with IAA enhances shoot proliferation 

in P. nigrum. It means that BA is one of the important regulators for callogenesis and 

organogenesis of P. nigrum. 

1.1.2.3.4 Role of Thidiazuron, polyamines and light in regeneration and 

phytochemicals production 

Thidiazuron (TDZ) is a cotton defoliator which possesses the dual function of auxin 

and cytokinin and is structurally different from these plant growth regulators. Sometime 

TDZ influence callus induction but also fulfills the requirements for organogenesis and 

somatic embryogenesis in many medicinal plants (Guo et al., 2011). TDZ is almost 

much effective in lower concentrations (10-1000 times) compared to other plant growth 

regulators. TDZ also play a key role in production of important secondary metabolites. 

TDZ enhances the production of tannins and flavonoids by enhancing the 

phenylpropanoid pathway. TDZ enhances anthraquinones production in hairy root 

cultures of Cassia obtusifolia (Ko et al., 1995), saponin production in root suspension 

of Gypsophila paniculata (Fulcheri et al., 1998), hypericin production in multiple shoot 

of Hypericum perforatum (Santarem and Astarita, 2003), myristin production in shoots 

of Myristica fragrans (Indira et al., 2009), isoflavones production in multiple shoots of 

Psoralea corylifolia (Shinde et al., 2010) and flavonolignan production in roots of 

Silybum marianum (Alikaridis et al., 2000). Similarly polyamines are used in stress 

conditions and for growth and development of plants under in vitro conditions (Bertoldi 

et al., 2004). Polyamines are exogenous elicitors which enhance the production of 

many enzyme and secondary metabolites in different plant species. These elicitors have 

a significant role on cell to cell signaling and synergism. They act as growth promoters 

and for survival of cell viability, post-translational modification, protein 

phosphorylation and enhanced biosynthesis of metabolites. It is evident from the cited 

literature that polyamines play a key role in morphogenesis and metabolites production 

(Bais and Ravishankar, 2002). 

Periodic application of light to in vitro cultures is one of the important steps that might 

modify the regeneration potential in many elite plant species. Light and dark cycles as 



CHAPTER 1  

 

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum  8 

external signals have a significant role in plant development and biosynthesis of 

important secondary metabolites (Shohael et al., 2006). Light has a direct relationship 

with chlorophyll content and any change in light intensity may fluctuate the internal 

pathways. Sometimes light fluctuation may result in the production of enhanced 

secondary metabolites (Zhong et al., 1991). Dark incubation produces an additional 

stress condition on in vitro cultures which alter and modify plant pathways. Such 

alteration in pathways may lead to the production of higher concentrations of secondary 

metabolites (Khan et al., 2013). However, dark incubation in Piper species enhances 

somatic embryogenesis (Joseph et al., 1996). 

1.1.2.3.5 Regeneration from protoplasts 

The preparation of protoplasts from plant tissues, transformation, fusion and subsequent 

growth under in vitro conditions are very useful for the production of new and 

improved cultivars. Sometimes the fusion of protoplasts from closely related species 

carry greater quantities of the DNA molecule, compared to genetic transformation that 

only insert one or two genes of interest. However, its application is very limited 

because it is very difficult to produce optimum plants from fused protoplasts. 

Protoplasts are a naked cell that can be easily manipulated for transgenic plant 

production. The isolation of protoplasts and its subsequent culturing for plantlet 

production in P. nigrum was reported earlier by Sim et al. (1998). Similarly, Shaji et al. 

(1998) reported the isolation of viable protoplasts from the leaves of P. nigrum and P. 

colubrinum. Further, Shaji et al. (1998) reported regeneration of plantlets from 

protoplasts only in P. colubrinum, but observed microcallus formation in P. nigrum 

after two months of protoplasts culture. 

1.1.2.3.6 Root organogenesis 

The process of root initiation and complete development normally needs different auxin 

concentrations in the medium (Azad et al., 2003). In general, root development in P. 

nigrum on different media was best induced by the addition of NAA, IAA and IBA 

(Bhat et al., 1992; Joseph et al., 1996; Philip et al., 1992). In P. nigrum root induction 

is not restricted to a specific medium. Bhat et al. (1992) reported that P. nigrum shoots 

can be easily rooted on MS-medium containing α-naphthalene acetic acid (NAA; 1 mg 

l
-1

) only. Bhat et al. (1995) reported best root initiation and development on 

GAMBORGs (B5) medium containing 6-benzyladenine (BA; 0.5 μM) in combination 
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with Indole acetic acid (IAA; 1.0 μM). However, Joseph et al. (1996) reported root 

development from somatic embryos in liquid SH medium with 1.5% sucrose without 

the incorporation of any plant growth regulator. 

1.1.2.3.7 Acclimatization and ex vitro transfer                                                                       

The acclimatization and establishment of in vitro regenerated plantlets in green house 

and field conditions are a critical step for commercial applications (Preece and Sutter, 

1991). During acclimatization the tissue cultured plantlets need relatively high 

humidity for establishment in soil conditions (Preece and Sutter, 1991). Generally, 4-6 

weeks old well rooted plantlets are transferred to different pots in a growth chamber 

and completely covered with polyethylene bags to maintain maximum humidity. These 

polyethylene bags are gradually removed for acclimatization. The prevailing conditions 

(humidity and temperature) of the transplanting season greatly influence the initial 

survival of potted plantlets (Azad et al., 2003). Bhat et al. (1995) reported the 

successful acclimatization of micropropagated plantlets in sterilized soil in green house 

after two weeks of transferring. These plantlets are then successfully established in 

field conditions after 4 weeks. Philip et al. (1992) reported the acclimatization of 

plantlets in compost (peat: sand: soil, 2: 1: 1). Nalawade and Tsay (2004) and Anand 

and Rao (2000) also reported similar conditions for acclimatization of micropropagated 

plantlets of P. nigrum. Different reports suggested that micropropagated plantlets of 

this species are superior to traditional propagules in field performance. Additionally 

these plantlets showed better establishment and early flowering compared to 

conventionally grown plants (Nazeem et al., 1992). Micropropagated plantlets are 

analogous clones of parental plants with good plant height, number of spikes per unit 

area, number of laterals per unit area, internodal length, mean yield, better fruiting, 

fresh weight, dry weight and higher oil contents as compared to seed-derived plants 

(Nazeem et al., 2004).  
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Table 1.1: Use of Piper species, explant types and their ultimate response to plant growth regulators 

Species Explant Response Medium + PGRs References 

P. nigrum Shoot tips Shooting MS + BA Philip et al. 1992 

P. nigrum Nodal and internodal Adventitious shoots B5 + BA, Kn Bhat et al. 1995 

P. longum Roots Shoot buds B5 + BA, Kn Bhat et al. 1995 

P. betle Nodal and internodal Adventitious shoots B5 + BA, Kn Bhat et al. 1995 

P. colubrinum Leaf Callogenesis ½ MS + IBA, IAA Kelkar et al. 1996 

P. nigrum Zygotic embryos Embryogenesis SH + 2, 4-D Joseph et al. 1996 

P. colubrinum Root, leaf, nodal and internodal Adventitious shoots MS + BA Kelkar and Krishnamurthy, 1998 

P. barberi Shoot tips and nodal Direct shooting MS + BA, Kn Anand and Rao, 2000 

P. nigrum Leaf Callogenesis MS + BA, IAA Sujatha et al. 2003 

P. nigrum Micropylar tissues Embryogenesis Free SH Nair and Gupta, 2006 

P. methysticum Shoots Shooting MS + BA, IAA Zhang et al. 2008 

P. nigrum Micropylar tissues Embryos + Transformation Free SH Varghese and Bhat, 2011 

P. longum Nodal, internodal and petiolar Direct shooting MS + BA Rani and Dantu, 2012 

P. nigrum Shoot tips and nodal Direct shooting MS + SH, BA, TDZ Maju and Soniya, 2012 

10  
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1.1.3 IN VITRO CULTURES AND ANTIOXIDANT ACTIVITIES 

The production of antioxidant compounds through in vitro cultures provides many 

benefits as compared to intact plants. These include simple extraction and purification, 

free from climatic factors, no need of seasonal variation, control over the production of 

targeted metabolites, shorter production cycle, fulfillment of the demands of different 

industries and helps to understand the route of biosynthetic pathways of metabolite 

production (Grassmann et al., 2002). 

Piperaceae family has provided many past and present civilizations with a source of 

diverse medicines and spice (Srinivasan, 2007). The medicinal efficacy of this species 

is due to the production of multiple metabolites. Generally these active metabolites are 

used for defenses against pathogens and both biotic and abiotic stresses (Scott et al., 

2008). These metabolites are especially phenolic compounds including multiple 

aromatic groups such as flavonoids, bioflavonoid, phenolics and anthocyanins 

(Khanavi et al., 2009). These antioxidant compounds are produced during plant cell, 

tissue and organ development. These natural antioxidants are non toxic and used 

against different lethal diseases (Sanchez- Moreno et al., 1999). Different studies 

revealed that these plant-based antioxidants containing anti-allergic, antibacterial, anti-

inflammatory, antiviral, antithrombotic, anti-cancerous, vasodilatory and especially 

anti-aging activities (Liyana-Pathirana and Shahidi, 2006). Imbalance between free 

radical generating and scavenging systems causes cellular damage which accelerates 

pathogenesis in the body and causes multiple disorders like neurodegenerative 

disorders, cancer and cardiovascular disease (Therond et al., 2000).  

Various methods have been designed for the determination of total antioxidant 

activities in plant derived materials. Among these methods, free radicals scavenging 

activity by using colored or synthetic stable radicals of 1,1-diphenyl- 2-picrylhydrazyl 

(DPPH)  (Molyneux, 2004) and 2, 2-azinobis-(3-ethylbenzothiazoneline-6-sulphonic 

acid) (ABTS)  or Trolox equivalent antioxidant capacity (Re et al., 1999), transition 

metal reduction, the reduction of ferric ions: ferric reducing ability of plasma (FRAP) 

assay, phosphomolybdenum ion activity and oxygen radical absorption capacity assays 

are frequently used (Aruoma, 2003; Prieto et al., 1999). Plant cells and tissues are also 

protected from damage by some endogenous proteins, enzymes and chemicals that 
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include transferrin, caeruloplasmin, glutathione, catalase, superoxide dismutase, 

peroxidases and vitamin C and E. 

1.1.3.1 DPPH free radical scavenging activity 

Among different methods used for antioxidant activities, DPPH is one of the simplest, 

inexpensive and rapid methods used for the determination of antioxidant capacity of 

plant cells/derived products (Khan et al., 2013). DPPH is recently used to test the 

capacity of plant tissues or compounds as free radical scavengers or hydrogen donors. It 

is also used for the quantification of antioxidants in complex biological systems 

(www.medallionlabs.com). DPPH activity is not restricted to specific antioxidant 

component, solid or liquid samples but used for the overall antioxidant capacity of the 

samples. Plant cell, tissue and organ cultures are widely exploited for the production of 

high valued secondary metabolites (Abouzid et al., 2010). During in vitro cultures, 

different factors affect the production of important metabolites (Duangporn and 

Siripong, 2009). Auxin and cytokinin alone or their synergistic combinations 

significantly alter the production of metabolites depending on plant species. Kinetin 

enhances the production of anthocyanins in Haplopappus gracilus but inhibit it in 

populous cell cultures (Seitz and Hinderer, 1998). The antioxidant activities of single 

compound or mixture are easily determined by DPPH activity. Lo et al. (2004) reported 

higher DPPH activity in regenerated plantlets of Dendrobium tosaense than 

Dendrobium moniliforme, and Dendrobium linawianum. Gulluce et al. (2003) observed 

higher DPPH activity in calli of Satureja hortensis as compared to synthetic butylated 

hydroxytoluene antioxidant agent. Similarly Grzegorczyk et al. (2007) reported DPPH 

activity in hairy and regenerated roots of Salvia officinalis. 

1.1.3.2 ABTS radical cation-antioxidant activity  

ABTS [2, 2-azinobis-(3-ethylbenzothiazoneline-6-sulphonic acid)] is mostly used in 

food and agriculture sectors to determine the antioxidant capacities of single compound 

or mixtures (Huang et al., 2005). During activity determination, the ABTS is converted 

into radical cation in the presence of sodium persulfate. This blue color radical 

frequently absorb light at 734 nm (Roberta et al., 1999). The free ABTS radical is 

mostly reactive towards main antioxidant groups such as vitamin C, phenolics and 

thiols (Walker and Everette, 2009). The blue ABTS radical converted to colorless 

neutral form during the reaction. During the reaction, different antioxidants are 

http://www.medallionlabs.com/
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compared with Trolox, therefore, this activity is also referred to as Trolox equivalent 

antioxidant capacity (TEAC) assay. Several studies on ABTS activity in different 

regenerated tissues of medicinal plants are reported in the literature. Chun et al. (2005) 

reported ABTS activity in tissue culture clones of Origanum vulgare. Recently Giri et 

al. (2012) observed higher ABTS activity in callus cultures of Habenaria edgeworthii. 

Costa et al. (2012) perform ABTS activity and concluded that in vitro culture extracts 

of Thymus lolocephalus is a promising alternative source for biosynthesis of natural 

antioxidants.  

1.1.3.3 Ferrous ion chelating activity 

Another method for determination of antioxidant activity is metal ion or ferrous ion (Fe 

2+
) chelating activity. In this system the reduction of metal ion shows electron donating 

activity that considers the main antioxidant action of different plant-based products. 

During the reaction, the visible yellow color of the samples is converted into green or 

blue color. The observable changes in color are possibly due to the reducing power of 

the test samples. The existence of antioxidants (reductant) in plant based products 

causes the reduction of Fe 
3+

 or ferric cyanide complex to the ferrous form (Fe 
2+

). 

Finally the formation of ferrous complex can be examined by measuring the formation 

of Perls’ Prussian blue (Khan et al., 2012). The metal ion chelating activity is applied 

on intact plant organs or plant derived products for the determination of antioxidant 

capacity. The ferrous ion chelating activity is widely reported in intact organs of 

different plant species but few reports are available in tissue culture derived products 

(Ebrahimzadeh et al., 2008; Michalak, 2006). 

1.1.3.4 Phosphomolybdenum antioxidant activity 

Phosphomolybdenum (P-Mo) assay is also referred as reducing power assay. In this 

activity the reduction of Mo (VI) takes place to Mo (V) due to the plant extracts and 

subsequently the generation of green phosphate/Mo complex at acidic pH (Kumar et 

al., 2008). Like other antioxidant activities, reducing power assay is also dependant on 

the antioxidants present in different organs of plant species. These antioxidants can be 

increased by using in vitro culture techniques. Grzegorczyk et al. (2007) observed that 

the methanolic extracts of roots of Salvia officinalis L. possessed strongest effects on 

reducing Mo radical scavenging. Shinde et al. (2010) reported that incubation of calli 
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under continuous illumination significantly enhanced Phosphomolybdenum antioxidant 

activity in Psoralea corylifolia as compared to dark incubation. 

1.1.4 IN VITRO CULTURES AND ANTI-OXIDATIVE ENZYME ACTIVITIES 

Free radicals are constantly generated in body that is highly reactive due to the presence 

of unpaired electrons. These unpaired electrons produce more stable species by 

donating or taking electron from other molecules (Aliyu et al., 2012). During normal 

metabolism different reactive oxygen species (ROS) are produced including oxygen 

free radicals and some non-radical derivatives of oxygen (Shoji et al., 2008). The 

imbalance in production of ROS leads to aging and to lethal diseases such as diabetes 

mellitus, arthritis, cancer, arteriosclerosis and cardiovascular diseases (Gupta and 

Sharma, 2010). The presence of different antioxidants in intact plants or in vitro culture 

products neutralizes the harmful effects of ROS by using endogenous antioxidative 

enzyme defense system such as ascorbate peroxidase (APX), catalase (CAT), 

peroxidases (POD) and superoxide dismutase (SOD). But some exogenous factors such 

as UV-rays, toxic chemicals, cigarette smoke and radiation weaken the endogenous 

enzyme defense system. This disturbance in the enzyme defense system damages the 

lipids, proteins, membranes and DNA macromolecules (Valko et al., 2006). The intake 

of natural antioxidants fulfills the body requirements. Furthermore, these natural 

antioxidants can be enhanced by using in vitro culture systems. 

1.1.4.1 Ascorbate peroxidases (APX) 

The complex antioxidant systems in plant protect cells from oxidative damage by ROS. 

This complex system uses antioxidants such as glutathione, ascorbic acid, melatonin, 

and antioxidative enzymes like ascorbate peroxidases for defense (Jaiswal et al., 2013). 

Peroxidases catalyze the reduction of hydrogen peroxide and the redox active cysteine 

is oxidized to a sulfenic acid by the peroxide substrate in humans. Generally plants use 

this enzyme to remove hydrogen peroxide produced in chloroplasts (Wood et al., 

2003). The production of these enzymes during in vitro cultures is widely reported in 

different plant species (Meratan et al., 2009; Gupta and Datta, 2003). Zavaleta-Mancera 

et al. (2007) also reported the importance of ascorbate peroxidases in plant 

development. 
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1.1.4.2 Catalases (CAT) 

Catalases are important enzymes that convert hydrogen peroxide to water and oxygen 

during plant growth and development. These enzymes need co-factor which is finally 

oxidized by hydrogen peroxide and transfer the bound oxygen to another substrate 

(Zámocký and Koller, 1999). In plants, ROS play a key role in development and 

response to biotic and abiotic stresses. During plant development, higher production of 

hydrogen peroxide is effectively scavenged by CAT and POD.  CAT plays a critical 

role in cell differentiation and mostly higher CAT production are involved in shoot 

organogenesis in different plant species (Thakar and Bhargava, 1999; Gasper, 1995). 

Manohri et al. (2011) observed higher catalase production in in-vitro plantlets as 

compared to the mother plant of Cassia siamea. 

1.1.4.3 Peroxidases (POD) 

This class of enzymes is believed to be involved in auxins catabolism. During in vitro 

regeneration these peroxidases efficiently participate in plant development, growth 

control, differentiation and morphogenesis (Manohri et al., 2011). POD production is 

widely reported in plant cell suspension cultures such as carrot, tobacco, spinach, radish 

and cowpea (Melo et al., 1995; Veitch, 2004). Similarly, Laukkanen et al. (1999) and 

Abbasi et al. (2011) reported that peroxidases play a key role in cell wall formation and 

organogenesis. 

1.1.4.4 Superoxide dismutase (SOD) 

This enzyme belongs to family of metallo enzymes which play a key role in plant 

development (Racchi et al., 2001). Generally three types of SODs participate in defense 

system and plant development depending on the metal types of catalytic sites. One type 

is Cu/Zn-SOD which is produced and stored in the stroma of chloroplasts. The second 

type of SOD (Mn-SOD) produced and stored in the matrix system of peroxisomes and 

mitochondria. The third type is Fe-SOD that is frequently found in the chloroplast of 

different plant species (Fridovich, 1989). All these SODs are involved in the catalysis 

and conversion of the oxygen radicals to hydrogen peroxide (Gupta and Datta, 2003). 

The hydrogen peroxide is one of the important ROS that can easily cross the biological 

membrane and causes severe cell damages. Sometime the hydrogen peroxide is 

converted into more toxic forms such as hydroxyl radical and these toxic radicals are 
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efficiently removed or scavenged by other defense enzymes like CAT and POD. These 

defense enzymes are inter-related with each other. When SODs production in plant cell 

is reduced then CAT and POD production increases.  Similar enzyme fluctuation 

pattern is reported in the micropropagated plantlets of Solanum and Prunus species 

(Franck et al., 1995; Kumar and Knowles, 1993).  

1.1.5 IN VITRO CULTURES AND ANTIMICROBIAL ACTIVITIES 

During the 19
th

 century the discovery and production of different synthetic antibiotics 

considerably reduced public health hazards from bacterial infections. But the alarming 

incidence of bacterial resistance and side effects including allergic reactions, immune-

suppression and hypersensitivity brought attention to plant based products (Ahmad et 

al., 1998). Plant cells and tissues produce variable amount of important secondary 

metabolites (Dixon, 2001). During plant growth and development some of these 

metabolites are stored in cells and organs. However, some metabolites are produced in 

response to pathogen attack, biotic and abiotic stresses (Etten, et al., 1994). Some of 

these metabolites are common sources of antimicrobial agents. These agents have less 

or no side effects as compared to synthetic antibiotics and widely used as traditional 

remedies in Asia, Africa and Latin America (Maghrani, 2005). In the last few years, 

modern science gave attention to spices due to the presence of multiple properties and 

easy availability (Chaudhry and Tariq, 2006). Plant-based products are preferred over 

synthetic medicine due to few or no side effects and also recently used for the 

treatments of different diseases (Ansari et al., 2006). Plant cell, tissue and organ culture 

synthesize and release different metabolites of interest into the medium under specific 

growth conditions. Many efforts have been made to isolate and increase the quantity of 

these metabolites for pharmaceutical, nutraceutical and for other commercial 

applications especially for therapeutics. In this regard, several amides, alkaloids, 

anthraquinones, cardenolides, polyphenols and terpenes are widely extracted from in 

vitro cultures of different medicinal plant species for biological effects including 

antimicrobial activities (Vanisree et al., 2004; Verpoorte et al., 2002). Plant cell, tissue 

and organ culture is an important technique for the enhanced production of precious 

and important compounds. The production of these important compounds for 

phototherapeutics and pharmaceutical products by using in vitro culture system are 

economical, free of contamination and cost effective than other methods (Wongwicha 
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et al., 2008; Avancini et al., 2003; Ames and Worden, 1997; Alfermann and Petersen, 

1995). Several workers reported the antimicrobial potential of undifferentiated and 

differentiated tissues of various medicinal plant species. Pitta-Alvarez et al. (2008) 

reported that in vitro shoot cultures of Berberis buxifolia possess higher antimicrobial 

activities against toxic metabolites producing strains of microorganisms. Vats et al. 

(2012) recently documented that phytochemicals extracted from in vitro cultures of 

Vigna unguiculata inhibit the growth of multiple microorganisms. Similarly, Theim and 

Goślińska (2002) also observed that in vitro culture extracts of Solidago virgaurea 

possess good antimicrobial potential against pathogenic microorganisms. 

1.1.6 IN VITRO CULTURES AND PHYTOCHEMICALS 

Plants release and accumulate important metabolites that are used against pathogens, 

predators, pollinator’s attraction and protection from Ultra Violet radiation. In vivo 

environmental factors and in vitro culture conditions greatly influence and trigger the 

biosynthesis of important secondary metabolites. Intact medicinal plants produce 

metabolites of pharmaceutical interest, the use of which is continuously expanding in 

modern society. In developed countries, more than 25% drugs have been extracted from 

medicinal plants, and the annual sale exceeded 30 billion dollars in the USA alone 

(Fowler, 2006). This increase in demand is forcing modern science to introduce new 

applied methods for the production of metabolites of interest. Modern in vitro 

techniques in which plant cells, tissues and organs are cultured under aseptic conditions 

for production of metabolites. Under controlled conditions, these cultures are free from 

variations of geographical and climatic factors. Such alternative techniques produce 

optimum quantities of metabolites and several applied technologies have already been 

developed (Georgiev et al., 2007). Efficient and consistent production of secondary 

metabolites and other bioactive natural products can be achieved more easily with in 

vitro cultured cells and organs compared to field-grown plants (Wu et al., 2007). 

1.1.6.1 Total phenolics and flavonoids content 

In recent years, plant-based secondary metabolites and active compounds are 

considered as eco-friendly for health improvement. These metabolites are found to be 

effective in quenching toxic free radicals, stimulation of immune system, regulation of 

gene expression, apoptosis induction, enzyme activation and interaction with cell-cycle 

arrest (Joo et al., 2010). An interest in plant-based antioxidants has increased due to 
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lower side effects as compared to synthetic antioxidant which sometimes cause 

carcinogenic effects. The antioxidant efficiency of plant-based antioxidants is due to 

the presence of flavonoid and especially phenolic compounds. In intact plant or in vitro 

cultures the phenolic compounds are synthesized through a shikimic pathway through 

carboxylic acid or benzoic acid (Matkowski, 2008). Recently these phenolic 

compounds have been used for antioxidant activities. Among different polyphenols 

produced under in vitro cultures, caffeic acid derivatives, lignans, gallotannins, 

ellegitannins, xanthones and stilbenes are widely used for this purpose (Harborne, 

2001; Matkowski, 2006). These phenolic compounds occur in free glycosylated form 

but they are condensed into larger molecules via ester linkages. They occur in more 

than one unit connected with intermolecular ester linkages such as coumaric, gallic, 

ferulic, caffeic and syringic acid (Matkowski et al., 2008). Plant based flavonoids, 

which are based on common structure are one of the largest groups of the secondary 

metabolites. These active compounds follow phenylalanine (PAL) pathway for 

synthesis but possess a tricyclic phenylbenzopyron structure. The important flavonoids 

that actively participate in different biological activities are flavanols, 

proanthocyanidins and anthocyanins. However, the sub-classes including flavones, 

flavanons, isoflavonoids, flavonols, anthocyanidins and catechins are also biologically 

active. Other modified flavonoids include lignans, biflavonoids, glycoside esters and 

oligomeric proanthocyanidins (Matkowski et al., 2008). Phenolic compounds in fresh 

fruits, spices and other food supplement showed proven antioxidant potential in model 

systems by quenching free or non-radical species. These compounds play a defensive 

role in plants from environmental stresses, UV radiation, pathogenic attacks and 

physiological damage. Plant cell, tissue and organ culture is an efficient system for 

enhanced production of these metabolites, which are either produced in limited 

quantities in parental plants or difficult to synthesize under laboratory conditions (Ali et 

al., 2013). These in vitro systems are specifically exploited for the production of 

metabolites due to their similarities to microbial cultures under similar or modified 

growth conditions (Kolewe et al., 2008). Among different classes of phytochemicals, 

polyphenols are the largest group which shows proven and higher antioxidant activity 

as compared to carotenoids and vitamins (Cie´sla et al., 2012). Generally there exist 

strong relationships between phenolic and flavonoids with antioxidant activity (Amid et 

al., 2011).  
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1.1.6.2 Amino acid accumulation in medicinal plants 

Medicinal plants produce different valuable compounds which are used as an 

alternative medicine throughout the world. The synthetic drugs available in local 

markets are simply copies of the natural one. Different technologies have been 

exploited to increase the production of these important metabolites including microbial 

cell cultures. Recently, plant tissue culture system became widely used to alter the 

production of these metabolites. The plant cell, tissue and organ culture system was 

introduced in 1960’s and exploited to enhance secondary metabolites of commercial 

importance (Vanisree et al., 2004). The differentiated and undifferentiated (cell 

cultures) cells and tissues of many medicinal plants have been widely used to produce 

pharmaceutical compounds such as  amino acids, alkaloids, phenolics, flavonoids, 

saponins, steroids and terpenes (Vanisree et al., 2004). 

Naturally, plants accumulate and release different compounds for defense and growth 

development including essential amino acids. These amino acids are specially the 

building blocks of a variety of proteins (Bercovici and Fuller, 1995). Some of these 

amino acids are called “essential” because the human body cannot prepare it. Human 

ingests these amino acids directly from plants or plant-based products. These amino 

acids are encoded by the universal genetic code. After ingestion into the human body, 

the essential amino acids are incorporated into proteins, lipoproteins, glycoprotein and 

macromolecules or converted and oxidized into urea and CO2 to act as a source of 

energy (Leuchtenberger et al., 2005).  

Generally these amino acids are also biochemically very important for some chemical 

industries. Nine amino acids including L-isoleucine, L-histidine, L-leucine, L-lysine, L-

methionine, L-phenylalanine, L-threonine, L-tryptophan and L-valine play a key role in 

growth and development and must be taken from plant based products (Leuchtenberger, 

1996). Four important amino acids (L-lysine, L-methionine, L-threonine, and L-

tryptophan) covered 56% of the total amino acid market of food products. Some of the 

industrial applications of these amino acids are flavor enhancer, initiator of peptide 

sweetener and used for “lite” colas (Leuchtenberger et al., 2005). Other proteinogenic 

amino acids are widely used in pharmaceuticals, cosmetic industries and agriculture 

sectors. The Business Communication Company estimated that the annual demand of 
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amino acid increased by 7% (US $1 billion) in which peptide sweetener alone share US 

$400 million (Brown, 2005). 

1.1.6.3 Piperine 

The Piperaceae family produces and synthesizes a variety of phytochemicals. Total of 

592 different compounds have been isolated from genus Piper. In 592 compounds, 145 

are alkaloids and amides, 47 different lignans, 89 are terpenes and 70 are neolignans.  

Out of existing 700 Piper species, only 12% are investigated for different 

phytochemicals that led to the isolation of 101 novel compounds which showed active 

biological activities against different diseases (Parmar et al., 1997). The 

phytochemicals of P. nigrum have been investigated by several workers which led to 

the extraction and detection of several commercially important compounds including 

amides, alkaloids, kawapyrones, lignans, flavonoids, flavones, flavanones, chalcones, 

dihydrochalcones, neolignans, piperolides, propenyphenols, steroids, terpenes, 

guineensine, piperine, piperamide, piperamine, piperettine, pipericide, piperolein B, 

sarmentosine, tricholein, trichostachine, sarmentine, retrofractamide A, brachyamide B, 

dihydropipericide, (2E , 4E)-N-eicosadienoyl-pereridine, (2E, 4E)-N-isobutyl-

eicosadienamide, N-formylpiperidine, 3,4-dihydroxy-6(N-ethylamino)-benzamide, N-

trans-feruloyltryamine, (2E , 4E)-N-isobutyl-decadienamide, (2E , 4E, 8Z)-N-isobutyl-

eicosatrienamide and (2E , 4E)-N-isobutyl-octadienamide (Bandyopadhyay et al., 1990; 

Kiuchi et al., 1988; Miyakado et al., 1979; 1980; Orjala et al., 1993; Parmar et al., 

1997). The dried peppercorn of this species contains 4% alkaloids; however the 

essential oil investigation of aerial parts showed α-pinene, α-terpinene, gluulol and β- 

caryophyllene (Dev and Koul, 1997; Pino et al., 2003). Piperine, an active component 

of fruits is the first amide isolated from Piper species (Tunmann, 1918; Figure 1.1 and 

1.2). 
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Figure 1.1: Structure of piperine, piperine is lysine-derived crystalline alkaloid that 

gives the spice black pepper its characteristic biting taste. The melting point of piperine 

is 130 Celsius. The crystals are at first tasteless, but then rapidly impart a burning taste 

when ingested. Piperine is insoluble in water, slightly soluble in alcohol, and soluble in 

chloroform, benzene, and acetic acid (Evans, 2005; Parmar et al., 1997). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Synthesis of piperine, in the first reaction, the phosphonate ester is form 

from methyl 4-bromo-2- butenoate and triethylphosphite. The product, methyl 4-

(diethoxyphosphinyl)-2- butenoate, is reacted in the second step with sodium 

methoxide to generate the phosphonate carbanion in the presence of piperonal. The 

phosphonate carbanion undergoes a Wittig type reaction with the piperonal to form the 

trans alkene, methyl piperate ((E,E)-5-(3,4-methylenedioxyphenyl)-2,4-pentadienoate). 

Finally, reaction of methyl piperate with piperidine in the presence of sodium 

methoxide in refluxing methanol solution gives piperine (Ledgard, 2004). 
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The chemical structure of the biologically active piperine is closely related to natural 

safrole and estragole which is frequently found in other spices and plant oils (Ames, 

1983). Piperine consists of relatively similar isomers that include piperine, isopiperine, 

chaviscine and isochaviscine (Ternes and Krause, 2002). Piperamide is another 

biologically active compound which is distributed in the outer covering of peppercorn 

(Teuscher, 2006). Commercially available black pepper contains 5 to 9% piperine 

content. Piperine is an active phenolic compound having marked physiological 

properties. Notably, piperine may enhance bioavailability of curcumin by 2000 times in 

humans. More recently, piperine has facilitated to reverse the Vitiligo, a skin 

pigmentation disease. Other studies showed that piperine block complication of 

diabetes and act as a powerful antioxidant and fight off colon cancer. This active 

component can stimulate the digestive enzymes of pancreas and intestines and also 

increases biliary bile acid secretion when orally administrated (Platel and Srinivasan, 

1996; Bhat and Chandrasekhara, 1987). Some reports have demonstrated that piperine 

consumption in humans increased orocecal transit time while in rats it shortened 

gastrointestinal food transit time, sometime inhibit gastrointestinal transit and 

frequently delay gastrointestinal motility (Platel and Srinivasan, 2001; Izzo et al., 

2001). Piperine inhibit diarrhea in mice that are induced by ingesting arachidonic acid, 

castor oil and MgSO4 and also reduces intestinal fluid accumo-latin in mouse intestine 

(Capasso et al., 2002). Piperine activates and influences certain enzyme activities such 

as γ-glutamyl trans-peptidase, and stimulates the bio-absorption of essential amino 

acids through the epithelial cells of rat jejunum. Piperine alters the membrane dynamics 

and permeation ability and also stimulates different processes which increase the 

production of proteins associated with cytoskeleton function (Khajuria et al., 2002). It 

is reported that piperine actively reduced mutation in Drosophila when exposed to 

ethyl-carbamate as pro-carcinogen and slow down the growth of tumor and sometime 

completely inhibit tumor formation in mice such as Ehrlich ascites tumor and Dolton’s 

lymphoma cells. Such inhibitory activities increase the life span of mice having 

cancerous cells (Sunila and Kuttan, 2004). Other related activities include anti-

inflammatory activity, thermogenic action, growth stimulatory activity, anti-thyroid and 

chemopreventive activity (Panda and Kar, 2003). Different studies showed that piperine 

play a defensive role against infections by microbes, insects and animals (Lupina and 

Crrips, 1987). Similarly the intake of piperine and other spice products activate the 

https://en.wikipedia.org/wiki/Curcumin
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digestive system which stimulates the liver and gall bladder to produce bile acid which 

efficiently digest fats and increase absorption (Bhat and Chandrasekhra, 1987).  

1.1.6.4 Extraction procedures 

Different parts of the plant produce many beneficial compounds having varied 

chemical and physical properties. Plants accumulate and store these compounds in 

seeds, fruits, flowers, leaves, shoot tips, stem, bark, root and nodules. The medicinal 

importance of plant based product is more likely due to the production of secondary 

metabolites. These metabolites are either detected or isolated from different organs on 

the basis of different properties such as polarity (chemical) and boiling point (physical). 

Most of the crude extract isolated from different parts of the plants is always a complex 

mixture of compounds. Isolation of single or multiple compounds of interest from 

crude extract is a great challenge. Such isolation of medicinally important compounds 

are time consuming, need appropriate techniques, hard work and related expertise. It is 

very difficult to isolate the compound of interest from mixtures, if the nature is 

unknown or the required reference standard is missing/not available. Different 

chromatographic and separation techniques have been developed to overcome with 

these issues. Furthermore, maximum active compounds can be isolated from plant parts 

if appropriate solvent is applied for extraction. The most frequently used solvent 

include ethanol, methanol, water, chloroform, petroleum ether and ethyl acetate 

(Nakano et al., 2002; Rimando et al., 2001). 

1.1.6.5 Chromatography and quality control  

Principle of chromatographic technique is to establish equilibrium between a stationary 

phase and a mobile phase. Therefore, chromatography is defined as the separation of a 

specific component from mixture on the basis of differential distribution between 

stationary and mobile phases (Ullman and Burtis, 2006). These techniques play a key 

role in pharmaceutical industries in isolation of important biologically active 

compounds (Robards et al., 1994). A major focus in the analysis of natural products is 

the characterization of compounds with the minimum amount of sample preparation. 

With the help of chromatography, separation of a minute amount of a compound can be 

achieved rapidly and routinely. A number of many chromatographic techniques are 

available but the common point among them is “separation of compounds through the 

use of variations in mobile and stationary phase” (Robards et al., 1994). 
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Plants produce and store a variety of compounds; some of which are present in very 

low concentration. Currently available separating techniques are less successful in 

isolating all existing compounds from a mixture present in the extract. The variation in 

these compounds greatly affects the quality control of commercial therapeutic agents. 

Quality control of plant based products involves several steps. The quality and source 

of initial raw material play a key role in the quality of different product preparation. 

Age of the plant parts at the time of collection, collection time, method of collection, 

fresh plants, light, temperature, water availability, nutrients, drying methods, storage, 

packaging and transportation of raw products greatly affect the quality and medicinal 

efficiency of herbs. Some compounds are heat sensitive and destroyed during 

processing. Similarly some enzymatic reactions also affect active compounds during 

long storage. Such issues need appropriate quality control and standardization. Some 

other factors such as extraction method, contamination, pesticides and heavy metals 

also greatly affect the quality, efficacy and safety of plant based products and drugs 

(Blumenthal et al., 1999; Eskinazi et al., 1999; Bauer and Tittel, 1996; Lazarowych and 

Pekos, 1998; Li et al., 1998). For these reasons different industries prefer plant in vitro 

culture system instead of intact plants that show simple production and extraction, and 

are free from contamination. 

Micropropagation based quality control in medicinal species provide guarantee for the 

protection and efficiency of crude drugs before the final pharmaceutical product 

formation (Liu et al., 2008). World Health Organization (WHO) provides a broad 

guidelines starting from precise authentication to post-harvest processing of materials 

(WHO, 2003). Fingerprint analysis for quality control acknowledged by WHO as an 

approach for the investigation of plant based product and to standardize the traditional 

knowledge of medicines. In vitro cultures offer dependable quality control and 

existence without any environmental change. But the commercialization of active 

compounds need applicable techniques for awareness and enhances productivity. 

Quality control, for in vitro regenerated plantlets mostly emphasizes on morphological 

observation and extraction of mother compounds. Whereas HPLC fingerprint analysis, 

provide basic categorization of a complex system of plants with a calculable degree of 

consistency. HPLC based fingerprinting are used for correct identification and 

standardization of botanical drugs. HPLC is a reliable technique for active compounds 

determination and for fingerprint analysis of medicinal plant species (Liu et al., 2008).  
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1.1.7 AIMS AND OBJECTIVES 

Piper nigrum is the most widely traded spice in the world and its global demand 

gradually increases than its current production. Because the germplasm of this species 

is under serious threat due to different biotic and abiotic stresses and poor management 

practices. One of the limiting factors in large scale production is seed germination. 

Fresh seeds can easily germinate but lost viability and moisture contents during storage. 

Therefore, recalcitrant seed germination is the limiting factor to large scale cultivation 

of this species. Furthermore, the viable seeds of this species are commonly infected by 

different pathogens including bacteria, fungi, mycoplasma, virus and pests. Another 

limiting factor is stem cutting or vegetative propagation. Vegetative propagation is also 

limited by the low number of individuals obtained from a single plant, requires enough 

stocks of stem cuttings and high labor inputs. Similarly, in the cited literature on in 

vitro culture, it was shown that indirect regeneration of this species from leaf explants 

is difficult. Therefore, the main aim of this research work is to establish a feasible 

regeneration system from leaf explants of P. nigrum and to determine piperine content 

in different regenerated tissues (Figure 1.3). Within this aim the following objectives 

have been undertaken. 

1. Development of micropropagation protocol for consistent production of 

plantlets from leaf explants. 

2. Effect of different plant growth regulators, reverse photoperiod and synergistic 

combination of TDZ with polyamines on piperine content. 

3. Determination of phytochemicals and different biological activities in 

regenerated tissues. 

4. Chromatographic fingerprinting of piperine for quality control. 
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Figure 1.3: Schematic representation of various steps involved in micropropagation, 

piperine/phytochemical production and different biological activities in regenerated 

tissues of Piper nigrum 
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2. FEASIBLE REGENERATION SYSTEM, ANTIOXIDANT AND 

ANTMICROBIAL POTENTIAL IN REGENERATED-TISSUES OF 

PIPER NIGRUM L. 

2.1 ABSTRACT 

The organogenic potential, antioxidant (1, 1-diphenyl-2-picrylhydrazyl (DPPH radical)-

scavenging activity) and antimicrobial activities of the medicinal plant, P. nigrum were 

investigated.  Callus induction and shoot regeneration were induced from leaf explants 

of potted plants, incubated on Murashige and Skoog (MS)-medium supplemented with 

different plant growth regulators (PGRs). The best callogenic response (93%) was 

observed on explants incubated on MS-medium supplemented with 0.5 mg l
-1 

6-

benzyladenine (BA), and 1.5 mg l
-1 

BA along with 1.0 mg l
-1 

α-naphthalene acetic acid 

(90%; NAA) after 30 days of culturing. Subsequent transfer of callogenic explants onto 

MS-medium supplemented with 1.5 mg l
-1 

BA and 1.0 mg l
-1 

gibberellic acid (GA3) 

gave 85% shoot organogenesis after 30 days following culture. Maximum number (7.2) 

of shoots per explant was recorded for 1.0 mg l
-1 

BA. Moreover, when shoots were 

transferred to an elongation medium, the longest shoots (5.4 cm) were observed on MS 

medium supplemented with 1.0 mg l
-1

 BA and 1.0 mg l
-1

 GA3, and these shoots were 

rooted on MS-medium supplemented with different concentrations of Indole butyric 

acid (IBA). Assay of antioxidant potential of in vitro-grown tissues revealed a 

significantly higher antioxidant capacity of regenerated shoots compared to calli and 

plantlets. Furthermore, regenerated tissues were extracted with hexane, ethanol, or 

chloroform solvents. Most of the extracts showed pronounced activities against all the 

pathogenic microorganisms except Candida albicans. These results show that in vitro 

culture-extracts are nearly as effective as standard antibiotics. The main objective of the 

current experiment was to develop a regeneration protocol from leaf explants of potted 

plants and to determine DPPH and antimicrobial activities in different in vitro culture 

extracts of P. nigrum. 
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2.2 INTRODUCTION 

Piper nigrum (black-pepper) is a flowering vine in the family Piperaceae, cultivated for 

its fruit, which is usually dried and used as a spice and for seasoning (Joseph et al., 

1996). Black pepper is native to South India and is extensively cultivated there and 

elsewhere in tropical regions. Dried ground pepper is one of the most common spices in 

European cuisine and its descendants, having been known and prized since antiquity for 

both its flavor and its uses as a medicine. The spiciness of black-pepper is due to the 

chemical, piperine. Since piperine (1-piperoylpiperidine), a nitrogenous pungent 

substance has been recognized as a main alkaloid in black-pepper, and has shown anti-

inflammatory, analgesic, anticonvulsant, anti-ulcer and antioxidant activities and 

cytoprotective and anti-depressant effects (Gupta et al., 2000; D`Hooge et al., 1996; 

Bai and Xu, 2000; Lee et al., 2005; Selven-diran et al., 2003). Recently, an interesting 

study has shown effects of piperine on mood and cognitive disorders (Wattanathorn et 

al., 2008). Notwithstanding, it has been shown that piperine can dramatically increase 

absorption of selenium, vitamin B and β-carotene as well as other nutrients (Bhardwaj 

et al., 2007). 

The germplasm of P. nigrum conserved in natural repositories is under serious threat 

from various environmental stresses. Furthermore, germplasm conservation in seed 

bank is not pragmatic due to the heterozygous nature induced through cuttings (Nair 

and Gupta, 2006). In vitro propagation method offers a powerful tool for the mass-

multiplication and germplasm conservation of this economically important species. So 

far, there are no reports on successful in vitro regeneration of P. nigrum from leaf 

explants of potted plants. However, several protocols for regeneration and somatic 

embryogenesis in P. nigrum from shoot tips and nodal explants have been reported 

(Bhat et al., 1995; Philip et al., 1992; Nair and Gupta, 2006; Joseph et al., 1996). 

Recently, Kapoor et al. (2009) demonstrated that the protective effect of piperine is 

most likely due to its antioxidant activity. Although a few reports on antioxidant 

activity of cultivated P. nigrum are available in the literature (Misharina et al., 2009; 

Aziz et al., 2009; Singh et al., 2008; Topal et al., 2008), but there are no reports on the 

influence of organogenesis on antioxidant activity in P. nigrum. During in vitro 

organogenesis and morphogenesis, cells and tissues produce a comparable 

phytochemicals profile like mother plant. Morphogenesis is critically controlled by the 

application of exogenous plant growth regulators. Such addition alters the hormonal 
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transduction pathways, and cells under in vitro conditions regenerate tissues which are 

dependent on the physiological state of cells, and finally the production of enhanced 

secondary metabolites. To the best of knowledge this is the first report in which I 

compared the antimicrobial potential of in vitro regenerated tissues and peppercorn 

with the standard antibiotics. In this study, in vitro system for the production of P. 

nigrum was established from leaf explants of potted plants. Furthermore, 1, 1-diphenyl-

2-picrylhydrazyl (DPPH radical)-based assay and anti-pathogenic assay were 

conducted to evaluate antioxidant and antimicrobial potential of the main secondary 

metabolites in different in vitro derived tissues.           

2.3 MATERIALS AND METHODS 

2.3.1 Micropropagation 

2.3.1.1 Explants sterilization and growth conditions 

Viable and black coated seeds containing mature embryos were germinated in pots 

filled with mixture of soil, sand and manure (2:1:1). Sprinkle irrigation system was 

followed on weekly bases for 4 weeks period in green house at 25±2ºC. After 30 days 

of seed germination, leaves were collected from potted plants of P. nigrum maintained 

inside the greenhouse. The leaves were sterilized according to the method of Abbasi et 

al. (2010a). Briefly, the leaves were immersed in 70% (v/v) ethanol for 60 sec, 0.2% 

(w/v) mercuric chloride (HgCl2) solution for ~2 min, and rinsed three times with sterile 

distilled water. These surface sterilized explants were placed onto a Murashige and 

Skoog (MS; 1962) medium containing 30 g l
-1

 sucrose, and solidified with 8 g l
-1

 agar 

(Agar Technical LP0013, Oxoid, Hampshire, England).  Different plant growth 

regulators (PGRs) were added to the medium, and the pH was adjusted to 5.8. All 

media were autoclaved at 121°C for 20 min. All cultures were maintained in a growth 

room at temperature of 25±1°C under a 16/8 h photoperiod with a light intensity ranges 

from ~40-50 µmol m
-2 

s
-1

 provided by cool-white fluorescent tube lights (Abbasi et al., 

2010a).  

2.3.1.2 Plant growth regulators for regeneration 

For regeneration, leaf explants were cut into ~3-4 mm
2
 pieces, and placed onto MS 

medium incorporated with 2,4-dichlorophenoxyacetic acid (2,4-D) alone, or either 6-

benzyladenine (BA), gibberellic acid (GA3) alone or BA in combination with 1 mg l
-1

α-

naphthalene acetic acid (NAA) or with 1 mg l
-1

 GA3. MS basal medium (MS0) without 
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any plant growth regulator (PGR) was used as a control. About 5-6 explants were 

incubated in Erlenmeyer flask of 100 ml size, containing ~25 ml of medium. After ~4 

weeks, the rate of calli formation (%) was recorded. Yellowish-green calli was excised, 

and refreshed to MS medium with similar composition of PGRs for organogenesis. 

Data on percent shooting, number of shoots per explant and mean shoot length were 

recorded after 5 weeks following subculture of calli. Elongated shoots were transferred 

to MS0 or MS containing Indole butyric acid (IBA) for rooting. After 5 weeks, rooted 

plantlets were removed, washed with water to remove medium, and transferred to 

potting soil mixture, acclimatized, and grown under controlled conditions.       

2.3.2 Antioxidant (DPPH) activity 

Regenerated tissues like calli, regenerated shoots and regenerated plantlets were used to 

determine antioxidant activity. Antioxidant activity was determined by some 

modifications in the method of Amarowicz et al. (2004). Briefly, 10.0 mg of dried plant 

tissue was dissolved in 4 ml of methanol and then added to a methanolic solution of 

DPPH radicals (1, 1-diphenyl-2-picrylhydrazyl; 1 mM, 0.5 ml). The mixture was 

vortexed for 15 sec and then left to stand at room temperature for 30 min. The 

absorbance of the resulting solution was read spectrophotometrically (Shimadzu-1650; 

Japan) at 517 nm. A methanolic solution of DPPH radicals that had decayed and hence 

no longer exhibited purple color (i.e. 2 mg of butylated hydroxyanisole (BHA) 

dissolved in 4 ml of methanol with 0.5 ml of DPPH radicals solution was used as blank 

to measure background corrections. The radical scavenging activity was calculated as 

percentage of DPPH radical discoloration using the equation; 

                    % scavenging of DPPH free radical = 100 × (1-AE/AD)  

Where AE is absorbance of the solution, when extract has been added at a particular 

level and AD is the absorbance of the DPPH radical solution with nothing added. 

2.3.3 Antimicrobial activities 

2.3.3.1 Extracts preparation  

The extracts were prepared according to the method of Fazal et al. (2010). Briefly, 

calli, in vitro regenerated shoots and peppercorn of P. nigrum were dried in an oven 

(Thermo Scientific, Germany) at 50±2ºC, ground and sieved to get fine powder for 

extract preparation (Figure 2.1). An ethanol extract of the plant was obtained by taking 
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Callus 5g Shoots 5g 

Peppercorn Callus cultures In vitro shoots 

15 gram (FW) 13 gram (FW) 21 gram (DW) 

Dried  

Thermo Scientific Oven (50 °C) 

Grind 

Fruits 5g 

Hexane 

Periodic shaking 

Hexane Hexane 

50 ml 50 ml 

Ethanol Ethanol Ethanol 

Chloroform Chloroform Chloroform 

Crude extract 

Antimicrobial activities 

Rotary evaporator 

Filter Filter 

5 g of dried powder in a separate container. 50 ml ethanol was added and kept for 1 

week with periodic shaking (The soaked material was stirred every 18 h using a 

sterilized glass rod), filtered (Whatman filter paper No.41; 20 µ; England) and the 

filtrate was collected. This procedure was repeated three times with fresh volume of 

ethanol. The filtrates were combined. The same procedure was used for hexane and 

chloroform extracts. The final extracts were passed through filter paper. The pooled 

ethanol, hexane and chloroform extracts were concentrated separately by rotary 

vacuum evaporator at 40 ºC, dried in a water bath and stored at -4 ºC in an air tight 

bottle. Finally 1.0 mg of extract from each tissue was dissolved in DMSO (6.0 µl) to 

make stock solutions (1.0 mg/6.0 µl). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Flow chart of antimicrobial activities 
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2.3.3.2 Microbial Strains Used 

Bacterial strains viz., Escherichia coli (ATCC # 25922), Pseudomonas aeroginosa 

(ATCC # 9721), Staphylococcus aureus (ATCC # 6538) were obtained from PCSIR 

Laboratories, Lahore, Pakistan. Clinical isolates of Salmonella typhi,  Bacillus subtilis, 

Bacillus cereus from Microbiology laboratory, Quaid-e-Azam University, Islamabad, 

Pakistan and  a fungal strain Candida albicans was obtained from the Hayatabad 

Medical Complex, Peshawar, Pakistan. These microorganisms were procured and 

maintained on nutrient agar medium at 4ºC. 

2.3.3.3 Antimicrobial assay procedures 

The antibacterial potential of ethanol, hexane and chloroform extracts of various tissues 

of P. nigrum was determined by the Well-diffusion method (Fazal et al., 2010; Parekh 

and Chanda, 2007). Nutrient agar media plates were inoculated with a sterile swab 

moistened with the bacterial suspension of 18-24 hrs cultures of microbial inoculums (a 

standardized inoculums 1-2 × 10
7
 CFU ml

-1
 0.5 McFarland Standard). Wells (8 mm in 

diameter) were boarded into the agar media with the help of sterilized cork borer. Then 

50μl each of all solvent extracts were poured in the wells of the inoculated plates.  

Antibiotics (24 µl well
-1

 or standard tablets) and DMSO (24 µl well
-1

) were also poured 

into the wells as positive and negative controls, respectively (Table 2.1). Inoculated 

plates were then incubated at 37 ºC for 24 hrs and zones of inhibition on following day 

were measured in mm. 

 

Table 2.1: Standard antibiotic activities against selected microorganisms 

Test organisms Ciprofloxacin Azithromycin Clotrimazole 

E. coli 43.16 mm ± 1.04
a*

 NA NA 

P.aeroginosa 34.36 mm ± 0.62
b
 NA NA 

S.typhi 42.53 mm ± 0.45
a
 NA NA 

B. subtilis NA 25.50 mm ± 0.50
a
 NA 

B. cereus NA 20.16 mm ± 0.62
b
 NA 

S. aureus NA 22.40 mm ± 1.24
b
 NA 

C. albicans NA NA 31.93 mm ± 1.00
a
 

Values (mean ± S.D + LSD) were taken in duplicate from three independent experiments. 

Mean values with common alphabets are significantly different at P<0.05. 
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2.3.4 Statistical analysis 

For statistical analysis, each treatment consisted of 5 culture flasks (three explants per 

flask) and data was collected from treatments carried out in triplicate. Analysis of 

variance (ANOVA) and Duncan`s multiple range test (DMRT) was used for 

comparison among treatment means. For all analysis (mean ± standard deviation) and 

graphical presentation Statistix (8.1) and OriginLab (8.1) software were used. Mean 

values are significantly different at probability level P<0.05 

2.4 RESULTS AND DISCUSSION 

2.4.1 In vitro regeneration 

In vitro micropropagation is an efficient technique which provides consistent, healthy, 

genetically stable, pesticide free and disease free biomass throughout the year. These 

techniques are either used for problematic plants which cannot grow easily from seeds 

or cuttings or used for conservation of rare and endangered medicinal plant species 

(Parmessur et al., 2002; Liao et al., 2004). Plant cell, tissue and organ culture have 

become extremely important as they supplement the work in the area like 

biotechnology and genetic engineering. Tissue culture techniques have recently been 

exploited for the production of commercially important plants and secondary 

metabolites (Honda et al., 2001). These techniques are considered alternative to 

conventional and traditional propagation methods (Chang et al., 2000). 

The overall objective of the current research was to develop an efficient regeneration 

protocol for P. nigrum from leaf explants (Figure 2.2), and to evaluate antioxidant 

(DPPH) and antimicrobial activities of regenerated plant tissues. Several protocols for 

plant regeneration have been reported for different species of Piper including P. nigrum 

(Nair and Gupta, 2006; Joseph et al., 1996; Philip et al., 1992; Kelkar et al., 1996; 

Kelkar and Krishnamurthy, 1998; Bhat et al., 1995; Madhusudhanan and Rahiman, 

2000). However, no report on successful regeneration from leaf explant of P. nigrum is 

available due to the recalcitrance of leaf tissue to in vitro conditions.  

Few reports complained about endogenous microbial contamination, causing a severe 

setback to in vitro establishment of aseptic cultures of P. nigrum (Bhat et al., 1995; 

Philip et al., 1992). To avoid such issues, I have used the valuable protocol of Abbasi et 
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al. (2010a) to decontaminate leaf explants and no contamination was observed in 

subsequent experiments. Application of decontamination protocol significantly 

decreased levels of contamination by ~75% (≤5%). Many protocols for 

decontamination of leaf explants showed sensitivity of explants to decontaminating 

agents (Makunga et al., 2003; Atak and Celik, 2009; Eeswara et al., 1999; Debnath, 

2009). However, I didn’t observe any inhibitory effect of decontamination protocol on 

regeneration. 

 

 

 

 

 

 

 

 

 

Figure 2.2: Plant regeneration in Piper nigrum (A) Callus (BC) Regenerated shoots 

(DE) Shoot multiplication (FG) Shoot elongation and root initiation (H) Rooting (I) 

Acclimatization of regenerated plantlets 
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2.4.1.1 Callus induction from leaf explants 

The effects of various PGRs such as BA, GA3, 2,4-D alone or BA in combination with 

1 mg l
-1 

GA3 or 1 mg l
-1 

NAA on indirect organogenesis were evaluated (Table 2.2). 

Leaf explants of P. nigrum used in present study responded to all PGRs used (Figure 

2.1; Table 2.2). Best callus induction was recorded on MS medium supplemented with 

0.5 mg l
-1 

BA (93%) and 1.5 mg l
-1 

BA with 1.0 mg l
-1 

NAA (90%; Table 2.2). Callus 

induction recorded for 2, 4-D (42%) and GA3 (32%) was significantly lower compared 

to other PGRs, and no callus was observed on MS0 medium. Green and compact calli 

was observed on medium containing auxin alone (2, 4-D; 0.5-2.0 mg l
-1

) or 

combination of auxin (NAA; 1.0 mg l
-1

) with cytokinin (BA; 0.5-2.0 mg l
-1

). However, 

addition of BA alone or BA in combination with GA3 produced yellowish green and 

friable calli (Table 2.2). Furthermore, addition of BA in GA3 enhanced callus induction 

(70%) to comparable levels of 1.0 mg l
-1

 BA and 2.0 mg l
-1

 BA with 1 mg l
-1

 NAA. 

Similarly 64% callus induction was observed when the medium was augmented with 

either 1.5 mg l
-1 

BA or 0.5 mg l
-1

 BA with 1 mg l
-1

 NAA. In a report on Silybum, 

Abbasi et al. (2010a) observed that addition of NAA in medium containing BA/GA3 

enhanced calli formation. In a previous report, Bhat et al. (1995) did not observe any 

response of leaf explant of P. nigrum to PGRs; however, other species of Piper were 

successfully regenerated from leaf explant on similar medium.  Findings of Philip et al. 

(1992) about shoot tip explant of P. nigrum are in agreement with our data. 

Madhusudhanan and Rahiman (2000) reported the addition of activated charcoal in 

medium induced callus but failed to produce regenerants from leaf explant of P. 

nigrum. Differences in the data were due to genetic diversity existed between explants 

(Abbasi et al., 2010b).  
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Table 2.2: Effects of various concentrations of 2,4-D, BA, GA3, BA with 1 mg l
-1 

NAA 

and BA with 1 mg l
-1

 GA3 on percent callus induction of Piper nigrum. 

S. No MS+PGRs (mg l
-1

) Callus 

induction (%) 

Callus 

initiation 

Callus color Callus 

texture 

1 2, 4-D (0.5) 42 ± 3.70
f
 37 days Green Compact 

2 2, 4-D (1.0) 31 ± 5.11
g
 37 days Green Compact 

3 2, 4-D (1.5) 22.5 ± 3.6
gh

 35 days Green Compact 

4 2, 4-D (2.0) 20 ± 2.70
h
 35 days Green Compact 

5 BA (0.5) 93 ± 3.24
a
 30 days Yellow, green Friable 

6 BA (1.0) 74.5 ± 5.5
bc

 31 days Yellow, green Friable 

7 BA (1.5) 64 ± 5.09
d
 30 days Yellow, green Friable 

8 BA (2.0) 58.1 ± 5.1
de

 30 days Yellow, green Friable 

9 GA3 (0.5) 32 ± 3.12
g
 36 days Yellowish Friable 

10 GA3 (1.0) 18 ± 2.12
h
 37 days Yellowish Friable 

11 GA3 (1.5) 10 ± 2.10
i
 37 days Yellowish Friable 

12 GA3 (2.0) 05 ± 1.01
j
 37 days Yellowish Friable 

13 BA (0.5) + GA3 (1.0) 48 ± 2.45
ef
 31 days Yellow, green Friable 

14 BA (1.0) + GA3 (1.0) 53 ± 4.30
e
 32-days Yellow, green Friable 

15 BA (1.5) + GA3 (1.0) 66 ± 3.66
cd

 31-days Yellow, green Friable 

16 BA (2.0) + GA3 (1.0) 70 ± 2.23
c
 31-days Yellow, green Friable 

17 BA (0.5) + NAA (1.0) 64 ± 0.99
d
 27-days Green Compact 

18 BA (1.0) + NAA (1.0) 81 ± 2.01
b
 27-days Green Compact 

19 BA (1.5) + NAA (1.0) 90 ± 5.11
a
 30-days Green Compact 

20 BA (2.0) + NAA (1.0) 74 ± 3.78
bc

 28-days Green Compact 

21 MS0 0 ± 00
j
 - - - 

Data was collected after 4 weeks of culture. Values are mean of 5 replicates. Columns 

with common letters are significantly different at P<0.05. 
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2.4.1.2 Shoot organogenesis in P. nigrum 

Callogenesis is considered as a significant feature of indirect organogenesis and for 

research on biologically active molecules in medicinal species (Abbasi et al., 2007, 

2010a).  Data on organogenesis was determined after 5 weeks of sub-culture and the 

best percent shooting was recorded for combination of 1.5 mg l
-1

 BA and 1 mg l
-1

 GA3 

(85%). However, 2.0 mg l
-1

 BA with 1 mg l
-1

 GA3 produced 78% shooting which was 

similar to 0.5 mg l
-1

 BA (75%; Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Effects of various concentrations of 2,4-D, BA, GA3, BA with 1 mg l
-1 

NAA and BA with 1 mg l
-1

 GA3 on percent shooting in Piper nigrum. Data was 

collected after 5 weeks of sub-culture to MS media with similar composition of plant 

growth regulators. Values are means of 5 replicates. Columns with common letters are 

significantly different at P<0.05. 
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Different concentrations of 2, 4-D or GA3 alone or BA in combination with NAA was 

found less effective for shoot regeneration from calli cultures. However, different 

concentrations of BA alone or in combination with GA3 were found to be the most 

effective for shoot regeneration. Sujatha et al. (2003) reported that the addition of silver 

nitrate significantly enhanced regeneration of shoots in this species. Similarly, Philip et 

al. (1992) observed 40% shoot induction response from nodal segments on medium 

containing different concentrations of BA. Anand and Rao (2000) also reported 88% 

shoot induction response with the addition of BA and Kn. 

 

 

 

 

 

Figure 2.4: Effects of various concentrations of 2,4-D, BA, GA3, BA with 1 mg l
-1 

NAA and BA with 1.0 mg l
-1

 GA3 on number of shoots per explant and mean shoot 

length in Piper nigrum. Data was collected after 5 weeks of sub-culture to MS media 

with similar composition of plant growth regulators. Values are means of 5 replicates. 

Columns with common letters are significantly different at P<0.05. 
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Contrarily, the addition of NAA to medium containing BA inhibited the rate of shoot 

induction (%) response significantly. Similar reports are available about Capsicum 

species (Rubluo and Barroso, 1992). However, in another study on Silybum, Abbasi et 

al. (2010a) made different observations regarding incorporation of auxin in the 

cytokinin containing medium. Bhat et al. (1995) found maximum number of shoot bud 

differentiation for P. longum at low concentrations of BA; nonetheless, BA was more 

effective as compared to kinetin. Philip et al. (1992) found that BA at concentration of 

more than 5 mg l
-1

 suppressed proliferation and growth of shoots in shoot tip cultures of 

P. nigrum. 7.2 shoots per explant were recorded for 1.0 mg l
-1 

BA. It is concluded that 

overall response of medicinal plant species to BA is positive (Kelkar and 

Krishnamurthy, 1998; Liu et al., 2003).  Kelkar and Krishnamurthy (1998) found that 

moderate concentration of BA was optimal for inducing maximum number of shoots 

per explant (>7.56.1) in P. colubrinum. Incorporation of BA in medium containing GA3 

produced >6.0 number of shoots per explant (Figure 2.4). In my study, 2, 4-D didn’t 

produce good results neither for callogenesis nor for shoot organogenesis (Table 2.2; 

Figure 2.3-2.4). Furthermore, addition of NAA into the MS-medium significantly 

inhibited shoot-organogenesis in P. nigrum. Kelkar et al. (1996) found combination of 

BA with 2, 4-D induced optimum shoot induction response in other species of Piper. 

The shoot induction response was recorded for all PGRs tested.  

Data on mean shoot length (Figure 2.4) showed that incorporation of BA into medium 

containing GA3 produced best shoots of 5.4 cm length. Contrary to data on shoots per 

explant, addition of NAA in medium containing BA increased mean shoot length. 

Similar findings were made by Makunga et al. (2003) for Thapsia spp. However, 

Lucchesini et al. (2009) found optimum shoot length for Echinacea angustifolia on 

medium containing only BA. Magyar-Tabori et al. (2010) concluded from their work 

that type and concentration of cytokinins is largely dependent on genotype, and 

interactions have proven to be significant.   

2.4.1.3 Root organogenesis 

Shoots grown on shoot organogenesis medium were transferred to MS0 and MS 

medium incorporated with different concentrations of Indole butyric acid (IBA) for 

rooting (Table 2.3). Increased rooting rate showed direct correlation with increased 

concentration of IBA applied. Optimum percent rooting (89%), number of roots per 

shoot (7.8) and root length (11.5 mm) were obtained for 2 mg l
-1

 of IBA. In my 
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experiments, I have obtained healthy rooted plantlets (Figure 2.2H). White roots 

appeared after 15 days of culture which started becoming brown afterwards. Contrarily, 

Philip et al. (1992) obtained rooted plantlets through shoot tip cultures of P. nigrum on 

1 mg l
-1

 α-naphthalene acetic acid (NAA). In another study on other Piper spp. rooting 

was achieved on Indole acetic acid (IAA) (Kelkar et al., 1996). It is, therefore, inferred 

that Piper spp. are not recalcitrant to commonly used auxin for rooting. However, some 

medicinal species have shown rooting on MS0 (Abbasi et al., 2010a). Rooted plantlets 

were successfully transferred to pots for further growth which were maintained in 

controlled conditions (Figure 2.2I).       

Table 2.3: Effects of different concentrations of IBA on percent rooting, number of 

roots per shoot and approximate root length after 20 days of culture on rooting media.  

IBA (mg l
-1

) Rooting (%) No. of roots per shoot Root Length (mm) 

0.5 40d 2.1d 5.1d 

1.0 62c 4.6c 6.9bc 

1.5 78b 6.2b 8.3b 

2.0 89a 7.8a 11.5a 

Values with different letters are significantly different at P<0.05. 

2.4.2 DPPH free radicals scavenging activity in regenerated tissues 

Regenerated plantlets can accumulate secondary metabolites similar to those found in 

mother plant (Shilpa et al., 2010). The antioxidant potential of regenerated tissues of P. 

nigrum was determined by using DPPH free radical (Figure 2.5). Shoot culture had 

significantly higher antioxidant potential as compared to other regenerated tissues. 

Singh et al. (2004) found that antioxidant activity of Piper extracts was comparable to 

that of butylated hydroxyanisole and butylated hydroxytoluene. Damaging effects of 

irradiation and steam on antioxidant activity of piperine were also reported (Waje et al., 

2008). Andarwulan and Shetty (1999) found higher antioxidant activity and total 

phenolic contents in differentiated tissues of Pimpinella anisum. I also found lower 

antioxidant activity in calli cultures. In a recent study, Abbasi et al. (2010a) found 
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higher antioxidant activity in calli of Silybum. This variation in the data is showing 

accumulation of different components during different phases of growth. Hence, 

regeneration protocol established here has shown higher content of physiologically 

active antioxidants. This protocol can be scaled up to bioreactor level to produce 

chemically consistent P. nigrum plantlets.             

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Antioxidant activity of regenerated tissues of Piper nigrum. The activity 

was determined by using 1, 1-Diphenyl-2-picrylhydrazyl (DPPH) as free radical. 

Values are mean of triplicates with standard deviation. Mean with common letters are 

significantly different at P<0.05. 

 

2.4.3 Antimicrobial activities 

The antimicrobial activities of the extracts of regenerated tissues and commercially 

available peppercorn were investigated and given in terms of diameters of inhibition 

zone (Figure 2.5-2.9). Samples were applied against gram negative bacterial strains 

(Escherichia coli, Pseudomonas aeroginosa and Salmonella typhi), gram positive 

bacterial strains (Bacillus subtilis, Bacillus cereus and Staphylococcus aureus) and a 

fungal strain (Candida albicans).  
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Hexane, ethanol and chloroform extracts of calli were applied against these pathogenic 

strains. Hexane extract of calli showed 22 mm zone of inhibition against Bacillus 

cereus (Figure 2.6). Greater than 15 mm zone of inhibition was observed when hexane 

extracts were applied against Pseudomonas aeroginosa and Staphylococcus aureus. 

Hexane and ethanol extracts of calli did not show any inhibitory activity against 

Candida albicans. The ethanol extract showed the highest zone of inhibition (23 mm) 

against Staphylococcus aureus. However, it is also effective against Bacillus cereus. 

But ethanol extract of calli showed good potential (16.1 mm) against fungus. 

Chloroform extract was found less effective compared to hexane and ethanol extracts 

against these selected pathogenic microorganisms. However, there are no reports 

available regarding antimicrobial assessment of callus cultures in P. nigrum, but the 

antimicrobial activities of leaves, young berries, peppercorn extracts and aqueous 

decoction are reported against different human pathogenic microbes (Ghori and 

Ahmad, 2009; Karsha and Lakshmi, 2010; Pundir and Jain, 2010; Sasidharan and 

Menan; 2010). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Antimicrobial activities of callus culture against six bacterial and one 

fungal pathogenic strain in three different solvents [Hexane (H), Ethanol (E) and 

Chloroform (C)]. Mean values (± S.D) were taken from three independent experiments 

and are significantly different when P<0.05. 
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Hexane extracts of in vitro regenerated shoots showed highest activity (24.3 mm) 

against Bacillus cereus as shown in Figure 2.7. More than 10 mm zones were observed 

against Pseudomonas aeroginosa, Bacillus subtilis and Staphylococcus aureus. Here 

again hexane and chloroform extracts did not show activity against Candida albicans. 

The highest activity (25 mm) in regenerated shoots was observed for ethanol extracts 

against Staphylococcus aureus as compared to Azithromycin (22.4 mm). However, 21 

mm zone of inhibition was recorded against Bacillus cereus. Both calli and regenerated 

shoots showed higher activities against Bacillus species. Ethanol extract also showed 

activity against Candida albicans (16 mm) as compared to Clotrimazole (31.9 mm). 

Furthermore, chloroform extracts of regenerated shoots showed 17 mm zone of 

inhibition against Bacillus cereus. All the extracts of calli and shoots were found less 

effective against Escherichia coli. The current data are in agreement with the results of 

Pitta-Alvarez et al. (2008), who reported such antimicrobial activities in in vitro shoots 

of Berberis buxifolia. Similarly, Vats et al. (2012) also recorded similar activities in 

regenerated shoots of Vigna unguicultat. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Antimicrobial activities of in vitro shoot extracts against toxic metabolite 

producing strains of bacteria and fungi. Mean values were taken from three 

independent experiments. Mean values (± S.D) are significantly different when P<0.05. 
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Hexane extract of commercially available peppercorn showed good activities (26; 19.5 

mm) against Bacillus cereus and Staphylococcus aureus, respectively (Figure 2.8). The 

highest activity (23.6 mm) in ethanol extract was observed against Staphylococcus 

aureus. However, ethanol extract also showed good activities against Pseudomonas 

aeroginosa, Salmonella typhi and Bacillus species. Chloroform extracts of peppercorn 

were found effective against Escherichia coli (18.7 mm), Salmonella typhi (22.5 mm) 

and Bacillus subtilis (23.5 mm). It is interesting to note that these extracts were more 

effective against bacteria as compared to fungi. The activities of standard antibiotics are 

given in Table 2.1. These results showed that in vitro culture extracts of this species 

possess efficient and good activities against pathogenic strains. Pathogenic agents from 

different sources enter into the human bodies and produced toxic metabolites which 

cause different diseases and infections. Synthetic antibiotics are used frequently against 

these pathogenic strains but now-a-days these microorganisms have established 

resistance due to mutations and other factors. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Antimicrobial activities of peppercorn [Hexane (H), Ethanol (E) and 

Chloroform (C)] against E. coli, P. aeroginosa, S. typhi, C. albicans, B. subtilis, B. 

cereus, S. aureus. Mean values were taken from three independent experiments. Mean 

values (± S.D) are significantly different when P<0.05. 
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To overcome such problem, plant based products are more effective and eco-friendly as 

compared to synthetic antibiotics. Under in vitro conditions, cultures produced different 

active compounds which are free from pathogens, safe and can be easily collected from 

containers. In this study I have used different extracts of in vitro cultures to evaluate 

their efficacy against pathogenic strains. The current results show that some of these 

extracts are nearly same effective as standard antibiotics (Figure 2.9). These results 

suggested that such approaches should be scaled up into bioreactor for higher biomass 

and metabolites production for commercial purposes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Pictorial presentation of zone of inhibitions (indicated by arrows) produced 

by different extracts of calli, in vitro regenerated shoots and peppercorn, and standard 

antibiotics against selected pathogenic strains of bacteria and a fungal strain (C. 

albicans). 
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3. PIPER NIGRUM L.; EFFECTS OF REVERSE PHOTOPERIOD ON 

MICROPROPAGATION AND BIOLOGICAL ACTIVITIES, AND 

HPLC FINGERPRINT ANALYSIS FOR QUALITY CONTROL 

 

3.1 ABSTRACT 

Piper nigrum is the most widely traded spice in the world and its global demand varies 

from 271×10
3
-355×10

3 
tons per year. Piperine is the active principle of this species and 

its daily consumption in human dietary ranges from 0.3 to 0.54 mg-person
-1 

day
-1

. 

Lower seed germination frequency and stem cuttings cannot meet the increasing 

demand for commercial purposes. In this study I have established improved and 

reliable in vitro regeneration system for healthier plantlets production from leaf 

explants. Reverse (16hD/8hL) and normal (16hL/8hD) photoperiods have been applied 

in order to increase biomass and piperine content. Leaf portions of the seed derived 

plants were placed on Murashige and Skoog (MS)-medium supplemented with different 

plant growth regulators (PGRs). Under 16hD/8hL, thidiazuron (TDZ; 4.0 mg l
-1

) and 6-

benzyladenine (BA; 1.5 mg l
-1

) was found the most effective (< 90%) in callus 

induction. However, 90% callus induction was observed when leaf portions were 

exposed to 1.0 mg l
-1 

BA along with 0.5 mg l
-1 

gibberellic acid (GA3) after 4 weeks of 

culture in 16hL/8hD photoperiod. Under 16hD/8hL, two concentrations (1.5, 2.0 mg l
-1

) 

of the indole butyric acid (IBA) produced > 80% shoots from callus cultures. However, 

under 16hL/8hD photoperiod, 100% shooting response was observed at day 28; when 

calli was sub-cultured onto fresh medium containing 1.5 mg l
-1

 TDZ (Thidiazuron) or 

1.5 mg l
-1

 IBA. Healthy shoots were transferred to rooting medium and higher 

percentage of rooting (95%) was observed under 16hD/8hL and 88% rooting was 

observed under 16hL/8hD when MS-medium was augmented with similar 

concentration of IBA, respectively. These in vitro regenerated tissues were used for the 

determination of antioxidative enzyme activities [Superoxide dismutase (SOD), 

Peroxidase (POD), Catalase (CAT) and Ascorbate peroxidase (APX)], antioxidant 

activities (DPPH, PMo, ABTS, Fe
+2

), amino acids, total phenolic and flavonoid 

contents, and piperine production. Higher antioxidative enzyme production was 

observed in regenerated tissues incubated under 16hD/8hL photoperiod compared to 

normal (16hL/8hD). Most of the regenerated tissues produced under normal 
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photoperiod (16hL/8hD) showed higher DPPH (1, 1-diphenyl-2-picrylhydrazyl) and 

PMo (phosphomolybdenum) activities as compared to tissues generated under 

16hD/8hL. However, ABTS 2, 2-azinobis-(3-ethylbenzothiazoneline-6-sulphonic acid) 

and Fe
+2

 (iron chelating activity) activities were found higher in regenerated tissues 

incubated under reverse (16hD/8hL) photoperiod compared to normal. These in vitro 

tissues were subjected to amino acids analysis. Presently, arginine (ARG), serine 

(SER), threonine (THR), and tyrosine (TYR) were the most abundant components out 

of 17 amino acids. Higher amino acid biosynthesis was observed under 16hL/8hD as 

compared to 16hD/8hL. The highest total phenolic content (TPC; 9.91 mg/g-DW) and 

flavonoid content (7.38 mg/g-DW) was observed in calli incubated under normal 

photoperiod (16hL/8hD) as compared to other tissues and 16hD/8hL photoperiod. 

Furthermore, High Performance Liquid Chromatography (HPLC) fingerprint analysis 

protocol was established for the quality control of in vitro grown tissues. A significant 

quantity of piperine (4.16 mg/g-DW) was detected under a 16hL/8hD photoperiod as 

compared to 16hD/8hL (2.2 mg/g-DW), which was consistent with published reports. 

The in vitro regeneration system and HPLC-based fingerprint analysis established here 

brought a novel approach to quality control of in vitro regenerated tissues of P. nigrum 

producing metabolites of interest with substantial applications for commercial purposes 

and germplasm conservation. 
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3.2 INTRODUCTION 

Piper nigrum is the first economically important species in the genus Piper of 

Piperaceae family (Rani and Dantu, 2011). Besides its uses in food items, it (black 

pepper) has well reputed medicinal importance due to the presence of biologically 

active piperine and other compounds (Bhat et al., 1995; Philip et al., 1992; Srinivasan, 

2007). P. nigrum plants are conventionally propagated through stem cuttings, but this 

traditional method could not found efficacious to multiply the plant proportionate to 

escalating demand. Lower seeds viability is another limiting factor in getting higher 

biomass production of the healthy plants. For the last few years substantial degree of 

decline (from 35 to 27 million tons) has been noticed in its production due to several 

factors including pathogens like mycoplasma, bacteria, virus, fungus, pests and poor 

crop management practices (Bhat et al., 1995; Philip et al., 1992; Abbasi et al., 2010a). 

To overcome these limiting factors, the modern techniques of propagation such as in 

vitro regeneration is required with modified factors (photoperiod) to enhance the 

production of this important species. Tissue culture techniques are widely used to 

produce healthier biomass from a single plant in short span of time and provide 

opportunities for germplasm conservation and for regeneration of plants from somatic 

tissues bypassing the sexual barrier and may result in genetically stable and useful 

genotypes (Abbasi et al., 2011). 

Periodic application of light to in vitro cultures is one of the important steps that might 

modify the regeneration potential in many elite plant species. Light factors have a direct 

relationship with chlorophyll content and any change in light intensity can induce 

fluctuation in the internal pathways. Sometimes light fluctuation enhances the 

production of secondary metabolites (Abbasi et al., 2007; Shohael et al., 2006; Zhong et 

al., 1991). The effect of reverse photoperiod on explants response, callus and shoots 

regeneration in P. nigrum is not yet reported, but the effect of light on regeneration from 

nodal and shoot tip explants have been widely documented (Bhat et al., 1995; Philip et 

al., 1992; Nair and Gupta, 2006; Joseph et al., 1996). However, the effect of different 

photoperiods on embryogenic calli, protoplast regeneration, shoot induction, in vitro 

tuberization and flower formation in other species including Oryza sativa, Solanum 

pennellii, melon, tobacco and Xanthosoma sagittifolium are widely reported (Leshem et 

al., 1995; Liu et al., 2001; Hassanpou-Estahbanati and Demarly, 1985; Omokolo et al., 

2003; Altamura and Tomassi, 1998).  
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During plant organogenesis, sometimes, unrestrained production of reactive oxygen 

species (ROS) can directly damage cells through the production of toxic metabolites 

(Abbasi et al., 2011; Srinivasan, 2007). To combat such oxidative stress, plants produce 

specific enzymes during differentiation phases (Abbasi et al., 2007). These enzymes 

form a complex antioxidant protection system such as SOD, POD, CAT and APX, 

which scavenge both toxic free radicals and their associated non-radical oxygen species 

(Abbasi et al., 2011). Unfortunately, the role of antioxidative enzymes during 

organogenesis of P. nigrum is little known. However, Abbasi et al. (2011) reported 

clear relationship between antioxidative enzyme productions during organogenesis in 

Brassica rapa. Vijayakumar et al. (2004) have documented the effect of 

supplementation of peppercorn on tissue lipid peroxidation, enzymic, and non-enzymic 

antioxidants in high-fat diet fed rats and concluded that this spice can reduce high-fat 

diet induced oxidative stress. P. nigrum also protect the intestine against induced 

oxidative stress, inhibit lipid peroxidation, quenching of super oxides and hydroxyl 

radicals, reduced lung carcinogenesis and inhibit human lipoxygenase (Khajuria et al., 

1998; Mittal and Gupta, 2000; Selven-diran et al., 2003; Vijayakumar et al., 2004; 

Prasad et al., 2004). Sometimes, these free radicals are released in larger quantities 

which initiate a chain reaction and ultimately damage the cells or tissues (Sreelatha and 

Padma, 2009). Different plant species release active defense compounds such as 

phenols, which is an active member of natural antioxidants (Hong et al., 2008). Hence 

plant-based antioxidants are a hunter of toxic free radicals, chain breakers and 

scavengers of singlet O2 formation such as ROS, which mutate DNA molecule and 

inhibit synthesis of proteins and lipids (Kosar et al., 2011). Naturally, plants 

accumulate and release different active metabolites including essential amino acids. 

Some of these amino acids are called “essential” so human ingests these amino acids 

directly from plants or plant-based products which are further organized into proteins, 

lipoproteins, glycoprotein, macromolecules, oxidized into urea and CO2 as a source of 

energy (Vanisree et al., 2004). Micropropagation based quality control in medicinal 

species provide guarantee for the protection and efficiency of crude drugs before the 

final pharmaceutical products formation (Liu et al., 2008). WHO (World Health 

Organization) provides a broad guidelines starting from precise authentication to post-

harvest processing of materials (World Health Organization, 2003). Fingerprint 

analysis for quality control has been acknowledged by the WHO as a fruitful approach 

for the investigation of plant based product and to standardize traditional knowledge of 
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medicines. In vitro cultures of valuable medicinal species offer reliable tools for quality 

control and existence without being affected by environmental changes. But 

commercialization’s of active compounds need applicable techniques for awareness 

and enhanced productivity. Quality control, for in vitro regenerated plantlets mostly 

emphases on morphological observation and extraction of mother compounds. Whereas 

fingerprint analysis, provide basic categorization of a complex system of plants with a 

calculable degree of consistency. High performance liquid chromatography (HPLC) is 

a reliable technique for active compounds determination and for fingerprint analysis of 

medicinal plant species (Liu et al., 2008). In the literature cited and to the best of our 

knowledge, no HPLC-based chromatographic fingerprinting of P. nigrum has been 

reported yet. Therefore, the overall objective of the present experimental work was to 

establish reliable and improved micropropagation system for P. nigrum and to develop 

chromatographic fingerprints for the quality control of piperine and determination of 

other biochemical parameters. These in vitro tissues synthesize, accumulate and release 

high quality, safe, effective and clean desirable secondary metabolites in optimum 

quantities which are free from microbial contaminants and have a positive impact to be 

utilized by different industries.  

3.3 MATERIALS AND METHODS 

3.3.1 Seed germination 

Seeds were provided by Assistant Professor Bin Guo, School of Life Science, 

Northwest University, Xi'an 710069, PR China. Seeds were surface sterilized according 

to the modified method of Abbasi et al. (2011). The seeds were first exposed to 75% 

ethanol for 2 min. followed by dipping in 2% mercuric chloride for 30 sec. The seeds 

were then thoroughly washed 3 times with double autoclaved water. The seeds viability 

was tested upon dipping in autoclaved water. The seeds floating on water surface were 

discarded. The viable seeds were then divided into two groups, one exposed to 

concentrated sulphuric acid while the later was exposed to GA3 solution. Seeds from 

both groups were incubated on MS-medium without PGRs or supplemented with 0.5 

mg l
-1

 of GA3. For best germination the seeds were kept at 32°C in incubator for 15-37 

days.  
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3.3.2 Micropropagation 

Suitable leaf explants (~3-4 mm
2
) were collected from in vitro grown plantlets on MS-

medium after 40 days of seed germination. These leaf explants were surface sterilized 

by the method of Abbasi et al. (2010b). Uncut leaves were exposed to 0.05% (w/v) 

mercuric chloride (HgCl2) for ~ 2 min and 70% (v/v) ethanol solution for 60 sec. These 

sterilized leaves were then thoroughly washed with double autoclaved distilled water. 

For complete regeneration, Murashige and Skoog (MS) (1962) medium was used 

containing 30 g l
-1

 sucrose (MERK), and 8 g l
-1

 agar (SIGMA).  Before agar addition 

and pH adjustment (5.8), different concentrations and combinations of cytokinin, auxin 

and TDZ were supplemented to the medium. All media were autoclaved (121°C) for 20 

min and then maintained under in vitro growth conditions at 25±3°C under reverse 

(16hD/8hL) and normal (16hL/8hD) photoperiods. Reasonable leaf explant pieces (~3-

4 mm
2
) were used for callus induction and shoot organogenesis. For callogenesis and 

organogenesis, MS medium incorporated with various concentrations of BA alone (0.5, 

1.0, 1.5 and 2.0 mg l
-1

) or either BA in combination with various concentrations of GA3 

or BA in combination with 2, 4-D and NAA, IBA alone in various concentrations or in 

combination with NAA and IAA (Indole acetic acid) or GA3 with or without BA and 

various concentrations of TDZ (0.5, 1.0, 1.5, 2.0, 3.0 and 4.0 mg l
-1

). MS medium 

without PGRs (MS0) was used as a control for entire micropropagation. Five or six 

explants were incubated in 100 ml of Erlenmeyer flask, containing 25 to 35 ml of 

medium. Data regarding callus induction (%) was recorded after 4 weeks of explant 

incubation. Reasonable amount of friable calli were transferred to MS medium for 

shoot organogenesis with similar compositions of PGRs. Data on the percent shoots 

response was documented after 4 weeks of calli formation under similar growth 

conditions. In vitro shoots with suitable length were carried to next medium for root 

induction containing several concentrations (0.5, 1.0, 1.5 and 2.0 mg l
-1

) of IBA alone 

or IBA with different concentrations of NAA (0.25, 0.5, 1.0 and 1.5 mg l
-1

) and IAA or 

BA with NAA and 2, 4-D after 6 weeks of shifting. Rooted plantlets were carefully 

removed from the medium, washed several times with sterile distilled water, and 

transferred to soil mixture for further growth under controlled conditions of the green 

house. Different regenerated tissues were collected and dried in an oven at 50°C before 

HPLC analysis, biological activities, and phytochemicals determination. However, for 

antioxidant enzyme activities fresh tissues were used. 
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3.3.3 Antioxidant enzyme activities 

Fresh tissues of P. nigrum were used for antioxidative enzyme activities. Each tissue 

extract was prepared by using the method of Meratan et al. (2009) with slight 

modifications. Before activities, ice-cold 0.5 M Tris–HCl and buffer (pH 6.8) was used 

for homogenate extraction of calli, in vitro shoots and regenerated plantlets. 

Subsequently, the resulted extracts were centrifuged (HERMLE Z 300 K, Germany) for 

20 min at 10,000 rpm at 4°C to retain enzyme viability. For accurate results, the 

collected supernatants after centrifugation were stored in -20°C until use for enzyme 

activity test. Agilent spectrophotometer (USA) was used for absorption of different 

extracts. For the determination of Superoxide dismutase (SOD), a well-established 

method of Giannopolitis and Ries (1977) was used. For catalase (CAT) and peroxidase 

(POD) assays, methods of Arrigoni et al. (1992) and, Abeles and Biles (1991) were 

followed. Ascorbate peroxidase (APX) was determined according to the method of 

Miyake et al. (2006). These enzymes were expressed in U (1 μmol min
−1

)/mg proteins 

3.3.4 Antioxidant activities 

3.3.4.1 DPPH-Radical-Scavenging Activity (DRSA) 

The antioxidant activity was carried out according to the method of Abbasi et al. 

(2010b). The DRSA of calli, in vitro derived shoots and plantlets grown under reverse 

(16hD/8hL) and normal (16hL/8hD) photoperiod and peppercorn extracts were 

determined in terms of hydrogen donating or radical-scavenging ability using the 

constant radical (1, 1-diphenyl-2-picrylhydrazyl (DPPH) (Sigma). Different 

regenerated tissues were extracted with ethanol and therefore the DPPH solution was 

also prepared in similar solvent. Carefully, 1.0 ml of the ethanolic tissue extract (5 mg/ 

20ml) was mixed with 2.0 ml of 4X DPPH solutions (0.159 mg in 20 ml). After 

incubation (30 min) in the dark, the absorbance of the solution was measured at 517 nm 

at room temperature. The lower absorbance of the reaction mixture indicated higher 

radical scavenging activity. Radical scavenging activity was calculated as percentage of 

DPPH discoloration using the equation: 

                         % DPPH-radical-scavenging activity (DRSA) = 100 × [1-AE/AD] 

Where “AE” representing the solution absorbance at 517 nm, when the optimum 

quantity of each extract was added to the DPPH solution after incubation (30 min) at 

http://en.wikipedia.org/wiki/%CE%9C
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room temp and “AD” in the equation representing the absorbance of DPPH (1, 1-

diphenyl-2-picrylhydrazyl) solution without any tissue extracts. 

3.3.4.2 Phosphomolybdenum antioxidant activity 

Antioxidant activity via phosphomolybdenum (PMo) was determined according to the 

method of Khan et al. (2012). Dose dependent concentrations of the four samples were 

used for their potential to reduce transition metal ions. Accurately 0.25 ml (250µg/ml) 

sample of regenerated tissues was mixed with sulfuric acid (600 mM), ammonium 

molybdate (4 mM) and sodium phosphate (28 mM) in diluted methanol. After mixing, 

these samples were incubated for 90 min at 90°C. The hot solution was then cooled 

down to a normal lab temperature. The absorbance of each green phosphomolybdenum 

complex was spectrophotometrically tested at 695 nm. The reducing potential of each 

Piper tissue extract was measured with the help of the given equation: 

PMo-AA (%) = (1- absorbance of sample / absorbance of control) × 100 

3.3.4.3 ABTS radical cation-antioxidant activity 

ABTS radical cation-antioxidant activity was determined by using the recent method of 

Khan et al. (2012). Briefly, free radicals are produced by treating ABTS (2, 2-azinobis-

(3-ethylbenzothiazoneline-6-sulphonic acid, 7.4 mM) with potassium persulfate (2.45 

mM) for antioxidant activity estimation. The dilution of ABTS and potassium 

persulfate were made in ethanol (98%) before running on a spectrophotometer. 3.0 ml 

reagent was added to spectrophotometer cuvette and the absorbance was tested at 414 

nm. Pure ethanol without reagent was also run as blank. Three different fractions (25-

250 µg/ml; 0.25ml) of calli, in vitro shoots, plantlets and peppercorn were used for 

ABTS radical cation-antioxidant activity. Accurately, 100 μl fraction of each sample 

was transferred into the cuvette containing the reagent. The mixture was kept for 

incubation (90 min) with periodic shaking before assay on UV spectrophotometer. The 

% age of ABTS radical cation-scavenging was determined using the following 

equation: 

ABTS radical cation-AA (%) = (1- AB of SF / AB of C) × 100 

Where “AA” for antioxidant activity, “AB” stands for absorbance, “SF” represents the 

absorbance of the sample (each fraction) at 414 nm, when the optimum quantity of each 

extract was added to the reagent solution after 90 min incubation at room temperature 

and “C” in the equation represents the absorbance of control. 
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3.3.4.4 Fe
2+

 Chelating-antioxidant activity  

Chelating activity on Fe
2+

 was investigated according to the method of Khan et al. 

(2012). The reaction of each extract with ferrozine for iron (II) ions generation was 

assessed in free solution. Three extract fractions (0.05-250 mg/ml; 2.5 ml) were mixed 

with 0.05 ml solution of 2 mM FeCl2.4H2O. For initiation of reaction, 0.2 ml of 5mM 

ferrozine was added and kept for 10 min incubation at room temperature with periodic 

shaking. The absorbance of sample fractions was run at 562 nm along with a blank 

solution using similar FeCl2 and water. For positive control EDTA was applied and 

samples without the addition of the extract or EDTA was used as negative control. 

Finally the % chelating activity on Fe
2+

 was calculated using the given equation.  

 Fe
2+

 Chelating-antioxidant activity= (ACN - ASF / ACN) × 100 

Where “ACN” represents the absorbance of control at 562 nm without the addition of 

test extract and “ASF” stands for absorbance of sample fraction. 

3.3.5 Analysis of amino acids accumulation 

In vitro cultures (calli, in vitro grown shoots, plantlets and peppercorn) of P. nigrum 

were analyzed for amino acid accumulation. Fresh samples were dried at 45°C for 

consecutive 24 hrs. These plant tissues were then grinded with the help of mortar and 

pestle to get fine powder; 0.5 g sample was vortexed with 5 ml (0.1%) HCl for two min 

and finally exposed to centrifugation (10,000 rpm) for 15 min. The supernatant was 

filtered through membrane filter (0.45 μm). The solution was first diluted 5 times (0.2 

ml to 1.0 ml), and 20 μl samples of each tissue were then injected into an amino acid 

analyzer. A system used for amino acid analysis consists of sample pretreatment oven 

(CTO-20AC) with temperature ranging from 60 to 80°C. Data acquisition included 

sampling frequency (2 Hz), start time (0) and end time (72 min). Pump consisting of 

pump mode (binary gradient), Pump A (LC-20AD), Pump B (LC-20AD), total flow 

(0.5 ml/min), press-Max (110 kgf/cm
2
), solenoid A (FCV-11AL), solenoid valve pump 

A (A-A-A), solenoid B (FCV-11AL). Detector containing an RF-10AXL, response (1.5 

Sec), excitation wavelength (350 nm), emission wavelength (450 nm) and recording 

range (1). 

3.3.6 Estimation of total phenolics and flavonoids content 

Total Phenolic contents (TPC) were determined using the method of the Singleton & 

Rossi (1965) and flavonoids following the method of Kosar et al. (2011). 200 μl of 
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each concentration was added in 10 ml of Folin-Ciocalteu reagent (1:10). The mixture 

was mixed with 7 ml of Na2CO3 (0.115 mg/ml), incubated (2 hrs) and absorbance was 

taken at 765 nm. Gallic acid (1.0-10 mg/ml) was used for the calibration curve. Results 

were expressed as Gallic acid equivalent (GAE) mg/g of dried concentration. Flavonoid 

content was expressed as rutin equivalent (RE) mg/g-DW of extracts. In vitro cultures 

extract in methanol (1 ml) and AlCl3 in ethanol were mixed and diluted to 25 ml with 

pure ethanol. Blank samples also contained 1 ml of in vitro cultures extract with 5 µl of 

CH3COOH and diluted to 25 ml. A similar procedure was used for rutin calibration 

curve. The absorbance of these samples was measured at 20ºC after 40 min incubation 

period. 

3.3.7 “Piperine” extraction and HPLC analysis 

Extraction of “piperine” from different tissues of P. nigrum was determined according 

to the method of Liu et al. (2008) who developed this method for Erigeron breviscapus. 

In vitro regenerated tissues were oven dried and then powdered for fingerprint analysis 

and piperine quantification. One hundred and forty milligram of the powdered material 

was extracted with 25 ml methanol in a 50 ml flask. The plant material was then 

slightly heated-up in water bath for 15 min. But the results were not satisfactory. Then 

the extractions for each plant tissues were made through a soxhlet extraction system for 

48 h. The extracts were then filtered through 45 µm membrane before HPLC analysis. 

The HPLC system (Shimadzu Lc8A, Japan) was set with binary pump, a variable 

wavelength (λ) detector, solvent vacuum degasser, and an auto sampler with a 10 μl 

injection loop. The column was C18 (ODS) with 25 cm and 150 mm length and 4.6 mm 

column width, 5 μm particle size. For buffer preparation, practically 1.36 g of 

potassium dihydrogen orthophosphate (KH2PO4) was dissolved in HPLC grade water 

(900 ml). The pH of the buffer was adjusted to 2.8 with the addition of dilute 

phosphoric acid (H3PO4) to make final volume of 1L with HPLC grade water. The final 

solution was filtered through 45 µm membrane and then prepared the mobile phase 

(A75: B25) as (A) methanol (75) and (B) Buffer (25). Before usage the solution was 

degassed and the effluent was monitored at 254 nm by UV detector with flow rate of 

1.5 ml/min. Piperine standard (Sigma) was prepared by taking 25 mg of piperine in to 

50 ml flask, shake well and make the final volume with methanol. Accurately 10 μl 

(500 μg/ml) piperine standard was injected in HPLC. Chromatogram and retention time 

for piperine was recorded (Figure 3.1). Similarly 10 μl samples were injected one by 
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Figure 3.1: HPLC chromatogram of piperine standard purchased from Sigma. 10 μl 

(500μg/ml) of piperine standard solution was injected to HPLC system (Shimadzu Lc8A, 

Japan) set with a binary pump with flow rate of 1.5 ml/min. The absorbance was checked at 

254 nm with total flow time of 30 minutes. The retention time of piperine from replicated 

solution was observed 8.4 min. 

3.3.8 Statistical Analysis:  

For statistical analysis, each treatment consisted of 5 culture flasks (three explants per 

flask) and data was collected from treatments carried out in triplicate. Analysis of 

variance (ANOVA) and Duncan`s multiple range test (DMRT) was used for 

comparison among treatment means. For all analysis (mean ± standard deviation) and 

graphical presentation Statistix (8.1) and OriginLab (8.1) software were used. Mean 

values are significantly different at probability level P<0.05 

3.4 RESULTS AND DISCUSSION  

3.4.1 Micropropagation 

3.4.1.1 Callus induction under reverse (16hD/8hL) photoperiod 

All PGRs used in this study enhanced callus induction and organogenesis under a 

reverse photoperiod (Figure 3.2-3.3). Effects of various PGRs under the influence of 

reverse photoperiod such as BA with 2, 4-D (0.25-1.5 mg l
-1

) and NAA or various 

concentrations of BA alone or 1.0 mg l
-1

 BA in combination with GA3 or, GA3 alone or 
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IBA alone in different concentrations or either in combination with IAA (0.25-1.5 mg l
-

1
) or NAA, and different concentration of TDZ on indirect organogenesis were 

evaluated (Figure 3.3). Callus induction response was observed to be 100% under a 

reverse photoperiod, when the MS medium was incorporated with either 1.5 mg l
-1

 BA 

or 1.0 mg l
-1

 BA in combination with 0.5 mg l
-1

 GA3 (Figure 3.3). However, the 

maximum calli formation of 95% was recorded for 4.0 mg l
-1

 TDZ under the effect of 

dark incubation. It has been observed that 1.0 mg l
-1

 BA alone or 1.0 mg l
-1

 BA and 

GA3, and 3.0 mg l
-1

 of TDZ induced 85% callus induction from leaf explants in P. 

nigrum under similar photoperiod. Moreover, greater than 70% callus induction 

response was recorded for 0.5 mg l
-1

 BA and 2.0 mg l
-1

 TDZ (Figure 3.3). Presently, 0.5 

mg l
-1

 IBA in combination with IAA and NAA (0.25 mg l
-1

) or 1.0 mg l
-1

 IBA along 

with 0.5 mg l
-1

 IAA and NAA produced 80% calli. Different concentrations of IBA or 

GA3 alone were found less effective in calli formation under similar photoperiod. 

Specific reports on the effect of reverse photoperiod on callus induction in Piper 

species are not available in the cited literature but the effect of similar photoperiod on 

embryogenic calli was reported in other plant species (Leshem et al., 1995). Abbasi et 

al. (2011) reported similar results that BA in combination with NAA produced 

maximum calli in Brassica rapa. Madhusudhanan and Rahiman (2000) reported that 

addition of activated charcoal in medium induced calli but failed to produce regenerants 

from leaf explants of P. nigrum. Sujatha et al. (2003) also observed green friable calli 

on medium containing BA with IAA. Different reports on Piper species showed that 

incubation of multiple explant under dark incubation on SH medium with 2, 4-D or 

without PGRs induced somatic embryogenesis (Joseph et al., 1996; Nair and Gupta, 

2006; Varghese and Bhat, 2011). The difference in data is due to the type of explant, 

media composition, and the addition of PGRs. Jones et al. (2007) also reported that 

these factors significantly affect the differentiation process. 
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Figure 3.2: Regeneration of P. nigrum tissues under reverse photoperiod (a) callus (bc) 

in vitro shoot initiation from callus (e-f) yellowish green shoot maturation (g) shoots 

multiplication (h) rooted plantlet.  
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Figure 3.3: Effects of various concentrations of BA with 2, 4-D (0.25-1.5 mg l
-1

) and 

NAA or various concentrations of BA alone or 1.0 mg l
-1

 constant BA in combination 

with GA3 or GA3 alone, IBA alone in different concentration or either in combination 

with IAA (0.25-1.5 mg l
-1

) and NAA, and different concentration of TDZ on percent 

callus induction in P. nigrum from seed derived explants under a reverse photoperiod. 

Data was collected after 4 weeks of culture. Values are means of 3 replicates. Columns 

with common letters are significantly different at P<0.05. 
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3.4.1.2 Callus induction under normal (16hL/8hD) photoperiod 

All PGRs applied in this study, boosted callus induction followed by shoot 

organogenesis and finally rooting (Figure 3.4-3.5). Callogenesis is the first important 

step of indirect organogenesis in many medicinal plant species (Abbasi et al., 2007; 

2010b). The effects of various PGRs such as BA with 2, 4-D (0.25, 0.5, 1.0 and 1.5 mg 

l
-1

) and NAA or various concentrations of BA alone or 1.0 mg l
-1

 constant BA in 

combination with GA3 or, GA3 alone, IBA alone or either in combination with IAA 

(0.25, 0.5, 1.0 and 1.5 mg l
-1

) or NAA, and different concentrations of TDZ on indirect 

organogenesis were evaluated (Figure 3.5). Leaf explants of P. nigrum in the present 

study responded to all PGRs applied (Figure 3.5). Best callus induction was recorded 

on MS medium supplemented with 1.0 mg l
-1 

BA (90%) in combination with 0.5 mg l
-1 

GA3 (Figure 3.5). Similar effects of PGRs were recently reported by Abbasi et al. 

(2010b) for Silybum marianum. Furthermore, 85% callus response was documented for 

either BA in combination with NAA and 2, 4-D (0.25 mg l
-1

)
 
or 0.5 mg l

-1 
IBA with 

0.25 mg l
-1

 IAA and NAA, respectively. Kelkar et al. (1996) also reported that addition 

of IBA and IAA to ½MS medium influenced calli production from leaf explants in P. 

colubrinum. The current data are in agreement with the observations of Abbasi et al. 

(2011) that BA in combination with NAA produced maximum calli in B. rapa. Lower 

amount of callus response was observed for various combinations of IBA and GA3. 

Callus induction recorded for BA at different concentrations was significantly higher 

than most of the PGRs used, and no calli was observed on MS0 medium. Callus 

response > 70% was recorded for 3.0 and 4.0 mg l
-1

 TDZ, but lower concentration of 

TDZ induced lower amount of calli (Figure 3.5). The combination of cytokinin and 

auxin influence callus to the maximum levels but lower compared to cytokinins alone. 

Bhat et al. (1995) documented that leaf explants of P. nigrum showed no clear response 

to similar composition of PGRs; however, other species of Piper showed similar 

response. Data reported by Philip et al. (1992) regarding regeneration of P. nigrum 

from shoot tip are in agreement with current data. Madhusudhanan and Rahiman (2000) 

documented that activated charcoal influence calli production but unable to regenerate 

plantlets from leaf explants. 
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Figure 3.4: In vitro regeneration of P. nigrum from leaf explants under normal 

photoperiod (a) callus induction on medium containing 1.0 mg l
-1 

BA in combination 

with 0.5 mg l
-1 

GA3 (b-c) shoot regeneration from callus subculture (d) shoot 

proliferation on shoot organogenesis medium (e) shoot elongation (f) root initiation (g) 

roots formation and plantlet maturation (h) acclimatization of in vitro regenerated 

plantlets.  
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Figure 3.5: Effects of various concentrations of BA with 2, 4-D (0.25, 0.5, 1.0 and 1.5 

mg l
-1

) and NAA or various concentration of BA alone or 1.0 mg l
-1

 constant BA in 

combination with GA3 or GA3 alone, IBA alone in different concentration or either in 

combination with IAA (0.25, 0.5, 1.0 and 1.5 mg l
-1

) and NAA, and different 

concentration of TDZ on percent callus induction in P. nigrum from leaf explants under 

normal (16hL/8hD) photoperiod. Data was collected after 4 weeks of culture. Values 

are mean of 3 replicates. Columns with common letters are significantly different at 

P<0.05. 
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3.4.1.3 Shoot organogenesis under reverse (16hD/8hL) photoperiod 

Mature calli were transferred to shoot organogenesis medium and the data on shoot 

organogenesis was determined after 30 days of sub-culturing under the influence of 

reverse photoperiod (16hD/8hD). Maximum shoot induction was observed on two 

concentrations (1.5 and 2.0 mg l
-1

) of IBA which produced greater than 80% shoot 

induction response with mean shoot length of 3.73 cm and 6.67 shoots per explant 

which is significantly (P<0.05) similar to results obtained when 0.5 mg l
-1

 of TDZ was 

applied (Figure 3.6 and Table 3.1). Similar effects of TDZ were also reported in 

Jatropha curcas (Sharma et al., 2011; Kumar and Reddy, 2012). All other 

combinations of PGRs were less effective under the influence of reverse photoperiod to 

produce percent shoot induction response. However, Xing et al. (2010) reported that 

incubation of Erigeron breviscapus in dark conditions promote higher shoot 

regeneration (82.6%) compared to normal conditions on MS-medium containing BA in 

combination with IAA. The difference in data is due to the applied PGRs, photoperiod 

duration and plant species. Similarly Petri and Scorza (2010) reported that incubation 

of leaf explants of Plum under dark photoperiod for 1 week and then subsequent 

shifting to light conditions enhance organogenic potential compared to complete light 

or dark incubation for 3 weeks. Xu et al. (2011) reported that incubation of Houttuynia 

cordata explants for 4 weeks under dark incubation significantly enhance regeneration 

frequency as compared to light incubation. But in this study I observed negative effects 

of dark photoperiod on shoot organogenesis in P. nigrum. It showed that shoot 

regeneration and multiplication in P. nigrum is highly dependent on light condition. 
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Figure 3.6: Effects of various concentrations and combination of BA, 2, 4-D, NAA, 

GA3, IAA, NAA and TDZ on percent shoot induction in P. nigrum under the influence 

of reverse photoperiod from leaf explants of seed-derived plants. Data was collected 

after 4 weeks of culture. Values are means of 3 replicates. Columns with common 

letters are significantly different at P<0.05. 
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Table 3.1: Effect of various concentrations of BA along with 2, 4-D and NAA or BA 

alone or BA in combination with GA3 or GA3 alone, IBA alone or IAA and NAA, and 

different concentration of TDZ on shoot organogenesis in P. nigrum under the 

influence of reverse photoperiod (16hD/8hL). 

 

  Shoot organogenesis    

S. No MS + PGRs (mg
-1

) Mean shoot length (cm) 

Mean ± SD 

No. of shoots/explant 

Mean ± SD 

Min. SL 

(cm) 

Max. SL 

(cm) 

1 BAP (0.5) 1.58 ± 0.63
abcd

* 2.83 ± 1.04
bcde

* 1.00 2.25 

2 BAP (1.0) 2.22 ± 1.10
abcd

 6.83 ± 1.61
a
 1.00 3.15 

3 BAP (1.5) 2.33 ± 2.31
abcd

 5.93 ± 3.52
ab

 1.00 5.00 

4 BAP (2.0) 2.23 ± 2.40
abcd

 1.33 ± 0.58
de

 0.70 5.00 

5 GA3 (0.5) 2.23 ± 1.37
abcd

 1.50 ± 0.50
de

 1.00 3.70 

6 GA3 (1.0) 0.67 ± 0.29
d
 1.00 ± 0.00

de
 0.50 1.00 

7 GA3 (1.5) 1.53 ± 1.29
abcd

 1.00 ± 0.00
de

 0.60 3.00 

8 GA3 (2.0) 1.27 ± 0.67
cd

 1.00 ± 0.00
de

 0.70 2.00 

9 BAP (1.0)+GA3 3.33 ± 3.21
abc

 5.17 ± 2.47
abc

 1.00 7.00 

10 BAP (1.0)+GA3 0.80 ± 0.10
d
 1.50 ± 0.50

de
 0.70 0.90 

11 BAP (1.0)+GA3 0.90 ± 0.10
d
 1.67 ± 0.29

cde
 0.80 1.00 

12 BAP (1.0)+GA3 0.80 ± 0.00
d
 1.17 ± 0.29

de
 0.80 0.80 

13 TDZ (0.5) 3.50 ± 3.91
ab

 6.47 ± 4.64
ab

 1.00 8.00 

14 TDZ (1.0) 1.77 ± 1.94
abcd

 4.33 ± 4.16
abcde

 0.50 4.00 

15 TDZ (1.5) 1.90 ± 1.25
abcd

 3.33 ± 4.04
abcde

 0.60 3.10 

16 TDZ  (2.0) 1.03 ± 0.68
d
 2.27 ± 1.55

cde
 0.50 1.80 

17 TDZ (3.0) 0.87 ± 0.32
d
 1.00 ± 0.00

de
 0.50 1.10 

18 TDZ (4.0) 0.83 ± 0.38
d
 1.00 ± 0.00

de
 0.40 1.10 

19 IBA (0.5) 1.47 ± 0.80
bcd

 4.00 ± 3.61
abcde

 0.70 2.30 

20 IBA (1.0) 2.40 ± 0.95
abcd

 4.33 ± 4.04
abcde

 1.80 3.50 

21 IBA (1.5) 3.73 ± 4.00
a
 6.67 ± 5.69

a
 0.70 8.00 

22 IBA (2.0) 1.40 ± 0.46
bcd

 4.53 ± 3.93
abcd

 1.00 1.90 

23 BAP (1.0)+NAA+2,4-D (0.25) 0.83 ± 0.15
d
 1.17 ± 0.29

de
 0.70 1.00 

24 BAP (1.0)+NAA+2,4-D (0.5) 0.80 ± 0.17
d
 1.00 ± 0.20

de
 0.70 1.00 

25 BAP (1.0)+NAA+2,4-D (1.0) 0.67 ± 0.15
d
 0.83 ± 0.29

e
 0.50 0.80 

26 BAP (1.0)+NAA+2,4-D (1.5) 1.33 ± 0.58
bcd

 0.92 ± 0.32
de

 1.00 2.00 

27 IBA (0.5)+IAA+NAA (0.25) 0.90 ± 0.10
d
 1.02 ± 0.26

de
 1.00 2.00 

28 IBA (1.0)+IAA+NAA (0.5) 0.73 ± 0.12
d
 1.00 ± 0.00

de
 0.80 1.00 

29 IBA (1.5)+IAA+NAA (1.0) 1.13 ± 0.51
cd

 1.27 ± 0.64
de

 0.60 0.80 

30 IBA (2.0)+IAA+NAA (2.0) 0.73 ± 0.25
d
 1.00 ± 0.00

de
 0.70 1.00 

31 MS0 (dark) 0.80 ± 0.20
d
 1.00 ± 0.00

de
 0.50 1.00 

32 MS0 0.93 ± 0.06
d
 1.00 ± 0.00

de
 0.90 1.00 

* Values are mean of 3 replicates with ± standard deviation. Data was collected after 4 weeks of reverse 

photoperiod and are significantly different at P<0.05. Means were separated using least significant 

difference (LSD).  
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3.4.1.4 Shoot organogenesis under normal (16hL/8hD) photoperiod 

Mature calli were transferred to shoot organogenesis medium and the data was 

documented after 30 days of sub-culture. Best shoot induction response (100%) was 

recorded for 1.5 mg l
-1 

TDZ after 4 weeks of culture (Figure 3.7). However, lower 

concentration of TDZ (0.5 mg l
-1

) influence 80% shoot regeneration from leaf explants. 

As compared to TDZ alone, 1.5 mg l
-1 

IBA also promoted 100% shoot regeneration 

response, where higher concentration of IBA induced 85% shoot induction response 

compared to 0.5 and 1.0 mg l
-1

 IBA concentrations. In the current research, all the BA 

concentrations (0.5, 1.0, 1.5 and 2.0 mg l
-1

) were found effective in shoot induction (%) 

from callus cultures. Recently, Singh and Tiwari (2012) reported that BA was the most 

suitable hormone for shoot organogenesis in Clitoria ternatea L. However, BA 

containing medium when supplemented with 2, 4-D and NAA, inhibit the rate of shoot 

induction response significantly (Figure 3.7). Similar observations were also reported 

by Ahmad et al. (2011), that BA alone can significantly influence percent shoot 

induction response in Stevia rebaudiana. My data is in agreement with the observations 

of Abbasi et al. (2010b; 2011) in other medicinal plant species. Similar shoot induction 

(%) response is widely reported in Cardiospermum halicacabum L., Swertia chirata 

and Ruta gravoelens L. on BA and TDZ induced media (Jahan and Anis, 2009; 

Balaraju et al., 2009; Mohameed and Ibrahim, 2011). In the present investigation, the 

synergistic combination of IBA, NAA and IAA significantly reduced the rate of shoot 

induction response (%) in P. nigrum. Furthermore, various concentrations of GA3 alone 

were also less effective in % shoot induction. In this study maximum mean shoot length 

of 5.23 cm was observed with the addition of 0.5 mg l
-1

 BA with 13.67 number of 

shoots per explant which is significantly similar to 1.5 mg l
-1

 TDZ (12.93 shoots per 

explant) as shown in Table 3.2. BA and TDZ were found to be most effective PGRs for 

shoot multiplication. Sharma et al. (2011) and most recently Kumar and Reddy (2012) 

also reported that TDZ influence regeneration efficiency in Jatropha curcas. I 

concluded from the current experiment that incubation of leaf explant under reverse 

photoperiod (16hD/8hL) influence calli formation induction as compared to normal 

photoperiod (16hL/8hD). But reverse photoperiod was found less effective for shoot 

organogenesis compared to normal photoperiod. Shoots produced under reverse 

photoperiod were found yellowish green in color probably due to lower chlorophyll 

content.  
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Figure 3.7: Effects of various concentrations of BA with 2, 4-D (0.25, 0.5, 1.0 and 1.5 

mg l
-1

) and NAA or various concentration of BA alone or 1.0 mg l
-1

 constant BA in 

combination with GA3 or GA3 alone, IBA alone in different concentration or either in 

combination with IAA (0.25, 0.5, 1.0 and 1.5 mg l
-1

) and NAA, and different 

concentration of TDZ on percent shoot induction in P. nigrum from leaf explants under 

normal (16hL/8hD) photoperiod. Data was collected after 4 weeks of culture. Values 

are mean of 3 replicates. Columns with common letters are significantly different at 

P<0.05. 
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Table 3.2: Effect of various concentrations of BA along with 2, 4-D and NAA or BA 

alone or BA in combination with GA3 or GA3 alone, IBA alone or IAA (0.25, 0.5, 1.0 

and 1.5 mg l
-1

) and NAA, and different concentration of TDZ on mean shoot length and 

number of shoots per explants under the influence of normal (16hL/8hD) photoperiod. 

Data was collected after 4 weeks of culture. Values are means of 3 replicates with 

standard deviation. Data presented in table are not significantly different at P<0.05. 

S. No MS+PGRs (mg
-1

) Mean shoot 

length (cm) 

No. of shoots 

per explant 

Max. shoot 

length (cm) 

Min. shoot 

length (cm) 

1 BAP (0.5) 5.23 ± 1.05
bcd

* 13.7 ± 3.21
a
* 6.30 4.20 

2 BAP (1.0) 4.00 ± 0.56
e
 5.67 ± 2.08

ef
 4.50 3.40 

3 BAP (1.5) 3.10 ± 0.26
ef
 1.33 ± 0.58

jk
 3.30 2.80 

4 BAP (2.0) 1.20 ± 0.53
g
 2.00 ± 1.73

ij
 1.80 0.80 

5 GA3 (0.5) 1.90 ± 0.36
fg

 3.00 ± 2.00
gh

 2.20 1.50 

6 GA3 (1.0) 0.83 ± 0.15
h
 2.00 ± 1.73

ij
 1.00 0.70 

7 GA3 (1.5) 0.60 ± 0.10
h
 1.33 ± 0.58

jk
 0.70 0.50 

8 GA3 (2.0) 0.47 ± 0.06
h
 2.67 ± 2.08

hi
 0.50 0.40 

9 BAP (1.0)+ GA3 4.67 ± 1.25
cde

 11.3 ± 6.66
bc

 6.10 3.80 

10 BAP (1.0)+ GA3 3.50 ± 0.70
e
 3.00 ± 1.00

gh
 4.20 2.80 

11 BAP (1.0)+ GA3 3.03 ± 0.42
e
 1.67 ± 1.15

j
 3.50 2.70 

12 BAP (1.0)+ GA3 1.27 ± 0.50
g
 2.00 ± 1.00

ij
 1.80 0.80 

13 TDZ (0.5) 4.20 ± 0.60
de

 3.00 ± 1.00
gh

 4.80 3.60 

14 TDZ (1.0) 3.07 ± 0.31
ef
 2.33 ± 0.58

i
 3.40 2.80 

15 TDZ (1.5) 7.10 ± 0.36
a
 12.9 ± 9.2

abc
 7.50 6.80 

16 TDZ  (2.0) 4.53 ± 0.65
cde

 3.33 ± 1.53
gh

 5.20 3.90 

17 TDZ (3.0) 3.27 ± 0.45
e
 3.00 ± 1.00

gh
 3.70 2.80 

18 TDZ (4.0) 1.83 ± 0.40
fg

 2.33 ± 2.31
i
 2.20 1.40 

19 IBA (0.5) 2.50 ± 0.60
f
 2.33 ± 0.58

i
 3.10 1.90 

20 IBA (1.0) 1.50 ± 0.30
fg

 2.83 ± 1.89
hi
 1.80 1.20 

21 IBA (1.5) 6.55 ± 0.51
ab

 9.00 ± 2.00
d
 7.10 6.10 

22 IBA (2.0) 4.50 ± 1.00
cde

 3.10 ± 0.85
gh

 5.50 3.50 

23 
BAP (1.0)+ NAA+2,4-D 

(0.25) 
0.83 ± 0.25

h
 1.67 ± 1.15

j
 1.10 0.60 

24 BAP (1.0)+ NAA+2,4-D (0.5) 0.57 ± 0.25
h
 4.33 ± 4.04

f
 0.80 0.30 

25 BAP (1.0)+ NAA+2,4-D (1.0) 0.60 ± 0.20
h
 2.67 ± 2.08

i
 0.80 0.40 

26 BAP (1.0)+ NAA+2,4-D (1.5) 0.50 ± 0.20
h
 2.00 ± 1.00

ij
 0.70 0.30 

27 IBA (0.5)+ IAA+ NAA (0.25) 0.49 ± 0.22
h
 1.67 ± 1.15

j
 0.70 0.27 

28 IBA (1.0)+ IAA+ NAA (0.5) 0.46± 0.16
h
 1.33 ± 0.58

jk
 0.60 0.28 

29 IBA (1.5)+ IAA+ NAA (1.0) 0.42 ± 0.14
h
 1.33 ± 0.58

jk
 0.58 0.30 

30 IBA (2.0)+ IAA+ NAA (2.0) 0.50 ± 0.12
h
 2.00 ± 1.00

ij
 0.61 0.37 

31 MS0 0.39 ± 0.20
h
 1.00 ± 0.00

k
 0.61 0.21 

* Values are mean of 3 replicates with ± standard deviation. Data was collected after 4 weeks of 

application of normal (16hL/8hD) photoperiod and are significantly different at P<0.05. Means were 

separated using least significant difference (LSD).  
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3.4.1.5 Root organogenesis under reverse (16hD/8hL) photoperiod 

The elongated shoots collected from shooting media were transferred to rooting 

medium. Optimum percent rooting (95%) was recorded for 1.5 mg l
-1

 IBA with mean 

root length (< 6.0 cm) and number of roots per plantlet (5.0) under a reverse 

photoperiod (Figure 3.8; Table 3.3). Moreover, greater than 80% rooting was recorded 

for 2.0 mg l
-1

 IBA or IBA in various combinations with NAA and IAA. A similar root 

induction response was also reported by Sharma et al. (2011) and Thiyagarajan and 

Venkatachalam (2012) by using IBA, IAA and NAA. Contrarily, Philip et al. (1992) 

obtained rooted plantlet through shoot tip cultures of P. nigrum on medium containing 

1.0 mg l
-1

 NAA. In another study on Piper spp. rooting was achieved on the medium 

containing IAA (Kelkar et al., 1996). In my experiments, healthy rooting by using 

different PGRs was obtained. White roots appeared after maturation of culture which 

subsequently turned brown. Furthermore, it can be concluded from the present study 

that reverse photoperiod influence maximum percent rooting and callus induction as 

compared to normal photoperiod. Rooted plantlets were transferred to pots for further 

growth which were maintained in controlled conditions. But after 2-3 weeks of transfer, 

most of the plants died. The reason is that plantlets were produced under stress 

conditions (16hD/8hL), contained lower chlorophyll content and the death phase may 

be due to lower photosynthetic activity.  

3.4.1.6 Root organogenesis under 16hL/8hD conditions 

The elongated shoots collected from shoot organogenesis phase were transferred to 

rooting medium. Optimum percent rooting (88%) were obtained with the addition of 

1.5 mg l
-1

 of IBA, and 85% rooting was observed with the addition of 0.5 mg l
-1

 IBA in 

combination with IAA and NAA (0.25 mg l
-1

) after 30 days of culture (Figure 3.8). 

Moreover, greater than 80% rooting was also recorded for 2.0 mg l
-1

 IBA alone or IBA 

in combination with NAA or IAA. In my experiments, I obtained healthy rooting on 

different PGRs especially auxin (Figure 3.8). In this study I have observed best mean 

root length of 10.67 cm on medium fortified with 1.5 mg l
-1

 IBA with 9.33 numbers of 

roots per plantlet (Table 3.4). The combination of IBA (0.5 mg l
-1

) with IAA (0.25 mg 

l
-1

) and NAA (0.25 mg l
-1

) also induced mean shoot length (7.53 cm) with 10 roots per 

plantlet as shown in Table-3.4. P. nigrum is acclimatization friendly, therefore, can 

easily fit in both pot and field. Rooted plantlets were successfully transferred to pots 
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containing combination of soil, sand and manure (2:1:1) for further growth which were 

maintained under controlled conditions (Figure 3.4h).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Effect of different concentrations (0.5, 1.0, 1.5 and 2.0 mg l
-1

) of IBA alone 

or IBA with different concentration of NAA (0.25, 0.5, 1.0 and 1.5 mg l
-1

) and IAA, 

BA with NAA and 2, 4-D (0.25, 0.5, 1.0 and 1.5 mg l
-1

) on percent rooting under the 

influence of reverse (16hD/8hL) and normal (16hL/8hD) photoperiod. Data was 

collected after 6 weeks of culture. Values are means of 3 replicates with standard 

deviation. Data in the given table are significantly different at P<0.05. 
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Table 3.3: Effect of different concentrations (0.5-2.0 mg l
-1

) of IBA alone or IBA with 

different concentration of NAA (0.25-1.5 mg l
-1

) and IAA, BA with NAA and 2, 4-D 

(0.25, 0.5, 1.0 and 1.5 mg l
-1

) on root organogenesis in P. nigrum under the application 

of reverse photoperiod. 

 

 
 Root organogenesis 

   

MS + PGRs (mg l
-1

) Mean root length (cm) 

Mean ± SD 

No. of roots per plantlet 

Mean ± SD 

Min. RL 

(cm) 

Max. RL 

(cm) 

IBA (0.5) 2.02 ± 1.08
bc

* 2.00 ± 1.00
bc

 1.00 3.16 

IBA (1.0) 4.47 ± 3.21
ab

 3.82 ± 2.37
ab

 1.00 7.32 

IBA (1.5) 6.60 ± 5.46
a
 5.00 ± 2.67

a
 2.90 10.00 

IBA (2.0) 4.63 ± 3.83
ab

 3.07 ± 1.42
abc

 2.89 8.00 

BAP (1.0)+NAA+2,4-D (0.25) 0.63 ± 0.32
c
 1.23 ± 0.25

c
 0.40 1.00 

BAP (1.0)+NAA+2,4-D (0.5) 0.90 ± 0.17
c
 1.00 ± 0.00

c
 0.80 1.10 

BAP (1.0)+NAA+2,4-D (1.0) 0.70 ± 0.20
c
 1.23 ± 0.23

c
 0.50 0.90 

BAP (1.0)+NAA+2,4-D (1.5) 4.00 ± 3.00
abc

 2.66 ± 0.99
bc

 2.00 7.00 

IBA (0.5)+IAA+NAA (0.25) 3.87 ± 2.31
abc

 3.00 ± 1.32
abc

 2.20 6.50 

IBA (1.0)+IAA+NAA (0.5) 2.60 ± 2.14
bc

 2.27 ± 1.36
bc

 0.89 5.00 

IBA (1.5)+IAA+NAA (1.0) 1.50 ± 1.32
bc

 1.94 ± 0.87
bc

 0.43 2.97 

IBA (2.0)+IAA+NAA (2.0) 1.23 ± 0.81b
c
 2.03 ± 0.12

bc
 0.50 2.10 

MS0 (dark) 0
d
 0

d
 0 0 

MS0 0
d
 0

d
 0 0 

* Data was collected after 6 weeks of culture. Values are mean of 3 replicates with ± standard deviation. 

Data in the given table are significantly different at P<0.05. Means were separated using least significant 

difference (LSD).  
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Table 3.4: Effect of different concentrations (0.5, 1.0, 1.5 and 2.0 mg l
-1

) of IBA alone 

or IBA with different concentration of NAA (0.25, 0.5, 1.0 and 1.5 mg l
-1

) and IAA, 

BA with NAA and 2, 4-D (0.25, 0.5, 1.0 and 1.5 mg l
-1

) on mean root length and 

number of roots per plantlets under normal photoperiod (16hL/8hD). Data was 

collected after 6 weeks of culture. Values are means of 3 replicates with standard 

deviation. Data in the given table are not significantly different at P<0.05. 

MS+PGRs (mg
-1

) 
Mean root 

length (cm) 

No. of roots 

per plantlet 

Max. root 

length (cm) 

Min. root 

length (cm) 

IBA (0.5) 1.90 ± 0.95
de

 3.07 ± 4.29
e
 2.90 1.00 

IBA (1.0) 4.90 ± 4.62
cd

 6.00 ± 4.00
c
 10.00 1.00 

IBA (1.5) 10.67 ± 8.50
a
 9.33 ± 8.74

ab
 19.00 2.00 

IBA (2.0) 8.53 ± 4.92
b
 9.33 ± 8.74

ab
 13.20 3.40 

BAP (1.0)+ NAA+2,4-D (0.25) 0.93 ± 0.60
ef
 2.00 ± 1.00

ef
 1.50 0.30 

BAP (1.0)+ NAA+2,4-D (0.5) 0.90 ± 0.50
ef
 3.46 ± 3.33

e
 0.90 0.40 

BAP (1.0)+ NAA+2,4-D (1.0) 0.77 ± 0.40
ef
 2.40 ± 3.15

ef
 1.00 0.30 

BAP (1.0)+ NAA+2,4-D (1.5) 1.06 ± 0.50
e
 4.67 ± 3.79

de
 1.47 0.50 

IBA (0.5)+ IAA+ NAA (0.25) 7.53 ± 4.27
bc

 10.00 ± 7.55
a
 12.00 3.50 

IBA (1.0)+ IAA+ NAA (0.5) 5.77 ± 5.94
c
 7.67 ± 6.66

bc
 12.60 1.80 

IBA (1.5)+ IAA+ NAA (1.0) 2.46 ± 2.32
d
 4.67 ± 4.04

de
 5.00 0.47 

IBA (2.0)+ IAA+ NAA (2.0) 0.86 ± 0.61
ef
 1.33 ± 0.58

f
 1.39 0.20 

MS0 0.00 ± 0.00
f
 0.00 ± 0.0

f
 0.00 0.00 

* Values are mean of 3 replicates with ± standard deviation. Data was collected after 4 weeks of 

application of normal (16hL/8hD) photoperiod and are significantly different at P<0.05. Means were 

separated using least significant difference (LSD).  
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3.4.2 Antioxidative enzyme activities 

During in vitro conditions, different tissues of P. nigrum produced various 

antioxidative enzymes to protect themselves from biotic and abiotic stresses especially 

from oxidative stress. However these enzymes are not specific to one type of tissue but 

produced in different quantities during organogenesis (Abbasi et al., 2011). In the 

present investigation higher SOD, POD and APX enzyme production (1.86; 0.098; 

0.110 U/mg proteins) was observed in regenerated plantlets under reverse photoperiod 

(16hD/8hD) as compared to calli and regenerated shoots. However, higher CAT 

enzyme production was observed in calli (0.043 U/mg proteins) compared to other 

regenerated tissues (Table 3.5). But under normal (16hL/8hD) photoperiod, activities of 

CAT, POD and APX were found higher in calli compared to sprouted shoots and 

plantlets of P. nigrum (Table 3.6). The activity of SOD was higher in regenerated 

plantlets as compared to calli and regenerated shoots. I concluded from the current 

experiment that these antioxidative enzymes are produced in larger amount under stress 

conditions (16hD/8hL). Similar observations were also made by Abbasi et al. (2011) 

for Brassica rapa in which SOD was higher in regenerated plantlets compared to other 

tissues.  Increase in CAT and POD production and decrease in SOD production was 

observed during shoot organogenesis, were also reported in Prunus, Solanum and 

Gladiolus (Franck et al., 1995; Kumar and Knowles, 1993; Gupta and Datta, 2003), 

although I have observed inverse activities, decrease in CAT and POD and increase in 

SOD during shoot organogenesis. Meratan et al. (2009) reported that calli secreted 

CAT during callus differentiation, while SOD increases during organogenesis of 

Acanthophyllum sordidum. SODs and CAT have a pivotal role in the cellular regulation 

of hydrogen peroxide concentration. SOD functions in the removal of the superoxide 

radical, simultaneously producing H2O2 as a reaction product (Alsher et al., 2002).  

POD and CAT were higher in calli of P. nigrum, while SOD was higher in regenerated 

plantlets as compared to calli. APX was higher in calli but as the callus entered into 

organogenesis phase the activity become lower. However, when the regenerated shoots 

started rooting, the activity was again increased under 16hL/8hD conditions. Moreover, 

callus cultures after entering into shoot and root organogenesis produce variable 

quantities of enzyme and metabolites containing phenolics and flavonoids. These 

compounds and enzymes formed a complex network of antioxidants which control 

ROS; that is a strong oxidizer and causes the damage of major biological molecules: 



CHAPTER 3  

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 74 

proteins, lipids and nucleic acids. The production of SOD, POD, CAT and APX 

fluctuate during different growth phases and is highly dependent upon explant types. 

The fluctuation in these antioxidant enzyme activities in regenerated tissues of P. 

nigrum may be due to the change in expression levels of genes encoding the oxidative 

enzymes. These enzymes are inter-related with each other. If one of the enzymes of 

defense system decreases, the production of other enzyme increases (Franck et al., 

1995; Kumar and Knowles, 1993). Specific reports regarding antioxidative enzyme 

production during micropropagation in P. nigrum have not been reported yet. However, 

the production of these enzymes under different conditions in different medicinal plants 

is widely reported (Meratan et al., 2009; Gupta and Datta 2003; Zavaleta-Mancera et 

al., 2007; Thakar and Bhargava, 1999; Gasper, 1995). 

 

Table 3.5: Antioxidant enzyme activities of superoxide dismutase (SOD), peroxidases 

(POD), catalase (CAT) and ascorbate peroxidases (APX) (U/mg protein) in calli, 

regenerated shoots, and plantlets of P. nigrum under 16hD/8hL photoperiod 

 

Plant tissues SOD POD CAT APX 

Callus 0.919±0.19
b
 0.085±0.101

ab
 0.043±0.061

a
 0.031±0.133

c
 

Regenerated shoots 1.082±0.25
ab

 0.082±0.030
b
 0.041±0.101

ab
 0.086±0.021

b
 

Regenerated plantlets 1.860±0.09
a
 0.098±0.200

a
 0.032±0.211

b
 0.110±0.021

a
 

Values are mean of 3 replicates with ± S.D. Data in the given table is significantly different at P<0.05. 

Means were separated using least significant difference (LSD).  

 
 

Table 3.6: Antioxidant enzyme activities (SOD; POD; CAT; APX) (U/mg protein) in 

calli, regenerated shoots, and plantlets of P. nigrum under 16hL/8hD photoperiod 

Plant tissues SOD POD CAT APX 

Callus 0.716±0.02
b
 0.046±0.001

a
 0.039±0.001

a
 0.072±0.002

a
 

Regenerated shoots 0.776±0.03
b
 0.026±0.001

ab
 0.037±0.001

a
 0.027±0.001

b
 

Regenerated plantlets 1.476±0.05
a
 0.008±0.002

c
 0.012±0.001

b
 0.032±0.001

b
 

Values are mean of 3 replicates with ± S.D. Data in the given table is significantly different at P<0.05. 

Means were separated using least significant difference (LSD).  
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3.4.3 Antioxidant activities 

Antioxidant activities have been investigated in different regenerated tissues and 

peppercorn of P. nigrum. Callus cultures, in vitro shoots and plantlets were collected 

from experiments that were grown under 16hD/8hL and 16hL/8hD photoperiod. Higher 

DRSA (56%) was observed in calli incubated under normal (16hL/8hD) photoperiod. 

However, lower DRSA (18%) was observed when incubated under 16hD/8hL. But 

regenerated shoots obtained from callus cultures showed higher DRSA (92.8%) 

incubated under 16hD/8hL compared to 16hL/8hD (91%), that are in agreement with 

the observations of Pérez-Tortosa et al. (2012). It shows that undifferentiated cells 

when enter into differentiation phase, they produce higher active defense compounds 

under stress conditions. After development of roots, the plantlets showed higher DRSA 

(85%; 16hD/8hL) as compared to plantlets incubated under normal (16hL/8hD) 

photoperiod (Table 3.7). However, the commercial peppercorn, purchased from local 

market showed 72% activity which is lower compared to in vitro shoots and plantlets, 

but higher than calli. The fluctuation in data may be due to the fractional distribution or 

explant types and culture conditions. These in vitro cultures can be used as a natural 

source of antioxidants. These activities were investigated in a dose dependent manner. 

As the concentration (100, 250 µg) of the mixture increases (500 µg) the activity also 

increases. 

Higher PMo-AA activity of 78% was observed in higher concentration (500 µg) of calli 

extract when incubated under normal (16hL/8hD) as compared to reverse photoperiod 

(16hD/8hL; 37%) as shown in Table 3.7. The PMo-AA activity was also found higher 

in regenerated shoots and plantlets (48% and 52%) in higher concentrations (500 µg) 

under normal (16hL/8hD) photoperiod compared to reverse photoperiod (18 and 21%). 

The current data are in agreement with the results of Grzegorczyk et al. (2007) in 

Salvia officinalis L. Lower concentrations of each tissue showed lower activities. 

However, 62% of PMo-AA was recorded in peppercorn. It means that PMo-A activity 

is sensitive to light and may be correlated with chlorophyll content. Because 

regenerated tissues under reverse photoperiod contained lower chlorophyll content 

compared to tissues incubated under normal photoperiod. 

ABTS radical cation-antioxidant activity (%) of extracts from different regenerated 

shoots was determined in dose dependent concentrations (100-500 µg). Presently, calli 

exhibited higher ABTS activity (73%) in higher concentration (500 µg) under reverse 
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photoperiod compared to normal photoperiod (63%). Similarly in vitro shoots also 

showed higher activity (86%) under reverse photoperiod compared to normal (73%). 

The ABTS activity was found higher in shoots compared to calli extracts. Reverse 

photoperiod plays role as a stress condition in which different pathways are disturbed 

due to deficient light, so undifferentiated and differentiated cells under such conditions 

release varied metabolites. These metabolites are phenolic and flavonoids which are 

considered as defense compounds and strong natural antioxidants. During complete 

organogenesis, again higher activity (87%) was observed in plantlets produced under 

reverse photoperiod compared to plantlets produced under normal photoperiod (85%) 

as shown in Table 3.7. Peppercorn showed lower ABTS activity (44%) as compared to 

calli, in vitro shoots and plantlets. 

Callus culture extract exhibited higher Fe
2+

 chelating-based antioxidant activity (44%) 

incubated under reverse photoperiod. Significantly similar activity was observed in 

callus culture induced under normal photoperiod. Regenerated shoots collected from 

reverse photoperiod showed slightly higher activity (54%) compared to normal 

photoperiod (53%). Moreover, in vitro plantlets showed elevated activity (77%) 

incubated under reverse photoperiod as compared to normal incubation (65%). 

Peppercorn showed lower Fe
2+

 chelating-based antioxidant activity (24%) compared to 

regenerated tissues. These results showed that reverse photoperiod significantly 

influence biological activities and organogenic potential in P. nigrum. There is no 

specific report on the affect of reverse photoperiod on antioxidant activities but similar 

activities are widely reported in regenerated tissues of many elite plant species (Costa 

et al., 2012; Chun et al., 2005; Ebrahimzadeh et al., 2008; Giri et al., 2012; 

Grzegorczyk et al., 2007; Gulluce et al., 2003; Lo et al., 2004; Michalak, 2006; Shinde 

et al., 2010). 
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Table 3.7: Antioxidant activities in 100, 250 and 500 µg concentrations of P. nigrum in 

vitro culture extracts incubated under reverse/normal photoperiod. The activity was 

determined by using 1, 1-Diphenyl-2-picrylhydrazyl (DPPH), Phosphomolybdenum 

(PoMo), ABTS and Fe2+ as free radicals.  

Plant tissues  Callus In vitro shoots In vitro plantlets Peppercorn 

% DPPH 

(16hD/8hL) 

(A) 08±0.382c 83±2.084b 36.7±1.15b 

33±0.143c 

53±0.987b 

72±0.897a 

(B) 12±0.710b 90±5.440ab 37.3±1.05b 

(C) 18±1.566a 92.8±3.29a 57±2.760a 

% DPPH 

(16hL/8hD) 

(A) 53±0.658a 87±0.560b 36±0.585c 

(B) 54±0.878a 89±0.878b 56±0.097b 

(C) 56±0.975a 91±0.219a 85±0.365a 

% PoMo 

(16hD/8hL) 

(A) 07±0.566c 07±2.330c 12±3.349b 

23±0.782c 

33±0.450b 

62±0.198a 

(B) 23±2.770b 15±1.109b 12±2.966b 

(C) 37±1.943a 18±0.966a 21±2.966a 

% PoMo 

(16hL/8hD) 

(A) 49±0.120c 29±0.120c 47±0.180b 

(B) 63±0.230b 33±0.730b 38±0.340c 

(C) 78±0.089a 48±0.054a 52±0.391a 

% ABTS 

(16hD/8hL) 

(A) 45±4.780c 62±0.856c 71±5.380c 

18±0.437c 

23±0.870b 

44±0.973a 

(B) 65±1.779b 78±2.598b 79±1.476b 

(C) 73±0.854a 86±1.213a 87±3.653a 

% ABTS 

(16hL/8hD) 

(A) 32±0.730c 28±0.732c 63±0.980c 

(B) 49±0.420b 59±0.721b 71±0.230b 

(C) 63±0.120a 73±0.320a 85±0.345a 

% Fe
+2

 

(16hD/8hL) 

(A) 17±3.398c 29±0.743c 61±0.298c 

08±0.7431c 

13±0.1874b 

24±0.4537a 

(B) 32±2.750b 41±3.700b 69±1.094b 

(C) 44±4.221a 54±1.822a 77±0.846a 

% Fe
+2

 

(16hL/8hD) 

(A) 12±0.543c 18±0.673c 43±0.9781c 

(B) 29±0.742b 39±0.752b 51±0.2536b 

(C) 43±0.232a 53±0.342a 65±0.7540a 

Values are mean of triplicates with standard errors. Mean values are significantly different at 

P<0.05. 
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3.4.4 Analysis of amino acids accumulation  

In vitro cultures are considered as small factories for production of economically 

important compounds. The rate of amino acid accumulation in regenerated tissues 

fluctuated during different growth phases and photoperiods (16hL/8hD and 16hD/8hL). 

In current experiment, calli, in vitro grown shoots, plantlets and peppercorn were 

investigated for amino acid accumulation. Calli accumulated THR in higher quantities 

(C4H9NO3 =3.715%) than SER (C3H7NO3 =3.574%) and ARG (C6H14N4O2 =2.092%) 

under normal photoperiod (Figure 3.9). Significantly, the same accumulation rate was 

recorded for leucine (LEU; C6H13NO2 =1.530%) and tyrosine (TYR; C9H11NO3 

=1.162%), respectively. Calli under reverse photoperiod also showed higher 

accumulation of THR (2.0%), SER (2.4%), LEU (1.0%) and ARG (1.007%) but in 

lower quantities compared to tissues incubated under normal photoperiod. Other amino 

acids accumulated less than 1% in callus cultures. In vitro grown shoots showed the 

best potential for THR (C4H9NO3 =4.978%) accumulation. Similarly like callus culture, 

shoots also accumulated suitable amount of SER (C3H7NO3 =3.154%) under normal 

photoperiod (Figure 3.10). However, regenerated shoots accumulated THR (2.33%), 

SER (1.98%), lysine (LYS; 1.01%) and ARG (1.11%) under reverse photoperiod 

(16hD/8hL) but in lower amount compared to regenerated shoots incubated under 

normal photoperiod (16hL/8hD). In vitro grown plantlets showed the best potential for 

THR (C4H9NO3 =3.022%) and SER (C3H7NO3 =2.704%) accumulation under 

16hL/8hD (Figure 3.11). But in vitro plantlets incubated under reverse photoperiod 

showed lower accumulation of THR (1.22%), SER (1.0%) and TYR (1.09%) compared 

to normal photoperiod. The remaining amino acids were accumulated less than 1%. 

Peppercorn showed the lowest potential for amino acids accumulation but ARG 

(C6H14N4O2 =4.494%) production was higher as compared to other in vitro cultures 

(Figure 3.12). LYS (C6H14N2O2 =3.136%) and TYR (C9H11NO3 =1.474%) were also 

found in higher quantities. Similarly, commercial peppercorn incubated for 30 days 

under dark conditions showed higher accumulation of ARG (2.78%; Figure 3.12). 

However, TYR (1.1%), LYS (1.99%) and ammonia (1.08%) were also accumulated in 

good quantities but content was lower than peppercorn incubated under 16hL/8hD. It is 

concluded from these results that amino acid accumulation and biosynthesis are 

correlated with photosynthetic activity. Higher accumulation of amino acids was 
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observed in regenerated tissues incubated under normal photoperiod. This is the first 

report on the analysis of amino acid accumulation in Piper nigrum in vitro cultures.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Amino acid accumulation in in vitro culture extracts of P. nigrum incubated under 

reverse and normal photoperiod. *percent concentration of amino acid in callus, in vitro grown 

shoots, plantlets and peppercorn. Data was collected from three independent experiments. 

Values with common letters are significantly different when P<0.05. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: *Percent concentration of amino acid in callus, in vitro grown shoots, plantlets 

incubated under reverse and normal photoperiod and peppercorn. Data was collected from three 

independent experiments. Values with common letters are significantly different when P<0.05. 
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Figure 3.11: *Percent concentration of amino acid in callus, in vitro grown shoots, plantlets 

incubated under reverse and normal photoperiod, and peppercorn. Data was collected from 

three independent experiments. Values with common letters are significantly different when 

P<0.05. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: *Percent concentration of amino acid in callus, in vitro grown shoots, plantlets 

incubated under reverse and normal photoperiod, and peppercorn. Data was collected from 

three independent experiments. Values with common letters are significantly different when 

P<0.05. 
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3.4.5 Determination of total phenolics and flavonoids contents 

In this experiment TPC and flavonoids were investigated in regenerated tissues of P. 

nigrum incubated under reverse (16hD/8hL) and normal photoperiod (16hL/8hD; Table 

3.8). TPC was determined in different concentrations (1.0-10 mg) of each tissue extract. 

Calli under normal photoperiod produced higher TPC (1.86-9.91 mg/g-DW) compared 

to culture incubated under reverse photoperiod (1.6-9.8 mg/g-DW). Similarly, 

maximum flavonoid content (7.38 mg/g-DW) was observed, when calli was incubated 

under normal photoperiod. However, calli incubated under reverse photoperiod showed 

lower production of flavonoid (6.3 mg/g-DW). Undifferentiated cells need enough 

energy and suitable conditions to enter into differentiation phase. One of the important 

factors in differentiation process is light. Fluctuation in photoperiod directly affects the 

differentiation and metabolites production. Maximum TPC (1.13-7.16 mg/g-DW) was 

observed in regenerated shoots incubated under normal photoperiod compared to 

reverse (0.9-6.7 mg/g-DW) but lower than calli cultures. It shows that, light 

fluctuations not only disturb the photosynthetic activity but also have a role in 

regulation of biochemical processes. Xie and Wang (2006) mentioned in their report 

that light fluctuation enhanced phenolic biosynthesis, and also reported that flavonoid 

biosynthesis is completely dependent on light density and intensity. Previous studies 

show that photoperiod have a positive role in the production of phenolic and flavonoid 

content (Briskin and Gawienowski, 2001; Kurata et al., 1997). Similarly, higher 

flavonoids content (6.3 mg/g-DW) was observed in regenerated shoots incubated under 

normal photoperiod compared to reverse photoperiod (4.63 mg/g-DW). Plantlets 

showed lower production of TP content under normal (1.79-5.05 mg/g-DW) and 

reverse photoperiod (4.5 mg/g-DW) compared to calli and regenerated shoots. Like 

TPC, plantlets showed lower production of flavonoid content under normal and reverse 

photoperiods (4.89 and 4.64 mg/g-DW) as shown in Table 3.8. TPC and flavonoids 

have a linear correlation with concentrations of the extracts. Secondary metabolites of 

plants during in vitro callogenesis and organogenesis are seldom changed. Utilization 

of plant cell and tissue culture for the yield of diverse structures of flavonoid and 

phenolic compounds is beneficial. Specific reports on the production of TPC and 

flavonoids in Piper nigrum in vitro cultures are not available in the literature. However, 

different workers reported similar TPC and flavonoids in various cultures of medicinal 

plants (Costa et al., 2012; Parsaeimehr et al., 2010). Naz et al. (2008) reported higher 
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amount of TPC in callus cultures of Cicer arietinum. Recently, Kokotkiewicz et al. 

(2012) reported the TPC in Cyclopia subternata Vogel in vitro cultures. Ghasemzadeh 

et al. (2010) reported enhanced production of phenolics and flavonoid content under 

normal-dark incubation in two varieties of Zingiber officinale Roscoe. Hemm et al. 

(2004) and Liu et al. (2002) reported that light fluctuation not only effect the 

organogenic potential, but also the synthesis and production of primary and secondary 

metabolites is changed. 

 

Table 3.8: Total Phenolic (TPC) and Flavonoid content in calli, in vitro grown shoots 

and plantlets of Piper nigrum after the application of reverse and normal photoperiods 

in comparison with Gallic acid (GAE) and rutin (RE), expressed in mg/g-DW.  

 

In vitro cultures  Spectrophotometric results 

 Incubation Total phenolic contents
* 

Flavonoids
**

 

  (A) (B) (C) (D) (E) (F) 

Callus 16hD/8hL 1.86 ± 0.3
a***

 5.87 ± 1.20
a
 7.88 ± 0.04

a
 9.69 ± 1.6

a
 9.91 ± 0.3

a
 7.38  ± 2.5

a
 

In vitro shoots 16hD/8hL 1.13 ± 0.89
a
 2.96 ± 2.19

b
 5.11 ± 1.08

b
 6.37 ± 1.6

b
 7.16 ± 1.3

b
 6.3  ± 2.4

ab
 

In vitro plantlets 16hD/8hL 1.79 ± 2.03
a
 2.33 ± 0.91

b
 2.84 ± 1.89

c
 3.49 ± 2.1

c
 5.05 ± 2.9

c
 4.89  ± 1.7

b
 

        

Callus 16hL/8hD 1.60 ± 0.81
a
 2.90 ± 0.36

b
 7.30 ± 0.09

a
 9.50 ± 0.4

a
 9.80 ± 0.3

a
 6.3  ± 0.3

ab
 

In vitro shoots 16hL/8hD 0.90 ± 0.44
b
 1.33 ± 0.14

c
 2.90 ± 0.38

c
 5.1 ± 0.3

bc
 6.7 ± 0.9

bc
 4.63  ± 0.3

b
 

In vitro plantlets 16hL/8hD 1.40 ± 0.65
a
 1.60 ± 0.36

c
 1.70 ± 0.08

d
 1.80 ± 0.5

d
 4.50 ± 0.7

c
 4.64  ± 0.2

b
 

 
*
total phenolic contents expressed as GAE milligrams of gallic acid per gram (DW) of in vitro cultures 

extract 
** 

flavonoids expressed as RE milligrams of rutin per gram (DW) of in vitro cultures extract. 
***

values (mg/g) are mean of three replicates with standard error (±),  (A) 1.0 mg extract with equivs. 

Gallic acid (B) 2.5mg (C) 5.0mg (D) 7.5mg (E) and 10.0mg. Mean values are significantly different at 

P<0.05. Means were separated using least significant difference (LSD) 
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3.4.6 Chromatographic fingerprint of tissue culture derived plantlets 

After successful in vitro regeneration, calli, in vitro shoots, plantlets and acclimated 

plants were collected for chromatographic fingerprint analysis. To standardize the 

fingerprints of tissue cultured materials through HPLC, similar peaks present in all 

samples were denoted as “common peaks” for piperine production in P. nigrum. The 

chromatographic data along with piperine standard represented valuable information 

for assessment and identification of in vitro grown tissues of P. nigrum (Figure 3.13). 

The authentication of HPLC fingerprinting was completely based on the relative peak 

area and retention time. For fingerprint development in P. nigrum, the active principle 

“Piperine” was selected as a reference compound. Resulting “common peaks”, relative 

peak areas and relative retention times were achieved in comparison with reference 

substance. Biologically active piperine in different samples shows ascending variation 

from callus cultures to plantlet development. Especially acclimated plantlets after in 

vitro regeneration produced higher content of piperine as compared to in vitro plantlets. 

These findings can support the use of chromatographic fingerprint analysis in quality 

control of tissue cultured P. nigrum and can also be used for other valuable plant 

species. 

3.4.7 Quality evaluation of tissue cultured plantlets 

HPLC is an ideal technique for qualitative and quantitative assessment of bioactive 

compounds in medicinal plants. For quality control of P. nigrum, validated HPLC 

method for piperine estimation are summarized with required parameters including 

injection volume, flow rate of mobile phase, column used, detector and mobile phase. 

Presently, the chromatograms, clearly revealed that piperine content increases from 

callus culture to developed plants, started from < 0.8 mg/g-DW in callus to < 1.6 mg/g-

DW in plantlets and finally reach to 4.16 mg/g-DW in acclimated plantlets with good 

correspondence to each other under the influence of normal photoperiod (16hL/8hD; 

Figure 3.13). Piperine estimation in different regenerated tissues showed that the 

organogenesis phase like shoots and roots accumulate more content compared to calli. 

Similarly in vitro cultures of P. nigrum incubated under reverse photoperiod 

(16hD/8hD) were exposed to HPLC for chromatographic fingerprint analysis. 

Presently, in vitro grown shoots produced 1.57 mg/g-DW piperine content (Figure 

3.13). In vitro plantlets of P. nigrum showed slightly higher amount of piperine (1.889 
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mg/g-DW) production compared to in vitro shoots. Interestingly, pepper berries 

(common for reverse and normal photoperiod) showed 10 times more piperine (11.42 

mg/g-DW) production as compared to in vitro shoots and plantlets. However, callus 

cultures did not show piperine production. These results provide enough information 

for quality control and chromatographic fingerprinting of piperine in different tissues 

and also the correct time of collection. The whole tissues of P. nigrum have been 

harvested for therapeutically active piperine and for other pharmaceutical preparations. 

In conclusion, a reliable in vitro regeneration system along with HPLC fingerprint 

analysis for quality control, established here, will be suitable for germplasm 

conservation and consistent production of this medicinally important species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Piperine content (mg/g-DW) in in vitro-grown tissues of Piper nigrum 

incubated under reverse and normal photoperiod. Values are mean of replicated 

experiment with standard deviation (± S.D). Graphical symbols with common alphabets 

are significantly different at P<0.05. 
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P. nigrum is one of the most widely used plants with a history spanning more than 

centuries. It is considered one of the most usable spices in many food items all over the 

world due to the presence of pungent piperine. In this experiment I have studied the 

effect of reverse (16hD/8hL) and normal (16hL/8hD) photoperiod on different growth 

phases and consistent production of biologically active compounds under in vitro 

conditions. Light is one of the important factors that play a significant role in cell 

differentiation, chloroplast development, elongation of hypocotyls and leaf expansion 

(Holliday and Fankhauser, 2003). Moreover, light exposure also influence primary 

(amino acids and chlorophyll) and secondary metabolites (alkaloids and 

phenylpropanoids) production (Mancinelli, 1985). The phenylpropanoid pathway is 

responsible for the biosynthesis of many metabolites including flavonoids (Boudet, 

2000). Like phenylpropanoid genes, many genes encoding light receptors such as 

phytochrome (Hemm et al., 2004). The phytochromes are photoreceptors that sense the 

red (Pr) and far-red (Pfr) light through photo-inter-conversion between the two stable 

conformations. The phytochromes were thought to be confined to the photosynthetic 

organisms including the cyanobacteria, heterotrophic bacteria, fungi and higher plants 

(Velmurugan et al., 2009). Phytochromes play a key role in plant development and 

photomorpogenesis. In photomorpogenesis, low levels of light energy are required to 

initiate reactions that control or alter growth, development and differentiation. In the 

present study, calli induction, shoot and root organogenesis, phytochemicals production 

were checked under normal (light) and reverse (dark) photoperiod. In normal light 

conditions Pfr binds with lipid bilayers and facilitate ion movement while Pr induces 

membrane depolarization. Both Pfr and Pr are involved in Ca
++

 fluxes and influxes 

across membrane. During reverse photoperiod, dark effect cannot activate the 

phytochrome and significant changes occur in cells development and phytochemicals 

production (Velmurugan et al., 2009; Hemm et al., 2004). It is concluded that reverse 

photoperiod is a good approach for some active compound production but less effective 

as compared to normal photoperiod. Furthermore, such approaches can be used for 

shoot growth in a bioreactor for active metabolite production. There is renewed interest 

in the use of in vitro culture products as an alternative to synthetic products. Because of 

this interest the industry producing such products grew exponentially. However, the 

explosive growth of the plants product has been accompanied by issues of safety and 

quality. Quality control in large-scale in vitro cultures of medicinal plants plays a 

significant role in ensuring the safety and efficacy of the raw material before it is 
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converted to the final product. Fingerprint analysis has been introduced and accepted 

by World health organization (WHO) as a strategy for the assessment of plant products. 

Quality control for in vitro cultures of medicinal plants focuses mainly on bioactive 

components, while fingerprinting offers an integral characterization of a complex 

system with a quantitative degree of reliability. Therefore, these results ensure to a 

better understanding of the active metabolites production for application in food and 

pharmaceutical industries. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 



CHAPTER 4  

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 87 

 

4. EFFECTS OF SYNERGISTIC COMBINATION OF 

POLYAMINES AND THIDIAZURON ON REGENERATION AND 

PIPERINE CONTENT IN PIPER NIGRUM L. 

 

4.1 ABSTRACT 

In this study an in vitro culture of P. nigrum was established for consistent production 

of medicinally important piperine using polyamines (PAs) and Thidiazuron (TDZ). 

Efficient callus culture (73.19%) was obtained after 28 days culturing of leaf portions 

on Murashige and Skoog (MS) medium supplemented with 6-benzyladenine (BA; 2.0 

mg l
-1

) and TDZ (2.0 mg l
-1

). Green viable calli was transferred to fresh medium for 

shoot regeneration. Here, the combination of spermidine (SPD; 2.0 mg l
-1

) and TDZ 

(2.0 mg l
-1

) showed the highest shooting response (75.09%) with 1.93 cm mean shoot 

length and 6.48 shoots per explants. The shoots were then transferred to half or full MS 

medium containing different auxins alone or in combination with each other for root 

induction. Best rooting (<80%) with 4.64 cm mean root length and 6.09 roots per 

plantlet was obtained by treating shoots with 2.0 mg l
-1

 of the indole butyric acid (IBA) 

in the half MS medium. In vitro shoots content in piperine was quantified by High 

Performance Liquid Chromatography (HPLC) and maximum of 18.3 mg/g-DW 

piperine content was detected in shoots treated with putrescine (PUT) and TDZ (1.5 mg 

l
-1

) as compared to control (10.5 mg/g-DW). Furthermore, piperine was extracted from 

regenerated tissues and characterized by scanning electron microscopy (SEM), X-ray 

diffraction (XRD) and fourier transform infrared (FTIR). The major conclusions of this 

study show that application of PAs and TDZ in in-vitro culture of P. nigrum is a 

promising approach for piperine production and has commercial prospects. 
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4.2 INTRODUCTION 

Polyamines (PAs) especially Putrescine (PUT) and Spermidine (SPD) are low 

molecular weight, polycationic nitrogenous compounds naturally present in all living 

organisms (Bais and Ravishankar, 2002; Martin-Tanguy, 2001; Bagni and Tassoni, 

2001). Due to their cationic nature, these two major PAs can interact with many anionic 

molecules (DNA and RNA) which alter different biological processes (Schuber, 1989). 

It has been reported that the addition of exogenous PAs to tissue culture medium 

stimulated cell division, and affected cellular multiplication and morphogenesis (Bagni 

and Tassoni, 2001; Bertoldi et al., 2004; Kevers et al., 2002; Rajesh et al., 2003; 

Tiburcio et al., 2002). These PAs are engaged in plant nutrition and are believed to act 

as PGRs or hormonal messengers (Kakkar et al., 2000). They are also found to inhibit 

the formation of ethylene which prevents morphogenetic potential in many plant 

species (Sethi et al., 1990). 

Thidiazuron (TDZ) was first introduced by the German Schering Corporation as a 

cotton defoliator (Arndt et al., 1976) but later on was considered as plant growth 

regulator due to its regenerative properties (Guo et al., 2011). TDZ alone has the ability 

to regenerate a complete plant through dedifferentiation and redifferentiation. The dual 

effect (callus and adventitious shoots) of TDZ has been reported in many elite plant 

species (Zhang et al., 2005; Guo et al., 2011; Rosu et al., 2010; Chakrabarty et al., 

2010; Wang et al. 2007). 

P. nigrum. is the first economically important specie in the Piperaceae family (Rani 

and Dantu, 2011) mainly cultivated in Vietnam, Brazil, India, Indonesia and Malaysia 

for its fruits which is a common ingredient in many recipes. P. nigrum has well reputed 

medicinal importance due to the presence of biologically active piperine and other 

compounds (Abbasi et al., 2010). Piperine constitutes approximately 5 to 9% of 

commercial black pepper. Piperine is an active phenolic compound having marked 

physiological properties. Notably, piperine may enhance bioavailability of curcumin 

(active component of Curcuma longa) by 2000 times in humans. More recently, 

piperine facilitates to reverse the Vitiligo, a skin pigmentation disease. Other studies 

showed that piperine block complication of diabetes and act as a powerful antioxidant 

and fight off colon cancer. 

https://en.wikipedia.org/wiki/Curcumin
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Plant cell, tissue and organ culture is an attractive alternative technology for enhancing 

secondary metabolites that are either difficult to synthesize chemically or produced in 

limited quantities in wild plants (Ali et al., 2013). These secondary metabolites need an 

appropriate technique for identification and quality control. The main objective of this 

study is to develop a feasible regeneration system for consistent production of 

medicinally important piperine under the influence of exogenous application of 

polyamines and TDZ. Furthermore, Fourier transform infrared, X-ray diffraction and 

scanning electron microscopy were also investigated for extracted piperine. 

4.3 MATERIAL AND METHODS 

4.3.1 Micropropagation 

Fresh leaf explants were obtained from in vitro regenerated shoots of P. nigrum grown 

in the Plant Biotechnology laboratory at the Quaid-i-Azam University Islamabad, 

Pakistan. Subsequently, leaf explants were washed in double autoclaved distilled water 

to maintain viability and to remove agar-medium particles.  

To study the effect of polyamines and TDZ alone or in combination with PGRs on 

callus induction, suitable leaf portions were cultured on Murashige and Skoog (MS; 

1962) medium supplemented with TDZ in combination with BA (0.5 – 2.0 mg l
-1

) or 

TDZ in combination with 2, 4-D (1.0 – 2.0 mg l
-1

) and NAA (0.5 mg l
-1

) or TDZ in 

combination with SPD (0.5 – 2.0 mg l
-1

) or TDZ in combination with PUT (0.5 – 2.0 

mg l
-1

) and TDZ in combination with BA, SPD and PUT (1 – 2.0 mg l
-1

). The medium 

was augmented with 3% sucrose, solidified with agar (Merk) and the pH was adjusted 

(5.6-5.8) through pH meter (330i/SET, Germany) by the addition of dilute acid (HCl) 

or base (NaOH). After autoclaving (121°C for 20 min.; Hirayama, Japan) and explants 

inoculation, all cultures were placed in growth room (25±1°C) with light intensity of 40 

µmol m
−2

s
−1

 under 16/8 h photoperiod. Data on percent callus induction were recorded 

on a weekly basis and MS medium without any PGRs (MS0) was used as a control. 

Fresh calli were further transferred to a new medium for shoot organogenesis, 

supplemented with a combination of SPD + TDZ (0.5 – 2.0 mg l
-1

) or combination of 

PUT + TDZ (0.5 – 2.0 mg l
-1

) or combination of lysine + TDZ (0.5 – 2.0 mg l
-1

) or 

combination of glutamine + TDZ (0.5 – 2.0 mg l
-1

) or combination of zeatin +  TDZ 

(0.5 – 2.0 mg l
-1

) or combination of BA +  TDZ (0.5 – 2.0 mg l
-1

). Data on different 
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shooting parameters were collected after 4-5 weeks of calli subculture and MS0 was 

used as a control. 

For root induction 21 treatments were designed containing full and half MS + NAA 

(1.0 -2.0 mg l
-1

) or full and half MS + IAA (1.0 - 2.0 mg l
-1

) or full and half MS + IBA 

(1.0 - 2.0 mg l
-1

) or combination of half MS + IBA and NAA (0.5 - 2.0 mg l
-1

) or half 

MS + IBA and IAA (0.5 - 2.0 mg l
-1

). MS0 was used as a control. Data on different 

parameters of root organogenesis was collected after 5-6 weeks of shoots transferring. 

4.3.2 HPLC conditions for piperine detection 

Detection of piperine in different in vitro regenerated shoots of P. nigrum was 

investigated according to the method of Liu et al. (2008). Shoots were dried in an 

electrical oven (Thermo Scientific, Germany) at 50±2ºC, powdered, extracted with 

methanol in soxhlet system and then finally filtered through 45 µm membrane for 

HPLC (High Performance Liquid Chromatography) analysis. HPLC equipment 

(Shimadzu Lc8A, Japan) set with variable wavelength (λ) detector (UV; 254 nm), a 

solvent vacuum degasser, binary pump, injection (10μl) and C18 column (150 × 4.6 

mm), mobile phase (Methanol; 75A: Buffer; 25B) with a flow rate of 1.5 ml/min. 10 μl 

piperine standard (200 µg/ml) was injected in HPLC for retention time and 

chromatogram development. Similarly 10 μl samples were injected and compared with 

the retention time of piperine. Piperine content was estimated and expressed in mg/g-

dry weight (DW). 

4.3.3 Piperine extraction from regenerated tissues 

Piperine was extracted from regenerated tissues according to the method of Ledgard 

(2004). Practically, 15 g of dried powder of regenerated tissues was added to the 

standard reflux apparatus following the addition of 150 ml of 95% ethyl alcohol. This 

mixture was reflux for 2-3 hrs at 78°C and then kept under room temperature for 

cooling. Briefly, this mixture was filtered and the ethyl alcohol was evaporated by 

using distillation to get final 15 ml solution. After cooling, 10 ml of 10% KOH solution 

in 95% ethyl alcohol was added. Thereafter the mixture was heated up to 65°C and 13 

ml of warm H2O was added drop wise. The desired piperine was started to precipitate at 

the bottom and the heat source was removed. After cooling, 13 ml of cold H2O was 

added and the mixture was kept for several hours at room temperature. The precipitated 

powder was separated from the mixture through freeze drying. For crystallization, 20 
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ml of acetone was added to this powder and piperine crystals were collected after 

vacuum drying as shown in Figure 4.1. 

4.3.4 Characterization of regenerated tissues 

In this study scanning electron microscopy (SEM), X-ray diffraction (XRD) and fourier 

transform infrared (FTIR) of extracted piperine was determined according to the recent 

method of Akhtar and Haq (2013). SEM (JSM-T200, Japan) and XRD (JEOL JDX-

3532) was carry in Central Resource Laboratory (CRL), University of Peshawar, and 

FTIR (FTIR Prestige -21 Shimadzu Japan) was carry out in Pakistan Council of 

Scientific and Industrial Research (PCSIR), Peshawar. The morphology of extracted 

piperine was determined by SEM. Small quantity of the extracted piperine powder was 

placed on desired aluminum stub by using double-stick conducting tape and finally 

coated with gold in an auto fine coater for analysis. The prepared sample was exposed 

to Jet microscope JSM-T200 for measurement. The crystallinity of piperine was 

investigated from XRD patterns, with the help of Cu-Kα radiation and X-ray 

diffractometer. The analysis conditions include applied voltage (40 kV) and applied 

current (20 mA). During analysis the step angle was 0.02° and the sample was scanned 

in a 2θ range 5–80°, respectively. The energy dispersive X-ray analyzer was used for 

the qualitative composition of the piperine with respect to metals, whenever desired. 

The Infrared Spectra (IRS) of piperine was obtained from FTIR in the range of 400–

4000/cm. For analysis, piperine was carefully blended with KBr and then transferred to 

the sample holder of the diffuse reflectance accessory for final reading. 

4.3.5 Statistical Analysis 

For statistical analysis, each treatment consisted of 5 culture flasks (three explants per 

flask) and data was collected from treatments carried out in triplicate. Analysis of 

variance (ANOVA) and Duncan`s multiple range test (DMRT) was used for 

comparison among treatment means. For all analysis (mean ± standard deviation) and 

graphical presentation Statistix (8.1) and OriginLab (8.1) software were used. Mean 

values are significantly different at probability level P<0.05 
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Figure 4.1: Schematic presentation of piperine extraction from regenerated tissues 
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4.4 RESULTS AND DISCUSSION 

4.4.1 Micropropagation 

4.4.1.1 Callus induction 

In this study suitable leaf portions (~3-4 mm
2
) were exposed to 20 different treatments 

for callus induction along with control (MS0). Maximum calli formation (73.19%) was 

observed when leaf explants were exposed to higher concentrations and a combination 

of TDZ and BA (2.0 mg l
-1

) after 28 days of inoculation (Table 4.1; Figure 4.2). 

However lower concentrations of TDZ and BA produced >60% calli. The effect of 

TDZ in combination with BA on callus induction in P. nigrum is not available in the 

literature cited but Singh and Tiwari (2012) reported that BA alone or higher 

concentration of TDZ significantly influenced calli formation in other plants. More 

recently Ali et al. (2013) reported that TDZ is very effective for callus induction in 

Artemisia absinthium. In this study I have observed that SPD in combination with TDZ 

or PUT in combination with TDZ was less successful in calli production. However, the 

combination of BA+TDZ+SPD+PUT induced 64.38% callus response. This is the first 

report in which effects of different polyamines in combination with TDZ on callus 

induction are being reported. Many researchers have reported that polyamines induced 

somatic embryos in many elite plant species but I did not observe somatic 

embryogenesis in this study (Bertoldi et al., 2004; Kevers et al., 2002; Kumar et al., 

2004; Rajesh et al., 2003). As discussed earlier in current experiment, the application of 

BA showed good results than strong auxin (2, 4-D) and combination of week auxin 

(NAA) and BA. In the second experiment BA and TDZ showed maximum callus 

induction than the combination of 2, 4-D, NAA and BA. The reason for this is the 

nature of explant, in the first experiment I used leaf explant from potted plant, while in 

second experiment leaf explant were collected from in vitro grown plantlets. However, 

in this experiment leaf explants from in vitro regenerated shoots were used for callus 

induction.  BA was used in combination with TDZ to enhance callus induction, but the 

response was lower than earlier experiments because TDZ exhibit dual characteristics 

of auxin and cytokinin and it may be possible that its overdose suppress the process of 

callus formation. Furthermore, TDZ and BA were combined with PUT and SPD which 

did not exhibited good results. It has been reported that the metabolic pathway of PAs 

is connected with several other pathways in the cell, including ethylene, auxin and 

cytokinin which markedly influence the formation of embryogenic calli formation 
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(Biddington, 1992). This is because cells undergoing division contain higher levels of 

PAs and further addition of PAs or other growth regulators suppress callogenic 

potential (Kaur-Sawhney et al., 2003). Muhitch et al. (1983) reported that the addition 

of PAs to culture media inhibit the cell cultures in many monocot and dicot species. 

Similar response was also observed here, that the addition of PAs and PGRs to culture 

media inhibited callus formation in P. nigrum. The observations of Bajaj and Rajam 

(1995) also encourage the current results that addition of SPD to the medium reduced 

callus response in rice. 

 

 

 

Figure 4.2: Effect of synergistic combination of polyamines and TDZ on 

micropropagation of P. nigrum (a) callus (bc) shoots regeneration from callus culture 

(d) shoot maturation (ef) shoots multiplication (g) shoot elongation (h) rooted shoot.  
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Table 4.1: Effect of TDZ in combination with BA, 2, 4-D, NAA, IBA, SPD, PUT on 

callus induction (%). 

S. no 
MS + PGRs 

(mg l
-1

) 

Callus response (%) 

Mean ± SD 

Days to callus induction 

 

1 BA (0.5) + TDZ (0.5) 60.72 ± 14.28
bcd*

 28 days 

2 BA (1.0) + TDZ (1.0) 66.67 ± 9.45
abc

 28 days 

3 BA (1.5) + TDZ (1.5) 70.11 ± 12.89
ab

 28 days 

4 BA (2.0) + TDZ (2.0) 73.19 ± 4.42
a
 28 days 

5 2, 4-D (1.0) + TDZ (0.5) + NAA (0.5) 54.13 ± 3.65
def

 30 days 

6 2, 4-D (2.0) + TDZ (0.5) + NAA (0.5) 54.93 ± 3.93
def

 30 days 

7 2, 4-D (1.0) + TDZ (0.5) + IBA (0.5) 59.56 ± 5.91
bcde

 30 days 

8 2, 4-D (2.0) + TDZ (0.5) + IBA (0.5) 60.74 ± 5.26
bcd

 30 days 

9 Spermidine (0.5) + TDZ (0.5) 34.32 ± 3.44
h
 33 days 

10 Spermidine (1.0) + TDZ (1.0) 39.67 ± 4.67
gh

 33 days 

11 Spermidine (1.5) + TDZ (1.5) 45.21 ± 3.59
fgh

 33 days 

12 Spermidine (2.0) + TDZ (2.0) 56.69 ± 6.58
cde

 33 days 

13 Putrescine (0.5) + TDZ (0.5) 44.55 ± 7.00
fgh

 33 days 

14 Putrescine (1.0) + TDZ (1.0) 54.49 ± 5.00
def

 33 days 

15 Putrescine (1.5) + TDZ (1.5) 60.73 ± 5.84
bcd

 33 days 

16 Putrescine (2.0) + TDZ (2.0) 60.45 ± 4.06
bcde

 33-days 

17 BA + TDZ + Spermidine + Putrescine (1.0) 49.75 ± 5.75
efg

 27-days 

18 BA + TDZ + Spermidine + Putrescine (2.0) 56.45 ± 5.01
cde

 27 days 

19 BA + TDZ + Spermidine + Putrescine (1.0) 60.22 ± 4.56
bcde

 27 days 

20 BA + TDZ + Spermidine + Putrescine (2.0) 64.38 ± 5.71
abcd

 27 days 

21 MS0 0
i
 30 days 

Combined ANOVA P < 0.01 - 

* Mean values with ± standard deviation and least significant differences were taken from three 

independent experiments. Data was collected after 4-5 weeks of explants culture and are significant when 

P < 0.01. 
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4.4.1.2 Shoot regeneration 

Fresh and viable calli were treated with 25 different treatments for shoot regeneration. 

Three parameters were investigated during shoot organogenesis including shoot 

induction response (%), mean shoot length (cm) and number of shoots per explant. 

Maximum shoot response (75.09%) was observed when calli was treated with higher 

concentrations and a combination of SPD and TDZ (2.0 mg l
-1

) (Table 4.2). 

Significantly similar shoot response (73.01%) was recorded when calli was treated with 

a combination of BA and TDZ (2.0 mg l
-1

). Moreover, 67.83, 69.71 and 69.09% shoot 

regeneration potential was observed when calli was cultured on medium containing a 

combination of SPD + TDZ (1.5 mg l
-1

), PUT + TDZ (2.0 mg l
-1

) and BA + TDZ (1.5 

mg l
-1

), respectively (Table 4.3). However, higher concentrations and combinations of 

Zeatin and TDZ (2.0 mg l
-1

) produced 62.92% shoots. Shyamali and Hattori (2007) 

reported that polyamines are hormonal dependant for morphogenetic responses. It is 

better to use a synergistic combination of PAs with other PGRs for shoot regeneration 

in Lagenaria siceraria. Shankar et al. (2011) reported that addition of different PAs in 

the medium enhances the shoot regeneration frequency of sugarcane. 

Maximum shoot length of 4.59 cm was observed when calli was treated with higher 

concentration of BA and TDZ (2.0 mg l
-1

). But the combination of TDZ with SPD, 

lysine and zeatin did not show any significant effect on shoot elongation. However, 

TDZ in combination with PUT showed 2.33 cm mean shoot length. In this study 

different combinations of TDZ, amino acids and polyamines did not show suitable 

correlation on shooting parameters. Here, a maximum of 6.48 shoots per explant was 

observed when calli was treated with SPD and TDZ (2.0 mg l
-1

) but showed least mean 

shoot length (1.93 cm) (Table 4.3). The current data are in agreement with the results of 

Vasudevana et al. (2008) that a synergistic combination of PAs with other PGRs 

promote shoot multiplication in Cucumis sativus L. Thiruvengadam et al. (2012) 

recently reported that addition of TDZ and SPD into the medium enhance shoot 

regeneration from callus cultures of Momordica charantia. The current results are in 

agreement to them, that higher concentration of TDZ and SPD enhances shoots 

regeneration from callus cultures in P. nigrum. Such reports are also presented by Desai 

and Mehta (1985) in their studies on Passiflora leaves. As discussed earlier, TDZ 

exhibits auxin-cytokinin like activity. Callus induction has been reduced by TDZ in 

combination with polyamines but enhance shoots regeneration in P. nigrum. Because 
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PAs act as endogenous growth regulators or secondary hormonal messengers (Bagni 

and Torrigiani, 1982; Galston et al., 1997). It is evident from the literature that 

polyamines play a major role in morphogenic processes in plant tissue culture. Martin-

Tanguy (2001) suggested that the exogenous polyamines treatment would trigger 

proliferation and growth of plant cells, and also lead to adventitious shoot formation. 

 

Table 4.2: Effect of TDZ in combination with Spermidine, Putrescine, lysine, 

glutamine and zeatin on shoots response (%), mean shoot length (cm) and number of 

shoots per explant. 

S. no 
MS + PGRs 

(mg l
-1

) 

Shoots response (%) 

Mean ± SD 

Mean shoot length (cm) 

Mean ± SD 

No. of shoots per explant 

Mean ± SD 

1 Spermidine (0.5) + TDZ (0.5) 44.78 ± 4.48d
e*

 1.23 ± 0.46
hij

 3.57 ± 2.07
cdef

 

2 Spermidine (1.0) + TDZ (1.0) 49.36 ± 3.69
cd

 1.90 ± 0.80
efg

 3.98 ± 2.01
bcde

 

3 Spermidine (1.5) + TDZ (1.5) 67.83 ± 3.13
ab

 1.72 ± 0.06
ghi

 4.33 ± 2.33
abcd

 

4 Spermidine (2.0) + TDZ (2.0) 75.09 ± 3.87
a
 1.93 ± 1.03

cdef
 6.48 ± 0.98

a
 

5 Putrescine (0.5) + TDZ (0.5) 29.50 ± 4.39
ghi

 2.11 ± 1.11
bcde

 1.77 ± 0.67
efg

 

6 Putrescine (1.0) + TDZ (1.0) 36.88 ± 2.45
fg

 2.18 ± 0.68
bcd

 2.19 ± 1.20
defg

 

7 Putrescine (1.5) + TDZ (1.5) 51.59 ± 1.60
cd

 1.79 ± 0.21
fgh

 3.11 ± 1.88
cdefg

 

8 Putrescine (2.0) + TDZ (2.0) 69.71 ± 5.29
ab

 2.33 ± 0.59
bc

 4.91 ± 2.62
abc

 

9 Lysine (0.5) + TDZ (0.5) 22.01 ± 2.90
ijk

 0.98 ± 0.48
j
 2.00 ± 1.23

efg
 

10 Lysine (1.0) + TDZ (1.0) 25.87 ± 4.13
hij

 0.93 ± 0.20
j
 1.89 ± 0.79

efg
 

11 Lysine (1.5) + TDZ (1.5) 29.30 ± 2.60
ghi

 1.10 ± 0.20
ij
 1.77 ± 1.27

efg
 

12 Lysine (2.0) + TDZ (2.0) 33.34 ± 0.34
gh

 0.83 ± 0.24
k
 2.13 ± 1.00d

efg
 

13 Glutamine (0.5) + TDZ (0.5) 16.67 ± 6.33
k
 1.01 ± 0.11

ij
 1.44 ± 1.06

fg
 

14 Glutamine (1.0) + TDZ (1.0) 20.11 ± 5.01
jk
 0.79 ± 0.21

k
 1.72 ± 0.61

fg
 

15 Glutamine (1.5) + TDZ (1.5) 23.43 ± 6.57
ijk

 0.90 ± 0.13
j
 1.78 ± 0.59

efg
 

16 Glutamine (2.0) + TDZ (2.0) 23.09 ± 3.09
ijk

 1.10 ± 0.23 1.88 ± 0.99
efg

 

17 Zeatin (0.5) + TDZ (0.5) 41.19 ± 6.53
ef
 1.32 ± 0.22

hij
 2.11 ± 1.22

defg
 

18 Zeatin (1.0) + TDZ (1.0) 45.99 ± 6.67
cde

 1.21 ± 0.23
hij

 2.30 ± 1.83
defg

 

19 Zeatin (1.5) + TDZ (1.5) 53.56 ± 5.56
c
 1.10 ± 0.23

ij
 3.30 ± 0.42

cdefg
 

20 Zeatin (2.0) + TDZ (2.0) 62.92 ± 8.70
b
 1.10 ± 0.20

ij
 3.59 ± 1.41

cdef
 

21 BA (0.5) + TDZ (0.5) 47.78 ± 5.15
cde

 2.93 ± 0.82
b
 3.44 ± 0.35

cdef
 

22 BA (1.0) + TDZ (1.0) 51.33 ± 4.44
cd

 3.03 ± 0.97
b
 4.29 ± 1.26

abcd
 

23 BA (1.5) + TDZ (1.5) 69.09 ± 3.40
ab

 4.19 ± 0.45
a
 4.88 ± 1.23

abc
 

24 BA (2.0) + TDZ (2.0) 73.01 ± 2.96
a
 4.59 ± 1.21

a
 6.10 ± 1.24

ab
 

25 MS0 10.33 ± 1.22
l
 0.81 ± 0.19

k
 1.10 ± 0.23

g
 

Combined ANOVA P < 0.01 P < 0.01 P < 0.01 

* Data was collected after 4-5 weeks of calli sub-culture to fresh medium. Mean values (± standard 

deviation + least significant differences) were taken from replicated experiments are significant at P < 

0.01. 

 

 



CHAPTER 4  

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 98 

4.4.1.3 Root organogenesis 

Elongated shoots were excised from shooting medium and exposed to both half and full 

MS-medium containing different concentrations of IBA, NAA, IAA alone or in 

combination T1 (Full MS+1.0 mg l
-1 

NAA), T2 (Full MS+2.0 mg l
-1 

NAA), T3 (Half MS+1.0 

mg l
-1 

NAA), T4 (Half MS+2.0 mg l
-1 

NAA), T5 (Full MS+1.0 mg l
-1 

IAA), T6 (Full MS+2.0 

mg l
-1 

IAA), T7 (Half MS+1.0 mg l
-1 

IAA), T8 (Half MS+2.0 mg l
-1 

NAA), T9 (Full MS+1.0 

mg l
-1 

IBA), T10 (Full MS+2.0 mg l
-1 

IBA), T11 (Half MS+1.0 mg l
-1 

IBA), T12 (Half MS+2.0 

mg l
-1 

IBA), T13 (Half MS+0.5 mg l
-1 

IBA+NAA), T14 (Half MS+1.0 mg l
-1 

IBA+NAA), T15 

(Half MS+1.5 mg l
-1 

IBA+NAA), T16 (Half MS+2.0 mg l
-1 

IBA+NAA), T17 (Half MS+0.5 mg 

l
-1 

IBA+IAA), T18 (Half MS+1.0 mg l
-1 

IBA+IAA), T19 (Half MS+1.5 mg l
-1 

IBA+IAA), T20 

(Half MS+2.0 mg l
-1 

IBA+IAA) and T21 (MS0). Maximum root induction (<80%) with 

4.64 cm mean root length and 6.09 number of roots per plantlet was observed when 

suitable shoots were treated with half MS + 2.0 mg l
-1

 of IBA (Figure 4.3-4.4; Figure 

4.2h). Furthermore half MS + NAA (2.0 mg l
-1

) showed greater than 78% rooting with 

3.99 roots per shoot and 3.37 cm mean shoot length (Figure 4.3-4.4). In previous 

studies different workers reported that Piper species develop rooting on medium 

containing varying concentration of NAA, IAA and IBA depending on explant type and 

medium (Bhat et al., 1992; Joseph et al., 1996; Philip et al., 1992). Not only in P. 

nigrum but in most of the elite plant species, root development normally needs different 

concentrations of auxin in the medium (Azad et al., 2003). The current results are in 

agreement with those reported by Bhat et al. (1995) that P. nigrum is not restricted to 

specific root hormone but induce rooting on MS medium containing NAA alone. 

Furthermore, Bhat et al. (1995) also observed rooting on B5 medium containing 

combination of BA and IAA. Contrarily, Philip et al. (1992) obtained fully rooted 

plantlets by placing shoot tip explants on MS medium containing 1 mg l
-1

 of NAA. In 

another study on other Piper spp. rooting was achieved on Indole acetic acid (IAA) 

(Kelkar et al., 1996). Rooted plantlets were removed from solid medium. Media 

particles were carefully removed by dipping in sterile distilled water. Before 

transferring to mixture of soil (2), sand (1) and manure (1), the autoclaved soil mixture 

was sprinkled with water to retain humidity. The plantlets were shifted and covered 

with plastic bags. Step by step the plastic bags were removed within 30 days period. 

The successful acclimated plantlets were then shifted to field conditions for further 

growth. 
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Figure 4.3: Root induction on medium containing full and half MS + NAA (T1: Full 

MS+1.0, T2: Full MS+2.0 mg l
-1

, T3: half MS+1.0, T4: half MS+2.0 mg l
-1

) or full and 

half MS + IAA (T5: Full MS+1.0, T6: Full MS+2.0 mg l
-1

, T7: half MS+1.0, T8: half 

MS+2.0 mg l
-1

) or full and half MS + IBA (T9: Full MS+1.0, T10: Full MS+2.0 mg l
-1

, 

T11: half MS+1.0, T12: half MS+2.0 mg l
-1

) or combination of half MS + IBA and 

NAA (T13: half MS+0.5, T14: half MS+1.0 mg l
-1

, T15: half MS+1.5, T16: half 

MS+2.0 mg l
-1

) and half MS + IBA and IAA (T13: half MS+0.5, T14: half MS+1.0 mg 

l
-1

, T15: half MS+1.5, T16: half MS+2.0 mg l
-1

). Data was taken from three 

independent experiments. Mean data (± S.D + LSD) with common superscript 

alphabets are significant when P<0.01. 
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Figure 4.4: Mean shoot length and number of shoots per explant on medium containing 

full and half MS + NAA (T1: Full MS+1.0, T2: Full MS+2.0 mg l
-1

, T3: half MS+1.0, 

T4: half MS+2.0 mg l
-1

) or full and half MS + IAA (T5: Full MS+1.0, T6: Full MS+2.0 

mg l
-1

, T7: half MS+1.0, T8: half MS+2.0 mg l
-1

) or full and half MS + IBA (T9: Full 

MS+1.0, T10: Full MS+2.0 mg l
-1

, T11: half MS+1.0, T12: half MS+2.0 mg l
-1

) or 

combination of half MS + IBA and NAA (T13: half MS+0.5, T14: half MS+1.0 mg l
-1

, 

T15: half MS+1.5, T16: half MS+2.0 mg l
-1

) and half MS + IBA and IAA (T13: half 

MS+0.5, T14: half MS+1.0 mg l
-1

, T15: half MS+1.5, T16: half MS+2.0 mg l
-1

). Data 

was taken from three independent experiments. Mean data (± S.D + LSD) with 

common superscript alphabets are significant when P<0.01. 
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4.4.2 Determination of piperine 

In this study shoots from selected treatments were used for determination of piperine 

through HPLC. Here I have observed higher and consistent piperine production (18.3 

mg/g-DW) in shoots treated with PUT and TDZ (T3; 1.5 mg l
-1

) (Figure 4.5). 

Combination of SPD and TDZ (T1; T2; 1.5; 2.0 mg l
-1

) also showed a good amount of 

piperine production (10.6; 11.8 mg/g-DW) as compared to wild materials (10.5 mg/g-

DW). The synergistic combination of zeatin and TDZ (T7; 2.0 mg l
-1

) was found 

effective in piperine production (13.3 mg/g-DW) compared to the combination of 

lysine + TDZ (T5; 2.0 mg l
-1

; 10.7 mg/g-DW), TDZ + glutamine (T6; 2.0 mg l
-1

; 09.9 

mg/g-DW) and BA + TDZ (T8; T9; 10.9; 11.4 mg/g-DW) as shown in Figure 4.5. 

These results showed that selected PAs with TDZ was found effective for piperine 

production. It has been reported that cells undergoing division such as apical meristems 

and flower contain higher levels of PAs as compared to shoot proliferation, in which 

cells undergo expansion and elongation (Kaur-Sawhney et al., 2003). It is also reported 

that these PAs act as growth regulators or hormonal messengers. As compared to PAs, 

TDZ has been observed in many reports to exhibit both auxin and cytokinin like 

activity depending on the nature of explant and plant species used. In the present study, 

piperine content has been increased by the addition of PAs and TDZ in the medium. 

The increase in piperine content is possibly due to auxin-cytokinin like activity of TDZ 

stimulated by PAs. Yang et al. (2010) reported that the addition of PAs and auxin in the 

medium enhanced the hairy root cultures and the production of rosmarinic acid in 

Nepeta cataria. Because, PAs have been reported to be involve in cell division, 

embryogenesis, root growth, tuberization and abiotic stress responses (Cona et al., 

2006; Rhee et al., 2007; Alcazar et al., 2010). Furthermore, addition of PAs to liquid or 

solid medium enhances the production of esculin, esculetin, coumarin and betalaine in 

different cultures of witloof chicory, Cichorium intybus and Beta vulgaris (Bais and 

Ravishankar, 2003; Bais et al., 2004; Suresh et al., 2004). Moreover, since 2000, a 

considerable increase in the number of reports involving TDZ in the induction of 

regeneration responses have been recorded (Guo et al., 2011). Altogether TDZ has 

been reported to enhance the production of economically important secondary 

metabolites in some plant species (Nabila et al., 2003). 
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Figure 4.5: Effect of different treatments T1 [Spermidine (1.5) + TDZ (1.5)], T2 

[Spermidine (2.0) + TDZ (2.0)], T3 [Putrescine (1.5) + TDZ (1.5)], T4 [Putrescine (2.0) 

+ TDZ (2.0)], T5 [Lysine (2.0) + TDZ (2.0)], T6 [Glutamine (2.0) + TDZ (2.0)], T7 

[Zeatin (2.0) + TDZ (2.0)], T8 [BA (1.5) + TDZ (1.5)], T9 [BA (2.0) + TDZ (2.0)] and 

control on piperine contents in regenerated shoots of in P. nigrum. Piperine was 

expressed in milligram per gram dry weight (mg/g-DW). Mean values with LSD and ± 

S.D are significant when P<0.01. 
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4.4.3 SEM, XRD, and FTIR analyses 

SEM analysis revealed that the morphology of the piperine was dependent upon the 

time span of the crystallization. For crystallization the piperine powder was kept 

overnight in the presence of acetone. The SEM analysis was performed at different 

stages of crystallization. After 6 hours of mixing of piperine powder with acetone, the 

morphology was found irregular (Figure 4.6a). After 12 hours of mixing the same 

results were obtained (Figure 4.6b). Slight crystal formation was observed after 18 

hours of incubation (Figure 4.6c). The pure prism shaped crystal was obtained after 24 

hours of incubation (Figure 4.6d). 

The XRD pattern obtained clearly showed that the sample was crystalline and was 

containing piperine in different crystalline forms (Figure 4.7). Furthermore, the 

variation in intensity at 2θ values of various reflections clearly showed the formation of 

visible crystals after incubation at room temperature. For crystallite estimation at 2θ 

values from observed reflections, the following equation was used (Akhtar and Haq, 

2013; Aytimur et al., 2012; Burton et al., 2009). 

 Crystallite size  (Dp) = (0.94λ)/ (β1/2Cosθ) 

Where “λ” is 154°A, “θ” is Bragg angle and “β1/2” is the line broadening at 1/2 the 

maximum intensity (FWHM) in radians. 

From the obtained spectra of FTIR (Figure 4.8), I have confirmed the chemical 

structure formula of piperine by comparing with the standard spectral values of 

piperine. Starting from 2941cm/1 and about 2800cm/1, I have 2 peaks which confirm 

the (symmetric and asymmetric stretching) presence of CH2 and CH groups of the 

piperine while 1632cm/1 show the stretching vibration of amide (-CO-N) and 1611, 

1582, 1491, 1433 cm/1 show the aromatic stretch of carbon-carbon double bonds 

(C=C) of the benzene ring present in the piperine and 1252, 1227, 1194 cm/1, show 

different vibrational modes (=C-O-C symmetric and asymmetric) of the 5 member 

ether linkage ring present in piperine. CH2 shows bending vibration at 1134, 1113 

while 1030 cm/1 represents C-O stretch of member linkage. 1016, 995, 930, 847, 831, 

804 cm/1 values show different C-H vibrations of the piperine molecule (Figure 4.8). 

The present study shows that polyamines and TDZ are effective for the production of 

commercially important piperine in good quantities as compared to previous reports. It 

can be concluded from the present results that in vitro cultures of P. nigrum has the 
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potential for scale up on a commercial level by different industries to further enhance 

the production of piperine content for multiple applications. 

 

 

Figure 4.6: Scanning electron micrographs of piperine (a) piperine after 6 hours of 

incubation in acetone (b) after 12 hours (c) after 18 hours and (d) piperine crystals after 

24 hours of crystallization 
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Figure 4.7: X-ray diffraction (XRD) pattern of piperine particles  

 

 

 

 

 

Figure 4.7: X-ray diffraction (XRD) pattern of piperine particles  
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Figure 4.8: Fourier transforms infrared (FTIR) spectra of piperine particles. 
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5. CONCLUSIONS AND FUTURE PROSPECTS 

Herein present the first experimental evidence of successful micropropagation of Piper 

nigrum from leaf explants. The regeneration system developed here, assured efficient 

establishment, multiplication, rhizogenesis and successful acclimatization of P. nigrum 

and could be exploited to multiply elite genotypes and develop in vitro strategies for the 

conservation of this valuable medicinal plant. Regarding high commercial and 

therapeutic demands, poor seeds viability and lower stem cuttings availability, this 

protocol will be useful for healthy biomass production. To the best of my knowledge 

and literature cited, this is the first report on piperine production in different 

regenerated tissues of P. nigrum for chromatographic fingerprint analysis and quality 

control.  

In the first experiment efficient regeneration system has been developed and 

antioxidant and antimicrobial activities have been determined in different regenerated 

tissues. This protocol need to be scaled up to bioreactor level to produce chemically 

consistent plantlets and antimicrobial compounds alternative to synthetic antibiotics.  

In the second experiment, micropropagation has been induced under a modified 

photoperiod (reverse) in comparison with normal photoperiod. The application of 

reverse photoperiod has been found a good approach for callogenesis, rhizogenesis and 

some active compound production but less effective compared to normal photoperiod. 

Optimum quantities of antioxidative enzymes, antioxidants, amino acids, total phenolic 

content, total flavonoid content and piperine has been observed in different regenerated 

tissues. Such improved protocol need to be scaled up into bioreactor for biologically 

active phytochemicals production for commercial applications.  

In the third experiment, synergistic combination of polyamines and TDZ has been 

exploited to improve micropropagation protocol and piperine production. The major 

observations of this experiment have shown that polyamines and TDZ are very 

effective for the production of commercially important piperine in good quantities as 

compared to previous reports. It has been concluded from these experiments that 

optimized protocols have the potential for scale up to a commercial level by different 

industries to further enhance the production of plantlets and piperine content for 

multiple applications. Moreover, this protocol can be taken up for further research on 

other aspects such as mutagenesis, molecular analysis and enhanced production of other 

secondary metabolites. 
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Figure 3.13, experiment 2, Chromatogram of callus incubated under normal photoperiod. 

 

 

 

 

 

 

 

 



APPENDICES   

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 133 

Figure 3.13, experiment 2, Chromatogram of in vitro shoots incubated under normal 

photoperiod. 
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Figure 3.13, experiment 2, Chromatogram of in vitro plantlets incubated under normal 

photoperiod. 
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Figure 3.13, experiment 2, Chromatogram of acclimated plantlets incubated under 

normal photoperiod. 
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Figure 3.13, experiment 2, Chromatogram of callus incubated under reverse 

photoperiod. 
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Figure 3.13, experiment 2, Chromatogram of in vitro shoots incubated under reverse 

photoperiod. 

 

 

 

 

 



APPENDICES   

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 138 

Figure 3.13, experiment 2, Chromatogram of in vitro plantlets incubated under reverse 

photoperiod. 
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Figure 3.13, experiment 2, Chromatogram of acclimated plantlets incubated under 

reverse photoperiod. 
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Figure 3.13, experiment 2, common chromatogram for both reverse and normal 

photoperiod. 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with SPD (1.5 mg l
-1

) 

and TDZ (1.5 mg l
-1

) 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with SPD (2.0 mg l
-1

) 

and TDZ (2.0 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with PUT (1.5 mg l
-1

) 

and TDZ (1.5 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with PUT (2.0 mg l
-1

) 

and TDZ (2.0 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with Lysine (2.0 mg 

l
-1

) and TDZ (2.0 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with Glutamine (2.0 

mg l
-1

) and TDZ (2.0 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with Zeatin (2.0 mg l
-

1
) and TDZ (2.0 mg l

-1
). 

 

 

 

 

 

 

 

 

 



APPENDICES   

Micropropagation and Chromatographic Fingerprint Analysis for Quality Control in Piper nigrum 148 

Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with BA (1.5 mg l
-1

) 

and TDZ (1.5 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots treated with BA (2.0 mg l
-1

) 

and TDZ (2.0 mg l
-1

). 
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Figure 4.5, experiment 3, chromatogram of in vitro shoots grown on medium without 

plant growth regulators (MS0). 
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Figure 4.5, experiment 3, standard piperine chromatogram 
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